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F FOREWORD

E The purpose of the Meeting was to illustrate through specific examples how computers
and computer systems can be utilized integrally and complementary with windtunnels to
enhance the efficiency and effectiveness of both.

Papers were presented indicating the advantages of computers for automatic real-time
control, operation, and data collection for windtunnel facilities, which permit greatly in-
creased operating efficiency and reduced power consumption. Additionally, it was discussed
how the large computer, recognized as a powerful tool in numerical simulation and compu-
tational aerodynamics, can be utilized in combination with carefully chosen selected ex-
periments to further validate and develop our prediction and design capability.

The computer can be used to simulate flow conditions either prohibitively expensive
or physically impossible to accomplish in windtunnels, screen preliminary design concepts,
perform aerodynamic optimization studies, etc. while the windtunnel can be used to obtain
; selected key data on refined geometric configurations at full scale (or near) design and off-
E design flight conditions which are not amenable to calculation by computational methods.

A A Round Table Discussion, led by experts and joined by participants, discussed the
Session Topics and recommended actions and planning for future research activities.

The Specialists’ Meeting was held at the Von Kérman Institute for Fluid Dynamics,
Rhode-St-Genése, Belgium at the invitation of the Belgium National Delegates to AGARD.
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DIGITAL COMPUTER ASPECTS OF THE INSTRUMENTATION AND CONTROL OF THE NEW
RAE 5 METRE LOW SPEED TUNNEL

R. J. North, R. W, Jeffery, Mrs. J. A. Dolman, A. N. Tuck
Aerodynamics Department
Royal Aircraft Establishment
Farnborough, Hants
England

SUMMARY

After a brief description of the new 5m pressurised low speed tunnel at RAE Farnborough, an accourt
is given of the applications of online and offline minicomputers in its instrumentation and control
systems. Some of the hardware and software design considerations, and the choices made, are discussed:
various options for future development are outlined. The connections with the RAE central computers and
other ancillary systems are mentioned.

1 INTRODUCTION

Any new large wind tunnel will utilise digital computers in some way: the questions of interest are
how and to what extent? This paper is essentially concerned with the part digital computers will play in
the context of the new 5m pressurised low speed tunnel at RAE Farnborough. However, in order to sect the
scene a brief general description of the facility as a whole including the instrumentation and data handl-
ing system is given first.

Although minicomputers are commonly used in connection with wind tunnels, at RAE and elsewhere, they
are more widely exploited on this tunnel than ever before in the UK.

The object har been to use the speed and versatility of these devices to simplify the tasks of the
tunnel user, to make available the information necessary to control effectively the course of the tests
whilst in progress, and to make available at least some of the results as soon as possible thereafter.
The tunnel control system is itself computer-based and there are several other directions in which the
properties of minicomputers facilitate or simplify control of apparatus. In all these cases the machines
are unobtrusive in that the users do not need any computer expertise.

As well as the operational use of the tunnel,the development and testing of the various hardware and
software sub-systems both before and after initial commissioning have to be taken into consideration. All
these factors favour a system architecture which could be dealt with in modular parts during construction
and subsequent use. Such an arrangement offers the advantage of being able to continue in operation in
the face of partial malfunction.

Thus the overall intention has been to bring digital computers to the aid of the users in all facets
of tunnel operation without imposing on them any additional burdens or introducing unreliability.

2 GENERAL DESCRIPTION OF TUNNEL

The RAE 5m tunnel is a high-Reynolds-number facility which will improve substantially the reliability
and accuracy achievable in assessing the low speed aerodynamic characteristics of modern aircraft from
wind-tunnel tests; the representation of the complex high lift systems which are used during take-off and
landing is an important aspect. Its utilisation should lead to the design of aircraft with better low
speed performance and should reduce the risk of expensive modifications being necessary at the flight test
stage.

By virtue of the size of its working section (5m wide by 4.2m high), its pressure range and its main
drive power, the tunnel can be used to test models of aircraft of the size of the HSA Hawk or GD YF 16 at
full-scale values of Reynolds number. For models of transport aircraft of the size of the European airbus
(A300B), Reynolds numbers nearly a quarter of full-scale values can be achieved; the capability to test
over a 3 to | range of Reynolds number at constant Mach number then enables the effects of scale and
compressibility to be separated, and gives a firm base from which to extrapolate to full-scale conditions.

The main characteristics of the tunnel are summarised in Table I. Model tests in the tunnel are
scheduled to start in the Spring of 1977.

241 Tunnel circuit, working section and model supports

The general arrangement of the facility is shown in Figs.l and 2. The tunnel circuit is of welded
steel construction and is aerodynamically a conventional return circuit except for the rapid expansion
between the fourth corner and the cooler. The pressure shell is everywhere circular in cross-section, but
liners are incorporated at the settling chamber, the contraction and the working section to make the air-
swept surfaces rectangular (with corner fillets). The shape of the cross-section is similar through the
latter parts in order to preclude secondary cross-flows. The main drive consists of an ac motor of 11000kW
and a dc motor of 1640kW, used separately or together, turning a ten-bladed single-stage fixed-pitch fan.
The tumnel performance envelope is shown in Fig.3.

One of the main features of the design is the arrangement made to ensure easy access to the working
section, Fig.4. Two concentric spheres surround this, and parts of it at the upstream and downstream ends
can be retracted, so that pressure doors on the outside of the inner sphere can be swung across the air
passage and closed on to the inner sphere. This can then be depressurised to give access to the working
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Table |
Working section: width 5.0m
height 4.2m

Circuit length i86m
Contraction ratio 7.64
Pressure range I to 3 bar
Maximum speed at 3 bar M= 0,27

at 2{ bar or less M= 0.31
Maximum total temperature 40°C
Maximum Reynolds number (based on 0.5m chord) 8 x 10%
Main drive, maximum continuous power 12 .6MW
Compressors, maximum power 6 .6MW
Pump-up time to 3 bar 45 minutes
Access time to model from operating condition 6 minutes
Restart time 5 minutes
Time to interchange model carts 30 minutes
Kinetic pressure variation across working section +0.1 per cent
Turbulence level 0.10 to 0.15 per cent

section. Alternatively, the whole working section may be rotated to line up with an access tube through
which a model on its cart can be removed into one of four rigging bays.

These carts effectively form the floor of the working section when in place in the tunnel. Three
will be available initially:

(1) The mechanical-balance cart, from the turntable of which is suspended a particularly compact,
virtual-centre balance, Fig.5. It measures and separates six components of force and moment through
suitably-arranged mechanical lever systems and automatic weighbeams. Model incidence is changed by a
telescopic strut at nose or tail. Sideslip, or the incidence of a half-model, is changed by rotating the
turntable. The load ranges are lift +90kN (20000 1b), drag *22kN (+4950 1b) and side force *127kN
(£28500 1b).

(2) The sting-support cart on which models are attached via a strain gauge balance and a sting to a
quadrant which can be moved in pitch through #19°, A lift force of 82kN (18500 1b) can be supported at
any angle of roll together with a rolling moment of 20kN m (15000 1b ft). A straight sting and one

with a 10° crank will be provided initially. With the cranked sting a second roll unit will normally be
incorporated between the strain gauge balance and the sting which will enable small sideslip angles to be
obtained without the model being rolled. The cranked sting allows an incidence range from -9° to +29°,

(3) A simple general-purpose cart for miscellaneous tests, including tunnel calibration. It also
provides for models supported on a single-pole.

2.2 Instrumentation and data handling system

This system3 provides the means of measuring, monitoring, recording and processing any physical
quanticties of interest which can be presented in the form of electrical signals. These will be principally
forces, measured by either the mechanical balance or strain gauge balances mentioned above, or pressures.
For pressure measurements a modular Scanivalve system is used with low-hysteresis transducers typically in
three ranges. Up to 45 ports on each of eight Scanivalves are available in each module at scanning rates
of 2} ports/second. The present limit of capacity is 1200 ports, which can be increased if necessary.
Interleaved scanning is used so that all the ports can be recorded in 2 minutes. The transducers are
calibrated during the scans using a set of calibration pressures which span the pressure range of the
tunnel. The modular system is sufficiently compact to mount inside the fuselages of conventional models
but when this is not possible it will be accommodated on the cart.

Other physical quantities from up to 128 transducers can be dealt with by an adaptation of the
pressure measuring system regarding them as an extra module of 128 single-port Scanivalves.

The instrumentation system as a whole exploits the capabilities of minicomputers and these aspects
are dealt with in section 3 below.

2.3 Tunnel and plant control system

It is necessary to control the total pressure, the Mach number or kinetic pressure and the
temperature in the tunnel. Changes in any of the three parameters interact with the other two and all of
them are affected by changes in drag or thrust of 2 model in the working section. Thus an automatic
computer-based system
(a) controls conditions in the working section;

(b) controls and monitors the tunne’® plant;

(c) provides the interlock and wequence control for rapid and safe access to the working section.

In regard to tunnel air conditions, the system:
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(a) sets and maintains a required value of the total pressure in the working section by assuring a
sufficient inlet of air into the tunnel from the auxiliary compressors and controlling the rate of blow-
cff to the atmosphere;

(b) sets and maintains a required value of either Mach number or kinetic pressure by control of fan
speed;

(¢) minimises rate of change of air temperature by controlling the water temperature to the cooler,
through a recirculation system.

Required values of tunnel parameters can be set manually or through the data system computers. The
tunnel plant computer system is desczribed in section 6 below.

3 DATA SYSTEM COMPUTER CONSIDERATIONS

The use of computers with wind tunnels has followed their development for scientific and commercial
purposes. At first they were used for batch processing of wind tunnel data and later they were linked to
one cr more tunnels via relatively slow terminals. When they became cheaper and more powerful it became
possible to use them online providing at least some results in real time and performing some control
functions. This is the state of the art at the present time*: evidence of contemporary ideas in France
and USA is given in Refs.5, 6 and 7.

3.k Design objectives

The situation tha. faced us at the beginning of the 1970s when the 5m tunnz=1 data system was being
planned was that the use of minicomputers was generally accepted and the appearance of a new generation
of machines with more powerful hardware and software was encouraging users to think of improvements to
existing systems. The overall objective was a system which would acquire and record the desired raw data
and at the same time process and display enough of it in real time for the tunnel users to assess and
control the progress of the test. This of course implied that it should be possible for the user to
interact with the test in progress. The ability to process locally large parts of the data to a more or
less final form between tunnel runs would be advantageous. All this should be accomplished without the
necessity for computer expertise on the user's part. Since the time in the tunnel is only part of the
total activity the extraneous work should be computer-aided also if possible.

As well as meeting these requirements it was obviously desirable to have a flexible basic design
which would be adaptable in the light of experience, the increased expectations of future users, and the
demands of new types of testing.

3.2 System architecture

An early question was whether a multiplicity of minicomputers should be used in a distributed (or
federal) system® or whether there should be one, or two, central machines. One machine may be the most
economical solution once everything is working but it does rnot provide any redundancy in case of failure
nor free access for development whilst the tunnel is running. For these reasons two-computer systems had
been used previously both at NPL and RAE one of the machines being dedicated to real-time functions such
as data acquisition and storage and the other to subsequent processing and analysis. This simplified the
programming problems especially with the limited choice of reai-time executives at the time. The second
machine could also be used as a standby for development if need be.

When the 5m tunnel was considered it was clear that more than one computer would be needed
(1) during development of various parts of the system, which might not all take place on the same site;

(ii) during simultaneous tunnel operation and preparation for subsequent tests or calibration of strain
gauge balances;

(iii) for software development or offline processing; and
(iv) for replacement in case of malfunction.

Since it would not be practicable to equip ourselves for all eventualities it was decided to use a
number of machines in a two-tier hierarchy”’. The first tier of machines, the so-called front end machines,
are each dedicated to one of the main types of measurement (mechanical balance, strain gauge balance,

pressure measurement). Each sub-system

(a) controls the instrumentation, the mocel attitude and the tunnel conditions according to the
operator's commands via push-buttons or decade switches from a special control panel;

(b) records the raw data on disc files;

(¢) converts the data to coefficient form and displays the last eight points together with information
on the current tunnel conditions. Pressure distributions are shown in bar chart form;

(d) logs progress and alarms on a teletypewriter.

The second-tier machine is of the same basic type. The complete system can be operated in three
modes:

(i) with the front end machines operating as stand-alone devices each with its own control panel and
links with the tunnel plant computer;
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(ii) as an integrated system in which the front-end machines operate under the supervision of the second-
tier machine with a comprehensive control panel. The supervisory computer carries out additional process~
ing, recording and display tasks under operator control;

(iii) in an automatic mode in which the test is controlled by the supervisory machine under program
control.

When the front-end machines are operating in a stand-alone moce the supervisory machine can be
used for development or for offline processing. The normal means of data transfer to the RAE central
computers or the customer's own will be by computer-compatible tape from this machine.

The ensembles of instrumentation, computer and software are referred to as packages. Further
packages can be added for special functions, for example, the balance calibration package (section 6.2).
The tunnel plant computer system (seccion b.!) can also be regarded as a package in this respect.

3.3 COperator interaction

The problems of users in communicating with one or more computers have been tackled by providing
each machine with a specially-designed operating console consisting essentially of a number of push
buttons and decade switches through which all data and demands for model position, tunnel conditions,
operating modes, and display formats are entered. Though different for each machine these control panels
share many common features: that for the supervisory machine embraces the functions of all the others.
The control panel for the balance calibration machine is shown as an example in Fig.7.

The principal means of rapid communication between the system and the operators are the visual
displays which are a feature of both the data system and the control system and which are discussed in
section 4.

3.4 Hardware configurations

At an early stage we envisaged the front end machines as rather simple and austere devices but
detailed consideration of the data storage requirements of the pressure measurement system particularly
and the wish to have Fortran facilities soon made it clear that disk storage was essential. The present
front end configuration consists of a PDP 11/40 processor with 24k words of core storage and hardware
floating point, an RKO5 1.2M word exchangeable disk, a VIO5 alphanumeric crt display, an ASR33 teletype-
writer and, in the case of the pressure measurement system, a4 Tektronix 4010 storage-type crt display.
The supervisory machine, also a PDP 11/40, has a second RKO5 disk, two TU 10 nine-track magnetic tape
transports (800 bits/inch, 45 inch/second), an LS 11 line printer (60 lines/minute), a high-speed paper
tape reader and punch and a VRI7 large-screen refresh-type crt display.

A general view of the control panels, displays and computers is shown in Fég.B.
4 DISPLAYS

The displays are of course the principal means by which the computers communicate with the users
and they are the data window on the tunnel.

Numerical data and information on model and tunnel conditions are presented on the VT05 crt displays,
Fig.9. Twenty lines of up to 72 characters are available. The precise allocation varies according to the
package function but in general a number of lines is devoted to the last 8 or 9 sets of values and is
updated every time a new set is recorded. This gives the effect of a scrolled display. The rest of the
ccreen is devoted to such information as demanded and achieved model attitude and tunnel conditious,
current instrumentation readings, the type of test, the package status and error messages. Because of the
large number of pressure measurements only a seleciion of the readings can be presented.

The Tektrow.ix 4010 storage-type crt displays are peculiar to the pressure measurement system. A
selection of the pressures is shown in the form of a bar graph, reminiscent of a liquid manometer but with
the length of each bar in non-dimensional form, Fig.!0. The computer stores the readings in the order
taken and sorts them into the order required for display. The values of a previous set of readings
can also be displayed as indicated by the shorter interdigital lines.

The supervisory machine has a larger and more versatile crt display than the front end machines and
will be enhanced further as the need becomes clear. As has been suggested, a separate display package with
its own computer may be appropriate. Initially we are providing the commonly-used graphical displays
featuring lift, drag and pitching moment coefficients, incidence, Mach number and Reynolds number together
with pressure distributions. We do not intend to develop the capabilities of the supervisory machine
very rapidly during the early use of the tunnel, expecting to be guided by user experience. Since that
part of “he system already defined will be a great advance on anything previously available to low-speed
tunnel users, 'n the United Kingdom at least, we feel that we should obtain the user reactions before
proceeding too far.

The tunnel and plant control displays are mentioned in section 6.1.
5 SOFTWARE

Although we have discussed mainly the hardware the importance of the software was very much in our
minds from the outset. It was clearly necessary for it to be designed so that it could be easily under-
stood and modified as necessary later on, which implied documentation to professional standards. The
software system has been planned in conjunction with Computer Analysts and Programmers (Reading) Ltd. and
they have written the majority of the front end programs, working on site in close collaboration with RAE
staff and using the actual machines for testing and development.




The operating system to be used for the front end machines was a matter of considerable discussion
at the time (1973) and the possibility of writing one specially was considered. However, we were most
anxious to use standard DEC software wherever possible to gain the advantages of their developments and
the experience of other users. We therefore chose a fairly simple single-user executive, DOS Levei 9 and
accepted its shortcomings for our purposes. The question arose again in relation to the supervisory
machine which has rather different functions from the front end machines and more scope for parallel
activities (communications with the front end machines, processing operator commands, data logging, data
reduction, supporting an interactive display). By this time (1975) a wider choice ot DEC operating
systems was available RT 11, RSX 1IM and RSX 11D.

Our choice has been RSX 1IM. We have considered whether it would be worthwhile converting the
already-written programs so that a common operating system could be used. We have concluded that since
we expect the programs for front end machines to reach a stable state fairly early in the life of the
tunnel the extra effort is not justified. If, however, after some experience it seems necessary to
standardise on one system it will be RSX 1IM or a successor. None of this should bother a prospective
user who would presumably only be concerned with Fortran processing programs run on the supervisory
machine.

6 COMPUTER CONTROL APPLICATIONS

Apart from the data acquisition and recording system there are several other areas in which
computers are used for combined control and computing purposes. These are:

(i) the tunnel and plant control;
(ii) the balance calibration machine;
and (iii) the model attitude control.
6.1 Tunnel and plant control

The plant control computer system, Fig.ll, carries out the tasks mentioned in section 2.3 above and
in addition performs comprehensive alarm signalling and logging of plant data. It is the responsibility
of Ferranti Ltd., Automatic Systems Division.

The computer is interfaced to the two fused-quartz bourdon-tube precision pressure gauges which
measure the tunnel speed and pressure, to the two digital valves one for charging the tunnel the other
for blowing-off, the cooling water control valve, to two keyboards, four crt displays, two teletypewriters
and a paper tape reader and a punch. In addition, there are links to the instrumentation computers and
provision for 192 unipolar and 64 bipolar analogue inputs and 256 digital inputs. Three of the crt's
are small monitors (4 lines of 16 characters) for tumnel users: one displays the set points and the others
display the measured values and the percentage errors. The set points are entered from one of the key-
boards which also allows set point control to be transferred to the instrumentation computers. The fourth
crt is a large-screen display which responds to entries from the mein keyboard mounted in front of it.
Control loop parameters, alarms, and the various information being logged are displayed.

This comprehensively-equipped machine is a Ferranti Argus 500 with 32k words of core storage and a
2 microsecond cycle time operating under a real-time executive, small machine organiser (SMO).

6.2 Balance calibration machine

Associated with the mechanical balance and for use in calibrating strain-gauge balances is a computer-
controlled balance calibration machine®. This machine has been designed in the light of experience with
earlier calibration machines at RAE and exploits the state of the art in two areas of technology in novel
fashion. As will have been noted the force balance loads are inconveniently large if they are to be
applied by weights. In any case this is a slow process not amenable to mechanisation and the weights are
bulky. Further, the calibration machine needs to be transportable initially between the factory and the
tunnel site, 2nd then between locations on site. So pairs of pneumatic double-acting force generators
with rolling rubber diaphragms controlled by commercially-available precision pressure generators have
been used instead of deadweights. The calibration machine designed around these devices relies on a
digital computer to control and monitor the loading actions demanded. It performs initial testing for
leaks, calculation of the forces necessary, interpolation between the pressure generator calibration
points, application of the necessary pressures with temperature corrections, monitoring of the various
displacement sensors and the balance outputs, and displays and records the calibration data. Without a
digital computer the sum of these tasks would be at best tedious and slow and at worst unmanageable.

The balance calibration package operates in a stand-alone mode and borrows the mechanical baiance
package computer. This is acceptable because it is expected that the calibration machine will be used
only occasionally. It has its own control panel of which the layout is shown in Fig.7. Both the
mechanical balance and the calibration machine have been constructed by TEM Engineering Ltd.

6.3 Model attitude control

The attitude of the model on the sting support or the mechanical balance turntable is controlled by
servomechanisms commanded either manually or via the data system computers. The control equipment, common
to both the sting and mechanical balance carts, employs a PDP 11/03 computer to translate the control
commands into appropriate signals for the servomechanisms. This computer is a microprocessor version of
the PDP 11, being effectively the rack-mounted version of the LSI 11, It is at present the only example
of the latest wave of computer technology in this system but it will not be the last.

The angular position of the model in pitch and roll will be measured by force-balance accelerometers
mounted on board. The yaw will be measured by an optical system consisting of a rotating fan beam from a
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laser mounted in the roof of the tunnel and a set of photodetectors on the model. The actual incidence
and sideslip angles will be calculated from the ouipute of these instruments by the front end computer
and compared with the demanded incidence and sideslip. Any necessary corrections will be calculated by
the computer and relayed to the control system so that the demanded attitudes will be obtained indepen-
dent of support deflections.

For models, such as those designed for other tunne’s, not fitted with the necessary accelerometers
and photodetectors the calibrated support deflections will be taken into account by the front end
computer software.

AR

7 LINKS WITH RAE CENTRAL COMPUTERS

As stated earlier, it will be possible to operate the supervisory machine in an offline mode for
processing and analysis. It is also being provided with a PDP 11/7020 Emulator, a combination of hardware 3
and software components which equips the PDP 11 with ICL 7020 Remote Job Entry capability. It is
connected to the RAE ICL 1906S central computer via a Datel 2400 (2400 bits/second) line and ICL 7900
communications equipment. A MOP teletypewriter terminal is also connected via a Datel 100 line.

Work has been started in conjunction with RAE Mathematics Department on a database system for use
in conjunction with the ICL 1906S filestore., A subget of this data base will be operable on the super-
visory machine with its graphical facilities. Another PDP 11/40 machine with interactive graphical
facilities in Mathematics Department is linked to the ICL 1906S and can be used for access to the database.

8 ANCILLARY COMPUTER-BASED SYSTEMS

The period 1972-1975 has seen the rapid proliferation of computer-based systems in Aercdynamics
Department RAE, and several others are in use for wind-tunnel data processing. Two should be mentioned
particularly cince they may be regarded as facilities available to the 5m tunnel.

A PDP 11/45 is available nearby which has been extensively used for software development for the 5m
and other tunnels, It is equipped with a 44-channel simultaneous sample-and-hold, multiplexer and 12-bit
analogue-to-digital converter primarily intended for digitising and processing 42-channel analogue magnetic .
tape. It employs a software package developed at ISVR, Southampton, which provides a wide range of
functions for processing and analysing unsteady data and supports a Tektronix 4010 graphical display
terminal. Users' own Fortran programs can be incorporated. Multichannel (up to 42) analogue tape
recorders are available for use in conjunction with this facility.

For online processing of unsteady data a transportable Hewlett-Packard 5451A Fourier analyser based
on the HP 2100A computer is available with two analogue input channels.

9 CONCLUDING REMARKS

This paper has given a broad picture of the philosophy underlying the computer systems installed
in the RAE 5m low speed tunnel and has indicated the nature and extent of the facilities that will be
available. The basis adopted for them has been justified by subsequent developments in computer
technology (e.g. microcomputers) which can readily be incorporated in this framework. Interaction between
systems designers and tunnel users is of course vital in the development of such systems and, although
much previous RAE experience has been incorporated, the future enhancements are likely to be strongly
influenced by user experience when the facility comes into operation.
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UTILISATION DES ORDINATEURS
ASSOCIES AUX SOUFFLERIES DU CENTRE DE MODANE

par Gérard GRENAT

Office National d’Etudes et de Recherches Aérospatiales (ONERA)
92320 CHATILLON (France)
Centre de Modane-Avrieux

RESUME

Les chaines de mesure des souffleries de I'ONERA, Centre de Modane-Avrieux, ont été dotées progres-
sivement de mini-ordinateurs destinés & en assurer la gestion. Ceux-ci assurent les fonctions suivantes :
gestion d'acquisition des mesures, contrdle et surveillance de I’essai, asservissements.

Pour ce type particulier d'utilisation, 'ONERA a développé son propre logiciel. Celui-ci est mu'ti-taches,
il offre une grande souplesse de dialogue avec I'Opérateur et permet I'échange d'informations avec |'extérieur,
a des cadences proches de celies réalisables avec I'ordinateur fonctionnant sans systéme ("stand alone”). L'en-
semble du systéme est en service depuis avril 1975.

Trois applications sont décrites : essais de profils en courant plan, essais de rotor de convertible avec
simulation en temps réel du basculement du rotor, dispositif de pesée d’engins sous avion, qui doit permettre
de restituer la trajectoire de I'engin par rapport au porteur, en la calculant pas a pas (méthode de la "trajec-
toire captive”).

Ces exemples donnent un apergu des fonctions confiées aux ordinateurs associés aux chaines de mesure,
des charges qui peuvent leur étre demandées, et des limites de leurs possibilités.

OPERATIONAL USE OF COMPUTERS ASSOCIATED
WITH THE MODANE WIND TUNNELS

SUMMARY

The measuring units of the ONERA wind tunnels of the Modane-Avrieux Centre have been gradually
equipped with mini-computers for ensuring the following functions : measurement acquisition management,
test control and monitoring, automatic operations.

For this particular kind of use, ONERA developed its own software. This is of multi-task type, offers
a great flexibility for dialogue with the experimenter and allows an exchange of informations with the
outside, at a rate close to that of a "stand alone” computer. The whole system is operational since April
1975.

Three applications are described : two-dimensional profile tests, convertible rotor tests with real
time simulation of rotor tilting, device for weighing missiles close to the aircraft with a view to calculate
step by step the missile relative trajectory ("captive trajectory” method).

These examples outline the functions entrusted to the computers associated to measuring units, the
loads they can withstand and the limits of their possibilities.
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1 = HISTORIQUE

L'évolution progressive de la
technologia des essais en souffleries a amené
1'0ffice National d'FEtudes et de Recherches
Aérospatiales & doter peu & peu les chaines de
mesures de son Centre de lModane-Avrieux en
matériel numérique et analogique de plus en plus
performant.

Les premidres utilisations d'un
ordinateur ont vu le jour lors de la définition
et de la réalisation d'une chafne d'acquisition
numérique, nommée Unité d'Aoquisition Numérique
(UAN), destinée A& automatiser la gestion de
1'ensemble multiplexeur-convertisseur, le
stockage des informations sur une bande
magnétique numérique ainsi que l'enchainement de
oertaines actions sur les périphériques de la
chaine.

L'utilisation de ces UAN a permis
d'augmenter oconsidérablement les cadences
d'aoquisition et de stockage des mesures ainsi
que leur volume, mais la conception du legiciel
de l'ordinateur associé & 1'UAN interdit son
utilisation en tant qu'outil de calcul
arithmétique et logique & des fins autres que la
pure gestion d'acquisition. La tendance &
1'élargissement des fonotions de la ohaine de
mesure en vue d'assurer la surveillance des
points fragiles du montage, les calculs locaux
destinés & assurer la séocurité de l'essai, le
transfert des informations vers l'ordinateur
central pour permettre le suivi de 1l'essai par
un traitement en temps rdel, ainsi que le besocin
d'accélération et d'automatisation de certaines
fonotions mécaniques ont nécessité l'utilisation
d'un deuxidme ordinateur, couplé & 1'UAN ou
autonome, dont le rdle ne soit pas limité a
oelui d'un automate de gestion d‘appareils.

Cette évolution explique la coexistence,
dans une méme chafne de mesure, de plusieurs
ordinateurs de nature différente auxquels ont été
confiées diverses missions,

La tendance actuelle de l'évolution est
de supprimer ocette disparité en confiant la
gestion de la chaine de mesure & un ordinateur
qui dispose de toutes les actions souhajitables
sur les appareils numériques ou analogiques qui
la constituent ; les fonotions d'asservissement
spéoifiques d'un essai particulier pourront
toutefois 8tre confides a4 un second ordinateur
en ocas de saturation de l'ordinateur principal
ou pour des raisons de séourité de fonotionnement.

La configuration de la chafne de mesure
de la soufflerie 4 rafales S3MA, qui sera
détaillée lors de 1'étude des essais dits "en
ocourant plan", préfigure les chafnes futures qui
équiperont les souffleries du Centre de Modane
dans un avenir proche (schéma de la planche 1).
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Pl. 1 — Fonctions assurées par les ordinateurs de chalne.

2 - PRESENTATION SCHEMATIQUF DES DIFERTCNTES
FONCTIONS DHS ORDINATTURS (planche 1) :

Les fonotions assuréec par les
ordinateurs de chafne peuvent &tre grosaiérement
classifiées en quatre groupes.

2.1, Qesticn d'aoguisition s

L'ordinateur dispose, pour réaliser la
gestion d'asquisition, des périphériques
suivants

- un commutateur de voies analogiques

- un convertisseur analogique-numérique
réalisant une pesée sur 14 bits plue un
signe

- un disque constituéd d'une partie fixe et
d'une pariie mobile, chacune pouvant stocker
2,5 millions d'octets, ou une unité de bande
magnétique

- une liaison directe aveo l'ordinateur central
(CII 10020) qui permet la transmission de
mots de 16 bits en paralldle A une cadence
maximale de 1l'ordre de 20 000 Hz.

Le processus d'acquisition consiste a
séleoctionner les voies & explorer dans un ordre
pré-établi défini par le contenu d'une table
d'adresses, puis A& déclencher la pesée par le
convertisseur, L'ensemble des mesures découlant
d'une table d'adresses ou d'un sous-ensemble
logique d'une table d'adresses constitue un lot
d'informations, Ce lot sera généralement stocké
localement sous sa forme brute.

Les lots sont emsuite (ou simultanément)
transmis & 1'ordinateur central apr&s avoir
éventuellement subi une transformation simple
(moyenne, changement d'unités, ocorrection de
zéros, eto.).

Les cadences instantanées de miltiplexage
et conversion peuvent atteindre 16 000 Hz en
mode aléatoire (fourniture de 1l'adresse & chaque
pesée) et 60 000 Hz en mode séquentiel
(fonotiomement en commutateur).

Les cadences de transfert vers
1l'ordinateur sont en moyenne assez faibles (200
mots/seconde), elles atteignent 4000 & 5000 Hz
pour les essais instationnaires,

2.?2. Automatismes et régulations :

Les fonotions confides & 1'ordinateur
dans le domaine des as3ervissements et des
régulations sont assez diversifiées car elles
dépendent du but recherché, de l'appareillage mis
en oeuvre, du type de fonoctionnement recherché.

Deux modes de fonctionnement distinots,
qui seront détaillés ultérieurement, sont utilisés:

~ les asservissements par valeur deconsigne 1
l'ordinateur est A l'origine, mais ne réalise
pas l'asservissement qui est confié A un dispositif
extérieur,

- les asservissements complets s l'ordinateur
dispose des commandes élémentaires de
positionnement (marche, arr8t, sens, etc.) et
réalise lui-méme l'asservissement & partir d'un
algorithme pré-défini.

2.3. Contrdles et surveillance de l'essai @

Cette activité des ordinateurs de
soufflerie présente plusieurs aspeots
complémentaires s

= Surveillance globale de la chafne de
mesure et de la qualité des mesures (déteotion
des saturations, des fuites, contr8le de validité,
déteotion des déolyclages des appareils A
oommutation...)
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- Surveillanoce des points fragiles du
montage (dépassement de la capacité des odalances,
surpressions, ...) ou des oonfigurations
dangereuses préjudiciables A la tenue du matériel.

- Pourniture de paramdtres semi-élaborés
destinés A assurer la conduite macroscopique de
l'essai et surveillanoce des paramdtres olés de
l'expérimentation en cours afin d'en contrS8ler
le suivi et la qualité.

Le premier aspect est assez mystématique
quel que soit le type d'expérimentation en cours,
le deuxidme et le troisidme aspect sont i la
disorétion de l'expérimentateur qui définira les
contr8les & effeotuer en ocours d'essai.

Les informations en provenance des
différents contrdles sont en général envoyées
sur des visualisations numériques quand elles
demandent un contr8le immédiat et permanent.
Elles sont envoyées sur un cathoscope ou une
télétype quand elles présentent un intérét dans
le suivi de l'essai sans mettre en auoun cas en
cause la sécurité du matériel on des personnes,

La cadence des rafraichissements de ces
informations dépend de 1'importance des traitements
4 réaliser mais reste toujours proche des
possibilités de préhensions et de réaoctioms d'un
opérateur humain (de 1'ordre de 0,2 secondes &

2 ou 3 secondes).

2.4. Enchafnement des opérations.

La ocoordination et 1l‘enchainement ces
fonotions définies préoédemment sont assurés par
le déroulement d'un ou plusieurs programmes
d'application ocontr8léspar le moniteur du systéme
de gestion du caloulateur, ‘

L'acquisition des mesures ainsi que
les traitements & réaliser dépendent en général
de trois rythmes distinots 1

- le rythme le plus élevé H1 définit la
cadence instantanée de multiplexage-—conversion
pendant le dérculement de 1'acquisition d'un lot.

- le rythme H2, encore appelé
récurrence, définit la fréquence du renouvellemsnt
d'un lot.

- le rythme H3 détermine la cadence de
renouvellement de l'acquisition d'un ensemble *
logique de plusieurs lots (polaire).

Le rythme Hi est déterminé par le mode
de fonotionnement de 1'ensemble multiplexeur-
oconvertissour (aléatoire ou séquentiel) ou par le
réglage de 1'horloge assooide A ocette commutation

Le rythme H3 est déterminé par un
événement extérieur 4 la disposition de l'opérateur
et du responsable de 1'essai (bouton poussoir).

Le rythme H2 ou réourrence est fomotion
du mode d'acquisition associé & la partie nimérique
de la chafne de mesure. On distingue deux
orientations différentes

- Le programme est & 1'origine du
déoclenchement de 1'aoquisition
La réourrence est dans ce cas déteminée
par la durée des opérations & réaliser (stookage,
pré-traitement, transferts) ou synchronisée sur
un évidnement attendu par le programme.

- Le programme subit l'arrivée des mesures :
La réourrence est déterminée par le

rythme de l'arrivée des informations dans
1'ordinateur. Les programmes entrant dans oette
oatégorie se olassent en deux sous—ensembles ;
oeux pour lesquels il est impératif que la durée
du traitement soit inférieure, en moyenne, i la
période de 1'acquisition et oeux qui sont
autorisés & ne traiter qu'un lot de temps en
temps en fonotion de leur récurrence propre.

2-3

Dans tous les cas ol il est nécessaire
que le rythme du traitement d'un lot soit aun
moins égal & celui de scz renouvellement, la
ocadence d'aoquisition doit pouvoir s'adapter &
la durée du traitement qui est, en général,
incompressible. L'utilisation d'un stockage de
masse {(disque) permet dans certains cas de
reculer les limites imposées par la durée des
traitemants ; ce type de fonotionnenent entrafne
cependant un retard oroissant entre acquisition
ot traitement, retard qui peut 8tre préjudiciudle
au suivi et 4 la séourité de 1'essai. Cette
prooédure ne peut donc 8tre mise en oeuvre que
pour les traitements secondaires ne néoescitant
pas une surveillance trds serrée.

3 - LOGICIEL DE BASE - SYSTEME CMA.

3.1. Définition des besoins.

Les premidres réalisations de gestion
de tout ou partie d'une chafne de mesure par un
ordinateur ont vu le jour lors de 1l'écriture du
premier processue courant plan et lors de la mise
en servioce de la liaison directe avec l'ordinatew
central,

Le premier processus courant plan avait
6té éorit (en 1972) en prenant 1'ordinateur brut
sanu logioiel assooié (fonotiomnement dit en
"stand-alone"), la liaisen direote avait été
éorite en utilisant ocmme support un logiociel
séquentiel fourni par le construoteur (Basio
Control System) dont les deux avantages étaient
de gérer les entrées-sorties et de permettre
1l'emploi du Fortran.

L'extension progrescive des fonoctions
oconfiées & ces ordinateurs, en partioculier la
surveillance des points fragiles d’un montage et
de tout point relatif & la séourité d'un essai a
amené 1'ONFRA A désirer un logiciel de base plus
sophistiqué présentant antre autre les
ocaraotéristiques suivantes 1

- possibilité de mener en parallidle plusieurs
travaux indépendants

- indépendance des travaux vis A vis des
périphériques qu'ils n'utilisent pas et en
particulier lors d'une panne de 1l'un d'eux, ceci
pour éviter par exemple l'arr$i d'un programme de
surveillance par suite d'un fonotionnement
défioient de la lisison directe avec l'andinateur
central qui est rarement, de fait, indispensadle
A 1l'essai.

~ temps de commntation de t&ches et temps
de réponse aux solliocitations extérieures
(arrivée d'un lot d'infarmations) de 1'ordre de
la milli-seoconde.

- oadence de transfert (Entrées-Sorties)
instantanée en mode programmé de 1'ordre de
15 000 Hs sans programmation spéoiale.

- oadence de transfert instantanée en mode
canal au minimum égale & 80 000 Hs (ensemble
multiplexeur-convertisseur, disque ...)

- encombrement mémoire réduit ; les
ordinateurs du Centre de Modane-Avrieux ne
disposent que de 32 K.ootets.

- verrouillage du systdme d'interruption
limité A 20 mioro-secondes afin d'8tre slr de ne
Jamais perdre d'information A destination ou en
provenance d'un périphérique rapide.

- possibilité de oréation ou d'extension
d'un catalogue de ocommande persommalisé pour
résoudre les probldmes de dialogue entre
1l'opérateur et la chaine de mesurs.
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- interface utilisateur-systdme aussi simpls
que possidble permettant l'emploi des langages
évolués ocomme le¢ PORTRAY ocompte tenu d'une
bidliothdque existante (compilateurs,
bibliothdque mathématique).

3.2, Présentatjon générale du logiciel CMA.

Le logioiel multi-tdches standard,
fourni par le comstruoteur, dont 1'OFERA s'est
porté aoquéreur afin d'en commaftre las
possidilités, répond A un certain nombre des
points ai-dessus mais présente, vis & vis de
ocette demande, de grosses lacunas, notamment dans
le domaine des Entrées-Sorties, L'ONERA a dono
entrepris de réaliser un logiciel correspondant
A ses besoins propres.

Le logioiel réalisé est un multi-tdoches.
Le temps de commutation d'une t&che A l'autre
est de l'ordre de 500 mioro-secondes. Les
cadences d‘Entrées-Sorties en mode programmé
mono—-directionnel sont de 30 000 Hs, elles sont
de 17 000 Hs en mode programmé adressable
(transfert d'une adresse et d'une information).

Le systdme de base ocomportant le
moniteur et la gestion des périphériques
stantards (Té16type, leoteur/perforateur de
rulan, disque ou unité de bandes magnétiques)
oaoupe environ 12 K.ootets de mémoire.

L'interface utilisateur-systdme a été
volontairement rendue identique i oelle du
systdme équivalent du constructeur dans le but
évident d'en utiliser les processeurs standards j
de oe fait les programmes d'applications éorits
pour tourner sous lo systdme du construoteur sont
compatibles aveo le systdme CMA ma’s n'en
utilisent pas toutes les ressources.

Le langage le plus ocouramment utilisé
pour la progranmation des appliocations (gestion,
surveillance, traitements locaux) est le Fartran,
le langage d'assemblage n'étant utilis® que pour
traiter les cas de manipulation de bits
diffioilement accessibles au Fortran,

L'éoriture des modules de gestion
d'entrées-sorties est faite par contre en langage
d'assemblage.

3.3. Architeoture générale du systdme CMA.

L'architeoture du systdmse figure sur le
schéma synoptique de la planche n® 2.

L'ensemble du systdme est articulé
autour d'un réseau de oommunications de messages,
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Pl. 2 — Architecture du systéme CMA.
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3.3.1. R8le du Superviseur.

Le Superviseur est un alloocateur passif
de 1'unité centrale. Il dispose d'une liste de
travaux privilégiés, associés aux évinements de
fin d'entrées-sorties, qu'il fait passer en
priorité par rapport aux travaux d'une autre
nature qui sont déposés dans les files d'attentes

L'exploration des files d'attentes
n'est faite Que si auoun travail privilégié n'est
validé ; A chaque file est associée une priorité
logioielle déterminée par un ordre d'exploration,
chaque file n'étant traitée que si la préoédente
était vide.

Le Superviseur n'a auocun rdls de
déocision quant aux modules A faire travailler,
chaque message oontenant dans ses informations le
moduls destinataire.

3.3.2. Notion de Module.

Un module est constitué d'une série
d'instruotions destinées A assurer une fonoction
définie et autonome. Les modules sont oconnus du
superviseur par l'adresse d'une sone de variables
assoociées, l'adresse de la premidre instruction
exéoutable et 1'identificateur du module (numéro)
Ils peuvent 8tre découpés an traitements qui sont
définie comme une série d'instruotions exécutées
entre deux retours au Superviseur.

Le Superviseur ignore la notion de
traitement qui est géré par le module et qui fait
partie intégrante des messages déposés dans les
files.

Les modules sont en général associés 3
un périphérique, une partie des instruotions
étant exéoutée sous le niveau d'interruption du
périphérique, ils sont par ailleurs raccordés au
réseau général de communications,

3.3.3. Hotion de téche.

Une t&che est en pratique un programme
d'applicationa, Ces programmes d'appliocationms,
dont les prérogatives sont moindres que ocelles
des modules (qui peuvent A peu prds tout se
pornattro) sont acorochés au Superviseur et au
réseau de communication par 1'intermédiaire de
deux interfaces.

L'interface systdme/tlche contrdle la
logique de déroulement des programmes et le bien-
fondé de leur reprise lors des mises en attente
par suite des opérations d'entrées-sorties.

L'interface tiche/systdme contr8le la
syntaxe et la formulation des demandes et les
traduit, sous forme d'un message destiné au
réseau de communication j elle tient & jour
1'état des évidnements associés A& ces demandes
(aotif, fini, attendu).

Les t8ches se présentent sous forme
Q'un rubar contenant les instruotions, l'identit§
les implantations mémoire et les assignations
(correspondance entre étigquette opératiomnelle et
périphérique) nécessaires A la bonne exéoution de
oelle-oi.

3.3.4. Réseau de communication.

Le réseau de communication est en
pratique un sous-programme qui est appelé A
chaque fois qu'un module désire communiquer un
message & un autre module, Comme dans tout systdme
de communication, l'émetteur fournit le message A
transmettre, message dont la syntaxe est une
constante du systdme, ainsi que le destinataire
du message scus forme de la file d'attente dans
laquelle doit 8tre déposé le message en question.

3.3.5. Extension.

Une extension du systdme est en oours
de réalisation dans le but de permettre 1'acods
ot la gestion de fichiers oréés et ocatslogués
sous le systdme DOS (Diso Opcrating System) du
oonstruoteur des ordinateurs HP 2100,




4 - DISPOSITIF D'SSAI EN COURANT PLAN.

4.1, Présentatjon.
Le dispositif d'essai en courant plan
a éte réalisé dans la soufflerie A rafales S3MA
dans le but d'automatiser le déroulement des
opérations pour en améliorer les prestations.

4.2, Desoription de la chaine (planche 3).
La ohafne de mesure comprend 1

1'ensemble multiplexeur-convertisseur

la logique de commutation de pression

la logique de commande de prise de vue

le clavier de dialogue

la logique de commande de pusition (inoidence,
peigne)

la commande de protection des capteurs
autonomes

les périphériques classiques, Télétype,
lecteur de rubans, perforateur de rubans

- Fhorloge

= 1'unité de bandes magnétiques

- la téléoommande d'une chafne analogique pour
les mesures instatiomnaires s'il y a lieu.

o
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DIALOGUE

Pl. 3 — Chafne pour essais en courant plan.

4.3. Oestion d'aoquisition.

L'ordinateur déroule automatiquement,
en fonotion d'un programme d'essai pré-établi
fourni au début de chaque rafale, les opérations
suivantes, dans oet ordre

1 = Aoquisition des séros avant rafale.
2 - Déolenchement et exéoution de la rafale.
3 = Aoquisition des 3éros aprds rafale.

4.4. Aocquisition des aéros.

L'acquisition des valeurs de zéros des
capteurs, réalisée systématiquement avant et
aprds la rafale, procdde des principes schémtisés
sur la planche 4.

L'ordinateur, auquel a été préalablement
fourni le programme général sous la forme
reproduite sur la planche §, prévient 1'opérateur
soufflerie du début de la prooédure A 1'aide de
voyants lumineux disposés sur le boftier de
dialogue.

Par 1'intermé iaire du méme doftier,
1'opérateur fera savoir 4 1'ordinateur s'il peut
ou non continuer sa prooédure. Dans le ocas
favorable, l'ordinateur positionnera l'incidence
A la valeur fournie dans le programme d'essai,
prendra une photo s'il y a liem et déolenchera
1'aoquisition du lot d'informations défini par la
table d'adresses fournie avant la rafale.

Les valeurs sont imprimées sur la
t616type 1ocale A des fins de contrile.

2-5

Le programme général permet l'aoquisition c
de deux séros simultanés, Le premier est en
général réalisé aveo la pression atmosphérique
comme contre-pression sur les capteurs, le
deuxidme est réalisé avec la contre-pression de
1tessai.

ACQUERIR MESURES
§
|

6 SUITE OU PROCESSUS

Pl. 4 — Courant plan — Acquisition des zéros.

4.5. Déroulement de la rafale (planche 5).

Le principe du déroulement est
sensiblement le méme que pour l'acquisition des
séros ; les aoquisitions des mesures somt par
oontre plus complexes,

Le programme de 1'essaji définit le type
d'aocquisition A réaliser, Ces types sont les
suivants

= Aoquisition des pressions pariétales @
L'acquisition consiste & explorer, &
1'aide de¢ prises de pressions réparties sur le
profil, le ohamp aérodynamique au niveam du
profil,

Pl. 5 — Courant plan — Rafale.
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Les prises de pressions sont réparties
sur six ocommutateurs de pressions de type
scanivalve comportant chacun quarante huit
prises,

Le lot d'information est oonstitué des
six signaux en provenance des capteurs assooiés
aux ocommutateurs, de quelques pressions
caractéristiques (pi, po) mesurées par des
ocapteurs autonomes et des paramdtres de position.

L'ordinateur explore successivement les
48 positions des commutateurs de pression en
donnant 1'ordre de commutation et en vérifiant
A chaque fois la stabilisation des signaux en
provenance des capteurs (asservissement de
oommutation, paragraphe 4.6).

Peignage de sillage

Le prinoipe de ocette acquisition
consiste A explorer, par un balayage vertical
de la veine, le ohamp aérodynamique en aval du
profil (sillage).

Liaxploration est réalisée par un peigne
comportant dos prises de pressions statiques et
totales qui se déplace sur une glissilre
vertiocale & 1'aide d'une motorisation appropriée
assurant une vitesse constante.

Le lot d'aocquisition est constitué des
ocapteurs autonomes généraux (po, pi, contre-
poauono), des capteurs autonomes du peigne et
des capteurs associés aux commutateurs de
pressions (pressions pariétales).

Pendant le déplacement du peigne, qu'il
a déolenché, l'ordinateur proodde, avec une
récurrence oonstante (10 lots/seconde), &
1'acquisition des lots en déolenchant la
commutation (non asservie) des pressions
pariétales aveo une réourrence qui eat un sous-
multiple de la précédente.

4.6, Asservissement de commutation (planche 6).

Le principe de 1'assaorvissement de
commutation repose sur l'allure générale de la
courbe de réponse qui est présentée sur la figure
n® 1, Le temps de stabilisation du signal est
fonotion de 1'éoart entre la pression de départ et
la pression d'arrivée ainsi que du niveau de
pression général Po., Ce temps est dono variable
d'une prise A 1l'autre.

En dehors de tout asservissement le
sohéma d'une série de commntations se présente
comme indiqué sur la figure n°® 2, La cadence de
commutation est choisie en fonotion du temps de
réponse le plus long afin d'aocquérir pour chaque
prise un signal ayant de fortes ohznces d'8tre
stabilisé, Certaines pressions sont réparties sur
plusieurs prises successives afin de ne pas trop
perdre de temps pour les prises présentant un
oourt temps de réponse.

Dans ocette méthode de ocommutation, le
compromis entre la fréquemce de commutation
minimale, maximale et la répartition des prises
est fonotion de l'essai A réaliser, donc non
répétitif,

L'utilisation d'un ordinateur pour
déolencher la commutation permet de remédier aux
deux défauts de la commutation automatique
ocadenoée, A savoir la perte de temps ou
1'utilisation de prises en double ou triple, et
le manque de certitude quant A la validité de la
mesure.

L'ordinateur déolenche la commutation
puis, aprds avoir attendu un temps minimum
oonstant en dega duquel il n'est physiquement
pas possible que la stabilisation soit atteinte,
1it A intervalle r/j ulier la réponse du ocapteur
et compare A ochaq' s fois le signal obtenu avec
le préoédeni, Si la différence entre deux signaux
successifs est inférieure A la plage de

L L S S s A, g
{

stabilisation imposée, le caloulateur stocke les
assures et déolanche la commutation afin
d'explorer le piot suivant j dans le oas contraire
1l'ordinateur continue & suivre la stabilisation
du signal.

Au deld d'un certain temps, traduit par
un nombre de lectures maximum dee signaux, le
caloulateur déolare le signal instable, le stocks
en le marquant et passe au plot suivant.

Cette méthode, qui est appliquée en
paralldle sur plusieurs commutateurs (six
aotuellement), permet d'une part d'explorer les
pressions aussi vite que leur stabilisation
l'autorise et d'autre part d'&8tre sfr que la
mesure est stable ou instable.
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4.7. Asservissement d'incidence.

Dans ce type d'essai l'asservissement
en inoidence est assuré par l'ordinateur qui
dispose des commandes élémentaires de sélection
du sens dv déplacement et de marche-arrét
(sohému synoptique planche 7).

INCIDENCE
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Pl. 7 — Courant plan — Asservissement d’incidence.

L'algorithme adopté est basé, comme
dans tout asservissement, sur 1'écart entre la
valeur de consigne et la valeur actuelle.

Au deld d'un certain éocart, 1ié A
l'inertie du systdme, le déplacement est ocontinu
A grande vitesse. ['ordre d'arrét est donné au
point A du graphique, l'arr8t est effectif au
point B, Si le point B est situé dans la fourchette
déterminée par la préoision souhaitée, l'ordinateur
s'arr8te, sinon il continue en donnant une série
d'ordre de marche-arr8t de durée calibrée jusqu'a
oe que l'arr8t se fasse dans la fourchette
imposée.

Le ohoix de la plage d'inertie est fait
aprds identifioation du moddle de fagon A oe que
1'arrét déolenché en A aboutisse A un arrét
effeotif dans la fourchette, oe qui est vrai dans
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plus de 90 % des ocas étudiés. Dans le cas
oontraire tout phénomdne de pompags est supprimé
par la limitation du nombre de changement de sens
de déplacement ; si oe nombre est atteint, le
point de mesure est fait A la dernidre inoidence
obtenue et l'anomalie est signalée A& 1'opérateur
Par un message.

4.8. Conclusion.

L'utilisation d'un ordinateur pour
gérer la chafne de mesure de la soufflerie &
rafales S3MA a permis des améliorations dans les
domaines suivants

- gain de temps et de qualité dans
ltexploration des 48 plots d'un commutateur de
pression,

- gain de temps et suppression de fonotions
manuelles du fait de 1'erchafnement automatique,
suivant programme, des différents types
d'acquisition,

-~ gain de temps df & la cormande des
motorisations.

- recoupements avec des essais antérieurs
rendus possibles grfice a4 la reproductivité du
positionnement en incidance.

- augmentation du nombre d'informationa
utiles acquises dans une méme rafale.

- augmentation de la séourité du matériel
gréce aux détections des anomalies de
fonctionnement et & la rapidité des actions
entreprises 8'il y a lieu.

5 - ESSAI D'UN ROTOR D& CONVERTIBLE.

5.1, But de l'essai.

L'essai de rotor de convertible réalisé
dans la soufflerie transsonique 31MA de Modane-
Avrieux pour le compte de la Sooiété Nationale
des Industries Aérospatiales se propose de
simuler le déoollage, le vol de croisiére et
l'atterrissage d'un avion convertible.

Dans la phase de décollage, le rotor
dont l'axe est au départ vertical dans la position
hélicoptdre bascule au fur et a4 mesure que l'avion
monte et prend de la vitesse jusqu'a devenir
horizontal dans la position hélice qui est celle
de croisidre, Dans la phase d'atterrissage le
basculement a lieu dans le sens inverse. Ces deux
phases durent, en vol réel, environ 12 secondes,

L'équilibre aérodynamique de l'avion en
vol veut qu'il y ait une relation bi-univoque
entre la vitesse linéaire de l'avion et les
paramétres de positions et de motorisations, et
c'est cette relation que l'essai se propose de
simuler /| T incie . .
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Pl. 8 — Rotor de convertible — Simulation de conversion.

5.2, _Caractéristiques de l'asservissement

La simulation du décollage et de
l'atterrissage de 1l'avion convertible nécessite
le passage d'une vitesse de l'ordre de 30 m/s a
une vitasse de 1'ordre de 70 m/s et réciproquement
dans un intervalle de 12 seconde=,

L'acoélération et la déoélération
corresponiantes sont du méme ordre de grandeur
que l'acoélération maximale de démarrage ou la
déoélération maximale de la soufflerie SIMA de
1'ONERA., De ce fait, l'impossibilité de piloter
la vitesse de la soufflerie dans ces deux zones
limites de fonotionnement, a amené 1'ONRA et la
SNTAS a concevoir un asservissement inverse de
celui du vol, o'est-a—dire A4 asservir les
paramdtres du rotor & la vitessa de la soufflerie,

Les paramdtres asservis sont y
1'inclinaison du rotor par rapport & la verticale
Qa et les composantes du pas cyclique A savoir
le pas général, le pas latéral et le pas
longitudinal, La vitesse de rotation du rotor ne
fait pas pour le moment l'objet d'un asservissemant
la conversion se fait a4 vitesse constante.

5.3. Description de la chaine de mesure
(planche .

La chafne de mesure comporte deux postes
indépendants. Le premier poste correspond & la
chaine normale de surveillance et d'acquisition
de la soufflerie S1'%, le deuxidme poste
correspond & la chafne d'asservissement.

La séparation des deux fonctions,
acquisition générale et asservissewent, qui par
nature peuvent 8tre réalisées dans le méme
ordinateur, est liée a4 un souci de séourité ainsi
qu'a des probladmes d'encombrement mémoire des
programmes de gestion.

Le poste d'asservissement scomprend un
ordinateur HP 2100 nanti des périphériques
d'acods classique, un ensemble de multiplexage et
de conversion des mesures et quatre sorties de
consignes d'asservissement,
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Pl. 9 — Essai de convertible - Chalne de mesure.

5.4. Principe de 1'asservissement (planche :

Lles courbes de correspondance entre la
vitesse du vent et chacun des paramdtres asservis
sont fournies A l'ordinateur sous forme d'une loi
linéaire pour une vitesse inférieure & 30 m/s,
d'une courbe définie point par point pour une
vitesse comprise entre 0O m’s et 70 m/s et a
nouveau d'une loi linéaire pour une vitesse
supérieure & 70 m's,

L'ensemble multiplexeur-convartisseur
permet l'acquisition des valeurs Po, Mi et Ti A
partir desquelles est ocalculée la vitesse du vent
qui donnera, compte tenu des lois définies, les
valeurs de oconsignes A envoyer, par l'intermédiaire
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d'un convertisseur numérique/analogique sur les
racks d'asservissement qui scnt commandés en
tension.
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Pl. 10 — Essai de convertible — C
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5.5. Fonotionnement général de la chafne.

L'ordinateur de gestion de la chaine
d'acquisition et l'ordinateur d'asservissement
sont indépendants,

Le programme d'asservissement fanctiome
en suiveur. Il est lancé au début de 1'essai et
envoie des oonsignes A l'extérieur environ quinze
fois par seconde pendant toute la durée de la
rotation.

Le programme de gestion d'acquisition
est lancé par l'opérateur au début de chaque
oonversion. Les mesures soni acquises A& un
rythme régulier en asynchronisme complet avec les
consignes de position et sont envoyées sur une
unité de bande magnétique et vers l'ordinateur
central ol elles subiront les traitements
demandés par l'essai. Les informations élaborées,
par exemple les trajectoires réelles de chacun
des paramdtres rotor, seront restituées sur le
cathoscope relié & 1'ordinateur central.

Le programme de surveillanoce fonotionne
en permanence avec une récurrence de l'ordre de 2
secondes et calcule la vitesse du vent, le
paramétre d'avancement, les informations de pas
et les efforts encaissés par le montage. Ces
valeurs sont affichées sur des visualisations
numériques afin d'8tre disponibles A tout moment
pour contrdler le bon déroulement de l'essai.

5.6. Essai de gqualification.

L'ensemble du dispositif a é6té mis au
point en juillet 75. Une premidre vérification de
la chaine a été faite en simulant les signaux Po,
Pi, Ti donc la vitesse du vent et en envoyant les
consignes analogiques sur un enregistreur
graphique pour vérifier la validité des commandes,
Une deuxidéme simulation plus compldte a été
réalisée avec un rotor sans pales, la soufflerie
étant en marche et les paramdtres de position
étant asservis dans les conditions réelles de
l'essai, Ces deux simulations ont prouvé le bon
fonotionnement de 1'ensemble.

L'essai réel du convertible étudié par
la SNIAS aura lieu prochainement dans la
souf flerie S1MA de 1'ONTRA.

6 ~ DISPOSITIF DE PESE: D'ENGIN 50US AVION.

6.1, Pose de problame.

Ce dispositif, étudié par 1'ONTIRA, est
destiné A& la simulation des trajsotoires d'engins
largués par un avion porteur.

La méthode utilisée jusqu'ad présent
pour étudier les interaotions aérodynamiques entm
un engin et son porteur, dite "méthode de la
grille", oconsiste & explorer systématiquement par
déplacements successifs suivant deux axes le
champ aérodynamique entourant l'avion ; la
trajectoire de 1'engin est ensuite déduite des
mesures obtenues par ocette exploration du champ
aérodynamique et des lois régissant le mouvement
de ocet enugin.

Cette exploration systématique est
longue et cofiteuse, le nombre de points de
mesures aoquis étant trds grand par rapport au
nombre de points utiles, oe qui a amené 1'ONERA,
vu l'intérét montré par les constructeurs pour
ae type d'essai, & étudier un dispositif
automatique de restitution de trajectoire pawr
asservissement en position d'un engin par
rapport & un avion porteur, la trajectoire étant
caloulée au fur et i mesure compte tenu des
eofforts mesurés et de 1'équilibre de 1l'engin,

6.2. Desoription du dispositif (planche 11).
Le dispositif méoanique consiste en

une glissidre permettant de simuler le déplacement
longitudinal de l'engin A& laquelle est acorooché
un bras mobile, articulé suivant deux axes
perpendiculaires, lui-m8me acoroché & un équipage
mobile par deux articulations perpendiculaires.
Le dernier équipage mobile, auquel est fixé
1'engin, possdde un mouvement de rotation en
roulis, L'ensemble possdde donc six degrés de
liberté, soit une translation, deux mouvements de
tangage, deux mouvements de lacet et un mouvement
de roulis,

i Les six mouvements sont motorisés et
chaque position est géométriquement connue par un

codeur numérique assooié.
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PI. 11 — Dispositif pour I'étude de la trajectoire en présence de I'avion.

6.3. Type d'asservissement,

L'asservissement est fait par valeur de
consigne. Les consignes sont fournies numériqement
4 une logique de pilotage associée A six modules
de puissance, chaque mouvement étant distingué
par un systdme d'adressage.

6.4. Description de la chaine de mesure
(planche T2

La chafne de mesure comprend, outre les
périphériques standards, une logique de commande
adressable pour réaliser les consignes
d'asservissement et une logique de lecture,
adressable également, des états des diverses
motorisations (codeurs de position).

6.6. Prinoipe de 1'essai.

L'essai peut se dérouler suivant deux
modes distinots, le mode "grille" et le mode
"trajeotoire",
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Pl. 12 — Dispositif & six degrés de liberté — Chalne de mesure.

En mode grille la position de départ
oest définie par le responsable d'essai st
1'ordinateur actionne le dispositif de tramslation
pour avancer d'un pas constant i chaque fois,
Dans oe o0as, outre la responsabilité de
1'enchainement des actions translation/moqusition,
1l'ordinateur doit tenir compte des efforts
encaissés par le montage et corriger les autres
paramdtres de position oompte tenu des
déformations,

En mode trajeotoire le fonotionrement
de 1'ordinateur «at entidrement autonome A partir
du moment ol il lui est demandé de réaliser la
trajectoire. La position d'emport ainsi que les
impulsions de départ (poussées axiales, poussées
longitudinales) ou'les conditions initiales
(vitasse et acoélération) sont connues ; la auite
de la trajectoire est déterminée pas A pas par
1'ordinateur qui tient compte de la position
actuelle, des elforts encaissés par l'engin, des
équations de la mécanique du vol et des
déformations du montage pour déterminer la
position compldte de l'engin au point suivant,
deux points étant oconventionnellement séparés par
un intervalle de temps constant.

La trajectoire est explarée compldtement
par l'ordinateur qui enchafne automatiquement les
calcules de positions, les ordres d'asservissement,
1'acquisition des mesures, l'affichage des
paramdtres ds position, le stockage et le
transfert des mesures vers l'ordinateur ocentral
ot qui en fin de trajectoire se prépare A exéocuter
la trajeotoire suivante compte tenu des nouvelles
consignes de départ.

6.6. Essaj de qualifjocation.

L'essai de qualification du dispositif
et des opérations associées aura lieu dans la
souf flerie S2MA de 1'ONERA dans le ocourant du
dernier trimestre 1976.

T - CONCLUSION.

Depuis la réalisation en 1973 du
premier dispositif automatique de conduite d'une
rafale par un ordinateur, le r8le dévolu A
1'ordinateur n'a cessé d'augmenter.

La réalisation d'un essai, la mise en
servive d'un nouveau poste d'essai ou la
rénovation d'un autre poste ne se congoit plus
sans 1l'aide d'un ordinateur dont la souplesse
d'adaptation et d'emploi est un facteur
déterminant .
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Aotuellement, au seul Centre de Modane
de 1'ONERA, et en sus des dispositifs qui ont
fait 1'objet de oette description, plusieurs
processus basés sur l'emploi d'un ordinateur sont
en cours de réalisation parmi lesquels 3

- Une chafne d'aoquisition pour un banc de
dynalpie pour lequel le taux d'automatisation
sera au moins égal A ocelui du proocessus Courant
Plan.

- Une ochaine destinde & gérer un dispositif
de simulation de décollage et atterrissage court
qui équipera prochainement la soufflerie S1MA.

- Une chafne destinée & la réalisation d'un
essai d'entrée d'air en instationnaire pour
lequel les cadences d'acquisition et le volume
d'informations & stooker nécessitent 1'emploi
d'un ordinateur et d'un disque associé.

D'autres réalisations de ce genre
verront oertainement emcore le jour dans les
années qui viennent A moins, évidemment, d'une
révolution dans la technologie des essais ou des
matériels.
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APPLICATIONS OF THE REAL-TIME DATA ANALYSIS SYSTEM
IN THE AMES 40- BY 80-FOOT WIND TUNNEL

Mark W. Kelly,* Stanley 0. Dickinson,** and Everett E. Maynardt
Ames Research Center, NASA, Moffett Field, California 94035, U.S.A.

SUMMARY

The first major overhaul and refurbishment of the Ames 40- by 80-Foot Wind Tunnel since it was put
into operation in 1944 has recently been completed. A substantial part of this refurbishment was devoted
to providing this wind tunnel with a modern real-time data acquisition and analysis system to increase the
safety, efficiency, and accuracy of experimental investigations in this facility.

This paper summarizes the background leading to the requirements for the new system, describes the
major elements of the system, and discusses some of the applications of the system. The concluding
section of the paper discusses the potential of computerized data acquisition systems for wind tunnels
in terms of Tong-term trends in hardware and software costs, and the constraints which must be dealt with
to achieve the full potentic' of computerized data acquisition systems.

1. BACKGROUND

Figure 1 shows some typical test installations in the 40- by 80-foot wind tunnel and is presented
to illustrate some of the general test requirements that influenced the design of the new data acquisition
system. For tests of conventional aircraft or wind-tunne! models, conventional wind-tunnel data processing
ordinarily is sufficient, although the efficiency and quality of the test is, of course, directly related
to the timely availability of test results to guide the investigation. However, the need to test experi-
mental VTOL aircraft (such as the XV-5B) with their propulsion systems operating in the wind turnel, places
a severe constraint on the wind-tunnel test time, since the aircraft and propulsion system hardware
generally have a 1imited 1ife, or at least limited time between major overhauls. This means that, to
obtain the essential data with a minimum of operating time on the test hardware, the wind-tunnel test
must be closely controlled; on-line data analysis is essential to achieve this. In the case of wind-tunnel
tests of full-scale experimental rotor systems, the time constraints are generally even more severe
because of 1imited 1ife of the test hardware. In addition, the possibility of encountering catastrophic
dynamic instabilities in the rotor system provides unique requirements for on-line data analysis, and is
discussed more completely in a later section of this paper.

Figure 2 illustrates the primary data acquisition systems utilized in the 40- by 80-foot wind tunnel
prior to the installation of the new system. The mechanical scale system shown on the left is stiil the
heart of the force and moment measuring subsystem in the new system, because more mcdern devices with a
superior combination of accuracy and capacity were unavailable. The multitube manometer bcard shown at the
right of this figure was the primary means of measuring pressures. As summarized on this figure, both
the mechanical scales and the manometer boards provided measuring systems that were simple and highly
reliable. Also, they were almost fool-proof in use, with malfunctions announced by a mechanical fouling
alarm for the scales, and by air bubbles in the manometer tubes or puddles on the floor for the manometer
boards. Thus, they were almost ideal systems for the rapid and reliable acquisition of vast quantities
of raw data. The sole disadvantage was the exorbitant time required to calculate meaningful engineering
parameters from the raw data. For example, to obtain one set of six-component aerodynamic coefficients
from the raw force data for one test condition requires 166 arithmetic operations. For pressure distribution
investigations, which often require about 500 channels of pressure data, the computational work load was
even worse than for the force and moment computations. Thus, the time lag in getting meaningful test
data back to the test engineer meant that he was forced to run the test blind. This ordinarily resulted
in a matrix approach to the selection of the test conditions, which meant that considerably more data were
taken than actually needed to assure that the critical conditions were adequately covered. The number-
crunching power of the digital computer was obviously the answer to these problems.

2. DESCRIPTION OF THE NEW DATA ANALYSIS SYSTEM

The overall objectives used in formulating the design requirements for the new data system are
summarized on Fig. 3, as follows: (a) to increase test efficiency by providing rapid access to test
results in meaningful engineering parameters; (b) to improve test safety by providing highly visible
monitoring and/or alarms to identify the proximity of critical test conditions or test limits, and to
provide on-1ine assessment of helicopter rotor dynamic stability; and (c) to reduce the test time for
1imited-11fe experimental hardware.

The interpretation of the preceding objectives in terms of the design requirements for the new data
acquisition system is summarized on Fig. 4. To aid the test engineer in establishing the desired test
conditions, the force and moment measuring subsystem was required to continuously compute and display
critical test parameters (such as drag and moment trim). The steady-state pressure and temperature subsystem
was required to provide on-1ine calculation and to display selected channels as needed to conduct the test.
The dynamic loads subsystem was required to provide on-line monitoring of numerous channels, including
test-1imit alarm provisions. The rotor dynamic stability and flutter subsystem was required to provide an
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on-l1ine assessment of the damping of critical modes. A1l subsystems were required to record the appropriate
data in convenient form for off-line processing.

The design constraints used to configure the new data acquisition system are summarized on Fig. 5.
A major consideration was that the system should be easy to operate so that the test engineer could
concentrate on the test results rather than on the operation of the system. This meant that the system
must forgive minor setup errors, and that it must communicate meaningful diagnostic information to the user
when problems occurred. It must forgive minor mistakes on the part of the operator, and only terminate
operation when the integrity of the data is threatened. The other major constraint was that the system
should be configured so that failure of any subsystem would not inactivate the entire system, but, rather,
would only temporarily degrade the on-line analysis and data turnaround capability of the system.

Figure 6 is a block diagram of the data acquisiticn system designed around the requirements and
constraints just described. As may be observed from this block diagram, the data acquisition system is
comprised of several special-purpose subsystems, all ( f which are interconnected to a master computer. The
output of the master computer feeds monitoring information to the operator's console, or to various
peripheral equipment which provide plots and tabulation of the data, or storage on digital magnetic tape
for off-line processing. Provision is also made for the master computer to communicate with the Ames
Research Center's central computer facility. The following paragraphs summarize the overall features of the
main elements of the data acquisition system from an operational viewpoint. Additional information regard-
ing the detailed characteristics of this system, as well as those of each of the subsystems, may be found
in Ref. 1.

The operator's console is the central controi point for conducting a test. When the system is in the
monitoring mode, critical test parameters are comg.ced and displayed continuously to assist in directing
the test. Also, raw scale data and other information is provided to determine the health and/or state of
the various subsystems. When the desired test conditions are met, the console operator presses a "record"
button, at which time the master computer switches from the monitoring mode to the record mode and issues
appropriate instructions to the various subsystems. When all subsystems have finished their recording
cycle, the master computer directs the subsystems to resume the monitoring mode, and notifies the operator's
console that the recording cycle has been completed.

The static force subsystem consists of the wind tunnel's original mechanical scale system, which is
equipped with optical analog-to-digital converters to transmit data to both the operator's console and the
master computer for real-time processing. This subsystem also records raw data on punched cards and paper
tape for backup.

The special instruments subsystem provides digitized data to the master computer regarding wind-
tunnel operating conditions, (i.e., angle of attack and angle of yaw), propulsion system conditions
(i.e., engine or rotor rotational speed and nozzle total pressure) as required to provide on-line calcula-
tion of parameters for test monitoring.

The static-pressure subsystem can accept low-level signals on each of 10 channels which are
commutated by a 48-position stepping switch. Thus, this subsystem can record a total of 480 channels of
steady-state data. This subsystem transmits digital data to the master computer once per record session
and records the raw data on punched cards as a backup.

The signal conditioning subsystem is used to condition dynamic signals for acquisition by the analog
tape recorder, the time series analyzer, the raw data displays, and/or the master computer. The analog
tape recorder is operated continuously as a backup unit on all hazardous tests.

The time series analyzer provides for quick analysis and display of the dynamic characteristics of
the test article. It provides the capability to do complex dynamic stability calculations in near real
time, so that potentially unstable operating conditions can be identified and avoided. The results of
these calculations may be displayed immediately on a cathode ray tube, an X-Y plotter, or a printer.

At this point, it might be noted that many of the subsystems can operate either under the control of
the master computer or in a stand-alone mode. This flexibility of operation provides much of the fail
gracefully requirement demanded of the system. The manner in which the master computer controls the
various subsystems is determined by the system software, which can be arranged to meet the requirements of
each test. The system software has three primary modes: setup, record, and monitor. During the setup
mode, the software specifies the characteristics of the system, verifies the operation of the system, and
verifies that the data received from the various subsystems are within tolerance. Following completion
of the system setup, the test is begun, and the system software operates in either the monitor or the
record mode, as shown on Fig. 7. In the monitor mode, the software updates the data from the scale system
and the special instrumentation system every 1.25 seconds and provides the test engineer with computed
engineering parameters on the lamp-bank display. (At the same time, the computer is permitted to process,
tabulate, and plot the data obtained in the previous record mode.) When the test engineer is ready to
record the next data point, he initfates the record mode of operation. This command brings in the record
software and locks out the monitor mode. The record software provides a number of functions, including
verification that the required subsystems are on 1ine, checking the calibration of various data channels,
writing the data into the computer core (or onto disk or magnetic tape storage), and informing the test
engineer when the recording is completed. The record mode software also prints error messages if any of
the subsystems fail to perform as anticipated.

Figures 8, 9, and 10 show various components of the data acquisition system as installed in the 40- by
80-foot wind tunnel control room. Figure 8 shows the operator's control console. The lamp-bank displays
in the center of the panel are utilized to display final computed data transmitted from the computer. The
lamp banks on the right side of the panel are used to display raw scale data to assure the health of the
scale subsystem. The two TV monitors directly above the console are used to provide visual monitoring
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£ | of the test article. Figure 9 shows the dynamic loads monitoring console. The large cathode ray tube

| at the upper left of the panel displays eight simultaneous time histories of critical loads and dynamic
information. The direct-writing oscillograph at the lower right of the panel records up to 36 channels

l of dynamic information for both on-line monitoring and as a data backup. The cathode ray tube directly
above the oscillograph provides for a bar-chart display of peak-to-peak dynamic loads for easy monitor-

; ing of critical stress. This bar-chart display is also equipped with an alarm system to insure that

| test 1imits are not inadvertently exceeded. Figure 10 shows the time series analyzer used for performing

i on-1ine dynamic stability caleculations. On-line displays of system transfer functions, Fourier transforms,
]
{

etc., are provided on the small cathode ray tube at the center right of the panel. The time series analyzer
| also provides for hard copy output via the X-Y plotter, shown just above the cathode ray tube, and the
i ! typewriter terminal at the lower left of this picture.

As previously stated, a design constraint for the new system was that no single failure would cause
a test to be terminated. This requirement has been met in various ways for the various subsystems. An
1 example of the performance of the force data acquisition subsystem with various failures is provided on
3 Fig. 11. When all components of the force data subsystem are operational, the time to obtain final computed

‘ data is essentially zero. If the real-time subsystem becomes inoperative, force data can still be computed

through the master computer by manually feeding the backup punched cards into the computer with about a
1 minute turnaround. For most purposes, this is essentially on-line. If the Master Computer becomes
inoperative, force data can still be computed within 15 minutes to 8 hours after completion of a run,
depending upon the priority placed on the information relative to other demands on the Ames Research Cenfer's
central computer facilities. If the scale system analog-to-digital converters become inoperative, the data
are still not lost, because they are printed on the paper tapes at the scale heads. However, it will now
require approximately 8 hours for calculation of six-component force data.. Of course, when the balance
itself becomes inoperative, no valid data are obtained, and the run must be terminated.

3. APPLICATIONS

-
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The advantages of real-time data analysis for wind-tunnel tests of conventional aircraft are summarized
on Fig. 12. First, real-time data analysis provides maximum information to the test engineer in a timely
fashion so that (a) an unexpected result can be checked immediately, and (b) test parameter increments
can be adjusted to fit the need. This means that the number of data points required to meet the test
objectives is minimized. Another advantage of real-time data analysis is that it provides the ability to
assess the adequacy of the data in terms of meaningful statistical parameters. An example of this is dis- !
cussed later in connection with rotor dynamics testing.

As mentioned previously, in the absence of real-time data, it is often necessary to resort to a matrix
approach to insure adequate covering of all the test parameters. This often results in more data being
obtained than are actually required to meet the minimum test objectives. An example of this is illustrated
on Fig. 13 (from Ref. 2) which shows a plot of rotor 1ift coefficient as a function of rotor longitudinal
force coefficient obtained for a typical helicopter rotor test. The information of primary interest is
associated with trimmed 1-G level flight and is indicated by the target at zero CXR o and a value of CLR/c

of about 0.07. In the absence of on-line data, it would be necessary to run collective pitch sweeps for !
at least three values of angle of attack (in this example, collective pitch sweeps were run at five angles

of attack). With real-time data available to the test engineer, it is possible to set directly the left

coefficient and longitudinal force coefficient values for 1-G level flight and to then make collective

pitch sweeps, angle-of-attack sweeps, and control sweeps, as required to establish the appropriate stability

and control derivatives. It is obvious that this will result in considerably less test time. Furthermore,

the interpretation of the wind-tunnel test results in terms of the flight vehicle are more direct and are

achieved with a minimum of time-consuming cross-plotting of wind-tunnel data.

i
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As mentioned previously, one of the prime requirements for on-line data processing is in connection
with the assessment of rotor dynamic stability. The method used prior to the acquisition of the new
dynamic analysis system is indicated on Fig. 14. The rotor system under test was excited by means of a
shaker vane or rotor cyclic pitch to induce a steady-state excitation at the desired frequency. At the
appropriate time, the excitation was turned off, and the decay of the resulting motion was recorded. The
instrumentation normally used was a direct-writing oscillograph, and the data reduction was done manually.
This method had two general shortcomings. First, the accuracy of the damping assessment was poor, which
had serious implications with regard to test safety. Second, the method was extremely time consuming for
complex dynamics systems, since it required excitation at the natural frequency of each important mode of
the system. An example of the difficulty in obtaining accurate rotor dynamic stability assessments from ’
the transient decay method is illustrated in Fig. 15 ?from Ref. 3) which presents the results of experiments 3
made to establish the dynamic stability of an experimental tilt rotor system. As shown here, the accuracy -
of the stability assessment left much to be desired, particularly when it is recognized that the consequences A
of negative damping could be catastrophic failure of full-scale test hardware or the loss of a multimillion E
dollar aircraft. One fundamental factor involvéd in the poor accuracy illustrated here is that the transient
decay method does not provide any mechanism to average out extraneous noise inputs from either wind-tunnel 3
turbulence, extraneous mechanical excitation, or instrumentation noise.

i With the new data analysis system, the rotor dynamics tests may be conducted in a steady-state fashion,
i as {1lustrated on Fig. 16. The left-hand side of this figure illustrates the procedure for an ideal situa-
| tion, that is, with no instrumentation errors and no turbulence. The dynamic system, H, is excited by a

’ measured input, w, and the response, x, is measured. The transfer function, H, is determined as the ratio

! of the Fourier transform of the output divided by the Fourier transform of the input. This calculation and
a graphical plot of the transfer function can be displayed in real-time by the time series analyzer. Further-
more, the damping ratio of the critical mode can be determined from the shape of the transfer function, as
indicated by the equation at the lower left of this figure; this can also be determined on-line. The

time required to obtain the transfer function is minimized if the input signal, w, is broad-band pseudo
random (that is, if it has a flat frequency response over the range of frequencies of interest). This
avoids the necessity of making time-consuming tests at a number of discrete frequencies of input signal.




The real advantage of the forced-response transfer function analysis for determining rotor damping
is more apparent when consideration is given to the presence of noise and turbulence in the input and output 4
signals. This situation 1s 11lustrated on the right-hand side of Fig. 16. As shown here, the measured
input, 2, includes the desired input, w, an unknown input. u (due, for example, to aerodynamic turbulence),
and instrumentation noise, v4. Similarly, the measured output, y, is the sum of the output due to the
measured input, w, the output due to the unknown input, u, and the unknown noise, vo, in the output measure-
merit. In this situation, the transfer function of the system, H,, is estimated by the ratio of the input-
output cross-spectrum, S, and the input auto spectrum, S;, which are, in turn, estimated by taking the
ensemble average of the Spectra over any desired number of samples. As shown here, the error in the
determination of the cross-spectra and the auto-spectra is inversely proportional to the number of averages
taken, which is, of course, under the control of the experimenter. Also, the error in the estimate of the
transfer function can be assessed by computing the coherence function, y,,, which establishes the degree to
which the measured output, y, was really determined by the measurwd input, w. A1l of these calculations
can be done essentially on-1ine with the time series analyzer. A iypical on-line display of a transfer
function relating in-plane acceleration at the rotor hub to in-plane force is illustrated on Fig. 17. The
picture shown is a direct photograph of the display on the cathode ray tube. The responses shown at
slightly over 2 and ¢4 Hz are associated with the coupled response of the rotor test module, the wind-
tunnel struts, and the balance platform to horizontal force, and could be of possible concern relative to
rotor ground-resonance type instabilities. The response at high frequencies is not of concern in rotor
stability assessments but, of course, could be important relative to various rotor vibratory modes.

ke i

Additional information relative to the on-1ine assessment of rotor dynamic stability from analysis
of the system transfer function, and the use of broad-band pseudo-random excitation of the system to
obtain the transfer function, may be found in Ref. 4. A discussion of the effects of noise on the accuracy
of the system transfer function and damping ratio obtained by the use of various experimental techniques
and analysis methods may be found in Ref. 5.

The power of the computerized data analysis system in interpreting dynamic loads information is
illustrated on Figs. 18 through 21. For comparison purposes, Fig. 18 shows the raw data from a helicopter
rotor test as recorded by a direct-writing oscillograph. The difficulty in reading these traces, let alone
making meaningful interpretations of their meaning, is obvious. As shown on Fig. 19, tle computer makes
it possible tc single out any one of these traces, and to display it in time history form. More importantly,
as shown on Fig. 20, it is possible to perform a Fast Fourier Transform on this time history and to display
the predominant harmonics in the signal so that some assessment of the source of loads can be made.

An example of the usefulness of this kind of information was provided during full-scale wind-tunnel
tests of the Controllable Twist Rotor. During these tests, it was noted that the rotor behaved in a
progressively more erratic fashion as the wind-tunnel test speed was increased, showing some similarity
to a rotor out-of-track condition. However, the rotor was checked for track and tracked well at hover
and low speeds. Figure 21 shows the ratios of the flap-wise bending moments on one blade divided by the
corresponding flap-wise bending moments on another blade, and R,, R,, R;, and R, correspond to the first,
second, third, and fourth harmonics of these bending moments, respectively. As indicated by the R, values,
the rotor was in reasonably good track relative to once-per-rev flap-wise bending loads. However, as
indicated by the R,, R,, and R, values, there were significant differences in the higher harmonic dynamic
response of the t blgdes. Moreover, the accuracy of these measurements, as indicated by the root-mean-
square variation around the average value of the various harmonics, shows that the dynamic mismatch
indicated is really there, and is not due to inaccuracies in the measurement. From these measurements, it
was concluded that the basic problem was a dynamic mismatch of the blades, which resulted in dissimilar
bending response in the higher harmonic modes.

4. TRENDS, CONSTRAINTS, AND FUTURE POTENTIAL

As illustrated by the preceding examples of applications of computer to wind-tunnel testing, the
availability of moderately-priced small computers and special-purpose digital processing equipment provides
a high potential for improving the efficiency, quality, and safety of wind-tunnel testing. However, as
with all new developments, a number of constraints and problems must be recognized and dealt with in
order to realize the full potential of computerized data acquisition systems. The following paragraphs
discuss some recent trends in the performance and costs of data analysis systems, and the overall impact
of these trends on wind-tunnel testing.

The performance and cost trends of data analysis system hardware are summarized on Fig. 22 (from
Ref. 6). As shown on the left-hand plot of this figure, the ratio of the cost of computer hardware to
computing power (as indicated by the number of channels per second which can be processed) has decreased
dramatically over the last 15 years. As a result, Ames Research Center has invested, and is continuing to
invest a considerable amount in this hardware, as illustrated in the central plot on this figure. In
addition, as shown on the right-hand plot of this figure, maintenance costs of this equipment represent
an additional significant investment. While not shown here, the project costs occasioned by malfunctioning
data systems during major experimental investigations can be considerable, and represent a hidden
"maintenance cost" over and above that shown here. The conclusion to be drawn from this is that considerably
more attention must be paid to reliability and maintainability of data system hardware if the full potential
of this equipment is to be realized.

Another factor which constrains the realization of the full potential of computerized data analysis
systems 1s the cost of software. Figure 23 (from Ref. 6) summarizes two poin’ relative to software and
programming costs. First, as 11lustrated on the left side of this figure, t.® cost of software and
programming relative to system hardware costs has been steadily increasing over the last 20 years. Second,
as 11lustrated on the right-hand side of this figure, the cost of programming is related to the degree to
which the central processing unit and memory are utilized. As the utilization of memory increases over
about 70 percent capacity, the cost of programming begins to show an exponential increase. A major
difficulty here is that many of the software and programming costs are difficult to assess until the system
is put into operation, while the hardware costs are accurately identified with system capacity at the outset
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of the procurement cycle. Thus, there are strong pressures to make an initial hardware selection which
places undue emphasis on hardware costs, with the result that inadequate memory and CPU capability are
provided, and excessive software and programming costs are ultimately encountered. Distributed computer
systems such as described herein, and provisions for memory addition, are both means for dealing with this
pro:l:m. Additional aspects of distributed computer data acquisition and analysis systems are discussed
in . 6.

One aspect of data system programming which provides a favorable spinoff is the discipline that the
programming effort places on the planning of a wind-tunnel test; this is illustrated on Fig. 24. The left-
hand side of this figure illustrates the data reduction and analyses tasks as a function of time-to-complete
the overall investigation for the situation which prevailed prior to the availability of computerized data
analysis equipment. The pretest tasks consisted primarily of preparation of the basic data reduction
programs and the necessary calibrations and measurements. Since much of the data could not be reduced while
the tests were underway, a matrix test plan was prepared, and many judgmental tasks were postponed until
after the test. However, with a computerized data system, where a substantial amount of computed results
are to be presented on-1ine, a number of pretest judgments have to be made, as illustrated on the right of
Fig. 24. For example, a judgment has to be made relative to which results must be presented on-line, and
which are to be recorded for later analyses. Further, for the data which are to be presented on-line,
detailed instructions as to desired output format, range and scale, etc., must be made. In the process

of selecting these priorities and making these judgments, the researcher is forced to answer some very i
basic questions concerning the purpose of the test, such as the relative importance of multiple test objec-
tives, anticipated level of the results, etc. The reward for proper pretest planning is that abundant
on-line information is provided during the test, which can be used by the experimenter to guide and enhance i
the value of the test. The penalties for inadequate test planning are severe, in that the data analysis {
system will either be programmed to answer the wrong question, or, in extreme cases, will not provide
intelligible output in a timely manner, and, thus, may become essentially useless. These rewards and
punishments provide considerable incentive for thorough test planning, and this will do much to increase
the efficiency and safety of experimental investigations conducted in wind tunnels.

5. CONCLUDING REMARKS

Technical progress in the field of small computers and digital processors have provided the
capability of configuring powerful and flexible data analysis systems for wind tunnels. Experience with
such a system installed in the Ames 40- by 80-Foot Wind Tunnel shows that these systems can substantially
improve the quality and safety of the experiment by providing the researcher with timely information
presented in meaningful scientific terms.

The major constraints preventing full realization of the potential of digital data analysis systems ]
are inadequate hardware reliability and the high cost of programming and software. While there has been !
progress in the alleviation of these problems, more attention to these factors is required.

The programming effort required to prepare for a complex experimental investigation utilizing on-line
digital data analysis systems provides high incentives for thorough test planning and severe penalties
for inadequate planning. The discipline thus enforced on the experimenter is responsible for a significant
share of the increased efficiency and safety of test operations realized through the use of modern data i
analysis systems. !

In general, it may be concluded that the wind-tunnel capability of producing large quantities of data, ;
and the digital computer capability of processing vast amounts of information, coupled with the increasing

complexity of modern aircraft, will provide a long-term need for further progress in the harnessing of
d!gitg] data analysis systems to the needs of experimental investigations in wind tunnels.
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Fig. 1 Typical tests in the Ames 40- by 80-Foot Wind Tunnel.

ADVANTAGES:

® SIMPLICITY, HIGH RELIABILITY

® PRIMARY STANDARD, NO CALIBRATION REQUIREMENTS
® RAPID ACQUISITION OF RAW DATA

DISADVANTAGE
® EXCESSIVE TIME REQUIRED TO CONVERT RAW DATA 1
TO MEANINGFUL ENGINEERING FORM |

Fig. 2 Original primary data acquisition systems.
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©® INCREASE TEST EFFICIENCY
® IMPROVE TEST SAFETY

© MONITORING AND ALARMS

© ON-LINE ROTOR DYNAMIC STABILITY ANALYSIS
® REDUCE TEST TIME FOR LIMITED-LIFE HARDWARE

Fig. 3 Objectives of conversion to the real-time
data acquisition system.
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Fig. 4 Design requirements for the real-time data

system.

OPERATING CHARACTERISTICS

®MUST OPERATE IN SPITE OF MINOR SETUP
ERRORS

®MUST COMMUNICATE MEANINGFUL DIAGNOSTICS

®MUST FORGIVE OPERATOR'S MISTAKES
FAILURE MODES

® DEGRADE ON-LINE PERFORMANCE

© DEGRADE DATA TURN AROUND

Fig. 5 Design constraints for the real-time data
acquisition system.
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Fig. 6 System block diagram.
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Fig. 9 Dynamic loads monitoring console.
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INSTRUMENTATION: DIRECT-
WRITING OSCILLOGRAPH 4

DATA REDUCTION: MANUAL

~

SINUSUIDAL EXCITATION
TERMINATED AT TIME =1,

PROBLEMS
©® ACCURACY OF DAMPING ASSESSMENT POOR
© TIME CONSUMING FOR COMPLEX DYNAMIC SYSTEMS 3

o

Fig. 14 01d method used for rotor dynamic stability 3
measurement. ;

—

| Fig. 10 Time series analyzer for dynamics analysis.
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Fig. 11 Performance of force data acquisition
system with various subsystem failures.
Fig. 15 Example of rotor dynamic stability assess-
ment obtained from transient decay.

MAXIMUM INFORMATION PROVIDED TO TEST ENGINEER
© UNEXPECTED RESULTS CAN BE CHECKED IMMEDIATELY

© TEST PARAMETER INCREMENTS CAN BE ADJUSTED TO
FIT THE NEED
©® NUMBER OF DATA POINTS REQUIRED IS MINIMIZED

PROVIDES DATA ASSESSMENT IN STATISTICAL TERMS
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¢ Fig. 12 Advantages of real-time data analysis for vi "
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Fig. 13 Comparison of 1-g flight to matrix approach Fig. 16 Transfer function analysis for rotor
to wind-tunnel testing. damping.
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Fig. 19 Computer printout of rotor blade torsion time history.
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Fig. 20 Computer printout of harmonic content of rotor blade torsion signal.
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THE USE OF COMPUTERS IN ROTARY WING TESTING

William G. S. Hardy, Supervisor of Model Testing Group
Edward J. Pyne, Supervisor of Model Instrumentation

Boeing Vertol Company
P.O. Box 16858
Philadelphia, Pa. 19142

SUMMARY

Advancements in wind tunnel testing of rotary wing aircraft have been paced by the
ability to build dynamically similar, Mach scaled models. Within the past few years,
materials and design technology have advanced to the point where such models are now
technically possible to design and are economically feasible to fabricate. With this
development, there was an accompanying growth in test techniques and data acquisition
and processing methods. The computer requirements for testing rotary wing aircraft
models are discussed and a general purpose processing system is described. Some consid-
erations for data acquisition and presentation a.. presented. The types of analyses
required for rotary wing models are covered in some detail. Both real time and off-line
analysis methods are reviewed.

1.0 INTRODUCTION

Until recently, advancements in testing rotary wing aircraft models were not as
rapid as those made in fixed wing aircraft testing. Model design, the economics of
fabrication, the reliability of the instrumentation, and not having the type of instru-
mentation required to investigate phenomena, all contributed to the slow growth of this
field. This has all changed. With the availability of advanced composite materials,
"mini" bearings, improved strain gage technology, and high speed, noise free slip-rings,
it is now possible to manufacture dynamically similar, Mach scaled models at a reasonable
price. Rotary wing testing has come of age. This was demonstrated dramatically by the
Boeing UTTAS Program which had over 5000 hours of wind tunnel testing associated with its
design and development. We are now in an era where no major rotor craft will be built
without extensive wind tunnel testing. Recognizing this has forced re-evaluation of data
acquisition and processing methods. We no longer can rely on punch card, paper and
magnetic tape, and oscillographs as our data record. Hand reduction of data is too time
consuming to keep up with volume of data produced by our models nor the demand for rapid
turnaround of data. In addition, as testing methods have grown in sophistication, the
data analysis has become more complex requiring computerization.

In the sections which follow,we will describe one computer system developed for
rotary wing testing. We will discuss its design criteria, how it functicns, and some of
the analysis methods used. But before we get into the details of the computer system, we
need to take a brief look at rotary wing models and how they are tested. In doing so, we
can gain an understanding of some of the unique problems which arise.

2.0 ROTARY WING MODELS

There are two approaches to designing rotary wing models as described in Reference 2,
Mach scaling and Froude scaling. In Mach scaling, the model is operated at full scale tip
speed, advance ratio, and disc loading. The blades are designed so that they are dynami-
cally scaled in the first five elastic modes. The blades, hub, and fuselag= are geometri=-
cally faithful to full scale. Mach scaled models are designed to measure aircraft and
rotor performance, rotor blade loads, rotor downwash, blade and fuselage interactions,
rotor downwash loads, and to understand rotary wing aerodynamics. Such models are highly-
powered and usually operate in a high load environment.

In Froude scaling, the model is designed to investigate aeroelastic stability and
flying qualities. The model is designed in much the same way as airplane flutter models
are. Deflections due to gravity are geometrically scaled thus achieving scaled inertia
and weight. This approach allows the model to be operated at reduced tip speeds and
therefore at reduced stress and power requirements.

In both approaches, the model is usually designed to incorporate as many remotely
operated control surfaces as possible eliminating the need for frequent model changes and
allowing the model operator to "fly" the model through high load operating conditions.
Figure 1 shows a Froude scale model recently tested in Boeing‘'s V/STOL Wind Tunnel. Many
of the remote features are pointed out: collective pitch, lateral and longitudinal cyclic,
and pedestal pitch. Mach scaled models usually include at least one six-component,
internal, strain gage balance and have been built to include up to five.

Model instrumentation usually consists of the model control surface positions, the
strain gage balance signals, a 60 per rev pulse for the rotor RPM, and a 1 per rev pulse
as a rotor blade position reference. All rotating system signals are transferred to the
fixed system by means of slip rings. The blades are minimally strain gaged for safety
of flight. Usually, however, they are instrumented with strain gage bridges to measure
the blade loads and mode shapes. We have recently tested blades having hot film anemom=
eters at five radial stations. Reference 4 describes testing of blades with pressure
transducers buried in them to measure chordwise pressure distributions in forward flight,
and with skin friction gages to measure skin friction distributions.
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1 FIGURE 1, A PITCH/ROLL FREEDOM FROUDE SCALED HELICOPTER MODEL

Both types of models are required to operate in a high strain environment under
high fatigue conditions. Therefore, strain gages, wire packs, and solder joints are
subjected to constant flexing and require periodic repair and maintenance. Although we
have made great progress in improving the mean time between failure, we are still too
often shut down to repair the blade instrumentation.

3.0 TESTING ROTARY WING MODELS

The general approach to rotary wing testing is quite similar to other types of

3 wind tunnel testing. Objectives are established, the data required is defined, and the

3 experiment is carried out. The data is then analyzed and interpreted. The traditional
practice in wind tunnel testing, however, is to acquire a matrix of test data from which
we can derive data about specific design conditions. A set of parameters to be investi-
gated is defined. These parameters are 3ystematically varied until data from all of the
conditions has been acquired. 1In testing rotor models, the high operating loads on the
models and the survivability of the instrumentation become a factor in planning the test.
There is no guarantee against a failure of one component or another. In this environment,
it becomes imperative to obtain the important design related data first and then return
to fill out the off design conditions. This approach has the added advantage of providing
k key data at a very early stage in the test. This does not suggest that matrix type

; testing is not useful. In some cases it is a necessary practice to develop enough data
to approach the experiment selectively. 1In most cases, however, we have found acquiring

i the prime data first is more productive.

4.0 COMPUTER REQUIREMENTS
Computers serve several functions in rotary wing testing:

l. Monitoring test conditions.

2. Data acquisition.

3. Data analysis.

4. General processing for predictions.

4 Any computer system should provide these services, but it is not necessary for them to be
provided by a single processor. The functions can be and often are shared by several
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machines. Information to monitor test conditions is usually provided by a combination
of special purpose, hardwired analog and digital devices and a general purpose, program-
mable computer. Data acquisition can be done in analog form and converted to machine
readable form later, or it can be converted to machine readable form directly. Data
analysis can be done on any general purpose processor. Prediction programs are usually
located on large, central, batch processing machines.

In planning a computer system for rotary wing testing, a manager inevitably must
choose between using a shared, multi-purpose, central computing system for data acquisi-
tion and analysis or making an investment in acquiring a processor which is dedicated
to the tunnel facility. A shared system offers the advantage of distributing the
computer's cost between several facilities, of maximizing the use of the computer's time,
and of having a computer which is large in size and has great computing power. The
disadvantage of a shared system is that it usually operates on either a priority system
or a schedule system. The availability of the computer is not guaranteed. Priorities
are a management decision based on apparent costs, or the program's importance, or
political reasons. Scheduling assumes that the test's progress can be predicted ahead
of time. This is not always the case. A dedicated system offers the advantage of instant
access to the computer for data acquisition and analysis. The dedicated system can also
be modified tc do special functions. A dedicated system has immediate access to the data
and can therefore operate in real time. For this reason, it is best suited for rotary
wing testing.

A second decision that must be made in the planning stage is whether to attempt
to do all of the processing in real time or whether to have a balance between real time
and off-line processing. At the Boeing V/STOL Wind Tunnel (BVWT), the initial course was
toward total real time processing. We have found, in our experience, that this is not
the best approach. Errors in input require reprocessing the data, additional analysis
is always requested, and, as the number of analysis methods grow, the presentation of all
of the data simultaneously becomes unmanageable. Our approach now is to provide a
standard set of analysis propgrams which operate both in real time and in batch processing
mode and make the use of these programs selectible in real time by inputs to the
computer. In this way, the analysis required for on-line evaluation of the results can
be done without saturating the computer's ability to keep pace with the acquisition of
data. At the same time batch work can be processed providing additional or more detailed
data analysis.

5.0 GENERAL FEATURES OF THE BOEING V/STOL WIND TUNNEL'S COMPUTING SYSTEM

We have looked briefly at rotary wing models and discussed their limitations. We
have seer how these limitations affect the testing process and have set the requirements
for the computing system supporting the test. Now we will look at the computer system
at the Boeing V/STOL Wind Tunnel (BVWT). This system was developed to support rotor
testing. Although it is not the ideal system, it meets all of the major requirements
described above that are needed to support rotor testing.
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FIGURE 2, THE BOEING V/STOL WIND TUNNEL'S DATA MANAGEMENT SYSTEM
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A general arrangement of the system and its functions is shown in Figure 2. The
system was designed around an IBM 1800 Computer. The signals from the model are accessed
by the computer after passing through signal conditioners, filters, and amplifiers. Up
to 128 individual signals or channels of information are fed into two analog-to-digital
converters (ADC). The computer's central processing unit (CPU) is structured to sarve
the four functions discussed earlier: test monitoring, data acquisition, data analysis,
and test predictions. This is shown schematically in Figure 3. These functions could
be done egually well by three machines operating separately but interfaced with each
other. Our decision to partition cne larger machine rather than have separate processors
was based primarily on cost. It was cheaper to expand our core-size than it was to
purchase a new system and interface it with the one we had. The one disadvantage of this
machine is that the core cycle time is 2.25 usec which is slow compared to those available
in newer machines. Our real time analysis capability thus becomes saturated rather
rapidly.

The data and the results of the analysis programs can be presented in a number of
formats. All data can be listed in tabular form. The test's conditions are displayed
on a series of nine light displays which are updated continuously by the computer. Six
X-Y, flat bed plotters give a real time display of computed parameters. All data is
temporarily stored on discs and permanently stored on magnetic tape. The discs provide
a rapid random access to the data, letting it be recalied on demand for comparison with
later runs. Off-line analysis usually accesses the data stored on the digital magnetic
tapes and the results are plotted on a separate plotter which is interfaced with the
computer by magnetic tape. The majority of our data output is in plotted form.
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FIGURE 3, THE COMPUTER’S CPU ARRANGEMENT

The computer's functions are a prioritized set of programs. The highest priority
to the computer is the acquisition of test data. The second is the monitoring of
conditions. Third is real time analysis and last is off-line or batch analysis. The
machine is structured so that there is usually very little conflict between functions.
The three areas of core, although not totally separate, operate independently. The only
exception to this is that information is not provided to the monitor light displays
during periods of data acquisition. The reason for this is that the data acquisition
programs have priority on accessing the ADC's. Since data acquisition lasts only a few
seconds, the test conduct is not compromised. The data analysis area is almost totally
partitioned from the other areas. Analysis is being done at all times while the test is
being run. The real time analysis programs operate on the data in the order that it is
acquired. It is possible for the analysis to lag the testing when data is being acquired
at a high rate or the analysis required is exceptionally lengthy. In these cases, the
results are presented to the test engineer several minutes after the data is taken. If
the real time analysis programs have no data to process, the computer will automatically
switch to batch mode analysis programs. As more data is available, the batch work will
be temporarily interrupted so that the analysis area can be used again for real time
programs.

The majority of the support software consists of standard programs controlled by
punched card input. All data acquisition functions (including input changes) are
initiated by a button on the data acquisition console, Figure 4. The functions are
performed in the order the buttons are pushed. A set of option switches is located below




the function buttons. These switches control the processing and data presentation as
well as provide a means for trouble shooting. Intermediate printouts can be turned on
and off at will. Plotting can be suspended to service the plotters. The parameters 3
displayed to monitor the test conditions can be changed. These features give us a lot

of versatility. ;
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FIGURE 4. THE DATA ACQUISITION CONSOLE 1
6.0 MONITORING TEST CONDITIONS

While conducting a typical rotor experiment, two questions are constantly in the
mind of the responsible engineer.

1. Are the tunnel and model at the conditions that are required to take data?

2. Is it safe to proceed to the next condition without encangering the model
or any of the support equipment?

If these two questions cannot be answered affirmatively, the test should stop. To provide
information to the engineer, we use both the digital 1800 Computer and some special
purpose, hardwired devices which take the analog signals from the model as inputs.

6.1 Monitoring Using Digital Signals

It was pointed out in earlier & ussions that rotary wing testing has departed
from a matrix type approach to testing. Data acquisition is done selectively to obtain
the data that is required in the least amount of time. To do this the test manager must {
know the conditions at which the model is operating and how the model responds to control |
inputs. This data is provided by the computer. The computer is set up so that it is in a i
continuous cycle of sampling data from the model through the ADC, processing the data, and
displaying the results in the light displays. All data has been fully corrected and is
consistent with the printed and plotted data. The processing programs are a series of
standard acquisition, calibration, and correction programs which apply the normal tare
corrections, remove zero references, and convert the raw data to useable and correct
engineering values. A small analysis program then computes the values of interest to the
engineer and displays them nine at a time in the light displays. The nine light displays
are controlled by nine separate option switches on the data acquisition console. There
is one switch for each display. Three computed parameters are assigned to each display.
The computer determines which parameter to display from the switch position. Thus up to
27 final data parameters can be displayed. Once the items have been displayed, the
computer begins the cycle of sampling, processing, and displaying again. Each cycle
takes about two seconds.

This computer controlled monitor has two other modes of operation. In one, it is
possible to display the steady component of the voltages being sensed by the computer for
all 128 channels of input. In the other, these inputs can be converted to engineering
units and displayed. These functions serve well in calibrating instrumentation and
checking it daily. They provide a full and instantaneous end to end check on each data 3
channel. The desired mode of operation is selected by option switches on the data
console. Totally, this computer operated monitor provides a display of 155 engineering
values. Using it, the engineer can easily move from one test condition to another.

6.2 Monitoring Using Analog Signals

To ensure a safe operation, an assortment of hardwired, special purpose devices
which provide visibility on the safety of the model are available. The main concern in
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operating rotor models mounted on force measuring systems is whether the combination :
of steady and vibratory loadings on critical components will ultimately yield that :
component or create a fatigue failure. Critical components are identified during the :
design of the model and are instrumented for safety monitoring. The allowable steadies 4
and alternating loads are computed prior to the test. This is a vital part of the test
preparation. In addition, pretest predictions of loads and performance serve to give
advanced notice of test conditions which might create high loads.

In the simplest cases it is only necessary to monitor the vibratory load in one
plane to ensure a safe operation. A pitch link load is an example. Single channel
vibratory loads are usually displayed on oscilloscopes as a continuous waveform display.
These waveforms are stationary because the horizontal sweep is controlled by a circuit
which resets the sweep every rotor revolution. Red lines appear on the face of each
scope denoting the operating limits. In addition to these scopes, vertical meters can
be used to display the vibratory part of a signal as a percent of an allowable load.
These too are red lined at the allowable limit.

In some instances, the testing envelope can be expanded by monitoring loads in
more than one plane of a component and by properly accounting for their interaction. An
oscilloscope is again used, but now one component is placed on the vertical axis and the
other on the horizontal. The load envelope is then drawn on the face of the scope as
shown in Figure 5. This display results in a Lissajou pattern of the loads. As long as
the pattern lies within the envelope on the scope, testing can proceed.

IRRRARERR:

HORIZONTAL

VERTICAL
S OC OPPSET

(rigney

FIGURE 5. A MULTI-COMPONENT STRUCTURAL LOADS MONITORING OSCILLOSCOPE

This multicomponent loads analysis has been applied to our six component strain gage
balances. We have built a hardwired, analog computer which has been programmed to analyze
the signals from all of the balance components and output a single voltage which is pro-
portioned to the load limit. The method derives a single equation which represents each
component's contribution to the total stress on the most critical flexure. The computer
separates the steady and vibratory loads, applies weighting factors to each and then sums
them in the correct manner. In effect, it is giving a continuous output of the stresses
in the critical flexure. This can be monitored on a vertical meter as a percentage of the
allowable stress.

Besides these hardwired analog systems we have available a programmable analog
computer. It has proved to be an invaluable tool in computing functions for real time
display and for manipulating signals prior to being recorded by the digital computer.

We use it quite often to transfer from the balance's moment reference center to the
model's. Displaying the pitch and roll moments on an X-Y oscilloscope lets the operator
keep the rotor in proper trim at all times.

The last special purpose device we want to mention is the frequency analyzer.
This has become a standard piece of test hardware on rotor tests. With this device, an
experienced test engineer can permit the model to approach unstable modes without
catastrophe. He can visually monitor all of the modes at once and evaluate them. We
also use these analyzers to determine non-rotating frequencies from "bang" tests.

The combination of digital, analog, and special purpose devices gives the test
engineer the visibility he needs to operate safely and obtain data at very specific test
conditions.
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7.0 DATA ACQUISITION

Three types of permanent data records are acquired at each test condition:

1. Steady state data,
2. Time varying data,
3. Periodic or harmonic data.

Each is acquired in a different way for a different purpose. Sixty-four channels of
steady state information and sixty-four channels of time varying information are available.
All data is recorded in digital form and is permanently stored on disc and magnetic tape.

One of the two analog to digital converters is used exclusively for the steady state
data. The signals from the model have been filtered by a 2 Hz low pass filter prior to
being interfaced to the ADC. The signals from all 64 channels are averaged over a one
second period at a sampling rate of 8 kHz. This essentially eliminates the 60 Hz noise
from the data. One averaged value is obtained for each channel at each test condition
and stored on disc.

| Time varying signals are digitized at rates up to 40 kHz. Only those channels of

{ interest are sampled. The computer is supplied by card input with the list of channels
to sample and the sample period in seconds. The sampling rate is set externally by a
quartz crystal clock. The channels are sampled in a rotational manner. Sampling starts
] with the first channel in the list. The second sample the computer samples the second
channel in the list. It follows this sequence until the last channel in the list has
been sampled. It then returns to the top of the list and continues sampling in the same
channel sequence. This sampling technique provides histories for all of the channels
over the same time period. The sampling period is around one second which is sufficient
to cover 10 to 20 rotor revoluti<ons. This time history data is acquired to analyze
transients and non-harmonic responses. The raw counts of data are identified so that
cyclic phenomenon can be studied. This is accomplished by changing the lowest order bit
on the data input register every revolution. This change is accomplished using tte l/rev
marker from the model to trigger a circuit which changes the bit. Thus, if cyclic
analysis is required, the computer can distinguish between cycles in the time history
because all of the data in one cycle will be odd and in the next cycle even and so forth.

Nearly all of our periodic or harmonic data is acquired by a special sampling

b technique which synchronizes the initiation of sampling to the start of a rotor revolution

and the sampling period to the period of a rotor revolution. In developing this technique,
{ the objectives were to improve the consistency of the periodic data acquired by compiling

j i a time average of the data over the period of one rotor cycle and to reduce the volume of

3 data by reducing the length of analysis to one cycle. Prior to sampling the computer

determines the sampling period from the rotor's RPM. It then signals the sampling cir-

cuitry that it is ready for data. The circvitry inhibits the computer from sampling

until the 1l/rev marker is received. Sampling then commences and continues for one rotor

revolution. The computer stores this array of data temporarily. It then signals that

it is ready to sample again. The circuitry again inhibits sampling until the l/rev

marker is received. Then sampling starts again. The point to be made here is that the

first sample is always taken with the rotor in the same azimuth position as are the

second, third, fourth, etc. Thus the n-th sample of data from one cycle can be added

to the n-th sample from another without any phase errors. The sampling method guarantees

that samples will be taken when the rotor is in the same azimuth position. By accumulating

data over a number of rotor cycles and averaging the samples at the fixed azimuth locations,

data for an "average" rotor cycle is obtained, non-harmonic responses have been averaged

out of the data, and harmonic responses reinforced. Figure 6 shows a comparison of an

unaveraged signal and the same signal averaged over 32 rotor cycles.
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The sampling rates for the time varying and periodic signals are selected after
considering the frequency content of the signal and the number of channels being sampled.
The general rule of thumb is to acquire five samples for each harmonic. For example, if
we want to obtain data to the tenth harmonic on 15 channels of information, and the rotor
was turning at 20 cps we would have to sample at a minimum rate of 15,000 Hz (= 5/harmonic
x 10 harmonics x 20 cps x 15 channels). Since this rate is not available we would select
the next higher rate which is 20 kHz.

For each test condition, we acquire twenty to twenty-five thousand data values.
The time varying signal is stored permanently on magnetic tape and is not generally 3
analyzed in real time. The steady state and periodic data are retained on disc and :
analyzed in real time. Subsequent to the test, the data is transferred to tape for
storage.

8.0 REAL TIME DATA ANALYSIS

The computer arrangement, you will recall from Figure 3, is such that a portion
of its CPU is dedicated to the analysis of test data. The data is analyzed as it is
recorded. A backlog of data to be analyzed can accumulate, but the computer will
continue to analyze until all of the data has been processed. No other computing can be
done until the computer has caught up. 1In general, the delay between data acquisition
and final presentation is no longer than 90 seconds.

The analysis of the steady state data is similar to other facilities. The data,
in counts, is converted to engineering units with zerc references removed if required.
Interactions are removed from the strain gage balance data as are weight tare conditions.
The analysis program can process data from ter, six component force balances. The balance
data is finally rotated to the desired model axis system and transferred to the correct
moment reference center. Following this, special application programs compute the
desired rotor and aircraft coefficients applying all known corrections including wall
effects. The final results are kept on disc and may be listed or plotted as desired.

Currently two types of analysis are performed on the periodic data. The first
analysis does a quick look evaluation of the averaged waveform for each channel of data
sampled. This analysis is directed towards providing an evaluation of the stresses and
loads on the rotor and model. The waveform is analyzed to determine the steady load,
the maximum and minimum loads and the vibratory or peak-to-peak divided by two ampli-
tude. When it is important to understand the dynamic content of the waveform, a Fourier
series curve is fitted to the data. Up to ten harmonics can be analyzed and presented
for each channel. These analyses provide the experimenter with a tabulated listing of
both the loads and dynamics being experienced by the rotor. The computer has done in
seconds what previously took weeks of hand reduction of oscillograph tapes. The results
are listed along with the rotor's performance and can be plotted as a function of the
performance parameters.

The value of real time analysis is that it makes rotor testing cost effective. The
test can approach a question directly, evaluate the results, and probe where necessary.
Rezl time analysis loses its value when it affects the progress of the test or when the
results of the analysis cannot be presented effectively in real time. For these reasons,
we have chosen to perform other analyses off-line. We will now turn our discussion
towards these.

9.0 FREQUENCY ANALYSIS TECHNIQUES

As rotor technology has advanced from articulated to hingeless blades, new problems
have been encountered which have required improved analysis techniques. Hingeless rotors
characteristically have highly coupled modal characteristics which change as the loading
on them changes. As these modes change so does the structural damping. A rotor blade
chord mode which is very stable at low thrust may move as the thrust is increased and
couple with a flap mode. At the same time its damping may decrease to the point where
the model experiences a flap-lag instability which could be detrimental.

By means of a Fast Fourier Transform, the time histories from the chordwise and
flapwise moment bridges can be analyzed effectively. This method takes a time history
and converts it into an amplitude vs. frequency plot. 1In this format modes are easily
identified and traced as conditions change. Coupling can be seen as a growth in amplitude
of one mode or the appearance of another in the frequency spectra.

Reference 1 describes an experimental approach used to map the rotating natural
mode shapes to verify the pretest predictions. Typically the model is operated at a
constant ratio of tunnel speed to tip speed. The tip speed is varied, but the angle of
attack, collective pitch, and cyclic pitch are held constant keeping the non-dimensional
aerodynamic environment constant. Time histories of the rotor loads are taken at each
tip speed and frequency analysis is performed on each. The resultant map of frequency
spectra shows how each mode changes with RPM. The ridges on this map are then trans- 3
ferred to a "fan" diagram which shows the modal variation. A typical map and fan diagram
are shown in Figure 7. The harmonics or per revs are plotted as the ribs of the fan.
The natural modes cut across these.

From the frequency spectra we can compute power spectra and correlation functions.
We have used them to analyze the energy dissipation in wakes behind the rotor to evaluate
the effectiveness of aerodynamic fairings. Vibratory data can be analyzed as well as
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noise measurements. Octave and 1/3 octave band analyses can be done.

The advantage of using the computer for this work instead of a hardwired real time
analyzer is that the computer is always working a permanent data base which can be
analyzed and reanalyzed. It never gets lost. Also, the data for one channel is acquired
at the same time as all of the other channels so the transfer {rom one mode to another
can be studied.

10.0 DAMPING ANALYSIS

The Fast Fourier Transform (FFT) has proven to be a powerful analysis technique
when applied to modal identification and analysis. It is of even greater value when
applied to analyzing the damping characteristics of these modes. The analysis is
applied to the time history of a transient response. The frequency of the mode is
identified from the frequency spectrum. Having identified the frequency, a block of the
transient is selected to be analyzed. The block size is selected based on the frequency
accuracy required, the length of the time history and the frequency of interest. Starting
at the beginning of the transient, an FFT is performed on the block of data and the
amplitude of the mode of interest is determined and saved. The block is then moved an
increment in time. This increment can be one sample or a number of samples. We have
selected to make the increment one half the period of the modal frequency. Again an FFT
is done and the amplitude at the mode's frequency is determined and saved. The block is
moved again the same increment and the process is repeated. The scheme of moving the
block and FFT analysis is continued over a prescribed time period which is usually six
periods of the modal frequency. After completing this process the computer has a history
of the transient nature of the mode's response to a forcing function. The computer then
takes the logarithm of the amplitudes it has recorded. Plotting these against the time
in the history each block was started gives a curve from which the damping can be calcu-
lated.

Figure 8 shows the results of such an analysis.
in Figure 1 was excited by oscillating the lateral cyclic pitch control.

During the test, the model shown
The object
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of this was to excite the rotor at the first chord mode's natural frequency. At the
instant the excitation force was terminated, the computer recorded the time history of
the chord bending moment shown in Figure 8(a). The Fourier Transform of the time
history, Figure 8(b), was then used to identify the modal frequency and the moving block
analysis was then performed. Figure 8(c) shows the results of the analysis. You will
note that the results are not a straight line, but it can be shown that this is to be

expected. We will not cover this aspect. A complete description of theory is available ;
in Reference 3. Because of the sometimes non-linear nature of the results, a linear

least squares curve is fitted to them.
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FIGURE 8. MOVING BLOCK DAMPING ANALYSIS
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(c) ANALYSIS RESULTS

This method has been called the moving block damping analysis. It is used to its
best advantage with an interactive CRT scope. This is not a necessity, however. A real
advantage of this technique is that the excitation does not need to be mechanically
induced. It can be induced by random aerodynamic forces arising from air turbulence.
For this reason, it can be used in conventional flutter testing to predict flutter
boundaries without having to go to those boundaries. This special application of FFT
techniques has made damping analysis rigorous.

11.0 DATA VISIBILITY

One problem that computer acquisition and processing has created is that the data
is not visible tc the analyst. There are people today who would still prefer oscillo-
graph records because they can hold the data in their hands and look at it. They can
understand where their results come from. The fixed wing experimenter does not have
this problem. All of his data appear on six X-Y plotters. The rctary wing experimenter
is faced with twenty to twenty-five thousand points per test condition. Still, we must
provide access to the data.

Our solution to this problem has been to provide the analyst with a presentation of
his data which includes the data plotted against azimuth position along with the results
of loads and harmonic analysis performed in real time. This presentation is done using
printer plots shown in Figure 9. These plots usually serve to show waveforms sufficiently
well to answer questions arising from the analyses. The advantages of printer plots are
that they only require the use of the computer's printer, and they can be done in bulk
very inexpensively. One of the plots can be produced every 15 seconds on our computer. A
more formal presentation can be produced using the off-line plotting unit mentioned earlier.

Those facilities that have CRT terminals which can act inter-actively with the
computer have a very useful tool. Using these the analyst can address the data, have it
displayed in any format, and direct the analysis after viewing the data. This is a time
consuming process but in many cases it is the only way that effective analysis is possible.
The speed with which such terminals operate give them a tremendous advantage over any

mechanical plotters.
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12.0 SPECIAL COMPUTER ANALYSES

Generally, we strive to make our computer analysis programs capable of supporting
any test situation, but occasionally standard programs will not provide the required
information. We, as an industry, must vigorously approach these non-standard require-
ments and develop them to their full potential. Usually, these requirements develop into
the standard programs as time goes on. The frequency analysis programs described above
were originally developed to investigate a blade stall phenomenon, not to trace modal
frequencies and measure damping. The methods vsed in handling data from hot wires was
applied to the frequency and damping analyses. The requirement to do transient load
analysis during start up and shut down tests forced us to depart from the traditional

} harmonic analysis used by the rotary wing aircraft community. The examples are plentiful
and they all demonstrate the need to experiment with analysis techniques. In this way,
computer methods can move ahead with model making and tes:ing technology to develop the
V/STOL aircraft of the future.

13.0 CONCLUSION

We have seen that the advancing state of the art in model building has placed

renewed emphasis on wind tunnel testing of rotary wing aircraft and rotor systems. To

accomplish efficient testing of the models and productive and effective analysis of the

data, we must rely on a computer system which has features tailored to rotor testing. A

continuous monitor of test conditions is important not only to set up the proper conditions
i but to operate safely. Real time data analysis has been stressed because of the importanca
! of acquiring specific data rather than a matrix of data. It is also important to maintain i
* the proper balance between real time and non-real time analysis. The real time analysis

should be limited to a digestible amount of data and ought to proceed at the pace of the

L : experiment. Off-line analysis should proceed as quickly as possible. Many times these
analyses provide answers which are vital to the success of the test. The suggestion here
is that the computer facility should be dedicated to the test facility.

We hav~ found that the best analysis tool in rotor testing today is a Fast Fourier
Transform analys.s. The FFT provides a visibility of the data which was previously
unavailable. Its application to the moving block damping analysis is one example of its
utility. It is also applicable in computing power spectra, correlation coefficients and
energy characteristics.

The computer has many uses in rotary wing testing. As long as there are imaginative
engineers in the rotary wing community, there will be a need for wind tunnels and a
i computer system supporting it. This combination will continue to be an irreplaceable tool
t in the design of future V/STOL aircraft.
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SOME EXPERIENCES WITH THE EXPLOITATION
OF MEASUREMENTS OF THE PERTURBATION FIELD IN A WIND TUNNEL

TO IMPROVE SIMULATION

by W. R. Sears

University of Arizona and Calspan Corporation

I shall assume that my audience is already aware of the adaptive-wall scheme independently proposed
a few years ago by the late Professor Antonio Ferri and the speaker. Briefly, the scheme consists of
joining the flow field within a wind tunnel to a computed exterior flow field that satisfies the required
boundary condition at large distances. The matching of these two flow fields is carried out to an
arbitrary, convenient, matching surface S within the tunnel.

The essential feature of this proposal is that both the flow within the tunnel and the computed
exterior field are iteratively adjusted to achieve the matching. The tunnel flow is adjusted by
mechanical changes of tunnel-wall geometry -- for example, by varying the pressures in subdivided
plenum chambers surrounding the working section and communicating with the tunnel through porous walls
or slots. The exterior flow field is adjusted by altering the boundary values prescribed at S, on the
basis of measurements of flow-perturbation distributions at or near S.

In practice, the most suitable perturbation quantities to be used for this purpose appear to be
static pressure and flow inclination -- or, what is equivalent, streamwise and normal (to S) velocity
components, u and v.

A way to carry out the procedure is to introduce one or the other of the two measured distributions,
say vp, as interior boundary values for the exterior field, and to extract from the computer the distri-
bution u consistent with the (unconfined) exterior flow. We call this result u[vm], denoting that it is
a functional of the distribution vp. The discrepancy function 6u, defined as u[vy]-up, is a measure of
wind-tunnel wall interference, and is the basis for the next wall modification.

Let the superscript n denote the number of the iteration arrived at; thus (m) and vm(n) are the
measured distributions at the n-th iteration, and §(Mu = ulvy “)]-um(“ is the corresponding discrepancy.

The procedure is to adjust the tunnel-wall geometry so as to change the measured u-distribution from
um(n) to um(“) * kG(“)u, say, where k is a constant. If k is taken to be 1, the phenomenon of "overshoot"
seems always to occur -- the function § atl)y will be generally of opposite sign to that of §'%/u --
convergence may occur, but it will be slow. One of the interesting problems associated with this scheme
is to find optimal values for k.

It is possible to simulate analytically the iterative process for certain categories of models in
two-dimensional or circular tunnels, for flow that is either incompressible or is subsonic in the Prandtl-
Glauert approximation. For example, Lo and Kraft of ARO, Inc. have shown very elegantly that the process
converges, for any value of k within 0 < k 5 1, for any two-dimensional nonlifting model in a two-
dimensional wind tunnel. Both Dr. Lo and I have carried out the extension to axisymmetric models in
circular tunnels, and I have applied R. T. Jones' low-aspect-ratio using theory to study the case of a
lifting wing in a circular tunnel. In each case, the process converges to the correct, unconfined flow,
for a range of k's, regardless of the initial wall configuration. That is, it does not matter whether
the iteration begins with a closed, open or ventilated tunnel, so far as the conclusion regarding con-
vergence is concerned. (The tunnel-wall configuration must, at every step, have the assigned symmetry:
two-dimensional or axisymmetric.)

The Calspan one-foot transonic tunnel is an embodiment of the Ferri-Sears scheme; namely, a two-
dimensional tunnel having perforated top and bottom walls communicating with subdivided plenum chambers
whose pressures are controllable. Flow quantities u and v are measured by means of a longitudinal
static~pressure pipe and flow-inclination tubes, respectively. Experiments have been carried out using
a 0012 wing with force, moment, and pressure instrumentation. The wing chord is 0.5 ft.

Under conditions where the flow at surface S (in this case, plane surfaces above and below the . del)
is wholly subsonic, the outer-flow calculation has been based on the Prandtl-Glauert approximation. Thus,
for given vp(x) at surface S, the calculation of u[vp(x)] is relatively straightforward, involving only
inversion of a Hilbert transform on the infinite interval. The only complication is that the measured
data must be extrapolated to large values of x and -x. This has been done by fluid-mechanical principles.

For higher Mach numbers, the exterior flow becomes supercritical (mixed), and must be calculated
from the nonlinear small-disturbance transonic theory. To date, the finite-difference technique of
Murman and Cole has been used. The inner boundary (plane) 1is unusually simple, but again there are some
complications because the boundary is infinite in extent, and extrapolation of measured data is necessary.

Figures 1-3 are examples of the experimental data obtained at Calspan in the one-foot tunnel
described above. They show 3-component data for the 0012 airfoil at Mach numbers 0.55, 0.65 and 0.725.
The points identified with the symbol A are the results obtained when the one-foot tunnel was run in a
configuration roughly simulating a conventional ventilated tunnel; namely, the plenum chambers were set
s0 as to give uniform static pressure in the absence of the airfoil (empty tunnel) and their valves were
fixed in those positions. When the airfoil was tested in this configuration, of course, there was
communication between the plenum chambers through the piping; no further wall adjustments were made.




The data identified with the symbol ) were obtained in the Calspan 8-foot, ventilated, transonic
wind tunnel using the same model of 0.5-foot chord and, therefore, can be in’ .r 'zted, to good approx-
imation, as data obtained in unconfined flow. It will be seen that the discrepancies between the one-
foot-conventional data and the 8-foot data are substantial, especially at Mach numbers 0.65 and 0.725
and especially as regards moment coefficient.

In figure 3 are also shown the results of iterative wall adjustments using the measurement
techniques and computations described above, at an angle of attack of 2 degrees. These data are
designated with the symbol [J. The numbers 1, 2 and 3 indicate successive approximations, the first
being a configuration suggested by simple calculations representing the theoretical perturbation
distributions for the 0012 airfoil in unconfined flow. For points 2 and 3 the iterative procedure
described above was carried out. This Mach number (0.725) is above the theoretical critical value for
all a's. The measured pressure distribution at a = 2° confirmed this, and a strong upper-surface shock
wave was present.
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Figure 1:

Three-component data for 0012 airfoil in 8-foot and l-foot

Calspan tunnels at Mach number 0.55. The l-foot tunnel was run in

the configuration simulating conventional ventilated tunnels. The
theoretical critical a for this Mach number is 3.6°.
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Figure 3: Same as Figure 1 but at Mach number 0.725; also resuits of three
iterative adjustments of plenum pressures according to Ferri-Sears scheme
at a = 2°, The airfoil is above critical at all angles of attack at this
Mach number.

We conclude that the conventional ventilated wind tunnel may have large wall interference at these
Mach numbers when such a large model is tested. We also conclude that the iterative adjustments of
plenum pressures rapidly remove boundary interference.

Experimental data are not yet available for higher Mach numbers. Numerical simulations have been
carried out, however, for an airfoil in a tunnel at Mach number 0.9. For these studies the Murman-Cole
technique was used for both interior and exterior flow fields -- separately, of course. Convergence
is found to be rapid especially if small values of k are used -- e.g. 1/4 to 1/10.

Figure 4 shows some results of this numerical simulation. The model was assumed to be a double-
circular~arc profile at zero incidence in a stream of Mach number 0.9. Starting with a very poor
approximation ("Iteration No. "), the process of iterative matching at thec interface at h = 0.75c
was carried out successively. After 11 iterations the pressure distribution on the airfoil was not
distinguishable from that of unconfined flow. The third iteration already brought the distribution
close to the final one.
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Figure 4: Results of numerical simulation of successive
iterations at Mach number 0.9. Double-circular-arc airfoil

at @ = 0. Inner and outer flow regions calculated by traasonic
small-dictrubance approximation.

By present-day standards the Murman-Cole finite-difference approximation is rather old-fashioned.
M e modern methods include formulations in which the differencing scheme is fully conservative. That

3 is, before the derivatives are approximated by finite differences the differential equation is written
; in divergence form. The finite-difference equation is then a statement that mass is conserved.
g Fxperience has shown that substantial improvements in flow-field prediction are often achieved by

this refinement -~ especially that the positions of shock waves are more accurate. We have therefore
repeated some of the calculations of the external flow field just mentioned, using a fully conservative
differencing scheme prepared by Dr. N. J. Yu of the University of Arizona. The result shows that in
this case there is very little difference between the conservative and non-conservative results. Of
course, the fully corse -vative scheme is preferred for future applications.

Finally, a?n?bservation concerning the process of wall adjustment in response to an error
distribution 6u'"’: how does one adjust one's plenum pressures to change up(n) to ugp(M) + ksu(n)?

For the two-dimensional tunnel, this has turned out to be rather straightforward. The tunnel operator
simply begins at th% glenum chambers farthest upstream -- top and bottom; he adjusts their valves to
give the desired 6u'™ at the measuring station immediately downstream, aud proceeds to set each valve

in this way, working from up-to downstream. Each change affects stations downstream but has only small
effects upstream; therefore, when this process is repeated two or three times, the desired u-distribution
is obtained. It is predicted that it will not be a serious problem in three-dimensional embodiments

as well.

=




APPLICATION OF THE COMPUTER FOR ON-SITE DEFINITION AND CONTROL
OF WIND TUNNEL SHAPE FOR MINIMUM BOUNDARY INTERFERENCE

by
M. Judd, M.J. Goodyer and S.W.D. Wolf,
Department of Aeronautics and Astronautics,
The University, Southampton SO09 5NH, Hants, U.K.

SUMMARY

The use is described, of flexible top and bottom walls, as a means of eliminating
or minimising wall interference effects on two-dimensional wind tunnel models. Strategies
for producing streamline contours and their extension to three dimensions are discussed.
Errors due to theoretical assumptions and practical implementation are explored so that
computational resolution can be made consistent. The need for efficient and rapidly
convergent algorithms for wall adjustment is stressed and discussed. These must be
developed in order to reduce the current data acquisition times and make feasible the
present aim to incorporate an on-line minicomputer for automatic wall control. Results
are presented showing the correctness of the strategies used to date with manual wall
adjustment.

SYMBOLS

a,a(n) Cross section coordinates M Mach number

a) Lift curve slope Re Reynolds number based on chord
(> Wing chord u,v,w,
U,vy,dv
C,:Cp Lift and drag coefficients X,X1:Y:Y1
5vd_so£
Cp,Cpi Pressure coefficients 8 V1 - M2

E1,E5,K;,Ky Functions used in the three- § Velocity error function
+Ry dimensional strategy

Velocity components

Coordinates

h Tunnel height Yy 4l Vorticity
L Tunnel semi-length n.Y,0,y Angular coordinates

1. INTRODUCTION

The practice of correcting wind tunnel data arises because the test flowfield is
restricted in extent in all directions by the dimensions of the test section, while the
aircraft represented by the model operates normally in a flowfield which extends
effectively to infinity in all directions. The constraints of the bounds of the test
section interfere with the flow over the model and it is unfortunate that the magnitudes
of the required corrections for the interference are somewhat uncertain. However, since
the corrections reduce with increasing size of test section and by the employment of test
section wall ventilation, it has been normal practice to reduce the uncertainty by the
exploitation of one or both of these devices. These considerations coupled with the fact
that test values of Reynolds number are usually rather low in comparison with flight
values have resulted in present and planned wind tunnels which are large and expensive in
terms of capital outlay and operating costs.

A further source of flow interference which is again of uncertain magnitude is the
model support sting and strut. In wind tunnel testing the interference can be eliminated
by the use of magnetic suspension for the model, where the magnetised model is restrained
by an electro-magnet system outside the test section. However the bulkiness of the
conventional types of test section, particularly the ventilated type having a plenum
chamber around the test section, has so far prevented the large scale exploitation of
magnetic suspension because costs rise rapidly with increase of the distance between
model and electro-magnets.

As a possible means for reducing this separation a proposal was made in 19721 that
the test section walls should be curved around the model in such a way that they followed
a stream tube that would have existed around the same model in free flight. 1In this way
the wall interference would be eliminated, removing the need for a plenum chamber and also
allowing the walls and therefore the electro-magnets to be positioned close to the model.
Since the shapes of such stream tubes change strongly with model attitude and also with
Mach number in the transonic range the walls would need to be flexible, capable of
accepting double curvature. 1In view of the apparent mechanical complexity of such a test
section, it was decided to exploit the notion first in two-dimensional testing, since
important economic advantages would reward its successful development. In such a test
section the stream tube can be regarded simply as a pair of streamlines, only two of the
four walls are required to be curved and these only in single curvature.

It was crucial to devise reliable means for checking that the curved walls follow
streamlines. A streamlining criterion was proposedl, which has been used for the past
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three years in two-dimensional testing, and is illustrated in Fig.l.1l. A set of
streamlines is shown as would have existed around the two-dimensioanl aerofoil in an
infinite flowfield. Two arbitrary streamlines are selected to be followed by the curved
walls. Since the pressure field is continuous in the absence of shock waves it was
proposed to use the local equality at the wall of static pressure produced by the real
part of the flow inside the test section with a static pressure on the outside computed
for an imaginary flowfield passing over the same streamline contour. In general there is
a mismatch between the pressures, and the walls are moved in an iterative manner with a
jacking system until a satisfactory match is obtained, independently for the two walls.
At this stage, data can be taken on the model. Note that the viscous effects at the
model are contained within the test section. The walls reside in portions of the flowfield
which behave essentially as though inviscid, and therefore the computations of the
imaginary flowfields can be utilised with confidence.

Although a two-dimensional example has been used to illustrate the streamlining
criterion, and the majority of this paper is devoted to two-dimensional work, the same
criterion is equally valid for the more general case of three-dimensional model testing.
Section 2.3 outlines a method which allows the computation of the three-dimensional
imaginary flowfield, and promises the means for convergence of walls in very few iterations.

It should be noted that the wind tunnel itself provides, from measurements at the
walls, all the information needed for the streamlining process. The local sign and
magnitude of the mismatch between real and imaginary wall pressures indicates the
direction and magnitude of the wall movement required locally. There is a continuous
exchange of information between tunnel wall and computer, hence the use of the term
"self streamlining". The process also is ideal for closed-loop control by on-line
computer, because rapid acquisition of wall pressures coupled with the rapid computation
and setting of the next contour is of vital importance since this time is unproductive in
terms of model data acquisition.

The self streamlining wind tunnel is still in development, and is moving
progressively from an initial stage involving the use of a low speed wind tunnel operated
in an open-loop mode with a modest involvement of computers, towards the development of a
transonic test section with automated adjustment of wall contours by online computer.

The ultimate development might be the three-dimensional flexible walled test section.
This report is a statement of the recent stage of development.

2. WALL ADJUSTMENT STRATEGY AND COMPUTATIONAL IMPLEMENTATION

2.1 Initial two-dimensional method

This method has been developed in conjunction with a low speed wind tunnel and
minicomputer. A schematic cross section through the test section of the low speed tunnel
is given on Fig.2.1l. 1Indicated are the manual jacking points on the top and bottom walls
from which data is taken for use in the streamlining process. The essential data are the
wall contours and wall centreline static pressure distributions and the free stream
reference conditions. Since the section has finite length, the streamlines near the two
ends are not parallel to the free stream, an effect which is particularly apparent in the
important case of lifting models. Therefore adapter portions are included to blend the
non-horizontal ends of the streamlined portion into the other horizontal and fixed
portions of wind tunnel circuit. The nominal depth of the test section is 1.1 wing chords,
and the length of streamlined wall is about 5.1 chords equally disposed about the wing
quarter-chord point. The wing chord is 13.72cm, 5.4 inches. It is shown in section 3.3
that the truncation of the test section length in this manner introduces only a small
end-interference.

The first step in computing an imaginary flowfield (one of these passes over the
top wall, the other under the lower wall) is to correct the geometrical wall contour for
boundary layer displacement thickness, since it is the contour of this thickness which
is effective. A program solving the momentum integral equation provides the correction
and the effective contour. In a second program the wall is represented by the envelope
of the flow of a set of sources and sinks distributed along a straight line lying
parallel to the freestream and positioned fairly close to the wall. 1In the case of
lifting models it was found necessary to represent the slope of a wall streamline well
upstream and downstream of the ends of the test section in order to achieve sufficiently
accurate predictions of wall pressures. The necessary information allowing the
computation of the wall slopes beyond the extremities of the test section is again
available from wall measurements in the test section.

An example of part of a wall contour for which an exact solution for surface
pressure coefficient is available is shown on the upper half of Fig.2.2. The contour
represents the lower test section wall streamlined around a non-lifting two-dimensional
cylinder. The exact pressure coefficient distribution is given, together with that
computed (Cpj) for the lower imaginary flowfield from the source/sink model. There is
satisfactorg agreement.

The strategy for wall adjustment has been to move the wall, where significant
differences between the measured pressure and C,j exist, towards the higher of the two
by an amount proportional to the difference. The convergence on to the streamline
shape is usually monotonic, taking around eight iterations.
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The procedure so far developed allowed principles to be proved, but is
unsatisfactory for regular use because of its slowness arising from several sources.
Much of the work was manual, for example the setting of the jacks, the measurement
of pressures, and the feeding of data into the computer. The computation of the ‘
imaginary flowfields itself was lengthy on the mini-computer, taking typically one hour ﬂ
of computer time per pair of computations. It can be seen that many hours of work are 4
required in order to establish just one pair of streamlines. Following this lengthy
process, just one set of data can be taken on the model. Tunnel users will see that
a reduction of the time for streamlining by perhaps three orders of magnitude is
required if this type of test section is to be practical.

In the following sections are introduced the means by which it is proposed to
implement the necessary speed-up. It is proposed to reduce the reguired number of
iterations per streamlining, and to couple a larger computer to the tunnel for the
closed-loop control of wall contours.

2.2 A predictive method for two-dimensional wall adjustment

In order to increase the rate of coanvergence of wall adjustment, an alternative
strategy to the one used successfully to date (as outlined in the previous section) was
sought. Rapid convergence and as simple a program as possible are needed in order to
realise the aims of an on-line computer application.

The basis of this second method is illustrated here by application to a single
wall in a form suitable for iteration. Iteration is still necessary because the pressure 3
and velocity fields of the model will change after the wall adjustment and resultant
interference reduction. In the case of the Southampton tunnel, streamline flow is obtained
by solid wall contouring using surface pressure measurements, rather than by velocity
component adjustment at a control surface, as in the Calspan approach<. This allows the 1
mismatch between internal measured and external calculated tangential velocity components
at the wall to be regarded as determining a local strength of vorticity in a sheet
replacing the wall. Moreover, the normal velocity induced at the wall by this vorticity
just balances the components from the undisturbed free stream and the model. The free b
stream component is known because the wall-shape is given; the model component normal to - |
the wall is therefore obtained as the difference between the free stream and vortex sheet
components. The predictive method for wall adjustment now requires:-

(1) the calculation of a change in local wall slope so that an increment
in free stream normal velocity component just cancels that due to
the model, and

(2) the integration of wall slope to give the new wall position.

This may be formulated mathematically using the arrangement shown in Fig.2.3 for a single
(upper) wall. A wall shape yp-] (x) has been set and the internal velocity distribution
Up-j (x) measured using the wall static pressures. The external velocity distribution
vpn-1(x) can be calculated for shape yp-j(x) in a free stream flow U. The new wall
position is given by:-

Yo (¥) =y _1(x) + 8y, _; (x)

where the increment Ayn_l(x) is obtained from:-

o o,y (6) - vn-l(g)]
(€ = x)

day.__q,(x) _
U ax " 1 = dg 2.1

i
T I

-0

It should be noted that no assumption need be made here about how the model produces its
velocity field. 1Indeed, the interference from the lower wall would also be included in
up-1(x). The form of equatiog 3.1 is similar to that used for the unconstrained
incompressible flow condition“’® but is an approximation here because the wall and hence
the vortex sheet, is not flat in general. Since all self-correcting or self-streamlining
tunnel principles involve the use of an imaginary and calculated external field, it is
imperative that the theoretical bases should be justified at all stages and that the
errors resulting from any simplification be consistent with the errors associated with
numerical analysis and mechanical setting tolerances. The simplifications in deriving
equation 2.1 are considered further in Section 3.1.

Computational care is required in obtaining the principal value of the integral 4
in equation 2.1. The method adopted has been to use a piecewise cubic spline fit and

local analytic integration followed by numerical summation. The numerical integration
to obtain Ayp-1(x) is straightforward.

When the strategy of equation 2.1 is applied to a single wall, a slight but
desirable overshoot in wall adjustment, as verified by application to simple flows with
known exact solutions. No attempt is therefore made to factor the adjustment because of
a major advantage in the calculation of the external flow field obtained by retaining an
unmodified equation 2.1. The external velocity v, (x) for the shape y_(x) is shown in
Fig.2.4 and can be determined by representing the boundary again as a"vortex sheet. The
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normal velocity boundary condition results in an approximate equation identical with
equation 2.1 but inverse in nature. Comparison of the two equations shows that

v, (x) = %[un_l(x) + Vn-l(x):' 2.2

It is therefore not necessary to calculate the external velocity for the new shape yp(x)
since it can be obtained from velocity components already available, provided the

strategy in equation 2.1 is used to determine yn(x). However, it is necessary to have

a known initial external velocity distribution and this can be achieved simply by starting
with a straight wall so that

vo(x) = U, constant.

When the strategy is applied to both tunnel walls, a divergent process can result.
This arises from the strong interaction between the walls which, for long wavelength
components of wall movement, may be regarded as a one-dimensional continuity effect.
Convergence can be obtained by feeding a proportion of the demanded movement for one wall
to the other.

2.3 Wall adjustment strategy for three-dimensional subsonic flow

The extensiorn of the method of section 2.2 to three-dimensional flow is conceptually
straightforward. A close parallel can be drawn with the extension of thin aerofoil section
theory to finite wings of arbitrary plan form. A lifting surface representation of the
tunnel surface is therefore sought which, because of its non-planar nature, will lead to
kernel functions in the surface integrals which are much more complicated than for the
flat wing. Various developments of lifting surface theory are possible. Here an elemental
vortex system is used and, by summing over the tunnel surface, the velocity normal to the
boundary is found at any position. The normal velocity is used as before to determine the
required streamwise slope of the streamline boundary and hence the new coordinates.

A general formulation has been developed with the tunnel shape represented as a f
cylinder of general cross-section. The difference between inner and outer velocities at :
the wall gives the local strength of the vorticity component normal to the tunnel flow. 1
In order to satisfy the Helmholtz condition on circulation, this vorticity must be
associated with a trailing vortex pair. This is shown in Fig.2.5 as the line ABCD. A
section through the tunnel at the vortex head is shown in Fig.2.6 where the cross-section
is defined in terms of polar coordinates a(n) and n. The vortex element BC is given in
vector form as

Q_r_ = Yv(xlrn)dxl d_S 2.3
where yv(x (n) is the local vorticity strength and ds is the vector corresponding to
the elemen% of circumference with magnitude ds. The velocity dv induced at a general

point Q is given formally by the Biot-Savart law in the form:-

ar x r

ik
dv-4ﬂ||3

Lo

where r is the vector position of Q with respect to the vortex element.

Equation 2.4 is also used for the vortex leg AB in Fig.2.5 where the element at
P has a strength

ar = Yv(xl,n)dx1 dg 2.5
This can be integrated with respect to ¢ over the length AB and the corresponding
contribution from vortex DC found in a similar way. The difference between the
contributions is proportional to dn, the angular difference between the polar coordinates
of B and C in Fig.2.6. At the general point Q in Fig.2.5, the total normal velocity
vn(x,6) is found from equation 2.4 by integrating Yy(x1,n) over the whole surface.

The result may be presented in various ways and, in practice, the best form will
be determined by the arrangement of jacks for controlling wall position. For example,
it may be convenient to move a wall portion according to its Cartesian rather than polar
coordinates. For the present paper, a simplified result is given for a tunnel of circular
cruss-section (radius a). The normal velocity component is then the radial component and
wal. control could be obtained by simple jack movements along radial directions. The
induced velocity is

+o 27
Vn(Xle) = 117 fw Xm é dn YV(len)(El(eln)Kl(xrxlfeln)
+E, (0,n) [2K) (x,%,0,n) + K, (x,%;,0,n)]) 2.6
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where
E,(8,n) = -a R, (6,n)cos(n - )

E,(6,n) = a’[sin(n + 6) - sin2¢]sin(n - o)

Ry (6,n) = 2a’[l - cos(n - ©)]

5 Ky (x,xp,0,m) = [1+ (x = &)/Rx,x;,0,m3/R % (6,n)

Kz(xyxl,ﬂln) = B(x - E)/Rl(eln)R3(x,x1'0:n)

(x - ©)2 + 8%R; (8,n)

and RZ(Xleueyrl)

The result has been developed for subsonic flow through the use of the Prandtl-Glauert
correction factor

g g =vV1-um

M being the flow Mach number. As usual in lifting surface integrals, the numerical
integration requires care in dealing with the singularities associated with x, = x and

n = 6, but a method of local analytic integration similar to that used in Section 2.2 is
expected to be adequate. A double cubic spline surface fit would now be required.

! In the general application of the three-dimensional method, there is an infinite

{ number of stream tubes which can be chosen, although only one will have a cross-section

| at the upstream end which matches the fixed tunnel geometry. If this particular stream

{ tube is chosen then there will not in general be a matching at the downstream end and

{ some tailoring is required. It may be better to choose a stream tube whose cross-section
J shape at the model is convenient from an implementation point of view. Tailoring would

i be required upstream and downstream but stream tube discrepancies in these regions produce
much smaller interference errors than similar discrepancies in the model region.

In this section, the foundation has been laid for a wall adjustment strategy in
three-dimensional flow. The exact formulation and computer program have not been attempted
because they will be determined by the physical way that wall movement is obtained. At
the present time, it is not clear what would be the best engineering approach.

T

é 2.4 Test data

i The low speed test section illustrated on Fig.2.l has been utilised in demonstrating
; the effectiveness of the wall streamlining concept, with two types of two-dimensional model.
8 The aim in these tests was to show from measurements of pressure distributions around their
surfaces that they were experiencing within the narrow confines of the test section the
same aerodynamic forces as in an infinite flowfield.

The first model was a circular cylinder, chosen for its simplicity and because its
; surface pressure distribution is well known, and also because the flow separation and
H therefore thick wake would provide a fairly severe test of the new test section and
§ proposed methods of streamlining. Some of the data taken on this model with the walls
straight and also streamlined is shown on Fig.2.7, together with other published data at
the same Reynolds number for comparison. The data marked 29.2% blockage is entirely
uncorrected and was taken in the self streamlining test section. Blockage is the ratio
of cylinder diameter to depth gf test section. The other data at lower levels of blockage
were taken by Fage and Falkner? in a straight-walled test section and is shown uncorrected
and also corrected for blockage effects by the methods of Allen and Vincenti®. The
agreement between this corrected data and that taken in the self streamlining wind tunnel
at high blockage but with the walls streamlined is very good, demonstrating the ability of
the streamlining procedure to accommodate separated flows.

] The second model is a wing of NACA 0012-64 section which has been tested in a deep

4 test section to obtain its free-air behaviour. The tests were carried out in LTPT at NASA

Langley Research Center, the test section being 213.4cm (84 inches) deep and the wing chord

is 13.72cm (5.4 inches). The LTPT pressure distribution data with the wing at 6 degrees

: angle of attack is shown on Fig.2.8, together with data taken on the same wing and at the

3 : same Reynolds number in the 15.24cm (6 inch) deep flexible walled test section. The wing
! pressure distribution obtained with the flexible walls straight is included in order to

illustrate the magnitude of the wall interference effects that would have been present

had it not been possible to properly contour the walls to streamlines. It can be seen

i that in the presence of streamlined walls the surface pressure distribution reverts almost

i exactly to the LTPT data despite the fact of the flexible walled test section being

i shallower by about 93%. For clarity, the LTPT and straight wall results in Fig.2.8 are

shown as lines although they are, in fact, discrete point measurements.

3. COMPUTATIONAL RESOLUTION AND ERROR ASSESSMENT

The major sources of error in obtaining interference free flow may be summarised
as:-

(1) Theoretical bases of wall adjustment strategy.
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(2) Numerical analysis and computation.

(3) Implementation problems such as finite length of adjustable
test section.

(4) Mechanical tolerances in wall setting.

The computational error can readily be made less critical than the other three but at the
expense of increased program sophistication and computer run time. For on-line control of
wall position using limited capacity computers this trend is undesirable. It is then more
efficient to develop as simple a program as possible with numerical process errors
compatible with those from the other three sources. It is therefore important to have
some knowledge of the magnitude of these to ensure total consistency. Economic penalties
will also be incurred if too close a practical tolerance is demanded at any particular
stage. Consideration is given in this section to some of the error sources in order to
obtain test section design parameters. The errors have been expressed in terms of the
aerodynamic interference at the model since this is the ultimate measure of acceptability.

3.1 Error due to wall adjustment strategy (two-dimensional)

The predictive strategy represented by equations 2.1 and 2.2 has an approximate
theoretical basis because, in general, the walls and equivalent vortex sheets are not
flat so that both the normal and tangential velocity components are in error. Since
the first iteration away from the straight wall provides the bulk of the wall correction,
this is used as the basis for the following error estimation.

For an internal velocity distribution u_(x) at the straight wall, equation 2.1 gives
the new wall position as yj (x) = Ay, (x) where

dy, 3 += [u ) - u]

= ox 3.1

The flow external to this shape y, (x) could be obtained by replacing the surface with a
distribution of vorticity Yy (x) and satisfying the exact normal velocity boundary
condition:-

a +o [x -6 + (v, - (r,»—dyl] dy, 2
P A, ok Yy (x) =y, Elgy T
ax " 2n Ty (€) 3 L+ (g de 3,2
- [x - 002 + (00 -y (en?] :

dy
For all anticipsted wall shapes it may be assumed that << 1 and
(yp(x) = yy(£))€ << (x = €£)¢ so that equation 3.2 can be‘g&panded to give

® 2 = 0 2
" dyl ¢ -L-I+ Yy (E) (dyl) (yy (x) Yy (8)) dyl L (yy (x) Yl(E)) o
ax - 2n x- 0 I CI) ax 2 ¢
= (x =€)
33
where terms of order (———) have been neglected in the integrand. To the same order of

accuracy it is found t‘yi the external tangential velocity Vie (x) is given by the exact
equation as:- e

v e(x) = —_— -k Yv(x) 3.4

The external tangential velocity vl(x) is given by the approximate strategy of equation
2.2 as:-

vi(x) = 5fu (x) + 0] 3.5
The difference Av(x) = v,_(x) - v, (x) represents the error in tangential velocity
resulting from the appro*fmate stfategy, correct to order
2
dy1
(dx) iy

Some manipulation of equations 3.1 to 3.5 is necessary to put Av(x) in a convenient
form for assessment. First the vorticity yv(x) is replaced using the following
substitution:~

/ dy, *
o) V14 () = -[ugx) - 4] + s(x) 3.6

v
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where §(x) will always be small in practice compared with u,(x) - U. Equations 3.4, 3.5

2
dyl
and 3.6 then give to order (75;) =

u & :
av(x) = =% §(x) - '2-(—&;-) 3.7

To a consistent order, equations 3.1, 3.3 and 3.6 yield:-

+a +o fug(6) - U] (y;(0) -y () dy; (v, (x) - yl(e))z}

S (E) -
N -x ) Wbl =T ° x - ) Ix

(x - £)2 :

Equation 3.8 can be inverted to obtain §(x) and this has been carried out for a series
of simplified forms for ug(x) - U and yj (x), representative of a model consisting of

vortex, source and doublet. In all cases the maximum value |6 (x)| was negligible i

compared with that of §

ay, 2

U(W) s i

It may therefore be concluded that the velocity error at the wall is

2
dy

Av(x) _ _ 1
U = k(dx

Because of the distributed nature of Av(x), the corresponding velocity error Au at the
model will be somewhat less than the maximum value of Av(x). A conservative estimate
will therefore be given by

Au

T = -% (maximum wall slope)2

If the model is a lifting wing section, this can be interpreted as a force error in the
form

where c is the wing chord and h is the test section depth. Even with a lift coefficient
of 5 and c/h = 1, the error is less than 2%. The accuracy of the wall adjustment strategy
represented by equations 2.1 and 2.2 therefore appears adequate, although it is desirable
to monitor the maximum wall slope as a measure of the error.

3.2 Practical wall setting errors

Regardless of the accuracy of the wall setting strategy, it is recognised that the
flexible walls can never be set exactly to the contours computed, but must lie within a
tolerance band. 1In this section, the interference effects of the wall setting errors
at the test model are analysed and estimated.

In any given test section of this type, there are likely to be many jacks along
each wall, and position errors are likely to occur in a totally random manner, both in
location and magnitude, within the tolerance band. The current low speed test section,
has a wall setting accuracy of approximately + 0.127mm (+ 0.005 inch or 0.00093c) and
this is used in the analysis. Since the resulting wall errors are small, interference
effects are expected to vary linearly with the wall tolerance allowing simple scaling.

In the analysis, the wall setting error is modelled as a bump or series of bumps
in an otherwise straight walled two-dimensional test section and represented in a
potential flow model as an equal source/sink pair lying on the wall line, combined with
a system of images. The source/sink separation is taken equal to multiples of the jack
spacing (approx. %c). While this analytical representation of the wall errors is less




than ideal, it gives reasonable results for the interference effects.

The random nature of the wall setting errors, provides an infinite number of
magnitudes of intereference effects. Hence interest centres on the maximum va ues likely
to occur. Probability analysis of the wall setting errors has shown that there is a
small, but significant, chance of a single bump occurring in the flexible walls. The
interference effects found for this situation is taken as the probable worst case. The
bump must then be close to the test model for maximum effect, thereby limiting the number
of jacks involved.

Analysis estimates of the interference for a test section of one chord depth are

Angle of Attack error 0.025 degrees
Induced Camber 0.05 degrees
Cp error 0.0018 degrees

These three effects can be related to the lift coefficient of the test model producing a
maximum interference as a C; increment of about 0.002, a value which is insignificanc in
currently envisaged wind tunnel tests.

It must however be noted that the error is un-correctable, since its occurrence
is random and set by the mechanical limitations of the test section. Nevertheless, the
designer is to a large extent free to choose the tolerance, within cost constraints, but
a limit to the wall setting precision must exist by virtue of the walls being positioned
by a finite number of jacks. Hence, there is no control over the portions of the flexible
walls between the jacks. Significant reductions in the interference effects, could however
be achieved at minimum cost by reducing the tolerance only on jacks near the test model.

3.3 Errors due to finite test section length

Limitations on the length of test section which can have adjustable contours mean
that the tunnel interference cannot be eliminated but must be kept instead to an acceptable
minimum. Consideration of two-dimensional lift flow indicates significant streamline
angularity with respect to the tunnel centreline at moderate Cy values even at distances
of 5 to 10 chords up and downstream of the model. The presence of fixed geometry
terminations therefore leads to (1) interference because the free streamline is not
correctly represented and (2) possible ambiguities in the reference line for model
incidence measurement.

A theoretical investigation of truncation errors was therefore made using the
idealised geometry shown in Fig.3.1l, where the solid walls are represented by four
semi-infinite slits. For the two-dimensional case, a conformal transformation can be
found to map the region cut by the slits onto the upper half of the transformed plane as
shown in Fig.3.1l. The incompressible velocity fields of the vortex, source and doublet
in tle real plane are readily determined by developing the complex potential in the
transformed plane. Details of the method are available elsewhere®. 1In the present paper
general observations are made and important results presented.

The effect of the streamline section in Fig.3.l may be regarded as moving the wall
disturbances which are producing the interference away from the region of the model and
confining them to the slits. For small values of the ratio of model chord ¢ to test
section semi-length L, estimates of interference based on replacing the model by vortex,
doublet and source will therefore be much more reliable than those used currently for
tunnel corrections with totally solid walls and the same model representation. Moreover,
if the wall effects can be regarded as providing some sort of mirror image with respect
to the slit ends, it can be seen intuitively that the vortex and source interferences
will vary inversely with 2L and the doublet interferences inversely with (2L)<“.

The theory6 suggests that an ideal arrangement for minimising truncation errors
is as shown in Fig.3.2. Here the model (defined by its lift centre) is located on the
centreline and mid-way between the ends of the flexible section. The symmetry of this
arrangement produces a zero angle of attack error for all values of h/L. If the
separation between the downstream walls cannot be increased by the wake displacement
thickness, a wake blockage will occur. The lift interference will arise, as in the case
of the fully solid tunnel, as a streamline curvature at the model which is interpreted
here as an equivalent camber. For design purposes the following results, applicable to
the case of large L/h, are useful:-

ACL = L e 2
Streamline curvature: Yij ., (E)
AC (o
Wake blockage: iy GRS
CD m L

where a; is the model lift curve slope. An interference less than 1% is obtained by an
adjustaéle section length of 5 to 6 chords. Using the Prandtl-Glauert compressibility
factor, it is found that even at a tunnel flow Mach number of 0.8 the length requirement
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only increases by about 30%.

In summary, it has been shown in the various parts of this section that acceptable
interference levels can be achieved with reasonable tunnel dimensions and *olerances.
These tolerances determine the resolution and accuracy required of the numerical methods
and computation.

4. INCORPORATION OF ON-SITE COMPUTER FOR A NEW TRANSONIC FACILITY

It is intended that the new transonic self streamlining test section currently
being designed, will be completely automated both for flexible wall contouring and data
acquisition from the test model, thereby providing a rapid system for obtaining two-
dimensional aerofoil data, and also progressing towards a fully operational self-
streamlining facility.

The incorporation of the computer with self-streamlining test sections is not new,
but an on-line computer interface efficiently replaces the present manual link. Current
design work envisages a system as illustrated by the block diagram in Fig.4.1, employing
an existing PDP 11/40 computer. It can effectively be split into three sections from
left to right:- (1) the computer on-line wall streamlining control, (2) the wind tunnel
itself and (3) the computer dealing with data reduction. The process of data acquisition
would be as follows. Using the wall setting strategy described in Section 2, the flexible
walls would be set initially straight, probably driven by the computer to pre-selected
co-ordinates. Then with the wind tunnel running, the wall pressure Scanivalve would be
activated and all the wall static pressure tappings scanned. The computer then uses this
data to compute a new set of wall co-ordinates by methods previously described.

The control then enters the outer system loop deciding whether the movements
computed at the jacks are significant or not. The first iteration will be the largest
so control passes into the inner loop, where the errors between present and demanded
jack positions are driven to zero by a system involving motorisecd jacks and wall position
sensors at each of the jacks.

The criterion of zero error satisfied, control drops out of the inner loop and
the outer loop is repeated because the wall setting strategy is an iteracive process.
When the computed jack movements are within the tolerance, the flexible walls are taken
to be streamlined. The final phase of the operating procedure is then activated, pressure
data is acquired by the computer from the test model, immediately reduced and the results
displayed at the wind tunnel.

The design of the actual two-dimensional test section has been very much influenced
by the on-line control system envisaged for it. At each jacking point on the flexible
walls, three connections into the control system are required. These are the static
pressure tapping, the screw jack motor drive and the output from the jack position
sensor, as shown in the cross-section view in Fig.4.2. Employing the existing rigid
contraction, diffuser and sidewalls, the basic design must accommodate the planned 40 jack
controls in close proximity to one another. The required movements of the flexible walls
have been analysed and the jacks are designed for a maximum movement of +.5" from a mean
position.

The test section height will be variable between approximately 8in and 3in. With
an envisaged test model of 3in chord, the minimum test section height will be of order
1 chord, while the test section length will be greater than 10 chords. Ultimately the
closeness of the flexible walls to the test model will probably be limited by the shock-
wave growth on the upper surface, which will be monitored by schlieren methods. Shock
wave reflections from the walls are not permissible for interference free conditions at
the test model.

The basis of incorporating on-line computer control for a self-streamlining section
has been laid. Detail design is complicated by the interaction of electronic, mechanical,
aerodynamic and cost constraints. However, the benefits of the complete system are
threefold:

1) Massive reduction in wall setting time, leading to more efficient use of
wind tunnel run time.

2) More systematic operation from run to run.
3) A basic procedure more readily adapted to three-dimensional testing.

The disadvantage is the increase of complexity of the whole self-streamlining test
section.

5. CONCLUSIONS
1) Strategies for determining streamline wall contours in two-dimensional flow

have been successfully developed. Comparison of model results with interference free
data shows excellent agreement.

2) The two~dimensional algorithms have been extended for use with three-dimensicnal
compressible flows.
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4 3) Tunnel design parameters such as test section length and wall setting tolerance
3 have been considered for their interference contributions and hence in determining
3 computational resolution.

4) The features of a fully automated self-streamlining transonic tunnel design
have been outlined. On-line computational aspects include:-

4 (i) Calculation of wall setting demand.
| (ii) Control of wall movement.

3 j (1ii) Model data acquisition.
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ADAPTATION DE LA METHODE DE JOPPA
A UNE SOUFFLERIE A PERMEABILITE VARIABLE .

par
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92214 SAINT-CLOUD - France
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RESUME

La méthode de calcul de JOPPA qui découpe les parois d'une veine de soufflerie en éléments rectangulai-
res d'intensité tourbillonnaire inconnue tient compte des dimensions de la veine et de la nature de ses
parois. La position relative de la maquette dans la veine, ainsi que sa géométrie et sa répartition de
circulation en envergure permettent de calculer les perméabilités théoriques nécessaires en tous points
de parois ventilées pour minimiser ou annuler leur effet au droit du modéle.

A 1'intérieur des caissons étanches qui entourent la veine d'essais de la soufflerie Sigma 4 (I.A.T.
St Cyr) se trouvent des plaques flexibles, pleines et mobiles. Leur déplacement contribue 2 faire varier
la perméabilité en tous points des parois perforées de la veine.

En présence de la maquette (dont les caractéristiques servent aux calculs), les perméabilités réelles
sont connues par des relevés de pressions statiques.

En ajustant les perméabilités expérimentales réalisées par déplacement des plaques mobiles des caissons
aux perméabilités théoriques calculées, il est possible de réaliser le but recherché correspondant 2 des
besoins d'essais déterminés, notamment des effets de parois nuls.

En complément, la régulation de la vitesse dans la veine d'essais, au droit de la maquette, est asservie
au calculateur qui fait varier la section du second col par pilotage de ses parois mobiles.

Acquisition des données au cours des essais, dépouillements et tracé des résultats expérimentaux sont
effectués en temps réel par le calculateur de la Soufflerie.

SUMMARY

The Joppa calculation method divides the walls of a wind-tunnel working section into rectangular éléments
with an unknown vortex ring strength and takes account of the test section dimensions and boundaries. The
relative position of the model in the section,as well as its geometry and lift distribution spanwise al-
low the calculation of the theoretical permeability in any point of the ventilated walls to minimize or
cancel its effect in the area of the model.

Inside the plenum chambers which are around the test section of the Sigma 4 wind tunnel (I.A.T. St-Cyr),
flexible, solid and movable plates are found. The movement of the plates contribute to the variation of
the permeability in any point of the working section perforated walls.

With the model present (whose characteristics are used in the calculations), the real permeabilities are
known through static pressure holes.

By adjusting the permeabilites experienced by movement of movable plates in the plenum chamber with cal-
culated theoretical permeabilities, it becomes possible to achieve the aim wanted which corresponds to
the requirements of determined tests, namely zero wall effects.

In addition, the speed regulation in the working section, in the area of the model is connected with the
computer which varies the cross section of the second throat by piloting its movable walls.

Data acquisition during the tests, processing and plotting of the test results are carried-out in real-
time by the wind tunnel computer.
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NOTATIONS
B largeur de veine q pression cinétique
C section de veine = H 2s envergure de l'aile
Cp coefficient de trainée Un vitesse normale & la paroi
Cy, coefficient de portance w vitesse induite
CM coefficient de moment de tangage xyz coordonnées cartésiennes
H hauteur de veine [ angle d'incidence
K coefficient de pression A = 1 - Mo
L longueur de veine Fm circulation de l'aile
| Mo nombre de Mach MPw circulation de paroi
| N nombre de pavés b) facteur de correction d'incidence
| = Ng.Ny 31 facteur de correction de courbure du champ
Q poroefté zelative 1. différence de pression
R facteur de poxasité A f}::?: a 25 % de profondeur des cordes de
v vitesse du vent
XLEN longueur d'un pavé 8. :a;:7“volum1que
a largeur d'un pavé @ potentiel
Le longueur de queue @* potentiel unitaire
Ta corde aérodynamique moyenne = ¢/r
P pression
po pression de référence
pPC pression dans le caisson

1 INTRODUCTION

D'une mani2re générale, la possibilité d'appliquer des corrections de parois aux résultats d'essais en
soufflerie procéde du calcul des vitesses de perturbation induites par des potentiels représentatifs des
parois supposées de longueur infinie en présence d'une ou plusieurs singularités qui schématisent la ma-
quette.

Le développement du calcul numérique (méthode des singularités) proposé par Joppa (1) permet de cal-
culer ces vitesses en tout point 2 l'intérieur de la veine d'essais en tenant compte des valeurs dimen-
sionnelles relatives de 1'ensemble maquette/veine considéré, c'est-a-dire de paramitres tels que :

- la forme géométrique réelle de la veine, quelles que soient sa section, ses dimensions
(notamment sa longueur) et la nature de ses parois ;

- la forme géométrique de la maquette d'avion : envergure (avec sa répartition de circulation)
et fléche de la voilure, corde aérodynamique.moyenne, longueur de queue.

Ce principe de calcul numérique offre trois possibilités :

i) faire des études paramétriques de veines d'essais répondant 2 des besoins précis, en vue de
leur réalisation future, tels que ceux nécessités, par exemple, par la mise au point d'avions du
type A.D.A.C. (2) ;

ii) calculer et appliquer des corrections dans des souffleries existantes en tenant rigoureusement
compte de leur géométrie et de celle de la maquette quelle que soit la nature des parois :
pleines (1) ou ventilées (3) ;

iii) réduire ou annuler l'effet des parois dans le cas précis ol les parois ventilées possédent
une perméabilité adaptable.

Ces possibilités ont été exploitées par les Avions Marcel Dassault - Bréguet Aviation - AMD-BA - (4,5) -
Les deux dernidres, en particulier, sont utilisées dans la présente étude dont le but est de montrer com-
ment dans une soufflerie existante, a Mach variable de 0,4 2 2.8 - Sigma 4 de 1'Institut Aérotechnique

de Saint-Cyr (Fig.l) - congue avec des parois 2 perméabilité adaptable, il est possible d'ajuster la po-
rosité expérimentale des parois perforées horizontales de la veine de section carrée (0,85 x 0,85 m) a
une valeur théorique calculée pour une maquette en vue de rendre négligeables certaines corrections. On
se propose plus spécialement d'annuler les corrections qui portent sur les moments de tangage(car les
courbes C;, , Cm sont généralement les plus torturées et les moins linéaires) en régime sub/transsonique.

En outre, le second col de cette soufflerie, situé immédiatement en aval de la veine, est réalisé par des
parois latérales mobiles dont la position permet de réguler le Mach tout en éliminant expérimentalement

les effets de blocage dus a la présence de la maquette et 2 ses sillages dans la veine. La pression ciné-
tique corrigée ou vraie est ainsi obtenue et elle demeure constante quelle que soit la position du modile.

Enfin, cette soufflerie est commandée et contrdlée, en temps réel, par son propre ordinateur pendant
toute la durée d'un essai au cours duquel la position angulaire de la maquette ou le nombre de Mach, par
exemple, varient d'une fagon continue, l'acquisition des mesures et la régulation en Mach étant assurées.
De fagon 2 réduire le temps de rafale, le dépouillement ne commence qu'a la fin de l'essai. L'ordinateur
et ses périphériques permettent, quelques instants apreés, d'obtenir le tableau de chiffres et les courbes
correspondantes.

Ainsi, grfice au calcul numérique, d'une part, qui impose des conditions théoriques d'essais et, d'autre
part, 2 un ordinateur qui pilote une soufflerie munie d'éléments adaptables et mobiles, il est possible
d'obtenir en moins de quatre minutes aprés l'essai le tracé des courbes [ Cie.Cp-CuLCm _Cual

|
|
§
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représentatives des résultats exempts pratiquement d'effets de parois. La durée de l'essai, au cours
duquel 1'incidence a varié de fagon continue de 20 degrés, est toujours inférieure a2 60 secondes, durée
maximale qui correspond 2 M ~ 1.
2. CALCUL DES CORRECTIONS DE PAROIS PAR LA METHODE DES SINGULARITES - AVANTAGES - APPLICATIONS

2.1. Généralités
Grice 2 la méthode de calcul numérique (Vortex Lattice Method) due 2 Joppa, il est possible de détermi-
ner les vitesses induites par les parois guidées d'une veine de section arbitraire (1). Généralisée par

Borovik aux parois ventilées (3), cette méthode fut alors adoptée et développée par A.M.D.B.A. (4,5).

Le calcul des corrections d'incidences et des moments de tangage est établi 2 partir de potentiels de
tourbillons tridimensionnels :

\Pm * (Pm, (Y'Z)+ "Pm-‘ (X'Y'z)’

L'aile de forme en plan quelconque, d'envergure 2s, de fldche A° , découpée en 2M tourbillons d'enver-
gure S/M, peut recevoir une répartition de circulation imposée a priori (Fig.2) - Introduisant le poten-

tiel unitaire : (p; = P / T'm , la répartition de circulation est ainsi mise en évidence :

Prmo= Tm (P, + Pme ).

Une loi de circulation elliptique, jugée suffisante pour le but recherché, fut retenue par A.M.D.B.A.

2.2, Description

2.2.1. L'aile est placée au centre d'une veine de section carrée du type de celle de la soufflerie
Sigma 4. Dans ces conditions, un quart de la veine peut &8tre considéré (Fig. 2).

Les parois sont découpées en rectangles dont les cdtés sont désignés par XLEN et a. Leur nombre N=Ng.Ny.
La méthode de calcul numérique demande de prendre quelques précautions dans le choix de leur allongement
XLEN/a.

AMDBA a développé cette méthode en portant la valeur de N a 160 , soit Ng = 8 et Ny = 20. Aiasi un bon

compromis est réalisé entre la précision recherchée dans le calcul des facteurs de corrections et le temps
d'utilisatior de l'ordinateur. Des études paramétriques ont montré que pour N = 160, l'allongement XLEN/a

pouvait prendre indifféremment n'importe quelle valeur comprise entre 0,7 et 1.9 - Grlce a ce résultat,
l'effet de la longueur de la veine L = Nx.XLEN sur les facteurs de correction peut &tre mis en évidence.

Dans le cas de calcul présenté Fig.3 , qui correspond 2 une demi-maquette 3 la paroi, N = 240 avec

Ng = 12,

2,2.2. La méthode de calcul repose sur une double application de la loi de Biot - Savart.

Si ‘P:,. = P / Tw. représente le potentiel tourbillonnaire unitaire de chaque pavé de la
paroi, alors : J J
N
*
= Fllieh .
P = 2 Poey P
d =l
(J = 1,2 ... N =Ng.Ng)

*
De méme, si q7m = / M, représente le potentiel unitaire de chaque tourbillon d'aile d'envergure
S/M : b n L2

M=100Q
*
Pm =Z Pm, I""‘n
n-=1

(T = 2s/H)

L'influence du potentiel unitaire de chaque pavé et celle du potentiel unitaire de chaque tourbillon
d'aile sont introduites dans une suite d'équations linéaires :

N M=100
Z Al'J' F‘WJ = B‘-'n l"mn
J:' rl= 1
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ou Arw = B rm

Connaissant la répartition de circulation " m, par une inversion de matrice, on en déduit wen s'im-
posant des conditions aux limites qui tiennent compte de la nature des parois qui, en l'occurence dans
notre cas, sont des parois perforées de porosité R. Alors la matrice A :

x 1 *
A = (? w + = @ w

X R n
(n=y, z)
fixe les dimensions et la forme de la veine ainsi que le nombre et la position des points de contrdle.
La matrice B :
x

x
1
b Lme H i.(‘Pmn (n =1y, 2z)

définit l'influence de l'aile sur les parois.

La connaissance de ['w permet le calcul des vitesses normales induites par les parois w(x, y), d'ou
les facteurs de correction d'incidences 9 (x, y) et de courbure du champ aérodynamique 81(X, y)

5 e A B B
45 T Lify TWx

en considérant la veine de section carrée C = Hz.

Pour chaque valeur de x en aval de la ligne portante, il convient de prendre la valeur moyenne de 5 et celle
de § 1 en envergure soit : (x) et 1 ().

Sur I.B.M. 370/168, le calcul de § (x) et de 51 (x), pour 20 valeurs de x/ (3 H, pour une aile ( Ne, G ),
et une porosité R donnée, se fait en 1 minute 15 secondes si N = 160 et 2 minutes 55 secondes si N = 240.

Le contrdle du premier cas de calcul en double précision demande 1 minute 41 secondes mais s'est avéré
inutile de fagon usuelle.

2.3. Effets de la longueur et de la géométrie de la section de la veine

Le calcul des facteurs de corrections 50 (x=0)et 9 1 (x) a été effectué pour une meme aile ( A=o0°)
d'envergure relative = 0,6 placée dans trois veines d'essais différentes (V) , Vo , V3) de section
carrée (Fig.4).

La Fig.5 donne, pour les trois veines, la variation de 5() en fonction de la porosité relative Q=1/1+—ﬁ/R.
On constate que l'effet de la longueur de la veine est d'autant plus sensible que la porosité des parois
horizontales croit et tend vers celle de parois libres. Les bandes latérales horizontales pleines augmen-
tent la valeur de Q pour laquelle 0 = 0 et en conséquence diminuent les valeurs de 30 lorsque Q tend
vers 1.

La Fig.6 donne, pour les trois veines, la variation de 5 en fonction de l'abscisse relative x/{3 H. Le
facteur 8 1 n'est pas sensible 2 l'effet de la longueur de la veine guidée. Mais cette sensibilité apparait
et croilt avec R,

Pour une valeur de x/ P H fixée, pour annuler 5 1 des parois perforées munies de bandes latérales pleines
nécessitent une porosité supérieure 2 celle qui correspond a des parois perforées qui occupent toute la
largeur de la veine.

2.4, Annulation des corrections de moments de tangage

Le principe consiste 2 trouver, pour toute valeur du Mach, une porosité R qui annule le facteur de correc-
tion 1(x) au droit de l'empennage horizontal (dans le cas, par exemple, d'un avion de transport) ou aux
trois quarts de la corde aérodynamique moyenne (aile delta) (15).

Ainsi pour une maquette définie par la fléche A° de l'aile et son envergure relative 0', les éléments
d'un réseau de courbes = f(x/ (3 H) sont d'abord calculés pour plusieurs valeurs de R/p (Fig.7).
La courbe R/p = f(x/P H) qui correspond 2 8 1 = 0 en est déduite.

La maquette est définie aussi géométriquement par sa longueur de queue relative : 1t/H.
Le calcul de R qui annule 8 1 Ppour toute valeur de M,est résumé dans le schéma qui suit. La valeur du

facteur S() qui correspond a R/ p s'obtient alors a partir de 9 0= £f(Q). Cette valeur est d'ailleurs
faible.
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La Fig.8 donne les résultats de ces calculs pour deux maquettes, qui différent par leurs échelles, d'un
avion de transport ( A = 30°). Cette figure donne aussi les résultats de calculs relatifs a une aile
delta.

On constate que pour obtenir 8 1 =0, la porosité R varie peu en fonction du nombre de Mach. La

valeur de R crolt avec la taille de la maquette. Une grande maquette est donc 2 suggérer pour profiter
des avantages d'essais dus a une porosité élevée (4,11). Néanmoins les effets du blocage limitent ces di-
mensions (4).

3. LABORATOIRE D'ESSAIS (0.4 < M°< 2.8) SOUFFLERIE SIGMA 4 - I.A.T. St-CYR
3.1. Généralités

SIGMA 4, soufflerie sub/trans/supersonique, 2 rafales, est entrée en exploitation en 1960. La genése de
sa conception, ses caractéristiques et ses possibilités d'essais ont été présentées en 1962 (6). Elle est
2 circuit ouvert., Sa pression génératrice est sensiblement celle de 1'atmosphére.

Son tunnel aérodynamique, seul, nous intéresse (Fig.l). Il comporte un collecteur, la veine d'essais de
section carrée et un diffuseur. Chacune de ces parties est mobile ou posséde des éléments mobiles. Il se
présente ainsi sous la forme d'une tuyere a deux cols réglables (7,8). Ces cols sont disposés en amont et
en aval de la veine dont les parois horizontales, perforées, sont 2 porosité adaptable.

La réalisation d'essais 2 tous les nombres de Mach compris entre 0,4 et 2,8 est donc possible, La varia-
tion continue du Mach est obtenue gr8ce au déplacement de deux bulbes profilés qui régit la grandeur de

la section droite de la tuyére au premier col, associée d'ailleurs a la variation de la section rectan-

gulaire du second col. La différence de pression nécessaire a2 l'obtention de chaque Mach résulte du van-
nage adéquat des tuydres d'injection.

A ce sujet on doit rappeler l'originalité du systime énergétique. L'agpiration de l'air dans la veine est

faite a2 1'aide de quatre trompes 2 induction alimentées par de 1'eau chaude sous pression (9). Les tuyeres
d'injection pénetrent dans la chambre d'induction qui est placée immédiatement en aval du diffuseur.

3.2, Variation continue du Mach - Association premier - second cols (7,8)

3.2.1. Le collecteur est constitué par deux parois verticales planes et parall2les dans le prolon-
gement de celles de la veine d'essais (Fig.l). Les deux autres parois se rapprochent progressivement
1'une de l'autre de fagon 2 permettre le rétrécissement de la section jusqu'ad la section de la veine
proprement dite,

Deux demi-corps profilés sont appliqués par leur surface plane contre les parois verticales du collecteur.
Leur grand axe est paralléle 2 1l'axe horizontal de celui-ci et leur face convexe est tournée vers 1l'inté-
rieur de la tuydre. Ces bulbes et le collecteur forment le premier col (Fig.9) (Syst2me Ménard).

3.2.2. En écoulement subsonique et transsonique inférieur (0,4 < M, £ 1), les deux bulbes situés
en position extr@me amont, demeurent fixes (Fig.9a).

Les parois pleines horizontales du second col prolongent celles de la veine, alors que ses parois verti-
cales sont mobiles. En amont, elles sont pourvues de perforations que l'on peut obstruer 2 l'aide de por-
tes pivotantes (Fig.l). Ce second col est entouré d'un caisson étanche qui continue celui qui se trouve
tout autour de la veine.

L'ouverture du deuxidme col est réduite au maximum de fagon 2 provoquer un col sonique - Mo = 0,4 est
obtenu, La variation progressive de son ouverture permet d'augmenter la valeur du Mach (Fig. 10). Mach 1
est atteint lorsque les parois verticales du second col se trouvent sensiblement dans le prolongement des
parois verticales de la veine.

Mais 2 partir de Mach 0,8/0,9 les portes auxiliaires du socond col doivent 8tre ouvertes de fagon a aug-
menter le débit d'air aspiré par l'auto-aspiration du diffuseur a travers les parois perforées de la
veine (Fig. 10).

3.2.3. Ecoulement transsonique supérieur et supersonique

Au-dela de Mach 1, de fagon 2 trensférer le col sonique vers le premier col, l'ouverture du second col
continue 2 croltre jusqu'a Mach 1,2 (Fig. 10). Il en résulte ainsi une augmentation de 1'aspiration
auxiliaire du diffuseur supersonique.

Mais par . suite du nouvel emplacement du col sonique, a partir de Mach 1 en théorie, en fait a partir de
Mach 1,1 , A& cauge des écoulements visqueux,les deux bulbes se déplacent alors de leur position amont
vers l'aval de fagon continue (Fig. 9b).

La section de passage offerte au fluide diminue et le col sonique qui prend naissance entre les bulbes

au minimum de section va en diminuant. Le nombre de Mach dans la veine, dont la section demeure constante,
augmente donc continGment jusqu'ad une valeur légerement inférieure a 2,8 qui correspond a la position
extr@me aval des bulbes.

Revenons au second col (Fig.10).




A partir de Mach 1,2 , le diffuseur supersonique de la soufflerie est refermé progressivement au fur et

2 mesure de l'augmentation du nombre de Mach de l'essai, Le Mach dans le diffuseur diminue donc progres-
sivement et la recompression par choc droit a lieu 2 un nombre de Mach beaucoup plus faible que celui de
la veine. La perte de charge par choc droit est donc réduite, ce qui a pour effet d'augmenter le rende-

ment énergétique de la soufflerie.

Vers Mach 1,7/1,8 , les portes auxiliaires sont fermées.
Le fonctionnement en supersonique s'établit. C'est d'ailleurs cet écoulement qui conditionne la grande
longueur ( 12 O9H ) de la section constante du second col. En effet, elle correspond 2 la distance

entre la position du choc de recompression et l'entrée du diffuseur subsonique nécessaire pour stabiliser
la couche limite de paroi apreés l'interaction du syst2me de choc de recompression sur cette dernidre (7).

3.3. Veine d'essais (6, 11)

La veine de section carrée (Fig.l) a pour dimensions effectives aérodynamiques : 0,85 x 0,85 m.
Soit C = H2 = 0,723 m2.

En effet les épaisseurs des couches limites qui se développent sur les parois sont compensées par une
légére divergence longitudinale des parois horizontales. Ces couches limites pariétales jouent d'ailleurs
un rdle auto-régulateur de la veine fluide et contribuent 2 diminuer 1'intensité du blocage (10).

Les parois verticales sont pleines. Les deux parois horizontales comportent des surfaces rectangulaires,
perforées, de perméabilité géométrique égale 2 29,7%, délimitées par deux bandes latérales pleines placées
dans les angles de la veine (Fig.12). Chaque surface rectangulaire est précédée d'un triangle perforé
(perméabilité 14,85 %) dont la pointe est dirigée vers l'amont du courant d'air pour assurer son unifor-
mité.

Les parois ont pour épaisseur 10 mm. Les ‘perforations dont les axes sont normaux aux parois ont un diame-
tre égal a 4,2 mm,

A 1'extérieur des parois perforées et placées dans les caissons étanches qui les entourent se trouvent des
tdles pleines, flexibles et longitudinalement déformables 2 l'aide de trois vérins électriques dont les
courses sont de 60 mm environ (Fig.ll)., Leur déplacement contribue a modifier la perte de charge de 1'é-
coulement auxiliaire qui traverse les parois perforées. Il est ainsi possible de faire varier et contrd-
ler la porosité de ces dernidres, lors des écoulements subsoniques et transsoniques (Fig.ll). A noter que
les porosités des parois supérieure et inférieure peuvent &tre éventuellement modulées de fagon différen-
te, car la mobilité des parois flexibles est indépendante l'une de l'autre.

Les tdles flexibles sont équipées sur la partie interne d'un coussin de caoutchouc mousse qui permet,
lorsqu'elles sont plaquées contre les parois perforées de la veine, de réaliser une veine guidée parfaite
pour les essais en supersonique élevé et aussi en faible subsonique (Fig.ll).

Ainsi grlice 2 son dispositif de parois mobiles, et flexibles, une veine unique permet d'assurer les essais
en écoulement sub/trans/supersonique.

3.4, Mesure des pressions - Détermination expérimentale de la porosité R (11)

3.4.1, Des prises de pression statique sont disposées longitudinalement sur les quatre bandes laté-
rales non perforées des parois horizontales (Fig.l2). Le contr8le du champ des vitesses et des gradients
de pressions longitudinaux, en présence ou non de maquettes, qui se développent dans la veine en fonction
de ses diverses configurations, associées a celles du second col, est ainsi possible (11). Le choix de
1'emplacement de la prise de pression statique p, de référence en a été déduic (11).

3.4.2. En outre, des prises de pression p. sont placées au droit du centre de rotation du modele sur
la face des parois perforées extérieure 2 la veine. La mesure des différences de pression de part et
d'autre de la paroi en présence de la maquette est ainsi aisée. Les parois flexibles peuvent donc &tre
adaptées de fagon a obtenir des différences de pression correspondant aux valeurs théoriques de la poro-
sité R imposée, comme il va &tre montré.

Au préalable un échantillon de paroi perforée du type de celle utilisée dans SIGMA 4 a été étalonné.

Le dispositif expérimental utilisé est reproduit
ci-contre. L'échantillon est caractérisé par A P

un coefficient de perte de charge : n

A L1
K :_é_h = 13 'Vn
J%? vl fo A\

\
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pour des vitesses uniformes vy, comprises entre 6 et 20 m/s.

Maintenant ,Ap =Py~ Pcdésigne la différence de pression entre la veine dans laquelle se tiouve la maquet-
te et le caisson étanche, Par définition, le paramdtre de porosité R :

R = w_
A Pp
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ol Un désigne la composante normale 2 la paroi de la vitesse de 1'écoulement auxiliaire, et V la vites-
se de 1l'écoulement principal de masse spécifique f-

Avec : Kp= —AEL )
f_vl

2

et en admettant que Apn= ApP , i1 vient :

_li_ = .li_ _JE_

Va kp F
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Un exemple de courbesexpérimentalesR = f(Mach) déterminéesen présence de maquettespour une position
fixe des parois flexibles est donné Fig.8. Il confirme le tracé des courbes théoriques R = f(M,), donc
la possibilité d'adapter la porosité des parois perforées a une valeur qui annule les corrections de mo-
ments de tangage, comme il a été expliqué en 2.4,

3.5. Gradients de pression statique longitudinaux

Certaines configurations de la soufflerie introduisent des gradients parasites. Il en est ainsi lorsqu'a
faible Mach, les portes du second col sont ouvertes. La Fig.l3 traduit cet effet en donnant l'évolution

du coefficient de trainée Cp d'une maquette en fonction de My. Ces portes d'ailleurs ne sont ouvertes

que pour des Mach élevés, L'influence du gradient diminue lorsque My crott et l'on sait en tenir compte par
une correction connue (H.Ludwieg Drag corrections in high-speed wind tunnels NACA TM 1163 - Gvttingen 1944).

La Fig.13 montre aussi que lorsque le gradient de pression statique dans la veine avec maquette est nul,
les résultats bruts obtenus sont exempts d'effet de blocage : ils sont confondus avec les résultats
corrigés acquis avec la m@me maquette en présence de parois guidées.

Les nombreuses prises de pressions disposées longitudinalement et relides 2 un multimanomdtre permettent
constamment le contrdle du gradient. L'expérience montre qu'une légére correction de la forme des parties
amont et aval des parois flexibles autour de la position privilégiée qui donne a2 R la valeur nécessaire
pour avoir S 1 = 0 est suffisante pour obtenir un gradient nul.

Cette correction est d'autant plus faible voire négligeable que la porosité R est élevée ( 2> 4) ce qui
est le cas pour la plupart des essais. On aboutit ainsi 2 donner aux parois flexibles le profil reproduit
sur la Fig.ll, imposé par l'action des vérins, fonction des pressions statiques.

4. ORDINATEUR/SOUFFLERIE - RESULTATS OBTENUS
4.1, Soufflerie SIGMA 4  (12)

La soufflerie SIGMA 4 est pilotée par son propre ordinateur, Télémécanique T 1600, pendant toute la durée
d'un essai 2 partir du moment oti 1'ordre lui en est donné (Fig.l4).

Au cours d'uu essai en régime continu, n - 1 paramétres de soufflerie sont tenus constants. L'ordinateur
assure la double fonction d'une part, de faire varier réguliérement, suivant une loi programmée, le ni2me
paramétre qui peut &tre l'incidence ou le Mach selon le mode d'utilisation de la soufflerie et d'autre
part, de mettre en oeuvre en "temps réel" l'acquisition de signaux émis par les appareillages de mesure
au cours de la variation du ni2me parametre (12),

L'ordinateur posséde aussi des lignes de sorties qui permettent des commandes diverses numériques ou ana-
logiques. La conjugaison acquisition/commandes donne 2 l'ordinateur des fonctions de régulation. Il en est
ainsi de celle du Mach en écoulement subsonique (Fig.15).

En effet, dans ce cas, la vitesse dans la veine dépend du rapport de la section fluide de cette dernidre
a2 celle du second col sonique.

Pour une méme position des parois de ce col, la vitesse obtenue dépend donc de la taille de la maquette,

ainsi que de son incidence ou de son angle de dérapage. Comme ces angles varient au cours d'une rafale,

1'ordinateur rattrape les écarts en Mach 2 partir des acquisitions de la pression statique de la veine en

modifiant 1'écartement des parois mobiles du second col. Cette régulation fournit une stabilisation :
AM =+ 0,001,

Un essai réalisé a2 My = 0,5 , avec une maquette d'avion AMDBA, dans les conditions qui viennent d'@tre
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décrites, en s'imposant une valeur de la porosité R destinée & annuler les corrections de moments de tan-
gage, a donné les résultats présentés Fig.16. La durée de l'essai qui comporte l'acquisition des données
dépend du Mach. En effet la vitesse de déroulement d'incidence X ° est donnée par la loi établie expé-
rimentalement

Ax°/s = 0,375 + 0,75 . |Mp ~ 1),

soit pour My = 0,5 : A™x°/s = 0°,75/seconde. i

Pour diminuer le temps de rafale, le dépouillement, qui tient compte des effets du dard et des pressions
de culot, n'intervient qu'aprés l'essai. Dépouillement et tracé des courbes représentatives des résultats

demandent environ 11 secondes/degré.

La précision de la chaine de mesure est de + 1 bit soit environ 6.10-5 de la pleine échelle et pour une
cadence de 50.000 points/seconde (50 K hertz).

4.2. Remarques

L'introduction des ordinateurs dans les essais aérodynamiques, associés aux chaines de mesures est récen-
te et liée aux progres réalisés dans leurs performances., Leur utilisation dans les souffleries 2 grande
vitesse munies de parois ventilées devint opérationnelle vers 1967 aussi bien a 1'IAT St-Cyr qui utilisait
alors un ordinateur C.I.1.90.10 (12,13) qu'a 1'0.N.E.R.A. (Modane) - (13,14) - Le but recherché était
d'acquérir les données et de dépouiller les résultats en temps réel, sans se préoccuper de l'effet des
parois supposé négligeable. Il est vrai qu'a cette époque, le probléme de la connaissance théorique de
l'effet des parois ventilées était loin d'@tre résolu,

4.3, Souffleries basse vitesse

4.3.1. Cette technique d'essais fut appliquée aux souffleries basse vitesse généralement équipées de
veines guidées ou libres. Mais, grlce a l'ordinateur, un programme complet de corrections de parois put
enfin &tre appliqué, pour la premiére fois, en France, aux résultats donnés par la veine guidée (de sec- J
tion circulaire : @ = 4,25 m) de la Soufflerie S5 du Centre d'Essais Aéronautiques de Toulouse, en 1967
(15).

Des résultats acquis et dépouillés dans ces conditions, & 40 m/s, sont reproduits Fig.l16. Les maquettes 1
essayées a S5 Toulouse et 2 SIGMA 4, représentatives d'un méme avion, ne différent que par leurs échelles. 3

Les valeurs corrigées des coefficients Cy , Cp , Cy en fonction de l'incidence corrigée ainsi que le tra-
cé des courbes sont obtenues 2 partir de l'ordinateur I.B.M. 370-135 en 6 minutes dans le cas ol quarante
points d'incidence sont imposés.

4.3.2. La soufflerie basse vitesse A.M.D.B.A., de Vélizy, qui s'intéressa aux dépouillements auto-
matiques et aux ordinateurs, dés 1959 (Bull, Electromécanique, EMD 848), fut refondue en 1974/75 tout en
congervant sa veine rectangulaire (3,80 x 3,10 m) semi-guidée par plancher et plafond dans laquelle les
effets de parois sont négligeables (16 et 17). En fait, une excellente qualité d'écoulement du courant
d'air fut recherchée et obtenue en vue de son utilisation en liaison avec un ordinateur TEXAS 980A qui
pilote entiérement l'essai au cours duquel les dépouillements sont effectués et la vitesse de variation
continue de 1'incidence est de l'ordre de 0°,20/s. A la fin de 1'essai, les coefficients Cp , Cp , Cy
sont fournis en fonction de l'incidence sous forme de tableaux de chiffres et les courbes correspondantes
tracées en 4 minutes pour une variation totale d'incidence égale a 30°.

La Fig.16 donne les résultats obtenus dans ces conditions d'essais avec la maquette déja soufflée a S5
Toulouse,

5. CONCLUSIONS

5.1. La soufflerie Sigma &4 (IAT St Cyr), dont le Mach varie de fagon continue de 0,4 a 2,8, a été
décrite. Son tunnel aérodynamique se présente sous la forme d'une tuydre 2 deux cols réglables placés en
amont et en aval de la veine d'essais de section carrée (0,85 x 0,85 m). Chacune de ces trois parties
est mobile ou possdéde des éléments mobiles.

CETTE SOUFFLERIE RESPIRE .....

En particulier, les parois horizontales perforées de la veine sont 2 poro- j
sité adaptable gréce au déplacement de parois flexibles placées dans les caissons étanches, Une veine
unique permet donc les essais en écoulements sub/trans/supersonique. En régime subsonique ou tranasonique,
la mesure du facteur de porosité est possible tout au long d'un essai en présence de la maquette.

5.2. En écoulement sub/transsonique, une méthode a été proposée qui & pour but d'annuler les effets
des parois sur les moments de tangage en adaptant leur porosité 2 une valeur théorique imposée par le
calcul numérique des corrections (V,L.M.).

La Vortex Lattice Method tient compte de la géométrie réelle de la veine. Celle de la maquette intervient
par 1'envergure et la fldche de 1'aile ainsi que par sa longueur de queue. La porosité dépend des dimen-
sions du modéle et croit evec sa taille.
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L'adaptation de la porosité associée 2 des procédés expérimentaux - tels que la réalisation de gradients
de pression statique longitudinaux nuls dans la veine avec maquette - conduit & obtenir des résultats
d'essais pratiquement exempts d'effets de parois.

5.3. Comme Sigma 4 posséde de nombreux éléments mobiles ou adaptables, un ordinateur propre 2 la souf-
flerie est indispensable pour la piloter en temps réel : soit pour figer dans une position optimale cha-
cune des parties de sa tuylre, soit pour faire varier de fagon continue cette position correspondant 2
1’essai en cours. Cette association ordinateur/soufflerie est effective depuis plusieurs années.

Ainsi de fagon continue, en temps réel, l'ordinateur commande soit la variation du Mach, soit la position
angulaire de la maquette et permet l’acquisition des données. Il commande aussi les vérins, des scani-
valves ... Par combinaison des acquisitions et des commandes, il assure aussi des fonctions de régulation,
telle que celle de la pression cinétique, par exemple, en écoulement inférieur a2 Mach 1.

En outre, il permet également, en temps réel, le dépouillement et le tracé des courbes représentatives
des résultats avec une trés grande précision.

5.4. Des résultats obtenus dans ces conditions avec une maquette d'avion A.M.D.B.A., a Mach = 0,5, ont
été présentés, Pour un débattement d'incidence égal 2 20°, la durée de 1'essai est inférieure 2 30 secon-
des. Dépouillement et tracé des courbes demandent moins de quatre minutes.

Ces résultats ont été comparés 2 ceux obtenus dans des souffleries basse vitesse qui font également appel
a2 l'ordinateur, On peut remarquer leur grande homogénéité.

La soufflerie basse vitesse A.M.D.B.A. (40 m/s - 3,80 x 3,10 m), de Vélizy, dont la technique s'inspire
de celle de Sigma 4, est pilotée par son propre ordinateur. Pour un débattement d'incidence de 20°,
1'essai au cours duquel se font les dépouillements, dure un peu plus d'une minute. Tableaux de chiffres
et courbes tracées sont fournis en moins de quatre minutes aprés la fin de l'essai.

5.5. En conclusion, il faut souligner le rdle de plus en plus important imparti 2 1l'ordinateur qui est
maintenant devenu indispensable 2 la soufflerie. D'abord pour calculer de fagon réaliste, grdce 2 la mé-
thode des singularités , les contraintes de parois. Ensuite pour la piloter et en assurer les fonctions
annexes, en temps réel,

L'ordinateur ne peut plus &tre considéré comme son auxiliaire, mais doit faire corps avec celle-ci.

Aussi bien dans la modernisation d'une soufflerie existante que dans la conception future d'un laboratoire
d'essais, il faut penser ensemble ordinateur/soufflerie, associés dans leurs actions réciproques.

Cette action réciproque appelle deux remarques :

i) L'intégration du personnel de la soufflerie doit &tre totale. Dans le cadre d'une modernisation,
les expérimentateurs doivent &tre 3 méme de définir les caractéristiques des ordinateurs, en liaison
avec les chaines de mesures, dont ils ont besoin. Inversement, le personnel qui a la charge des ordi-
nateurs doit posséder des connaissances d'aérodynamique expérimentale étendues pour satisfaire des
impératifs précis. Les ingénieurs responsables de Sigma 4 et de la soufflerie A.M.D.B.A. répondent

2 ces criteéres. Leur intervention est alors immédiate dans le cas - fort rare - ou l'ordinateur tombe
en panne et arréte totalement ou partiellement le fonctionnement de la soufflerie.

ii) En prévision de cette panne, on peut doter la soufflerie d'un second ordinateur de secours. C'est
ainsi que Sigma 4 équipée maintenant d'un Télémécanique T 1600 a conservé son précédent ordinateur
C.I.1.90-10 en ordre de marche. Il est possible encore d'envisager de relier la soufflerie & un autre
ordinateur du centre dans lequel elle est implantée,.

Quoiqu'il en soit, la taille de 1l'ordinateur propre 2 la soufflerie sera modérée et son prix aussi bien 2
1'achat qu'en exploitation sera inférieur 2 celui d'un grand centre de calculs d'ailleurs d'un emploi
beaucoup moins souple.
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Pour la rédaction de cet exposé, nous avons été grandement aidés par MM. J.MAS et F.REBMANN, ingénieurs
IAT St-Cyr, et M. H.GIRARD, ingénieur AMD-BA.
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AUTOMATIC CONTROL OF A TRANSONIC WIND TUNNEL
WITH A REAL-TIME COMPUTER SYSTEM*

by
J. A. Gunn and J. P. Christopher, Jr.
ARO, Inc.
Arnold Engineering Development Center
Arnold Air Force Station, Tennessee 37389

SUMMARY

The Aerodynamic Wind Tunnel (4T) Real-Time Control and Display System is a computerized system which has
increased the productivity of the Tunnel 4T tests by providing real-time displays of test conditions, test condition
monitoring, and automatic control. The system is built around a Digital Equipment Corporation PDP 8/E minicom-
puter which has a 16K word memory and a hardware floating point processor. The system uses standard tunnel mea-
surements to calculate stream and plant parameters. The program, which is written in the FORTRAN IV language,
is executed three times per second. Computer-driven video displays provide tunnel operators and other contro! room
personnel with test conditions such a. sach number, Reynolds number, and dynamic pressure. The real-time sys-
tem monitors all test parameters, continually checks to determine if test conditions are as requested, and informs
the operators of the current plant and test conditions status via the status panel. The real-time system automatically
controls the test section wall porosity, ejector flaps, wall angle, the tunnel stagnation pressure for most conditions,
and the Mach number in the range from 0.2 to 0.9. In the future, the system will provide automatic Mach number and
pressure level control for the full range of 4T operations. The system is also capable of keeping tunriel operating
records which can be used to determine tunnel productivity.

1.0 INTRODUCTION

During the past four years the price of minicomputers suitable for wind tunnel automatic control systems has
steadily decreased while the unit cost of electrical energy required for wind tunnel operation has doubled. This situa-
tion has generated a strong economic inducement to increase wind tunnel productivity by making capital expenditures
for control computers in order to offset higher wind tunnel direct-operating costs. A minicomputer is now being used
in Tunnel 4T to increase productivity by providing test conditions displays, monitoring and displaying the test condi-
tion status, and automatically controlling test parameters. The Tunnel 4T Real-Time Control and Display System
(RTCDS) has increased productivity for all types of testing while also improving test data quality. This paper de-
scribes the Tunnel 4T RTCDS, the factors considered in the system design, and the productivity and data-quality
gains obtained from the system.

2.0 TUNNEL 4T

Tunnel 4T is a 4-ft closed-loop, continuous-flow, transonic wind tunnel which has a usable continuous Mach
number range from 0. 10 to 1.3. In addition, Mach numbers 1. 6 and 2. 0 can be obtained by the use of nozzle inserts.
Tunnel stagnation preseure can be varied from 0. 075 to 1. 6 atm, and the stagnation temperature can be controlled to
a limited extent between approximately 25 to 55°C.

Tunnel 4T is normaliy powered by the second in-
crement of the Propulsion Wind Tunnel Facility (PWT)
Plenum Evacuation System (FES). The general ar-
rangement of the Tunnel 4T ducting is illustrated in PLENUM DUCT —
Fig. 1. Mach number in the subsonic range is set by :
adjusting the pressure ratio across the test region and
the movable side wall ejector-flap region located just
downstream of the test region. Supersonic Mach num-
bers are generated by control of auxiliary plenum suc-
tion rate.

The Tunnel 4T wall characteristics can be altered
by changes in wall angle or wall porosity. The top and
bottom test section walls may be converged or diverged
by 0.5 deg. The variable wall porosity feature of Tun~ 2
nel 4T is obtained by utilizing a sliding cutoff plate be- & w'gfrpl',‘s‘g \
hind the airside plate. The wall porosity, which can be
changed during testing, ranges from 0 to 10 percent
open area on each wall.

Figure 1 Tunnel 4T General Arrangement

*The research reported herein was conducted by the Arnold Engineering Development Center, Air Force Sys-
tems Command. Research results were obtained by personnel of ARO, Inc., contract operator at AEDC. Further
reproduction is authorized to satisfy needs of the U. S. Government.
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3.0 OBJECTIVES

The general design philosophy for the Tunnel 4T RTCDS was to use the computer to the greatest extent possible.
This included providing displays of all test condition parameters, making every reasonable check on the test status,
and eliminating manual operations.

The primary objective of the Tunnel 4T RTCDS effort is to increase productivity by increasing the ratio of "on-
conditions' time to "air-on' time, i.e., decrease the nonproductive air-on time. This increase in productivity has
the effect of reducing the total tunnel energy consumption if the annual number of on-conditions hours are held con-
stant or to increase the data output if the annual number of air-on hours is maintained. In either case the net result
is to reduce the energy consumed per data point. It was also an objective of the RTCDS design to improve data qual-
ity by maintaining a consistent operational procedure and by reducing the deviation in test conditions.

The system was designed (1) to establish test conditions as soon as possible after bringing the tunnel air on,
(2) to maintain Mach number during model attitude excursion, and (3) to move rapidly from one test condition require-
ment to the next.

4.0 COMPUTER HARDWARE

The Tunnel 4T Real-Time Control and Display System is built around the Digital Equipment Corporation (DEC)
PDP 8/E minicomputer. The system is illustrated in Fig. 2. The minicomputer includes a central processor,
16, 384-12 bit words of core memory, input/output interfaces, and a floating-point processor. The memory is ex-
pandable to 32K words. The input/output interfaces include digital input channel, analog to digital (A/D) converters,
digital output channels, and digital to analog (D/A) converters. The floating-point processor (FPP) in combination
with the central processor unit (CPU) gives the computer a dual-processor capability. Since the FPP makes floating-
point calculations with hardware rather than software, the computational speed of the computer is approximately 10
times faster with the FPP.

i o e e I 7 o St I Sl e e Iy
-
: SWITCH INPUTS AND COMPUTER DRIVEN DISPLAYS =

|
aT Console | [4T Consol 3 '
: % g}:‘t’a |n8{}?§’ o Blsplay . Mon’“ors |
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e e e < e e i e e — o i)
it i e
________ 2 St PDP 8IE | CRT |
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Figure 2 The Tunnel 4T Real Time Control and Display System Computer

Computer peripheral equipment includes a cathode ray tube (CRT) display driver, a teleprinter, a high-speed
paper-tape reader, and a magnetic tape (DEC tape) unit. The CRT driver provides video displays on closed-circuit
television (CCTV) monitors. Commands to the computer operating system are given through the teleprinter which
also includes a low-speed paper-tape punch and reader, Programs are loaded into the computer through the dual -
drive DEC tape unit which is also the computer system device.

4,1 Computer Inputs and Outputs

Inputs for the 4T RTCDS are obtained from the standard tunnel instrumentation and position drive systems and
from special valve position devices required for the automatic controls. The process inputs are the temperature and

m
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pressures required to calculate stream parameters. The position digitizers provide test section wall angle, wall
porosity, and diffuser flap position. Switches and constants boxes on the tunnel control room operating console are
manually set to provide the computer with the desired Mach number and stagnation pressure or Reynolds number.
Computer outputs include switch closures and analog signals in addition to the CCTV displays. Through switch clo-
sures the computer activates light-emitting diode displays, incandescent status lights, and relays which energize
electric drive motors. Computer-generated analog signals (voltage) are used to provide setpoints for servo-
controlled valves.

4.2 Software

Computer system software was purchased as a package from the manufacturer. This included both the pro-
grams needed to operate the peripherals and a FORTRAN IV language. Some machine language routines, primarily
handlers, were developed to expand the FORTRAN IV capabilities.

5.0 TUNNEL 4T RTCDS OPERATION

Figure 3 illustrates the relationship between the three components of the Tunnel 4T operation: the tunnel,
which includes the operating machinery; the computer and associated peripheral equipment; and the tunnel operating
personnel. Data from the tunnel instrumentation and test condition requirements from the operators are connected to
an input interface peripheral. Computer output peripherals operate analog signals, switch closures, and CCTV dis-
plays. Once the program is loaded and started it is locked in an endless real-time loop which is executed three times
per second. During each pass the program reads the input; makes calculations of test corditions, control, and logi-
cal parameters; and controls the output peripherals.

PRESSURES OFF/ON RELAYS
(POROSITIES, WALL ANGLE)
TEMPERATURES —
POSITIONS VALVE CONTROL
(MACH NO., PRESSURE)
INPUT OUTPUT
PERIPHERALS PERIPHERALS

DATA DIA

CONVERTERS [VOLTAGE
INTERFACE COMPUTER
SwiTc—HMOTORS
CLOSURES
LIGHTS
PERIPHERAL PERI PHERAL
CONTROL CONTROL
VISUAL v
o — o — — >——
DESIRED TUNNEL LINK | MONITORS
OPERATORS AUDIO/
TEST CONDITIONS Vllllsillm STATUS
- —— — —|  PANEL

LINK
Figure 3 The Tunnel 4T Real Time Control and Display System

5.1 System Development

The Tunnel 4T RTCDS was developed in three phases as is illustrated in Fig. 4, The first phase was to provide
the tunnel operators and others with a display of test conditions in engineering units using the CCTV monitors. In
Phase II, the constant box and switch inputs from the tunnel operator were added along with the computer-driven light
panel to indicate the tunnel status. The final phase, which is still in progress, includes development of the hardware
and software for complete automatic control of test conditions.

5.2 Test Conditions Display

The test condition displays using remote CCTV monitors are provided for the tunnel operators and for personnel
in any test or operation area which will benefit from the displays. Mach number, Reynolds number, dynamic pres-
sure, other test parameters, time of day, and time-on conditions (a bookkeeping parameter) are displayed on the
CCTV monitor (Fig. 5). The CRT display is updated once each second.

The test conditions displays have improved Tunnel 4T data quality and productivity by allowing the tunnel oper-
ators to set test conditions with the actual control parameters rather than with displays of parameters which are
functionally related to the controlled parameter. In addition, the CCTV displays unified the 4T operations and re-
duced communication requirements. Improvement in the consistency of test conditions and data quality were intangible
benefits of the engineering unit displays. [t is estimated that the computer-driven displays increased the Tunnel 4T
productivity by 7 to 10 percent.
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5.3 Test Conditions Monitoring

One of the most difficult and time-consuming tasks for
tunnel operators is to determine when the tunnel is on test con-
ditions. Normal operation requires that i4 parameters be with-
in specified tolera..ces. Test conditions monitoring, i. e.,
having the computer assume the task of determining when the
tunnel is ""on conditions' and testing can begin, significantly
improved the 4T operations. In the past, the on-conditions de-
cision was made by the tunnel operator and the time required
to reach the decision was subject to wide variation, depending
on the tunnel operator's experience. The computer now moni-
tors all test conditions and determines logically from pre-
selected tolerances whether or not the tunnel is on tes. condi-
tions.

B ——

Operators are informed of the test conditions status by a
computer-driven display of lights, as shown in Fig. 6, and by
audible tones. Status checks are made on tunnel configurations,
instrumentation, and test conditions. An in-limit parameter
will have a green light, whereas an out-of-limit parameter will
be signified with a red light. Checks can be deleted by over-
ride switches on the status panel and an override is denoted
with a white display light. Checks are made on the four wall
porosities, and the two diffuser flap positions, wall angle, pri-
mary instrumentation agreement, wall porosity schedule, tun-
nel pressure ratio, Mach number, and stagnation pressure
level. When all of the individual parameters are in limits the
on-conditions light is switched to green and a momentary
audible tone is sounded. If a parameter exceeds tolerances
during testing the on-conditions light is switched to red and a
different audible tone is sounded to attract the tunnel oper-
ator's attention. Initiation of the computer monitoring of test
conditions has increased the Tunnel 4T productivity by an esti-
mated five percent.

5.4 Automatic Controls

6 & i 4
Computer controls for the tunnel fall into two categories: EASRES S Tn Doy

position controls and process controls. The relative location

of the controlled variables are shown in Fig. 7. In the test region, seven parameters - the four wall porosities, the
two diffuser flaps, and the wall angle - are controlled as a function of the set point Mach number. Downstream of the
test region, Valve 92 and the vernier Valve 92A are used to set Mach number in the subsonic range. Valve 93 is used
to adjust plenum suction for supersonic Mach number control. Pressure level control for most conditions is con-
trolled with Valve 8Q which is both an in-draft and blowoff valve. Valve 65 is used to control pressure level at some
conditions.

The positioning of the four wall porosities and the wall angle is done through an adaptive bump control technique.
Large moves are made by closing the drive motor contacts and driving toward the desired position. The motor relays
are opened at a point which will allow the controlled parameter to coast to the controlled position. Small adjustments
which arise from overshoot, undershoot, or drift are made by bumping the motor relays for a calculated time interval
proportional to the error. The adaptive bump procedure is not required for diffuser flap control because flap posi-
tioning is not critical. The process controls of Mach number and stagnation pressure are not presently complete;
however, the system automatically maintains Mach number between 0. 2 to 0.9 and pressure level for most conditions.
As more inputs are connected to the computer, the automatic controls will be extended for all Mach numbers and
pressure levels. Automatic controls have increased productivity by an estimated 10 percent.

The Tunnel 4T automatic process controls utilize the proportional plus integral plus deviation (PID) control
algorithm. The general form of the PID control equation (Ref. 1) is

t
m(t) = K¢ |e(t) + L femdtsTy gefy) ] +mr
T dt

where m(t) = output signal to the control valve
mr = reference value at which control action is initialized
e(t) = error signal
t = time
K¢ = controller gain
Tj = integral constant
T4 = derivative constant




The computer implementation employs the discrete form of this PID control equation. The critical phase of control
implementation is controller tuning, i.e., the selection of the controller constants, K¢, Tj, and T4, which gives the
response which most nearly satisfies the desired control criteria.
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Figure 7 Ducting and Valves Used in the Operation of Tunnel 4T

5.5 Record Keeping

In addition to productivity gains through automation, the Tunnel 4T RTCDS has the potential for generating oper-
ating records which can be used as a management tool. These records can be used to pinpoint areas of low produc-
tivity and to improve the accuracy of required test time estimates. The real-time program now provides accounting
of the time on test conditions, and this parameter is presently being used as one factor in the evaluation of test per-
formance.

6.0 HUMAN FACTORS IN SYSTEM DESIGN

The interface between the tunnel console operator and the computer have been of prime concern throughout this
project. Emphasis was placed on reducing the operators' present manual workload without adding extra buttons to
push or sequences to remember during automatic operation. Since the computer was being integrated into an existing
system, efforts were made to keep the operation in its natural state. As the system was developed, the computer be-
gan doing jobs that were a part of the manual operations. This eliminated operator retraining and enhanced operator
acceptance of the system. Every attempt was made to keep operator confidence in the system by thoroughly checking
out new features before making them a part of the system.
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RESUME

Des études paramétriques sur ordinateur,
utilisant les programmes de calcul des coeffi-
cients de correction de parois en veine transso-
nique a parois perforées, permettent de définir
des conditions optimales d'emploi des veines
existantes associées a des tailles de maquettes
telles que les corrections de parois soient

igligeables.

En écoulement tridimeasionnel les para-
métres considérés sont : les rapports entre hau-
teur et largeur de veine, envergure de maquette
et largeur de veine, la fléche de voilure et la
porosité, supposée uniforme et égale, des deux
parois horizontales de la veine. Des régles de
schématisation des maquettes sont précisées pour
les coefficients de correction de portance. Des
recommandations de dimensionnement de maquettes
sont formulées pour obtenir des corrections tolé-
rables. Une veine optimale associée a une taille
de maquette peut 2tre définie en transsonique
pour s'affranchir des corrections de parois
alors négligeables.

En écoulement bidimensionnel, 1l'intro-
duction d'un paramétre supplémentaire : la dif-
férence de porosité des deux parois, conduit a
la définition d'une veine optimale. Une telle
veine, a paroi basse pleine et A porosité de
paroi haute faible permet de négliger les
corrections de parois dans des domaines corde-
épaisseur relative qui sont précisés.

MINIMIZING WALL INTERFERENCE IN CONVENTIONAL
TRANSONIC TEST SECTIONS BY USING COMPUTER
PARAMETRIC STUDIES

Parametric studies by computer, using the
programmes for the calculation of the wall interfe-
rence by the analytic method, for perforated wall
transonic test sections, allow the determination
of using of present test sections, with associated
model sizing, so that the wall constraints can be
negligible,

For tridimensional flow, the following
parameters are investigated : test section height/
width ratio, model span/test section width ratio,
wing sweep and horizontal wall porosity ; this
porosity is assumed to be uniform and the same
for floor and ceiling, The model schématization
rules, necessary and sufficient to calculate the
1ift interference coefficients, are given., Model
sizing can be recommended to obtain reasonably
low correction, An optimal test section, with
an associated model size, can be determined to
neglect the lift and drag interferences.

For two dimensional flow, an additional
parameter, due to distinct porosities for floor
and ceiling, allows the definition of an optimal
test section., Such a section with closed floor,
and slightly porous ceiling allows the neglecting
of the wall constraints, in a domain of chord and
relative thickness which is given.

NOTATIONS

largeur de veine

corde d'un profil

AR allongement
b
(

(¢]

corde aérodynamique moyenne

Cn corde de référence

(: section de veine

C:]> coefficient de trainée

(:L coefficient de portance

(:hﬂ coefficient de moment de tangage

CL“ gradient de portance

H hauteur de veine
ku_ coefficient caractéristique d'un profil
hv facteur de volume apparent

lg distance du point a 25 % € au point a 25 %
de la corde moyenne d'empennage

25 distance du centrage au point a 50 % de la
corde moyenne d'empennage

)1 nombre de Mach

isans indice : variable intermédiaire
avec indice : pression dynamique

facteur de porosité Q= 1/(14—(5/,?.)
paramétre de porosité

demi-envergure

vitesse de perturbation axiale

vitesse A& 1'infini amont

Q
R
S
fs surface de référence
we
oo
v

volume de maquette
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vitesse de perturbation verticale
abscisse (origine 2 25 % de ¢ ou € )

distance entre centre de réduction des ei-
forts et point a 25 % de €

abscisse réduite X = Z’C/eb
incidence

- Va-m2

circulation

coefficient de correction de portance

coefficient de correction de courbure de
champ

correction d'incidence

AM correction de Mach
€ = Wi /Uy
A : H/B
J\ fladche a 25 7 de profondeur des cordes de
l'aile
T = 2s/B

coefficient de blocage de volume apparent

potentiel

= TgA

O €

coefficient de correction de blocage

Indices relatifs a

aile
terme corrigé des effets de blocage

paroi basse

o p o b

terme corrigé des effets de blocage et
de portance

décollement
empennage
paroi haute
correction de portance
/
mesure
blocage de volume
non corrigé des effets de parois

blocage de sillage

dérivée par rapport a X
coefficient moyen de correction(intégré en
envergure)

i T E® 3 rE 60
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INTRODUCTION

Les résultats bruts d'essais de maquettes
en soufflerie, aprés corrections inhérentes a la
qualité de l'écoulement de la veine vide (ascendance
de veine, gradient longitudinal de pression stati-
que) doivent Btre corrigés des interactions en-
trainées par la présence des parois. Ces correc-
tions ont pour but de rétablir, en grandeur et
direction, les vitesses modifiées par la présence
des parois de manidre a déterminer leur champ
autour de la maquette, comme si celle-ci était
placée dans un écoulement en atmosphére illimitée.
Le but de telles corrections n'est pas de donner des
résultats identiques a ceux du vol, par suite des
différences de nombres de Reynolds, mais de rendre
homogénes les résultats de souffleries obtenus 2
partir de maquettes d'un m@me avion réalisées a
différentes échelles et essayées dans des veines
différentes par la forme et le type de ventilation
des parois (1]

Depuis les premiers calculs de correction
datant de 1919 (2] , pour des veines guidées,
ouvertes ou semi-guidées de nombreuses formules (3
A] ont été successivement fournies pour ce type
de veines avec des schématisations de plus en plus
raffinées des maquettes et pour des formes variées
de section d'essais. L'utilisation de veines
transsoniques 2 parois ventilées (parois perforées
ou a fentes) conduisit en 1950 [5] puis 1954 (6]
a généraliser les conditions limites au cas des
parois ventilées. Aprés des calculs fragmentaires
[3) de certains coefficients de correction et
des schématisations d'envergure finie [7] des
formulaires furent établis en 1969 (8 , 9 , 10])
a4 1'aide de la méthode analytique des petites per-
turbations pour la totalité des coefficients
obtenus avec des schématisations de maquettes par
singularité uniques en veines circulaires et rec-
tangulaires a 2 ou 4 parois perforées. Les méthodes
analytiques de calcul des coefficients de parois
développées depuis 1973 sont examinées au paragra-
phe 1.1, En 1967 [11) une méthode plus universelle
dite méthode des petits pavés (vortex lattice me-
thod) fut proposée en veine guidée puis généralisée
en 1972 (12) au cas des parois ventilées. Cette
méthode a été particulidrement développée par AMD.BA
pour juger, a priori, de 1'influence de la
forme des sections de veine et de la répartition
des ventilations.

Dans 1'état actuel des parois ventilées
des souffleries transsoniques et des dimensions
couramment utilisées de maquettes en essais indus-
triels, les méthodes de calcul théorique des coef-
ficients de correction et de déte.mination expéri-
mentale de la perméabilité aérodynamique moyenne
des parois (13] , malgré certaines hypotheéses
simplificatrices wutilisées, ont été portées a
un stade de développement satisfaisant en ce sens
que les erreurs commises sur les corrections
n'excédent pas les dispersions de mesures,

A ce jour, il n'apparait pas que toutes
les possibilités des souffleries existantes aient
été mises 2 profit, Le propos de cette note est
de montrer que, par des études paramétriques sur
ordinateur, il est possible non seulement d'énoncer
des recommandations pour dimensionner les maquettes
en soufflerie de telle sorte que les corrections
de parois puissent 2tre appliquées avec confiance,
mais encore de définir des conditions optimales
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d'emploi des veines d'essais, associées A des
dimensions de maquettes, selon leur type, de fagon
3 ce que les corrections soient faibles ou négli-
geables.

Sans vouloir prétendre 2 un écoulement
autour de la maquette strictement équivalent 2
celui régnant en atmosphére illimitée, ainsi que
de nouveaux concepts de parois le proposent [14,
15, 16 , 17], il est proposé de rechercher des
conditions d'utilisation des veines d'essais en
service adaptées 2 un point moyen d'un programme
d'essais de manidre a ce que pour l'ensemble du
programme les corrections de parcis puissent 2tre
considérées comme faibles ou négligeables vis 2a
vis des dispersions de mesure, Cette adaptaiion
ou "conformation" de la veine A un point particu-
lier d'utilisation doit 2tre bien distingiée de
1'"auto adaptation" des parois qui prétend a
1'annulation stricte de toutes les corrections en
nécessitant un remaniement profond des parois. Il
s'agit donc ici de 1'utilisation la plus ration-
nelle possible des concepts classiques de souffle-
ries 2 parois perforées.

Par la suite une veine sera appelée
"idéale" si elle permet l'annulation des correc-
tions de parois au sens global de ces corrections ;
une veine sera appelée "optimale" si elle permet
de rendre les corrections de parois négligeables
c'est 2 dire si les corrections sont du meme ordre
de grandeur que les dispersions de mesure.

1 - SCHEMATISATION DES MAQUETTES EN ECOULEMENT
TRIDIMENSIONNEL

1.1 - Méthode analytique des petites perturbations

La méthode analytique des petites percur-
bations a été particuliérement développée a 1' ONERA
car spécialement adaptée au cas des souffleries
transsoniques industrielles de Modane dont les
veines,de forme rectangulaire,possédent deux parois
horizontales perforées, Cette méthode consiste 2a
rechercher une formulation mathématique directe des
coefficients de correction de parois.

Le calcul des coefficients de corrections
est basé sur la détermination du potentiel Pi des
vitesses complémentaires induites par la présence
des parois. Ce potentiel “Pi est déduit, d'une
part du potentiel Wm des vitesses de 1'écoule-
ment régnant autour de la maquette en atmosphére
illimitée, d'autre part des conditions aux limites
imposées par les parois de la veine. La perméabi-
lité des parois est supposée constante et égale de
1'infini amont A 1'infini aval. Les dérivées du
potentiel de perturbation % par rapport a

x,4:3% sont les vitesses de perturbations
axiales W({ , transversales V. et verticales

W¢ . Les vitesses de perturbations transver-
sales trés petites sont négligées.

Dans le cas de veine possédent des parois
verticales pleines, la méthode des images remplace
la condition limite sur ces parois. Des transfor-
mées de FOURIER sont nécessaires pour tenir compte
des conditions aux limites sur les parois horizon-
tales. En prenant une condition de vitesse nulle,
et non de potentiel nul, a 1'infini aval, les
transformées de FOURIER effectuées sur les vitesses
(18) permettent de Jever les paradoxes de dis-
continuité des corrections de blocage de sillage en
veine guidée [19) et de portance en parois hori-
zonteles ouvertes, Ces discontinuités apparaissent
alors comme des limites de fonctions lorsque x
tend vers = 00 .

Lorsque la veine possdde un plan horizon-
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tal de symétrie, c'est 2 dire que les perméabilités
des deux parois sont égales, les corrections appli-
quées aux maquettes, calculées dans le plan de
symétrie de la veine ( % nul) sont simplifiées

- les viresses axiales de pertubation W(g , Wiy
ne sont dues qu'aux singularités utilisées pour
schématiser le volume apparent et le sillage de
la maquette qui conduisent aux corrections de
blocage de volume et de sillage

- les vitesses verticales de perturbations W,
ne dépendent que des singularités représentant
la surface portante de la maquette qui condui-
sent aux corrections dites de portance.

Les vitesses de perturbation ( "nt pré-
sentées sous fovwe de coefficients sans dimensions

- les vitesses axiales normées a celles obtenues
au centre maquette ( 2 nul) en veine guidée
donnent les coefficients de corrections de blo-
cage

Uig,, ()

SISW (x) «

" “‘@wclo)

- la vitesse verticale normée a C/CLS
donne le coefficient de correction de portance

§lx,y)= Y C
Vs ©€3,5

et le coefficient moyen de cette correction est

Six) = _;_/s d(x,y) dy

Les formules de Sls % Sl et S
sont données en annexe 1. Ces coefficients sont
calculés une fois pour toute en fonction des pa-
ramdtres définissant la veine d'essais ( X , Q
et A ) et la maquette ( T, /A ). Des tables
complétes de coefficients ont été ainsi établies
dans le cas de maquettes complétes et demi-maquettes
3 la paroi en fonction de leurs envergures et fle-
che pour les souffleries transsoniques industriel-
les de Modane en fonction de la perméabilité des
parois.

En principe il n'existe pas de limita-
tions dans l'emplui de la méthode analytique mais
elle risque de conduire a& des formules compliquées
nécessitant 1'emploi de fonctions spéciales. Tel
est le cas de répartitions elliptiques de portance
en veines rectangulaires conduisant 3 des intégrales
elliptiques, ou le cas des veines circulaires
conduisant a des fonctions modifiées de BESSEL d'or-
dre élevé., Ceci ne constitue pas un handicap
sérieux, car les coeflicients sont calculée une
fois pour toutes, donc les durées de calcul sur or-
dinateur seront amorties par l'utilisation des ta-
bles des coefficients de correction. Il n'en reste
pas moins vrai qu'il est inutile de raffiner trop
les schématisations de maquettes si les écarts
engendrés sur les corrections par ces raffinements
ne sont pas perqus de maniére significative au
niveau des correc:ions elles-m@mes.

1,2 - Schématisation des maquettes

Dans le cas des corrections de blocage
de volume et de sillage, des singularités uniques:
doublet et source, sont suffisantes pour repré-
senter le volume apparent de la maquette et son
sillage proportionnel 2 la trafnée.

20l o P>
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Dans le cas des corrections de portance,
partant d'une singularité unique constituée par
un tourbillon en fer & cheval,de circulation
proportionnelle 2 la portance, la schématisation
de la maquette peut 8tre progressivement affinée
pour tenir compte de :

- l'envergure finie de la voilure

- la fléche

- le type de répartition de circulation en enver-
gure

- la déflexion de la nappe tourbillonnaire

Le type de modélisation de la maquette
dépend essentiellement de la taille de la maquette
vis 2 vis des dimensions de la veine d'essais.
Lorsque celle-ci augmentera, il sera de plus en
plus nécessaire de tenir compte des paramétres
énoncés ci-dessus, Le seul moyen de s'assurer
qu'une schématisation est suffisante est de véri-
fier qu'un raffinement supplémentaire ne modifie
pas de maniére sensible les corrections de parois
c'est a dire que les écarts de corrections dus a
la schématisation maquette restent inférieurs a
la dispersion des mesures.

En référence de la valeur du coefficient
de portance & obtenu 2 1'aide d'une singularité
unique ( T = 0), le coefficient croit
rapidement avec 1'augmentation du rapport

T = 2s/B (figure 1) et ceci d'autant plus que
la porosité est élevée., Cette évolution est plus
modérée lorsqu'une répartition elliptique de cir-
culation en envergure remplace une répartition
uniforme. Enfin, lorsque la fléche A de
1'aile croit, 1'augmentation de & avec T est
nettement réduite,.

Les évolutions du coefficient &1 de
courbure de champ sont données figure 2 en fonc-
tion de l'abscisse X pour deux valeurs
élevées de Q

Pour une aile droite uniformément chargée
1'augmentation de l'envergure réduit de maniére
importante la courbure de champ au voisinage de
la maquette., Au deld de X=( la courbure
de champ est pratiquement indépendante de la tail-
le de la maquette., Il y a lieu de bien remarquer
que, 2 perméabilité maximale (Q = 1), plus la
maquette sera grande, plus les corrections de
courbure de champ seront faibles. Sous cet aspect,
il y a donc tout intér2t a accroitre la taille
des maquettes : une valeur T = 0,80 est net-
tement moins sujette a correction qu'une valeur
égale ou inférieure a 0,60. Ce point est A rete-
nir car intuitivement on pourrait penser le
contraire.

Pour un rapport T = 0,6, l'influence
de la flache est nette A perméabilité maximale
au voisinage de la maquette : l'accroissement
de la flache, a m@me envergure, contribue a
réduire 4 , en valeur absolue, Comme précé-
demment, au dela de =x=@®DB, la modélisation
de la maquette est sans importance.

Les évolutions de la correction d'inci~
dence, normée au coefficient de portance Aex/Cyp
en fonction du rapport T = 2s/B et du type de
répartition de circulation en envergure sont
données figure 3 pour une aile droite. Considérant
que 1'écart entre deux types de modélisation ne
doit pas excéder la dispersion des mesures, soit
0,03° d'incidence, il apparait qu'une singularité
unique est suffisante si 4 reste inférieur
A 0,4, Le type de répartition de circulation en

envergure doit dtre pris en considération au dela
de T = 0,6 pour Q = 0,6 mais seulement de
t=0,75 pour Q = 1,

e e e T

La correction d'incidence :
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calculée, pour trois fléches A a 25 % des cordes,
a Mach 0,9 fait ressortir (figure 4) 1'importan-
ce de la schématisation de la voilure. Les écarts
entre les corrections croissent avec T et A\
ainsi que le montrent les trois courbes calculées
pour
- une envergure nulle ( T = 0)
- une envergure finie, sans flache (T# 0, A = 0)
- une envergure finie, avec fléche (T# 0, N # 0)

Les écarts sont notables, me@me pour les
tailles couramment utilisées de maquettes (Ta 0,6).
Dans le plan (A,T ) (figure 5), il est possible
de définir des domaines de modélisation, tels que
les erreurs entrainées par le type de modélisation
n'excedent pas 0,03° d'incidence.

Ainsi 2 Mach 0,9 pour une soufflerie
carrée a parois horizontales perforées, dans le cas
d'une maquette d'avion de transport transsonique,
il y a lieu de tenir compte de 1l'envergure puis de
la fléche quand T  dépasse respectivement 0,5

et 0,65. Pour un chasseur ces limites deviennent
T H/B=1
§- 8tz-0) - |H
SN
B
01 T el V. o Pl tee
Effect of spa Q

ot}

Effect of [y

vniform —

elliptic -
0 =
01 . -
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1
| 30
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FIGURE 1 Influence de la modélisation de la
maquette sur le coefficient de correc-

tion de portance
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FIGURE 2

o ELLIPTICALLY LOADED WING
e UNIFORMLY LOADED WING
/§ ............... VORTEX DOUBLET

FIGURE 3 Influence de la répartition de circu-
lation en envergure sur la correction
d'incidence

Influence de la modélisation de la
maquette sur le coefficient de correc-
tion de courbure de champ. Aile unifor-

mément chargée.

2a - Influence de 1l'envergure réduite
T a fleéche nulle
2b - Influence de la fléche & T = 0,6
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CL

A
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———— FINITE SPAN STRAIGHT WING (520, A=0)
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FIGURE 4 Influence de la schématisation d

UNIFORMLY LOADED WING
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maquette sur la correction d'incidenc
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% SUPERSONIC

FIGURE 5

0,4 et 0,55. Comme dane ce dernier cas on verra

qu'il est prudent de ne pas dépasser une obstruc-
tion de 1,35 % , il n'est pas nécessaire de tenir
compte de la fléche. Pour un avion de transport

supersonique, a fléche accusée, les deux limites

sont plus restrictives ( T = 0,33 et 0,46).

Bien entendu, les coefficients calculés
pour la schématisation la plus poussée peuvent 2tre
utilisés mais ceci n'est pas toujours nécessaire
et permet d'éviter de longs calculs pour établir
des tables de coefficients plus volumineuses.

2 - LIMITES D'EMPLOI NES CORRECTIONS CLASSIQUES
EN ECOULEMENT TRIDIMENSIONNEL

Une étude des corrections de parois avec
porosité uniforme en veine de section constante a
été effectuée en fonction des divers paramétres
intervenant dans les différentes corrections (an-
nexe 2), Une telle étude permet d'énoncer des
recommandations pour dimensionner les maquettes
en soufflerie, Il apparait en effet utile de
préciser jusqu'a quelle taille raisonnable de ma-
quettes, les corrections de parois peuvent &tre ap-
pliquées avec confiance,

2.1 - Limitations dues & la formule de corrections
du_Mach

La formule de corrections des nombres de
Mach est du 8eme degré en Mach corrigé Mc. Dans le
cas de veines guidées ou a faible perméabilité il
existe des limites en Mach (figure 6) qui ne sau-
raient @tre transgressées par manque de solution de
1'équation. En veine guidée, la limite obtenue cor-
respond de maniére satisfaisante au nombre de Mach
de blocage obtenu en essais, ce qui valide la
formule utilisée et fournit une limite d'emploi des
des veines guidées. Aux fortes perméabilités des
parois, la formule du Mach corrigé posséae toujours
une solution quel qu2 soit le nombre de Mach d'es-
sai ; il est alors raisonnable de limiter ce der-
nier Mu 2 1 (figure 6),.

Les paramétres intervenant dans ces
limitations en Mach sont :
- les caractéristiques de la veine d'essais et la
perméabilité des parois
- le volume de la maquette et la surface de voilure
- le coefficient de trainée inclus dans la correc-
tion due au blocage de sillage.

Un exemple d'abaque des Mc limites est
présenté (figure 6) pour des maquettes homothéti=
ques des maquettes étalon ONERA dans une souffle-

[ Bodage AIRCRAFT
oy <= =%4  FIGHTER
S o SEE L TRANSONIC
Ewall bl TRANSPORT
KFOBS
i 05 =E

1 T +25/p

Limites de schématisation des maquettes

HOMOTHETIC MODELS OF CALIBRATION MODEL M5 ONERA
%:0,05

|

|

ot R

solid , perforated walls |

-
n

Limit on account of Mc=F(Mu) |, Mu=1.0

FIGURE 6 Limitation en nombre de Mach corrigé

rie carrée 2 parois horizontales perforées telle
que S2 Modane,

Bien qu'une trés faible perméabilité
débloque la veine d'essais, et que les Mach d'es-
sais Mu soient trés différents, les limites Mc
sont seulement un peu plus élevées en veine trés
faiblement perméable qu'en veine guidée. Heureu-
sement, la limite Mc croit rapidement avec 12
facteur de porosité Q , libérant un domaine de
Mach maximal pour Q = 0,65. Il est cependant il=-
lusoire de se tenir au maximum du domaine trés
susceptible A certains paramétres. Il est préfé-
rable d'utiliser des perméabilités élevées en écou-
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lement tridimensionnel (Q de 0,8 a 1,0). Cependant,
il y a lieu de noter que pour des nombres de Mach
élevés, supérieurs a 0,90, les parois perforées
tendent 2 ge comporter comme des parois optimales
(Q ~v 0,65) réduisant d'elles-m@mes les corrections
de Mach,

Les courbes Mc limite = F (Q) sont peu
sensibles & la forme des maquettes ; ainsi entre
des maquettes de grand allongement et des corps
de révolution, les écarts de Mc limite ne dépas-
sent pas 0,003 pour deux parois perforées. Par
contre ces écarts atteignent 0,016 avec quatre
parois perforées.

A perméabilité élevée, si le Mach limite
Mc est identique en veines rectangulaires de
rapport = H/B = 0,5 avec deux ou quatre parois
perforées, il n'en va plus de meme en veine carrée:
dans ce cas une veine 2 deux parois perforées au-
torise un Mc supérieur de 0,015 2 celui d'une veine
a2 quatre parois perforées pour une obstruction de
3 155+

2,2 - Criteres de dimensionnement de maquettes

Les critéres proposés pour dimensionner
des maquettes consistent 2 admettre que les cor-
rections de parois resteront d'un niveau tolérable
en regard des valeurs mesurées, c'est 2 dire qu'une
erreur commise sur une correction sera compatible
avec la dispersion de la mesure de la valeur corri-
gée. Le critére proposé ici consiste a admettre une
erreur de 5 % sur les corrections ; compte tenu
d'une dispersion de mesures de 1 % ceci signifie
que les corrections pourront atteindre 20 7 de la
valeur corrigée. Pour le nombre de Mach et 1'in-
cidence les corrections ne devront pas excéder
0,04 et 0,6 degré en effet :

0,05 AC. ~ 0,00 C. => AC;/Ci= 207%

0,05 AM A, 0,002 = &AM = 0,04

0,05 Ax ~ 0,03° => Acx = 0,6°

En fait les limitations les plus restric-
tives sont dues & la correction ACD; engendrée
par le gradient longitudinal de vitesse de pertur-
bation créé par le blocage de volume. Dans le plan
obstruction-Mach (figure 7) les deux limitations
sont celles dues d'une part 2 la formule de Mach
corrigé M (paragraphe 2.1), d'autre part a la
correction ACps . La premidre, en référence de
la veine guidée (Q = 0) lib2re un domaine maximal
a2 Q= 0,63, dans le cas considéré de veine d'es-
sais, puis légérement plus restreint en parois
horizontales ouvertes (Q = 1),

La correction ACDs , nulle en parois
pleines ou ouvertes, devient trés restrictive
pour Q = 0,4, Le plus large domaine (Mc, obstruc-
tion ) est 1ibéré, en regard du domaine obtenu en
veine guidée, (courbe en trait interrompu) pour
une perméabilité maximale Q = 1, Une réduction
de perméabilité vers Q = 0,63 ne lib2rera qu'une
écaille de Mach élevé et restreindra 1'obstruction
aux Mach inférieurs a 0,98.

Le diagramme présenté figure 7 peut en
fait se lire en :
- obstruction pour une maquette de chasseur
- rapport envergure/largeur de veine pour une
maquette d'avion de transport transsonique.

Le choix d'une trés grande perméabilité
autorigse donc une limite en Mach de 0,965 pour :
- T = 0,85 pour une maquette de grand
allongement
- obgtruction = 1,35 % pour une maquette de chasseur
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FIGURE 7 Abaque de dimensionnement des maquettes

complétes

Dans le premier cas les dimensions de
maquettes autorisées sont nettement supérieures a
celles usitées ( T ~ 0,6) et par suite permet-
traient un accroissement de Reynolds de 40 7% qui
peut @tre décisif si le nombre de Reynolds est
voisin de 3 a 4 millions.

L'établisscment d'abaque similaire pour
le cas d'une veine carrée et d'une demi-maquette 2
la paroi (donc équivalent au cas d'une maquette
compléte en veine définie par A = 0,5) montre
(figure 8) que les corrections seront identiques
si le rapport d'échelle entre maquette compléte
et demi-maquette est compris entre 0,8 et 1,1
selon la correction considérée. En outre pour une
méme échelle de maquettes et demi-maquettes, la
limitation en Mach corrigé apparait plus tdt pour
la demi-maquette 2 forte perméabilité,

Sous le seul aspect des corrections de
parois, il est illusoire de réaliser dans une veine
carrée des essais sur demi-maquettes pour accroi-
tre le nombre de Reynolds. Bien entendu le cas
d'une section définie par A = 0,7 conduit aux
mémes limitations en maquette compldte et demi-
maquette mais, en référence d'une veine carrée,
au détriment de la maquette compldte et 2 1'avan-
tage de la demi-maquette.

3 ~_RECHERCHE DE VEINES "IDEALE" ET "OPTIMALE"
EN ECOULEMENT TRIDIMENSIONNEL

Le calcul des corrections de parois dans
le cas des veines existantes ne pose pas de pro-
bleme une fois les lois de perméabilité des parois
définies (13] et des tables de coefficients
de corrections établies. Il est cependant intéres~
gant de rechercher si des conditions d'utilisa-
tion peuvent annuler les corrections ou les réduire
2 un niveau tel qu'elles puissent 2tre négligées.
Ce peut 8tre en associant A une veine existante
une maquette de taille bien définie ou en modi-




fiant les caractéristiques ( A , Q ) de la o atngtanns
veine d'essais. Cette utilisation meilleures des R

veines peut 2tre définie 2 partir d'une étude
paramétrique des corrections sur ordinateur en

recherchant la veine "idéale" exempte de toutes
corrections ou une veine "optimale" conduisant 8
a2 des corrections négligeables. 10

square test section
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%
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FIGURE 9 Coefficient de correction de blocage de
volume SUS

FIGURE 8 Dimensionnement de maquettes complétes

et demi-maquettes H -‘
Q ................
A B
Les conditions d'annulation des diverses
corrections sont examinées séparément puis simulta- n’s=nu=°
nément., 1.

3.1 - Annulation des corrections de blocage

La correction de nombre de Mach due aux
blocages de volume et de sillage sera nulle
(annexe 2) si les deux coefficients de correction ;\,s‘o
correspondants Slset Slw sont simultanément 0.5

nuls. En outre les corrections de trainée dues
aux gradients longitudinaux de vitesses induites
dues aux m@mes blocages seront nulles si les coef-
ficients S'get Ns (car Ny e Ns ) sont

{ nuls.
A=H/B
, Les trois coefficients s , Ruw et | fs=0
s dépendent de deux caractéristiques des 0 A M =
veines : A et Q@ . Quelle que soit la 05 10
forme de la veine, donc A , Q's s'annule
en parois pleines'(Q = 0) et ouvertes (Q = 1). VALUES OF Q AND X REQUIRED
Le coefficient Slw ne peut s'annuler qu'en paroi TO GIVE ZERO BLOCKAGE
ouverte (Q = 1), Le coefficient S S s'annule Q=1 X =118

pour une valeur de porosité dépendant de A
(figure 9) . Les trois coefficients sont simulta-
nément nuls dans le seul cas (figure 10)

Q=1 A=1,18
FIGURE 10 Annulation des coefficients de correc-

i L'intér2t d'une telle veine a été souli- tion de blocage

gné de longue date (20] ainsi que rappelé récem-
ment (21] . Il y a lieu de noter en outre qu'ex-




périmentalement il a été constaté que la porosité
Q = 1 conduisait 3 des corrections de déccZlement
négligeables [13)

La condition Q = 1 signifie que la
différence des pressions entre la veine d'essais
et 1l'enveloppe étanche 1'entourant est nulle.
Cette condition peut 2tre fortuitement satisfaite :
tel est le cas de la soufflerie S2 de Modane (13)
dont la veine équipée de parois conventionnelles
perforées a trous inclinés a 60° au taux de 6 %
est placée dans un caisson de trés grandes dimen-
sions. Cette condition pourrait également 2tre
utilement imposée par réglage du dispositif d'as-
piration au travers des parois ventilées.

3.2 - Annulation des corrections de portance

En écoulement tridimensionnel, en repor-
tant toute la correction de portance sur celle
d'incidence (annexe 3) il suffit pour annuler
celle-ci et la correction de trainée qui en
découle, que

g(x-o)+A2.£(x=A\-o
ou A=%t‘g_" si A%o et A:;—E-P

pour A =0et un allongement de 7.

A partir du programme de calcul des
coefficients & et 4 (dérivée de § par
rapport 3 X ) les porosités Q@ annulant la
correction d'incidence sont déterminées sur ordi-
nateur en fonction des quatre paramétres M , ¢ ,

et A,J\.

Le réseau des courbes ( Q, T, A ) an-
nulant la correction d'incidence 2 Mach 0,9 pour
une aile droite d'allongement 7 ({igure 11) peut
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calcul sur IRIS 80. Pour annuler la correction
d'incidence sur une maquette donnée dans une
soufflerie donnée il faudra ajuster la porosité
des parois, Si cette porosité est fixée il faudra

associer une dimension de maquette T & la for-
me de la soufflerie A . La forme rectangu-
laire définie par A = 1,91 pour une souffle-

rie 2 parois horizontales ouvertes Q = 1 et une
envergure faible T = 0 est connue déja de

longue date fZZ] . A porosité maximale Q =1,
la correction d'incidence sera nulle si 1'envergure
relative T de la maquette est d'autant plus
élevée que la forme de la section tendra vers un
carré ( A =1).

L'influence du nombre de Mach sur les
conditions ( Q, T, X ) rendant nulle la correc-
tion d'incidence (figure 12) est d'autant plus
faible que la porosité est élevée. En particulier
23 Q=1 les conditions rz2quises sont indép n-
dantes du nombre de Mach.

L'influence de la flache A de voi-
lure (figure 13) est de la m2me manidre d'autant
plus faible que la porosité est élevée., Toutefois
3 porosité maximale (Q = 1) 1'influence de A
subsiste et se manifeste d'autant plus que 1'en-
vergure rz2lative T de la maquette est grande.

3.3 - Veine "idéale" exempte de toutes corrections

Il a été vu au paragraphe 3.1 que les
conditions requises pour annuler les corrections
de blocage étaient Q=i = 1,18 . A
porosité maximale les conditions T, A, requi-
ses pour annuler les corrections de portance
(figure 14) sont insensibles au nombre de Mach,

I1 s'ensuit que pour annuler simultanément les
corrections de blocage et de portance il faut
associer 2 une veine ( Q =1 A = 1,18) une ma-

ainsi 8tre établi : il nécessite 15 minutes de quette dont l'envergure relative T dépend
AQ
1.0
FIGURE 11
Annulation de la correction d'incidence
Aile droite - Mach 0,9
05 —
3
|
| | A=H/B
t t —
0 05 10 1.5
AQ
1.0
05+

FIGURE 12

Influence du Mach sur 1'annulation de la
correction d'incidence - aile droite




FIGURE 13

Influence de la flache sur 1l'annulation
de la correction d'incidence.Mach 0,9
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faiblement de la fldche : T = 0,86 a 0,89 par une correction due au gradient longitudinal

(figure 14). Une telle valeur de T implique un
nombre de Reynolds suffisamment élevé pour que les
extrémités d'ailes ne soient pas dans la couche
limite des parois latérales : A titre d'illustra-
tion les épaisseurs de couche limite des
parois de la soufflerie S2 de Modane autoriseraient
une valeur maximale T = 0,91 & une pression gé-
nératrice de 1,8 bar,

3.4 - Veines "optimales" A corrections de portance
négligeables

La veine définie ci-dessus ne peut 2tre
considérée comme "idéale" qu'en lui associant une
envergure relative T de maquette dont la valeur
élevée (0,86 a 0,89) peut 2tre redoutée, En fait,
au lieu de rechercher les caractéristiques veine-
maquette conduisant 2 la stricte annulation de
toutes les corrections de parois, on peut se con-
tenter de chercher dans quelles conditions les
corrections peuvent 3tre négligées c'est 2 dire
qu'elles ne dépassent pas les dispersions de
mesures : une telle veine sera considérée comme
"optimale". Bien que les corrections soient uti-
lisables avec confiance,dans la gamme de taille de
maquettes, définie au paragraphe 2, une veine
"optimale" permettra, en évitant les calculs de
correction, de réduire les colits et délais d'ob-
tention des résultats d'essais industriels.

Dans un premier stade, une veine "opti-
male” au sens des corrections de portance est
recherchée, 11 est en effet loisible de contrer ,
par un réglage de la divergence des parois hori-
zontales, la correction de trainée due au blocage

de pression de la veine vide (buoyancy).

Avec les notations au paragraphe 3.2, la
correction de portance, entidrement reportée sur
celle d'incidence est :

A°'o/C,_= 513 .;E.A [S(x=0) +A:;_)3(l(x= A)]

Les courbes iso Ac [Cy. sont obtenues sur ordina-
teur. De tels réseaux‘zfigures 15 et 16) dépendent
des paramdtres M, A et @ ; ils nécessitent 20
minutes de calcul sur IRIS 80.

Les réseaux iso A«/Cy calculés pour
M=0,9, Q=1cet 2 flédches O et 45 degrés sont
donnés figures 15 et 16, En tolérant une correction
| Ax®/CL| € 0.4  qui n'entraine qu'une
incertitude de 1 a2 2 7 du gradient de portance, et
en se fixant une limite maximale raisonnable de

T = 0,85, il est possible de définir des
domaines ( ¢, N ) autorisés. Comme la correc-
tion d'incidence est proportionnelle 3 T , ces
zones sent d'autant plus étendues que T est
réduit, Par contre de telles zones sont réduites
par une augmentation de la flache

Pour une fladche nulle (figure 15), selon
by , une ou deux plages de T sont permises :
une seule plage pour A& 1,16 et A 1,36 ;
Deux plages pour 1,16 € A &£ 1,36, Dans ce cas,
de grandes valeurs de T sont permises, mais les
valeurs moyennes sont interdites. La plus forte
valeur de T = 0,85 n'est autorisée que si

1,16 ¢ A & 1,30.




Aile en fléche 45° - Mach 0,9 - Q = 1

C=2s/B
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A=118 ZERO BLOCAGE CORRECTION

FIGURE 15

Courbes iso-.correction d'incidence -
Aile droite - Mach 0,9 - Q=1
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FiGURE 16

Courbes iso correction d'incidence -
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Pour une fléche de 45 degrés (figure 16)
cas des maquettes de chasseurs, 'a zone autorisée
s'est déplacée vers des valeurs plws élevées de A .
La plus grande envergure ( T = 0,85) n'est au-
torisée que si 1,26 € A € 1,33, Il n'existe pas
de limite en envergures intermédiaires si ) dépas-
se 1,58,

Beaucoup de veines existantes sont carrées

( X =1) et possddent une porosité élevée de parois
(Q = 1). Une r2gle communément admise pour fabriquer
les maquettes est de ne pas dépasser T = 0,7 ou
une obstruction de 1 %. Fortuitement, 2 fléche
nulle, ce choix est le plus défavorable (figure 15).
Une diminution de largeur de veine}pour porter A\

A 1,18, possdderait dans ce cas, sans changer de
maquette, 1'avantage de

- annuler les corrections de blocage (paragraphe 3.3)

-~ g'affranchir des corrections de portance.

Un tel résultat n'était pas prévisible
sans calcul du réseau iso Ad/CL sur ordinateur;
il démontre qu'un accroissement de T et de
1'obstruction réduit nettement les corrections au
point de pouvoir les annuler ou les ignorer, Dans
le cas d'une flache de 45 degrés (figure 16) ce
raisonnement n'est plus entidrement valaole, lorsque

A passe de 1 2 1,18 sans modifier la maquette,
les corrections de blocage sont encore annulées
mais les corrections de portance sont seulement
réduites de 15 7. et ne peuvent 2tre négligées.

Les zones ( €T, N ) telles que IAK"ICLI$°.4

obtenues pour deux fldches de O et 45 degrés
(figures 17 et 18) se déplacent vers des valeurs
plus faibles de A lorsque Q diminue. Donc pour
une veine, a porosité réglable, un ajustement de
porosité Q a la valeur de T permet d'annuler les
corrections de portance,en ne se préoccupant pas
des corrections de blocage. Les seules restrictions
existent 2 T d'autant plus élevé que N\ est fai-
ble (d'environ A =1,32a T = 0,85 jusqu'a
A=2,0a T=0,5).

3.5 - Veines "optimales" a corrections de por-
tance et de trainée négligeables

En rejetant le procédé de réglage de
divergence des parois pour annuler la correction de
trainée due au blocage, on peut rechercher une
veine optimale qui permettra de négliger simul-
tanément les corrections de portance et de blocage:

|Acbb‘$ 0,02Cxp

| Ae<°/c|_ 1€04 et
(c..-o)

La correction de trainée due aux bloca-
ges de volume et de sillage est (annexe 2)

& A
1 C oM
A & AtRx'tV9[Q;+$ J’t““ )]
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2

D
o V= 0,08 3+ ,'1-3'—. 42_
(2s) e (R)

>
"

X
N
@




10
—
st s g
i : FIGURE 17
| | -4 |H {
| i 2s l Influence de la porosité Q sur les do-
E ! 0.5 maines T , A permettant de négliger
k | Q les corrections d'incidence - aile
1
! droite
, 10
3 ———- 09
3 N [ — 08
‘ | e O
[ A=H/B
4 , 0 05 10
10
085
05
3 5 FIGURE 18
3 Influence de la porosité Q sur les
domaines T, A permettant de
négliger les corrections d'incidence -
aile en fldche A = 45 degrés
0
Q5 10 15 20
' dépend du type de maquette. A titre d'exemple, Pour la fldche de 45 degrés (figure 20)
pour des maquettes d'avion de transport transsoni- les envergures sont plus réduites qu'a fléche
que et de chasseurs, ¥ est respectivement égal a nulle. La condition Ae('ICL> - 0,1 cesse
0,0091 et 0.035, La limitation en trainée dépend d'exister pour A2 1,58. La condition de trail-
des 5 paramdtres A , T 5, @Q , M et A . née est couverte par celle d'incidence a toute
Le nombre de Mach est un paramétre décisif car il porosité, pour Mach 0,9, si A2 1,18. Comme 2
intervient par (® 2 la puissance 4. flache nulle, 1l'envergure maximale est obtenue
2 Q croissant lorsque A augmente., Au d212 de
Les limitations correspondant aux condi- A = 1,26, l'envergure maximale 3 lieu 2
tions, dans lesquelles les corrections d'incidence Q = 1 et diminue lorsque A croit (figure 16).

et de trainée sont négligeables, sont reportées
da:s :elpéax: i g’_cl ;9p::r146§o;::: gz ::nze La figure 21 résume 1'ensemble des con-
’ > 3 3

ditions optimales de forme de veine, envergure
?;g;ﬁ::e;o;le Flachie mulle. CERgute b3) G A Iugtin relative en fonction de Q et A requises pour

négliger les corrections d'incidence et de trainée.

A fliche nulle (figure 19, et pour une

veine carrée, la condition d'incidence n'autorise Pour qu'une veine permette des essais de
a2 T supérieur 2 0,5 qu'une gamme envergure T maquettes de m@me envergure meximale de Z pour
de plus en plus étroite lorsque la porosité Q des fléches de O 2 45 degrés il faut que ses carac~
augmente, Si de plus la condition de trainée est téristiques soient les suivantes selon le cas de
superposée a celle d'incidence, la plus grande en- porosité :

vergure autorisée est T = 0,45 pour Q = 0,75 a
Mach 0,9len exceptant les valeurs de T supérieures 3,5.1 - Porosité_fixée Q =_1
a2 0,85). A plus faible Mach, la condition de trai-~

née est moins restrictive et cesse d'intervenir e A
au dessous de Mach 0,5, quelle que soit la porosité. 0,85 de 1,26 a 1,30
Lorsque A crott, les conditions de trainée sont 0,80 1,36 1,45
moins contraignantes : elles sont couvertes par les 0,75 1,44 1,58
conditions d'incidence, pour toute valeur de Q 2 0,70 1,50 1,68
Mach 0,9 lorsque X dépasse 1,53. La condition 0,60 1,57 1,80
Aa’/eL > - 0,1 cesse d'intervenir au dela 0,50 1,56 2,00
de A = 1,36 : dans ce cas toute envergure
inférieure 2 T = 0,83 est permise 2 Q = 1. Se-  3.5.2 - Porosité appropriée ajustable
lon ia valeur de A , l'envergure maximale T sera Le domaine ci-dessus s'agrandit unique-
obtenue a une porosité Q croissant avec A et T. pent au-dessous de T = 0,7 et requiert de
Lorsque AY 1,16 , 1'envergure maximale est réduire la porosité légerement aux valeurs suivan-
obtenue pour Q= 1 , elle décroit alors avec X\ tes pour la fldche de 45 degrés.

(figure 15).
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T maxi. A Q

0,70 1,50 1,00
0,60 1,52 0,97
0,50 1,46 0,93

L'examen de la figure 21 montre également
qu'une veine caractérisée par =1,58et Q=1
permet de négliger les corrections A& , ACpg
de maquettes de fi2che quelconque pour toute enver-
gure inférieure a 0,75. Si la porosité peut &tre
ajustée entre 0,97 et 1,00 1l'intér2t est médiocre
car T maximale passe de 0,75 a 0,77 seulement
pour une faible réduction de )\ de 1,58 a 1,53.

La veine optimale est donc ainsi définie :
A =1,58 Q=1 7 £0,75

L'intér2t d'une telle veine, par rapport
aux caractéristiques indiquées dans les deux ta-
bleavx ci-dessus,est de permettre toute envergure
plus faivle, alors que dans les cas autorisant
des valeurs plus élevées de T , des restrictions
existent : ainsi 2 titre d'exemple pour A = 1,36,
une envergure T = 0,83 peut 8tre atteinte, maisc
les valeurs 0,42 € T & 0,79 ne sont pas autori~
sées, m@me avec une porosité appropriée.

Il y a lieu de noter que quatre para-
métres ont ici été considérés dans la recherche
d'une veine optimale : A, T, A, Q et que
d'autres paramdtres pourraient 2tre ajoutés, tel-
les que:longueur de perméabilité et dissymétrie
de porosités des parois haute et basse.

Leur introduction possible en écoulement bidi-
mensionnel, compliquerait considérablement les
calculs en écoulement tridimensionnel par la
méthode analytique. En particuitier 1'étude d'une
étendue restrictive de la zone poreuse pourrait
2tre effectuée avec la méthode des petits pavés.

4 - RECHERCHE D'UNE CONFIGURATION OPTIMALE DE
VEINE COURANT PLAN

4.1 - Corrections de parois en écoulement
bidimensionnel

Si en écoulement tridimensionnel, les
obstructions sont modérées par suite de 1l'enver-
gure limitée des maquettes, par contre en écou-
lement bidimensionnel il est courant de consi-
dérer des obstructions élevées, supérieurs a 3%,
De ce fait les corrections de parois sont plus
élevées que celles rencontrées en tridimensionnel,
Comme par ailleurs les formules conduisant aux
coefficients de corrections sont nettement moins
compliquées qu'en tridimensionnel, des schémati-
sations plus raffinées des profils et des parois
peuvent 8tre apportées,

Ainsi,des singularités d'ordre élevé
ont été introduites [23) pour représenter le
potentiel maquette ®,, alors qu'en théorie clas-
sique l'ordre est limité a 2, Ceci conduit 2 1'ap-
parition dans les termes de blocage de volume de
puissances de  ©/H supérieures 2 2 [3] . En
fait cette schématisation est nécessaire seulement
si ©/W dépasse 0,3. Dans le cas des essais
effectués dans la soufflerie S3 de Modane <€/H ne
dépasse pas 0,27 et une valeur de 0,23 est recom-
mandée,

En ce qui concerne les parois, les coef-
ficients de corrections ont été calculés au centre
maquette ( X;% nuls) en fonction de la longueur

d de perméabilité de la veine, L'influence est
négligeable sur les coefficients de correctiors
de portance dés que d/H dépasse 2 [24] ; elle
est plus importante sur les coefficients de cor-
rection de blocage (25) si la perméahilité des
parois est faible.

La détermination de la porosité des pa-
rois peut 2tre recherchée expérimentalement 2
partir des gradients de portance en référence d'es-
sais réalisés en veine guidée. Cette méthode
nécessite des essais supplémentaires en veine gui-
dée et der comparaisons qui peuvent tre mises en
doute par suite de l'introduction de paramdtres
éventuels tels que le niveau de bruit dépendant
de 1'état des parois, La porosité Q des
parois peut aussi 8tre recherchée directement,
sans essais de référence, en ajustant 2 l'aide
d'un balayage en Q des répartitions de pressions
sur les parois calculées théoriquement sur celles
mesurées en essais. Ces deux méthodes supposent
q'une seule inconnue est a déterminer : la poro-
sité Q égale sur les deux parois.

Il est également possible de recher-
cher N inconnues en se fixant N données. Pour
N = 2 , les deux inconnues peuvent &tre :

- les 2 porosités Q“ et Q&. des deux parois
supposées constantes tout le long des parois
(26])
- une loi , identique pour les deux parois,
contenant deux paramdtres [27)]
-0
Q=0Q, ¢
tenant compte d'une variation longitudinale de
la porosité.

Bien entendu, plus le nombre d'inconnues
sera élevé, plus on aura de chance de faire coin-
cider 1'ensemble des résultats obtenus sur profils
homothétiques avec divers types de parois mais on
accroltra alors d'autant plus 1'imprécision sur
chaque parametre, Le systéme d'équations 2 résou-
dre, résultant des conditions #ux.limites sur les
parois, est non linézire et peut contenir des
intégrales de forme compliquée, Si 2 partir des
données il n'est pas pensable de déterminer di-
rectement les inconnues, la résolution du systeme
peut 2tre effectuée par un balayage des parame-
tres cherchés et la recherche du meilleur compro-
mis par optimisation.

4.2 - Corrections de parois en veine dissymétrique

Dans les hypotbgses suivantes

- singularités d'ordre 2 : doublet, source et
tourbillon, représentant le profil

- porosité constante mais différente sur les deux
parois haute et basse : Qy et Qg

les vitesses de perturbations au centre veine

( % nul), données en annexe 2, sont au nombre

de 6 et non 3 comme en veine symétrique. Aux

vitesses axiales dues aux deux termes de blocage

et 3 la vitesse verticale due au terme de portance

se superposent une vitesse axiale due au terme

de portance et deux vitesses verticales dues aux

termes de blocage. Les termes IAA 2 INN (annexe

3) contenus dans les intégrandes des vitesses

de perturbations sont les solutions du systéme de

quatre équations correspondant aux conditious

limites sur les deux parois (au lieu de deux

équations 2 deux inconnues en veine symétrique).

4.3 - Techerche de la configuration optimale de
veine dissymétrique

Le programme de calcul des corrections
de parois établi pour une veine dissymétrique
a été complété de manidre 2 obtenir dans le plan
( Qu,Qa ) les courbes isocorrection de Mach
AM d'incidence A& et de trainée ACp . Chaque
correction est prise indépendamment en ce sens
que la correction de trainée ne contient pas les
termes dus 3 AM et AX et que la correctien
de portance ne contenant pas la correction due
a AM est reportée sur l'incidence :

Axe (% + £ 54w
5 (u-o)x,o 2 'U.o(’*u:)x:.:_

Oh Z e S+uwsL




La durée d'obtention d'un réseau iso
correction, obtenu par interpolation a partir des
corrections calculées pour 121 couples ( Qu, Qg
nécessite 3 minutes de calcul sur ordinateur IRIS
80. Un tel réseau dépend de 5 paramtres 4y ,%c

M, CL , C» . L'influence de chaque paramétre
pris isolément est loin d'@tre évidente ainsi que
les exemples suivants le montrent. On verra en
particulier que la généralisation hative et 1'in-
tuition sont 2 prohiber et que seuls des calculs
sur ordinateur permettent de définir une confi-
guration optimale de parois.

L'influence du niveau de portance (figure

10-15

22) est importante : les réseaux de courbes sont
altérés profondément, tant en allvre qu'en espace-

) ment., L'obtention d'une veine exempte de correc-
tions A, AM n'est réalisable qu'a portance
nulle et pour CL supérieur 2 0,5, C'est pour-

quoi une veine "optimale", telle que les correc-
tions puissent 2tre négligées en regard des dis-
persions de mesure, c'est 2 dire telle que

1aMl ¢ 0,004 16¢°1 ¢ 0,05

est recherchée, Les domaines ( Qu , Qg ) remplis-
sant simultanément ces deux conditions sont déli-
mités figure 23. Dans le cas de portance nulle ou

Qu

Qu
L/

CL-000
Cp.00t
Al

CL.015
Co. o011

CL 035

A

&

10

Q &
g PRonLEIgﬁ: :gf:
......... MACH 0.70
Qe
CORRECTION
ISO  Ax®
-------- IS0 AM
FIGURE 22 Réseaux iso AO(, AM en veine courant
plan dissymétrique
Qu Qu
A CL='O-15 CL: OO
10 oA o Qe O4zo023
'++0.0!
0 €c-016
M =070
Qe FIGURE 23
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positive le couple ( Qu = 0,22 , Qg = 0,00)
permet de satisfaire aux conditions imposées :
Pour un C, variant de 0 2 0,70, les corrections
AM et Ad sont respectivement de + 0,004 2a
- 0,002 et - 0,05° a - 0,03°, Au C. négatif, le
domaine autorisé est symétrique de celui obtenu
en (. positif, Comme de faibles CuL négatifs
sont étudiés, le couple ( Qu = 0,22, Q= = 0,00)
est encore correct car 3 Cu. = - 0,15, les correc-
tions sont AM : + 0,005 et Ak = + 0,04°,

Lorsque le nombre de Mach augmente, 2
portance moyenne Cu = 0,35 (figure 24) le domai-
ne (Qu, Qg ) autorisé se rétrécit. La gamme de

Qy autorisée en paroi basse pleine ( Pg= 0)
s'amenuise mais contient toujours la porosité
Qu = 0,22 meme 2 nombre de Mach élevé.

L'intérdt d'une veine courant plan 2
paroi basse pleine et a parois baute de faible
perméabilité est manifeste. Il reste cependant
a rechercher pour quelles dimensions de profil
une telle veine reste optimale.

Dans le plan ( Qu , ©/H ) les courbes
correspondant aux limitations imposées en Ad et

AM sont tracées pour diverses épaisseurs relati-

ves @/c (figure 25). Les contours ombrés délimitent
les zones autorisées ( Qy , /W ). Les deux exem-
ples données figure 23 montrent la nécescité de
calcul sur ordinateur, En effet on peut penser que
moins le profil sera épais, plus le domaine autorisé
s'agrandira. Il n'en est pas ainsi car les domaines
autorisés par les conditions sur A« et AM se
déplacent de telle sorte que le domaine autorisé est
borné par des limitations différentes (figure 25).
Ainsi pour @/c = 0,16 , partant de Que0 on
trouve des limitations successivement dues 2 AM

Aot  puis AM  alors que pour %/¢ = 0,04
elles sont dues 3 A« puis AM

En outre si une limitation due 2 AC»
est ajoutée, elle rescreint le domaine ( Qy, /W )
pour €/¢c = 0,16 mais n'intervient pas pour
€¢/c = 0,04. La plus grande corde est obtenue
pour une perméabilité de paroi haute Qu voisine
de 0,22. Les cordes et épaisseurs relatives répon-
dant aux conditions imposées sur AM et Ad sont
optimales pour ( Qy = 0.22 - Qg = 0,0)
(figure 26). Les dimension: de profil permises sont
limitées par deux courbes dues 3 la limitation
Ax® = + 0,05° et une courbe correspondant 2
AM = 170,004, Le domaine obtenu est ensuite

Ch=023 % =016 C, ~04
OSAO“ M- 060 A mow0 A m.07 M.0.85
Sae
a2 e, S Qo
Lt
oot 2 B g 00!
0 g i 0 as 0p
EFFECT OF MACH NUMBER
CEILING POROSITIES AVAILABLE
40“ ON THE LIMITATIONS
05 FOR |AM] < 0.004
Qs =00 | as°l € 0.05
: Lo Q_.. CHORDS ALLOWED BY CLOSED FLOOR
TO NEGLECT 14<°! <005
0 OJ;'”WWW;IS J->M 1AM | <0004
2 k -3
AQ" Qg=00 1ACpl €05 OR 1.10
FIGURE 24

Influence du nombre de Mach sur les
porosités autorisées par les limita-
tions |AM| £ 0,004 - lAax®l £ 0,05

FIGURE 25

Veine A paroi basse pleine - Domaines
Qy , ©/H autorisés
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FIGURE 26

Veine optimale en courant plan
( Qn =0,22 - Q@ =0,00
C/y autorisés en fonction de ¢/c

0 01 02 03 04

restreint par une condition supplémentaire sur
la correction de trainée. Si par exemple cette
condi tion est fixée a 1.10°3 , la corde maxima -
maximorum <€/4 = 0,378 doit B8tre associée 2 une
épaisseur €/C = 0,065.
lative plus faible, om plus élevée, la corde devra
2tre réduite; ainsi un profil de 16 7% ne
devra pas 2tre plus grand que €/4 = 0,228,

Il y a lieu de remarquer que pour cette valeur, des 1.0

singularités d'ordre 2 suffisent pour représenter
le profil (paragraphe 4.1). Bien entendu des cordes
plus grandes peuvent 2tre utilisées dans la veine
optimale : dans ce cas les corrections devront 2tre
calculées car dépassant les dispersions de mesure,

4,4 - Intérdt d'une paroi basge pleine

La configuration optimale des parois per-
mettant de négliger les corrections ( Qy = 0,22 -
Q8 = 0,0) possdde un avantage intéressant du

fait de l'utilisation d'une paroi basse pleine ;:
1'inconnue Qg disparait et par suite la détermi-
nation de la porosité Qu est beaucoup plus

Pour une épaisseur re- Q BY
H

EFFET OF THE FLOOR POROSITY Qg @4 =016
ON THE LIMITATIONS IAMI < 0.004 M =0.70
laa’l <005 €, =035
[} 1Cy! < 1.10°°
...

.

—— 00

0.5 }_7____ a1

e 0.2

03

+ —

0 03 Cc/H

aisée si les corrections, meme négligeables, sont
calculées. Ce résultat peut 2tre généralisé au

cas d'une veine dissymétrique 3 paroi basse pleine,
m@me si la porosité de la paroi haute n'est pas
optimale.

L'intér2t d'une paroi basse pleine est
confirmé en cherchant les domaines (Q4 , /W) pour
lesquels les corrections sont négligeables a diver-
ses porosités Q@ (figure 27). Lorsque QR
augmente, le domaine autorisé s'amenuise trds ra-
pidement., La corde maximale peut 2tre obtenue pour
une porosité Qy de plus en plus faible lorsque la
porosité Qg croit; cette corde diminue trds rapi-
dement si Q@ augmente, De toute manidre 1'in-
térdt de la porosité nulle sur paroi basse est
manifeste et une porosité réduite de paroi haute ne
peut qu'2tre favorable. Une veine totalement
guidée est moins bonne et n'autoriserait qu'une
corde plus faible que celle permise par la veine
optimale proposée ( €/y = 0,23 contre 0,16 en
veine guidée).

I1 y a lieu de bien distinguer l'effet
favorable d'une veine dissymétrique avec un profil
placé au centre de la veine de 1'effet d'un profil
excentré en veine guidée ocu les corrections doi-
vent 2tre majorées en blocage [28) alors qu'il est
possible d'obtenir des corrections de portance nulles
en décalant vers le bas le profil d'une quantité
dépendant de 1'incidence [29] .

FIGURE 27

Influence de la porosité de paroi basse
Qg sur les cordes autorisées par les
limitations AMKO0,004 , 18°1£0,05

4,5 - Validité de la veine optimale au sens local

La configuration optimale de veine,
définie au paragraphe 4.3, a été déterminée dans le
but de s'affranchir des corrections de parois au 3
sens global. Il est intéressant de regarder si, au E
sens local des répartitions de pressions, les cor-
rections sont également négligeables c'est A dire
si les répartitions de pressions sur le profil ne
g 'écartent pas trop de celles qui seraient obtenues
en atmosphére illimitée. A cet effet les réparti-
tions de nombre de Mach sur 1'extrados et 1'intra-
dos d'un profil NACA 0012,dont le rapport €/H = |
0,23 ,ont été calculés théoriquement en fluide
parfait., Le calcul a été effectué 2 Mach 0,70,

o = 2,5 degrés d'une part en atmosphdre
illimitée et d'autre part pour trois configura-
tions de veine :

CQ“ = 6?5 = 0,5
Q, = 0,22 - (o

- veine de porosité symétrique
- veine guidée

- veine optimale = 0,00

- -
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Les différences entre les nombres de Mach
calculés pour une veine donnée et en atmosphire
illimitée sont portées en fonction de la profondeur
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figure 28, Le nombre de Mach local calculé en
atmosphere illimitée est respecté A + 0,006 en
présence de parois aux profondeurs de corde sui-
vantes :

veine extrados intrados
porosité symétrique <0 2 100 % 50 A 100 %
guidée 90 a 100 % 0aloo
optimale 1 aloo7% 10 2 100

Les écarts maximaux de nombre de Mach sont les
suivants :

veine extrados intrados
porosité symétrique - 0,116 ¢ 0,087
guidée + 0,024 - 0,004
optimale - 0,011 + 0,010

ils sont atteints au voisinage du bord d'attaque.
En veine 2 porosité gymétrique, seule la moitié
aval du profil poss2de une répartition de Mach
correcte ; prés du bord d'attaque les Mach diff2-
rent énormément de ceux calculés sans parois.En
veine guidée, si les nombres de Mach sont bien res-
pectés sur tout l'intrados, par contre sur l'extra-
dos ils sont trop élevés sauf au bord de fuite.
C'est en veine optimale que le nombre de Mach local
est le mieux respecté sur les 2 cdtés du profil ;
Seule une région restreinte de bord d'attaque n'est
pcs correcte, Une correction globale de Mach de
0,004 a4 0,006 sur tout le profil correspond,dans

le 2eul cas de la veine optimale A la correction de
Mach calculée au sens global,

L'intégration des répartitions de pres-
sions conduit 2 des coefficients de portance
8 'écartant de celui obtenu en atmosphére illimitée
de + 0,7 % + 4,7 % et - 17 7. respectivement en
veine optimale, guidée et symétrique.

I1 apparait donc que la veine optimale
obtenue 2 partir de corrections au sens global
est également correcte au sens local, en dehors
d'une zone tr2s restreinte de bord d'attaque ol
les écarts de pressions, par rapport 2 1'atmosphére
illimitée, existant dans une zone de fort gradient
de vitesse n'entrainent sur le coefficient de por-
tance qu'une erreur inférteure a 1 7.

i e iptsduisand

FIGURE 28 Ecarts entre nombres de Mach locaux
d'un profil NACA 0012 en présence de
parois et en atmosphére illimitée.

CONCLUS IONS

Des études paramétriques sur ordinateur,
utilisant les programmes de calcul des coefficients
de correction de parois en veine transsonique 2
parois perforées ont été menées dans un double
but

- formuler des recommandations sur le dimension-
nement des maquettes pour que les correctionms
de parois d'un niveau tolérable puissent 2tre
appliquées avec un degré de confiance satisfai-
sant

- rechercher les meilleures conditions d'emploi des
veines existantes associées A certaines tailles
de maquettes de telle sorte que les corrections
de parois soient idéalement nulles(veine idéale)
ou négligeables c'est 2 dire n'excédant pas les
dispersions de mesures (veine optimale).

En écoulement tridimensionnel, 1'intérdt
d'une veine de rapport hauteur/largeur de 1,18
possédant des parois horizontales a perméabilité
maximale est d'annuler strictement les corrections
de blocage. Pour annuler simultanément les correc-
tions de portance il faut associer A cette veine
des maquettes dont le rapport envergure /largeur
veine, selon la fladche, est de 0,86 a 0,89, ce qui
peut paraitre excessif du fait de la proximité des
extrémités d'ailes et de la couche limite des
parois verticales. En considérant que des correc-
tions d'incidence |A&«%c.) € 0,1 sont négligeables
ces rapports peuvent 23tre abaissés légerement

Dans le cas de maquettes a aile droite,
l['utilisation de maquettes d'envergure égale a
0,7 fois la largeur de veine en veine carrée cons-
titue le cas le plus défavorable sous 1'aspect des
corrections de portance. En conservant la m2me
maquette et en réduisant la largeur de veine pour
que le rapport hauteur/largeur de veine soit 1,18
les corrections de parois peuvent 2tre négligées.
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Il apparalit donc que,dans ce cas,un moyen
simple de s'affranchir des corrections consiste 2
accroitre 1l'obstruction de la maquette en veine et
son rapport envergure/largeur de veine, Cette con-
clusion assez paradoxale va 2 l'encontre du réflexe
habituel de dimensionnement des maquettes.

Lorsque la flache des voilures augmente,
les rapports hauteur/largeur de veine requis
pour négliger les corrections de portance augmen -
tent au détriment des corrections de blocage.
Les caractéristiques d'une veine "optimale" per-
mettant de s'affranchir des corrections de portance
et de trainée pour toute envergure relative infé-
rieure a 0,75 sont :
hauteur/largeur = 1,58, porosité maximale Q = 1

En écoulement bidimensionnel, 1'introduc-
tion d'un parametre supplémentaire : la différence
de porosité des deux parois, conduit 2 la définition
d'une veine optimale permettant de négliger les
corrections de parois. Cette veine est constituée
d%une paroi basse pleine et d'une paroi haute de
faible perméabilité. Sa validité, pour une gamme
étendue en Mach et portance, requiert de ne pas
dépasser des rapports cordes/hauteur de veine
dépendant de 1'épaisseur relative du profil. A
titre d'illustration pour des profils de 10 % et
16 % les rapports autorisés vont respectivement
jusqu'a 0,30 et 0,23, La veine optimale, établie
a partir de calcul de corrections de parois au
sens global est démontrée &8tre valable au sens
local des répartitions de pressions a l'aide d'un
calcul théorique en référence de 1'atmosphere
illimitée.

Des exemples cités ci-dessus il ressort
que toutes les possibilités des veines actuelles
n'ont pas encore été mises a profit, soit pour
augmenter la taille des maquettes tout en conser-
vant des corrections de parois raisomnables, soit
pour rechercher des configurations permettant de
s'affranchir de ces corrections. L'introduction de
parametres supplémentaires tels que la différence
de porosité volontaire des parois, 1l'étendue des
zones perforées, l'excentrement des maquettes,
permet des utilisations fructueuses des veines
déja existantes, en ne considérant que des veines
cylindriques.
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ANNEXE -1~

WALL CONSTRAINTS - ANALYTIC METHOD
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ANNEXE -2 -

INTERACTIVE CORRECTIONS
THREE DIMENSIONAL FLOW

data Mm 9m “m Ce (<= Lm..)
model effect on static pressure (X=Xm) _oM“q\,_C.cu
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ANNEXE -3 -
DISSYMMETRICAL 2D TEST SECTION
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WIND TUNNEL TESTS AND AERODYNAMIC COMPUTATIONS; THOUGHTS ON THEIR USE IN AERODYNAMIC DESIGN
by

J.W. Slooff

: NATIONAL AEROSPACE LABORATORY (NLR)
: Anthony Fokkerweg 2, Amsterdam—1017
— The Netherlands

A SUMMARY |
; In the past 10-15 years important developments have taken place in numerical methods for flow compu— |
. tations as well as in wind tunnel testing technology. Numerical methods in particular have provided the

aerodynamic designer with a new set of tools.
After comparing the possibilities and limitations of numerical methods on the one hand and wind tun—

“ nel tests on the other, a discussion is given on their respective roles in aerodynamic design.

E- It is concluded from the discussion that the key problems of aerodynamic design are not solved by sub~
3 stituting numerical methods for {he wind tunnel., The developing of numerical methods that produce optimized
s geometries on the basis of simplified physics deserves at least as much attention as the pursuit of full

% Navier—-Stokes solutions for given geometries.

1. INTRODUCTION

Since the large-scale introduction of high-capacity digital computers in the early and mid-60's there
. have been tempestuous developments in numerical methods for flow computations. The achievements this has
led to, are presently of great practical isrterest. They constitute what might be called a new scientific
1 discipline: computational fluid dynamics.®
1 Figure 1 illustrates the enormous gain in computational efficiency obtained over the last 10-15 years
and the rapidly widening scope of computational airplane aerodynamics. Shown are the trends of computation
times for the computational methods that are being used in today's design studies for tomorrow's genera-
tion of subsonic aircraft, It can be observed that singularity-type 2~d/3-d inviscid subsonic flow compu-—
tations (Refs. 2~9) as well as 2-d inviscid transonic flow computations (Refs. 10~-12) have become a
routine matter., 3-d inviscid transonic flow computations (Refs. 13-16) seem to have reached the stage of
practical applications, but with the exception of reference 16, have limited applicability due to the
small perturbation assumptions (Ref. 17). Methods including boundary layer corrections are operational for
2-d flows but depend heavily on empiricism (Refs. 18-19, 12).

The developments in wind tunnel testing technology ovsr the sume period, are perhaps less spectacular
in appearance but not necessarily less important. Due also to the computer, (at least to a large extent),
the efficiency of data acquisition systems for both force and pressure measurements has increased signifi-
cantly, and model manufacturing techniques have been improved. New evolving concepts, like cryogenic and
self-correcting tunnels (Refs. 20, 21), when fully developed, could constitute major breaks—through in
wind tunnel technology.

Although important achievements can be recorded for both the experimental and computational disci-
plines, it can, nevertheless, be noticed that, that there is a difference in the significance of these
achievements. From the point of view of aerodynamic design the developments in wind tunnel technology
have greatly improved existing possibilities for design development and verification, whereas new possi-
bilities are being created through numerical methods.

The objective of the present paper is to, critically, consider the role of our new computational
tools in relation to that of our classical tool the wind tunnel in the aerodynamic design process of
flight vehicles. For that purpose we will first compare the possibilities and limitations of computa-
tional aerodynamics on the one hand and wind tunnel testing on the other. Having established the comple-
mentary aspects of the two, attention will be paid to the question of their combined use in aerodynamic
design.

2. NUMERICAL METHODS AND WINDTUNNEL TESTS; POSSIBILITIES AND LIMITATIONS

Because of the large number of technical, structural and financial aspects of both wind tunnel
testing and aerodynamic computations a complete assessment of their respective possibilities and limita—
tions seems an impossible task. The summary contained by figure 2 is therefore necessarily crude and in—
complete, but sufficiently detailed for the purpose of illustrating the complementary aspects.

The key value of wind tunnel testing is of course that, in the wind tunnel,we are dealing with com—
plete physics. Although these are not always the required physics (e.g. in terms of Reynolds numver, tur—
bulence and noise levels etc), they do allow us to study most if not all phenomena that may occur in the
flow about flight vehicle configurations. In contrast, numerical methods represent only part of the !
physics, and, hence, can describe only a limited number of flow phenomena. i

An attractive aspect of numerical methods is that flow computations 40 not need to suffer from wall
and/or support interference. In fact, numerical methods can be used and are used in understanding the
mechanism and establishing the magnitude of wall and model support interference in wind tunnel testing.

This supplementary role of numerical methods, in design verification, is a subject on it's own and out-
side the scope of this paper.

A major advantage of numerical methods is the high flexibility with respect to changes in model con—
figuration: we can compute in sequence, the (potential) flow around perhaps a dozen or more wings in the
time—-span needed for the manufacturing and testing of one wind tunnel model. The high level of accessibi-
lity of modern computer systems in relation to that of wind tunnels is one of the reasons for this
situation,

An aspect related to cost is that once we have a wind tunnel model (and the wind tunnel) it takes
relatively little time and effort to measure the aerodynamic characteristics for a large number of flow
conditionsj the cost per data point reduce rapidly with the number of data points. This is probably some—
what less the case with aerodynamic computations where the variable costs (actual computation costs) have
the tendency t¢ constitute a larger percentage of the total costs. However, there is often not much of a
point in performing an exhaustive number of calculations for one configurationj becaure of the simple

z,ﬁ( e status and prospects of computational fluid dynamics have recently been summarized by Chapman
Ref. 1).
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physics in the mathematical models the limits of useful application are easily exceeded.

Probably the most important and also unique aspect of computational methods is the ability to do not
only the "direct" problem (i.e. the determination of the flow about a given shape) but also the "inverse"
or "design" problem of determining the shape that produces a given pressure distribution. 0ddly enough, it
seems that this possibility, which should be of great interest to the aerodynamic designer, has received
relatively little attention.

. Having established the possibilities and limitations of wind tunnel testing on the one hand and nume—
rical methods on the other we will next pay attention to the question of how to exploit the respective
capabilities in the aerodynamic design process.

3. THE ROLE OF NUMERICAL METHODS AND WIND TUNNEL TESTING IN THE AERODYNAMIC DESIGN PROCESS

Prior to considering the aerodynamic design process itself it is useful to have a quick look at the
goals of aerodynamic design. As an example we will consider the high speed requirements of subsonic trans—
port type aircraft. In a crude sense, these requirements are summarized in figure 3. Subject to a large
number of constructional and vther constraints a (wing) geometry is sought that combines low drag proper—
ties in a limited region of the C;-MA plane with acceptable off-iesign characteristics. To a certain
extent the latter can be formulated in terms of sufficient marginsAC[ and AMA between the cruise locus
and boundaries for buffet onset, insufficient stability and control characteristics, etc.

Traditionally, one can distinguish two phases in the process that is used in pursuit of these design
goals. The first phase (preliminary design Fig. 4) consists of a parametric study in which the ma jor
design quantities such as wing loading (CLs, basic wing planform etc. are fixed *). During the second
phase (design development) the geometry of the wing is worked out in detail. Numerical methods and wind
tunnel tests are utilized primarily in phase II.

3.1 The classical situation

Historically, the task of the aerodynamic designer was %o select a number of airfoil shapes and span—
wise twist distributions and find out in the wind tunnel how his geometrical compositions behave aerody-
namically. If the aerodynamic characteristics were not satisfactory he would,using his experience and
physical intuition, change the geometry, test again etc. (Fig. 5a).

A most frustrating aspect of this kind of process is that the amount of parameters that, in principle,
can be changed is overwhelming, while only a very limited number of possibilities can be investigated.
Model manufacturing time is the factor that determines how many "iterations" can be performed within a
given time span.

A characteristic feature of the process is further, that the designer is inclined to attempt direct
correlation between aerodynamic characteristics like Cp,,Cp,Cy -behaviour, stall etc and geometrical pro-
perties as camber, thickness, twist, leading-edge radius, trailing-edge angle etc.. Within such an
approach it is consistent that the majority of wind tunnel tests consists of force measurements only. The
latter is also highly attractive from a model manufacturing point of view, because models intended for
overall force measurements only are significantly easier to manufacture than pressure-plotting models.

Next, let us consider the situation that numerical methods are available for solving the direct
problem.

3.2 With "direct” numerical methods available

At first sight it seems, that the possibility to calculate, in an aprroximate sense, the flow about a
given complex configuration (Refs. 6-9) means an immense step ahead, and 10 a certain extent it is. As
noticed in the preceding section numerical methods offer the possibility to "test" perhaps a dozen wings
in the time span that is required for manufacturing and testing one wing in the wind tunnel. However, as
illustrated by the upper part of figure 5b this does not solve the designer's key problem of selecting
the shape-to—be-tested. It merely changes the question of "what shall I test in the wind tunnel?" into
"what shall I compute?" This is irrespective of the degree of sophistication of the numerical method. It
would be true even in the case that we could solve the full time—dependent Navier—Stokes equations!

One other aspect of the introduction of numerical methods into the asrodynamic design process is that
they provide easy means of obtaining (potential flow) pressure distributions. The attractiveness of this
aspect is in the fact that the pressure distribution, in a more direct sense than the geomeiry, determines
the aerodynamic churacteristics of a wing. This is of particular importance in the subtle shaping for
transonic flow with low wave drag.

Optimal use of the pressure plotting facility of (direct) numerical methods requi.es, in a sense, a
change of attitude of the aerodynamic designerj he will have to abandon the one-step (geometry--aerody-
namics) correlation approach in favor of a more sophisticated two-step one (geometry-pressure distribu-
tion-waerodynamics), An implication of the latter for his wind tunnel testing is that there is a stronger
need for combined force/pressure measurements. This, of course, is more time consuming and expensive.
However, just because of the use of numerical methods, the total number of tests is reduced. In general
terms the situation might be described as one in which the role of the wind tunnel as an analogue computer
is taken over by numerical methods but the role as a tool for verification is emphasized.

3.3 "Inverse" methods available

Let us now comsider the case that methods are available for solving the inverse problem of aerodyna—
mics, i.e. that of determining the geometry of a wing with given pressure distribution (Refs. 2,3,6,22).
As illustrated by figure 5c the key problem of the aerodynamic designer now has become a different one.
The question of selection of geometry has been replaced by the question of the choice of a suitable "tar—

t" pressure distribution for a property selected combination of lift coefficient and Mach number
%sesign condition). The target presswre distribution must be chosen such that the aerodynamic character—
istice in both design and off-design conditions are acceptable. This requ.res establishing of a pressure
distribution = aerodynamic characteristics correlation. The physics of (viscous) flows suggest that this
should be more straight~forward than the classical geometry—s aerodynamics correlation.

Although inverse numerical methods are of considerable irterest to the aerodynamic designer, they
also have their pitfalls. One well-known reason is, that an arbitrary selected pressure distribution may
give rise to physically unrealistic shapes such as locally negative thickness (even if proper trailing

!5Expreasing the aerodynamic design requirements in terms of figure 3 does, in fact, take place during
this phase.
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edge closure is enforced). More in general it may lead to shapes that are not acceptable from the point of
view of full-scale wing construction and manufacturing. In other words, the designer has traded the direct
control over the geometry that is typical of the processes represented by figures 5a, 5b for better control
over the aerodynamics. A consequence of this is that he will also have to establish a pressure distribu—
tion— geometry correlation.

A second problem that appears to be associated with non-linear inverse methods is lack of convergence
near the root of wings and of swept wings in particular. tecent experience obtained at NLR during the
development and application of iterative methods for the design of wings with given pressure distribution
has indicated that the inverse problem exhibits a certain "lack of uniqueness". It has been found, that
near the root of a wing, several different, but carefully balanced three-dimensional shapes may generate
approximately the same pressure distribution. Figure 6 presents an example of this phenomenon for a simple
non-lifting wing (thickness problem only). Both results were obtained through the same iterative process
(Fig. 7) involving a linear inverse (Ref. 23) and a non-planar, direct, "panel" type method (Ref. 7). The
starting geometries for the two cases were different. Results like the one just shown suggest that the
main reason for the lack of convergence near the root of wings is, that the inverse process cannot decide
which of the related geometries it will select.

3.4 "Optimizing design methods"

The thought that several wing shapes may produce almost the same pressure distribution is a very
exciting one for the aerodynamic designer because it offers an additional degree of freedom. The problem
with direct as well as inverse numerical methods is how to utilize this freedom.

It would seem at present, that there are two ways out of this dilemma. One approach ("direct optimi—
zation", Fig. 8) has, for 2-d flow,been investigated by Van der Plaats, Hicks and Murman (Ref. 24). These
authors have developed a numerical optimization design code by linking an optimization program based on
the method of feasible directions with the analysis program of Garabedian et al (Ref. 12) for the com—
pressible potential flow about given 2-d airfoils (direct method). The numerical optimization minimizes
some specified parameter (e.g., the drag), for a set of design variables (polynomial coefficients) des—
cribing the airfoil geometry, while satisfying a number of specified constraints. These constraints may be
aerodynamic (e.g. on 1ift and moment), geometric ?e.g. airfoil thickness or volume) or related to the pressure
distribution (Cpmim max. pressure gradient). Figure 9 shows an example of application of this approach.
A weak point of the method in it's present form is probably the polynomial contour representation. There
is reason to believe that this severely limits the class of obtainable solutions.

A second apnroach ftonstrained inverse method", Fig. 10) is to feed both a target pressure distribu—
tion and the geometrical constraints (or a target geometry) into the computer and solve the problem in a
weighted least squares' sense. Figure 11 presents a first result of recently started NLR explorations
along this line for the case of two-dimensional incompressible flow (Ref. 25). Starting from a given shape
a functional of the type

=

is minimized by means of variation of th> strenght y of distributed surface vorticity and the airfoil
ordinates Z. In (1) V, represents the target velocity distribution and Z, a "target geometry". Vi and Vp
are the actual tangential and normal velocity components. wi,Wp and w, are suitably chosen weight functions.
Note that for wi= o a Neumann—like (direct) problem is obtained and a Divichlet-like problem for W= 0.
w_= o represents the "classical" (non—linear) inverse problem. In the simple example of figure 11 Wiy Wp

and w, were all set equal to 1. Convergence for this type of method is generally obtained within 2 to 4
itera.gions.

It is the author's opinion that the (potential) benefits of numerical methods are best exploited in
optimization type methods like those cutlined in the preceding paragraphs. Obviously such methods are
still in #'s infancy at present. However, from the point of view of the aerodynamic designer they deserve
much attention. The need for extension to three dimensions in particular seems large.

2 .0 2
w, (V. V.) wnvnwg(zo 7)< | ax (1)

4. CONCLUDING REMARKS

Having discussed the role of the wind tunnel and that of different types of numerical methods in the
aerodynamic design process the conclusion proposes itself that we do not solve the key problems of aero—
dynamic design by substituting numerical methods for the wind tunnel. Rather than persuing full Navier—
Stokes solutions for given geometries we should perhaps look for methods that produce optimized shapes
even if such methods must, necessarily, be based on a simplified representation of the physics. We still
have the wind tunnel for solving the full, unsteady Navier-Stokes equations!
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Application of Computed Shock Standoff Distances for Windtunnel
Calibration at Supersonic Mach Numbers less than 1.2

D.J. Jones,
National Aeronautical Establishment, Montreal Road,
Ottawa, Canada.

SUMMARY

Calibration of the National Aeronautical Establishment (NAE) wind tunnel in the Mach
number range 1<M< 1.1 has been carried out by taking Schlieren photos of the bow shock
in front of a sphere. A theory has been developed to calculate this bow shock for flows
about axisymmetric bodies. Thus, correlating the experimental and theoretical shock waves,
a calibration of the wind tunnel was made.

INTRODUCTION

First, the NAE wind tunnel which required calibration in the transonic-supersonic
range will be described (see ref. 1 for more details). It is a 5 ftx5 ft blowdown wind
tunnel and can achieve Reynolds numbers up to about 20 million/ft (70 million/metre).

It can operate at subsonic speeds of around M= 0.25 up to Mach numbers of 4.5. A working
section with porous walls is inserted for use in the transonic range. Surrounding the
porous walls 1is the plenum chamber. The pressure is measured in this chamber and from
thls pressure and the stagnation pressure we determine a Mach number called Mp. For cali-
bration purposes we have to correlate M, to the free stream Mach number and hence find a
ccrrection, AM, to My. This 1is usually done by pressure probes but it was felt that the
probe method may disgurb the flow too much and so give inaccurate measurements.

The main purpose of our work on shock standoff location for flow about axisymmetric
bodies was to provide an alternative method of calibrating the wind tunnel in the transonic
range 1<M<1.1. Our aim was to provide a Mach number calibration accurate to AM< 0,002.

Previous calibration had been made at Mach numbers greater than 1.1 and less than 1.3
by inserting a cone at zero incidence in the wind tunnel and measuring the shock angle on
the Schlieren photo. By correlating this data with the theoretical prediction of the shock
angle it was possible to correct the Mach number M,. For supersonic Mach numbers less than
1.1 we previously used a semi-empirical approach wgich involved the use of a modification
to Serbin's formula for shock standoff from a flat ended cylinder (ref. 2). However it was
felt that a more accurate method was needed. A suitable method seemed to be that of mea-
suring from Schlieren photos the shock standoff distance from a sphere. In our experiments
we covered a range of Mach numbers from 1 to 1.3 and i1t 1s felt that the present method
would be suitable for wind tunnel calibration from 1 to about 1.2 because, in this range,
the variation of shock standoff is quite sensitive to changes in Mach number.

To do the above calibration we needed a suitable theory for calculating the bow shock
in front of a sphere and this is where the main difficulty lay as previous theoretical
methods were not accurate. The method finally derived was also suitable for other blunt
axisymmetric bodies besides spheres and it could also be used for two dimensional bodies.

THEORETICAL DIFFICULTIES

Figure 1 shows a plot of standoff distance versus Mach number for flow about a sphere.
This figure is taken from an AEDC report of 1969 (ref 3) except that also added are the
theory of Belotserkovskily (ref 4) and the experiments of Stilp (ref 5). It can be seen
that there is a huge scatter in theoretical and experimental data. Also shown on this
figure with the symbol I is the accuracy to which we require our standoff distance so
that we achieve AM< 0.002. It seems clear that the theories quoted in the figure are not
sufficiently accurate and so our objective here 1is to develop an accurate, efficient
scheme.

Several methods were attempted before finally selecting the relaxation method mentioned
later. Firstly Belotserkovskiy's Schemes I and II we unsuitable at low supersonic Mach
numbers and Scheme III had to be used; however it can be seen from fig 1 that these results
(taken from ref U4) differ considerably from other results especially in our Mach
number range of interest (M<1.2). A method of lines solution was attempted but this gave
convergence difficulties for Mach numbers less than 1.3. Next a collocation method was
used and this gave reasonable results down to M=1.15 but below this convergence was
difficult. Then a time dependent method (ref 6) was used but produced 'kinky' shocks at
M=1.2 and also the convergence was very slow. A second time dependent method, due to
Aungier, and run by Hsieh at AEDC (ref 7) required 22 hours computer time on an IBM 370/155
at M=1.05. Thus a new approach was attempted.

PRESENT THEORY

The present theory, which uses a finite difference approach, is fully reported in
refs 8 and 9. Basically it consists of estimating the shock shape and applying the
Rankine-Hugoniot relations across it. From quantities at the shock we can extrapolate by
Taylor series the disturbance poteritial ¢ (q=q_+ Ve) to the line of mesh points adjacent
to the shock. We then fix this line of ¢'s and iterate, using Jameson's rotated aiffer-
ence scheme, the rest of the flow field between shock and body until the residuals are
sufficiently small. However non-zero residuals now remain at the line of points adjacent
to the shock; these are driven towards zero by a Newton scheme which changes the shock
shape. The rest of the flow fleld 1s then re-iterated and so the process continues.
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l | The results of our computation showing shock standoff versus Mach number for flow
3 about a sphere are given on fig 2. It can be seen that Hsieh's time dependent method
gives practically identical results to ours (see M=1.3, 1.17, 1.10 and 1.05). At the
latter Mach number there is a very slight difference but this is believed to be due to
; Hsieh's extrapolation to infinite time from the smaller time at which the computation
4 was stopped. Because of this agreement between the two completely different theories
h it seems reasonable to suppose that the present results are accurate. Frank and Zierep
(ref 10) results are also included for completeness - it can be seen that their
approximation is reasonably good even though they use a semi-empirical approach with a
modification of a formula derived for slender bodies of revolution.

Also shown on fig 2 are several experimental results. The NACA 2000 results agree
with our theory (see M=1.3 and 1.17) while Stilp's results are consistently low at Mach
numbers less than 1.10 (perhaps due to Stilp's wind tunnel calibration). Our NAE data
are given for three different values of Reynolds' number but are plotted against M, and
as such show the correction AM that must be applied. Only some of the low Reynoldg
number NAE data has been corrected by using the cone Schlieren shock angle as mentioned
earlier - these are represented by the full circle and it can be seen that these points
now straddle our theoretical prediction.

The effect of Reynolds number should be mentioned here. It 1s estimated that the
displacement thickness upstream of the maximum sphere diameter is negligible at
Re > 6 x 10%/ft - thus inviscid flow can be assumed. Now to change Reynolds number in our
wind tunnel we change the stagnation pressure but to keep the same Mp we alter slightly
the tunnel configuration (diffuser re-entry flap setting). It is thought that these two
2 changes then give a different Mach number at the tunnel centre line, Mz. Thus there is
3 a different relation between Mp and Mg (as indicated on fig 2) depending cn Re.

The remaining experimental data on fig 2 show the ballistic range results obtained
at AEDC by Starr et al (ref 11) and by Bailey and Hiatt (ref 12). It can be seen that
very good agreement with the present theory is obtained particularly when one remembers
that the lag effects in a ballistic range would tend to increase their standoff prediction.

Finally fig 3 shows our wind tunnel correction, AM, to be applied to Mp.

CONCLUSIONS

It has been shown tnat wind tunnel calibration can be made in the Mach number range
1<M< 1.2 by measuring shock standoff distances from a sphere. The NAE 5 ft x5 ft blow-
down wind tunnel will be calibrated in this manner.
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THEORETICAL AND EXPERIMENTAL SIMULATION METHCDS
FOR EXTERNAL STORE SEPARATION TRAJECTORIES *

J. VON DER DECKEN., P. ESCH, W. FRITZ

DORNIER GMBH
FRIEDRICHSHAFEN, GERMANY

SUMMARY

A review of numerical methods and experimental techniques for the simulation of separation trajectories
of external powered and unpowered stores at low and high speed is given.

For the theoretical simulation, potential flow methods are used to calculate the quasi-steady loadings
on the store while the trajectory itself is determined by solving the equations of the 6-degree-of-freedom
motion.

Based on the experience of numerous systematic experimental studies gained with the rigid loads and the
freedrop technique for unpowered stores the advantages and limitations of different windtunnel techniques
will be demonstrated including a critical discussion of scaling effects.

The experimental and theoretical simulation techniques have proven to be a satisfactory tool for the
investigation of the separation characteristics of unpowered external stores. The on-line combination of
windtunnel techniques and numerical methods including the thrust determination will provide an efficient
trajectory simulation for powered air-leunched missiles. This technique - known as captive trajectory
technique - will be described.

RESUME

Une revue est présentée pour des méthodes numériques et expérimentales de simulation des trajectoires de
séparation des charges externes autopropulsées ou non dans Te régime des vitesses basses et &levées.

Pour la simulation théorique des méthodes pour &coulement potentiel sont utilisées pour calculer les
forces quasi-stationaires sur les charges tandis que la trajectoire est déterminée en résolvant les équations
des mouvement 3 six degrées de liberte.

En se basant sur de nombreuses etudes expérimentales systématiques obtenues par des techniques "rigid
Toad" et "freedrop", les avantages et limitations des différentes techniques de soufflerie seront démontrées.

Les techniques de simulation theoriques et experimentales ont montré d'&tre un outil satisfaisant pour
1'investigation des charactéristiques de séparation des charges non-autopropulsées. La combinaison "on
line" des techniques de soufflerie et des méthodes numeriques, y compris la détermination de la poussée,

va donné une simulation efficace des trajectoire des missiles lancés en air. Cette techniques - connue
comme "captive trajectory technique" - sera décrite.
1. INTRODUCTION

Due to the high speed and the complexity of modern military aircraft the problems of aircraft/stores-
compatibility have become of significant magnitude. Therefore, in the last few years new theoretical and
experimental methods of simulating and predicting store separation trajectories have been developed and
applied to present aircraft.

Modern hybrid fighter-bomber are laid out to perform multiple missions carrying as many external stores
as possible in single, double, triple or muitiple stations and racks respectively at the wing and at the
fuselage. For logistic reasons the big arsenal of different weapons, fuel tanks, dispensers etc. (more than
100 different types within NATO) is required to fit on all current aircraft. This will generate a possible
work load for flight certification of a few billion cases for 1 military aircraft and involves the expendi-
ture of large sums of money.

We try to give a review of theoretical and wind tunnel methods for the simulation of store separation
trajectories in a cheap and effective way. By help of such simulation methods the immense effort of flight
testing and certification can be reduced considerably.

bod This work was sponsored by the German Ministry of Defense under contract T/RF 41/RF 410/21244 and
51086.
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2. THEORETICAL SIMULATION METHODS
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Fig. 1 Computer program flow chart for the
theoretical simulation of external
store separation trajectories

R

Fig. 1 shows a flow chart of the theoretical treat-
ment of the problem with the possibility to adjust and
improve the calculations by wind tunnel data. As input
the parent aircraft data (geometry, flight conditions,
maneuver simulation) and the store data (geometry, mass
data, ejection and thrust forces) are fed into the
computer program. The momentary position of the aircraft
on its path is calculated in a simplified form only. The
store derivatives are determined for the momentary
position of the store on its trajectory by superimposing
the far~field solution for the store in undisturbed flow
(LARV-calculation) and a near-field additional due to
store/aircraft interference effects calculated after a
rmodified FERNANDES method. With these dimensionless
aerodynamic coefficients the quasi-steady loadings
acting on the store are determined which are input to
the 6-degree-of-freedom equations of motion. Integration
leads to translational and rotational increments of the
store motion and thus to the new coordinates of the
store trajectory for the time instant under considera-
tion. The next time step starts again with the aircraft
trajectory. If there is a bad correlation between com-
puted and wind tunnel data it is possible to adjust the
theoretical suppositions in the determination of the
near-field additional derivatives.

The LARV-program (Low Aspect Ratio Vehicle) pro-
vides the store's aerodynamic derivatives in uniform
potential flow for

arbitrary store configurations with/without jet
subsonic/transonic/supersonic flow

angles of attack -900 < o < 900

angles of rol1 -909 < o < 900.

The elements of LARV [1] are based on slender body theory with empirical correlations, base drag
correlations and DATCOM analyses for wings. All relations are given in functional form to provide fast
computation. The LARV-method has been proved by numerous comparisons with experimental data.

Fig. 2 and fig. 3 show examples of LARV-calculations in subsoric and supersonic flow. The agreement
between theory and experiment is good including non-linear effects of 1ift, drag and pitch moment versus

angle of attack.

"
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Fig. 2 Comparison LARV-theory/experiment for
a missile. Lift, drag and pitch moment
versus angle of at M_ = 0.6
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The interference flow field and the interference loading coefficients acting on the store are calcula-
ted by the FERNANDES method [2], which has been modified in some aspects.

The disturbance flow field produced by the aircraft is predicted using the linear potential flow theory
with source and vortex distributions. For a number of different positions on the store trajectory the distur-
bance velocities are calculated along the store axis. The force and moment coefficients of the store due
to this variable flow field are determined giving the interference coefficients. To get the total store
coefficients the free-air coefficients due to the store's angle of incidence and of yaw in undisturbed
flow (result of LARV-method or experimental data) have te be added.

The geometric features producing the interference flow field about an aircraft are wing, body, engine
inlet, pylons and further stores in the neighbourhood which will not be released. The prediction method
[2] represents all these features for an aircraft of general geometric description, with no slender body
assumptions and no two-dimensional approximations.

To obtain the disturbance flow field around the aircraft, the complete flow field is split into parts
due to the different aircraft components. Each component is treated seperately and all effects are super-
imposed linearly. Compressibility effects are corrected for by tha Prandtl1-Glauert rule. The different air-
craft components are represented by singularities in the following way:

Wing

The interference flow field due to the wing is split into one part due to wing 1ift and one due to
wing thickness. Wing 1ift is represented by a spanwise and chordwise vortex lattice. The vortex strengths
are found by solving the linear system of equations given by the influence coefficients matrix and the
wing boundary conditions as right hand side. The wing thickness is represented by a spanwise and chordwise
distribution of elementary source strips.

Pylon

The flow field produced by the plyon's thickness is described by use of source strips in the same man-
ner as for the wing thickness. The pylon interference with the wing is simulated by representing the pylon
with horseshoe vortices to match the boundary conditions of flow tangency at the pylon. Wing-pylon inter-
ference effects are accounted for by mirroring the pylnn vortices abeve the wing plane. Alternatively the
wing-pylon combination can be represented by one joined set of vortex-lattices.

Bodies

The aircraft fuselage (resp. further stores) is represented by a line source distribution for the
axial flow and by a line doublet distribution for the crossflow. Engine inlets are either included in the
body cross-sections or represented by additional line singularities. Further stores are represented in the
same manner as the fuselage.

Wing-Body Interference

The components of mutual interference between wing and body are accounted for by mirroring the wing
vortices at the body while the bodies are assumed to be circular cylinders.

To calculate the interference loading, the store is segmented axially into a number of small sec-
tions. The load on each section is computed from the local crossflow by use of a set of loading coefficients
which describe the section aerodynamic properties. These loading coefficients may be obtained from test
data in uniform flow or from theory. The interference roefficients are then calculated by integrating
along these store sections. The total store loading is obtained by adding the free-air coefficients (cal-
culated with LARV or known from experiments) linearly to the interference coefficients.
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Fig. 4 Interference velocity distributions Fig. 5 Comparison theory/experiment for normal force
(sidewash v, upwash w) along store CN, side force Cy, pitch moment Cy and yaw
axis for a wing/body combination with moment C, versus angle of attack at M« = 0.4
external store. Comparison theory/ex- for the same configuration as in fig. 4

periment at M» = 0.4 and o = 6°




Fig. 4 shows the upwash and sidewash distribution due to the interference flow field along the store
axis for a simple wing-body combination with an external store. X is the distance from the store nose. The
results of the original FERNANDES [2], of the DILLENIUS [3] and of the present method are compared with
experimental data.

Fig. 5 shows the total normal force, side force, pitch moment and yaw moment acting on the store
mounted in the same configuration as shown in fig. 4. For the original FERNANDES method [2] and the present
method the interference coefficients are compared, too.

Examples of complete separation trajectories calculated by the present simulation program after fig. 1
are not yet available. We look forward to presenting a comparison of theoretical results with wind tunnel
test data obtained by the freedrop technique later this year.

3. EXPERIMENTAL SIMULATION TECHNIQUES

In addition to theoretical simulation methods for external store separation trajectories wind tunnel
experiments are necessary because of the complexity of the aerodynamic flow fields generated by today's
fighter-bomber aircraft carrying stores externally in multiple configurations, i.e.

interacting pressure distributions

interacting shock waves

compressibility effects such as local supercritical zones
self generated perturbatiorns of the separating store

are virtually impossible to predict analytically without massive simplifications. Therefore, a basic sup-
position for wind tunnel tests is that the model should be as realistic as possible especially concerning
the store loading configuration, i.e. all external stores should be correctly mounted at the different
wing pylons or at the fuselage via

- single ejector rack (SER) or
- doubie ejector rack (DER) or
- triple ejector rack (TER) or
- multiple ejector rack (MER)

while the store attachment provisions are accurately simuiated, i.e. crutch arms, adjustment screws etc. In
addition the ejection characteristics are to be correctly simulated correspondirig to the full scale jettison
behaviour of the store measured in ground tests at the original ejector rack. Of course the common similari-
ty rules (Reynclds, Mach) should be met, too, as close as possible. The following wind tunnel techniques
will be discussed shortly:

LI I T |

3.1 Rigid Loads Technique (RLT)

3.2 Free Drop Technique (FDT)

333 Grid Testing Technique (GTT)

3.4 Captive Trajectory Technique (CTT)

3.5 Flow Field Angularity Technique (FAT).
3.1 Rigid Loads Technique

The aircraft is conventionally mounted in the wind tunnel via a internal balance on an operational
rear sting. Integrated in the store of interest there is a 6-component strain gage balance rigidly mounted
to the aircraft model and capable to measure forces and moments acting on the store alone or on the store
plus adapter and pylon.

The result of the RLT is the aerodynamic 6-DOF-derivatives of the store in captive carriage position
only. However, these derivatives are the predominant factor affecting the whole separation trajectory of
the store as it includes already the maximum of interference effects and of the release disturbance. There-
fore, the very simple RLT is generally adapted to contribute an essential part to the theoretical simula-
tion of separation trajectories and serves as a check for the FERNANDES method. In addition the performance
penalties of the aircraft due to the different external stores can be more accurately predicted by the re-
sults of the RLT.
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3.2 Free Drop Technique

The FDT involves actually releasing store
models in the wind tunnel from the aircraft
model and requires already a rather big effort
of unconventional experimental equipment for
the model itself and also in the wind tunnel.
First, the aircraft model should be mounted in
the test section as rigidly as possible to
avoid stochastic accelerations of the model
which could produce an error in the required
release acceleration of the store.

Fig. 6 shows a typical FDT-arrangement in
a low speed (80 m/s) wind tunnel with open test
section (3,2 m x 2,3 m). A fishing net for
catching the dropped stores is to be seen be-
neath the 1:5 Alpha Jet aircraft model.

Second, a model release unit with two
ejector pistons is needed for each store, i.e.
in case of a DER or TER there are 2 or 3 re-
lease units necessary which provide the possi-
bility to simulate pair, multiple or ripple
releases.

Fig. 6 Arrangement for freedrop technique in the
DFVLR-wind tunnel in Cologne. Alpha Jet
1:5 with external stores

Fig. 7 shows a release unit for external stores, scale 1:5 to the original ML AVIATION device. The two
ejection pistons and a third piston working on a knife (a sort of guilotine) which cuts the suspension wire
off are pneumatically driven.

Fig. 7 Release unit for external Fig. 8 Release unit for external stores scale 1:20
stores scale 1:5

Fig. 8 shows a scale 1:20 release unit and illustrates that it is not possible to reduce the scale of
the device to be able to integrate it into the wing pylon and resulting in a very large part of the re-
lease unit located above the wirg generating an uncorrect flow disturbance. The ejector impulse is depen-
dent on the driving pressure and must be carefully calibrated for each piston in advance of the tests to
allow an adjustment of the correct acceleration during the store release in the wind tunnel.

Third, for jettison tests the store models have to be dynamically similar with respect to the full-
scale store and niust be extremely accurately scaled concerning the

- geometric properties
- dynamic mass properties (mass, center of gravity, moments of inertia).

The following similarity rules have to be fulfilled:
Flow similarity

Derived out of the NAVIER-STOKES equations one obtains the wellknown similarity parameters

Re = v: ] Reynolds v, = velocity of onset flow
v, = kinematic viscosity
Froude Ve * velocity of sound
g = gravitational acceleration
Strouhal 1 = characteristic length of store
t = time in seconds

Mach
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Similarity of Forces

The aerodynamic forces and the mass forces due to acceleration and gravity equilibrate each other as
well in the full scale as in the model case which leads to the condition

P V2 P V2, m = model
e = (s f = full scale
R op = body density
a = body acceleration

This condition may be fulfilled by different methods.

Froude-Method (FM)
The Mach-condition is neglected. Therefore, the Froude-Method is limited to low speed tests, where
compressibility effects are unimportant. The following conditions are valid:

v2 2

v
(T = (¢

(@), =(@¢s (9, = (9
© pm
‘ﬁ)m = (5; )¢

The body velocity as well as the onset flow velocity are both dependent to the square root of the
scale factor. This means that the angle of attack for the model is identical with that one of the full
scale store over the whole separation trajectory.

For jettison tests in the high speed range one of the two following methods are adapted.

Light-Model Method (LM)

M, = M
Doo.vzcn pco.vzm
Sy = N,
(a1), = (a=)¢

As the acceleration of the store due to ejection and aerodynamic forces are joinded with the scale
factor but the acceleration due to gravity obviously is not, leads the LM to different motion properties in
axial (x) and normal (z) direction.

However, by a modification of the LM it is possible to adjust the ejection velocity in such a manner
that for a choosen single point of the separation trajectory the relation of z/x is identical for model and
full scale. That means for a complete trajectory several steps are required. But the so obtained trajectory
is not correct, because

~ the store travels through a different flow field in the wind tunnel and in the fuil scale flight test

~ the normal velocities in model and full scale do not correspond which leads to different angles of
attack, and different trajectories in the wind tunnel and flight test.

The error of the LM is the smaller the larger the ejection acceleration is.
Heavy-Model Method (HM)
My = M

¥y Pe"Y
e = (T e

(@) =(a)g s (9)y = (9)¢

Though in the HM the velocities in the wind tunnel and in the flight test are equal (vwl = (Vo) f the
relation of the normal velocities is joined with the square root of the scale (v;2/1)q = (v; 7‘)f, that
means the angles of attack are not the same in the model test and the full scale test; but the trajectory
of the center of gravity (c.g.) will be essentially correct.

It should be pointed out especially that constructing the store models after HM is very difficult be-
cause the relation of the body density is a function of the scale (pp*1)m = (pb*1)f. It is not possible to
fulfil this relationship for small-scale models of high density stores even when exotic metals such as
tungsten, gold or platinum are used.
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Finally, a precise kinematographic registration of the separation trajectory from 3 orthogonal direc-
tions (side, bottom, rear) is required for to provide a good qualitative illustration of the trajectory and
an accurate quantitative analysis. This is done on the one hand by 3 remotely controlled cameras taking
stroboscope pictures of the separation trajectory by means of stroboscope-flash illumination. Fig. 9 shows
ar example of such stroboscope pictures which are not quantitatively analysed.

IDROP HODEL?ESNNG'

STROBOSCOP - PICTURES OF STORE
| SEPARATION TRAJECTORIES:
FULL TANK FROM OUTER STATION
350 KIS - HsOm - @a12°

Fig. 10 Rocket launcher released from 1:5 Alpha
Jet at simulated 350 KTS. Different store
positions are copied from the high speed
motion pictures film obtained by lateral
camera. The time after release is given
for full scale.

Fig. 9 Example of stroboscope photo pictures showing
the separation trajectory of a full fuel tank
releasing from 1:5 Alpha Jet model in the
DFVLR wind tunnel, Cologne (photos by DFVLR)

However, the main information is received from high speed motion picture films, taken by 3 remotely
controlled 16 mm-cameras (1000 to 10000 frames per second) during a permanent powerful illumination (typi-
cal installation 30 to 100 KW). On one edge of each film there is written a precise time annotation (every
0.001 sec) generated by a single master clock and on the other edge the instant is marked when the store
has moved the first little distance (0.05 mm). Later on the films are analysed frame by frame on a special
projector and the operator measures the c.g.-positions and angles of the store in constant time-steps.

Fig. 10 illustrates different store positions which are copied from the high speed motion film seen by
the lateral camera. The influence of the aircraft angles of attack on the motion characteristics of a rocket
launcher is to be seen: nose down tendency for o = 0%, but nose up tendency for a = 50.

Fig. 11 shows the complete analysis of a
set of 3 high speed motion films giving the se-
R paration trajectory of a full fuel tank in

L1 — ] terms of the axial (x) and normal (z) c.g.-
m 3:?7 | :,,hi E?i::f?‘l*~ position and the pitch angle versus the time
m | , L
t = bx R for 3 angles of attack. The yaw and roll angle
e . ey ~u is not plotted in this figure. In addition a
L INL il o 5% z-diagram versus O illustrates the distance to
o the collision boundary.
e ? | Another more special kind for the FDT is
1 .?Z:Zraru_m_f &L the wind tunnel test of tow targets concerning
o e | ;§§3J the release, reeling out and reeling in beha-

viour. In fig. 12 and fig. 13 two examples of

o e

[ ANALYSIS OF HIGH SPEED FILMS

1 FULL TANK FROM OUTER STATION

| 350 K15 - Hm - INFLUENCE OF
A F ATTACK

A

DROP MODEL TESTING

Fig. 11 Analysis of high speed motion films for the

example of a full fuel tank released from
1:5 Alpha Jet at the same configuration as
in fig. 9.

targets which recently have been tested in the
DORNIER wind tunnel are given. In this case,
besides the dynamic similarity of the target mo-
del and also the cable mechanism and the reeling
speed must be simulated properly In the case of
the SK 5 towed by a FIAT G 91 aircraft (fig. 12)
a flight velocity of 300 KTS at 3000 ft was si-
mulated and in the case of the SK 10 towed by a
MC DONNELL DOUGLAS F-4 aircraft (fig. 13) the
simulated flight condition was 220 KTS at

10000 ft. In the photo picture of fig. 13 the
cable connection between the target and the
launcher system mounted on the wing of the
aircraft model is to be seen.




Fig. 12 Tow Target SK 5 with carrier aircraft Fig. 13 Tow Target SK 10 with carrier aircraft F-4
FIAT G 91 scale 1:10, launcher system scale 1:10, launcher system ANDERSON GREEN-
DEL MAR WOOD, in the DORNIER low speed wind tunnel.
Releasing, reeling out and reeling in be-
haviour is tested.

To summarize, the FDT offers the following advantages and disadvantages respectively.

Advantages of FDT

- Qualitative illustration of release behaviour including the simulation of collisions store-to-air-
craft or store-to-store

- Complete quantitative separation trajectory including the distance to collision boundary

- Simulation of pair, multiple or ripple releases are possible

- Simulation of ill-conditioned trajectories due to unstable stores are pussible, e.g. empty dispensers
(pods, fuel tanks, rocket launchers) and stores without tail.

Disadvantages of FDT

- Complicated model release units due to small scale

- Difficult construction of dynamically similar store models, especially for high speed tests
- Store models are often destroyed after first release

- Risk of damaging wind tunne’ equipment

- Considerable effort for analysing the high speed motion films frame by frame

- O0ff-line data reduction.

3.3 GRID Testing Technique (GTT)

Another method to simulate store separations in the wind tunnel is called grid testing technique. Here
the aircraft model is conventionally mounted on an operational rear sting while the store model to be in-
| vestigated is suspended on a second operational rear sting via its own internal balance. When the required
} flow conditions have been stabilized in the tunnel the store is moved to various discreet spatial positions
and the forces and moments acting on the store are measured. These points are preselected by experience in
| a 3-dimensional box (GRID) below the aircraft model. GRID-runs are made for each configuration at different
| M. The interference forces and moments are computed for each GRID-point by subtracting the corresponding
? theoretical or experimental data in undistrubed flow. By interpolation functions the complete interference
flow field in terms of aerodynamic coefficients is calculated. Feeding the proper interference and free-
stream data into 6-DOF-equations of motion leads to the separation trajectory.

Advantages of GIT
- Conventional test technique with conventional store models

4 - With one set of test data the complete interference flow field is known. That means an arbitrary
3 number of different store separation trajectories may be simulated theoretically changing parameters
¢ such as initial acceleration due to ejection forces, geometric properties of the store etc.

Disadvantages of GTT

- Separate cperational sting rig for the store
- Difficult store manipulation in the wind tunnel :
- No trajectory simulation in the wind tunnel

- No on-line results

- Considerable .ffort for data reduction.
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3.4 Captive Trajectory Technique (CTT)

The CTT is based on the same wind tunnel equipment as GTT, but uses a much more advanced technique. It
is an on-line simulation of the store separation trajectory in synchronous time steps in a pre-programmed
computer running parallel to the experimental simulation in the wind tunnel and automatically activating
the control system for the captive trajectory rig of the store model. In the simpliest form, a corrector/
predictor algorithm, based only on the measured store forces and moments, is used to predict theoretically

step by step ‘ne separation trajectory by
SR skl T ER T K Ve R solving the 6-D_F-~equations of motion with real
time as independent variable and deminishing
the choosen time increment if bad agreement
e o T ([ occurs for the ckeck back. This means a kind of
hybrid simulation where the windtunnel plays
the role of the analog computer. However, it
has proven to be more efficient to compute the
separation trajectory completely “n the digital
computer using the windtunnel only to check the
predicted store positions and loads and to
adjust the theoretical assumptions if bad
CAPTIVE TRAJECTORY RIG agreement occurs be.ween the theoretical pre-
dicted and the measur2d loads in the new posi-
tion. This last methods allow also to take
account for secondary effects due to store
Fig. 14 Schematic arrangement of the captive thrust, dynamic derivatives of the store and
trajectory technique aircraft manoedver conditions.

STORE STRAIN 51222
GAUGE BALANCE SUREORT TG

Advantages of CCT

on-line graphs of the separation trajectory data
sizple store models (geometric similarity only)
simulation of secondary effects

fast simulation technique

Disadvantages of CCT

~ big effort for captive support rig and control system
~ mechanical limitations for store sting support
- it is not possible to simulate i11 conditioned trajectories of unstable stores.

3.5 Flow Field Angularity Technique (FAT)

The experimental methods described above are based either on the measurement of the forces and moments
acting on the store in the interference flow field or by actually releasing store models. The FAT is a
direct approach to measure the interference flow field itself and has been worked out in the US AIR FORCE
ARMAMENT LABORATORY {5]. In the FAT the aircraft model is conventionally mounted in the wind tunnel with
the stores of interest loaded in the captive carrying position. The aircraft flow field below and beside
the store is measured in a pre-selected GRID by means of a 3-dimensional pressure probe capable of de-
termining velocity vectors. The result is a set of data giving the changes in angle of attack and angle of
sideslip of the interference flow field. From this, the interference flow “ield in terms of isoclines, i.e.
lines of constant change with respect to angle of attack or sideslip, may be plotted. The stor2 interfe-
rence aerodynamic coefficients are then calculated by using the store free-stream coefficients and the
measured flow angularity values obtained from the wind tunnel. The interference coefficients are input to a
6-DOF-computer program solving the equations of motion for the store and resulting in the separation tra-
jectory.

The main advantage of the FAT is that once the data set has been aquired large numbers of trajectories
for arbitrary configurations are computed in short time and in a cheap effective way. Post-flight analysis
of unusual occurences can be easyly studied by varying the input parameters for the computer program. The
FAT has been sucessfully used in the US to predict store separation from F-4, F-15, A-10 and A-70 aircraft.
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EXPERIMENTS PLANNED SPECIFICALLY FOR DEVELOPING TURBULENCE MODELS
IN COMPUTATIONS OF FLOW FIELDS AROUND AERODYNAMIC SHAPES

by
Joseph G. Marvin*
Ames Research Center, NASA, Moffett Field, Calif. 94035, USA

SUMMARY

Building-block experiments and companion numerical simulations intended to verify and guide turbulence
modeling are described. Emphasis is given to a series of experiments and computations being used to enhance
modeling development for the shock-wave turbulent-boundary-layer interaction problem. Experiments and
computations for the exact experimental geometry are presented for Mach and Reynolds number ranges encom-
passing those associated with full-scale vehicles in transonic, supersonic, and hypersonic flight. Results
are given for transonic flow over a circular-arc airfoil undergoing shock-wave-induced, boundary-layer
separation, for supersonic flow along a tube wall undergoing a normal-shock-wave-induced, boundary-layer
separation, and for supersonic and hypersonic flows undergoing oblique-shock-wave-inducea, boundary-layer
separation. The detailed experimental data and computations, which use the complete Navier-Stokes equa-
tions, are discussed with emphasis on their role in establishing the concept of turbulence modeling. The
main conclusion established is that turbulence modeling progress can be achieved by combining numerical
simulations with carefully controlled building-block experiments. Extending this concept to complete
aircraft is the step to be achieved in the next decade.

NOTATIONS

A Van Driest damping parameter, Eq. (5) w mass-averaged velocity parallel to wall
ncrmal to axial direction

CF skin-friction coefficient
X axial distance

CH Stanton Number
AX distance between mesh points

C pressure coefficient

P y distance normal to surface
c chord length
distance of shock extent relative to wing

dk distance from location of iritial pressure centerline
rise to location of the knee in the
pressure distribution curve Y Klebenoff intermittency factor
dS distance from location of initial pressure s boundary-layer thickness
rise to location of separation point
8 boundary-layer thickness at first measuring
e internal energy station ahead of interaction
h distance from wing centerline to upper or lower & boundary-layer thickness upstream of inter-
tunnel wall g action (x = 0)
L relaxation length c¥ kinematic displacement thickness
L distance from initial pressure rise to location e eddy viscosity
of reattachment point
€y eddy viscosity immediately upstream of
M Mach number interaction
p pressure u molecular viscosity
q kinetic energy of turbulence P density
R reattachment location ov'u' turbulent shear stress
R radius of test section T Ty total shear stress
Re Reynolds number <( )> root mean square
) separation location Subscripts
T temperature ¢ based on chord length
t wina maximum thickness 15 indices in tensor notation
u mass-averaged velocity parallel to wall in k value at the knee in the pressure curve
axial direction
0 location of incident shock impingement on
v mass-averaged velocity normal to wall surface in absence of a boundary layer

* Chief, Experimental Fluid Dynamics Branch
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3 value at shock wave; also value of W wall value
separation point
@ free-stream value
£ total

Superscripts

u value upstream of interaction >
() time averaged

()" fluctuating value

1. INTRODUCTION

The rapid development of faster, larger computers has been paralleled by an equally rapid development
of computational aerodynamics. Table 1 is a simplified summary of the status of computational aerodynamics
that illustrates its rapid development, particularly since the start of this decade. The stage of
approximation of the governing 2quations has been divided into four vogressively more complex categories,
culminating with the viscous time-dependent Navier-Stokes equations. Beginning in the 1930's and progress-
ing through the 1960's, inviscid linearized theory in various refined stages has been used to design many
of the current aircraft. Many limitations in this theory required that much of the configuration design
be accomplished experimentally, however. In the 1970's, development of inviscid nonlinear theory advanced
more rapidly and is nearing completion. Computations for transonic and hypersonic flight have been made
for realistic aerospace vehicle geometries (notable examples are refs. 1-3). The major limitation of these
computations is that they cannot handle separated flows. To provide that capability, the next stage of
equation approximation requires utilization of the time-averaged Navier-Stokes equations or their approxi-
mation. Such computations for turbulent flows, which are ubiquitous and very important in most aerospace
vehicle applications, are in the early stages of development. The limitation of these computations is the
accuracy of the turbulence model used to complete the system of governing equations; this item now paces
the development. Once this stage of approximation reaches the point of practical utility, it is expected
that computations using the complete Navier-Stokes equations in time-dependent form will begin their
development, but an advanced computer is essent.al before practical computations become available because
the resolution scale for the smaller turbulent eddies precludes the use of any current computers. Thus,
within the next decade, it could be possible to numerically simulate the flow about complete aircraft
shapes including important viscous effects. Then, performing complimentary roles, the computer and the
}arge w;nd tunnel can significantly reduce the time and cost required to develop new aerospace vehicles

ref. 4).

The Navier-Stokes equations are the basic governing equations used to describe most fluid mechanics
phenomena. They apply to problems involving turbulent flow, but to avoid the difficulty of describing
every discrete turbulent motion possible, they are usually time averaged. Time averaging eliminates some
of the information contained in the equations and, moreover, results in more unknowns than governing
equations through the introduction of apparent Reynolds stresses for the actual transfer of momentum by
velocity fluctuations. Therefore, the extra unknowns must be represented by physically plausible combina-
tions of quantities for which transport equations are expressed in terms of constants or empirical functions
considered as known or expressible in terms of the mean variables. The problem of reducing the unkrowns
to equal the number of equations is referred to as the "closure problem"; the process of expressing the
unknowns as transport equations in terms of empirical functions or constants is referred to as "tuirbulence
modeiing."

Historically, progress in turbulence modeling has been slow and deliberate, and has relied sub-
stantially on a few carefully controlled experiments performed over a range of test conditions. Such
experiments could e called "building-block experiments" because they provided the gage for establishing
the credibility of computaticnal techriques, but, more importantly, because they provided physically
meaningful concepts that were used to enhance heuristic modeling ideas. The conference on the computation
of turbulent flows held at Stanford University in 1968 (ref. 5) used many of the classic experiments to
assess progress in predicting incompressible, attached, turbulent flows. Later that same year, the confer-
ence on compressible turbulent flows held at Langley Research Center (ref. 6) concluded that very few, if
any, compressible flow experiments in the building-block category were being performed.

Relying on historical perspective, if progress i modeling is to be made, it will come through combin-
ing a broad experimental effort with computationai techniques and modeling ideas (ref. 5). However, for
compressible flow, the problems are more complex because Mach number must be included in the list of vari
ables. Figure 1 shows the Mach-Reynolds number domain for aerospace vehicles and it gives an indication
of the range of conditions over which adequate turbulence modeling must be provided. The upper limit on
Reynolds number based on vehicle length (ref. 7) is shown as well as the upper limit based on wing chord.
Mach number varies between subsonic and hypersonic, encompassing the range encountered by commercial
passenger vehicles and NASA's Space Shuttle Vehicle. Figure 2 compares the domain of available experiments
that can be used to test turbulence modeling concepts with that for the vehicles. The shaded area
represents partially documented experiments where zero- or mild-pressure gradients were impressed on the
flow. Reference 8 summarizes available experiments and their measurements. Most of these earlier experi-
ments were performed at lower Reynolds numbers, which made it difficult for the analysts to confidently
predict Reynolds number trends for actual flight conditions and, in most cases, not enough meaningful data
were available in any single experiment to assess modeling concepts confidently. Thus, the situation
remains somewhat the same as for the development of linearized theory, where designers rely mainly on
experiment for their vehicle development. The unshaded area in Fig. 2 represents the domain of more
recent experiments where shock-induced separation was studied and where specific attempts to document the
complete flow-field features have been made or are under way. These latter experiments and companion
computations, which together are being used to establish adequate turbulence models for designers, are
discussed subsequently. Another disturbing consideration is the lack of large-scale facilities that can

?perate at Reynolds numbers high enough to verify complete vehicle designs at the proper Reynolds number
ref. 7).
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If the concept of numerical simulation of flow fields over complete aircraft is to become a reality,
the ability to predict flow-fieid behaviors at flight Reynolds numbers and Mach numbers must be developed.
This paper illustrates how the computer and the wind tunnel are being used to develop turbulence models
for a complex ciass of fluid-dynamics problems, i.e., turbulent boundary-layer separation caused by the
interaction of a shock wave with a boundary layer. Such a study can be viewed as an early predecessor of
the larger problem of using the computer and the wind tunnel to develop real aircraft shapes at reduced
cost and time. The first portion of this paper reviews the essential elements of turbulence modeling.
Since experiments are an essential part of the concepts established, some recent developments in instru-
mentation are reviewed to establish confidence in our ability to measure quantities that can guide the
mgdelizg processes. Thereafter, the modeling concepts and experimental results are compared and conclu-
sions drawn.

2. ELEMENTS OF TURBULENCE MODELING

Turbulence is a random, dissipative, three-dimensional phenomenon that involves many characteristic
scales. While the Navier-Stokes equations contain all the necessary elements of the physics involved in
the processes, practical solutions are possible only if approximate forms of the equations are used. Of
the myriad of possible approximations, the Reynolds-averaged form (ref. 9) of these equations has proven
the most fruitful and probably will continue to be so for some time. However, averaging introduces
unknowns and, in order to close the equations, it is essential that certain terms be modeled.

The objective of turbulence modeling is to provide the designer with useful tools for confidently
predicting the behavior of turbulent flows. The basic three elements leading to this objective - are
experiments, intuitive modeling concepts, and the computer code — shown in Fig. 3. Each element is
essential, and they are not easily separated. The process could start with the modeling concept or with
the experiments. Historically, the process began with experimental observations that later led to
modeling concepts. This trend is beginning to change in that model development and experiment are
being performed in parallel and coordinated efforts. Once the modeling concepts are established, the
computer code can be assembled. This particular sequence is essential fecr complicated equation systems
because the modeling concepts can often alter the order of the equation system or method of solution.
Once the code has been established, it can be compared with and verified by the experiments. If the
experiments provide enough detail, they can guide changes in the modeling concepts and the process is
continued until the predictive capability of the code can be established and provided to the decigner.
An important aspect of the computation code development is that it be directed specifically to the geometry
of the experiment and that it use exact experimental initial conditions so that no doubt can be cast on
the comparative results.

Experiments that support the modeling process can be classified according to the type of closure
proposed. Bradshaw (ref. 10) broadly classified these closures as first and higher order, corresponding,
respectively, to closures either where second-order correlations like the Reynolds stresses are expressed
in terms of first-order correlations 1ike the mean velocity, viz., algebraic mixing length or eddy viscos-
ity formulations, or where third- and higher-order correlations are expressed in terms of second- and
higher-order correlations by introducing additional appropriate transport equations. Table 2 gives the
elements of the experiments required, depending on the type of equation closure. Verification experiments
by their nature require documentation of mean and surface quartities over the practical ranges of flight
Mach and Reynolds aumbers. These experiments are useful for any closure technique used. First-order
modeling experiments are those that require measurements of the shear stress and heat fluxes across the
flow field because these quantities provide insight into concepts used to model these terms and provide
closure. Such experiments can, but need not be, attempted over the complete Mach and Reyiolds rumber
ranges because the verification experiments can test the ability of the model to perform outside the domain
where, e.g., the shear stresses have been measured. They must be performed at Reynolds numbers suffi-
ciently high to establish fully developed turbulence. Higher-order modeling experiments require that
fluctuating measurements be made across the flow field. Depending on the order of the closure, more and
more information on the fluctuating field must be ascertained. As for any modeling experiment, data need
not be acquired over the compiete Mach ard Reynolds nuiber domain provided verification experiments are
available. Ideally, one well-conceived experiment could suffice for all three types listed in Table 3.
Moreover, the same experimental apparatus and instrumentation can be used to eliminate experimental
uncertainties. Coles (ref. 11) emphasized this latter aspect when commenting on the flows used as the basis
for the Stanford Conference. He &1so emphasized the need for redundancy of measurement, complete documenta-
tion for future reference, and the elimination of three-dimensional uncertainties by, for example, testing
axisymmetric configurations.

3. INSTRUMENTATION DEVELOPMENTS

Verification and miudeling experiments for incompressible flows have been available for some time.
Compressibility introduces complexities into the modeling concepts as well as the experiments. The complex-
ity in the experiments results from the hostile test environment of high Reynolds numbers and high Mach
numbers as well as in the use and interpretation of fluctuating measurement devices. Recent instrumentation
developments and techniques have made it possible to perform modeling experiments at high Reynolds numbers
and Mach numbers. Results from two such experiments are given in Figs. 4 and 5.

Figure 4 shows the results from several experiments where shear stress measurements were made across
turbulent boundary layers without pressure gradients. The boundary-layer-edge Mach number in these experi-
ments ranged from subsonic through hypersonic. The solid line indicates the expected variation of the
normalized total shear stress shown in ref. 12 to be independent of edge Mach number. The measurements,
obtained with hot-wire and hot-film anemometers and a laser velocimeter, show the variation of the turbulent
component of shear stress. Except for the decreases near the wall (y/s < 0.3) due mainly to the relatively
large probe size and not the difference between the total and turbulent magnitudes of shear, the data agree
reasonably well with the expected trends in shear distribution. Work is in progress to resolve the
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differences near the wall and some success has been achieved (ref. 13, e.g., use of a split-film anemom-
eter minimizes the probe scale effects and suppresses the decrease to a location much nearer the wall).
From such data, mixing lengths or eddy viscosities in the outer regions of a turbulent boundary layer can
be determined for use in first-order modeling concepts.

Figure 5 shows the results of measurements of the fluctuating velocities and densities across a high-
speed subsonic turbulent boundary layer (ref. 14). These data were obtained with hot-wire and hot-film
anemometers operating at high overheats so that the sensitivities to various fluctuations can be separated
(ref. 14). The solid lines are the usual ratios 4:3:2 for (<u'>)2:(<w'>)2:(<v'>)? in incompressible flows.
The compressible measurements agree reasonably well with the ratios obtained for incompressible flow.
Reasonably accurate measurements for the fluctuating components of the velocity field in comporessible
flows can be expected. Also, for modeling purposes, it might only be necessary to obtain trends in
these quantities with parameter changes such as pressure gradient, Reynolds number, and Mach number rather
rather than absolute magnitudes.

Recent advances in wall skin-friction measurements techniques have also been reported (ref. 15).
Results obtained using these surface-mounted hot-wire gages of the Ludwig type are presented later. The
advantage of these gages is that they can be used in either laminar or turbulent flows and they are insen-
sitive to pressure-gradient effects.

4, EXPERIMENTS

Some of the building-block experiments now being used to predict the behavior of turbulent boundary
layers undergoing separation after their interaction with an incident shock wave are described. Each
experiment, in which there is a significant coupling of the viscous and inviscid flow fields, has a
companion computer simulation that uses the complete time-averaged, Navier-Stokes equations and requires
a large fast computer for their solution. The experiments, in various degrees of completeness at this
time, cuver a wide range of Mach number and Reynolds number.

4.1 Transonic Regiiie

The first two experiments involve transonic flows with particular interest directed toward shock-
boundary-layer interactions on wings. Figure 6(a) shows the experimental arrangement for a verification
experiment (ref. 16) being performed on a wing that spans the test section of a high Reynolds number
channel recently built at Ames Research Center. The facility operates in a blow-dcwn mode, and the free-
stream Mach number can be adjusted before or during tests by a translating wedge that acts as a downstream
choke. The upper and lower walls are contoured so that strong shocks would not extend to the walls and
choke the flow. A thick circular-arc wing (Fig. 6(b)) was chcsen to allow local airfoil Mach numbers to
achieve values where shock-induced separation would occur, but without having the shock extend more than
about 2/3 of the distance between the wing and the outer wall. Surface pressures for various Mach numbers
and Reynolds numbers have been obtained (ref. 16) as well as surface skin friction at specific Reynolds
numbers. Still to be obtained are mean velocity data and more skin-friction data.

The wing experiment resulted in both shock-induced and trailing-edge-induced separation, depending on
the free-stream Mach number. Data were obtained to Reynolds numbers, based on chord length, of 17x106.
At intermediate Mach numbers, some unsteadiness in the flow field occurred. The results are discussed in
detail in ref. 16. Reynolds-number effects for both the trailing edge and shock-induced separation were
not significant beyond Reynolds numbers of 10x10® based on wing chord. Some results obtained when shock-
induced separation occurred are given in Fig. 7. 0il-flow patterns (Tower portion of the figure) illustrate
the two-dimensionality of the flow and the detail in the region downstream of separation. The shadowgraph
view near the interaction clearly illustrates shock-induced separaticn. The pressure ratios downstream of
the shock are below C§, indicating that the flow is slightly supersoni. and suggesting the presence of an
oblique shock (also apparent in the shadowgraph). Figure 8 presents the airfoil pressures at several
Reynolds numbers and the skin-friction measurements at a single Reynolds number. The skin-friction mea-
surements were obtained recently by Rubesin and Okuno using surface-mounted wire gages specifically devel-
oped for this experiment (ref. 15). The Tocation of separation, determined from the oil-flow photograph,
is shown on the abscissa of the skin-friction plot. This location also corresponds to the location of the
knee in the pressure curve downstream of the shock. The comparison with the computations is discussed
subsequeritly.

Figure 9 shows the physical arrancement of another transonic flow experiment (ref. 17) being used for
code verification and model concept development. These tests are also being conducted in the Ames high
Reynolds number channel. Supersonic flow was developed at the entrance of an axisymmetric test section and
a normal shock wave was positioned at a fixed locacion by adjusting the location of a downstream shock
generator. The relative distance between the chock wave and the downstream shock generator was always about
1 m. Experimental verification data were obtained for Reynolds numbers, based on distance aiong the wall
to the location of the shock wave, between 9x10° and 290x106. Over this range of Reynolds number,

Mach number varied between 1.35 and 1.45 because of the differences in wall boundary-layer growth. With
this arrangement, data are also being obtained at constant shock Mach number by allowing thc shock position
to vary along the tube surface when the Reynolds number is varied. A complete flow documentation,
including turbulence measurements, has been performed at a Reynolds number of 37x10® where the corre-
sponding Mach number ahead of the shock wave was 1.44.

Examples of the data are presented in Figs. 10 and 11. Additional results, including velocity profiles
and velocity fluctuation data, are given in ref. 17. The shock position is located at x/&y = 0. The pres-
sure rises rapidly downstream of the shock wave and causes separation, after which it increases gradually.
The corresponding skin friction is reduced ahead, reverses sign in the separated region, and then increases
thereafter. The shear stress data (Fig. 11) were obtained with a supported cross-wire anemometer specially
designed to withstand the high dynamic pressures encountered in this experiment (ref. 17). The maximum
shear stress in the boundary layer shows a significant increase after the shock wave and then decreases
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downstream toward the value expected for a mild adverse pressure gradient. Downstream of the shock wave
" beyond the effective boundary layer, some measurable shear was evident. It reverses sign because the

o mean velocity profiles are retarded, probably resulting from a coalescence of compression waves ahead of
] the shock wave (ref. 17). In this flow, the height of the separated zone was very small and no details
were measured in the reversed-flow region.

Documentation of the mean flow over a wide range of Reynolds numbers is now under way. These data
will be used to assess the ability of the turbulence model to predict Reynolds-number effects on quanti-
ties such as interaction lengths, pressure rise to separation, and the effects of Mach number on incipient
separation. An example of this is shown in Fig. 12 wherein the pressure rise to separation, as determined
from the location of the knee in the pressure curve (ref. 18), and the normaiized interaction lengths, as
determined by measuring the distances from the taginning of the pressure rise to the location of the knee
in the pressure curve and to the point of reattachment, are plotted as a function of Reynolds number. For
these data, the test Mach number varied somewhat because the shock was always at the same axial location
in the test section. The normalized data indicate that the pressure rise to separation is unaffected by
Reynolds number and that the length of the interaction scales with the initial boundary-layer thickness.
Additional data of this type are being obtained for a constant shock Mach number by allowing the shock
position to change along the tube surface when the Reynolds number is changed.

4.2 Supersonic Regime

One experiment being used to verify the computations in the supersonic regime is the adiabatic shock-
impinging flow originally reported by Reda and Murphy (ref. 19). Figure 13 is a schematic of the test
arrangement. Shock waves of varying strength were impinged on a M = 3 boundary layer developed along
a tunnel wall. For some tests, the shocks were strong enough to separate the flow on the tunnel wall.
Mean-flow profiles and surface-pressur2 data were reported originally. Since the original work was
completed, skin-friction data have been inferred from the profile data (ref. 20) and shear distribution
upstream and downstream of an interaction without separation were measured (ref. 21). Currently, measure-
ments throughout a separated region, such as velocity fluctuations, shear distributions, and surface skin
friction, are being documented.

The surface pressure, normalized by the upstream total pressure, and indirectly inferred wall shear
stress for a separated flow case are shown in Fig. 14. Separation and reattachment points from oil-flow
photographs are indicated. The pressure data have a plateau near the separation. Data for various shock
: strengths (ref. 19) will be used to assess the ability of the Navier-Stokes codes to predict the onset of
- separation.

4.3 Hypersonic Regime

At hypersonic speeds, the axisymmetric shock expansion boundary-layer interaction flow described in
Ref. 22 is being used to guide turbulence modeling concepts. The experiment is sketched in Fig. 15. The
leading edge of the shock generator was varied between 5° and 20°. Measurements in the axial direction
were made in finely spaced steps by traversing the shock generator in the axial direction during the tests.
Complete flow documentation, including turbulence measurements across the flow field, is available for
shock generator angles of 7° and 15° where unseparated and fully separated interactions occurred, respec-
§ i tively. Surface pressure, i !# friction, and heat transfer are available for other generator angles and

j will be used to verify the ».' %"ty of the turbulence model to predict the effects of shock strength on

separation at hypersonic speeds.

The surface pressure, skin friction, and heat transfer for separated flow are shown in Fig. 16.

4 Separation and reattachment points obtained from pitot-pressure measurements on probes near the surface

4 facing both upstream and downstream (ref. 22) are shown. The pressure increases through the interaction
region to a plateau near separation and then rises farther after reattachment. The skin friction decreases,
then rises downstream of reattachment. The heat transfer rises continually. The decay in pressure,

skin friction, and heat transfer downstream of the interaction results from the expansion fan emanating
from the corner of the generator.

] Fluctuating turbulence properties to be used to guide modeling changes were measured acrnss the

@ boundary layer at four locations through the interaction (ref. 23). An example of the measurements is

2 shown in Fig. 17, where the shear stresses at the four measurement locations are plotted. It was not
possible to obtain shear measurements in the reversed-flow region of the separation bubble at the second
measurement station so the expected trend has been sketched. The measurements show many of the same
features as for the transonic test shown previously in Fig. 11. Through the interaction, the maximum
level of shear stress near the separated region increases significantly. Downstream of reattachment,

(x = xg)/69 > =1, the shear profiles do not differ in shape from those usually found in zero or slightly
favorable pressure gradients. Turbulence memory apparently persists only for about five boundary-layer
thicknesses beyond the initial rise in pressure (ref. 23).

5. FLOW-FIELD SIMULATIONS

The flow fields experimentally investigated have each been programmed for numerical simulation on a
CDC-7600 computer. Each program uses the mass-averaged form of the time-dependent Navier-Stokes equations
(ref. 24) and solves them with the MacCormack time-marching explicit scheme with splitting (ref. 25). Tne
complete Navier-Stokes equations were used because the viscous and inviscid tflows interact significantly;
use of approximate solution techniques would only introduce uncertainty when evaluating the ability of the
turbulence models to predict measured trends with Mach number and Reynolds-number variations.

Each of the programs and solution techniques have been reported on separately and their details are
not addressed here. Only the general form of the equations is presented and some of the terms in the
equations affected by the turbulence assumptions are discussed briefly. Then the results are compared with |
experimental data. {
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Nritten)in divergence form for the axisymmetric geometry shown in Fig. 9, the governing equations
are (ref. 17):

W, F, 1 3G__H
at Ry T R-y ()
P pu
i pu ; s ouZ + o,y
ov 3 puv + T .
e u(e + °xx) + Vi + qy
s (2)
oV 0
G=(R-y[ W b s
ovZ + opp T
r(e + arr) +ut, +qy 0

Solutions to the above equations are advanced in time until steady-state solutions are achieved. The
turbulence terms to be modeled appear in the axial, radial, and azimuthal stress terms, oyy, o{;. and ogg,

respectively, and in the heat-flux and shear-stress terms, qy, qy and typ, respectively (ref. )s e.g.,
- = a_u a_v R
Txr “T(ay g ax) (3)

Turbulence effects are then introduced by using a scalar eddy viscosity coefficient,

uT=u+5 (4)

The turbulent thermal conductivity is related to the eddy viscosity by introducing a turbulent Prandtl
number that is held constant for each computation. The choice of introducing an eddy viscosity description
was dictated by two considerations. First, the initial objective of the computations was to simply assess
the ability of the codes to compute a strong viscid~inviscid interaction such as that imposed when a shock
wave separates a turbulent boundary layer and, to accomplish this within the numberical framework alread
established for laminar flows (ref. 26{, the implementation of a Boussinesq effective viscosity (ref. 27
formulation was straightforward. Second, the economies of computation using a Navier-Stokes code required
that the simplest turbulence model available be used, otherwise excessive computation times would make the
assessment of even the first objective difficult. While the purpose of this paper is not to discuss recent
advances in computation techniques, it can be reported that the basic MacCormack code has been speeded up
by one order of magnitude (ref. 28) or more, depending on the problem under consideration. This was made
possible by rearranging equation terms into inviscid and viscid combinations that allow further splitting
into inviscid and viscid operators. The inviscid operators can be advanced in time steps larger than those
dictated by CFL stability condition by introducing certain characteristics terms; the viscous terms are
advanced implicitly. While the solutions may not be rigorously accurate in time, their steady-state solu-
tions are. This major computational advance now makes it economically feasible to include higher-order
modeling concepts inta the codes for testing against the experimental data and this is now under way.

A bas2line turbulence model has been used to determine whether the codes can predict the qualitative
features of the flow fields. Essentially, the baseline model is a two-layer, eddy viscosity model that
uses mixing length with Van Driest damping in the inner region and an eddy viscosity that scales on the
incompressible displacement thickness in the outer region ?ref. 22). In equation form, in the inner region:

ey = 2004007 [1 - oxp 2 |20 2 =

where

1 Loyl (3“/3Y)wf11/2
-

26uw

and, in the outer region,

*
0.0168 pu ¢3/y (6)

In Eq. (6), 61* and y are the kinematic displacement thickness and the Klebenoff intermittency,
respectively (ref. 22). As will be shown, solutions using the baseline model indicate that the computations
can indeed predict all the qualitative features of the flow field, but improvements in the baseline model
are required before quantitative features can be predicted.

Modifications to improve the predictions using the Boussinesq formulation have been guided by experi-
ments in two separate approaches, both resulting in essentially the same findings. The first used
experimental dcta to introduce an axial dependence on the baseline model constants throughout the inter-
action zone (ref. 22). Results with this technique showed improvement but the generalization to other
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flows was limited. Essentially, the experimental results of ref. 22 showed that, in the separation zone,
the effective mixing lengths in the wall region were smaller than those predicted by the baseline model

and downstream they were higher. Both results seem to indicate that the corresponding effective eddy
viscosities were lower and higher than the baseline values within and downstream of the interaction,
respectively. The second approach introduced the concept of relaxation into the model (refs. 21 and 29).
This relaxation concept was postulated on the basis of comparisons with experimental pressure data (as in
ref. 29) or on the basis of interpretation of turbulence measurements (as in refs. 21 and 23). The latter
measurements showed that the turbulence took a finite distance to equilibrate with the changes in mean flow
through the interaction. This finite distance is somewhat different for each flow, and apparently depends
on Mach and Reynolds numbers. In equation form, relaxation can be described either on a global or a
point-by-point departure from the baseline model as follows:

€ %e, ® (eeq - eu)D - exp -L_x] (7)
or
e(x) = e(x = &x) + [ego(x) - e(x - ax)101 - exp(- )] (8)

where egq 1is evaluated using the baseline formulation with locally determined mean flow properties
and L ?s an arbitrary relaxation length.

Each of the experimentally determined flow fields has been computed using the baseline and relaxation
models, ther they are compared with the data in each of the figures introduced previously. In each appli-
cation, the investigator introduced some differences in the details of applying the baseline and relaxation
models described above. These details are discussed in the references cited. The observed trends of
interest here are not thought to be affected by these differences, however.

5.7 Transonic Regime

The data from the transonic-wing experiment are compared with the computations in Fig. 8. With the
baseline model, the overall features of the flow field are predicted reasonably well. For exampie, the
trend of increasing airfoil peak Mach number with Reynolds number is predicted, as is separation due to
shock interaction. Downstream of the shock, where the flow separates, the pressure recovery is over-
predicted because the predicted shock wave is normal, whereas the experimental shock wave is oblique. A
comparison of the predicted and measured skin friction at Re = 107 further illustrates the differences
in that region as the location of predicted separation is downstream of that location determined from the
oil-flow photographs. Use of the relaxation concept (ref. 30) with one boundary-layer thickness for L
(relaxation length) tends to shift the location of the shock wave closer to the leading edge, reduces the
peak Mach number and resulting shock strength, but the pressure recovery is still overpredicted. (Solutions
using other choices for L did not improve the results (ref. 30).) Relaxation model solutions were not
computed at the higher Reynolds number, but closer agreement with the separation location would be expected.
For lower Mach numbers, where the flow is not separated but where viscous effects are still important, the
computations using the baseline model compare vary favorably with the data, except at the trailing edge
where extensive separation occurred (ref. 30).

Comparisons of the computations with the data from the normal shock-wave experiment are presented in
Figs. 10 to 12. As mentioned in ref. 17, the height of the separation zone was fairly small, but the
length of separation was large, perhaps 6-12 boundary-layer thicknesses, depending on the techniques of
measurement. The pressure prediction agrees well with the data. The skin friction is underestimated
downstream. Including local relaxation with a relaxation length, L, of 10 boundary-layer thicknesses
in the turbulence model (i.e., Eq. (8)) resulted in poorer agreement in the skin friction downstream
and no significant changes in the pressure rise. The shear distributions obtained using the glotal
relaxation model are compared with the data in Fig. 11 2t three locations downstream of the wave.

Similar results were obtained with the baseline and local relaxation models. The computations fail to
predict the significant increase in shear at the first station and, evidently, this continues to affect

the prediction downstream. The effects of Reynolds number on the interaction are compared in Fig. 12. The
predicted separation pressures and length of interaction to the separation point are compared with the
experimental pressure and length evaluated at the knee in the pressure curve. The trends with Reynolds
number are predicted reasonably well. The separation point from the computations occurs upstream of the
knee in the pressure curve. The overall length of the interaction is underpredicted. A1l calculations
shown in this figure were made recently by J. R. Viegas using the new faster version of the MacCormack

code (ref. 28). These new calculations took less than 10 min on a CDC-7600, whereas the first computations
(ref. 17) took about 5 hr on the same computer.

5.2 Supersonic Regime

Comparisons for the oblique-shock interaction using the baseline and relaxation turbulence models
are shown in Fig. 14. For the oblique-shock interaction, the baseline model predicts the overall pressure
rise reasonably well and also predicts separation. However, no appreciable upstream influence in the
pressure and no plateau are indicated in the calculations because the size of the separation bubble is
underpredicted. Introducing the relaxation concept with L = 5 boundary-layer thicknesses corrects this
deficiency because it lowers the effective eddy viscosity near the separation, thus increasing the size
of the separated zone, which in turn introduces a nlateau in the pressure rise curve. The location of
separation is predicted with the relaxation model, but the reattachment location is too far downstream.
The comparison with the wall shear downstream of reattachment where the boundary layer thins may appear
better than is the actual case because these computations were made with a relatively coarse grid, and
in the downstream locations the first computation point away from the wall was in the logarithmic region
of the turbulent boundary layer. Since the method used to obtain derivatives at the wall requires calcu-
lated points within the sublayer region, the predicted shear is expected to be lower than the measurements,
and the results would be similar to those for the transonic normal-shock comparisons.

—
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5.3 Hypersonic Regime

In Fig. 16, the predicted results and experimental data are compared. As with the supersonic oblique-
shock interaction, the baseiine model prediction reproduces the overall trends in the data but is deficient
in the separated region. Recent calculations by T. J. Coakley using a relaxation model with L =5
boundary-layer thicknessas (as indicated by the turbulence measurements from ref. 23) improve the situation
somewhat. (See, e.g., Fig. 17 and the previous discussion of Fig. 17.) The height of the separation is
greater and the resulting upstream influence leads to a plateau in the pressure. The location where skin
friction begins to decrease is predicted, but the extent of the separation in the axial direction is
overpredicted significantly, much as for the supersonic example. The heat transfer is underpredicted
throughout the interaction region with eithe:r model.

From an examination of all the comparisons, general observations about the computations can be made.
In most cases, the pressure rise can be predicted reasonably well with a simple eddy viscosity description
for the turbulence. The exception is for the transonic wing where the shock-induced separation was very
large and extended from the foot of the shock beyond the trailing edge. The eddy viscosity concept is
deficient in providing the proper details within the separated zone and this, in turn, apparently affects
the entire flow field when the separation zones are large, viz., the oblique-shock cases. Introducing
relaxation tends to improve the situation somewhat because it decreases the eddy viscosity in the region
of separation, resulting in an increase in the height of the separation. However, the net decrease in
eddy viscosity persists beyond the separated zone even for short relaxation lengths, and the codes under-
predict the skin friction downstream. Interpretation of the modeling experiments indicates the need for
an increase in effective eddy viscosity downstream of reattachment. Therefore, improved turbulence
models th:t more closely reflect the experimental findings must be introduced before realistic simulations
can be made.

6. CONCLUDING REMARKS

Experiments of two types needed to achieve the objectives of numerically simulating, highly interacting
turbulent flows were described. These experiments were classified as verification and modeling experiments:
verification experiments that measure mean flow and surface quantities could suffice for checking the
code's ability to predict correctly over a range of Mach and Reynolds numbers, whereas turbulence modeling
experiments require, in addition to mean-flow measurements, that fluctuating measurements be made to the
degree of complexity called for in the order of the modeling closure technique. From the numerical
simulation viewpoint, the lowest-order closure technique is more desirable because the complexity of the
numerical procedures and the computation times can be reduced.

Progress in modeling turbulence for the computer codes using the Navier-Stokes equations has been
limited so far to modifications of the simple eddy viscosity descriptions because the computation times
have been excessive. Recent developments in the method for solving the Navier-Stokes equations have
altered that situation because the computations have been speeded up by several orders of magnitude.
Computer simulations that use higher-order modeling concepts are forthcoming, and it is expected that these
will more closely resemble the experimentally observed results.
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TABLE 1. STATUS OF COMPUTATIONAL AERODYNAMICS
READINESS TIME PERIOD
STAGE OF
N =] = et LIMITATIONS PACING ITEM
AIRFOILS WINGS AIRCRAFT
SLENDER CONFIGURATIONS
ey e | e SMALL ANGLE OF ATTACK
INVISCID PERFECT GAS
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THE IMPORTANCE OF EXPERIMENTALLY-DETERMINED CLOSURE
CONDITIONS IN TRANSONIC BLADE-TO-BLADE FLOWS
CALCULATED BY A TIME-DEPENDENT TECHNIQUE

by M. Couston

ABSTRACT

The use of a time-dependent technique to determine inviscid blade-tc-blade flow in
the transonic regime for axial turbomachines is faced with the problem of closure condi-
tions. The importance of a Kutta condition in subsonic flow calculations is well known
but for transonic blades the problem is still more complex. The quasi-discontinuous
character of the flow through shock waves and'Prandt1-Meyer expansions is then super-
imposed on the viscous effects which dominate near the trailing edge. In order to get
more detailed information about the importance of this problem, a comparison between
detailed measurements and calculations is presented herein. The calculations were perfor-
med for several trailing edge flow approximations including experimentally determined
conditions,

RESUME

La solution numérique de 1'écoulement non visqueux au travers d‘'aubages transsoni-
ques utilisés dans les turbines axiales a 1'aide d'une méthode instationnaire est liée au
probléme des conditions de cioture au bord de fuite. L'importance d'une condition de
Kutta en régime soussonique est bien connue, toutefois, dans le cas d'aubages transsoni-
ques, le probléme est encore plus complexe. Le caractére quasiement discontinu de 1'écou-
lement au travers des ondes de choc et des expensions se superpose dans ce cas au probléme
visqueux qui régit 1'écoulement autour du bord de fuite. Dans le but d'avoir plus
d'informations sur 1'importance de ce probléme, une comparaison entre des mesures détail-
1ées et des calculs est présentée ici. Les calculs ont été faits en utilisant plusieurs
approximations pour 1'écoulement autour du bord de fuite ainsi que des conditions
déterminées expérimentalement.
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I. INTRODUCTION

The problem of trailing edge flow conditions is very important for most of the
calculations procedures. A lot of work has already been done for isolated airfoil or
cascade flow operating in the subsonic range and the basic Kutta |1| - Joukowsky [2|
condition has been interpretated in various manners. A review of such interpretations
is presented by Gostelow [3| who shows the wide scatter between the various models pre-
sented. However, for transonic turbine blades, the problem appears to be different and
if the transonic trailing edge flow has been studied experimentally by Sieverding and
al |4,5| and Amana 0.M. and al [6], little is known about such conditions for transonic
turbine flow calculations. The main reason for this is linked to the fact that transonic
methods are not so developed as subsonic ones. The author developed at the von Karman
Institute a transonic calculation procedure starting basically from the "Finite Area
Method" proposed by Mac Donald P.W. |7]|. Some improvements of the tasic method are shown
in references 8 and 9.

The present study is a tentative answer to questions which did arise with respect
to the treatment of the trailing edge flow. In fact, the paper will in particular discuss
the validity of the generally made assumption that the shock strength and flow direction
are a strong function of the base pressure region and that a small error in this region
will introduce a wide discrepanrcy between measurements and calculations.

As the transonic trailing edge flow is under experimental study at the von Karman
Institute, references 4,5,11, it was possible to make carefull experimental investigations
of both shock strength and flow direction and to compare these with the time dependent
solution.

II. THE TRANSONIC NUMERICAL PROCEDURE

2.1. Basic Principle

The transonic calculation procedure used in this paper has first been suggested
by Mac Donald |7|. This method follows the time dependent approach to overcome the basic
difficulty of the mixed character of the flow equations in the transonic regime. The
transient equations are of hyperbolic type whatever the Mach number is. But the numerical
representation of the transient equations is done in an integral form applied to the
conservation equations rather than using the usual finite difference technique. The
advantages of this technique are described in more details in references 8 and 9. An
important difference of the present method with respect to the one of reference 7 is the
retention of the energy equation to avoid the hypothesis of isentropic flow. Such an
hypothesis can lead to significant errors because the shock losses can be several times
greater than the friction losses as shown by Meyer |[10|, and there is no reason to
neglect such losses. The basic volume elements used to solve the problem are presented
in Fig.1. These elements of height h are six-sided and surround an interior point. For
each of these elements, the four basic transient conservation equations are applied in
the following manner
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- Mass

eg+1_J (Tou+tJov).hdT=0 (1)

- x Momentum

"’—EEfEIW J (7 (p+pu2) + 3 (puv)).hd T =0 (2)
at (s)

- y Momentum
dpv . 1 (¥ (ouv) + 3 (prov2)).h d T = D (3)
at dv (s)

- Energy
a¢ . L (T (e+p) u+J (e+tp)v).h d T =0 (4)
at dv (s)

where the internal total energy e is
e = L + 1’. 0 (U2+V2) (5)

y-1 2

To evaluate the integrals, linear variations are assumed between the nodal
points such that the integrals ( ) can simply be replaced by the sums ( £ ) over the
sides of the volume element. The time derivative is written as an upward derivative
and is then used to update the solution through an iterative procedure. Stability,
accuracy and convergence speed of this procedure are not of interest here and have
already been treated previously in references 8 and 9.

Neverthelss, one of the main advantages of the method with respect to a finite
difference technique lies in the fact that both physical and calculation plane are
identical and so it is possible to have a direct sight into the calculation to applied
experimental evidence.

2.2. Boundary Conditions

At the upstream boundary all variables are assumed to be uniform ; stagnation,
pressure and density to be known and flow direction given. The static value of pressure
and density and the velocity components are calculated to satisfy the continuity.
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At the downstream boundary only one condition has to be retained. So the
pressure is assumed uniform and constant throughout the iterative procedure.

The periodic boundary does not introduce any difficulty. Considering Fig.1,
it is clear that the use of such mesh allows to treat periodic points as interior

points.

The wall boundary is calculated using a half-sided element as shown in Fig.1l.
This half-sided element is used to update the values of mass, momentum and energy,
using equations (1) to (4). Here lies a fundamental difference with traditional
methods in as far as no explicit tangency flow condition is applied at the wall. This
will be used in the base region to calculate the pseudo-separation point. However,
there is an equivalent tangency flow condition in the sense that mass and energy flow
through the wall are explicitely set to zero. In such a way, the tangency condition is
a result of the calculation.

III. THE TRAILING EDGE FLOW CONDITIONS

3.1. Experimental Base Flow Survey

Reference 11 provided the author with the experimental background of the base
region problem. The detailed investigation of the flow through a turbine cascade as
shown in Fig.2 is limited by the size of the cascade assembly. Hence, in order to
obtain detailed data in the trailing edge region a model was developed at VKI which
simulates the overhang section of a convergent cascade (as the one illustrated in
Fig.2). A shadowgraph view of the flow around such enlarged model is shown in Fig.3.
Here the principal flow features are clearly seen

- the dead air region

- the two separation lines

- the two lip shocks (or separation shocks)

- the reattachment point (or zone)

- the two trailing edge shocks originating in the reattachment zone

In Fig.4, detailed pressure measurements around the model trailing edge are
reported. This figure provided the following information : the pressure in the dead
air region is constant, and the strength of the 1ip shock (introduced by the presence
of a boundary layer in the real flow) is negligible with respect to the one of the
trailing edge shocks.

In fact based on Fig.4, it is easy to show here that a condition like proposed
by Wilkinson (Reference 12) of equal velocity on both side of the blade just before the
trailing edge radius is in this particular case completely in contradiction with the
real flow picture. Here Prandtl-Meyer expansions introduce almost a discontinuous




15-6

character of the flow in this region.
Moreover it can be seen in Figs.3 and 4 that tke separation is close to the

beginning of the trailing edge radius. So the flow around a truncated trailing edge
with the same width will not be essentially different at the scale of the cascade.

3.2. The Numerical Trailing Edge Approximation

At this point several ways can be taken to approach the numerical problem of
the trailing edge flow.

The first hypothesis is to transform the trailing edge of the blade in a
manner presented in Fig.5a. In this case, two possibilities exist

- either the pseudo-base-region defined in this manner is fixed during the
calculation and then large error can be expected, if the correct base flow has not
been selected, because the Prandtl-Meyer expansion will be limited by the wedge and
not by the downstream pressure.

- or the base flow is updated at each iteration using a method 1ike the one
of references 13 and 14. This is probably the most suitable procedure but as shown
in Fig.5b, the reattachment point will move from R1 to R2 and the mesh will have to be
adapted after each updating of the base region. The calculations of both the base
flow pattern and new mesh will intraduce additional load in computer time and will
make the numerical procedure less flexible.

The second way (the one the author has preferred) is presented in Fig.5c. The
trailing edge is truncated. points A and B are assumed to be the separation point of
the flow. The direction of the flow in these two points is free,this means that the
flow takes a direction which satisfies the two momentum equations and not a direction
imposed by external consideration. The location of the two separation points, as
shown in Figs.3 and 4, is not very affected by the change in the base pressure value
and can therefore be set a priori almost accurately. Thke next question is then what
pressure has to be applied to the trailing edge between A and B. It appears to be a
reasonable assumption that this pressure will set the trailing edge shock strength.
The author has followed also here the usual assumption in the numerical procedure of
a linear variation of quantities between points. Hence, the pressure at the trailing
edge is the average of the pressures at points A and B.

One has to remember also that the flow in this region is very complicated and
that it is not possibie with a mesh like the one presented in Fig.5c to represent all
the phenomenon correctly. So the trailing edge flow will be only an approximation of
the real flow.




IV. CALCULATED RESULTS

4.1. Blade Definition

Two rotor blades with inlet angle of 60° and design outlet angle of 25° were
{ selected for this investigation, they are called MIT-VKI I and II and are taken from
! reference 5. The very dense instrumentation of the blade allows an accurate determina-
4 tion of the shock strength. Moreover the major difference between these twe blades
? was the trailing edge thickness and so an other important parameter was present in the
% ; comparisen. In fact, MIT-VKI I has a trailing edge two times thicker than the one of
: { the MIT-VKI II blade presented in Fig.2.

Detailed coordinates as well as velocity distributions are presented in refer-
ence 5 for these two blades. Therefore, only the main blades and cascades yeometry are
reported here

81 By g/c TE/c TE 3 TE/o

MIT-VKI 1 60° 252 10 75 0.04 0° 0.145
MIT-VKI II 60° 255 J0T S 0.02 0e 0.075

The time-dependent program was applied to these two blades with a mesh using
approximately one thousand nodal points (with 56 points on the blade surface). Fig.6
presents the calculation points on the blade surface near the trailing edge region.

Two samples of calculations are compared with experimental results in Fig.7.
The comparison is only shown for one back pressure for both profiles to give an idea
of the left running trailing edge shock definition. For this particular back pressure
the left running trailing edge shock impinges at approximately 55% of the chord. But
one can see ahead of this shock, between x/c=0.25 and 0.35, a velocity peak and a sub-
sequent recompression which is better defined in the experimental results. This
recompression is also seen on the schlieren picture presented in Fig.2. It is clear
that this has nothing to do with the left running trailing edge shock. A detailed
investigation of the manufactured blades has shown that there are here some "knobs"
which were not expected. As in this region no shock was expected, only a relative
coarse mesh was used, which explains why the method does not predict correctly this
recompression.

4.2. Calculated versus Measured Trailing Edge Conditions

As already explained before, the trailing edge was truncated as shown in Fig.6.
The points A and B are approximate separation points and the dotted-line represents the
real trailing edge shape.

The pressure applied between points A and B for calculation purpose should
represent the base pressure value Pb. This value of Pb can be expected to influence
the calculated flow pattern. Hence Fig.6 presents a comparison of the measured pressure
in the base flow region with the numerical one for both blades. Solid symbols correspond
to the measurements and open symbols to the calculation. In order to check the influence
of a change of the base pressure value, several test cases were calculated with different
values of Pb'
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Instead of
Pb . P(A)+P (B (6)
2

which was the usual value,
P, = P(8) (7)

was used, and these cases correspond to the symbols @ @ in Figs.8 to 10. However,
it is clear that P(B) is not the same in equations (6) and (7) because the flow adapts
itself locally due to the change in pressure. The adaptation of the pressure in this
region when a change is made of the calculation of Pb is shown by the following example.
Using equation (6) for blade I and for Mz,is=1'20+’ the isentropic Mach number at point
B was 1,40, using equation (7) the isentropic Mach number is then 1.52 and the flow
direction changes by approximately 3°. One can see in Fig.6 that for the thin trailing
edge the value obtained by equation (6) is in very good agreement with the measured one,
but for the thick trailing edge such an agreement is not obtained. This discrepancy is
easily understood looking at Fig.6 where point A is already located on the trailing edge
radius and so the pressure obtained using (6) is too low. This corresponds to a situa-
tion where the pseudo separation point A is not correctly set and corresponds to a too
large expansion. In fact if the pseudo~base pressure has the importance expected it is
evident that for VKI-MIT I blade the calculated strength should be quite different than
the measured one due to the observed discrepancy.

4.3. Shock Strength

To evaluate the possible effect of the base pressure on the shock strength, the
right running trailing edge shock was selected. This choice is made because the right
running shock strength affects the suction side boundary layer and is therefore of primary
importance for the blade performance. In any case, the right running shock is the only
which can be measured accurately. However, if there is any influence of the base pressure
value, the strength of both shocks will be affected.

To characterize the shock strength the Mach numbers just ahead and just after
the shock have been plotted in Fig.9 versus the downstream isentropic Mach number Mzis'
The symbols to differentiate experiments and calculations are consistent with the one
of Fig.8. From Fig.9, it seems that the measured shock strengths of blades I and II are
nearly identical in the range of outlet Mach numbers under consideration. For higher
exit Mach number it should be pointed out that the measurements indicate a shock slightly
stronger for blade I than for blade II. The predicted shock intensity agrees quite well
with the measured values, however, contrary to the experiments the theoretical calcula-
tion already indicates slightly stronger shocks for the blade with the thick trailing
edge. The fact already mentionned before that for the VKI-MIT I blade, the pseudo-
separation point A is probably not the real one, does not at all affect the right running
trailing edge shock strength which appears to be correctly predicted. Nevertheless the

+

The isentropic Mach number is derived from the ratio of the local static pressure
to total inlet pressure.
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Mach number behind the shock seems to be better predicted than the one ahead of it. This
is attributed to the fact that the Mach number is almost constant after the shock and
therefore better defined.

The variation of the base pressure itself, already shown in Fig.8, does not
change in a noticeable manner the calculated shock strengths. The small difference which
can be observed between @ and gf or @ and @ for a same back pressure is intro-
duced by the author to differentiate the calculations. This apparently indicates that
for the present method the base pressure is not as important as expected. Nevertheless,
one should not conclude that there is no influence at all, but rather that the importance
of Pb introduced in the program has only a local influence on the channel Mach number.

The next step is to check a possible influence of a base pressure variation on
the outlet flow direction.

4.4. Flow Direction

Another importart parameter for cascade turbine flow is the exit flow direction
which has been measured at the von Karman Institute (reference 11) for both tne blades
presented herein. A comparison is shown in Fig.10 between the measured and calculated
outlet angle B, (referred to the tangential direction), for blades I and II. Here also
the agreement is reasonably good for both blades. The difference between calculated and
measured value dces not exceed 1.5° for MIT-VKI I and something like 0.5° for MIT-VKI II.

For comparison purpose, the value arc sin o/g (known as sinus-rule) has been
added as dotted line. It has been shown in reference 15 that this value agrees very
closely with the outlet flow angle for M,=1.0 and zero trailing edge thickness.

It is therefore not surprising that the agreement is better for MIT-VKI II which has the
smaller trailing edge thickness. The solid line corresponds to a semi-empirical correc-
tion of the preceeding rule, proposed by Bammert and Sonnenschein (reference 16), which
takes into account the trailing edge thickness. This modified sin-rule improved the
comparison especially for blade I.

The variation of the base pressure applied in the calculation is almost without
influence on the outlet flow direction as shown in the Fig.10. So, if the exit flow
direction appears to be practically not influenced by the base pressure value in the
range investigated, the reason for the better predicted values for VKI-MIT II has to
be searched perhaps in the fact that viscous phenomenon are less important for a thin
trailing edge than for a thick one.

A simple example in Fig.11 demonstrates the absolute independance of the flow
angle from the base pressure for a wedged trailing edge. It is assumed that the Mach
number on one side of the trailing edge is unity and on the other side 1.5 a variation
of the base pressure from M=1.5 to 3.0 shows a large displacement of the confluence
point but not of the overall direction,
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V. CONCLUSIONS

This study was stimulated by the analysis of the experimental results concerning
the trailing edge flow in transonic turbine cascades. A theoretical investigation has
been undertaken in ordzr to clarify the importance of the correct formulation of the
trailing edge flow.

Rather than going to the complex calculation of the base flow region, pseudo-
separation points are assumed. This has the advantage of avoiding to define a variable
dead-air region which will introduce additional calculations and make the program less
flexible.

Herein, it has been shown that the present method is not sensitive to the way
in which the trailing edge region is treated. It is demonstrated that both the trail-
ing edge shock strength and the exit flow direction are not strong functions of the base
pressure. In fact the influence is limited to a small region around the trailing edge
and does not affect the overall calculated performances. However, it is evident that
this procedure will probably fail if too thick trailing edges are used because in this
case a large region is affected by the viscous flow. Then it will probably soon be
necessary to have a base pressure and dead air region calculation to separate the
inviscid region from the viscous one. However, for turbine calculations purposes, a
trailing edge thickness to chord ratio of 4% (the one of MIT-VKI I) lies in the upper
limit of trailing edge thickness. For most of the cases the present method is then
sufficient.

0f course improvements of the present method of treating the trailing edge flow
are probably still possible, but the author believe that such improvements will probably
be, for most cases, not appreciable. This remark is based on the experience which the
author gathered with his method in the calculation of a large number of very different
turbine blade profiles over a wide range of Mach number. Reference 9 demonstrates with
a few examples the good agreement betwee: theoretical and experimental results.
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NUMERICAL SIMULATION OF THREEDIMENSIONAL TRANSONIC FLOW
INCLUDING WIND TUNNEL WALL EFFECTS *

W. SCHMIDT., H.-W. STOCK, W. FRITZ

DORNIER GMBH

THEORETICAL AERODYNAMICS GROUP
D-7990 FRIEDRICHSHAFEN, GERMANY

SUMMARY

This paper presents the numerical methods and their practical implementation to compute steady transonic
flow fields about wings and wing-body combinations in transonic flow including viscous effects as well as
wind tunnel wall effects.

The transonic small disturbance potential equation is solved by a mixed finite difference scheme as known
from previous publications. Wind tunnel wall boundary conditions are incorporated in the relaxation proce-
dure by use of the classical wall condition equations.

The threedimensional boundary layer equation is solved by an integral prediction method. Solving potential
equation and boundary layer equation iteratively, viscous effects are accounted for by means of the dis-
placement thickness concept.

Results showing the influence of Reynolds-number and Mach-number on pressure distribution and shock posi-
tion are shown. The influence of the wall conditions compared with the numerical free flight results are
shown as well as some results showing the necessary wall contouring, resp. porosity parameter distribution
to adjust the windtunnel to free flight conditions.

RESUME

Ce travail présente les méthodes numériques et leur introduction pratique pour le calcul des &coulements
transoniques stationnaires autour d'ailes et de combinations aile-fuselage en transonique y compris les
effets visqueux et les effets de parois en soufflerie.

L'équation potentielle transonique aux petites perturbations est résolue par un schéma mixte de différences
finies qui est connu par des publications précedentes. Les conditions de parois en soufflerie sont intro-
duites dans le procéde de relaxation par les équations classiques de condition de parois.

L'equation tridimensionelle de 1a couche limite est résolue par une méthode intégrale de prédiction. En
résolvant 1'equation potentielle et celle de 1a couche limite itérativement, les effets visqueux sont pris
en considération au moyen du concept d'épaisseur de déplacement. Des résultats présentés montrent 1'in-
fluence des nombres de Reynolds et de Mach sur la distribution de pression et la position du choc. L'in-
fluence des conditions de parois est comparee avec les resultats numériques du vol libre et d'autres résul-
tats montrent la forme nécessaire des parois ou la distribution du paramétre de porosite pour régler la
soufflerie selon Tes conditions du vol Tibre.

» This work was sponsored by the German Ministry of Defense under 2ZTL contract T/R 720/R 7600/42009 and
RiiFo 4 contract T/RF 41/RF 410/51 154
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1. INTRODUCTION

Aerodynamicists are confronted with the problem of designing more and more efficient aircraft as well for
transport as combat purposes. Part of such design work is done on computers by flow computations using nume-
rical methods, part by wind tunnel testing. Figure 1 illustrates these two tasks to simulate the behaviour of
a full scale aircraft in free flight.

The wind tunnel testing provides us with the complete physics although due to limited tunnel size and thus
lower Reynolds-number, finite distance walls, free stream turbulence, noise, these physics can differ signi-
ficantly from the required. While the error sources model shape and test equipment can be kept very small

in general, thuse scaling effects form the basic limitations for the accuracy of wind tunnel results.

In contrast, numerical methods represent only physical models which are part of the full physics. Additio-
nal sources of errors are included by the use of mathematical models and special numerical procedures as
well as by the numerical discretization of the aircraft in the computer.

It should always be kept in mind that comparing wind tunnel results and computed flow fields the errors of
both ‘sides will be included, unless either the wind tunnel test itself is simulated or both results are
compared with free flight data.

At the present time there is no aim to replace the wind tunnel but to use numerical methods to
o reduce total wind tunnel running time

by providing better design. Numerical methods are well suited to show the influences of different configura-
tion parameters because computations can be done very fast and unexpensive compared with wind tunnel tests.
Furthermore numerical methods can be used to

o correct for unadequate wind turnel walls effects

by either computing the wall effects and thus correcting the flow field or by adjusting the wind tunnel
walls to give the same conditions along the wall as along the corresponding streamline at free flight con-
ditions. Boundary layer methods can be used to show the influence of the different Reynolds numbers at free
flight and in the wind tunnel, i.e.

o extrapolate viscous effects to free flight Reynolds number.
On the other hand computational fluid mechanics suffer from the lack of good experimental data to

o improve physical models
o have reliable data to compare with.

The present paper particularly shall give some ideas of the use of a threedimensional transonic potential
flow method and a boundary layer method to

o simulate viscous effects on threedimensional wings
0 simulate wind tunnel wall boundary conditions
o adjust wind tunnel wall conditions to simulate free flight conditions.

The last item especially is of some interest because of the possibility to estimate the efforts we have
to undertake to simulate free flight conditions in a wind tunnel. Time optimai iteration procedures for
wall adjusting can be established by numerical simulation.

The computational methods used will be

o TSP transonic relaxation method
o classical wind tunnel wall conditions
o boundary layer integral method.

2. TRANSONIC SMALL PERTURBATION POTENTIAL FLOW METHOD

The threedimensional relaxation method used is well known from previous publications [1], [2], [3]. Similar
to tne methods of Bailey [4], Albone [5] and v.d. Vooren [6] the TSP equation is solved by means of Murman's
finite difference scheme and his line relaxation algorithm. In contrast to the others no transformation is
used and the modified small perturbation equation is solved in the threedimensional cartesian coordinate
system. To get unique results a fully conservative scheme is used including Murman's shock point operator.

The wing boundary conditions are linearized while on bodies exact boundary conditions are fuifilled. A
straight wake is assumed to leave the wing trailing edge in the wing mean plane z = o with jumps in the
potential equal to the local section circulation T (y).

Similar to Bailey's method farfield solutions on finite boundaries are used, i.e. solution of Laplace-equa~
tion at x = + «, and either Klunker's expression [7] for the potential or normal velocity components calcu-
lated by means of a vortex lattice method [8] along the planes z = + » and y = + =, The figure 2 gives a 1
schematic view of the grid arrangement. 3

Finally, nressures are calculated from the first or second order isentropic equation.
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One great advantage of the present method is its flexibility in treating as well analysis as design or
mixed problems. Figure 3 shows the basic arrangement of the computer program which allows calculations by
interactive means.

3. WIND TUNNEL WALL BOUNDARY CONDITIONS

The equation derived by Baldwin, Turner, and Knechtel [9] is used to model a longitudinally slotted per-
forated wind tunnel wall. Their derivation assumes that both the slot flow velocities and the perturbations
from the mean flow are small compared to the undisturbed tunnel velocity. The pressure is constant across
the open portions and the slot spacing is small compared to the tunnel dimensions. In addition it is assumed
that the plenum pressure equals the undisturbed free stream pressure and the walls are taken to be straight
and parallel with constant width slots.

Relating the pressure drop at the wall (cp = - 2 ¢x) to the Tocal flow inclination (¢,) and the longitudi-
nal gradient of the flow inclination (¢xn9 the wall boundary condition reads

A oy + BH ¢xn +C 4, = 0 atn=+H (1)
Addipg one inhomogeneous term to account for contoured walls finally the equation used in the present pa-
per is

A ¢x + BH ¢xn +C ¢n +D=0 (2)

The three dimensionality of the flow at the wall is replaced by a relationship between two-dimensional velo-
city components and geometric psremeters. No explicit account is taken of the tunnel boundary layers, al-
though some of these effects may implicitly be included in determining P. Equation (2) contains the boun-
dary conditions for different tunnel walls as limiting forms, i.e.

D=0,C#0,9¢,=0

straight solid: A=8B

contoured solid: A=B=0,-D/C =wall slope, ¢ = - D/C
free jet: B=C=D=0,A#0,0¢, =0

ideal slotted: C=0D-=0, B/A = slot parameter, ¢, +B/A + ¢ =0
porous or perforated: B=D=0, A/C = porosity parameter, A/C o, * 0, = 0

Several recent papers have included tunnel wall boundary conditions in nonlinear transonic relaxation proce-
dures for two dimensional [10, 11] and axisymmetric problems [12, 13]. Newman and Klunker [14] show three-
dimensional results for a rectangular wing with tunnel walls. The present paper is using a numerical scheme
similar to that used by Murman [10] but having the wall conditions included in the 1ine relaxation. To
guarantee better convergence different schemes are used for the different conditions.

The wall conditions enter the transonic potential equation via the derivatives ¢z, at the upper and lower
wall and ¢,,, at the side wall. The following difference formulas show the wall expressions used for ¢,
at the upp¥¥ wall depending upon the wall conditions.

Scheme for solid, ideal slotted, slightly porous walls

The wall plane z = z (JMP) is included in the relaxation procedure. The second derivative ¢,, is built
using the potential at the points JMP - 1, JMP and the first derivative ¢, at the point JMP.

n+l n+l
¢"” 4 2 (o1 I N JMP-1 K,
ZZy aMP Kk ? = et 21 ,0MP K Z 5 b

9, being estimated from the wall conditions

n
solid wall: ¢2+1 s - ¢ ﬁi |
1,JPM,K Z 1K
n+1 s antl 1 n+l n+l

ideal slotted: (01, omp .k - ®1,0mp K

Z1OMP, K Z1,dMP K

¢n+1 « AL
n+l cp (nawe .k T %1-1,0mp K

) -
Z1,MP K 2 4 iy ]

slightly porous P < P*: ¢

In the same way the farfield solution can be included if a solution for ¢, is prescribed, i.e. by a vortex
lattice method.
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Scheme for free jet and highly porous walls

The wall plane z = z (JMP) is not included in the relaxation procedure, the calculations end at z = JMP-1.
The second derivative ¢,, at station JMP-1 is built using the potential at the points JMP-2, JMP-1 and JMP.

on+1 _antl ¢n+1 _.n+l
¢n+1 ¥ 2 (LL,JMP K 1, dMP-1,K _ J1,0MP-1,K ¢I,JMP-2.K}
22y gMp-1,K ~ Z(JMP)-Z(JWP-Z) “"z(JWP) - z(JWP-T) z(JMP-T) - z(JNP-2)

n+1 3 - s
¢I,JMP,K being estimated from the wall conditions

n+l

free jet: ¢I,JMP,K = 0.0

X
highly porous P > P#: ¢?+§MP K=" é [ ¢, dx

In the same manner the classical far field solution of Klunker [7] in ¢ is included, allowing for an up-
dating of ¢ not necessarily at each iteration but due to stability reasons after NGAM iterations.

The two different treatments for porous walls were recommended by Murman [10] and guarantee as well
stability as the correct limiting cases solid wall (P=0) and free jet (P=x).

4. THREEDIMENSIONAL TURBULENT BOUNDARY LAYER CALCULATIONS

Basing on the integral methods of Myring [15] and Smith [16] an integral method for compressible turbulent
boundary layers has been developed and extensively tested [17]. The basic assumptions and empirical corre-
lations included are

0 x and y momentum equations and entrainment equation are used in non-orthogonal curvilinear coordinates

power law profiles approximate the streamwise velocity, Mayer or Johnston correlations the crosswise
velocity component in the boundary layer

o originally Head's empirical entrainment coefficient, meanwhile replaced by the Lag Entrainment Method
of Green [18]

Ludwig-Tillman's skin friction law
Eckert's reference temperature concept to account for compressibility effects.

The resulting system of hyperbolic equations is integrated by means of a fast and simple explicit finite
difference scheme.

To prove the accuracy of this method a comparison is shown on figures 4 a-c as well with experimental data
as with other finite difference and integral methods. It should be mentioned that in all calculations the
same input was used for the external flow field, namely infinite sheared wing conditions and measured wall
pressures. As shown in [17] much better agreement with the experimental data can be reached near separation
if the measured velocities at the outer edge of the boundary layer are used. In general it can be stated
that for wingtyp boundary layers integral methods seem to give as good answers as finite difference methods.

In the iterative cycle of calculating the viscous transonic flow this boundary layer method is used to pre-
dict the threedimensional displacement thickness surface which has to be added to the wing profiles. Its
integration in the whole process can be seen from figure 3.

b, RESULTS

A1l test calculations were done on a wing-body combination as shown in figure 5 which belongs to the PT-
series of FFA in Sweden. The wing has an aspect ratio of 4.0, a quarter chord line sweep of 35 degrees and

a taper ratio of 0.4. The airfoil shape is an intermediate one using the analysis and design options of our
TSP program.

L | Influence of Wind Tunnel Wall Conditions

To show the influence of wind tunnel walls a tunnel is assumed of 2.8 times the root chord as height and
4 times root chord as width. The same grid is used for all calculations, for free flight mesh points being
added outside the walls up to z = + 4.3 ¢ and y = 2.6 cy wher: far field boundary conditions are applied.

Figures 6 a,b show the influence of free jet and straight solid wall boundary conditions compared with the
free flight conditions in two spanwise sections. Both sections show the same well known effects that the
free jet pressures are smaller at the upper surface and higher at the lower, the shock position moved fore-
wards. For solid walls the tunnel height with respect to the supersonic region plays an important role.
Either pressures above or below the free flight data can be the result. Figure 7 shows the pressures along
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i the upper wall for the solid wall compared with the free flight values at this location. Unfortunately
3 no results have been available at the time of the conference for porous or slotted walls due to some minor
computer problems. Anyway, those results would lay somewhere between the solid wall and free jet data.

Figure 8 shows the necessary changes at the wall in one section to get an adjusted curved solid wall which
produces wall-interference-free results. Although the angle of attaeck of the configuration is equal to zero
due to the high local section 1ift the walls have to be curved to guarantee the right downwash behind the
wing. The figures 9 a,b show the variation of porosity parameter along the walls for two sections to have

3 wall-interference free results. This results might give an indication of the complexity of threedimensional
adjusting of wind tunnel walls.

5.2 Influence of Viscous Effects

The influence of viscous effects on threedimensional transonic wing flow is shown by applying iteratively
the displacement thickness concept. The starting solution always is the fully converged TSP solution with-
out shock point operator. Using the resulting velocities the displacement thickness distribution is calcu-
lated and added to the wing profiles. A1l following TSP calculations are done using the fully conservative
form with shockpoint operator. Different calculations showed that as long as there is no separation two
iteration cycles proved to give converged results without any underrelaxatwon of the displacement-thickness.
The figures 10 a,b represent the results for M_ = 0.85 and Re = 5.4 + 107 1/m at two span stations. Compared
with the nonconservative inviscid results the shock moves slightly backwards and the trailing edge pressure
is increased. Maximum pressures seem to be sometimes lower or even higher, depending on the threedimensional
behaviour of the flow. It should be mentioned also that the displacement thickness at the lower surface can
be thicker than on the upper due to threedimensional effects though the pressures on the lower surface are
Tower (figure 10 b). For comparison the fully conservative inviscid solution is shown also which has a
shock position further aft.

Figures 11 a,b show the same effects for M_ = 0.90 and Re = 1.1 « 10”7 1/m. The higher recompression as well
as the th1cker layer due to the smaller Reyno]ds number produce stronger effects on both, the pressures and
on the displacement thickness.

6. CONCLUSION

The present paper showed the capability of computational methods to give at least the tendencies of the in-
fluences of wind tunnel walls and boundary layers on threedimensional transonic flows. Further studies have
i to be made to prove results against experimental data from the wind tunnel and free flight. Relatively un-
! expensive studies can be done to improve adjusting wall concepts by showing the influence of different
iterative adjusting procedures, effects of imcomplete adjusting etc.

Also, it seems to be very attractive to study different improved wall condition models to simulate more
accurate the presence of wind tunnel walls.
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ANALYSE DE FOURIER ET CORRELATION DE VITESSE
EN AERODYNAMIQUE INSTATIONNAIRE

par

Pierre Gougat, Frangoise Martin
Laboratoire d'Aérothermique du C.N.R.S.
4ter, route des Gardes
92190 - MEUDON (France)

RESUME
Le passage de 1'état laminaire a 1'état turbulent commence par 1l'apparition au sein de la couche
limite d'instabilités naturelles constituées d'ondes sinusofdales d'intermittence aléatoire.

Nous étudions la réponse de la couche limite 2 une vibration locale de paroi dans le but de sup-
primer le caractére aléatoire de cette intermittence.

Le signal sinusoidal de déformation de la paroi est obtenu a l'aide d'un capteur capacitif de
déplacement : le signal des fluctuations de vitesse dans la couche limite est donné par un anémométre a
fil chaud.

Ces deux informations peuvent &tre traitées séparément par analyse en temps réel, ce qui permet
de mesurer le taux d'harmonique du signal de déformation et de déterminer la densité spectrale de puissance
des fluctuations de vitesse.

Le traitement simultané des deux signaux se fait a 1'aide d'un corrélateur en temps réel. A ce
corrélateur est associé un transformateur de Fourier qui fournit le spectre mutuel des deux signaux.

Un enregistreur magnétique est utilisé pour stocker les signaux et les relire a faible vitesse
ce qui facilite 1l'observation et 1'étude des phénoménes instantanés.

1 INTRODUCTION. ETUDE

Le passage de 1'état laminaire 2 1'état turbulent commence par 1'apparition, au sein de la couche
limite, d’'instabilités naturelles.

Nous avons étudié le développement de ces instabilités principalement sur plaque plane. Elles
sont constituées de trains d'ondes sinusofdales intermittentes et modulées en amplitude, apparaissant de
fagon aléatoire dans la couche limite.

Puis, nous avons regardé 1'influence d'une déformation locale de la paroi sur 1'évolution de ces
instabilités /1/, Une Jéformation, qu'elle soit en creux ou en saillie, provoque globalement une avance de
la transition. A 1'échelle des fluctuations de vitesse, nous remarquons que ce ne sont plus des ondes sinu-
sotdales qui se propagent dans la couche limite, mais nous avons des bouffées éclatées de fréquence quel-
conque. On voit apparaitre des portions de signal de type "turbulent'.

Nous étudions maintenant plus précisément la réponse de la couche limite soumise 3 une vibration
locale de paroi dans le but de supprimer le caractére aléatoire de 1'apparition des bouffées instables
tout en conservant le caractére intermittent

Nous voulons piloter 1'apparition des bouffées instables par la vibration de la paroi de telle
sorte que les instabilités apparaissent de fagon périodique a la méme fréquence que la vibration de la
plaque.

Toute cette étude se fait par analyse spectrale des signaux de fluctuations de vitesse, par
corrélation avec transformation de Fourier en temps réel. Les signaux de fluctuations de vitesse, d'une
part, et de vibration de la paroi, d'autre part, sont traités individuellement par analyse spectrale. On
en mesure aussi les valeurs moyennes et les valeurs efficaces (fig. 1).

2 DISPOSITIFS EXPERIMENTAUX

Les mesures sont faites dans une soufflerie subsonique de type Eiffel. La veine de section carrée
(0,5 m x 0,5 m) a une longueur de 1 m. La vitesse de 1'écoulement peut varier d'une fagon continue de 4m’s
a 30 m/s.

Le taux de préturbulence extérieure reste sensiblement constant et égal 2 0,4 7% pour des vitesses
comprises entre 10 m/s et 25 m/s. Une analyse spectrale des fluctuations de vitesse de 1'écoulement exté-
rieur montre un spectre plat qui ne présente aucune singularité qui risquerait de perturber 1'état laminai=-
re de la couche limite.

L'étude des fluctuations de vitesse dans la couche limite est faite au voisinage d'une plaque
plane A paroi déformable, La plaque (0,5 m x 1 m) est maintenue par quatre supports indépendants de la
soufflerie., Elle présente un bord d'attaque elliptique d'allongement 12.

La paroi déformable sert de couvercle A un chdssis métallique dans lequel trois cavités indépen-
dantes et étanches ont été usinées. Chaque cavité a une longueur A de 100 mm, et le début de la premidre
cavité se situe A une abscisse K 178 mm du bord d'attaque.

Ces cavités peuvent 2tre alimentées en surpression ou en dépression, de telle sorte qu'il est
possible d'obtenir une déformation de paroi en saillie ou en creux. La déformation ainsi obtenue a une
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amplitude 2 a variant de + 1,5 mm 2 - 1,5 mm, sur 95 % de l'envergure de la plaque. La paroi ainsi défor-
mée est proche d'une sinusoide de longueur \ = 100 mm et d'amplitude 2 a.

Ce systéme permet une grande souplesse de manipulation et de réglage de la déformation pour
1'étude statique.

Nous avons maintenant aménagé un dispositif permettant de faire vibrer la partie déformable de
la plaque.

Nous gardons les sources de surpression et de dépression qui alimentent la cavité en passant par
un boisseau tournant entrafné par un moteur. Un capteur potentiométrique couplé avec le moteur donne un
signal de rotation de celui-ci.

L'amplitude de la déformation statique de paroi et le signal de vibration, dans le cas d'une dé-
formation non permanente, sont donnés par un capteur capacitif de déplacement.

Les mesures de fluctuations de vitesse dans la couchc limite sont faites 3 1'aide d'une sonde
\q miniature 3 filin chaud.

Un dispositif de déplacement permet un réglage en ordonnée au 1/10 de mm, et en abscisse, au mm.
L'ensemble du dispositif repose sur un support indépendant de la veine de la soufflerie afin c'éviter les
vibrations de la sonde.

3 CHAINE D'ANALYSE. CORRELATION. TRANSFORMATION DE FOURIER

L'analyseur de spectre accomplit 1'analyse de Fourier de la fonction d'entrée. Cette analyse
s'effectue en temps réel, ce qui signifie que chaque échantillon de signal est pris en charge dés sa pré-
sentation et subit intégralement le traitement d'analyse indépendamment des processus déja en cours sur
d'autres échantillons.

Le signal passe dans un filtre passe bas et est converti en données numériques par échantillon-
nage 2 une fréquence de numérisation triple de la fréquence maximale de la gamme d'analyse choisie. Les
données numériques sont introduites chronologiquement dans un registre mémoire qui, par décalages successifs
des instants d'échantillonnage, fait circuler toutes les données A un rythme K fois plus rapide que la vi-
tesse d'acquisition. On définit ainsi, pour une gamme d'analyse donnée, le coefficient K de compression de
temps. Le signal issu de la mémoire présente un spectre de fréquencesK fois plus élevées que le spectre
initial et, aprés reconversion numérique analogique, passe dans un filtre hétérodyne a bande étroite. La
compression de temps autorise une plus grande vitesse d'analyse tout en conservant une bonne précision
statistique. La durée d'analyse est K fois plus faible que dans un processus d'analyse directe. La synchro-
nisation de toutes les fonctions discontinues, échantillonnage, décalages dans la mémoire, -econversion
analogique, avance pas a pas de 1'hétérodynage, est assurée par une horloge interne.

La résolution de 1'appareil est de 200 lignes. Chaque analyse compléte est effectuée en 40 mil-
lisecondes. A titre d'exemple, pour une gamme d'analyse de 1 kHz, la résolution est de 5 Hz, et le temps
d'acquisition est de 200 millisecondes. La présentation du défilement des échantillons dans la mémoire se
fait sur une base de temps de 200 microsecondes. L'emploi d'un oscilloscope 2 deux bases de temps permet
la visualisation simultanée du contenu de la mémoire et du résultat de l'analyse. Sur 1'une des bases de
temps la trace représente 1'évolution temporelle du contenu de la mémoire dans des axes amplitude-temps.
Sur 1'autre base de temps, la seconde trace de 1'oscilloscope correspond 3 1'évolution du spectre instan-
tané dans des axes énergie-fréquence. Cet artifice de présentation est intéressant dans le cas de phéno-
ménes intermittents : on est amené A observer soit les évolutions simultanées du contenu de la mémoire et
du résultat de 1'analyse sur un film, soit le blocage en mémoire d'un transitoire et de son analyse ins-
tantanée pour une photographie.

11 faut noter enfin que la sortie de 1'analyseur est €quipée d'un intégrateur numérique effec-
tuant la moyenne temporelle d'un certain nombre de spectres instantanés successifs

La fonction de corrélation détermine le degré de similitude entre deux fonctions décalées 1'une
par rapport 2 l'autre dans le temps. Elle est définie mathématiquement par
* T

1
fxy (r) = lim oy 2 x(t) . y(t+7) dt ;

T-ax g

1'appareil multiplie point par point la fonction d'onde x(t) par une autre fonction d'onde décalée dans le
temps y(t+r), puls effectue la sommation ordonnée des produits pendant le temps T.

Les signaux x(t) et y(t) sont échantillonnés et convertis en données numériques a des intervalles
de temps égaux au retard élémentaire r choisi. A chaque étape d'échantillonnage, un méme échantillon de
x est multiplié par 100 échantillons de y arrivés dans la mémoire aux instants r, 2 7 100 =
précédents ; les 100 multiplications sont faites avant 1'arrivée d'un nouvel échantillon.

Les calculs des 100 points de mesure ainsi définis peuvent &tre considérés comme simultanés : le
retsrd + peut varfier de 1 ys 2 1 s

Un décalage de O A 200 T, mis en place par section de 50 T, permet d'étudier la fonction de cor-
ymétriquement autour du zéro ou bien a des temps éloignés de zéro.

Le transformateur de Fourier, associé au corrélateur en temps réel, donne A 1'ensemble de la
chatne ue traitement des signaux des possibilités d'exploitation immédiate des fonctions d'intercorrélation.
Le calcul de base de la transformée de Fourier est donné mathématiquement par les relations suivantes

{
i
]
i
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| la Partie réelle a = %;: fxy (kT) cos ( N )

1

i b 2MmTkn

| la Partie imaginaire bn = - };_ fxy (k) sin (—T—)

Les valeurs de f (kt) sont les 100 valeurs obtenues 3 la sortie du corrélateur, k variant de O
a2 99 pour une valeur de T choisie. La gamme maximale de fréquence est de 1 MHz. Une interpolation permet
une sortie sur 1 000 points

La fonction ainsi obtenue est une quantité complexe dont les parties réelle, imaginaire, le mo-
dule, la phase peuvent 2tre séparément présentées en fonction de la fréquence ou deux 2 deux en représen-
tation paramétrique.

5 4 OBSERVATTON DES SIGNAUX DE FLUCTUATIONS DE VITESSE
iy

o L'observation du signal des fluctuations de vitesse donné par 1'anémometre 2 film chaud est
3 source de nombreuses informations nécessaires 2 la compréhension du phénomeéne de transition.

Dans 1'étude des instabilités naturelles de la couche limite au voisinage de la plaque plane,
nous avons observé le signal des fluctuations de vitesse par visualisation directe sur oscilloscope des
informations données par le fil chaud /2/. Nous observons un signal laminaire avec des bouffées instables
sinusotdes de fréquence f modulées en amplitude, apparaissant de fagon intermittente et aléatoire.

En passant par la mémoire d'entrée de 1'analyseur, il nous est possible de bloquer le défilement
du signal pour ne conserver en mémoire qu'une portion de signal visualisée sur 1'oscilloscope (fig. 2)

Mais le défilement du signal donné par le fil chaud est trés rapide, ce qui rend difficile le
blocage précis d'une bouffée instable.

Nous enregistrons le signal sur bande magnétique A une vitesse de 60 ips. Nous pouvons alors
; reMre le signal enregistré a faible vitesse soit 1 7/8 ips. Le rapport 32 entre ces deux vitesses permet
, de sélectionner au passage les bouffées intéressantes et de les bloquer en mémoire.

I1 est intéressant pour 1'étude des bouffées instables de visualiser simultanément la mémoire de
1'analyseur, donc le signal des fluctuations de vitesse, et la sortie de l'analyseur qui donne le spectre
instantané de la portion de signal contenue en mémoire. Nous observons ainsi une bouffée instable et son
spectre instantané,

Par ailleurs, nous pouvons accumuler durant un intervalle de temps déterminé des spectres ins-
tantanés pour avoir le spectre intégré d'une portion de signal.

Sur le film projeté, nous présentons le signal instantané des fluctuations de vitesse donné par
le fil chaud obtenu dans la couche limite sur plaque plane et les spectres instantanés de chaque portion
de signal contenue dans la mémoire de 1'analyseur.

Nous avons donc un signal de fluctuations de vitesse représentant la quantité u' en fonction du
temps et le spectre correspondant, soit 1'énergie des fluctuations en fonction de leur fr&quence.

Nous procédons de la mé@me fagon pour faire 1'observation du signal des fluctuations de vitesse
en présence d'une déformation statique de la paroi. Le signal n'est plus le m2me, et nous observons un
signal d'aspect turbulent. Il n'y a plus de bouffée instable sinusofdale, de meme qu'on ne peut plus déce-
ler de fréquence caractéristique.

Si nous soumettons la couche limite A une vibration de paroi de faible fréquence, soit 1 Hz envi=-
ron, de telle sorte que l'amplitude de la déformation varie en signal carré de 0 2 + 1 mm, le signal des
fluctuations de vitesse passe d'un état qu'on peut qualifier de laminaire, correspondant au 2zéro d'ampli-
tude, 2 un état dit turbulent pour le maximum de déformation.

L'enregistrement en parall2le mais non simultané sur deux pistes différentes des signaux obtenus
sur plaque plane et sur plaque déformée permet, en les visualisant simultanément, de différencier, a la
lecture, les états laminaires et turbulents de la couche limite.

L'enregistrement simultané du signal de vibration de paroi et du signal de fluctuations de vi-
tesse permet, en les relisant, d'étudier la corrélation qui les lie.

5 CORRELATION DU SIGNAL DES FLUCTUATIONS DE VITESSE ET DU SIGNAL DE VIBRATION DE PAROI

La corrélation qui existe entre les fluctuations de vitesse dans la couche limite et la vibration
de paroi apparaft clairement dans 1'étude simultanée des signaux donnés par le fil chaud et le capteur de
déplacement, Mais une étude précise de cette corrélation est entreprise 2 partir de la fonction de corréla-
tion des deux grandeurs physiques correspondantes, u'(t) fonction des fluctuations de vitesse au cours du
temps et a(t) amplitude instantanée de la déformation de paroi. La fonction de corrélation s'écrit

‘y
/ a(t) u' (t+7) de.
0

i £(T) =

3 —

lim
T
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L'étude de la fonction de corrélation se fait naturzllement de pair avec une transformation de
Fourier qui donne le spectre mutuel des deux quantités physiques.

I1 existe un déphasage entre la réponse de la couche limite dans la zone de transition, donc 2
1'aval de la déformation de paroi, et la vibration de la paroi elle-méme.

Nous avons remarqué qu'une déformation statique de la paroi, qu'elle soit en saillie ou en
creux, provoque une avance globale de la transition, cette avance n'étant pas tout 2 fait la méme pour les

deux cas (fig. 3).

Pour une période de vibration, nous avons deux avances de la transition. La réponse de la couche
limite 3 la vibration de paroi se fait donc 2 une fréquence double de la fréquence sollicitatrice F. Nous
obtenons une corrélation des deux signaux a la fréquence 2 F si nous prenons la précaution de redresser
le signal de vibration de la plaque pour en doubler la fréquence (fig. 1).

Mais nous conservons une corrélation d la fréquence F due A la dissymétrie des avances de la
transition provoquée par une déformation positive et négative.

6 CONCLUSION

Les premiers travaux relatifs 2 cette étude nous avaient amenés 2 traiter sur ordinateur les
signaux de fluctuations de vitesse dans l'optique d'une analyse spectrale. Cette démarche s'est avérée in-
fructueuse, non pour des raisons théoriques, mais, d'une part, 3 cause de la complexité des signaux et,
d'autre part, 2 cause des temps de numérisation. L'absence de couplage direct sur ordinateur n'était qu'un

ennui secondaire.

Par contre, cette chafne d'analyse et de corrélation semble parfaitement adaptée & nos besoins,
et 1l'adjonction prochaine d'une perforatrice de ruban augmentera encore les possibilités de traitement des
signaux physiques
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PICKING UP AND GRAPHING OF THREE DIMENSIONAL FLOW FIELDS
by

H. -J. Graefe

Deutsche Forschungs- und Versuchsanstalt
fir Luft- und Raumfahrt E, V.

Bunsenstrafe 10
D - 3400 Gottingen, (German Federal Republic)

Summarz

This paper describes an efficient test technique for three-dimensional flow field measurements which
was set up in combination of a conventional measurement technique with modern electronical equipment.

The test rig is installed in the low speed wind tunnel of DFVLR in Géttingen.
[ Some suggestions for graphic representations of three-dimensional flow fields are given by hand of
examples.

Notation

x mm

y mm Position coordinates of the field

z mm

d. mm Nozzle exit diameter

D mm Fuselage diameter

a degrees Angle between the local flow vector lying in the x, z-plane and the direction
of undisturbed flow

B degrees Angle between the local flow vector lying in the x, y-plane and the direction
of undisturbed flow

¢ = x/d.

7 = y/d; Dimensionless coordinates of the field

= z &

¢ /d

U kp/nr*2 Dynamic pressure of the flying speed

Yoo m/seﬁ Flow velocity

q. kp/m Dynamic pressure of the jet

¢J = q./q Dynamic pressure ratio

2 = TJJ/IG; Temperature ratio

Indices

[oo) Undisturbed flow

j ‘low in the jet

Picking up and Graphing of Three-Dimensional Flow Fields

1. Iniroduction

For investigations of new aerodynamic problems in a subsonic flow which will exclusively be considered
here and in wind tunnel tests on complicated models as to be found in industrial aerodynamics, detailed
informations are required about the steady flow behaviour in the vicinity of the model. The well known
methods of flow visualization as by small tufts or smoke are indeed offering a way to get a quick general
view over the flow field, For more accurate flow field analysis those methods are not sufficient however
in most cases. Quantitativ results can only be obtained from real flow field measurements which enable
to determine the three-dimensional distribution of the various parameters separately. Since several
years there were systematical flow field measurements performed in the low speed wind tunnet of
DFVILR in Géttingen., By an appropriate lay-out of electronical equipment in combination with a conven-
tional measurement technique and automatical data reduction an efficient test rig was set up which enables
to realize the normally very time-wasting investigations of three-dimensional flow field in a proper
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time.

2. What is important for effectiveness of three-dimensional flow field investigations ?

At first I want to sketch the substantial postulations for an economical performance of flow field
measurements (Fig. 1).

7.1 Measuring method

This is not the place to discuss about the advantages or disadvantages of single measurement methods.
Nevertheless the whole instrumentation, the procedure, the data reduction and last not least the use-
fulness of the results are dependent on the applied test technique, The wide field of a large low speed
wind tunnel demands a universal testing method by which all the parameters of the flow like pressures,
E velocities, temperatures and so on can be picked up completely and simultaneously.

Lﬁ The system has to be quickly ready to act which means the effort for calibration and adjustment and so
i on should be as low as possible.

3 If you go back to measurement methods with physically clear relation between the in-put and the out-put
of the system you will get an easier data reduction. The results will become better reproducible and by
¥ that the general information will be more safe, too.

1 2.2 Data recording and processing

There is a great number of data which is produced by three-dimensional flow field measurements. There-
fore it is important to have a sufficient electronical equipment for quick digital recording and processing
by on-line. Besides of this, the flow field measurements are nearly always planned and performed as
pilot measurements. It is essential that the data reduction and the out-put of the results are ensuing
simultaneously with the recording of data to produce a continuous fiow of information which is necessary
for the control of the run-down of the measurements,

2.3 Positioning of the probe

As you know, a three-dimensional field can be felt out either point by point or continuously in a single
cross section. For this you will need a sufficient translator. It must work with high velocity and must
put out clear signals and data processable signals about the probe position.

r——

2.4 Data reduction

Last not least a suitable representation of the results is important for the success of the investigation.
How is it possible to give an instructive representation, referring also to the problem of a three-dimen-
sional vector field ?
For this, there are various suggestions :

1. Representation of single parameters by isolines (isothermes, isotaches, isobars)

2. Representation of the local flow vector by arrows

3. Representation by stream-lines

4. Perspective representation of single parameters with their amount

In combination with the above mentioned two-dimensional representations there is the other problem:
How is it possible to make three-dimensional effects evident ? Later on, I will point out further details.

3. Description of a suitable test rig

By the continuous accomodation on the increasing demands in the test technique there was installed a
testing stand in Géttingen which satisfies the mentioned conditions rather well. The next figures
(2 and 3) give the schematic description of the system after the actual situation.

i g

3.1 Mechanical part of the system

The total pressure p,, the static pressure p " the two differential pressures p_ and p, for measuring

; the flow direction are picked up by a nine hole direction probe (Fig. 2). The flow temperature T is taken
by a thermo couple which is mounted inside of the p -pressure pipe. The extension and design of the
tiny probe head (Fig. 3) enables nearly punctual measurements, The interferences on the flow caused
by the probe are neglectible, The probe is mounted on a support for automatical and very accurate
positioning in x, y, z-direction of the whole space of 3 x 3 x 6 m wide wind tunnel test section, The
probe can also rotate around its shaft axis, The translator is driven by stepping motors. One of the
two angles of the flow vector can be determined by rotating the probe into flow direction. All the other
values will be determined out of calibration curves, The maximum rotating angle of the probe is + 180
so that the reverse flows and even quasi stationary vortexes in the flcw behind a body can still be picked

up.
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3.2 Electrical part of the system

Probe positioning is managed by programme control. In this way a two-dimensional field with numerous
positions can be reached automatically point by point in a short time.

The differential pressure between both pressure holes which are lying in the plane of rotation of the probe
is p . It is the in-put for a probe rotation control system which keeps the probe automatically staying
parézllel to the projection of the local flow vector in this plane. The angle of rotation indicates the angle of
inclination @ . The accuracy of probe adjusting can be varied by amplifying the in-put within a certain
range. If the gradient of the flow vector is low, it is also possible to move the probe continuously with a
suitable velocity while data will be picked up in a corresponding way. For each probe position all data

of flow and probe positioning are picked up simultaneously and read on-line by a central computer. All
other data which are necessary for the calculation of the local pressure p__ and p_and the local tempe-
rature T as well are stored in the computer. An extensive computer programme Is available to adapt
data reduction, out-put of results and the process of control to many various questions and conditions

of experiments. The whole process is working in real time. The out-put of the results can simultaneously
be received from a printer in form of lists and from a plotter or a graphic display in form of diagrams
or another manner of graphic representation. Especially the out-put on a graphic display is very
advantageous. This device makes it possible to put out various graphic representations of the flow
simultaneously with the measurements. This enables the testing engineer to get an idea of the flow
already during the measuring phase.

4. Some suggestions for graphic representation of three-dimensional flow fields

4.1 Representation by isoclines

Isocline representation is a very good way to demonstrate flow directional distributions. The following
plots (4 and 5) are showing the directional distribution of the vector of velocity in a flow field which is
generated by a cross blown jet.
In this case there are plotted lines of equal inclination (that means a = const, ) of the flow vector against
the undisturbed flow. The advantage of this manner of representation is that the plane of drawing can
be selected independently of amount and direction of the vector that should be represented. This makes
possible to demonstrate the directional distribution of a vector - here a velocity component - in each
plane of the three-dimensional field. Representations in only one plane of section through the flow field
can give a three-dimensional idea to the observer because 1he~a_§signed angle indicates the resultant
direction of component and not only its projection into the plane. This figure (4) shows the plane of
symmetry of the above mentioned flow field. There is a free jet generated by cold compressed air
emerging vertically out of a cylindrical fuselage. The dynamic pressure ratio q./q _ is 36 and the jet
Mach number M. is 1, the jet diameter d. = 45 mm. You can clearly separate three regions of interest.

1. An aera of upward directed flow in¥ront of the jet with positive angles

2. The aera of the jet itself which is recognizable by 90" limit

3. The aera of reverse flow in the dead water of the jet with angles greater than 90°
Figure 5 gives a horizontal section at z/d, = 2 through the same flow field. In the figure before, the jet
axis was situated in the plane of representation while now there is shown a plane of cross section which
is situated vertically to the nozzle axis. This pattern gives an idea of the directional distribution over
the wideness of the aera. The three significant parts of the flow field are recognizable again. The up
wash aera which as we see later is induced by a pair of vortexes in rear part of the jet extends to both
sides and only slowly dies away.
Plots of planes more distant from the origin which cannot be shown here are giving an idea of the far
reaching up wash flow.

4.2 Representation of stream lines

Stream lines are as know obtained by integration of directional fields. The three-dimensional coordinates
of points on one stream line are following from the formulars in figure 6, if we accept that in a sufficient
sm?Il interval the velocity ratios VV/VX = fi (gi) = const, = tan 8 and Vz'/vx =g (gi) = const, = tan a is
valid. ¢

By help of data processing it is easily possible to satisfy this condition, /30 and L, are independent
selectable starting coordinates of the stram line, o and 3 are the angles of direction of the flow vector,
The examples of representation shown in the next two figures are giving again the flow field of a cross
blown jet, Figure 7 shows the stream lines in the plane of symmetry corresponding to the above
mentioned isocline field and in figure 8 a horizontal plane is plotted. For sake of clearness of the
demonstration 3 two-dimensional representation was taken. That means the vertical component of the
flow vector is neglected. This simplification is allowed in the greater part of the plane where the vertical
component is small. The region of the vertical flow of the jet is saved, The stream lines disappear

when the amount of the vertica! component increases. It is however also possible to have a perspective
representation of single stream lines for example stream lines inside of a vortex, Stream lines are
especially useful because they are rather evident. Besides, it is a way to compare experimental resulls
with potential theoretical works about flow problems.
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4.3 Representation of the flow vector by arrows

Another very evident graphic representation can be seen in figure 9, Herein the projection of the velocity
vector on the drawing plane is plotted with its direction and its amount. The plot is again treating the
flow around a cross blown jrt. We see a plane of cross section which is rather far from the origin in a
region where the jet is completely developed. The represented component of the velocity gives an idea

of the vortexes on the rear side of the jet.

By this picture we can understand how the up wash flow which already could be watched in the above
isocline fields is generated. On its boundary the vortex is mixed with the industurbed flow. By this the
flow gets a rotation impuls which leads to the resultant up wash.

This vector representation is suited for real time plotting as well, It is therefore a very good help to
control measurements.

4.4 Representation by isotaches

Figure 10 contains the velocity sistribution in a cross section through a cross blown hot jet. The assigned
data indicate the velocity ratio v/v__ of the resultant local flow and the undistrubed flow. Both aeras of
low intensity flow are in front and e rear part clearly recognizable. The kidney shaped deformation of
the original circular jet is represented pretty well,

4.5 Representation by isothermes

Out of the simultaneously picked up temperature data figure 11 was plotted. The assigned temperature
ratio T/T follows from the local measured temperature T in relation to the jet temperature Tmax
taken at the origin.

4.6 Perspective representation of parameters after their amount

At the end there stitl should be mentioned a possibility of perspective plotting. Sometimes a perspective
graph of three-dimesnional distribution of parameter amounts can be useful. The example (Fig. 12)
shows the longitudinal component of the velocity around the cross blown jet in a cross section corres-
ponding to the isotaches field. This kind of representation will only be useful in a few special cases and
therefore I don't want to give a more detailed description.

5. Conclusion
The described measurement method is very versatile. Each of the above mentioned manners of repre-
sentation of flow fields is giving special information for various questions which can appear in combi-

nation with three-dimensional steady flows. If all representations are applied on one problem they can
give a far reaching answer,
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DATA RECORDING

1. Application of a suitable measuring method for picking up all

characteristic data (Pt’ Pst' T, V)

2. Equipment for extensive three-dimensional probe positioning

i 3. Sufficient electronical equipment for

! - quick digital measurements of up to 20.000 vaues per
measuring plane

- control of instrumentation

- real time data reduction

DATA REPRESENTATION

1. Referred to problem and instructive representation

2, Possibilities of representation
- isolines
- vectors
- stream lines (two- and three-dimensional)

- perspective representation of parameter amounts

3. How is it possible to make three-dimensional effects evident ?
- representation of selected cross sections

- three-dimensional perspective representation

Fig. 1
What is important for effectiveness of three-dimensional flow field investigations ?
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ROUND TABLE DISCUSSION

Prof. Sears :

Ladies and Gentlemen, this is a wind-up summary, and we will review what we
have accomplished in the last two days, what conclusions we can come to and what points
have been left dangling in the air. I am accompanied here at this table by the several
chairmen of the sessions. I am M. Carriére ! You wouldn't know it by hearing my French,
and I might say that you wouldn't know it by hearing my English either. But I am taking
his place as far as Session 2 is concerned.

If we are to summarize and come to some conclusions, let us see what kind of
conclusions we might come to that would do anybody any good. I would suggest that we
look at the subjects from the following viewpoint. The last few days we have discussed,
talked about and listened to a number of different aspects of the cooperation between
wind tunnels and computing machines. I should think that s good way to summarize might
be to look at this subject now and say what is not being done, what is missing. Or, if
we can establish certain goals ir the field of wind tunnel computer cooperation, how do
we achieve these goals in our NATO countries and what steps toward these goals are
missing from the programs ? Put bluntly, what should we be asking our various bosser
and treasurers ? What should we be asking them to support that we ought to be doing ?
If you agree with me to take that point of view and try to address that question, then
I remind you that we have heard talks in essentially three different areas with consider-
able overlap.

I would say that we have heard papers (1) in the category of increasing the
utility of wind tunnels, making wind tunnels more useful, more efficient and less
expensive; (2) we heard papers in the category of improving the simulation provided by
wind tunnels, and (3) we have heard papers in the category of complementary uses of
computing hardware and software; that is, computatioans that would either replace the
wind tunnel or complement the wind tunnel, such as the ones we heard today on improving
numerical simulation as such.

Without any previous warning, I am going to call on these chairmen to try to
lead off and say, in those categories, what their goals are and what ought to be done to
achieve those goals. Mr. Dietz, you and your session were concerred mostly with the
first category; the use of computers to increase the utility of wind tunnels. Could I
ask you to think about that and talk at the same time ?

Mr. Dietz :

Thank you Mr. Caairman. You have narrowed down my avenue of approach a bit by
saying that I must talk about what I would ask my bosses to support.

Prof. Sears :

No, you can go much farther than that.

Mr. Dietz :

I can say anything I wish then. I agree with you about the meeting, and I would
put it in a little different context. We have talked about the use of computers in
connection with wind tunnel operation, and we have also talked about the use of wind
tunnels in connection with computer operation. So, we have covered the gamut from the
computer supporting the wind tunnel to the reverse of that. The papers, in the Section
that I chaired, dealt primarily with how the computer can improve the wind tunnel. It
was obvious in those papers that a number of countries have gone a long way in using the
computer to monitor the conditions in the wind tunnel and to feed back to the wind tunnel
signals that will cause it to maintain set test conditions. That utilization has already
increased the output per hour of the wind tunnel and increased the precision of the data
that are produced by the wind tunnel. I think nothing more needs to be said about that
except for AGARD to put it in the record and to have these papers widely circulated, so
that others who may not have done this, could take advantage of the technology that is
available. The next thing, there were several papers in the Session that talked about
on-line data processing where you have the computed coefficients available to you at the
very minute that they are being measured in the wind tunnel. You saw that that has been
done in several nations and done with a high degree of sophistication. You are aware of
the fact that the data are not only used in the control room and on the base where the
wind tunnel is, but is sent to the useron-line, so that he can have it at the minute that
it is being taken. There are a number of ways to use these data if you have them on-line,
aside from making manual human decisions in the control room about what to do next. There
were items in the papers about that; about how these were used. Remember, in the tests of
rotary wing aircraft, models are very sensitive; they are not long lived, so you can use
those data to trim the vehicle in the tunnel and only take those data which are essential




s e g

Sata Giecas

RTD-2

to your program. At least you take those 10% of the total data first, so that you know -
that you have them while the model is still alive. Then you take the less important data

later, but you use the on-line feedback to restrict your program. That can be used either

btecause you have a model that isn't going to last very long, or you have a limited budget,

and you would like to take 1/10 of the data that we now take in order to document the

performance of a bird in the wind tunnel. Remember that there are other uses for that

feedback data that we didn't talk about very much in the meeting. I hope that that k
appears in this record, so that we can have AGARD papers on it subsequently, and that
that technology would be more widely spread. I mentioned that at the outset of this
meeting. That is, you can take the on-line data that you have measured from the wind
tunnel and you combine that with computer output that is either purely theoretical or is
also based on empirical data, but stored in the computer, and you make the wind tunnel, 4
through that technique, produce data that ordinarily you would not otherwise have. You
recall that I mentioned the situation of testing a fighter at stall, where it is going
through departure. It has no engine simulators on it, but you may feed in the character-
istics of the engine on the lee side and the windward side of the airplane and force a
thrust differential onto that model and thereby calculate accurately its departure
characteristics, even though you have no engine simulators on the model. That is a
marriage of the computer and the wind tunnel that makes the wind tunnel far more useful d
than the wind tunnel alone. I really didn't hear enough of that in this meeting. It is :
being done, and the technology should be spread around through AGARD.

My recommendation about the interrelationship betweer the wind tunnel and the ?
computer in response to the Chairman saying that we should recommend areas on which to :
spend our effort goes like this : don't let things just happen by natural events, make

them happen. To make things happen, you would like to look into the future and see what
might be possible. I would suggest that a future activity of AGARD or one of our individual
departments might be to look at where you think the computer will be in five years, where
you think the wind tunnel will be in five years, what would be their optimum interface

and the optimum interaction betwecn them five years from now to produce the best aero-
space for the North Atlantic Treaty Organization. Having some estimate of where you think
you ought to be, then trying to force that to happen. Make the necessary investments in
computer work or the necessary investments in improved wind tunnel technology to get where
you think you want to be and not just drift with the advancing technology that might

happen to you.

Prof. Sears

Let us stay on this subject for a while and see if we can get comments on this
from the audience. Did Bob's remarks inspire any of the rest of you to follow up the
subject ? Mr. North ...

Mr. North

My comments will be fairly prosaic. I would think that wind tunnels in five
years will be much where they are today, because of the time scales of their construction.
As far as computers are concerned, to know where we shall be in five years time really
seems to me to be a leap of imagination, and I imagine that many people in the computer
industry would like to know that. Though I support Bob Dietz' sentiments, I certainly
think that it is going to be quite difficult to come anywhere near the real situation and
I think probably our guesses would be conservative.

Mr. Kelly

I would agree with Mr. North, that it is very hard to predict where the computers
will be five years from now, the changes in the last five years have been so dramatic.
I think that one of the alleviating factors here is that the computer people seem to be
coming up with lots of small, special purpose, relatively inexpensive pieces of equipment
which can be ganged together to give you a lot of flexibility. So you don't have to make
one big investment in one big piece of hardware, and then find out that you did the wrong
thing five years from now. I think that we can look forward to having some adaptability
in our equipment. The other point that bears on this, and I don't believe that anyone really
discussed it at the meeting, is that it is possible to set up your wind tunnel experiment
so that you have, in principle, an on-line parameter identification technigue. You have a
theoretical linearized model with which you have done the best you can before you went into
the tunnel, and you play into that model your experimental results, update the linearizing
parameters, and then predict the next point. We are presently trying to implement this in
the rotor dynamics work, and the theory has been done; it is just that we have not quite 1
yet done it in the tunnel. I suspect that this type of closing-the-loop between the theory
and the experiment will be a very valuable thing to do. I expect to see that done in the 3
next five years. Finally, I am quite optimistic about the adaptive wind tunnel ideas. I ki
am hopeful that we not only will come up with computerized venting of tunnels, but in those
situations where we find that it is uneconomical to vent the tunnel, we at the very minimum
will come up with much better corrections with all the information being measured on the
control surface. I think that there is going to be some progress theire. We ought to make {
that happen. p

Prof. Sears :

Thank you Mark. Apropos to what you said that nobody discussed, it was to some
extent implied in the discussion of Mr. Slooff, wasn't it ?




Mr. Slooff :

If we think about the fact that we still have a lot of wind tunnels that are
certainly not going to be self-correcting for the next five or ten or twenty years to
come, there is still a lot to do with respect to classical wall interference. The thing
to do really is to measure the boundary conditions ai some distance from the wall and do
the computations of the wall corrections using the measured boundary conditions inside of
the tunnel walls. In this way we do not have to rely on the homogeneous boundary condition
that everybod; is using nowadays, but that nobody trusts.

Dr. Vayssaire :

Il est certain que les conditions aux limites des parois ventilées ne sont qu'une
approximation mathématique. Mais lorsque les corrections de parois, associées & ces condi-
tions linéarisées, sont appliquées, les résultats obtenus sont satisfaisants. Ces correc-
tions sont utilisées en subsonique é&levé. L'ONERA les utilise aussi et cet office nous a
fourni de bons résultats.

Alors qu'est-ce que 1l'on cherche de mieux ? Le vrai probléme transsonique est
loin d'@tre résolu. C'est 18 en vérité le probléme & résoudre et c'est dans ce but gque
l'on doit améliorer et approfondir la connaissance des conditions aux limites.

Prof. Sears :

Thank you. Are there any other comments on this subject ? The subject of
corrections has been brought up and that is in my second category. As I told you, I take
the place of M. Carriére, who was Chairman, and the papers of Wolf, Gunn, Chevallier,
Vaucheret, Vayssaire and me all had to do with this subject.

If I take the liberty of making the opening remarks on this subject, I would
say that the general problem, of course, is that we have to improve the simulation in the
next decade or two. I don't think that the users of wind tunnels are going to be content.
They are not content now, and they are not going to be even as content as they are today
with the accuracy that we provide tnem. I hope I am not hurting the feelings of "wind-
tunnel jockeys" in the room. I think that they are doing a fine job. But there are too
many cases now where the drag is measured nicely to about three significant figures, four
decimal places, which is not enough for long-range transport airplanes. If I am not
mistaken, that last decimal place just mentioned, in some cases could make or break the
corporation and has perhaps come close to it in some cases. There are some questions that
we have not addressed today, because they are probably not related to computers. They
are questions of flow quality, reduction of stream turbulence and noise, and all of that
sort of thing.

In the category that we are supposed to be discussing, there are serious
questions of boundary interference, together with the profound questions of what is the
Mach number and what is the angle of attack that are being simulated. I said this yesterday,
and I shouldn't take this advantage of you by repeating it, but I think that there are
serious problems that we have to attack as we go into the future of wind tunnels. For one
thing, the designers are going to have to make more elaborate calculations, as we all
know and have repeated to one another in the last few days, and they are going to have
more precision in their expectations. As a result of that, they and the chief engineer
and the project engineer are going to demand accuracy in the range of Mach numbers, not
to mention Reynolds numbers, that we are today really not able to provide. My own personal
conviction, and this is certainly a prejudiced conviction, is that the use of the measure-
ment of perturbation quantities in the stream and the deduction therefrom of conclusions
about the test, the simulation that is being attempted, is a very promising direction to go.
Although ONERA and some of the rest of us are doing some work in that direction, I don't
think that it is enough. I think that the questions of what is to be measured, how it is
to be measured, and how the wall geometry is going to be altered to provide this simulation
have so many possible answers that a lot of them ought to be followed up, and they are not,
to date. The Southampton group, the ONERA group, and the Calspan group are each doing
something a bit different from one another, which is good. Howevei, I think that there are
more possibilities and opportunities for invention and original work than are being
followed up. I will tell you what we need, if I am correct that this is an important line
of work : we need more monetary support.

M. Chevallier, would you say something here.

M. Chevallier :

I have few comments; I wish that many people work on the subject of adaptive
walls for there are many ideas yet to be applied. In another way, I think that the new
concepts derived from the virtual external flow may be useful even for a conventional
wind tunnel : for example to determine the Mach number from the set of wall pressure
distributions. It is not a trivial question, as mentioned.

One of the questions for me is now to use adaptive walls in both the subsonic
and supersonic ranges, as the flow patterns are then quite different. Nevertheless, I
hope that adaptive walls will be a solution for transonic testing in the future.

Prof. Sears

Are there any more comments on this subject ?
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Dr. Schmidt :

I have one question concerning the adaptive wall technique. As far as I know,
all the results we saw were done on two-dimensional cases and also cases including no
lift or just a very small portion of lift. What do you think about three dimensions,
let us say modelling wind tunnel walls for very complex wing-body combinations ?

That actually means that the walls will be quite complex, shaped also in a very complex
form. Do you think it would be possible to do a modelling like that in three dimensions ?
Also, do you think it will be possible to do a modelling for highly loaded high 1lift
systems having the right wake curvature and thus Kutta condition.

Prof. Sears :

We have to clarify our concepts here. Several of us are working with the concept
where you don't ever have to model the flow in the vicinity of the airplane model. You
measure the perturbation quantities around the outside, some way away from the model. You
are not even allowed to know what that model is .. that is your competitor's modell .. and
you only know the perturbation quantities. You eliminate thereby the question of whether
you are able to calculate the flow-field of an airplane. You only calculate the flowfield
outside of a surface on which you have measured pe:turbation quantities.

Dr. Schmidt

Even the flowfield on that, let us say a tube, is quite complicated and complex
and is changing quite a lot along the tube surface. So it is still the same problem. It
is caused by complex aircraft, so finally the flowfield wil. depend on the shape of that
aircraft.

Frof. Sears

Grented, but I was put off by your mentioning the Kutta condition. That doesn't
seem to have any relation to what we are talking about here.

Dr. Schmidt

It will have some relation in the fact that the disturbances on the tube depend
on the lift that is produced.

Prof. Sears

If the Kutta condition is not satisfied, then the perturbations will be different,
and I don't have to know that.

Dr. Schmidt

Actually you satisfy the Kutta condition, but the wake curvature is different
from the one you will have in real flight. That will cause differences on the 1lift.

Prof. Sears :

Negative. I don't agree.

Dr. Schmidt

On high 1ift systems, due to the wind tunnel walls you will have different wake
curvature.

Prof. Sears

In the three-dimensional configuration wi“’h 1ift, certainly the downstream
conditions that are modelled are affected by the fact that there are trailing vortices.
But they are there; I don't have to worry about them, they are there. There can be a sheet
of them, or two of them, or rows of them, etc. I don't have to know that. The problem is
only to be able to calculate,and we saw this morning that there is some progress in this
direction. We have to be able to calculate a three-dimensional transonic flow with given
boundary conditions. The boundary itself will be very simple and the boundary values given
on the boundary will not be that simple. They will be functions of the two variables,
hopefully with some symmetry. That does not seem to me to be the difficult part of the
problem. The difficult part of the problem is to decide, in the cases of the three-
dimensional tunnel, at how many spots on the top, bottom and sides you have to control the
wall configuration. I don't know the answer to that, but I think it will be "infinity",
where "infinity is .. ? M. Chevallier, what will be the infinite number of spots ?

Thirty or so ? 1In some ways the three-dimensional problem will be simpler than the two-
dimensional problem, as you know, because there will be three-dimensional attenuation of
the errors that you make by your crudity, that you make by having only a finite number
of screwjacks.

Also, I wanted to object a little bit to your saying that there was no 1lift.
We went up over the stall in those data that you saw. They went up and stalled and had
lift coefficients above one or something like that, with an NACA 0012. One must not say
that there is no lift. However, it was two-dimensional. It seems to me that some of the
questions that were asked of me at the end of my talk yesterday about how much it is
going to cost and how soon these things are going to be in operation and things like that
were a little silly, because it is clear that we are in the stage where we don't have
enough information on this type of wind tunnel to know about its cost effectiveness
compared to whatever the alternative is, i.e., building a great big wind tunnel or d ing
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everything in flight, etc. So, I think that questions that would depend on real hard
numbers for hardware and things like that are a few years too early now. My point, and
M. Chevallier agrees with me, is that this is a possibility that has or seems to have a
great deal of power in certain non-linear 1egimes where nothing else is quite clear, so
it ought to be investigated to the point where decisions can be made. But the decisions
are not here. Is that fair ?

M. Chevallier :

Perhaps, I can add some comments on the questions we heard about the new
concepts. The adaptive walls idea is very young and, like a baby, cannot give a satis-
factory answer to all questions. But are sume of them, for example the effects of the
limited length of the test section, well-known even for the conventional walls ? Indeed,
we can be more demanding with our new baby, as we hope he may be better after all than
his forefathers; but give him time to solve all your problems.

Prof. Sears

By the way, speaking of instrumentation as I did, I meant to make a wisecrack E
that I already tried out on Prof. Young. That is, that this is a remarkable meeting for ;
the last few days, since nobody said "LDV" for two whole days. When I have talked about J
adaptive walls schemes to other audiences, almost invariably some optimistic fellow says,
"Ycur instrumentation problems are all going to be solved. You are going to have an LDV
scheme that has all the readings of two or more perturbation quantities all around a y
thereby defined surface S". I don't think anybody is looking into that; maybe it is too
early. The LDVs ... is there anybody here who loves the LDVs and thinks that they are
going to be the solution instead of probes and wall pressures and things that we are
using today ? (LDV = Laser Doppler Velocimeter).

Mr. Kelly

I hate to be put in the position of being the optimist because I am usually the
pessimist, but we have had very good experiences with the two-dimensional laser velocimeter
that we have used in our 7 by 10 foot tunnel. We have used this, incidentally, coupled
directly into a small computer. This is one of our experiences that convinces me that,
in the future, we are going to see a lot of small special purpose instruments like this
that actually are quite sophisticated and read the information out directly in *he terms
of what the man wants to see, namely, in this case, non-dimensionalized velocities. You
can synchronize the data sampling with rotor speed so that you can freeze the flow. You
can do lots of nice things like that. I was so enthusiastic, as a matter of fact, that
I decided that we were going to build one for the 40' by 80' wind tunnel. I ran into a
problem in that, with a two-~dimensional instrument the mounting provisions to get it up
where we wanted it in order to scan a large part of the flow ended up being a very
expensive proposition. Mechanical mounting cost as much as the instrument itself. We
dropped back and decided that we would build a three-dimensioral instrument first for
the 7' by 10' wind tunnel, because then the mounting is very much simplified; you can
mount the instrument anywhere you want, probably on the floor where you can service it
and focus it on any place in the test section within limits and have a very powerful tool,
which I think should be very practical. We are building the three-dimensional instrument,
and I have great confidence thst Dr. Kenneth Orloff, who has been so successful with the
two-dimensional instrument, will make the three-dimensional instrument work eventually.
if not the first time. The two-dimensional instrument, once it is hooked up and operating,
ic very easy to use. In some aspects it has been like a well-developed computer. If it
works it works right, and the need for calibrations are practically non-existent. If it
doesn't work, you have to call the expert and get into the box. It seems to me that this
really is a powerful tool for making these measurements on the control surfaces, in that
it could be set up in one location, and it could scan 2 number of places. You could have
an adaptive scan so that you could take & lot of data points in regions of high rates of
change and 8 very few data points in regions of low rates of change, and probably program
that. It can all be resolved on the computer, in terms of getting the components that
you want. Therefore, I am quite encouraged about the potential of the LDV, snd I think it
does fit in very nicely with the need for extensive measurements on the control surface.
I do envision a lot of problems with putting, say, 100 static pressure taps in the floor,
or 100 directional pitots on the floor, and having people kick dirt into them or stumble
over them anéd break them, etc. In fact, I think that the laser velocimeter might well end
up having less upkeep than a bunch of probes or static pressure taps.

Prof. Sears

Are there more comments on this general topic of using computers to improve the
simulation ?

Mr. Slooff :

I will make a few remarks on a slightly ditterent subject, but still very closely
related, which was not discussed I think, in the past twou days of this meeting. This is
,.the problem of support interference, sting support interferance in particular, which can
be quite important. If I remember one of those pictures, I think in one of the Dornmier
papers, where they had a very small store on really a tremendous sort of sting, I could
imagine that when a fellow would try to drop his load on a particular object, it would
fall on the next one or something, because of the interference. I think here is another
point where computational methods might help in establishing the magnitude of interference.
One can compute the flow about a configuration without the sting support and with the
sting support represented and determine the interference from the difference. This kind of
procedure should become more or less a standardized treatment in future wind tunnel testing.
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Prof. Sears :

May I suggest that we go on to my third category then, i.e., using computers
to replace or complement wind tunnels, to carry out numerical simulations in parallel
with, or in lieu of, wind tunnel simulations. We have three chairmen to open this
subject !

Prof. Smolderen

I must first of all say that I enjoyed very much Mr. Slooff's contribution,
not only because he is one of our brilliant former students, but also I think he gave
many interesting remarks. In particular, things that are somewhat overlooked when 1
comparing wind tunnels vs numerical computations. In fact, for instance, it is very 2
easy to change a configuration in a aumerical computation and very difficult to do so
in a wind tunnel test, but on the other hand it is very easy to obtain many different
measurement points in the wind tunnel, and the cost of numerical computation for difficult
cases is proportional to the number of, for instance, incidence points that you want to
look at. These are things which I think one does not always take into account when making E
general discussions about these things. I also was very much interested, perhaps 3
personally more than anything else, in his remark on inverse problems, which certainly
have not received, as he said, enough attention both from theoretical and applied people.
Both inverse problems and optimization problems which I think can oe classed into the
same category. There were some implications in the results that indicate that maybe some
of these inverse problems are not well posed. I don't think one can generalize here and
say that any inverse problem is not well posed. However, there are some which are not
well posed. I think that the example he gave was more an example of extreme sensitivity
of the results to a given inverse problem, and probably not really to the not-well-posed
nature of the problem mathematically. I think that these should be studied in more detail
by theoretical people for the simple examples. I think that there are perhaps other
people who would like to say something about that. The paper by Mr. Jones, I found also
very interesting, since it is perhaps a rather specific application, but a very nice
application of calculations which finally lead to instrumental methods. Both the idea of
using computations of a parameter which is very sensitive to Mach numbers for Mach numbers
very close to one is a very good idea, and also let us say, that it is quite a feat
to be successful in computing exactly such a parameter as the stand-off distance at Mach
numbers so close to one. I was still a little disturbed about a remark he made on the
unsuccessful application of time-dependent methods. I suppose that the time-dependent
method used was not one of the best ones. The last paper by the Dornier people was some-
what out of the general idea of the Session. I think the comments that Bob Dietz made
I earlier are pertinent to this paper, namely, that one should use computation to prepare
3 a test in order to have efficient testing conditions. I do not think that I can really
3 draw general conclusions from these three papers, because they are either not completely
related to the subject or are rather specific, but I must say that I found them all
very interesting.

R

TR

Dr. Wirz

There are three very different papers to talk about briefly. The first,
presented by Mr. Marvin from NASA Ames, was one of the most appealing to me since the
objective of the work is of fundamental importance. The combination of numerical
simulation of compressible turbulent flows with carefully designed and controlled
experiments to enhance turbulence modelling, seems to be indispensable (and therefore
fundamental) to verify closure concepts for the numerical treatment of the time-averaged
Navier-Stokes equations. The actually used eddy viscosity model (two layers) is, of
course, a rather classical one, while the algebraic relaxation model seems to improve
significantly the validity of the theoretical results, although a question mark may be
put whether this model is sufficiently invariant. One could, for instance, suggest to
model a relaxation process in turbulent flows by considering an additional differential
equation.

The second paper, presented by Mr. Couston from VKI, essentially deals with

i problems associated with transonic blade-to-blade flow computations at the trailing

; edge and where a time-dependent (finite area) approach to solve the full Euler equations
has been used. A rather simple theoretical model to treat approximately the trailing
edge region (base pressure problem) has been employed showing good agreement with exper-
iments. It appears that the base pressure has only a weak influence on the trailing edge
shock strength and the exit flow direction.

The last paper of this Session, presented by Dr. Schmidt and Dr. Stock from
Dornier, is a very ambitious attempt to compute the three-dimensional transonic flow
field around a complete aircraft configuration including even the boundary layer effects.
1 The calculaticns are based on the small disturbance equations which are, of course, a
. very limited model to treat flows around aircraft configurations. Furthermore, it
appears to be difficult to formulate proper boundary conditions, if a wind tunnel must
be simulated. Obviously, there exists a need to replace the relaxation methods, since
it seems to become more and more difficult to obtain with those techniques three-
dimensional transonic flow fields.

As far as the viscous part is concerned, I pointed out already earlier tha% the
key problem to solve numerically three-dimensional boundary layer flows seems not to be
the numerical method being used (integral or finite difference method), but the turbulence
model. Due to the limited flexibility of integral methods, finite difference methods seem
to be superior (at the expense of more computer time, however).
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A few remarks may close this summary. Of course, it was not possible to cover
all topics of Computational Fluid Dynamics where remarkable progress has been accomplished 3
recently. The paper of Mr. Marvin again may serve as a good example to demonstrate the
potential of close collaboration between theoretically-numerically oriented scientists !
and experimentalists. There is, of course, also a need for more fundamental research as i
far as the development of theoretical models (i.e. turbulence modelling) and numerical
methods is concerned. A certain danger in simply using existing methods cannot be denied,
as examples often show.

Dr. Schmidt : E

I would like to stress that there is quite a large lack of experiments on three-
dimensional boundary layers. There are not many data available to compare with. Also we
are missing good experiments on the pressures and the boundary conditions on wind tunnel
walls. As long as we don't know very much abcut the boundary conditions, there is no chance
really to simulate, as Prof. Wirz said, those conditions in the numerical procedures. What
I would like to point out is that we are able to simulate whatever we know. If we know
tue conditions, if we have the right physical model, and if we can formulate the differ-
ential equations, then it is no problem to incorporate those conditions in the numerical
calculation. Qur problem is that we don't know the differential equation. We even don't
know the physical model. There should be some more research and some more work on very
good experiments on the wind tunnel walls to know all the conditions on slots and porous

walls, etc.

The second comment pertains to the session which was chaired by Prof. Smolderen, 3
referring to the paper given by Dr. von der Decken. We should keep in mind that there 3
were actually two points. One was that with the combination of computational methods and
wind tunnel techniques, there is a chance to take care of all the influences that you
are not aole to really represent in the wind tunnel, like jets. Therefore, we have an
option in our computaticnal cycle to take care of the additional flow field which is
generated by the jet of an engine. We can take the flow around the engine pod and also
the mass flow through the engine. This gives an increment of flow field velocities ¢round
the cornfiguration. That could be added in the forces and integratior of the path of the
external store. On the other side, we can take care of the sting. Tn fact, not of a sting
like that shown on the schematic drawing, but on the real sting which is much smaller.
We calculate the forces acting on the sting and then substract sting forces and take
account of the base drag in the computetion. So we are adjusting the sting to simulate
ths real trajectory.

Mr. James :

I have been asked to put this question on behalf of Mr. Shaw, who had to leave
early. It really concerns papers in the first three sessions, so now seems an appropriate
time to voice it. I should also mention that it is particular to industrial applications,
rather than the experimental and theoretical approaches. His question is in two parts.
"With the limited funds available and assuming these funds are not sufficient to fund
both tunnel and computer based methods, would the panel comment on the following two
suggestions
1. That we use existing tunnels to create test case data to be used in validating and
improving the next generation of computer based fluid dynamic methods. Any funds thus
saved could be used in developing relevant soft-ware, such as systems to allow existing
or the next generation of general computers parallel processes.

2. The main function of these new fluid dynamic methods would be used to aid interpretation
and extrapolation of wind tunnel data acquired in the normal development of a new aircraft
project". 4

What he is suggesting in the second question, is that we use the normal wind
tunnel that we have now, and the new fluid dynamic methods be used as an extrapolation
of the existing wind tunnel work, rather than spending money to improve the wind tunnels.

Prof. Sears :

The first question was whether we would recommend using existing wind tunnels
for wind research, or research on wind tunnel techniques, or wind tunnel soft-ware.

Mr. James

Yes, really, to validate and improve the next generation of computer fluid
dynamics.

Mr. Dietz :

Regarding the first question about whether we could select some typical kind
of test conditions or models in a wind tunnel and use those as standard test cases for
computer methods, and therefore improve computer methods or get more confidence in them,
there is a study that AGARD has underway on that subject. Dr. Barche is the study
chairman., The discussion we had recently was that it is going to be very difficult to
select those example cases. That is a career in itself. As people have been mentioning,
Mr. Kelly may have said it and Bill Sears said it, that in a typical wind tunnel test,
as of current day at least, we don't really know the angle of attack precisely, we don't
know the Mach number precisely, and we don't know the wall interference effects precisely.
We don't know the model shape precisely. When you take all that ignorance into account,
it is kind of hard to choose this typical test case. When I mentioned five years as my
target abcut saying where wind tunnels would be and where computers would be, it - ULased
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Mr. Jones :

My subject is a little bit off the main topic of the meeting, but I just woulad
like to answer Prof. Smolderen, btecause he brought up the fact of the time-dependent methods
and, ‘n fact, three time-dependent methods have been used to try and do this blunt body
transonic computation. The first one is based on Moretti's type of scheme. That one gave
us the kinky behaviour in the shock wave and the convergence was also very slow, even at
Mach number about 1.2. The second method was the one mentioned in my presentation, due to
Aungier, which was programmed by Hsieh (AEDC) and that tuook 22 hours at Mach number 1.05.
The third and probably the best method these days, is Rizzi's finite volume method. The
latest results he sent me still hadn't converged after 75 seconds on the CDC 7600 computer.
The 7600 is 60 times faster than the computer that I have available. That was at Mach

number 1.05. If you go lower in Mach number it takes much longer.

-fan

Dr., Schmidt :

I have one short comment on that subject. In fact, I think he is completely true
to say that with Mach numbers very close to one, you have those problems he is mentioning.
But as far as I know, there exists one method which is slightly better in that region than
those he is mentioning. That is the one done by ROsner in Freiburg (now in Karlsruhe). He
succeeded in getting quite good results down to Mach numbers of 1.05 using a time-dependent
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technique which is based on the Russian method of Rusanov. This is a completely implicit
method which seems to overcome some of those problems. If you write a letter to him,
you might get his results to compare with.

Prof. van Ingen :

I would like to start with the morning session and make some remarks about that
first. I would like to stress again the fact that the wind tunnel is becoming a part of
a large computing system. It is just a hybrid computer where we have an analog part doing
the difficult calculations around complicated shapes. With the concept of adaptive walls,
in existing tunnels, we may be able to increase the size of the models which we dare to
test in them. This increase in size may go on as long as we can improve our calculation

methods.

It is quite clear that flow field computations will be very difficult. It is
also clear that the computations will become less difficult the farther away we are from
complicated shapes. That means, they will be easier away from the model, so that the
calculations you have to do to get the configuration of adaptive walls or whatever you
use in that region, are bound to be simpler than the full computations. This was reflected
in one of the earlier remarks about Kutta conditions. That is going to be a difficult
part of the computation. You single out this difficult part and let the wind tunnel

computer do it.

0f course, the wind tunnel computer uses the right equations as Mr. Slooff put
it this morning. You have,however, the wrong boundary conditions. Part of this is due to
the sting support system which you can't sclve by adaptive walls. The other part comes
from the nearness of the walls and this can be solved by the adaptive walls, etc. If
you ask me what the situation will be five years from now, I think that a good advice to
people planning new facilities, is that they should make sure that they have enough
space around the test sections to install these new gadgets. Because, in that way, the
tunnel will be able to do work of increasing usefulness in coming years.

Another point I planned to make, but which in the meantime was already mentioned
by Bob Dietz, is the need for carefully designed experiments. It is important to realize
that an experiment should not just be done, it should be designed. One of the very good
examples, is the NLR work on three-dimensional turbulent boundary layer flow. That was
a very carefully designed experiment, having in mind the needs of people developing
computational schemes. The plans AGARD has to define more of these experiment$ should
be strongly supported by industry as well.

Now, I come to the afternoon sessions. Two papers we had this.afternoon give
good examples of the situation which arises now, that the intimate linkage between measur-
ing apparatus and computational devices is already well underway. This is only going to
pose & problem to our budget authorities, because they always are more reluctant, at
least in my surroundings, to allow you a computer than they are to allow you some
measuring apparatus. Therefore, you should be aware that as soon as you can call some-
thing an instrumentation system rather than a computer, you better do so.

There is another point I would like to stress, it has been said that, from an
industrial viewpoint, it is very important to see what you are doing when making wind
tunnel tests. You may select your measuring points much more carefully when you have on-
line data reduction and hence can see where you are going. The academic people should
not neflect this in their teaching and in the projects they give to their advanced
students. We should not allow our students to keep on working with old-fashioned things,
and not trying to bring these types of techniques into teaching. One thing which struck
me earlier this week, was that one of the speakers first showed an old-fashioned mano-
meter board and afterwards decided that his output from his nice computer should be
brought in the same form as the original board. You get a very nice quick-look device
if you just keep your old manometer board, but add to this, very carefully designed
electronic equipment. It caun Le done, we have one of these things in our department.

It is just an old-fashioned manometer board, but with additional photocells and elec-
tronic equipment, it works quite nicely.

Prof. Sears

Thank you very much. I think that we ought to close this session, although many
of you have profound things to say. Before we close we have one member of the audience
who can speak to us with real authority, because he didn't attend any of it and hasn't
heard the papers. I would like to call on Prof. Young, who is the Chairman of the Board
of the VKI to tell us what he thought of the meeting.

Prof. Young

Thank you Prof. Sears. As Prof. Sears has said, I am in a very unique unbiased
position to comment on this meeting. However, one or two points did strike me from the
little I have heard. Some 10 years ago, I remember a computer enthusiast saying that in
10 years time we will be able to solve the Navier-Stokes equations complete with turbulent
flow and separation for any boundary conditions. By simply pressing the appropriate
button you will be able to solve any problem you want. Therefore, we will not need any

R6sner and Wieland est.mated 5 hours computer time at M = 1.05 (private communication
to Mr. Jones).
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wind tunnels, and all wind tunnel people had better start thinking of other jobs. It
appears that that prophesy of 10 years ago, judging by this meeting, is still a long
way off from fulfillment, and I personally think that we shall never see it fulfilled.
There is a less extreme position for the computer enthusiast to take and to some
extent this was reflected in something that Prof. Wirz said, that if only we had a lot
more reliable wind tunnel data then we can get rid of wind tunnels. Even that strikes
me as a little bit illogical.

The right answer, which was evident at this meeting, is that, of course, wind
tunnels and computers are complementary. They are not in any sense rivals, one will
help the other. We can look forward to their development in harness in various ways.
It has been said that the wind tunnel, after all, is a very good analog computer, and
the computer is a very good thing for numerical experiments. If you combine these two
in various ways, you should be able to achieve much more effective results than in the
past. I am quite sure that we shall go on wanting better wind tunnels, and perhaps
more specialized, smaller and more effective computers than in the past.

And now putting on my other hat, as the Chairman of the Board of Directors of
VKI, it is opportune for me to say thank you very much to all of you who have participated
in this gathering, in particular, to our Chairman here and his colleagues, for making
this meeting the success that it has obviously been. As you will know, this meeting has
not only the object of bringing together specialists in this particular field, but also,
because of the timeliness and the appropriate nature of the subject, it marks the
occasion of the 20th Anniversary of the VKI. The actual ceremony will take place tomorrow.
I am glad that the meeting has been a success, and I hope that all of you will choose
to stay and join in the proceedings of tomorrow. This will help round off our celebrations.
Once more, 1 thank all who have contributed to this meeting and helped in its organisation,
especially the hard working translators sitting in their hot eyrie at the top there,
and particular thanks to those who chaired the various sessions.
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