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Preface

Preface

tis a privilege to introduce this book on half a century of high speed wind tunnel testing

in The Netherlands. The task of the Foundation Historical Museum NLR is to preserve

and to document the history of the National Aerospace Laboratory NLR. Wind tunnel
testing has been on the agenda of NLR and its predecessors for almost a century now. The
author, Bram Elsenaar, was responsible as a volunteer for the section on Aerodynamics in
the museum. He documented the still existing hardware and equipment and researched
numerous documents. In 2010 the 50th anniversary of the High Speed Wind tunnel was
celebrated. In a series of presentations many aspects of this famous wind tunnel were
highlighted. As a former aerodynamicist in high speed wind tunnel testing Bram Elsenaar
had his share in this celebration.

The Board of the Foundation was really pleased when he suggested writing a book on
50 years high speed wind tunnel testing in The Netherlands. It was clear that such a book
would become a historical document fitting the task of the Foundation. It was originally
intended to make it a museum publication with a limited distribution. However when the
document came closer to completion it became clear that it was potentially interesting for
a larger circle of readers interested in the history of aeronautics. In a very accurate way a
lot of background information on the (international) development of the high speed wind
tunnels of NLR has been collected. And the book describes how these tunnels contributed
to many projects in civil and military aviation. It was finally concluded that the book de-
served a professional and representative publication.

It then became a challenge for the Board of the Foundation to find the required additional
budget. We were very happy that NLR as well as the Netherlands Association of Aeronauti-
cal Engineers (NVvL) expressed their willingness to support the publication of this book.

I hope you will appreciate the book. m

Kees Bakker
Chairman of the Foundation Historical Museum NLR

Kees
Bakker
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Acknowledgement

n 2010 it was 50 years ago that the transonic High Speed Tunnel

(HST) of the National Aerospace Laboratory NLR was officially

opened in the presence of representatives of the Dutch Govern-
ment and of the ‘International Association of Aircraft Manufactur-
ers’ (AICMA). Since that time this tunnel and the related supersonic
facility SST that became operational a few years later, have been
used extensively by the aircraft industry from The Netherlands and
abroad. Till today these facilities are among the best wind tunnels
in the world, used by customers from all over the world. Why were
these technically advanced wind tunnels built? And why have they
been so successful from the beginning of their operation? These
questions triggered a study into the origins of the HST and SST just
after World War II. At that moment the first ideas for these tunnels
took shape following a well structured policy by the Dutch Gov-
ernment to support and facilitate a national aeronautical industry.
The decision to build these wind tunnels reflects the new élan in
1945 to rebuild the industry after the devastating years of war.
This message, as a result of a clear vision by the Government, was
picked up by the Directors and the Staff of NLR (NLL at that time).
The book tells the story how, through intensive international con-
tacts, these facilities could be built, facilities that were up to date or
even ahead of their time when they were opened.

The step from subsonic to transonic and even supersonic flight
was made during and just after World War II. This by itself already
represents a tremendous technological achievement. Wind tun-
nels were essential to develop these new airplanes. But around
1950 the techniques to measure pressures and forces on wind
tunnel models were still very conventional and based on the
height of a column filled with water or the dead weight on a bas-
cule to balance the aerodynamic forces. All data recording and
the subsequent calculations were done by hand. The develop-
ment of new measuring techniques for these facilities, leading to
fully automated systems with a very high productivity, is equally
interesting. And finally, the succession of many models tested in

these facilities gives an interesting view of the development of
the aircraft industry after World War Il although many configura-
tions didn’t reach the market.

These three topics, the design and construction of the hardware of
the transonic and supersonic tunnels, the development of the meas-
uring techniques and the aerodynamic testing in these facilities are
documented in this book. The rapid rise of numerical aerodynamics
or Computational Fluid Dynamics (CFD) is touched upon in so far as
the wind tunnels have been instrumental in its development, first to
understand aerodynamics and later to validate the new numerical
calculation methods. This development was in time also directed
towards the use of CFD to enrich wind tunnel testing itself.

Basically this study covers the period between 1945, the end of
World War Il and 1996, the year of the bankruptcy of Fokker, fol-
lowed by a transfer of all wind tunnels to the DNW organisation,
the German-Dutch co-operation that operated already the large
Low Speed Windtunnel in the Noordoostpolder. In some cases,
such as measurement techniques and CFD, information after 1996
has been added to complement developments started earlier.
Model manufacturing has been discussed, though not very exten-
sively. This is a very important area and the advances in aerody-
namic testing would not have been possible without the equally
impressive development in model design and manufacturing. NLR
has been and still is leading in this area as well. The impressive
work of the RSL, NLL and NLR design office and workshop deserves
a separate study, a study for which | don’t feel competent.

This history of the high speed wind tunnels has been written pri-
marily with the intention to preserve the past of NLR, the prime
mission of the Foundation Historical Museum NLR. It is specifi-
cally of interest for those who have been or are still working with
these tunnels, either as a customer or as an employee of NLR or
DNW. But this history might also be of use for those interested in
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the history of technology of aeronautics. Since some readers will
not be familiar with wind tunnels and wind tunnel testing, a ‘Short
course on wind tunnel design and testing’ and a ‘Glossary of technical
terms’ have been added as Appendices E and F respectively. In April
1961 NLL changed its name to NLR, to indicate that space activities
(‘Ruimtevaart’) were part of its mission. In the text NLL is used before
that date (or even RSL before June 1937) and NLR after that date.

The study is largely based on reports and publications that are
now preserved by the Foundation Historical Museum NLR. | would
like to thank the Board of this Foundation, Kees Bakker, DirkJan
Rozema, Jan te Boekhorst and Floor Pieters explicitly for their com-
mitment to preserve the historical heritage of NLR and for their
always stimulating interest and contributions. The museum has a
large collection of wind tunnel models and instruments that are
on display for the public. In this book a reference is made to these
items whenever possible (the particular item in the text is marked
with a *). It provides an interesting three-dimensional illustration
of the text. The objects of interest are listed in Appendix G.

Most of the official reports have been preserved. But many inter-
nal notes that could have provided interesting information on the
choices that were made or technical details of the selected solu-
tions are only known by their title. This is rather unfortunate, also
because there is a real danger that information from some of the
internal reports that have been preserved, might have guided the
reconstruction of what has happened in a biased way. Fortunately,
the Annual Reports of RSL, NLL and NLR have provided a wealth of
information and have been used extensively. They have not been
referenced in the text.

Initials and titles of the persons appearing in the text have been
omitted. The titles have also been omitted in the List of Referenc-
es. However, they have been included in the ‘Index of names’ at
the end of the book.

| would like to thank many former colleagues who contributed
to this book. In alphabetical order: Jan Besseling, Simon Boersen,
Klaas Breman, Bob van Dillen, Ernst Folkers, John Hartzuiker, Fre-
rik Jaarsma, Piet van Leest, Bert de Moes, Karl Méller, Ed Obert, Jos
Slottje, Peter Stenvers and Hans van der Zwaan. Fortunately, they
were able to fill many white spots and some of them provided very
interesting details as eyewitnesses. Many of them have read draft
versions of the book and made corrections wherever necessary.
Quite a few foreign companies contributed to the high speed tun-
nels and their equipment. It was possible to retrace some of these
companies and it is very remarkable that in three cases the sons
of those who contributed in the past and who continued in the
tradition of their fathers, were so kind as to provide me with ad-
ditional information. | would like to mention them explicitly and to
thank them in particular: Howard Ward, the son of ElImer Ward who
started the TASK balance development in 1951 (through contacts
with Tony Snyder, Owner and President of Aerophysics Research
Instruments), Addison Pemberton, President of the Scanivalve Corp
and son of J.C Pemberton, the founder of the Company, and Urs
Isler, son of the business partner of Hausammann in the Company
Hausemann & Co (who built the HST test section and the SST), the
company later to become Hausammann & Isler and now Ingenieur-
biiro Isler AG (through contacts with Jiirg Wildi, Chief Technology
Officer of RUAG Aviation and Raffaelo Pozzorini, also of RUAG).

This book has been written in the universal language ‘broken Eng-
lish" described by H.B.G. Casimir (the former head of Philips NatLab)
as ‘a more or less successful attempt to write correct English’. It is the
language | used for my technical reports or in discussions with my
colleagues abroad. My style is certainly no as fluent and as rich as a
native speaker’s. | have asked a professional, Gerard Oonk, to read
the entire manuscript and to correct my English. He volunteered
to do so and his contribution is highly appreciated. Moreover, he
cannot be blamed for remaining errors in the text since | had the
bad habit to keep changing its contents. m

Bram Elsenaar
Amsterdam
December 2011

7



8

02<Ma<4.|| 50 years high speed wind tunnel testing in The Netherlands

THE FIRST
WIND TUNNEL

[Figure 1-1]

A replica of the
self-made wind
tunnel of Wilbur and
Orville Wright for
aerodynamic tests
prior to their first
flight.

[Figure 1-2]

Inlet section of the
Eiffel tunnel, the
first wind tunnel of
the ‘Governmental
Services for
Aeronautical
Research’ (RSL) in
1919. Shown here

is the original inlet
shape that was
replaced with a ‘bell
mouth'’ to improve
the flow quality in
the test section. See
also Appendix E
[figure E-2].

fowards

wind tunnels

WIND TUNNEL TESTING BEFORE 1945

uring World War | the Dutch Govern-

ment decided to form an institute

for aeronautical studies. On April 5,
1919 the new laboratory with the name
‘Government Service for Aeronautical Stud-
ies’ (‘Rijksstudiedienst voor de Luchtvaart’ or
RSL), was officially opened'2 The establish-
ment of an aeronautical research institute
at that time, only 16 years after the first
powered flight by the Wright Brothers and
only 10 years after the first 3%2 minutes
flight in The Netherlands by the French
count Charles de Lambert, reflects the
great interest in aeronautics in The Nether-
lands®. Wolff, the first director of RSL, was
convinced that flight testing by scientifi-
cally educated test pilots and wind tunnel
testing were indispensable to bring aero-
nautics forward. In this respect he followed
Wilbur and Orville Wright* who built a wind
tunnel [figure 1-1] to optimize their wing
design before their first powered flight in
December 1903. In a wind tunnel a con-
trolled air stream is generated. Sub-scale
models of wing sections, wings or com-
plete aircraft can be tested in this air stream
to observe the flow and to measure the aer-
odynamic forces. These tests can be used

[1-1]

to advance the understanding of aerody-
namics but also to develop and optimize
specific aircraft designs. Around 1911 the
first wind tunnel in The Netherlands, a bit
similar to the Wright wind tunnel, had been
built in Delft by a group of enthusiasts’
students, members of the ‘Dutch Society
for Aeronautics’ (‘Nederlandse Vereniging
voor Luchtvaart’). Already in January 1918,
prior to the official opening, the construc-
tion of a wind tunnel for the RSL started
under the leadership of Pigeaud, early
enough to have a working facility at the of-

ficial opening of RSL in 1919°. After consult-
ing Eiffel in France, it was decided to build
a tunnel of the ‘Eiffel’ type, a tunnel with-
out a return circuit where the air at the end
of the test section returned through the
building to the inlet section (see Appen-
dix E). The tunnel had an open test section
(which was closed later) with a diameter of
1.6 m and was about 3 m long, sized to re-
sult in a maximum speed of 35 m/s [figure
1-2]. From the beginning the quality of the
measurements and the productivity of the
tunnel were important issues. In the first
years of operation the inlet section and
the test section were modified to improve
the flow quality. The external balance for
a strut mounted model [figure 1-3], also
based on a design by Eiffel that required
four separate measurements to obtain one
point on a drag polar, was quickly aban-
doned. Instead, the model was suspended
by wires, attached to external balances that
measured three aerodynamic coefficients
simultaneously. This tunnel was intensively
used till the beginning of World War Il by a
number of Dutch aeronautical companies
such as Fokker, Koolhoven, Van Berkel, De
Schelde, Aviolanda and Pander.



Towards high speed wind tunnels

NEW LOW SPEED WIND TUNNELS

Till 1937 the RSL was engaged in two types
of activities: ‘Regulatory oriented’ (notably
inspection of new designs) and ‘Aeronauti-
cal studies on behalf of the industry’. The
Dutch Government feared that there might
be a conflict of interests and decided to
split RSL into two parts, a regulatory part,
the ‘Government Department of Civil Avia-
tion’ (‘Rijksluchtvaartdienst’ or RLD) and a
research part. The aeronautical research
continued in the ‘National Aeronautical
Laboratory’ (‘Nationaal Luchtvaartlabora-
torium’ or NLL). At the same time it was re-
alised that, in view of the heavy workload,
larger and better wind tunnels were re-
quired. Wolff and Koning (who succeeded
Wolff as Director when he fell ill and died
during the war) went on a fact finding tour
in Europe and the United States and in 1938
it was decided to build two new tunnels of
the ‘Gottinger’ type (a tunnel with a closed
return circuit). The design [figure 1-4] was
very similar to a tunnel in Zirich built by
Ackeret. Two tunnels, the big and small
Low Speed Tunnel or LST no. 3 and no. 4,
were subsequently designed and built

with test section dimensions of 3 x 2.1 m?
and 1.5 x 1.5 m? and maximum speeds of
80 m/s and 40 m/s respectively. Similar
to the Eiffel tunnel, the fan was driven by
an electric motor connected to the pub-
lic (electricity) grid. A pilot facility of 1/10
scale, tunnel no. 2, was used to check the
design*. De Lathouder was involved in the
design and commissioning of these tun-
nels. It was also decided to move NLL from
the original site at the Navy wharf (‘Marine
Werf') in the harbour of Amsterdam to a
new area on the outskirts of Amsterdam
where it is still located. When World War Il
broke out, the tunnels were almost ready.
Since it was feared that the installations at
the Navy wharf might be attacked, nearly
all equipment and archives were quickly
moved to the new site during the first days
of the War in May 1940.

STARTING HIGH SPEED RESEARCH

The two new tunnels were quickly finalized
and started operation in June (no. 3) and
November (no. 4) of the same year. Dur-
ing the occupation by Nazi-Germany, NLL
was placed under the supervision of the

‘Beauftragte’ Kaufl, who reported to Betz,
the director of the ‘Aerodynamische Ver-
suchsanstalt’ (AVA) in Géttingen, Germany.
Betz was well-known in the aerodynam-
ics community. He made very important
contributions to the ‘lifting line theory’ for
the calculation of the lift distribution on a
wing. His name is also connected with the
‘Betz manometer’*, a precision manom-
eter. In a discussion with Betzin July 1940 it
was agreed that NLL would not contribute
directly to the war effort but could contin-
ue basic research activities in consultation
with or even under contract from AVA. The
relatively minor involvement in German
war activities is probably due to the very
good personal relations between Betz and
the staff of NLL which dated from before
the War. Nevertheless some war related ac-
tivities took place, notably in the new wind
tunnels. Under contract of a Dutch compa-
ny special landing skis to be used on snow

4 Westwagin mal Brann
5 Huwaan won wealning
B wririsers cpangtreris
7 Fonsnslmien

& 5-aige et

0 Fvasly schsge
¥ 8ok matr,

Groate windluinel wan et

Mationanl Luchtvaartlasoralorum

(1-4)

[Figure 1-3]

A Fokker FIl model in
the first wind tunnel
of the RSL. The strut
was connected to
the Eiffel balance
mounted above the
test section. The first
test aircraft of RSL
was also a Fokker F.II
(around 1920).

[Figure 1-4]

Lay-out of the big
Low Speed Tunnel
(LST, tunnel no. 3).
This tunnel of the
‘Géttinger type’
was similar to a
wind tunnel built by
Ackeret in Zurich.
The tunnel became
operational in June
1940 and was used
till 1984.

See also Appendix E
[figure E-3].
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[Figure 1-5]

Poster made

by the Dutch
Government just
after the war with
the text: ‘A necessity
for prosperity:
industrialization’.

BUSEMANN POINTED OUT THAT
THE AERODYNAMIC CHARACTER-
ISTICS OF A WING DEPEND ON
THE MACH NUMBER COMPONENT
IN A DIRECTION PERPENDICULAR
TO THE WING LEADING EDGE. BY
SWEEPING THE WING THE ADVERSE
COMPRESSIBILITY EFFECTS COULD
BE POSTPONED TO HIGHER FLIGHT
MACH NUMBERS. AS WILL BE DIS-
CUSSED AT PAGE 19, BUSEMANN
HAS PLAYED A CRUCIAL ROLE IN
THE SELECTION OF THE TRANSONIC
TEST SECTION FORTHE HST.

THIS CONFERENCE WAS ORGAN-
ISED BY THE 'ALESSANDRO VOLTA
FOUNDATION IN ALTERNATE YEARS
THE CONFERENCE TOPICS WERE SE-
LECTED IN THE FIELD OF SCIENCES
OR HUMANITIES. THE ITALIAN
DICTATOR MUSSOLINI CHOSE THIS
CONFERENCE TO ANNOUNCE THAT
ITALY HAD INVADED ETHIOPIA.

were tested, a contract that probably could
not be refused without repercussions. In
fact, the tunnels were quite busy. However,
judging from the publications during the
war period, the larger part of the time of
the staff was devoted to rather fundamen-
tal theoretical studies and to wind tunnel
tests to establish and improve flow quality
and testing techniques.

In 1939 a new high speed wind tunnel with
an open (‘free jet’) test section of 11 x 11
cm? became operational at AVA in Got-
tingen. This tunnel could be run in a high
subsonic (0.5 < Mach < 1) and supersonic
(1.2 < Mach < 3.2) mode. One of the first
tests was an experimental investigation by
Ludwieg of a swept wing®. The concept of
the swept wing was presented in 1935 by
Busemann”on the 5" Volta conference® on
‘High Velocities in Aviation’ in Rome, Italy.
With a swept wing the negative effects of
compressibility on the aerodynamic char-
acteristics of a wing could be postponed to
higher velocities. The first signs of the im-
portance of adverse compressibility effects
were observed in the twenties on propel-
lers when the tip speeds of the blades ap-
proached the speed of sound. From airfoil
tests it was found that the airfoil character-
istics deteriorated rapidly above a certain
speed, denoted the ‘critical Mach number’.
These effects could be related to the ap-
pearance of shock waves on the airfoil, as
visualized in 1934 by John Stack at NACA
Langley with a schlieren system’ (see page
57). These results were presented as well at
the Volta conference together with similar
pictures taken by Prandtl in Gottingen. Re-
search on high speed flow phenomena and
compressibility effects was rapidly gaining
momentum. Flying speeds became so high
that compressibility effects could no long-
er be disregarded.

One Dutch scientist, Burgers, was invited for
the Volta conference in Italy. Burgers was
professor in aero- and hydrodynamics at the
Delft Technical University and he advised
NLL on aerodynamics. He got the new de-
velopments out of the first hand. In view of
the close contacts between Gottingen and
NLL it is likely that the NLL staff was already
aware of most of these new developments.
Similar contacts existed with NACA in the
US. During a visit to the US in 1939, Marx,
who became director of NLR later, learned
about laminar airfoil sections studied at
NACA Langley at high subsonic speeds in
a pressurised wind tunnel. Enough reasons

voor welvaart:

a

- - t-fr :"

INDUSTRIALISATIE

to put high speed research on the agenda
of NLL. According to the 1939 NLL Annual
Report ‘it is important to have a small wind
tunnel to study flow phenomena at high
speed'. To reduce the costs, a blow-down or
vacuum driven intermittent facility was con-
sidered. In 1940 a study was initiated to see
if high subsonic speeds could be obtained
in the just finished low speed tunnels by
mounting an insert with a smaller cross sec-
tional area inside the existing test section.
This problem must have been studied ex-
tensively during the War and it is likely that
this was even investigated in the pilot tun-
nel no. 2. In July 1945, only two months after

(1-5]

the end of the War, a report was published
by Wiselius®, showing that the energy loss in
the diffusor would be excessive and that the
use of an insert was not feasible. This report
was part of a series of six reports® which dis-
cussed various aspects of the construction
of high speed wind tunnels. It is probable
that most of the work reported here reflects
work done during the War, partly after Sep-
tember 1944, when the ‘Beauftragte’ Kaufl
had returned to Germany because of the
changing war situation. It appears that at
the end of the War the aerodynamicists at
NLL were well prepared to make plans for
new wind tunnels. m
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GETTING
STARTED AGAIN

[Figure 1-6]

A neighbour of NLL
(Sloterweg 75) during
the war in 1944 when
the area was flooded.

The house is still
there but has been
renovated recently.

CSINCE MARCH 1946 THE THREE
PARTIES WERE WORKING TOWARDS
A MERGER BUT THIS IDEA SHAT-
TERED IN 1949; AFTER THAT FOK-
KER REMAINED BY FAR THE LARG-
EST COMPANY.

© THE IDEA WAS TO FEED THIS FUND
WITH MONEY FROM AN ADDI-
TIONAL CHARGE ON THE SALES OF
AIRCRAFT THAT WERE FINANCED
PREVIOUSLY BY NIV.

1945: THE BIG PICTURE

The last half year of the War was very dif-
ficult. There was some fear that valuable
goods might be confiscated and transferred
to Germany. Therefore it was decided to
hide important equipment at various farms
in the neighbourhood. Electricity was cut
in September 1944 and due to the short-
age of energy the area around NLL (below
sea level!) flooded occasionally [figure 1-6].
Since the tunnels could not be run anyhow,
all scientific reports and the archives were
stored in the circuit of tunnel no. 3 to keep
them dry. The workshop was busy, though,
with the production of small ‘table’ stoves to
provide for some form of heating for the em-
ployees at their homes during the very cold
winter of 1944/45 (also named ‘the hunger
winter’). Since there was hardly anything to
eat, a 'food committee’ was set up within
NLL to organise food expeditions to farming
areas, sometimes as far away as 100 km.

After the German capitulation on May 5,
1945 it took about one week to collect the
equipment and other inventory from the
neighbourhood. Electricity was reinstalled
on June 13. There was much work to be
done to get the equipment going again. Be-
fore the end of 1945 a number of business
trips were made to renew contacts with the
US and elsewhere to find out how aeronaut-
ics had developed in the mean time.

The Netherlands as a whole were in the
mood of rebuilding the country that had
been devastated during the War [see figure
1-5]. In September 1945 the Government
formed a committee, officially named ‘In-
terdepartmental Committee of Advice on
the Construction of Aircraft’ (‘Interdepar-
tementale Commissie van Advies inzake de
Bouw van Vliegtuigmaterieel hier te lande’),
here referred to as the “Tromp Committee
after its chairman Tromp. This committee
had to find out if there were sufficiently
promising opportunities for an aircraft in-
dustry with a ‘full design and development
capability’. What was the situation of the
industry at that time? During the War the

aeronautical industry was forced to work
for Nazi Germany. In fact 8,000 to 10,000
workers (!) had a job at different companies.
The most important factories were those
of Fokker, Aviolanda and De Schelde. The
‘Tromp Committee’ realized that a merger
between these companies was essential
to create a successful industry, although
the Government could not enforce thisC. It
was recommended, next to aircraft main-
tenance and production under license,
to concentrate on the building of small
military trainers and to co-operate with
foreign companies in the field of fighter
aircraft. Civil transport type aircraft, such as
a replacement for the Douglas DC-3, were
also suggested. Since the Royal Dutch Air-
lines KLM could not be forced to buy Fok-
ker products and in order to reduce the risk
for Fokker, in June 1946 a new body, the
‘Netherlands Institute for Aircraft Devel-
opment’ (‘Nederlands Instituut voor Vlieg-
tuigontwikkeling’ or NIV), was established.
Van der Maas became the first chairman.
This institution got the task to advise the
Government and to manage a ‘revolving’®
fund to support new projects of the aircraft
industry. It was recognized that aeronau-
tical research was essential and NLL was
specifically tasked to engage in long term

general research programs financed by
NIV through rolling budgets. Three mil-
lion guilders, about half of which was to be
spent on a so-called high speed wind tun-
nel, were provided for investments to bring
the facilities of NLL up to date. The work of
the ‘Tromp Committee’ is still an outstand-
ing example of industrial policy, pressing
the industry to do its job and at the same
time providing the proper financial and sci-
entific infrastructure. For NLL the task was
clear: design and build new wind tunnels.

NEW WIND TUNNEL PLANS

Based on previous studies, the information
from fact finding trips to the US and else-
where and in close consultation with the

Dutch aircraft industry, a very ambitious

wind tunnel plan was put together and

made public in 1948"". The main elements
of this plan were, in order of the estimated
date of realisation:

m PT: the Pilot Tunnel, a 1:5 scale model
of the high speed tunnel HST (to be dis-
cussed below) for atmospheric test con-
ditions only. This tunnel was to be modi-
fied at a later date into a transonic facility
for research purposes.

To be ready mid 1949

11
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[Figure 1-7]

Mock-up of NLL as
envisaged in 1948
by the architects Van
Tijen & Maaskant.
Behind the two
existing smaller
wind tunnels
(middle/below; see
[figure 1-8]) the Low
Turbulence Tunnel
LTT. At the top the
High Speed Tunnel
HST and the Power
Plant (with the five
smoke stacks). The
(small) Supersonic
Tunnel SST was
originally foreseen in
this building.

[Figure 1-8]

Mock-up of the first
buildings of NLL in
1940. Note the main
building, the wood
workshop (the low
building to the left)
and the two low
speed wind tunnels
(at the top/left).

[Figure 1-09]

One of the HST
designs from 1946
shown for comments
at the trip made by
de Lathouder and
Wiselius in the US

in 1946/1947. This
design resembles the
final design of 1953.

£ IN 1956 A SIMILAR SHIP OF THE
SAME CLASS, THE HMS HOTHAM,
WAS BOUGHT, MAINLY FOR SPARE
PARTS.

m LTT: a low speed, low turbulence wind
tunnel for aircraft development. At that
time laminar flow airfoils got much at-
tention. The low drag characteristics
of these airfoils enabled a significant
increase in range. In combination with
the available engines (piston driven pro-
pellers) direct flights across the Atlantic
appeared to be within reach. However,
testing laminar flow airfoils required
very low turbulence levels, similar to
those in flight. The LTT was also regarded
as a back-up for the existing LST (which
was heavily used) and for that reason
the same test section dimensions (2.1 x
3 m?) were selected. A maximum speed
of 120 m/s was envisaged. To test aircraft
models with propellers installed, a mini-
mum span of 3 m was deemed essential.
For these tests the test section could be
enlarged to 2.1 x 4 m? at the expense of
the maximum speed.

To be ready mid 1950

= HST: a high speed wind tunnel with a test
section of 2.1 x 3 m? to be pressurised till
4 bar absolute and a maximum speed of
Mach = .95.

To be ready at the beginning of 1951

m SST: a small, compressor driven super-
sonic facility with test section dimen-
sions of 0.4 x 0.4 m?for Mach numbers up
till 5 to be used for fundamental research
To be ready at the beginning of 1952

This plan was amazingly challenging. Im-
mediately after the War detailed studies
had started already on diffusor design, cor-
ner vanes and cooling aspects. The Dutch
companies Stork and Heemaf were directly
involved, as well as the architects Van Tijen

[1-7]

& Maaskant (responsible for the NLL com-
plex builtin 1940 [see figure 1-8]). They pre-
pared a mock-up to show what the NLR site
would look like after all projected tunnels
were finished [see figure 1-7].

The speed at which these plans were partly
realised was even more amazing. At the
end of 1948 the foundation for the PT was
ready, the lower leg of the circuit for the
LTT was poured in concrete and at the be-
ginning of 1949 the ground preparation for
the HST was also ready. Moreover, in 1947
three escort ships of the ‘Buckley Class’
were purchased* for a very good price in
order to re-use the steam and turbo-elec-
trical installations as a power plant to drive
the new facilities. These ships, the HMS
Halstead (US name Reynolds), HMS Duff
and HMS Ekins [see figure 1-10 and 1-11]
had been built in the US and were used
by the Royal Navy in a ‘lend-lease’ agree-
mentt. Each ship had two ‘Foster-Wheeler’
water-tube boilers that supplied steam to

General Electric steam turbines and gen-
erators. This all electric drive-train was con-
sidered particularly innovative at the time.
This action solved the problem of power-
ing the HST, since the Energy Company of
Amsterdam (‘Gemeentelijk Energie Bedrijf’ or
GEB) could only deliver the required power
at night. Moreover, a very expensive cable
had to be laid. The building to house the
power plant (‘Centrale’) was also commis-
sioned in 1947 and was ready in 1948 (see
also figure 1-18). These early plans for the
HST and SST will be discussed more exten-
sively in the next sections.

EARLY DESIGN OF THE HST

Was the technical know-how available to
design and build these new facilities? The
LTT was rather similar to the LST (tunnel no.
3) that had been built and finished less than
a decade before. Some of those who were
involved at that time, such as De Lathouder,
were still around. But the design of high
speed and supersonic tunnels was very
much different (see Appendix E).

During the War a theoretical analysis of var-
ious aspects of the design of a high speed
tunnel was already made by Wiselius as
mentioned before. Six reports on high
speed tunnels were ready just after the

A-nal dvrae
Tnajiren = gopisuiss
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Wart®: a general introduction, theoretical
principles, a description of other existing
high speed facilities, diffusor performance,
a design of a pilot diffusor and finally a pre-
design for the high speed tunnel’. At that
time there were various options to realise a
tunnel with the before mentioned require-
ments:
m a rather conventional design similar to
the LST (tunnel no. 3) with straight long
and short legs separated by (in total)

2

X

o | ST

4 rows of corner vanes. The contraction
ratio was 1:13.5. An estimated 8,500 hp
was needed to drive a two-stage fan.

= A similar design but with a much larger
settling chamber (named an ‘anti - tur-
bulence sphere’) giving a contraction
ratio of 1:26.5 [see figure 1-9 of October
1946].

= A design without a large settling cham-
ber and a much shorter circuit, using a
jet diffusor [see figure 1-12].

[1-12)

Tolearn about the state of the art a fact-find-
ing tour to the US was made from December
1946 till January 1947 by De Lathouder and
Wiselius from NLL, together with Busquet
from Stork (the intended contractor for the
HST). With some of the above mentioned
pre-design drawings in their suitcase, vari-
ous research establishments and equipment
companies (in total 17!) were visited'. Later
visits were made to Canada, England, Swe-
den, Switzerland and (occupied) Germany.

It is not clear how the aerodynamic tun-
nel circuit evolved after this trip. How-
ever, the drawing in the report which
describes the new NLL tunnel plans"
(published in September 1948), shows
a rather different tunnel circuit [repro-
duced in figure 1-13], a circuit that is
similar to the one shown in the mock-up
of the architects Van Tijen en Maaskant
[figure 1-7]. This design combines some
elements of the NACA Langley 3 x 7% ft
(two-dimensional) low turbulence pres-
sure tunnel [figure 1-14] and the much
larger 12 ft variable density high-speed
tunnel of NACA Ames. The sketches for

[Figure 1-10]

The escort ships

HMS Duff (left) and
Ekins at the quay in
England. The steam
and turbo-electrical
installations of these
ships formed the
core of the power
plant to drive the HST
and SST.

[Figure 1-11]

The name plate of
HMS Duff. These
plates were attached
to the steam boilers
in the Power Plant.

[Figure 1-12]

One of the designs
discussed in 1947
with a ‘jet-diffusor’
to shorten the
diffuser length.

A similar scheme
was considered for
the Low Turbulence
Tunnel LTT.

P UNFORTUNATELY, THIS REPORT WAS
NOT PRESERVED.

13
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[Figure 1-13]

Design of the High
Speed Tunnel HST

(1 to 11) together
with the Pilot Tunnel
PT (12), the (small)
Supersonic Tunnel
SST (16) and the
Power House (17-22)
as shown in the new
wind tunnel plan of
1948.

[Figure 1-14]

Sketch of the

3 x 7% ft Langley
two-dimensional
low-turbulence
pressure tunnel. This
sketch was in the
report from the trip
to the US made by
De Lathouder and
Wiselius?2,

75m

KADEMUUR

both tunnels can be found in the trip-re-
port of the above mentioned fact-finding
tour to the US and indicate rounded cor-
ners made up of 5 to 8 segments, similar
to the HST drawing at that time.

The sketch of the design, as envisaged
around 1948, shows the basic features of
the new wind tunnel. To allow the transfer
of models from that tunnel to the other fa-
cilities, the test section dimensions were
kept the same as those of tunnel no. 3
(2.1 x 3 m?). Not without reason the tunnel
was named high speed instead of transonic.
There was a shared view at that time that
speeds just below or above the speed of
sound (the transonic range) could not be
obtained in a wind tunnel due to the prob-
lem of ‘choking’, the occurrence of strong
shock waves in the narrowest part of the test
section where the model was located (Ap-
pendix E). In a test section with closed walls
the maximum Mach number that could be
obtained was believed to be around 0.95.
Another requirement was that at these
high speeds, the pressure in the test section

should be close to atmospheric. Otherwise
valuable time was lost to evacuate the wind
tunnel after working inside the tunnel on
the model. This, together with the test sec-
tion dimensions, determined the power that
was needed to run the facility. The originally
envisaged 8,500 hp was now increased to
20,000 hp. The installations taken from the
purchased escort ships and marked on the
drawing of figure 1-13, could provide suffi-
cient power to drive four SKA electrical en-
gines made by the Dutch company Heemaf
[figure 1-27]. They were to be connected to
the shaft of the tunnel fan which, however,
was not defined yet. Given the available
power, the static pressure in the tunnel cir-
cuit could be increased at lower speeds to
boost the tunnel Reynolds number, one of
the other major requirements for the new
facility. A maximum (absolute) pressure
of 4 bar was chosen. Although originally a
sprinkler installation was envisaged to cool
the tunnel, an internal cooler was finally se-
lected to keep the temperature within the
tunnel circuit constant.

/I"'JJ SRR

[1-14]
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Building started immediately after the plans
had been adapted and in the beginning of
1949 the ground preparation for the HST
was finished [see also figure 1-18]. In the
ground plan of the HST one can clearly see
the rounded corners of the tunnel circuit.

FIRST IDEA'S FOR A SMALL
SUPERSONIC TUNNEL

In April 1946 a curious meeting took place™
with De Lathouder and Wiselius, both in-
volved in the new tunnel plans, and Erd-
mann. The latter was accompanied by
Captain Veenekamp of the Dutch Military
Mission in (occupied) Germany. Erdmann
was a German scientist, responsible for the
testing techniques in the supersonic wind
tunnels in Penemiinde, where the V2 was
developed during World War Il (see Appen-
dix D and his memoirs'). Through informal
family contacts Colonel Michels, head of
the Dutch Military Mission in (occupied)
Germany, got to know Erdmann and invited
him to work in The Netherlands. The idea of
the military was to use his knowledge for
the development of aeronautical technol-
ogy. This was the case with many other
German scientists who went to work in the
UK, France, the US and Russia. At the meet-
ing Erdmann advocated the importance
of supersonic flight and suggested some
schemes to realise a supersonic tunnel in
combination with the high speed facility
(e.g. with a supersonic by-pass channel).
Shortly after that Erdmann was recruited
by NLL. First he studied (at specific request)
the possibility of a supersonic addition to
the HST™ but this was apparently not very
attractive. About a year later in December
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1947 the detailed design considerations
of a small ‘stand-alone’ supersonic wind
tunnel with a test section of 0.4 x 0.4 m?
were described in a report™. The test sec-
tion dimensions were determined by the
available power of one of the 6,000 hp tur-
bines that would be installed for the HST.
This turbine would be connected to a set of
compressors with a total pressure ratio of
1:16. In this way the tunnel could be run as
a continuous supersonic wind tunnel. The
tunnel had a flexible nozzle with the possi-
bility to increase the Mach number up till 6.
An external balance system was foreseen.

In this pre-design report Erdmann also
stressed the need to build a small super-
sonic wind tunnel (with a test section of
4 x 4 cm?) to get experience with super-
sonic flows. He wanted to study specifically
the efficiency of a ‘Stodiffusor’, a diffusor
where the flow is decelerated through a
number of oblique shocks generated by
a segmented wall with straight elements,
each under a particular angle. Such a facil-
ity, named for its (somewhat smaller) test
section dimensions (in cm!) the 3x3'¢ was
designed in the same year and became
operational in 1948" [see figure 1-15]. Its
test section dimensions were dictated by a
compressor that had been transferred from
Belgium to Holland during the War but had
not been used since. This very small wind
tunnel is the first supersonic wind tunnel in
The Netherlands. The Mach number could
be set by fixed nozzle blocks at specific val-
ues up to Mach = 4. A special feature was
the movable ‘StoRdiffusor’ with a second
throat that could be adjusted manually by
a number of screws. Glass windows along

the two-dimensional test section and the
diffusor in combination with a schlieren
system made it possible to observe the
starting process of the supersonic flow in
detail. It is interesting to note here that Erd-
mann used the 3x3’ to develop a new in-
terferometer technique to visualize shocks
in supersonic flow, a study for which on
April 30, 1951 he got his Doctor’s degree
at the ‘Technische Hochschule’ in Aachen®
(see also page 99).

The design of 1947 with a test section 0.4 x
0.4 m? formed the basis for the supersonic
wind tunnel presented in the new wind
tunnel plans by De Lathouder in 1948".
In this report it is argued that the tunnel
was needed for fundamental research up
till Mach = 4. At a later date a larger tunnel

M TS EN VARIATI
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My~2 T Mach
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[Figure 1-15]

The first supersonic
wind tunnel in The
Netherlands: the

3x3 with a cross
sectional area of the
test section of 3x3
cm? with its designer,
Erdmann (in the
centre) (around
1948).

might be needed to test complete aircraft
configurations to a maximum Mach num-
ber of 2. At that time the prospects for su-
personic flight for civil applications were
not clear. In 1946 Erdmann® believed that
‘very soon the interest will be in the speed
range between Mach =2 and 4 to 5’. But Ack-
eret from the ‘Eidgendssische Technische
Hochschule' in Ziirich, expressed his view'®
that civil applications might be possible
but certainly not beyond Mach = 1.5. He
advocated a high speed facility with a test
section area of about 6 m?and a supersonic
facility with a test section of 0.4 x 0.4 m2.
These figures are very similar to the NLL
plans. The layout of the supersonic tunnel
asitappeared in the 1948 plans is shown in
figure 1-16. m

[Figure 1-16]

Sketch of the nozzle,
the test section

and the diffuser

of the supersonic
wind tunnel as

originally designed
@ @ ® in 1948. The tunnel
= was driven by two
Mg~ B0 compressors.
74
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—— e ——— —— — —
o |
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[verticaal paralel verschuifbaar
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© THIS TUNNEL IS NOW AT THE FAC-
ULTY OF AEROSPACE ENGINEERING
AT DELFT UNIVERSITY, GIVEN AS A
PRESENT TO ERDMANN WHEN IN
1967 HE BECAME FULL PROFESSOR
IN DELFT.

[1-16]
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APRIL 22, 1949
ALL WORK
T0 BE STOPPED!

[Figure 1-17]

Cartoon in a Dutch
Aviation Monthly
("Vliegwereld’) on

proposals by the

Dutch Government

to reduce the
support to the Fokker
Company. The
Dutch Government
demolishes the
base (‘building of
prototypes’) of the
statue of Anthony
Fokker. The other
indicated activities
are 'building

under licence’ and
‘maintenance and
repair’.

" HE WAS THE BROTHER OF THE AR-
CHITECT THAT WORKED WITH MAAS-
KANT ON ALL NLL BUILDINGS.

1949-1952: A USEFUL TIME-OUT

he recommendations of the ‘Tromp

Committee’ (page 11) are sometimes

considered an outstanding example of
industrial policy by the Dutch Government.
It can also be regarded as a very pragmatic
approach of a small group of highly moti-
vated people to realize their dream to restart
aircraft design in The Netherlands in the best
tradition of Fokker and other pre-war aircraft
designers. Once the recommendations of
the ‘Tromp Committee’ had been accepted
by the Government, it became evident that
the realization of that dream was rather dif-
ficult™. The financial situation of Fokker was
not very good and there was a permanent
problem of cash flow to pay the workers.
The track record of the new aircraft develop-
ments by Fokker was not very good either. A
contract with Diepen, a Dutch business man
active in aviation, for the delivery of 100 (!)
Fokker F25 ‘Promotor’ air taxis was cancelled
dueto technical and financial problems. Ples-
man, founder and director of KLM, was not at
all convinced that a national aircraft industry
was a good idea and he certainly didn’t want
to buy Fokker products on forehand. Aircraft
production by Fokker under license, such as
the Hawker Sea-Fury and the Gloster Meteor,
had experienced difficulties and the price
was certainly not low. The military was more
interested in buying American airplanes,
partly motivated by standardisation within
NATO. Within the framework of the ‘Mutual
Defence Assistance Act’ American airplanes
(such as the Beechcraft ‘Navigator’, an air-
plane similar to the new Fokker S13) were
‘dumped’ on the market out of military stock
and almost for free.

After the report of the ‘Tromp Committee’
was issued, Tromp himself concentrated on
the merger of the three still existing aircraft
factories: Fokker, De Schelde and Aviolanda.
As spelled out in the report such a merger
was essential. It was equally important to
establish a common production site at an
airport. Of course this had significant practi-
cal and financial implications. A permanent
‘Small Aircraft Committee’ (‘Kleine Vliegtuig-

commissie’) headed by Tromp was set up to
guide the merger process.In 1948 Tromp be-
came President of the yet to be established
new ‘Joint Dutch Aircraft Factories’ (‘NV
Verenigde Nederlandse Vliegtuigfabrieken
Fokker i.0."). Blackstone, the chairman of the
Foundation NLL, replaced him in the ‘Small
Aircraft Committee’. In January 1949 Tromp
presented his final proposal for a merger
of the three aircraft companies, including

17 November 1349

the choice for a central site at Schiphol Air-
port. This was completely unacceptable for
Van Tijen", the director of Fokker and the
merger shattered. Serious problems within
the team of directors of Fokker had shown
up already before and the position of Van
Tijen further eroded. The rather disturbed
Government referred the ‘merger problem’
back to the ‘Small Aircraft Committee’. In
February 1949 this Committee issued an

T

HET HOUWEEL DER BEZUINIGING

Als de regeriogsplannen tot cpheffing van de prototypenbouw bij de Fokkarfahriek

onverhoopt deorgang mochten vinden, dan zal het monument van anze nationale

vliegtuigindustrie, ander de geniale leiding wvan Ancony Fokker opgericht, voor
goed worden neergehazhd

[1-17]
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extremely positive report on the future of
the aircraft industry in the Netherlands. This
was not accepted by the Government and
a new study was requested, to be made by
an extended Committee with new special-
ist members. The Government was also a bit
annoyed by the fact that Blackstone (chair-
man of the Board of NLL) and Van der Maas
(chairman of NIV) were prominent members
of a Committee that had to advise on their
own future. In the same period the Dutch
Government had to cope with the decoloni-
zation of the former Dutch East Indies lead-
ing to the Indonesian Republic in December
1949. The difficult financial and political
situation might also have contributed to the
hesitation to continue on the road that had
been mapped out in 1946. The situation was
extremely worrying for NLL. Without Gov-
ernment support for a not yet established
joint aircraft industry, it didn't make sense
to expand NLL on the scale envisaged in the
original 1948 NLL plan.

On April 22, 1949 the Ministry of Transport
ordered the freeze of all building activities
for the HST. In July 7 a new report of the
‘Small Aircraft Committee’ appeared, still
very positive on the future of a national air-
craftindustry. The investments for new wind
tunnels at NLL were also considered and the
original plans were again endorsed, how-
ever not by all members. Those with a mili-
tary background were not at all convinced
of a sufficient economic basis for a national
aircraft industry, notably because of market
perspectives. The representative of the Min-
istry of Finance was critical as well, notably

on the ability of Fokker to organise itself. The
Government now had to decide. But pend-
ing such a decision, a complete stop of the
building activities for all new wind tunnels
was issued by the Government on October
31 of the same year. A fierce discussion start-
ed, also in the press [figure 1-17] but against
all expectations the Government decided
on November 30, 1949 to continue the sup-
port for a national aircraft industry. The key
word was ‘industrialization”: the expected
export of capital goods was important for
the Dutch economy. The decision included
the continued support of NLL. However, it
had to be reassessed whether the original
wind tunnel plan could be executed as en-
visaged. To this end a new Committee was
set up, named the ‘BDM Committee’ after
its members Blackstone, Damme and Van
der Maas, with the assignment to advice on
the organisation, the scope and the financial
framework of NLL and more specifically on
the new wind tunnel plans. At the end of the
first quarter of 1950 this Committee issued
a report with the recommendation that the
activities should be continued, except for
building the LTT, the Low Turbulence Tun-
nel. The work on the HST, its small pilot facil-
ity PT, a small supersonic tunnel as well as
the finalization of the Power Plant should
continue. Nevertheless, in July 1950 and
awaiting the formal decision to support the
Dutch aircraft industry by the Parliament
(‘Staten Generaal'), the Ministry of ‘Trans-
port, Public Works and Water Management’
(the Ministry holding the pen for NLL) de-
manded an important reduction in NLL
personnel. In the same month 59 employ-

ees of NLL were discharged. Protests from
the Board of NLL had no effect. In August
1950 the members of the Board, Blackstone
(chairman) and Damme, stepped down and
Van der Maas became the new chairman of
the Board of NLL.

The termination of all activities for the new
wind tunnels in 1949 must have come as a
complete shock. A train that was running at
full speed towards a well defined destina-
tion was suddenly stopped. Since NLL was
forced to lay off 59 people, many others
looked for jobs elsewhere. In 1950 NLL went
from 277 to 195 employees with a consider-
able loss of expertise as a result. Erdmann,
who was of invaluably importance for the
design of the new supersonic wind tun-
nel, was nominated at KTU in Stockholm
and left NLL as well. All construction activi-
ties were frozen and the new situation can
be nicely illustrated with figure 1-18. This
aerial picture was taken in 1952 and shows
the situation exactly as it was in 1949 when
all building activities had to stop. The big
hall was erected by Stork for all on-site con-
struction work. The power plant building
(with the 5 smoke stacks) was ready. One
can see the foundation for the LTT' and the
layout of the HST circuit. Plates of special
steel that could stand lower temperatures
without loss of strength ordered from a
Dutch steel company (‘(Hoogovens') and de-
livered to NLL were stored outside the gate
and remained there for a long time. The
area was named the ‘(metal) sheet park’
(‘platenpark’). See the upper-left corner of
figure 1-18.

[Figure 1-18]

Aerial view of the site
of NLL in April 1952,
a situation that must
have been identical
to the view at the
end of 1949 when

all activities were
frozen. At the rear
the big construction
hall for the new
tunnels. Next to it
the lower parts of the
unfinished LTT. To
the right the ground
plan of the HST with
‘round corners’.

" THE FOUNDATION OF THIS TUN-
NEL WAS COVERED BY A PLATE OF
WOOD AND THE RESULTING STRUC-
TURE GOT THE NAME ‘THE KINGS
GRAVE" AFTER THE DIRECTOR AT
THAT TIME, KONING. LATER AN OF-
FICE BUILDING WAS BUILT ON TOP
OF THIS FOUNDATION WHEREAS
THE  AMSTERDAM  COMPUTER
CENTRE WAS LOCATED IN THE
BASEMENT, THE FORMER SETTLING
CHAMBER OF THE TUNNEL.
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[Figure 1-19]

Sketches of the
slotted wall
configuration
according to the
‘Swiss solution’:

a) configuration
tested by
Busemann®,

b) configuration
applied in the wind
tunnel of North
American Aviation in

the US?® and c) sketch

in the test report on

the first tests made in

J

Emmen?®.

AT FOKKER J.H. GREIDANUS BE-
CAME HEAD OF THE AERODYNAMIC
SECTION AND THE CHIEF ENGINEER
FORTHE FOKKER F28, AN AIRPLANE
THAT COULDN'T HAVE BEEN DE-
SIGNED WITHOUT THE HST. THE
REGISTRATION OF THE PROTOTYPE
PH-JHG REFLECTS HIS NAME.

IUTAM IS _THE ’INTERNATIONAL
UNION OF THEORETICAL AND AP-
PLIED MECHANICS’; VON KARMAN
HAD ALSO A LEADING ROLE IN THE
FOUNDATION OF THIS ORGANISA-

TION.

THIS TUNNEL HAD BEEN BUILT IN-
STEAD OF A LARGER SUPERSONIC
FACILITY WITH A TEST SECTION OF
1.2X1.2 M2 THAT WAS CONSIDERED
TOO EXPENSIVE.

The reluctant way in which the Dutch Gov-
ernment treated NLL was probably partly
motivated by the ever increasing costs of
the new wind tunnels (see Appendix B). NLL
was forced to prepare a new investment
plan, which was sent to the Government on
April 18, 1951. After many discussions with
the Government, the new extension plans
of NLL were finally approved. In the meet-
ing of the NLL Board of March 1952 the
chairman Van der Maas informed the other
board members that the new wind tunnel
plans could be continued on the basis of an
approved additional budget of 9.43 million
guilders. Some board members asked for
stricter cost control and a small group was
formed to direct all new tunnel activities.
This group was made up of the NLL Direc-
tor Boelen (who fell ill following a motor-
cycle accident and was replaced by Marx),
De Lathouder (the former head of the Aero-
dynamic Section and already in charge of
the new wind tunnel plans), a new young
NLL engineer still to be appointed and one
external member, Boel of the Sub-Depart-
ment of Aerospace of the Technical Univer-
sity of Delft (who had been involved in the
building activities for the low speed tunnel
in Delft). Van der Neut was appointed as
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an advisor. But it was not until the middle
of 1953 that the Parliament formally ap-
proved the new budgets. Only now could
the work continue at full speed.

A MOST SEGRET TRANSONIC
TEST SECTION

Although all building activities were inter-
rupted, the design work for the HST and PT
actually continued between 1949 and 1952.
In 1950 the studies for the HST drive system
were finalised, the electrical engines were
delivered and the turbo-electric drive sys-
tem taken from the escort ships was properly
conserved. In 1951 the detailed design of the
PT was finished. Moreover, the performance
of various corner vane designs was studied.

The HST was still a high speed tunnel with
a maximum Mach number of 0.95. It was
believed that truly transonic conditions
around Mach = 1 could not be reached due
to the problem of ‘choking’ (see Appendix E).
In 1948 a memorandum? was written in the
US that indicated a possible solution for this
problem: longitudinal slots in the test sec-
tion walls allowed the air to ‘escape’ and this
prevented ‘choking’ of the tunnel flow. The
‘ventilated’ test section was enclosed in a
confined space, the ‘plenum chamber’. This
solution was classified. Nevertheless, details
must have slowly seeped out.

After it became clear in March 1952 that
NLL could resume the construction of the
new wind tunnels, it was appropriate for
Fokker to assess if the original plans of
1948" still met the Fokker requirements. In
August 1952 report?' A-84 was written by
Greidanus, the former head of the F-section
who had left NLL at the end of 1951 to work
at the Fokker company’. In the report the
importance of the new wind tunnel plans
is confirmed. Nevertheless, some recom-
mendations are made. It is argued that very
heavy high speed wind tunnel models were
needed for the planned test section of 2.1 x
3 m2 Such big models were expensive and
difficult to handle. Moreover, the energy bill
for the tunnel would be high. The exchange
of models between the LST and the HST was
hardly relevant since the high speed condi-
tions required different models anyhow.
Since some loss in Reynolds number was
acceptable for Fokker, a reduction in size
of the test section was proposed. The most
important remark of Fokker was concerned
with the strong requirement to test at tran-
sonic conditions, hence between Mach =0.9

and 1.3, specifically for military projects. Ac-
cording to Greidanus it is known today that
this can be done technically and he contin-
ues that a large effort is required to reveal
the secret how this can be done ('..een hoge
inspanning [is nodig] tot ontrafeling van het
thans nog geheim gehouden procedé.’).

The message was clear. In September 1952
it was learned from Abbot, a leading aero-
dynamicist at NACA, that Langley had
modified their high speed tunnels with
transonic test sections. In the same month
Van Meerten (Fokker’s Chief Engineer) met
Fowler in England who worked at Folland
Aircraft. He provided information on a slot-
ted test section in a transonic wind tunnel of
English Electric. Shortly after that Slotboom
of NLL and Greidanus of Fokker visited Fowl-
er?, In October 1952 a trip was made to the
US by Dobbinga, Slotboom and Boel®. They
noted that work was ongoing on transonic
test sections. The trick seemed to be the
shaping of the upper and lower walls and a
‘Swiss solution” is mentioned. This ‘Swiss so-
lution’ was the one that was finally pursued.

In March 1952 the ‘Advisory Group for
Aeronautical Development’ (AGARD) was
founded under the inspiring leadership of
Theodore Von Kéarman. This transatlantic
institution, related to NATO, was set up to
facilitate the exchange of information in
the field of aeronautics between the armed
forces, government laboratories, industry
and universities. Through AGARD smaller na-
tions could get access to new developments
in the aeronautical world. When Von Kédrman
learned about the Dutch wind tunnel plans,
he remarked that ‘it would be a waste to build
an expensive obsolete wind tunnel when there
was an urgent need on the continent for data
in the new speed regime™*. Since the new tun-
nel wall concept was still classified in the US,
he brought the Dutch team in contact with
some Swiss engineers who had been work-
ing on this principle in the US before the de-
sign was classified.

Who were these Swiss engineers? One of
them was Hausammann. He worked at
the Eidgendssische Flugzeugwerk Emmen
and was involved in the design of the N20,
an advanced interceptor with a delta wing
and four turbofan engines mounted in the
wing. In October 1948 Hausammann made
a study trip to the US where he met Buse-
mann at North American Aviation Co. Buse-
mann, the inventor of the swept wing, was
the Director of the Aerodynamic Institute in
Braunschweig during World War II. In 1947
he came to the US where he got a position
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at NACA Langley. Busemann told Hausam-
mann of a slotted test section to solve the
problem of choking and shock reflection.
In the trip report® Hausammann men-
tioned that he (Busemann) made his experi-
ments on a cross section (Er hat seine Ver-
suche an folgende Querschnitt ausgefiihrt.)
as shown in figure 1-19a,b. And he added
that North American Aviation applied the
same method for ‘half model tests'. This con-
cept was further investigated by Hausam-
mann in Emmen in a small tunnel with a
cross section of 14 x 16 cm? The slotted
wall consisted of symmetrical profiles as in-
dicated in figure 1-19c. For more details on
this slotted wall concept see Appendix E. Al-
ready in June 1949 a report was published®.
These tests were apparently successful and
resulted in a new tunnel with a transonic test
section of 0.5 x 0.6 m?.

In August 1952 Slotboom made the first
contacts with Datwyler, a former colleague
of Hausammann, during an IUTAMX con-
gress in Istanbul. This was soon followed by
a visit in October 1952 by Slotboom and De
Leeuw to the Eidgendssische Flugzeugwerk
Emmen in Switzerland where Hausammann
was operating his small transonic wind tun-
nel*. In the trip report? a simple sketch can
be found [figure 1-20] with the added de-
scription: ‘At the transition from nozzle to test
section wall, the longitudinal slots begin. In the
Swiss tunnel they consist of vertical plates with
a rounded top. These plates are not connected
to the tunnel wall, but leave a shallow space...".
The indicated slot configuration is very
similar to the one investigated by Eckhaus in
1957 in the ‘3x3’ tunnel [figure 1-21] to vali-
date the slot characteristics in more detail
[see Appendix E). During the same meeting
the construction of a multi-manometer and
an external balance for the transonic tunnel
was discussed with Engler, who represented
the instrumentation company Engler & Co.
At the end of the visit the NLL representa-

[1-20]

tives asked Hausammann if it was possible
to transfer the design drawings for the tran-
sonic test section. After consultation with
Engler and Datwyler it was made clear that
this would not be possible since the Swiss
Military (‘Militdr Departement’) would not al-
low this. But it would be possible to design
and build the test section in Switzerland. In
April 1953 the contractual discussions con-
tinued during a visit of Boel and Dobbinga?.
Interestingly enough these discussions fo-
cused on three offers made by Engler for the
design and construction of a transonic test
section for the HST (offered in January 1953),
for the design and construction of an exter-
nal balance for the HST and for the design
and construction of a supersonic tunnel, the
SST (offered in February 1953). At that time
the idea was to build a small supersonic tun-
nel with a test section of 0.4 x 0.4 m? (see also
page 15). Part of the discussions focused on
the performance guarantees for the HST
test section: the Mach number variations
should be less than + 0.003 at the model
area whereas the reflected shocks should be
reduced to 10 % of their original value.

Apparently the contract to design and build
the transonic test section was finally granted
to Datwyler & Hausammann. After the N20

project had failed Hausammann left the
Eidgendssische Flugzeugwerk Emmen and
started an engineering company"? to-
gether with Datwyler (who provided the
capital). Due to the transonic, slotted test
section, the maximum Mach number could
now be increased from 0.95 to 1.3, a crucial
improvement in the performance of the
HST. But the available power would not be
sufficient for the increased Mach number
capability. In fact it was not known at all if
and how much additional energy was re-
quired for the slotted test section. Fokker
had also indicated in report A-84%' that it
favoured smaller wind tunnel models. Since
the available power could not be increased
(the power plant was almost ready), it made
sense to decrease the size of the test sec-
tion though at the expense of a somewhat
lower Reynolds number at low speed con-
ditions (see Appendix A). A suitable com-
promise was found in a test section of 1.8 x
1.8 m? which was later changed into 2 x 1.6
m? (width x height) to enable larger wing
spans®. All recommendations made by Fok-
ker in report A-84 were met.

A summary of the main design decisions for
the HST can be found in a report by Dob-
binga, Slotboom and Boel'. It discusses the
requirements and the preferred solutions for
the tunnel circuit, the test section, the drive
system (including the Mach number control)
and the model support including the bal-
ance (‘the models will be supported by a strut
attached to an external balance; the develop-
ment of internal balances has to be pursued').

It was also decided that the Pilot Tunnel
(PT) would be built according to the original
plans with closed walls. If needed a transon-
ic test section could be installed at a later
date, as was tried between 1957 and 1962. =

[Figure 1-20]

A sketch of the
slotted wall test
section by Datwyler
and Hausammann as
included in the trip
report of the visit?.
Flow direction from
left to right.

[Figure 1-21]

Scaled model of the
slotted wall designed
by Hausammann and
tested in the '3x3’
supersonic tunnel.
Flow from right to
left.

M THE ‘EIDGENOSSISCHE FLUGZEUG-
WERK EMMEN’ STILL CONTINUES
UNDER THE NAME RUAG. DAT-
WYLER AND HAUSAMMANN HAD
TO EXPAND THE COMPANY AFTER
THE CONTRACT FROM NLL AND
ENGAGED ISLER AS PARTNER. IN
1954 THE COMPANY NAME WAS
CHANGED TO "HAUSAMMANN AND
€O’ AND IN 1964 INTO ‘HAUSAM-
MANN & ISLER". AFTER THE DEATH
OF W. HAUSAMMANN IN 1977 THE
NAME CHANGED INTO ‘INGENIEUR-
BURO ISLER AG' THIS COMPANY
IS STILL ACTIVE IN WIND TUNNEL
DESIGN.
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THE
CONSTRUCTIVE
DESIGN

[Figure 1-22]

The foundation
of the ‘old’ tunnel
circuit compared
with the adapted

design of 1952. The
length of the circuit
was reduced from 75
to 60 m whereas the
round corners have
been replaced by
straight corners®.

BUILDING THE HST

s a result of the smaller test section
A dimensions the aerodynamic and

constructive design of the tunnel had
to be re-examined. The most important
changes are described by Van Asselt®. He
provided a picture of the foundation of the
‘old tunnel’ as compared with the new tun-
nel circuit [figure 1-22]. In 1950, when the
building activities were stopped, the foun-
dation of the HST was already finished. One
of the requirements for the adapted design
was to use as much as possible the existing
foundation, notably the heavy foundation
for the fan. Also an internal cooler was to
be installed in the settling chamber instead
of the originally planned cooling by spray-
ing water on the tunnel shell. However, the
basin made in concrete and needed to col-
lect the water in the original solution is still
present. Another unexpected problem was
much more important. In laying out the
foundation for the HST in 1948 the wrong
measures were used. As a result the loca-
tion of the tunnel shifted about 10 m away
from the power plant in the direction of
the canal that bordered on the NLL site. The
lost space could be recovered by reducing
the total length of the circuit from 75 to 60
m. The reduction in cross sectional area of
the test section helped in this respect; the
diffusor length could be reduced for the
same diffusor efficiency or diffusor angles.
Another important change is the replace-
ment of the rounded corners [figure 1-13]
by straight corners similar to the 1946 de-

sign, as was shown in figure 1-9. Rounded
corners necessitated a large number of
corner vanes with additional aerodynamic
losses. At NLL the corner vanes had been
studied extensively in the period between
1946 and 1951. It is not unlikely that these
tests indicated that the original design
with four straight legs would be preferable
from an aerodynamic point of view. How-
ever, constructive aspects of the tunnel
design were probably the most important
reason for going back to a tunnel layout
with straight corners. In 1948 it had been
agreed that Van der Neut, an external advi-
sor of NLL, would take care of the construc-
tive design in close co-operation with the
contractor Stork. In November 1945 Van
der Neut, a former employee of NLL, was
appointed as professor in aircraft construc-
tions at the Delft Technical University. Wind
tunnels were not unfamiliar to him. Dur-
ing the War he wrote, together with Grei-
danus®, a detailed and impressive report
on the cause and future prevention of the
vibrations of the fan of tunnel no. 3, vibra-
tions that in 1941 and 1942 had resulted in
the loss of several fan blades.

Van der Neut wrote an article** for ‘De Ing-

enieur’, the Journal of the ‘Royal Institute of
Dutch Engineers’ (‘Koninklijk Instituut van
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Ingenieurs’ or KIVI), after the tunnel was
commissioned. This article gives a good
overview of the problems that Van der Neut
faced in the design of the HST. He remarks
that some variable pressure tunnels were
built in (loosely coupled) segments ‘such
that the forces due to the pressure differences
on asegment have to be taken by the founda-
tion”. This will result in a very heavy founda-
tion. In the trip report of the 1946/47 visit
to the US™ it was mentioned that the round
corners were required for ‘constructive rea-
sons’ and figure 1-7 shows that in the origi-
nal NLL design the tunnel was supported at
multiple points. Van der Neut knew about
the design of the tunnel in Bedford*> which
had straight corners with locally an ellipti-
cal cross section. However, this tunnel was
segmented with a very heavy foundation
to accommodate pressure differences on
the construction. Van der Neut might have
followed the idea of the straight corners
from the Bedford tunnel but solved the
structural stress problem differently. He
designed the tunnel as an ‘integral shell’. By
doing so all stresses due to pressurization
and thermal loads will be contained within
this integral shell. In a way the shell is ‘float-
ing’ above the ground, only supported at
four cross sections of the circuit (at the set-
tling chamber, the tunnel fan and at two
other stations on the long legs of the cir-
cuit [see figure 1-23]. This design principle
will result in a much lighter construction. In
addition to the support loads and the loads
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invoked by the overpressure in the circuit,
thermal stresses have to be dealt with due
to weather conditions (sun or snow) and
aerodynamic heating between the fan
and the cooler. Very elegant solutions have
been found for many details of the con-
struction (such as the joints between the
tunnel shell and its supports, the construc-
tion of the corners, the air lock towards the
testing room), solutions that reduce addi-
tional loads as much as possible. The shell
thickness is about 15 mm increasing to 25
mm close to the supports. Only above the
first diffusor is a small cover visible, mount-
ed to shield that part of the circuit from
heat loads by the sun [see figure 1-33].

Normally, the Dutch authorities would re-
quire that the complete circuit had to be
filled with water and be pressurised till
about 2 bar over-pressure for proof of safety
of a pressure vessel. Since this is almost im-
possible for this specific construction, the
authorities agreed (already in 1948) that it
would suffice to calculate the stresses and
to verify these calculations with measure-
ments during the first test with the pressur-
ised tunnel. For the primary calculations of
the circuit Van der Neut was assisted in 1952
by van Leest who was his assistant in Delft.
He made all calculations required for the
contractor to start the detailed design and
construction. During the construction of
the tunnel Van Leest was responsible for the
day-to-day supervision of the construction.
Van der Neut also added to his team two of
his former students, the engineers Besseling
and Zandbergen®. Their task was to do the
detailed stress calculations required to
convince the Dutch authorities (‘het Stoom-

[1-23)

iy

wezen') that the construction was safe. Bes-
seling i.a. took care of the tunnel supports
and the modes of vibration of the circuit. He
made all computations at the Amsterdam
‘Mathematical Centre’ (where the first com-
puter in the Netherlands was located) using
matrix analysis, which would later be called
‘finite element computations’. Zandbergen
was mainly involved in a stress analysis for
the corners of the circuit, again requiring the
solution of a large set of equations. His cal-
culations were made at NPL in Teddington,
England, but the answers were not satis-
factory at all. Fortunately Van der Neut ap-
parently found a way out. The cause of the
discrepancies, a misunderstanding in the
transfer of data, was found much later.
During final commissioning in 19573,
stresses were measured with strain gauges
at 153 locations, using equipment specifi-
cally developed by the NLL Department of
Electrical Engineering Services (‘E-lab’). An
overload of 10 % was applied, an acceptable
agreement with the predictions was found
and the authorities could be convinced of
the safety of the design. See also page 50.

Although most of the tunnel circuit was de-
fined by the end of 1953, a very important
issue still had to be decided: the question
how the forces on the model inside the test
section were to be measured. There were
two opposing views: either an external me-
chanical balance (outside the tests section)
or an internal strain gauge balance (inside
the model). This will be discussed in more
detail at page 41. The issue raised a lot of
controversy as can be read in a report of
November 3, 1954%": ‘This decision is more or
less a gamble. Apparently agreement cannot
be reached, but the decision has to be taken
now.’ Shortly after that, in a meeting on
November 10, 1954 it was decided to go for
the internal balance but to keep the pos-
sibilities open for an external balance?®. As
history has shown, this was a wise decision.
The option for an external balance didn't
have serious consequences. The outer wall
of the tunnel circuit at the location of the
transonic test section (encompassing the
so-called ‘plenum chamber’) had a very big
diameter of 9 m. This was done to mount
the optical system for flow visualisation
(the ‘schlieren’ system; see page 57) com-
pletely inside the pressurized part of the
circuit to get rid of optical outline problems
due to deformation under load. This large
chamber allowed sufficient space for an ex-
ternal balance, if needed, at a later stage.

THE SELECTION OF CONTRACTORS

In the meeting of the NLL Board of March
1952 its chairman Van der Maas announced
the continuation of the new tunnel plans
and informed the other board members
that a special team was to be formed to
manage the building activities. A young
Delft engineer, Boel, would be part of that
team. Boel joined NLL in April 1952 (see
Appendix D). In 1953 the existing working
group for the new tunnels was replaced by
a special department (‘Nieuwbouwdienst’)

- (1-24)

[Figure 1-23]

Drawing of the
circuit of the HST
as built between
1955 and 1957; the
tunnel shell is only
supported at four
points, with a heavy
support at the fan
location.

[Figure 1-24]

Transport of a 'short
leg’ of the HST over
water in 1955.

N ACCORDING TO VAN LEEST WHO
SUPERVISED THE CONSTRUCTION
OF THE HST, THE ERROR HAD A
FAVOURABLE SIDE EFFECT. THE
LONGER SHAFT BETWEEN MOTOR
AND TUNNEL FAN SOLVED THE
PROBLEM OF HIGH LOADS DUE T0
APOSSIBLE MISALIGNMENT.

0 ZANDBERGEN BECAME PROFESSOR
IN DELFT AND TWENTE AND WAS
ONE OF THE CHAIRMEN OF THE
ROYAL ACADEMY OF SCIENCES OF
THE NETHERLANDS (KNAW); BES-
SELING BECAME PROFESSOR IN
DELFT AND DID PIONEERING WORK
ONFINITE ELEMENT METHODS'
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[Figure 1-25]

The first part of
the tunnel circuit
delivered at NLL in
1955.

[Figure 1-26]

The steam boilers
taken from the escort
ships are shown

here in the Power
Plant ('Centrale’); the
oil-fired furnaces

are underneath the
walkway.

[Figure 1-27]

The four SKA engines
to drive the fan of
the HST. Although

delivered in 1950
they were used

for the first time

in 1957 when the
construction of the
HST was finished.

P THIS TUNNEL COULD MEASURE
CLOSETO MACH = 1SINCETHETEST
SECTION HAD FLEXIBLE WALLS
THAT COULD BE SETTO REDUCE THE
BLOCKAGE EFFECTS.

under supervision of one of the NLL direc-
tors to manage all activities related to the
construction of the new wind tunnels. De
Lathouder, who had been in charge of all
new tunnel activities so far, was replaced
by Boel to manage this new department
of about 10 people. De Lathouder became
secretary of the department, but was add-
ed to the directors’ staff in 1954. He left NLL
in 1955. Van Leest was made responsible
for the ‘on-site’ supervision of all aspects of
the construction in close co-operation with
Van der Neut. Van der Zwaan was made re-
sponsible for the development and coordi-
nation of the measurement techniques. In
1955 additional support was given by an
American Engineering firm, mainly to get
access to the newest developments in the
US on testing techniques.

In the course of 1952 many trips were made
by Slotboom and others to aeronautical
laboratories and aircraft industries. In addi-
tion to the visit to the Eidgendssiche Flug-
zeugwerk Emmen in Switzerland where
much was learned about the transonic test
section, other visits were made to the US,
Sweden, England and Belgium. The specific
aim was to learn from the experiences else-
where in building pressurised wind tun-
nels of big dimensions in order to obtain
better cost estimates. In July Boel talked

& [1-25)

with the ‘Bureau of Naval Architecture’
(‘Bureau Scheepsbouw’), an organisation of
the ‘Ministry of the Navy'. He received in-
formation on the price per kilogram steel
for naval vessels and submarines in par-
ticular??. These estimates were used in the
price negotiations with Stork, the Dutch
company that was already involved in the
construction of the tunnel before the stop
of all building activities around 1950. Stork
argued that the HST case was completely
different. The construction of submarines

took place at the contractor’s site in a kind
of series production and this could not be
compared with the building of a single
wind tunnel at the NLL site. But Boel and
De Lathouder were not convinced. During
their trip to England® in August 1952 they
visited the 8 x 8 ft? trans- and supersonic
wind tunnel® of NAE (National Aeronautical
Establishment) in Bedford and obtained de-
tailed information how cost estimates were
made. Shortly after that, in October 1952, a
big delegation from Stork came to Bedford
as well. Their aim was to learn about some
specific technical problems but more spe-
cifically to get information on the way the
costs were estimated®. The contact was
probably arranged by De Lathouder who
was present as well, together with six rep-
resentatives of Stork, including Busquet
who joined the NLL delegation that visited
the US in 1946/1947. However, the negotia-
tions between NLL and the Stork Company
did not materialise and therefore it was
decided to start negotiations with other
contractors. At the end of the year 1954
contracts for the tunnel circuit (the pres-
sure shell) were placed at Werkspoor N.V. in
Utrecht. Stork intended to concentrate the
greater part of the construction activities
in the large hall that was erected at the site
of NLL [see figure 1-18]. It is quite possible
that Werkspoor could offer a much lower
price because they envisaged building all
parts of the tunnel circuit in their factory in
Utrecht. These parts could subsequently be
‘sailed’ to Amsterdam, a convenient way of
transport in the water-rich area around Am-
sterdam [see figure 1-24 and 1-25]. As men-
tioned, the transonic test section was built
by Datwyler & Hausammann in Ziirich. The
same company was involved in the instru-
mentation such as the multi-manometer
and the Mach meter (see page 46). The con-
tract for an external balance with Engler®®
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did not materialise since the decision was
finally made to go for internal balances.
Mid 1954 a contract was placed at Stork for
the fan of the tunnel, but at the end of the
same year this contractor withdrew. The
fan was finally awarded to Dinglerwerke
A.G. in Zweibrlicken, Germany. The cooler
was built by G.E.A. Luftkiihler Gesellschaft
in Bochum. N.V. Stork and Heemaf became
responsible for the steam and electrical in-
stallation in the Power Plant (‘Centrale’). This
building contained five ‘Foster-Wheeler’
steam boilers [see figure 1-26; in 1964 a sixth
boiler was added] and four General Electric
Turbogenerators that provided the electric-
ity to drive four Heemaf SKA electric motors
[figure 1-27] that were coupled to the HST
fan [figure 1-28] and a compressor station.

“TEGHNICALLY SOUND
WITHIN BUDGET AND QUICK!”

On October 10, 1955 the first parts of the
tunnel circuit were erected at the NLL site.
The heavy parts could be transported over
water [figure 1-24 and 1-25] and the various
tunnel parts could be assembled on the site
[figure 1-29]. Soon after that the test section
built by Datwyler & Hausammann [figure
1-30 and 1-31] was delivered on site. Pro-
gress was not as wanted. On April 15,1956 a
note was written by Boel*°, summarising in
a very condensed way (though still 32 pag-
es) all problems with the PT, the HST and the
Power Plant. At the end of the Introduction
to this note Boel wrote the ‘double motto”:
m For the building activities: ‘technically
sound, within budget and quick’
m For the development of transonic aero-
dynamics: ‘growth of potential, acquisi-
tion and planned research’.

The concern was very understandable: in
1954 NLL had promised to AICMA, the ‘Eu-
ropean Organisation of Aircraft Manufactur-
ers’ (see page 66) that the tunnel would be
ready for use in 1956. But the second motto
had nothing to do with the construction of
the tunnel directly. The message is that to
attract customers for wind tunnel testing,
it is essential to have a proper theoretical
and experimental background of the phys-
ics involved. This requires a department
with transonic aerodynamics as its ‘core
business’. At the end of the same year a Sec-
tion for Transonic Aerodynamics (‘T-sectie’)
was created under the leadership of Boel.
Another incentive for this organisational
change can be found in a confidential ad-
dendum to the above mentioned note®. In
1954 Erdmann returned from Sweden and
soon after that the Section Gasdynamics
(‘G-sectie') was created under his leadership.
This section was responsible for building
the SST (see page 29), an activity that was
formally considered part of the ‘Nieuw-
bouw Dienst’ headed by Boel. In practice the
G-Section acted quite independently and
Boel proposed to formalise the situation and
to create the T-Section, analogous to the
G-Section. To co-ordinate all activities for
the new wind tunnels a working group
(‘Nieuwbouw commissie') was re-established.
This organisational change also reflected
the fact that research in the transonic and
supersonic speed regimes was gaining mo-
mentum, both theoretically and experimen-
tally. In fact supersonic and transonic testing
started already in the ‘3x3’ and in the PT, as
will be discussed at the pages 69 and 43.

The main problems for the HST were re-
lated to a serious overrun in delivery times.
Several causes were listed. The complexity
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of the project resulted in a much larger de-
sign effort and increased fabrication time.
All contractors were very busy with other
contracts, as Europe was rebuilding after
the devastating war period. But equally
important was the lack of sufficient and
experienced specialists within NLL. For
each item the report points out the best
way forward, either by stricter control
(on the contractors site), additional sub-
contracting or claiming higher priorities
within NLL.

During 1955 the contractor for the test sec-
tion, Datwyler & Hausammann, tested in
Switzerland the aerodynamic characteris-
tics* of the new transonic test section on
a scaled model. Based on these data and
together with the characteristics of the
fan provided by Dinglerwerke, Valk of NLL
could update the performance figures of
the HST. The new data indicated that the
pressure losses in the transonic test section
were greater than originally estimated,
while also the fan efficiency felt short from
the expectations. As a result the new pre-
dicted performance of the HST would be
less than originally anticipated but still very
acceptable: at Mach = 1 the measurements
could still be made at atmospheric condi-
tions®. (See also Appendix A.)

[Figure 1-28]

The fan of the HST.

[Figure 1-29]

Building of the HST
in progress. Visit

of Mr. Algera, the
Dutch Minister for
Transport, Public
Works and Water
Management in 1955.

23



24

ﬂZ< Ma<4.|] 50 years high speed wind tunnel testing in The Netherlands

[Figure 1-30]

The transonic test
section designed
by Hausammann

at the factory in

Switzerland before

transfer to The
Netherlands.

[Figure 1-31]

Front view of the test
section designed by
Hausammann. Note

the throat and the
many longitudinal
slots that had to be
replaced (due to
vibration) by broader
slats.

[Figure 1-32]

On January 16,
1960 the HST was
officially opened

in the presence

of representatives
of the European
aeronautical
industry. One of the
speakers was

Mr. J.N. Adenot,
Secretary General of
AICMA.

[1-31]

How did the transonic test section look
like? At that time this was still a ‘secret’ for
the outside world. In figure 1-31 the pres-
ence of many longitudinal slots is clearly
visible. Additionally Van der Zwaan men-
tions in the design report for the HST
control desk* that due to confidential-
ity, details could not be given of ‘a device
required to control the Mach number for
supersonic operation’, a device that was
named for simplicity ‘an adjustable plate’.
Fortunately, a drawing of a configuration
similar to the original test section can be
found in a report by Eckhaus®. He studied
both theoretically and experimentally (in
the existing ‘3x3’) the effectiveness of the
slotted tunnel walls to cancel shock reflec-
tions at supersonic conditions. (See for
more details Appendix E.)

[1-30]

In October 1957 a report was written that
described the required tests and related
instrumentation to establish the aerody-
namic performance of the tunnel*. These
measurements were also needed to check if
the requirements for the flow quality in the
test sections were met. The requirements,
guaranteed by the contractor, stated a
maximum Mach number variation less than
0.003 within an area around the model loca-
tion. The measurements to prove this will be
discussed in more detail at page 50.

During 1957 the construction of the HST
was completed [figure 1-33]. At the end of
1957 ‘wind-on’ was achieved and the maxi-

mum Mach number of 1.3 was reached.
The commissioning started with the meas-
urements of the local strength in the tun-
nel shell by means of strain gauges, as
discussed before. Tests were also made to
balance the fan. Van Leest reports* that
this was finally achieved by putting accel-
erometers at the outer shell of one of the
long legs of the wind tunnel. The thin-
walled shell construction acted as a kind of
amplifier for the vibrations that originated
from the tunnel fan, hence providing great-
er sensitivity to measure these vibrations in
order to balance the fan by adding locally
weights on the fan blades. Finally very low
vibration levels could be achieved: dis-
placements within 35um anywhere in the
circuit and about 4pum at the main bearing
of the drive system.

During one of the first runs with ‘wind-on’
the thin plates that formed the HST throat
buckled. The reason was that a beam to fix
the nozzle plate had not been installed (al-
though present in the drawing). The prob-
lem was fixed, but the shape of the nozzle
was not very accurate and had to be re-
paired. The requirements on Mach number
accuracy were not met for supersonic flow
conditions and a redesign was required.

Even more important was another con-
structional deficiency. With ‘wind-on’ the
slats in the transonic test section as built
by Détwyler & Hausammann started to
vibrate violently and fractured. This was
completely unexpected. The explanation
was that the large number of partitions in
the slats (to accommodate lamps and cam-
eras to view the model) had an adverse ef-
fect on the stiffness of the slats. This was a
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[1-34]

matter of urgency and it was decided to
replace the large number of narrow slats by
a smaller number of broader slats. In these
slats provisions were made to mount lamps
and cameras without loss of stiffness. In
view of the time the first set of slats was
made of wood. The ‘openess’ of the slats
(the ‘open area ratio') followed from wall
interference calculations made by Loeve®
in 1959 (see also page 69).

JANUARY 16, 1960:
THE OPENING OF THE HST

Early 1959 the first aerodynamic tests in the
HST up till Mach = 1.3 were made with the
AGARD-B and -C models, a standard con-
figuration defined by AGARD (see page 65).
These tests were soon followed by com-

e T

parative tests performed by Sud Aviation
on a Delta wing configuration, named ‘Du-
randal’ (also tested in the ‘Cornell Aeronau-
tical Laboratories’) and on the ‘Caravelle’
(also tested at Cornell and in the ONERA S-1
tunnel in Modane which had just been fin-
ished at that time).

The results of these and similar tests were
very positive. When the tunnel became
operational in 1959, a special report*® was
published to describe the wind tunnel and
related facilities.

On January 16, 1960 the HST was officially
opened. The opening ceremony was held
in the room adjacent to the HST test hall,
now used to store large parts of the HST.
The speakers were Van der Maas (chairman
of the Foundation NLL), Gieben (Secretary
General of the Dutch Ministry of Transport,
Public Works and Water Management),
Adenot (Secretary General of AICMA; see
also page 66) and Marx (director of NLL).
Adenot [figure 1-32], gave a speech in
which he stressed the importance of the
relation with AICMA and the good quality
of the test results. The other speakers as
well stressed the importance of European
co-operation in the aircraft industry. Finally
Boel got the floor [figure 1-35] to explain
the opening ceremony: the tunnel was run
and on television monitors the audience
could read the achieved Mach number
and watch a schlieren picture of the tran-
sonic flow around the AGARD-C model, a

flow with shock waves [figure 1-34]. It must
have been fascinating after so many years
of preparation and hard work to visualize a
real transonic flow.

STILL A FEW LEFT-OVER'S

Although the tunnel was running and
open for customers, it could only provide
the most elementary measurements. There
was one support strut and this allowed
only a variation of the angle of attack. If
the side slip angle needed to be changed,
the model had to be rotated over 90° [see
figure 3-15 and 3-18] or a specific sting

[Figure 1-33]

View of the HST
circuit in 1958 still
without the building
(the "Overkapping’)
around it made for
noise insulation. Note
the shield above the
first diffuser (to the
left) to prevent the
heat load by the sun.

[Figure 1-34]

Schlieren picture

of the flow over the
AGARD-C model

at Mach = 1.081. A
picture similar to
this one could be
observed by the
guests during the
opening of the HST
in 1960.

[Figure 1-35]

Boel, head of

the Transonic
Aerodynamics
Section (' T-sectie’)
and the projectleader
for the HST started a
small demonstration
to mark the opening
of the tunnel.
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[Figure 1-36]

The newly designed
throat is mounted
in the test section,

quite a complicated

operation (1965).

[Figure 1-37]

The old smoke
stacks of the Power
Plant (‘Centrale’)
were replaced in
the late seventies
by higher chimneys
to comply with an
environmental law.

[Figure 1-38]

Building a large hall
enclosing the HST
tunnel circuit (1966):
the beauty of the
aerodynamic circuit
lost to the eye!

with a pre-set side slip angle had to be
used. But in the following years other
model support struts were designed and
built including the ‘yaw-angle sting sup-
port’ that could change angle of attack
and side slip angle simultaneously. A half
model balance and a subsonic model sup-
port were also added. Important improve-
ments in the measurement technique

&l

were introduced between 1960 and 1965,
greatly increasing the efficiency of the
measurements. They will be discussed in
the next chapter.

The test section geometry itself was still a
problem. The original slats by Datwyler &
Hausammann were (temporarily) replaced
by wooden slats of a different geometry.
The throat of the test section was repaired
provisionally. However the resulting Mach
number distribution at supersonic con-
ditions was not good enough. Time was
needed to design a new shape, a job
done by Nieuwland who worked for the
T-Section and started this work in 1961°.
The solution for this theoretical problem,
a real transonic problem with mixed sub-
sonic and supersonic flow, is not obvious.
The throat shape has to be adjusted for
each Mach number and it was a construc-
tive challenge to realize this with a sim-
ple mechanical construction that would
still guarantee a near perfect flow (see
Appendix E and figure E-11). In 1965 the
new throat was manufactured by Aviatest
GmbH and installed [figure 1-36]. Probably
at the same time the wooden slats were re-
placed by metal ones. A last modification
of the test section was made in 1967. After
an improved yaw sting support had been
mounted, the maximum Mach number of
the tunnel dropped drastically. Since the
new boom had a larger frontal area at the
junction between boom and support strut
(‘het zwaard'), ‘choking’ was believed to be
the cause. The problem was solved by ex-
tending the slats further downstream with
an increased divergence angle between
top and bottom slats.

[1-37]

Shortly before that time, in 1966, it was
decided to build a large hall around the
HST circuit [figure 1-38]. The neighbours
of NLL had been complaining about the
tunnel noise, a problem that increased in
1963 when the SST became operational
(see page 32). Although a muffler was built
to reduce the noise during the 45 - 60 sec
that a SST run would last, the noise was still
irritating when made at regular intervals
many times a day. The SST noise could be
reduced further by placing the tunnel exit
inside the hall. But the beauty of the aero-
dynamic circuit would be lost to the eye!

A considerable time was used to pressurise
and evacuate the tunnel. To keep up with
the increased demand (see page 70) the
Power Plant (‘Centrale’) had to be extend-
ed. A 6™ steam boiler became operational
in 1964 and a second compressor was
placed in 1967. An improved water-ring-
pump to evacuate the HST till a pressure of
1/8 bar became operational in 1968. When
in 1940 NLL was moved to its present site,
the area West of Amsterdam was used for
farming. But the city expanded and living
quarters replaced the green crops. Envi-
ronmental rules became stricter. Special
Dutch fuel with low sulphate content was
used from the beginning to fire the steam
boilers. This was not sufficient any more. In
the late seventies the height of the six char-
acteristic smoke stacks had to be increased
and were replaced by two clusters of three
pipes each [figure 1-37]. m

@ THESE EARLY TRANSONIC CALCULATIONS CAN BE CONSIDERED AS THE START OF
A FURTHER DEVELOPMENT OF THE TRANSONIC THEORY LEADING YEARS LATER
TOTHE DESIGN OF SHOCK-FREE SUPERCRITICAL WINGS (SEE PAGE 77).
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THE PILOT TUNNEL: A LIFE OF ITS OWN

n the original wind tunnel plan of 1948
a 1:5 scaled version of the HST was fore-
seen with a planned date of commis-
sioning mid 1949. In the report describing
the original plans' the philosophy behind
this tunnel is explained. It was to start as a
true pilot facility for the HST, intended to
reduce the risk for the much larger facility.
Hence the name ‘Pilot Tunnel’ or PT. The
test section dimensions were 0.60 x 0.42 m?
(width x height). After these ‘pilot tests’ a
second test section would be added with
dimensions of 0.32 x 0.80 m? and adjust-
able top- and bottom-walls. In this way
the tunnel blockage could be reduced and,
hopefully, Mach numbers closer to 1 could
be achieved. [See also figure 1-39.]

THE ORIGINAL
PLANS

S

N plq 850 | 1200

n®Mrin. {3600 [y
vording |GEB NLL. i

The actual preparatory work for this tunnel
had already started in 1947 with Stork as
contractor. The foundation was finished in
1948 with the detailed design work still on-
going in May 1949, when the stop on most
of the building activities was announced
by the Government. Only work on the PT
could continue but this activity was finally
also stopped in October 1949.

A PILOT FOR TESTING TECHNIQUES

After the green light from the Government
for the modified tunnel plans in 1952, the
detailed design activities continued. Since
it was decided in 1952 to make the test
section of the HST a real transonic test sec-

B4Cm
fuchtwisselzar I

mogeljk te ver'gtgen door
trarsscre meetplaats

[Figure 1-39]

A sketch of the Pilot

|
|
a

Tunnel (PT), the 1:5
scale model of the
HST as envisaged

|
ek

in the wind tunnel
plans of 1948. The
test section measures
0.60 x 0.42 m? (width
x height). It was
intended to mount
another smaller but

i 1 i
; .'._.-' varstelschraosven

higher test section ——
of 0.32x0.80m?at a ! SES e— [ —
later date to increase - ——

the maximum

Mach number and

to reduce wall
interference for airfoil
testing.

[1-39]

tion with slotted walls, though somewhat
reduced in size, a decision on whether the
PT had to be changed accordingly was
required. Most probably the design and
construction was already advanced to the
point that such a change was no longer
cost effective and it was decided to finish
the PT according to the original plans.

The contracts were awarded in 1953 and
the PT was commissioned in 1954 [see fig-
ure 1-41]. In the first year the tunnel got
its power from the public grid, but in 1955
the NLL power plant could be used as well.
Problems were reported with the drive sys-
tem. For the commissioning of the tunnel
one of the smaller scale AGARD-C models
was used in combination with in-house de-
veloped internal strain gauge balances®. A
schlieren system was built (modified later in
1957) as well as a Mach meter. In this way
the PT provided early experience for the
development of the testing techniques at
high subsonic conditions. Although it was
decided in 1952 to limit the flow velocity to
high subsonic speeds, a transonic test sec-
tion with slotted top and bottom walls was
added in 1957. A maximum Mach number
above 1 could now be reached but the flow
quality was not good enough. It is likely that
other test section configurations were also
investigated. A report on the characteris-
tics of the transonic test section appeared
in 1960°. In the text of this report the con-
figuration shown in figure 1-40 is referred
to as ‘type A, the Détwyler and Hausammann
system with 46% open slots’. Hence, it is likely
that this test section resembles the original
test section of the HST.

In the report it is also mentioned that ad-
justable flaps had to be removed because
of oscillations. Several times it was consid-
ered to increase the maximum Mach num-
ber to 1.3 (the same as for the HST) and in
1960 the cooler was even modified to ac-
commodate the higher speeds. However,
these plans were dropped in 1963, prob-
ably because of other priorities. The first
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[Figure 1-40]

Drawing of the
transonic test section
of the PT as tested

in 1960; in 1962 this
test section was
modified.

[Figure 1-41]

Isometric view of the
Pilot Tunnel (PT) as
built.

1 TRANSONICTEST SECTION
42X0,55 M*

2 BALANCEBOX

3 ADJUSTABLE DIFFUSER

4 EXPANSION JOINTS

5 SAFETY SCREEN

6 ELECTRIC MOTORS 2X600 HP

measurements with the AGARD-C model
in the slotted test section were reported
in June 1962°'. As a result of these tests an-
other change in the test section geometry
was made.

Not withstanding the fact that the PT was
not a true scaled version of the HST, the
tunnel was very important for aerodynam-
ics at NLR. Prior to the use of the HST, vari-
ous measuring techniques could be devel-
oped in the PT such as force balances and
schlieren (to visualize transonic flow; see
page 43, 57). After that the PT was used ex-
tensively for two-dimensional airfoil testing
and unsteady measurements (see also page
70, 76f). But it was not till 1984 that the test
section of the PT became a true copy of a
new HST test section. This modified test
section to support the Phase 1 HST modifi-
cation of 1992 will be discussed at page 35.

When the Phase 2 modification of the HST
was finished in 1997, there was no direct use
for this facility anymore. Since the test sec-
tion had been modified, some of the origi-

7 TWO STAGE FAN 14 RECORDERS

8 AIR EXCHANGER 15 MULTI-MANOMETER

9 FILTER ELEMENTS 16 TESTROOM

10 CORNER VANES 17 WORKSHOP AND STORES
11 ANTI-TURBULENCE SCREENS 18 MOTORHOUSE

12 CONTRACTION CONE 19 CONTROL ROOM

13 SCHIREN EQUIPMENT
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nal hardware for specific tests could not be
used without adaptation. Also, due to the
bankruptcy of Fokker, interest in experi-
mental aerodynamic studies diminished.
An option to transfer the facility to Indone-
sia was shortly considered, but it was finally
decided to dismantle this tunnel. m
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A BIGGER TUNNEL

[Figure 1-42]

The pressure vessel,
a popular covered
parking area.

[Figure 1-43]

Sketch of the SST as a
blow down facility as
actually built around
1960.

THE SUPERSONIC TUNNELS

personic facility", mainly for research

purposes, was foreseen with test sec-
tion dimensions of 0.4 x 0.4 m2. The freeze
of all tunnel plans of 1949 also brought the
development of this supersonic tunnel to a
hold. Erdmann, who was very eager to con-
tinue his supersonic activities, accepted an
offer for a position at the KTU, the Techni-
cal University in Stockholm. Sweden was
very active in the supersonic flow regime
with, at that time, seven (!) supersonic fa-
cilities. They were also leading in the de-
velopment of strain gauge balances. How-
ever, soon after the decision was made
to continue the NLL wind tunnel plans
early 1953, Erdmann was approached
again by Van der Maas and asked to return
to The Netherlands to take the responsibil-
ity for the development of a supersonic
facility. He returned to NLL in September
1954 and in November the G-Section was
established which started with three engi-

I n the original plans of 1948 a small su-

neers. The establishment of the G-Section
in addition to the much larger Aerodynam-
ics (A) and Flutter (F) Sections was prob-
ably part of the deal, as was the promise
by Van der Maas that Erdmann would be-
come a part-time professor in Delft in su-
personic aerodynamics. It should be noted

[1-43]

[1-42]

here that the responsibility for the devel-
opment of the HST, the PT and the Power
Plant (the ‘Centrale’) remained formally
under the Section ‘Nieuwbouw' headed by
Boel, a situation that was only changed in
1957 when the transonic (T) Section was
established (see Appendix C).

Apparently the option was discussed to
outsource the design and construction
of the supersonic tunnel as mentioned
in the trip report® of the visit of Boel and
Dobbinga to Switzerland in 1953. But after
Erdmann returned various other options
for the SST were investigated, including a
wild idea from Zwikker, the director of NLL
at that time, to use liquefied air instead of
compressed air. In July 1954 Von Karmén
visited NLL together with a group of ad-
visors, the 'AGARD Travelling Seminar’2.
They recommended the building of an in-
termittent or blow down supersonic wind
tunnel rather than a continuous super-
sonic tunnel. In this set-up compressed air,
stored in a large pressure vessel, is released
through a precisely controlled valve to
flow through the test section of the tunnel
for a short time (say 45 seconds) only. The
change from a continuous to an intermit-
tent facility also allowed an increase of the
test section dimensions from 0.4 x 0.4 m? to
0.8 x 0.8 m2 But at that time NLL was still
in favour of a continuous supersonic facility
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[Figure 1-44]

Sketch of the
continuously
adjustable nozzle
of the SST that
combined a nozzle
block and a flexible
plate.

[Figure 1-45]

Photograph of the
extension of the
original '3x3’ cm?
supersonic tunnel
(on top; compare
with [figure 1-15])
with a scaled-down
model of the SST
nozzle and test
section of

27 x 34 mm? (on the
bottom) that was
finalised in 1956.

R IN PEENEMUNDE ERDMANN WAS
INVOLVED IN THE DESIGN OF A
‘SUPER  UBERSCHALLKANAL' FOR
MACH NUMBERS UPTILL6 OR 7.

S VAN SPIEGEL BECAME PROFES-
SOR IN MATHEMATICS AT DELFT
TECHNICAL UNIVERSITY; LATER HE
BECAME DIRECTOR-GENERAL OF
THE MINISTRY OF EDUCATION.
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in view of the availability of the compres-
sor and the easier measurement technique.
In the summer of 1955 Boel and Erdmann
made a trip to the US to visit wind tunnel
facilities of NACA and the American indus-
try. A second trip was made by Erdmann in
the autumn of 1957 as part of an AGARD
meeting. Between Boel, who was in charge
of the HST development, and Erdmann the
idea was born to increase the dimensions
of the SST in such a way that models could
be transferred between the two wind tun-
nels. This would considerably increase the
attractiveness of both facilities. Since Boel
was convinced that international contracts
were essential to exploit the wind tunnels,
such a combination would increase the
‘market value’ of both facilities consider-
ably. Due to a fundamentally different ef-
fect of the tunnel walls on the model for
subsonic and supersonic flow, test section
dimensions smaller than the 1.6 x 2 m? test

M=2 [1-44)
section of the HST would suffice for the SST.
In 1956 they were tentatively setat 1.2 x 1.5
m? and finally fixed at 1.2 x 1.2 m?in 1957.
There was an additional advantage to the
increase of the test section dimensions. To
obtain the same specified Reynolds num-
ber, the maximum pressures could be de-
creased leading to a simpler and cheaper
construction. Erdmann, always with an eye
on more fundamental research, insisted on
adding a small supersonic research facility,
the CSST or ‘Continuous Super Sonic Tun-
nel’ with a test section of 0.27 x 0.27 m?,
also to be run with pre-heated air for Mach
numbers till 6%, In spite of a very stringent
budget limitation, Van der Maas could be
convinced that a larger SST test section,
compatible with the HST, would provide
better opportunities. Erdmann writes in his
memoirs' that Van der Maas remarked at
the end of the meeting with Boel and Erd-
mann: ‘Mr Erdmann, it is not easy to make

me change my mind when | have decided
something. But you managed to do so. You
have convinced me completely. Go on, but
don't forget to make financial commitments
only with my written approval.’ Since the
total budget for the new wind tunnels was
not increased, it is likely that the additional
costs for alarger SST were covered by lower
costs for the HST due to the change of con-
tractor from Stork to Werkspoor. See Ap-
pendix B for more details.

FINAL REALISATION OF SST AND CSST

Once the concept of a blow-down facil-
ity was selected, in accordance with the
recommendations made in July 1954 by
the AGARD specialists, the design of the
tunnel could start. The basic layout of the
tunnel is shown in figure 1-43. Three ma-
jor technical obstacles had to be cleared
first>3The pressure vessel (600 m3, 40 bar
pressure) needed for a blow-down facility
could be shared with the HST to pressur-
ise the tunnel more efficiently. But during
a blow down run it was essential to keep
the temperature approximately constant.
Solutions for this problem as applied
elsewhere were hardly satisfactory and
a new scheme was developed. The 46 m
long pressure vessel [figure 1-42] was split
in compartments separated by ‘heat-re-
generators’ made up of 2 mm thick steel
plates at a distance of 2 mm. During a run
the air, with a decreasing temperature
due to the expansion, had to flow at high
speed through the regenerator where it
was heated by the available heat capacity
of the steel plates. The effectiveness of this
scheme was calculated by Van Spiegel**.
In this way the temperature could be
maintained at a close to constant level.

The second problem that had to be solved
was the control valve. This valve should be
capable of reducing the variable pressure
of the pressure vessel to a very constant
pressure in the settling chamber to keep
the Mach and Reynolds number in the test
section constant during a run. This prob-
lem was finally solved with a clever design
of a valve consisting of two elements: a
pre-programmed valve (depending on
the required pressure and Mach number)
for coarse adjustment and a smaller, sec-
ond valve that could be fine-tuned on the
basis of the measured pressures. The con-
trol was performed by an analogue system
operating in a mixed pneumatic/electric
mode. The third innovation was the deci-



Towards high speed wind tunnels

sion to delete the fixed nozzle blocks. In a
supersonic wind tunnel the Mach number
is determined by the height and the pre-
cise shape of the nozzle contour relative
to the test section height (see Appendix
E). In the Peenemiinde supersonic tunnels
as well as in the small ‘3x3’ tunnel of NLL,
the Mach number was changed by ex-
changing different nozzle blocks. Adjust-
able nozzles had been applied elsewhere
but they required many (20 to 30) mov-
able jacks that had to be positioned with
great accuracy. Erdmann came up with an
alternative system, a further development
of a system applied in a Swedish tunnel
by the tunnel designer Rosen. This design
consisted of a movable nozzle block that

was attached to a flexible plate that could
be held by a maximum of six locks [the
number depending on the required Mach
number; figure 1-44] that fixed the specific
plate contour. A few hydraulic jacks were
added for ‘fine tuning’. This concept was
first investigated on a scaled version of
the nozzle and test section (2.7 x 3.4 cm?)
which was added as a module to the al-
ready existing ‘3x3’ [figure 1-45].

Many internal notes (most of them not pre-
served) were written during the develop-
ment of the HST to discuss various technical
aspects of the HST design. But for the SST
this is hardly the case. As Van der Zwaan®*
remarked: ‘it is amazing that we made the
HST since we didn’t know much about tran-

poter st 1

[1-46]

1 [1-47]

sonic wind tunnels’. In contrast, Erdmann
was very knowledgeable in supersonic
wind tunnel design and the related meas-
uring techniques as a result of his work in
Peenemiinde (see Appendix D). He formed
asmall group of experts around him.In 1957
the contracts for the SST and the smaller
CSST were granted to the Swiss firm Datwy-
ler & Hausammann, the company that was
also responsible for the test section of the
HST. A supersonic tunnel with a test section
of 1.2 x 1.2 m? was designed for Emmen but
never built due to lack of money. Instead,
the already mentioned smaller transonic
tunnel was made. The combination of Erd-
mann and Datwyler & Hausammann must
have been a very strong one with regard to
the available expertise.

The pressure vessel, made by Plaatwellerij
Velsen and the compressors, also re-
quired for the HST, were delivered early
1958. Zandbergen was responsible for the
elaborate stress calculations. Datwyler &

[Figure 1-46]

Isometric view of the
SST and the CSST.

[Figure 1-47]

The SST and CSST
around 1964 and
ready to be used for
the customers.

[Figure 1-48]

Part of the test
section and diffusor
of the SST hoisted
before the final
assembly (around
1959).
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[Figure 1-49]

In 1963 the SST was
transferred from
Hausammann to

NLL during a small
party in the hall of
the SST. From left
to right: Hartzuiker
(test engineer), Van
Leest (in charge of
the construction),
Erdmann (hardly
visible), Isler (the
business partner
of Hausammann),

Hausammann, two

waitresses from the

restaurant ‘Suisse’,

Marx (director NLL),

Datwyler and Van der
Maas (chairman of
the Board of NLR).

[Figure 1-50]

The 'VIP table’
during the informal
party at the opening
of the SST. From

left to right: Isler

(?), Hausammann,
Datwyler, Van der
Maas, Marx and
Erdmann.

[Figure 1-51]

"..and here we will
have the sonic
wall'. Cartoon in
the newspaper 'De
Volkskrant' at the
opening of the SST.

[Figure 1-52]

Proximity plates to
protect the model
during starting and
stopping of the flow
in deployed position.

"IN 1975 DNW WAS FOUNDED BY
NLR AND ITS GERMAN SISTER
INSTITUTE DFVLR (NOW DLR) TO
JOINTLY BUILD AND OPERATE A
LARGE LOW SPEED FACILITY (NOW
NAMED LLF) IN THE NOORDOOST-
POLDER.

[1-50]

Hausammann were responsible for the de-
tailed design and the construction of the
supersonic tunnels. The SST and CSST parts
were built in Switzerland and transported
to the NLL site at Amsterdam. The on-site
construction at NLL [figure 1-48] was su-
pervised by Van Leest and Van Straten. The
first tests in the CSST were already made in
1959, but required some changes in the con-
struction. The first on-site construction of
the SST started in 1960. In 1961 the ultimate
strength tests for the pressure vessel and
the high pressure parts of the SST and CSST
were made by filling the construction with
water. In the same year the CSST was finally
accepted and calibrated. An isometric view
of the SST and the CSST is shown in figure
1-46. A photograph of the SST and the CSST
is shown in figure 1-47. Due to the high stag-

nation pressure very high Reynolds num-
bers [see figure 1-63] could be achieved, a
feature that made this tunnel rather unique
in Europe. The maximum Mach number of
the SST was 4. Higher Mach numbers can
only be achieved when the air is heated.
This was possible in the CSST with overheat-
ed steam at 200 °C from the power plant. In
combination with an ‘injector’ a Mach num-
ber of 6 could be achieved. In 1962 the CSST
was extended with a transonic test section.

In early 1963 the SST was handed over to NLR
during a small and informal party offered by
Datwyler, Hausammann and Isler (the latter
was the business partner of Hausammann).
From NLL Van der Maas (the chairman of the
Board of NLL), Marx (director) and Erdmann
were present, together with some of the
engineers. Marx gave a speech [figure 1-49]
and toasted to the success of the tunnel.
During the open table only the VIPs could
enjoy their meal seated [figure 1-50]. In the
Dutch newspaper ‘De Volkskrant’ a cartoon
marked the opening of the SST [figure 1-51].
This modest ceremony contrasted with the
official opening of the HST three years be-
fore in the presence of representatives of
the Dutch Government, AICMA and future
customers.

Nevertheless, more time was needed before
the SST could be used routinely for wind
tunnel tests. There were problems with the
fixation of the nozzle contour and the con-
trol valve had to be improved. An important
addition was the installation of the so-called
‘proximity plates’ [figure 1-52]. These plates,
which move out of the top and bottom
walls during starting and stopping of the
tunnel, form a box to shield the model from
high loads as typically encountered during
starting and stopping of a supersonic wind
tunnel. A similar system was used by Boe-
ing in their supersonic wind tunnel. During
each tunnel run the high pressure air was
exhausted into the atmosphere. Plates were
mounted to deflect the airstream in vertical
direction at the end of the supersonic diffu-
sor. They couldn’t stand the high loads and
were blown to pieces. The noise during a
SST run was excessive, but fortunately last-
ed less than a minute. Only some years later,
when the SST could exhaust into the build-
ing that enclosed the HST, the noise levels
could be reduced to acceptable levels.

The flow quality was another point of con-
cern. As was the case for the nozzle of the
HST, the uniformity of the flow in the test
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section depends directly on the shape of
the nozzle. But the theoretical, calculated
shape is not necessarily the optimum due to
boundary layer effects on the tunnel walls
and deformation of the tunnel contour un-
der load. Erdmann realised a very elegant
solution to this problem in 1967. He applied
the so-called ‘method of characteristics’ (a
mathematical technique to calculate super-
sonic flow) to derive the optimum shape
of the flexible nozzle contour from actual
pressure measurements with a calibration
rake in the test section. In supersonic flow
disturbances propagate along straight lines
(the characteristics with a Mach number de-
pendent angle). Therefore any deviation in
the static pressure or flow direction in the
test section could be traced back to a spe-
cific jack location of the flexible contour. In
this iterative process the setting of a specific
Mach number could be quickly realised. In
1973 the jacks to position the flexible plate
in the throat were replaced by a much stiffer
system (‘auto-locks’) to further improve the
quality of the Mach number setting.

This more or less finalised the development
of the SST and CSST. After that most of the
effort concentrated on the measurement
process as will be discussed in more de-
tail in the next chapter (page 38). After the
HST and SST were transferred to the DNWT
organisation in 1997, it was decided to dis-
continue testing in the CSST for budgetary
reasons. m
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FROM
HYPERSONICS
T0 PROPULSION
AERODYNAMICS

[Figure 1-53]

The shock tube in
the Noordoostpolder
in the early sixties.

DEVELOPMENTS AFTER 1960

ith pre-heated air the CSST could
achieve Mach numbers as high as
6, a Mach number at the lower side
of the hypersonic flow regime. Hypersonic
ows are typically achieved during re-entry
conditions of spacecraft. This flow regime
is characterized by high stagnation tem-
peratures. At these high temperatures the
air and more specific its basic constituents
such as oxygen, hydrogen and nitrogen,
‘fall apart’ and get ionized (lose their elec-
trons). Should NLR be involved in hyper-
sonic flows at still higher Mach numbers?

In the NLL settlement in the Noordoost-
polder (since 1957 located in an area of
reclaimed land in the north-eastern part of
the central lake of Holland), the Combus-
tion Section (‘C-sectie’) studied the ramjet
flow for the Dutch Kolibrie helicopter as
well as rocket propulsion. This section was
later involved in the development of the
H,O, system for engine flow simulation in
the wind tunnel (see page 84). Some flow
phenomena at high temperatures during
combustion have a similarity with hyper-
sonic flow. Dynamic effects under these
conditions have very small time scales, re-
lated to vibration and relaxation phenome-
na on a molecular and atomic scale. Special
equipment was required to measure these
dynamic effects. In the early sixties a shock
tube was built in the Noordoostpolder
to study these phenomena [figure 1-53].
A shock tube is basically a long pipe with
two compartments, separated by a mem-
brane. Air (or other gases) at a very high
pressure (hundreds of bars) is introduced
into one compartment. After breaking the
membrane, a shock wave propagates into
the other compartment. Behind this mov-
ing shock a steady flow is realised with a
very high Mach number, though for a very
short time only. In 1964 a study was made
of a shock tunnel. In such a tunnel a noz-
zle and a test section are added at the end
of the shock tube. For a very short time the
high pressure and temperature conditions
at the end of the tube just after the reflec-

tion of the incoming shock wave provide
the proper ‘reservoir’ conditions to drive
a hypersonic flow. These studies evolved
into the concept of a ‘gun tunnel’ where
a movable piston is used instead of the
shock wave to compress the gas ahead of
the nozzle. This movable piston is acceler-
ated by nitrogen gas of 800 bar maximum.
The gas ahead of the piston is heated to a
temperature of 2700 °C and compressed to
a pressure of 1,000 bar, sufficient to realize
Mach numbers in the range between 6 and
12 in the test section. In 1970 it was decided
to launch a study on the construction of a
hypersonic facility based on the gun tun-
nel concept. This study was conducted
by Jaarsma, head of the Department of
Hypersonics and Combustion (AH) which
became the successor of the C-Section fol-
lowing the reorganisation of the aerody-
namic division in 1968 (Appendix C, figure
C-1). However, in 1972 all activities for the
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gun tunnel were halted. One reason for this
was the lack of confidence of the intended
contractor in the availability of material
that could stand the extreme conditions.
But the most important reason was a shift
in priorities within NLR. A new large low
speed facility had to be built and very soon
negotiations started with NLR's German
counterpart DFVLR (‘Deutsche Forschungs-
und Versuchsanstalt fiir Luft- und Raum-
fahrt') leading to a positive decision in
1975 to build the DNW (the ‘German-Dutch
Wind Tunnel’) jointly.

In 1974 ‘hypersonics’ was dropped from
the name of the department and AH be-
came AV, the Department of Propulsion
(‘Voortstuwing'). The already existing fa-
cilities were expanded to include tests on
engine noise, such as the ‘Small Acoustic
Wind Tunnel’ (‘Kleine Acoustische Tunnel’ or
KAT), an open jet facility within an acoustic
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[Figure 1-54]

The modified HST
test section (upper
part) compared with
the original test
section (lower part).
The length of the
test section has been
increased by 1.15 m
whereas the height
can be adjusted to
1.8 m when required.
A choice could be
made out of three
new model supports
[figure 1-57].

[Figure 1-55]

The Pilot ETW
was located in
Amsterdam near
the Power Plant at
the location where
in 1948 the (small)
Supersonic Tunnel
was planned.

[Figure 1-56]

Model of the
‘Transonic Insert’
tested in the CSST
around 1978. The
idea was to place
a similar (though
larger) insert in the
SST to generate

a high Reynolds
number flow to test
two-dimensional
airfoils.

room. The specialists of this department
supported the engine simulation testin the
other NLR wind tunnels. In close co-opera-
tion with VFW (Vereinigte Flugzeug Werke,
later to become Airbus Deutschland) they
introduced the TPS technique for engine
simulation (‘Turbine Powered Simulators’),
first in the DNW and later in the HST (see
page 84). With this technique a small fan
driven by high pressure air is used to simu-
late the engine flow. In 1981 a calibration
tank was built in the Noordoostpolder to
calibrate the TPS engines.

INCREASED REYNOLDS NUMBER
CAPABILITIES

Around 1970 the ‘Reynolds number issue’
became increasingly important. Till the six-
ties it was considered sufficient to test at
(chord) Reynolds numbers above roughly
2 to 3 million, to have a flow development
similar to what could be expected in flight.
Transonic flow, where shock-wave bound-
ary layer interaction is of critical impor-
tance, changed the traditional picture®.
This was also triggered by experiences in
the US, where the design by Lockheed of a
very large transport aircraft (the C-141) had
to be modified substantially after the first
flight, a problem believed to be caused by
Reynolds number effects®.

Fokker as well felt an urgent need to obtain
data at higher Reynolds numbers (see page
79). It was important to see if the Reynolds
number capability of the NLR tunnels
could be improved. In principle this could
be done by adapting the fan. Studies made
in 1976 indicated that a 20 % increase in
Reynolds number was indeed possible by
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taking out the second stage (second row of
blades) and taking away half of the blades
of the third and fourth stage. This however
could only be done at the expense of the
highest Mach number that could be tested:
a reduction from 1.3 to 1.25 (see also Ap-
pendix A). This modification was pursued
in 1978, leading to the expected change in
performance.

Atthe same time studies began to use a spe-
cial insert in the SST to increase the Reyn-
olds number for two-dimensional transonic
tests. The idea, proposed by Hartzuiker
(head of the Department of Compressible
Aerodynamics AC), was to make use of the
high stagnation pressures in the SST. The
insert was to be mounted in the supersonic
flow in the test section of the SST. Tran-
sonic flow with a high static pressure could
then be generated by a system of oblique
shocks, generated by properly shaped and
positioned inlet lips at the front of the in-
sert. A model of the insert* was tested in
1978 in the CSST [figure 1-56], but this de-
velopment was stopped a couple of years
later after design studies made by DSMA, a
Canadian Engineering Firm which also be-
came involved in the design of the DNW. It
was decided to give priority to a new low
speed tunnel in the Noordoostpolder to re-
place the existing LST’s in Amsterdam that
had been operated since 1940. This new
LST was opened in 1984.

High Reynolds number testing also became
a matter of international co-operation. As
early as 1970 an AGARD working group on
‘High Reynolds Number Tunnels’ (HiRT) was
established, followed in 1972 by a second
AGARD working group (LaWs from ‘Large
Wind Tunnels’). As part of this study each of
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the countries France, England and Germany
promoted a specific concept for a ‘Large
European High Reynolds number Tunnel’
(LEHRT). High Reynolds numbers can be
achieved by testing very large models or by
testing at high pressure levels. Large wind
tunnel models require a very large wind
tunnel, a very costly affair at transonic flow
conditions. Testing at high pressures was
believed to be a good alternative. The vari-
ous concepts differed in the way these high
pressures were generated in an energy
efficient way to limit the operational cost
for such a facility. However, the Reynolds
number can also be increased by reducing
the temperature of the flow. This can be
achieved by spraying liquid nitrogen into
the tunnel circuit. This is not easy. Special
materials have to be used at these low tem-
peratures and the differences with the am-
bient temperature cause thermal stresses
and instrumentation problems. The idea
of cryogenic testing originated in the US,
where a pilot facility was successfully test-
ed at NASA Langley. It was concluded that
the practical problems could be solved. In
the US the decision was taken to build the
National Transonic Facility or NTF at NASA
Langley. In 1977 agreement was reached
in Europe on governmental level between
France, Germany, the United Kingdom and
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The Netherlands to build such a cryogenic
facility, the ‘European Transonic Wind Tun-
nel’ (ETW). A special Technical Group was
tasked with preparing the construction of
such a facility. This group, with members
from the contributing countries, was head-
ed by Hartzuiker. In 1978 the group started
its activities in Amsterdam. A small pilot
facility, the PETW, was built to test various
critical aspects such as cooling by spraying
liquid nitrogen and its effect on flow qual-
ity, tunnel control and instrumentation.
This tunnel was actually built in an existing
building on the northern side of the HST
Power Plant. This building was originally
designed to house the small supersonic
tunnel that had been planned in 1948. The
foundations for this tunnel were prepared
in 1948 but the tunnel was never built (see
page 29). When it was decided to build the
ETW in Germany near Cologne, the ETW
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Working Group was transferred to Porz-
Wahn. In 1990 the first stone was laid for the
ETW and this tunnel was opened on June 8,
1993. After a slow start due to the fact that
industry had to build confidence in this
technically very advanced facility, this tun-
nelis now running successfully and contrib-
utes significantly to the competitiveness of
the European aircraft industry.

HST UPGRADE IN THE NINETIES

In 1980 the HST had been in operation for
over twenty years. The instrumentation
had been modernized continuously (see
next chapter, page 38f) but most of the
mechanical systems dated from the time
of construction of the HST and showed
signs of wear and tear, e.g. the fan blades
and the model support booms. The tunnel
control system was a system with mechani-

cal relays, essentially the same as in 1960.
The steam boilers were still older and their
second life was limited as well. The require-
ments of the industry had become more
and more demanding over the years. There
was an increased interest in high angle of
attack aerodynamics for military aircraft.
Simulation capabilities, accuracy and pro-
ductivity became critical aspects in the
competition among European wind tun-
nels. It was about time to think of a major
upgrade of the HST.

The first plans for such an upgrade originate
from 1983. A study was made by Hartzuiker
of the possibilities for new model support
systems with improved angle of attack and
yaw capabilities, following demands from
customers. These studies showed that a
longer (from 2.5 to 3.65 m) and higher (from
1.6 to 2.0 m; later limited to 1.8 m) test sec-
tion was essential for these improvements
[figure 1-54]. Three new support booms
were defined: the ‘slender support boom’
for accurate drag measurements for trans-
port type aircraft (limited angle of attack
range, very low aerodynamic interference),
the ‘double-roll boom’ for all kinds of tests
(coupling good angle of attack and yaw
capabilities to a low aerodynamic interfer-
ence) and the ‘articulated boom’ for high
angle of attack (large angle of attack and
yaw capabilities) [see figure 1-571.

Replacing the slotted tunnel walls (still
based on the ‘classified’ concept of the fif-
ties: see page 18) by (exchangeable) flex-
ible walls was also considered. Flexible
walls were studied in Europe both theo-
retically and experimentally in the eighties

[Figure 1-571]

The three new
support booms for
the modified HST and
the corresponding
angle of attack and
yaw angle range.

[Figure 1-58]

The Pilot-HST in
1986, a modification
of the Pilot Tunnel
(PT) to study the
aerodynamic effects
of the proposed
modifications for the
HST test section and
model supports (test
section closed).

[Figure 1-59]

The Pilot-HST in
1986, a modification
of the Pilot Tunnel
to study the
aerodynamic effects
of the proposed
modifications for the
HST test section and
model supports (test
section open).
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[Figure 1-60]

Mounting new
screens in the
settling chamber
during the
modification of the
HST in 1996.

[Figure 1-61]

Overview of the new
HST tunnel drive
after the 1996/1997
up-grade.

(partly within the framework of GARTEUR)
as a very convincing method to eliminate
substantially wall interference, still a dif-
ficult problem in transonic aerodynamics
with consequences for accuracy (see page
82). In this concept the upper and lower
walls are shaped roughly according to the
shape of the streamlines around the air-
craft in flight. The trick was that the opti-
mum contour of the walls could be derived
from measured tunnel wall pressures by
(real time) calculations, without any addi-
tional information of the model. For that
reason the term ‘self adjusting walls’ was
also used. At NLR Smith was actively in-
volved in the development of this concept.
In 1986 and 1987 preliminary studies for
the test section modifications were made
by DSMA, a Canadian Engineering firm that
had also been involved in the DNW design.
The companies Comprimo and Holec stud-
ied the energy supply and recommended
to buy two gas turbines of 15 MW each. The
original modernization plans are described
in a proposal®’” written in 1987. Total costs
were estimated at that time at 44 million
Dutch guilders, roughly half of them for the
new power supply.

It was decided to test the new tunnel con-
figuration in the Pilot Tunnel. The modified
PT was now named Pilot HST or PHST and
the test section finally became a real pilot
for the 'HST-to-be-modified’ [see figure
1-58 and 1-59]. The first tests started in
1986. The engineering contract for the HST
modification was granted to DSMA.

Based on these studies the plans for the
HST modification evolved. An increase in
test section length of 1.15 m could easily
be accommodated within the existing HST
main structure, but for practical reasons the
increase in test section height was limited
to 1.8 m instead of the originally planned
increase from 1.6 to 2 m. The flexible wall
concept was finally not implemented be-
cause of its mechanical complexity and
a possible negative effect on productiv-
ity and reproducibility of test results. The
fact that slotted walls were still required at
supersonic conditions to eliminate shock
reflections from the walls has certainly con-
tributed to this decision.

A new element in the HST modernisation
was a completely new set-up of the tunnel
control systems and all sub-systems, de-
veloped in close co-operation with DSMA.
The basic philosophy was the adaptation
of a fully automatic operation with ‘grace-
ful degradation’ to lower control levels if
wanted or needed. An increase in produc-
tivity of about 30 % was expected.

In 1990 it was decided for budgetary rea-
sons to split the HST modification in two
phases. Phase 1 comprised the modifica-
tion of the test section, the new model
support booms and the new tunnel control
system. Genius Holding became responsi-
ble for the actual construction work. The
on-site construction activities started in
May 1992 and lasted till the end of the year.

[1-60]

In the same period the tunnel control room
was completely dismantled, the control
desk carried off and all cables renewed. The
first calibration and validation tests for the
modified HST were made at the beginning
of 1993. They showed the expected per-
formance®® and soon thereafter the tunnel
was used again for tests as part of the Fok-
ker 70 program (see page 81).

Hartzuiker was project leader for the phase
1 HST modification. After his retirement in
1993 Jaarsma took over. Jaarsma had been
leading the team that designed the ‘Gun-
tunnel’ (see page 33) and soon after that
he became the project leader of the DNW.

[1-62]



Towards high speed wind tunnels

[1-62]

He subsequently became responsible for
the design of the ILST, the Indonesian Low
Speed Wind Tunnel of LAGG in Serpong
near Jakarta. The Phase 2 modification was
his last job at NLR before retirement.

The mostimportant element of the Phase 2
upgrade was the replacement of the Power
Plant. This issue came earlier than initially
foreseen. In 1993 the Dutch authorities an-
nounced that by the year 1998 the smoke
emissions of power plants had to meet
very narrow limits. Reduction of the NOX
emission for the existing Power Plant ap-
peared to be a very hard problem and suc-
cess could not be guaranteed. In the past a
hook-up to the local power grid had been
considered but was not attractive due to
the high costs for a cable to connect to the
closest power plant. But in recent years
this situation was changed as a nearby
sub-station had sufficient power to serve
NLR. Negotiations with the power supplier
resulted in attractive power tariffs. An ad-
ditional advantage was that the starting-
up and stopping times in comparison with
the steam-driven power plant could be re-
duced significantly.

The original HST was designed for 25,000 hp
(19 MW) but initially only 20,000 hp (15 MW)
was installed, divided over four engines of
5,000 hp each [see figure 1-27]. A connec-
tion with the public grid now opened new
possibilities. A replacement of the existing
electric drive motors was required anyhow
because of frequency differences and de-
graded quality of insulation of the engine
wiring. And when a new drive was needed
it made sense to use the full 19 MW power

capabilities. Of course higher power meant
higher loads as well and this necessitated a
close inspection to find out if and where re-
inforcements had to be made.

The switch to the public grid and the instal-
lation of a new drive system would require
a six month shut-down of the HST. This pe-
riod could be used favourably to upgrade
other parts of the tunnel as well. First of all
the fan was tackled. The fan blades were
mechanically in a poor state. Cracks devel-
oped in the blades* (steel sheets welded
to a frame connected to a steel spar) and
had to be inspected and treated at regu-
lar intervals. So it made sense to see if the
complete drive-chain could be replaced by
a more modern fan design. The German
company Turbo Lufttechnik GmbH (or TLT,
the successor of the original supplier Din-
glerwerk A.G.) executed this study and con-
cluded that the best solution was a three-
stage fan that could be operated at max
power of 19 MW at variable speed between
470 and 650 rpm. The stator vanes and the
drive shaft also had to be renewed. With
the additional power this upgrade resulted
ina 50 % increase in Reynolds number. This
brought the HST performance close to the
original plan of 1948! (See Appendix A). In
consultation with TLT it was agreed that
NLR would produce the fan blades* from
carbon-fibre-epoxy composites under su-
pervision of TLT. NLR was experienced in
the design and manufacturing of carbon-
fibre parts (e.g. as applied for model pro-
pellers and large helicopter rotors for mod-
els tested in the DNW). Two blades per day
were produced for a price less than half of
the nearest price proposal.

Important changes were also made in the
settling chamber. The original cooler was
kept but cleaned. A flow rectifier (honey
comb panels) was placed just behind the
cooler and the five existing anti-turbulence
screens were replaced by three new ones
[see figure 1-60]. A unique feature of the
up-grade is the installation of a smoke
injection system in the settling chamber.
Some new laser based techniques for flow
field measurements such as ‘Particle Image
Velocimetry’ (see page 59) require the ad-
dition of smoke particles in the flow. With
the new system smoke can be ‘delivered’
to any part in the test section within a cer-
tain area. Other improvements relate to the
auxiliary pressure system, safety screens
for fan protection, temperature control and
Mach number control.

The Phase 2 upgrade started in September
1996 and lasted until April 1997. An over-
view of the new tunnel drive system as fi-
nally installed is shown in figure 1-61 with
the new synchronous electric engine from
ABB (‘ASEA Brown Boveri’) put in place
[figure 1-62]. With the completion of the
second phase upgrade the HST can again
be considered as one of the most modern
high speed tunnels in the world**.

After the successful joint operation of the
large low speed wind tunnel DNW since
1980, DLR and NLR decided in 1994 on a
joint operation of all low speed wind tun-
nels. In 1997 the high speed facilities were
included in this joint operation. From then
on the name DNW referred to the extended
DNW organisation, whereas the original
DNW low speed wind tunnel was renamed
‘Large Low Speed Facility’ or LLF. The trans-
fer of the HST and SST to the DNW organisa-
tion will be discussed in more detail in the
Epilogue (page 89). On June 8, 1993 the most
advanced transonic wind tunnel in Europe
was opened in Portz-Wahn. Both Germany
and The Netherlands (through NLR and DLR)
remained shareholder in the European Tran-
sonic facility ETW, together with France and
the United Kingdom. The HST performance
is well placed in the centre of the capabili-
ties of some of these major European wind
tunnels: the low speed wind tunnel LLF (still
named DNW in this figure), the supersonic
tunnel SST and the high Reynolds number
transonic wind tunnel ETW [figure 1-63]. m

[Figure 1-62]

The new drive for
the HST fan hoisted
into its new position
(beginning of 1997)

[Figure 1-63]

The performance

of the HST after the
1996/1997 up-grade
in relation with the
DNW, the SST and the
European Transonic
Windtunnel ETW.
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CONVENTIONAL
WIND TUNNEL
TEST TECHNIQUES

[Figure 2-1]

A model of the
Fokker FIl in the test
section of the Eiffel
tunnel. The model is
supported by a sting
which is attached

to the Eiffel balance
(around 1920).

[Figure 2-2]

The ‘Eiffel balance’
used in the early
days of the Eiffel

tunnel, the first
wind tunnel of the
RSL. The model was
attached with the
sting s to a platform
that could pivot

around the point A

or B (to be adjusted
by hand). The
force on the model
could be balanced
by the weight W
on a conventional
balance.

Viore ant

nore accurate

measuring

A NEW FACILITY, NEW TEST TECHNIQUES

n a wind tunnel the flow around an

aircraft is simulated with a sub-scale

model to predict what the real aircraft
will experience. What is to be learned?
Knowledge of the aerodynamic forces and
moments that act on the aircraft are of
prime interest. By shaping the aircraft, no-
tably the wing and tail surfaces, aerody-
namic forces can be generated. Of these
the so-called ‘symmetrical components’,
the lift, drag and pitching moment, gov-
ern the aircraft motion around the lateral
axis in a vertical plane. During stationary
horizontal flight the lift acts in a direction
perpendicular to the incoming air stream
(or flight path) and counterweights the
weight of the aircraft. The drag force is
pointing backwards, opposite to the di-
rection of flight and is balanced by the
propulsive force of the engine. To pre-
vent the aircraft from rotating, the pitch-
ing moment around the centre of gravity
should be zero. This basic equilibrium has
to be maintained at all flight conditions
(speed, weight of the aircraft, position of
the centre of gravity...). To govern the mo-
tion around the longitudinal and vertical
axes, such as required for a turn, the three

other (a-symmetrical) components, the
side force, rolling moment and yawing
moment, have to be controlled precisely.

The aerodynamic forces are predominantly
the result of pressure differences in the flow
around the aircraft. Generally speaking,
when the local flow velocity is higher than
the flying speed, the local static pressure
will be lower than the ambient atmospheric

[2-2]
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pressure. A strong curvature of the surface
(e.g. at the wing nose) generates a high lo-
cal velocity and hence a lower pressure. All
aerodynamic forces are proportional to the
square of the flight velocity. The brothers
Wilbur and Orville Wright used their wind
tunnel [figure 1-1] to optimize the shape of
the wing of the ‘Wright Flyer’. Since their
wind tunnel was operated at rather low
speeds, the forces they measured were
low as well. To measure these small forces
the test article (most often a section of the
wing) was measured relative to a flat plate
positioned in the same wind stream: all their
tests were relative. Absolute measurements
are required to predict from wind tunnel
tests the aerodynamic forces on the full
scale aircraft. The first wind tunnel of the
RSL, the Eiffel wind tunnel [figure 1-2], was
equipped with a balance outside the test
section (an external balance) to measure
the forces on the model* [figure 2-1 and
2-2]. It was a complicated set-up where four
measurements (model upright or inverted
with the balance platform rotating around
one of the two pivot points [see figure 2-2])
were required for one data point. Some
years later the model was suspended on
wires which transmitted the forces to three
conventional (‘bascule type’) balances* [fig-
ure 2-3 and 2-4] placed on top of the wind

[2-3]

tunnel. Two separate tests

were required to measure either
the symmetric or the non-symmetric com-
ponents. Taking all balance readings was a
time consuming task and a semi-automatic
external balance system* was specifically
designed for the new low speed tunnel (tun-
nel no. 3) which was built just prior to World
War Il. NLL wrote the requirements, but the
design was done by the Dutch Engineering
firm Vereenigde Ingenieurs en Handelsbu-
reaux A.G.O in Amsterdam. The six compo-
nents were measured simultaneously. One
or more observers were needed to write on
paper sheets the actual readings, indicated
by two pointers on a clock [figure 2-5].

Another important
type of measure-
ments is the meas-

urement of pressure.
The conventional way to meas-

ure pressures is with a manom-
eter, in its most simple form a glass tube
filled with a fluid such as water, alcohol or
mercury. The height of the fluid column is
proportional to the pressure difference. To
increase the sensitivity the tubes could be
inclined* [see figure 2-9]. Multi-manom-
eters, a row of glass tubes, were used to
measure many pressures, e.g. to measure
the pressure distribution on an airfoil. For
flight tests a so-called ‘automatic observer’
was developed. It consisted of a panel with
many dial gauge instruments that were
photographed by a movie camera. These

pictures were read out after the flight. In a
similar way the pressure tubes of a multi-
manometer were photographed to speed
up the measuring process.

A very important measurement is the de-
termination of the tunnel reference speed,
the speed used as a reference to non-
dimensionalize all pressure and balance

[Figure 2-3]

One of the
conventional
balances used in the
Eiffel tunnel and in
the small low speed
tunnel (tunnel no. 4)
of NLL.

[Figure 2-4]

A model tested in
the small low speed
tunnel (tunnel no. 4)
of NLL. The model
is suspended on
wires attached

to an external
‘overhead’ balance.
Each component

is measured by

a conventional
balance. Picture
taken during or just
after World War II.

[Figure 2-5]

Arrangement of the
six external self-
adjusting balances
above the big low
speed wind tunnel
(no. 3). The dials
had to be read by an
observer.
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[Figure 2-6]

Till the fifties all
scientific calculations
and the calculations
needed for the
processing of

wind tunnel data
were done by

hand at the 'Data
Reduction Service’
('Uitwerkdienst). This
picture has been
taken around 1946.

[Figure 2-7]

Looking at a model
in the Eiffel tunnel;
picture taken around
1930.

[Figure 2-8]

A Betz precision
manometer. This
manometer was
used in the big LST
(tunnel no. 3) to
measure the tunnel
reference pressure.
The pressure could
be read on a floating
scale that moved up
or down with the
fluid level inside the
manometer.

readings. This speed is determined from
the difference in pressure between the to-
tal or pitot pressure (the pressure felt by a
tube with one open end, positioned in the
direction of the flow) and the static pres-
sure (the pressure felt by a hole flush in the
tunnel wall or on the side of a tube). Be-
cause of its importance, a special more ac-
curate instrument* was used to determine
its value [figure 2-8]. The tunnel operator
would keep an eye on this manometer to
adjust the tunnel speed to the required
value.

For a better understanding of the test it
was also important to visualize the flow.
This was done by gluing small threads of
wool (‘tufts’) to the surface, to ‘paint’ the
model surface with coloured oil or by blow-
ing smoke into the airstream. The patterns
formed on the model surface could be ob-
served from outside the tunnel [figure 2-7].

THE NEED FOR NEW TEST TECHNIQUES

It was clear from the beginning that the
new high speed wind tunnels required new
test techniques. Since the tunnel speeds
were much higher than those of the LST,
the loads on the model and hence on the
balances were much bigger than those
experienced so far. Could these loads be
measured with an adaptation of the ‘con-
ventional’ external balance system or was
a completely new design required? The
pressures were appreciably higher and
if conventional pressure tubes had to be
used they should be filled with mercury in-
stead of water or alcohol. Or were suitable
alternatives available? These issues will be
discussed in the next two sections.

[2-8]

The costs to run the new facilities present-
ed another important difference with the
existing tunnels. The tunnels were more
complex and this required more person-
nel. For the low speed tunnels the energy
bill could almost be neglected but this
was no longer so for the new high speed
tunnels. This necessitated a much more
efficient measuring process. Instruments
were required that could provide elec-
tronic data, data that could subsequently
be sampled and digitized for automated
processing. In the fifties, when the HST
and SST were designed, these new devel-
opments were only emerging. Through
contacts within AGARD NLL could learn
about these new developments such as
strain gauge balances and electronic pres-
sure transducers.

[Figure 2-9]

An ‘inclined tube’
('hellend been’)
manometer for
measuring pressures.
By tilting the tube the
height of the water
column can be read
more accurately.
These instruments
have been used till
the early seventies.

[2-71

The recorded data had subsequently be
presented in a form suitable for further
analysis, most often as coefficients (see
Appendix E) and this required additional
calculations. Till the early fifties all calcula-
tions were made by a group of ladies with
hand calculation machines* in the ‘Data
Reduction Service' (‘Uitwerkdienst' [figure
2-6]). Numerical calculations were also
required in theoretical aerodynamics to
calculate the flow around the wing or to
determine flutter boundaries. These nu-
merical calculations became increasingly
important and developed rapidly into a
discipline that would later become known
as ‘Computational Fluid Dynamics’ or CFD.
It was clear that electronic calculation
meant a significant step ahead. In 1956 the
first computer was ordered (see page 51) to
be used primarily for the new tunnels and
for numerical aerodynamics although this
machine was not delivered until 1958.
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BETTING ON
EXTERNAL
BALANCES

[Figure 2-10]

An early drawing of
the test section of
the HST indicating
schematically the
external balance
(around 1954).

[Figure 2-11]

Principle of the
coefficient balance.
The balance arm
balances the
(aerodynamic) load R
against a force P that
is proportional to the
dynamic pressure
sensed by a pressure
bellows. The point
of application of

P can be adjusted
(automatically) and
its distance to the
point of rotation

is proportional to

the aerodynamic

FORCE MEASUREMENTS: A QUESTION OF
CONSIDERABLE WEIGHT

ithin NLR experience with force

measurements was largely based

on the six-component external
balance developed for the big low speed
tunnel LST (tunnel no. 3). The model was
suspended on wires upside-down and at-
tached to a frame that was weighted by
six semi-automatic balances [figure 2-5].
For each balance component an electric
motor moved a weight automatically to
an equilibrium position. That position was
displayed on a dial gauge and read by an
observer. Dead weights were used to com-
pensate the weight of the model and to
shift the range of the balance. The design
was such that the six aerodynamic compo-
nents could easily be derived from the bal-
ance readings.

It was clear from the beginning that sus-
pension on wires was not an option for
the high speed tunnels due to the much
higher loads as a result of the higher dy-
namic pressures in combination with
the increased static pressure. Instead the
model had to be mounted on a sting at-
tached to a segment that could be rotated
to adjust the angle of attack. The first idea
was to attach this segment to an external
balance to allow the measurements of all
components. In such a set-up the forces on
sting and segment were also measured by
the balance. Hence covers had to be used
to shield the supporting elements from the
wind as far as possible [figure 2-10]. Correc-
tions were needed for the remaining inter-
ferences (the ‘tare’ forces). A report of 1947
by Stam® mentions that in the US ‘indirect

coefficient.  force measuring instruments’ are used. This
Bt NS AAE BN
/ Q o
[ A AN
¥ Ay s
= ”
(£RS7
2 .
(PRUKDIIS KRACHT)

[2-11)

FIXED WD SAUELDS

WEIGHING PRRTS WITH LDSMIELDS
RESOVED T

ROV WD SIIE! DS
LDRRIN our OF POSI TN

/ ok

is probably a reference to internal strain
gauge balances, as will be discussed more
extensively later. Stam concluded, how-
ever, that they were not reliable and that
direct force measurements were to be pre-
ferred. Erdmann’® was also in favour of an
external balance for the 0.4 x 0.4 m?super-
sonic tunnel. This is not unexpected since
the supersonic wind tunnels in Peene-
miinde also used external balances.

As could be expected the design of an ex-
ternal balance for the loads anticipated
in the HST was far from trivial. Interest-
ingly enough, a copy was obtained from
the Stork Company of a German report®
on the design of an external balance for a
large transonic tunnel (of a size similar to
the HST) that was planned to be built in Ot-
tobrun near Minich at the end of the War.
The set-up looks very complex: weights
were moved by hydraulic cylinders to reach
a balanced condition. One of the main
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problems in the design of such a balance is
that it should be accurate for a wide range
of load conditions. In 1948 Dobbinga pro-
posed an ingenious balance design named
‘the coefficient balance’. In this design the
aerodynamic load was balanced by a force
proportional to the dynamic pressure in the
tunnel. This was achieved with a pressure
bellows connected to the dynamic pressure
(the pressure in the settling chamber minus
the static pressure in the wind tunnel [see
figure 2-11]). In a report on the instrumen-
tation for the HST® that dates from 1949, it
was recommended to use this ‘coefficient
balance’ for the new tunnels. According to
the 1951 Annual Report one component of
such a balance was actually manufactured
[figure 2-12] but there is no information if
this was successful. All we know is that in
1949, at the time that the plans for the high
speed tunnels came to a sudden stop, an
external balance was foreseen.
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[Figure 2-12]

A drawing of the
set-up for one of the
components of the
‘coefficient balance”.
It is possible that this
set-up was actually
made and tested in
1951 as mentioned
in the 1951 Annual
Report. A complete
six component
system was never
built and would
have been fairly
complicated.

[Figure 2-13]

Sketch of a five
component balance
developed by the
‘Massachusetts
Institute of
Technology’ (MIT)
in a trip report of an
AGARD conference
in the US in 1953.
With this balance the
drag could not be
measured.

[Figure 2-14]

Sketch of a six
component balance
developed by NACA
in a trip report of an

AGARD conference in
the US in 1953. With
this balance the drag
could be measured.
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FIRST EXPERIENCES WITH STRAIN
GAUGE BALANGES

A possible alternative was emerging at that
time, the ‘strain gauge balance’. The meas-
urement of stresses with strain gauges was
a well known technique. A very thin wire
is glued onto the surface of the element
where the stresses have to be measured.
When this surface elongates or compress-
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es due to the applied load, the resistance
of the wire changes, an effect that can be
measured electronically. The technique
had often been applied to measure local
tension in structures (and was later used
to measure the stresses in the pressure
shell of the HST during commissioning;
page 50). In 1948 strain gauges were used
for the first time at NLL in the big LST (tun-
nel no. 3) to measure the loads on rudders
and ailerons®. The concept of the internal
strain gauge balance is also based on this
technique. A ‘flexible’ rod (the balance) is
mounted between the supporting sting
and the wind tunnel model. The rod de-
forms under load felt by the wind tunnel
model and this deformation is measured
with strain gauges. The trick is that the ‘rod’
is shaped such that each of the attached
strain gauges is sensitive to a load in a par-
ticular direction. After calibration and some
data processing the six components can
thus be derived from the six strain gauge
readings. This technique was still being de-
veloped around 1950 in Europe (in Sweden)
and in the US (by NACA and some other in-
stitutions, e.g. the Massachusetts Institute
of Technology or MIT). In 1952, two NLL em-
ployees made a visit to Sweden® and they
met at that occasion Erdmann who moved
to Sweden after the new wind tunnel plans
came to a sudden stop in 1949 (page 17).

MOTOVT VOO BINERUIVING

On that occasion Erdmann complained
that the Swedish strain gauge balances
were an ‘endless suffering’ and he was ‘long-
ing for a good three or better five component
balance’. Much of the information on strain
gauge balances was received through the
AGARD contacts. In a 1953 trip report®> of
the ‘AGARD Wind-Tunnel and Model Test-
ing Panel’ various sketches of strain gauge
balances can be found (such as the ones
from MIT and NACA shown in figure 2-13
and 2-14 respectively). The trip report con-
cludes that ‘there is a general feeling that
strain gauge balances can be made suffi-
ciently accurate but there is no common view
whether the six balance components should
be separated by design or that a significant
mutual interaction between the components
is acceptable’. Nevertheless, .. it is essential
for NLL to develop and construct strain gauge
balances with priority to gain experience'.
The technical problem on ‘separation of
components’ that is mentioned here has
to do with the construction of the balance.
To keep the calibration and the data reduc-
tion manageable, the output of each strain
gauge should be determined predomi-
nantly by one specific force component. In
mathematical terms: the 6 x 6 matrix that
relates the balance output to the load com-
ponents should be diagonally dominant.
This makes the calibration process trans-
parent and allows a simple conversion of
the calibration matrix, needed to derive the
loads from the measured balance output.

The recommendation for an ‘in house’
development of strain gauge balances
was not new. In November 1952 the main
design choices for the HST were listed in a
report by Dobbinga, Slotboom and Boel®'.
The report provides a complete overview
of all requirements after the adaptation
of the wind tunnel plans in 1952 (page 19).
One of the paragraphs is concerned with
the balance system and it is recommended
to purchase an external balance. The Swiss
firm Engler had made an offer to manu-
facture such an external balance®. At the
same time it was recommended to pursue
the development of internal strain gauge
balances. The arguments for this choice
reflect the hesitation to decide on this im-
portant problem. NACA clearly opted for
the internal balances to minimize the ‘tare’
corrections. But the experience and time
to build an internal balance for a specific
model (NACA claimed 33 weeks on aver-
age!) was considered as a real disadvan-
tage. Data reduction and accuracy were
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also problematic. In 1953 a working party
on strain gauge balances was set up®. In
the same year three reports were writ-
ten on the design of internal strain gauge
balances. In 1954 recommendations were
made for a calibration facility®”.

THE FINAL DECISION T0 GO FOR
INTERNAL BALANGES

Although in November 1952 a decision
was made in principle to proceed with an
external balance for the HST, the question
did not seem to be fully settled in 1954. It
is possible that the offer made by the Swiss
company Engler was not acceptable or that
the practical consequences of an external
balance were underestimated. However, a
pre-design of an external balance set-up for
the HST was made [figure 2-10]. On Novem-
ber 3, 1954 a Memorandum was written by
Prast and Van der Zwaan® discussing the
pros and cons of the various solutions. In ad-
dition to what has been mentioned already,
one serious point of concern was the accu-
racy of the tangential force which is closely
related to drag (Appendix E). To measure
this force accurately, the balance had to be
‘flexible’ in the direction of the model axis
and this is not easy to realize. Even ‘hybrid’
solutions were proposed, where drag and
rolling moment were measured by an ex-
ternal balance (mounted in the model sup-
port sting) whereas the other forces were
measured with an internal balance®. As
explained in the previous chapter (page 21)
the decision could not be postponed any

[2-15)

longer. Shortly after that, in a meeting on
November 10, 1954 it was decided to go for
the internal balance but to keep the possi-
bilities open for an external balance®®.

Contacts with the US, Sweden and Switzer-
land on balance design were intensified,
partly through AGARD. Two Swedish bal-
ances were purchased and some NLL-made

balances were tested in Switzerland in a
small transonic tunnel. It was an obvious
choice to develop the first balance for use
in the Pilot Tunnel (PT), since that tunnel
was almost ready in 1954. A six-component
calibration facility was completed in 1955
[see figure 2-15] and in 1956 the design and
manufacturing started of a balance* for the
AGARD-C model* that was tested in the PT
in 1957 [see also figure 2-16 and 2-17].

Apparently the balance development did
not progress as was anticipated. In 1955
Prast wrote a critical evaluation® on the
advantages and disadvantages of the var-
ious balance types in order to select the
best balance type for the HST. It was prob-
lematic to ‘scale up’ the sting balances as
used inthe PT:the sting diameter would be
excessive. In the report ‘a very complicated
balance’, manufactured by the Sandberg
Serrel Corporation, is mentioned. And
Prast added that ‘due to its complexity the
balance might not be suitable to be manu-
factured for each specific model, but a series
of three balances (with different ranges)
might provide a possible solution." Nothing
more was heard from this balance but the
principle to use a range of balances that
can be taken ‘off the shelf’ was valid and
nullified the argument that lots of time
were needed to develop specific balances

[Figure 2-15]

The oldest known
picture of the

facility for balance
calibration at NLL.
With a pen recorder
of the same type as
used in the HST the
balance signals were
measured. The loads
were applied with
dead weights (visible
to the right). Picture
taken before or in
1959.

[Figure 2-16]

A 'sting balance’, one
of the first internal
balances probably
used in 1957 for

the tests on the
AGARD-C model

in the PT. The right
side was attached to
the model whereas
the left side acted as
sting, to be attached
to the model
segment (see next
picture).

[Figure 2-17]

The AGARD-C model
in the PT mounted
on a sting balance
(around 1957).

U IT IS NOT QUITE CLEAR IF THIS BAL-
ANCE WAS A NLL DESIGN OR ONE
OF THE BALANCES PURCHASED IN
SWEDEN. IT CERTAINLY WAS NOT
THE FIRST TEST AT NLL WITH AN
INTERNAL BALANCE. THE HONOURS
GO TO ATEST MADE IN 1956 IN THE
BIG LST (TUNNEL NO. 3) ON A MOD-
ELOFTHE FIRST DUTCH PASSENGER
CAR AFTERWW II, THE DAF-55 (NLL
REPORT A.1439).
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[Figure 2-18]

NLR developed
half-model balance
to be mounted in the
side wall of the HST
test section.

[Figure 2-19]

Some of the TASK

balances out of the
set of 18 balances
purchased around
1960. These balances
are the ‘working
horse’ for the force

measurements in

HST and SST.

for each test. This could be achieved with
the balances from the TASK Corporation’,
a company founded by Elmer Ward in
1953. Ward studied at Caltech University
where he graduated in 1947 and pursued
his Masters degree thereafter. During that
time he arranged a partnership with Earl
Davies, an engineer from North American
Aviation, and took on the challenge of
developing an internal balance. In 1951, a
2.50 inch six component, internal balance
was manufactured and put into service at
the ‘Co-operative Wind Tunnel’ of GALCIT
(‘Graduate Aeronautical Laboratories at
Caltech Institute of Technology’) and to
this day that balance is still in use at their
facilities.

The first reference to a TASK balances can
be found in the NLL Annual Report of 1958
where a visit is mentioned to the US to
attend an acceptance tests of a balance
for the HST. In 1959 an additional set of
balances was ordered and again in 1963,
bringing the total number of TASK balanc-
es to 18 [see figure 2-19] for a total amount
of money just over 1.2 million guilders
(see Appendix B). It is not clear how the
contacts between NLL and TASK started.
No reference could be found in the trip
reports. It is possible that Von Karman
played a role here as well. Between 1930
and 1949 he was the first director of GAL-
CIT and remained active after that period.
He visited NLL in 1954.

The TASK balances are six-component in-
ternal strain gage balances of a ‘floating-
frame type’ [figure 2-20]. The main ele-
ments are formed by an inner rod, which
fastens to the model support sting, and
a cylindrical outer case, which is inserted
into and attached to the model. Forces
and moments are resisted by individually
removable elements, employing flexure

pivots, connected between the inner rod
and outer case of the balance. The balanc-
es were specifically designed to be easily
exchangeable from one model to the oth-
er. The connection between the balance
and the model support (the ‘earth’) was
made by a ‘standard cone’; the connection
to the model by a cylindrical tube or bus
that could be fitted inside the model. This
type of connection was easy to machine
(though it had to be done very accurately)
and had the additional advantage that
cylindrical inserts could be used to fit a
smaller size balance whenever required.
The TASK Company (now part of Aero-
physics Research Instruments) offered a
wide range of balances depending on the
expected loads and required accuracy.
For repair the balance had to be shipped
to the US. The balances became a kind of
standard all over the world for wind tunnel
testing. This had the additional advantage
that models could be easily transferred
from one facility to the other.

In retrospect it is likely that the availability
of the TASK balances at the right time was
quite important for the market position of
the HST. It enabled the execution of the
wind tunnel tests without delay caused by
balance manufacturing. However, the ‘in

[2-19]

house’ development of NLL balances con-
tinued (in 1965 the few balances that were
manufactured by NLL represented a value
of 15,000 guilders) and some of these
were used during the first tests in the HST
[figure 2-22]. They performed quite well.
However, it would have been difficult for
the NLL workshop to respond in time to all
balance needs in the HST and shortly after
that in the SST. The conclusion is that the
success of the concept of the TASK balanc-
es contributed significantly to the success
of the new high speed wind tunnels.

FURTHER BALANCE DEVELOPMENTS

For those at NLL engaged in the develop-
ment of internal balances the purchase of
the TASK balances from an outside sup-
plier must have been a disappointment.
However, the ‘in house’ development
of internal balances was not stopped.
For the tunnels it was very important to
have ‘hands-on’ experience with balance
design, calibration and data reduction.
Without the development work by NLL
itself, it would not have been possible to
integrate the TASK balances in the meas-
uring process. This was recognized and in
1960 a special group Models and Balances
(‘Modellen en balansen’) was formed as
part of the Technical Services (‘Technische
Diensten’). They prepared the wind tunnel
models and developed new balances in
close co-operation with the workshop*.
Some of the tests on the AGARD calibra-
tion models (see page 65) were executed
with NLL balances [figure 2-22]. The results
could be compared with results obtained
with the TASK balances. Some of the cli-
ents e.g. Sud Aviation and FIAT, brought
their own balances for the tests. Sud Avia-
tion was used to testing their models in
the transonic wind tunnel of the Cornell
Aeronautical Laboratory in the US and the
Caravelle model came with a balance de-
veloped by Cornell*. This provided another
opportunity to learn more about balance
design and to compare the NLL develop-
ments with other balances. Some specific
models required special balances such as
the supersonic ‘ring-wing’ that was tested
in the SST (see also page 76 [figure 3-39]).
Soon after its opening the HST capabili-
ties were extended with the possibility to
test half models with a balance attached
to the tunnel side wall. This required the
development of a special ‘half-model bal-
ance’ by NLL as well [figure 2-18]. In 1963
a second calibration facility was made op-
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erational. Advanced man-
ufacturing techniques like
vacuum soldering and elec-
tric discharge machining opened up new
possibilities that allowed the manufactur-
ing of so-called ‘mono block balances’,
balances made out of one piece to reduce
play and hysteresis effects.

In the eighties, when aircraft development
became more and more competitive, the
aircraft industry demanded a higher accu-
racy. Although there are many sources for
inaccuracies (see page 82 and Appendix
E) balance accuracy is of critical impor-
tance’". In the early eighties an extensive
program was started to meet these re-

[2-21)

quirements. It was clear that the TASK bal-
ances that were used over the years as the
‘working horse’ for force measurements
were not good enough when such high
accuracies were required. A task group
was set up in 1982 to develop new bal-
ances and improved balance calibration
procedures. As far as the balance was con-
cerned, the stiffness and accuracy of the
connection to the model side were signifi-
cantly improved and the balance itself was
optimized with advanced CAD (‘Computer
Aided Design’) techniques. See figure 2-21
for one of these new balances. The calibra-
tion procedures and corresponding data
reduction were improved as well, notably

by applying more advanced \

interpolation techniques. All other
aspects of the ‘measuring chain’ were
addressed as well. To obtain the specified
accuracy the angle of attack of the model
has to be known within 0.01 degree, even
when the model is deflected under the
load and vibrating. The conventional way
to determine the angle of attack by meas-
uring the position of the support boom
and correcting for sting deflection under
load was replaced by an instrument (the
‘Q-flex’) that could be mounted inside the
model and that used the direction of the
earth gravity field as a reference. In 1987
this system was supplemented by an opti-
cal system (named ‘ELOPTOPOS’). Moreo-
ver, the Mach number control was im-
proved to allow a constant Mach number
during a polar (an angle of attack sweep
of the model; see Appendix E). All these
improvements were tested and validated
on a reference model (one of the ‘old’ SKV
models; see page 80).

Finally engine simulation tests demanded
very specific requirements. In this case the
drag of the wind tunnel model has to be
measured with engine simulators running.
High pressure air is used to drive ‘Turbine
Powered Simulators’ or TPS for the simu-
lation of either propeller or turbo-fan
engines [figure 3-61,
3-62]. The high pres-
sure air has to pass the
balance without addi-
tional reaction forces

1 FWD. NORMAL FORCE ELEMENT
/ 2 DUAL ROLLING MOMENT

/ ELEMENTS

3 MODEL MOUNTING HOLES
4 THERMOCOUPLE
5 AFTNORMAL FORCE ELEMENT

and specific joints are required to achieve
this. To measure the installation effects
of propellers, the forces that act on the
propeller itself have to be measured in ad-
dition to the overall forces on the model
(with the running engine). Only in this way
can the direct effect of the propeller and
the interference effect of the propeller
on the aircraft be separated, an essential
procedure to understand and minimize
the installation effects. This is possible
with a ‘rotating balance’, a balance that is
mounted in the hub of the propeller. NLR
made its first rotating balance in 1990 for
tests on the Fokker 50 in the DNW and LST.
In this balance only the thrust and torque
were measured. Further developments
allowed the simultaneous measurements
of all six components. Such a balance was
also used in the HST during the tests on an
isolated propeller as part of the European
APIAN program (page 85 and figure 3-63).
The rotating balances are a more recent
illustration that ‘in house’ knowledge on
balance design is essential to respond to
specificdemands for wind tunnel testing. m

6 INNERROT

7 STING ADAPTER

8 AFT SIDE FORCE ELEMENT

9 DUAL CHORD FORCE ELEMENTS
10 OUTER CASE

11 FWD. SIDE FORCE ELEMENT

[Figure 2-20]

View of the
construction of

a TASK balance.
These very popular
balances were used
for wind tunnel

tests all over the
world. The cone
(right part) fits into
the sting, the (large)
cylindrical part (right)
is mounted in the
model either directly
or within a sleeve.

In this way balances
could easily be
exchanged.

[Figure 2-21]

A new high-accuracy
balance developed in
the eighties by NLR.

[Figure 2-22]

One of the first six-
component balances
made by NLL
(AE1013) and used

in the early wind
tunnel tests, e.g. on
the AGARD-C model
and the Sud Aviation
model with a delta
wing ‘Durandal’;
shown without strain
gauges and wiring.

[2-22]
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THE TUNNEL
REFERENGE
PRESSURE

[Figure 2-23]

The control desk of
the HST in 1959. To
the right the two
manometers to
measure the tunnel
reference pressures
[shown in figure
2-24]. Behind the
most right operator,
the Mach meter
[shown in figure
2-25].

[Figure 2-24]

Precision (mercury)
manometer made

by Datwyler in
Switzerland used in
the early days of the
HST to determine the
reference conditions.

[Figure 2-25]

PRESSURE MEASUREMENTS:
THE ART OF MINIATURIZATION

he flow condition in the tunnel should

be precisely known during the meas-

urements. These conditions are char-
acterized by the static pressure, the pitot or
total pressure and the temperature in the
test section. The low speed wind tunnels
of NLL (the big and small LST, tunnel no. 3
and no. 4 respectively) were atmospheric:
the static pressure in the test section was
equal to the atmospheric pressure. The
total pressure was measured with a pitot
tube located in the flow at the entrance of
the test section. The dynamic pressure is
the difference between the total and the
static pressure. This dynamic pressure is
used to non-dimensionalize the forces (and
moments) and the pressures (expressed as
differences relative to the static pressure)
to obtain coefficients like the lift coefficient
C_ (see Appendix E). In low speed flow, the
coefficients are a function of the model at-
titude (angle of attack, yaw angle), almost
independent of the flow velocity except
for a weak dependence on Reynolds num-
ber. In the operation of low speed tunnels
it is common practice to perform tests at a
constant dynamic pressure. This dynamic
pressure is readily available from a preci-
sion manometer, like the Betz manometer
shown in figure 2-8. The tunnel operator
watched the small display in the front of
the manometer to keep the dynamic pres-
sure constant (by changing the fan speed).

Mach meter made by Datwyler & Hausammann and used in the early

days of the HST; the dial could be read by the operator on the console

of the HST.

This practice could not be carried over to
high speed or compressible flows. The Mach
number, which expresses the flow velocity
relative to the speed of sound, is now a cru-
cial parameter. The force and pressure coef-
ficients are often strongly dependent on the
Mach number and this dependency has to
be determined [see figure E-12]. An aircraft
at cruise condition flies at a Mach number
that is kept accurately constant. Normally a
measurement series consists of a set ‘polars’,
each executed at a different Mach number
(see Appendix E). During a polar the angle of

[2-25]

[2-23)

attack is changed. This causes a variation in
the drag of the model and a change in Mach
number. It is the task of the operator to keep
the Mach number constant during a polar
and to adjust the Mach number from one
polarto another. The Mach number depends
on a pressure ratio: the total pressure divid-
ed by the static pressure. To keep the Mach
number constant the tunnel operator needs
a display of the Mach number. In the early
concepts for the HST instrumentation 7237
precision manometers were foreseen with
electrical (analogue) outputs (obtained
from the varying resistance of a platinum
wire in the mercury column of the manom-
eter) from which the pressure ratio could
be derived and presented on a calibrated
scale. In the important Technical Note* of
Boel of April 1956 it is recommended to buy
a Mach meter. It is very likely that as a result
the Mach meter* as shown in figure 2-25
manufactured by Déatwyler & Hausammann
was purchased. It was a mechanical device
with several pressure bellows and (digital)
position indicators to allow a display of the
data at another location. This Mach meter
was primarily used to display and control
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the Mach number. In addition two more
conventional precision manometers*V [fig-
ure 2-24] were used to determine the precise
value of the pressures. On a photograph of
the HST control desk taken around 1959
[figure 2-23], these precision manometers
are still visible (on the far right) as well as
the Mach meter (on the control desk). The
same Mach number indicator can be seen
more clearly on a photograph of the HST

[2-24]

test room probably taken in the mid sixties.
[figure 2-39]. At a later date two mechanical
precision manometers, known as the Re-
search Engineers Balance* [see figure 2-26]
were added. They remained in operation
till the HST modernisation program of 1992
when they were replaced by more accurate
membrane type pressure transducers (Baro-
cel’s of Chell Instruments Ltd, US).

In the HST the Mach number could be ad-
justed by changing the blade angle of the
fan. This was a joint action of the operator in
the Power Plant (‘Centrale’) and the opera-
tor behind the control desk of the HST. The
original idea (of 1955) was to use ships’ tel-
egraphs for the communication, but it was
more practical to share some instrumenta-
tion and to use a special telephone line.

MEASURING MANY PRESSURES

Force measurements with (internal) balanc-
es give information to the aircraft designer
of the total forces and moments that act
on the aircraft. They are used for the pre-
diction of the aircraft performance and to

assess the stability and control characteris-
tics. Pressure measurements provide infor-
mation of the local pressures. In the early
days of aircraft development the pressure
measurements were predominantly used
to derive the local loads, needed as input
for the strength calculations. However,
with the advance of theoretical calculation
methods pressure measurements became
increasingly important for the aircraft de-
signer to guide further improvements. Usu-
ally pressure distributions on the wing are
measured at a number of wing sections.
The change of these pressure distributions
with the angle of attack and with Mach
number provides very useful information
on the flow development such as the for-
mation of shock waves or the separation
of the flow away from the model surface.
The measured pressure distributions can
often be compared with calculations. Pos-
sible differences with the calculations or
unwanted characteristics can be cured in a
subsequent design to improve the overall
aircraft characteristics.

Typically, 20 to 30 pressures are measured
along one wing section. Since usually five
to eight wing sections, evenly distributed
between the wing root and the wing tip,
can be found on the wind tunnel (pressure)
model, typically 100 to 250 pressures have
to be recorded for a single data point (a
specific combination of the Mach number
and the angle of attack). These measure-
ments are then made for typically 8 Mach
numbers at 10 angles of attack resulting in
roughly 8,000 to 20,000 pressure readings.
These numbers illustrate the enormous
amount of data that has to be sampled.

[2-26]

In the low speed tunnels multi-manom-
eters were used that could measure 100
to 150 pressure points simultaneously. A
photograph was taken of all tubes. The
height of the water column in each of the
tubes indicated the pressure felt by a cor-
responding hole on the model surface.
For each data point a photograph was
taken that could be read out on a special
machine (named ‘OSCAR’) where the wa-
ter level for each of the tubes was meas-
ured with a cross hair and subsequently
punched in paper tape for further process-
ing. The process was labour intensive, but
the measurements could at least be made
at an acceptable rate. The same procedure
was envisaged for use in the HST. Datwy-
ler & Hausammann got the order to de-
sign such a multi-manometer for the HST
with 162 pressures. This multi-manometer
was delivered around 1957. Depending on
the pressure range mercury or water was
used. In the latter case ‘Ponceau Red’ was
added to increase the contrast. The multi-
manometer for the HST is shown in figure
2-27 whereas in figure 2-28 a typical photo-
graph can be seen that had to be read out
with ‘OSCAR’ at a later time.

[Figure 2-26]

The 'Research
Engineer Balance’
used to measure

the tunnel reference
pressure accurately.
It is a real ‘balance’ in
the sense that a small
weight is moved by

a pressure bellows
over the balance arm,
counter balanced

by a weight driven
by an electric step
motor. Used till the
HST modernisation
of 1992.

[Figure 2-27]

The multi-
manometer made
by Datwyler &
Hausammann was
used in the first
years of the HST to
measure pressure
distributions.

[Figure 2-28]

Photographic
recording for the
multi-manometer
shown in [figure
2-27]. For each
measurement point
the tubes of the
multi-manometer
were photographed
and subsequently
read-out and
punched on paper
tape with the
‘OSCAR’ machine
for further data
reduction.

V' ACCORDING TO STENVERS (RESPON-
SIBLE FORTHE HST OPERATION) AN-
OTHER, MUCH TALLER MANOMETER
OF ASIMILARTYPE HAD TO BE USED
FOR THE HIGHEST TUNNEL PRES-
SURES; A STEPLADDER WAS NEEDED
TOTAKETHE READINGS.
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[Figure 2-29]

Sketch of a
membrane pressure
transducer as shown
in a trip report

of a 1953 AGARD
conference. This
particular design was
from NACA.

[Figure 2-30]

Photograph of the
Alenia Aermacchi
M-346 trainer painted
with pressure
sensitive paint to
measure pressure
distributions on the
airplane. This test
was done in the
HST in 2000 in co-
operation with DLR.

[Figure 2-31]

Five scanivalves
mounted in the nose
of a F28 model in
1964.

DIAPHRAGM

CASE

NAGA MINIATURE INDUCTANGE GAGE
[2-29]

This process was very time consuming and
alternatives to take data at a higher rate
were about to appear at that time. On an
AGARD conference® in 1953 a miniature
pressure transducer was shown in which
the deformation of a membrane under
pressure could be measured electronically
[figure 2-29]. The analogue signal could
then be digitized for computer processing.
The second important step was the possi-
bility to scan many pressure holes. In 1958
the first pressure switch* was purchased
by the G-Section to find out if it could be
used in the supersonic tunnels. The device

had to scan very fast because of the small
running times (of the order of 30 to 45 sec-
onds) for this blow-down facility. It is not
clear if the performance of this scanner
was acceptable. At about the same time a
multitude of glass tubes were purchased
which had to be used in a conventional
multi-manometer. However, the intended
multi-manometer was never built and the
glass tubes remained in their wooden box-
es in the hall of the SST for a long time as
evidence of the rapid changes in test tech-
niques.

An important and critical step ahead was
made by Scanivalve Corporation which
had manufactured a much smaller pressure
switch. In 1955, J.C. Pemberton”® left Boe-
ing, the company where he had worked
till that time, to start this company. He de-
signed and manufactured a very small me-
chanical valve that could scan 48 pressures
with a small stepping motor. In this way 48
pressure leads could be connected sequen-
tially to a single miniature (electronic) pres-
sure transducer in the centre of the mod-
ule. The biggest advantage was that these
‘scanivalves’ could be mounted inside the
model. Therefore, only one pressure lead

(the reference pressure) and the electronic
wiring had to be brought out of the model
instead of 48 pressure leads that had to
be connected to the multi-manometer
outside the test section. The future use of
these scanivalves was mentioned already
in one of the first Technical Notes™ which
describe the HST and SST in 1959 (hence
prior to their official opening). They were
introduced in the early sixties in the HST.
Van der Zwaan recalls® that in the begin-
ning there were quite some difficulties to
get them operating properly. Also a control
unit was required for the stepping motor
as well as a power supply and a (milli)volt-
meter. In 1963 with the introduction of the
SADIST, as will be discussed in the next sec-
tion, the scanivalves could be integrated
into the data acquisition system of the HST
and SST. In 1964 they were used routinely

[2-30]
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for pressure measurements on the Fokker
F28 [figure 2-31]. Five scanivalves could be
installed in the fuselage allowing the meas-
urements of 240 pressures.

The maintenance of the scanivalves was
done by the NLR workshop and it was re-
alized that the original scanivalves could
be improved. Why not drive two pressure
scanners with one stepping motor? In a
subsequent development even the step-
ping motor itself could be reduced in size
[see figure 2-32]. This resulted in a much
more compact and powerful pressure
scanner. For the HST and SST these im-
proved ‘miniscanners’ were an important
selling point: double the number of pres-
sures could be measured as compared to
other facilities. Hence fewer runs were re-
quired with a very substantial reduction of
the price per data point. These improved
scanivalves came into operation around
1975. See figure 2-33 for an example of
duplex scanners mounted in a Concorde
model. Some of these devices were also
sold to other companies.

This was not the end of the development
of pressure measurements. In the mid
eighties Pressure Systems Incorporated
(PSI) offered the market a new ' multiport’
system based on ‘Electronic Pressure Scan-
ning’ [EPS; see figure 2-34]. In this system,
each pressure lead was connected to its
own pressure transducer, a solid state de-
vice. Consequently many pressures (32 in
the standard system) could be measured
simultaneously. Although the electronic
signal was multiplexed (one signal for all
transducers), the scanning rate was so high
that after de-multiplexing a continuous
signal resulted for all 32 pressures. The first
system was bought in 1988, but it took sev-
eral years to adapt, in close co-operation
with PSI, the original device for use in pres-

[2-32a]

surized wind tunnels. The big advantage
was that the usual step-by-step measure-
ment procedure could be replaced by a
continuous sweep procedure with a con-
siderable reduction in testing time and
even an increase in the number of data
points. A particular nice and very efficient
application of these multiport transducers
was the online measurements of wakes by
means of a wake rake. In fact these trans-
ducers triggered a development in 1990 of
a new pressure rake with 18 ‘five-hole pres-
sure probes’ to map entire flow fields (see
page 59).

At about the same time the first useful re-
sults were obtained with ‘pressure paint’.
In Europe this fascinating technique was
developed by DLR (the German sister insti-
tute of NLR) in Gottingen [see figure 2-30]
whereas in the US the Boeing team from
St Louis (former Lockheed) was leading in
this field. In this technique the wing surface
is painted with a special kind of paint that
changes colour depending on the local
pressure (in fact the local oxygen content
is indicated). Rather than discrete pressure

[2-32Db]

data for a limited number of pressure holes
on the wing surface, a complete, continu-
ous map of the pressure distribution could
now be obtained. This technique is par-
ticularly useful for the determination of
detailed wing loadings for a large range of
flow conditions. However, it requires the
installation and calibration of a number of
special cameras and hence an extra effort.
Depending on the requirements of the cli-
ent pressure paint can be considered an
alternative of or complementary to more
conventional pressure measurements with
pressure holes. =

[Figure 2-32]

Two stages in the
development of the
‘Duplex Scanner’ (left
picture) compared
with the original
pressure scanner
(utmost left) and
an exploded view
(right picture) of
the final version.
The duplex scanner
was a modification
made by NLR of
the original (one-
sided) scanner of
‘Scanivalve Inc.’

[Figure 2-33]

Duplex scanners
mounted in the
fuselage of a model
of the Concorde.
The wing is full of
pressure holes that
are connected to the
duplex scanners.

[Figure 2-34]

Solid state multi-
port transducers of
‘Pressure Systems
Incorporated’ (PSI)
were used from 1988
on. This unit allowed
the simultaneously
measurement of 32
pressures.
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CALIBRATION AND
COMMISSIONING

[Figure 2-35]

ZEBRA, the first
computer of NLL
used for the data

reduction of the HST
(1958). Photo from
the manufacturer.

[Figure 2-36]

Calibration tests in
the test section of the
HST with the ‘long
static pipe’ (1959).

HANDLING ALL TEST DATA

he first measurements during commis-

sioning and calibration of the HST were

still made in a conventional way. They
involved three types of tests: the stresses in
the tunnel shell, the performance of the fan
and the tunnel calibration.
The measurement of the stresses in the
tunnel shell was mandatory to convince
the Dutch authorities that the construc-
tion was safe (see page 21). Altogether 150
strain gauges were glued onto the HST
shell. Each strain gauge required proper
balancing and this presented a formidable
task. To handle this problem the Electronic
Laboratory of NLL (‘E-lab’) developed the
first large scale data acquisition system
named SARA or ‘Semi Automatic Strain
Gauge Scanner’ (‘Semi Automatische Rek-
strook Aftaster’). Although this scanner was
not completely successful due to problems
with the switches (parts originally designed
for use in a telephone installation malfunc-
tioned*) this development pointed already
in the direction of future automation to
speed up the measuring process.

The balancing of the fan and the final
check-out of the fan performance was a
responsibility of the producer of the fan,
Dinglerwerke GmbH. Their tests were
combined with pressure measurements’”
to derive the aerodynamic performance

of the circuit. This involved measurements
in the test section, at the first corner of the
tunnel (after the test section), just before
and aft of the tunnel fan and in the settling
chamber. For these tests a temporary bar-
rack was placed in the middle of the tun-
nel circuit to house the engineers from
Dinglewerke and NLL. Multi-manometers
were used to record all pressures. They
were photographed and read out on the
‘OSCAR’ machine. Breman’, one of the
observers at that time, recalls that Van der
Zwaan, who supervised these measure-
ments, blew a whistle before each data
point was taken. This was essential since
the floor was not very stable and all those
present had to stand still during the photo-
graphic recording.

To judge the quality of the flow in the test
section the tunnel had to be calibrated.
The measurements of the static pressure
distribution along the tunnel centre line
were specifically important. They were
made with the so-called ‘long static pipe’,
a tube with 40 static pressure holes. This
tube was attached by wires to the tunnel
walls [figure 2-34]. Additionally, a rake with
a variety of interchangeable probes (total

[2-35]

pressure, static pressure, flow direction)
was used to measure the flow in the area
where the model would be located. Close
to 200 pressures were measured at the tun-
nel walls. Datwyler & Hausammann which
designed and manufactured the test sec-
tion, guaranteed Mach number variations
smaller than 0.003 for all Mach numbers.
Apparently, this requirement was not met
for the higher Mach numbers and this later
necessitated a redesign (by NLL) of the con-
traction (page 26).

To perform these measurements twelve
observers were needed, most of them ‘bor-
rowed’ from the LST's (‘A-sectie’), the ‘3x3’
(‘G-sectie’) and the PT. Of course the new
multi-manometer, designed and manu-
factured by Datwyler & Hausammann was
used for these tests. The 162 glass tubes
were filled with either water or mercury,
depending on the type of measurements.
But this was not sufficient. Five other multi-
manometers to measure an additional 220
pressures were borrowed from other NLL
departments. According to the original
plans a total of 1,400 data points had to be
taken involving an estimated 47 ‘wind-on’
tunnel hours®.
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A BLUE PRINT FOR DATA ACQUISITION

It was realised from the beginning that
such an expensive tunnel required an
automated data acquisition system and
computerized data reduction to limit the
testing times. However, when the HST
was designed, these new technologies
were just emerging. It was clear that one
of the key issues was the digitalisation of
the measurement data to ensure a smooth
flow of data from the instruments to the
computer. An illustrative example of the
state of the art at that time can be found in
aninternal report by Prast’”’ from 1955.0n a
symposium of the ‘Dutch Physical Society’
(‘Nederlandsch Natuurkundige Vereeniging’
or N.N.V) it had been demonstrated how
an encoder could be added to a standard
Honeywell Brown pen recorder to provide
digital output. The resolution of this sys-
tem was only 1 on 200, whereas 1 on 500
was required for the balance measure-
ments. A better design was proposed, built
and demonstrated at NLL.

An equally important issue was the avail-
ability of a digital computer. The first com-
puter in The Netherlands was developed in
1952 by the Mathematical Centre (‘Mathe-
matisch Centrum’) in Amsterdam. It got the
name ARRA, ‘Automatic Relais Calculator
Amsterdam’ (‘Automatische Relais Reken-
machine Amsterdam’). At that time the
calculations at NLL, either mathematical
calculations or data reduction from wind
tunnel or flight tests, were done at a special
department, the Data Reduction Service
(‘Uitwerkdienst') by a group of ladies [figure
2-6]. They used table calculators to per-
form specified calculations on data written
down in tables. To prevent errors each cal-
culation was done twice by two ladies in-
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dependent of each other. Some years later
the FERTA, ‘Fokker’s First Computer Type
ARRA’" (‘Fokker Eerste Rekenmachine Type
ARRA’) was introduced at the Fokker Com-
pany to support the development work
for the Fokker Friendship. NLL considered
purchasing a similar computer, but the ma-
chine was too slow in floating point opera-
tions. After an evaluation of a new devel-
opment at the Dutch mathematical centre
(the ARMAC) and of an English computer
(the ELLIOTT-402) it was finally decided in
1956 to buy a machine developed by the
Dutch Postal Services (PTT), the ZEBRA or
‘Very Simple Binary Calculation Machine’
(‘Zeer Eenvoudig Binair Reken Apparaat’). It
was claimed that the computer was 300
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times as fast as the ‘calculating ladies".
The production of this machine by Stand-
ard Electric in England proved to be a bit
problematic and the computer was finally
delivered in 1958 by Standard Telephones
and Cables (Stantec), also in England [fig-
ure 2-35].

At the opening of the HST in January 1960,
a completely digitized measurement chain
was not yet ready, although some key ele-
ments were available. In a description of
the HST at that time the ‘blue print’ of the
HST data acquisition system is given’ [fig-
ure 2-37]. The figure reflects that the data
acquisition system is still being developed,
though with a clear vision where to go. The
solid lines relate to the actual situation in
1960. All data were read from dials and writ-
ten by hand in tables (balance readings) or
recorded on photographs (pressures). The
photographs were read out on a semi-
automatic machine, named OSCAR, which
provided punched paper tape. For the bal-
ance output Honeywell-Brown pen record-
ers were used [figure 2-38]. In the next step
the paper tape was fed into the computer
for the data reduction. In the blue print a
dotted line shows the future perspective.
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[Figure 2-37]

The "blue print’ of
the data acquisition
system as viewed in
1960. The solid lines
indicate what was
available in 1960, the
dotted lines show the
automated system

as envisaged for the
near future.

[Figure 2-38]

View of the
Honeywell-

Brown recorders
for the balance
measurements.
Just visible against
the wall behind

the recorders the
units to record the
scanivalve pressures.
The picture was
taken during the
shooting of a movie
to promote the HST
at the end of 1968.
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[Figure 2-39]

The control room
of the HST probably
around 1965. On
the right side the
entrance via the
‘sluice’ to the plenum
chamber and test
section. To the left
of the ‘sluice’ the
multi-manometer
and the indicator for
the model position
(top) and the Mach
number (bottom).
On the control desk
the tunnel control
to the right side and
the controls for the
schlieren system

to the left. The
model inside the
test section could
be viewed on the
television screen.
Pen-recorders to
record the balance
signals are still visible
to the left.

[Figure 2-40]

The first plotter
(‘grafiekenmachine’)
used to make graphs
of the HST test
results (around 1959).

[Figure 2-41]

Control room of

the SST with the
control panel to the
right. To the left the
Honeywell-Brown
pen recorders

with the additional
encoders (on top and
bottom) to digitalize
the recorder
readings. Probably
around the mid
sixties.

Figure 2-39 shows the control room of the
HST around 1965 with some of the Hon-
eywell-Brown pen recorders visible on the
left and the multi-manometer behind the
control desk in the centre. A large crew
was required during the early measure-
ments: one man for the tunnel control,
one man to record the reference pres-
sures, one man for the multi-manometer,
two men behind the pen recorders for the
balance readings, one man for the model
position and one man for the cameras
and the schlieren system. Each observer
had a red or green light in front of him to
indicate that the flow was stabilized. This
could take as long as seven minutes’.

Once the data had been recorded and
punched on paper tape, they could be
processed on the ZEBRA computer. Al-
ready at that time two types of output
were foreseen. All processed data were
printed on paper in tables. To visualize the
test data plots could also be generated au-
tomatically. To this end a plotter was pur-
chased, known as the ‘graphics machine™®
(‘grafieken machine’) [figure 2-40].

AUTOMATIC DATA ACQUISITION

How would a typical measurement cycle
look like? After the installation of the mod-
el or a change of the model configuration
the tunnel was closed and pressurized. The
measurements started (and ended) typi-
cally with a zero-reading to compensate for

[2-40]

drift in the electronic equipment. The op-
erator then started the tunnel fan to achieve
a particular Mach number. When the Mach
number was reached, a so-called ‘polar’
could be made: the model was subsequent-
ly set at a range of angles of attack, typically
of the order of 20. For each data point (an-
gle of attack) the pressure or balance data

il al il .
e ‘j;ﬂ!.%_ﬁind'“

=

es

—

were recorded as well as the tunnel flow
conditions. When the last point on the po-
lar was taken the next Mach number would
be set and so on for 10 to 15 Mach numbers.
Recording all data by hand was of course
very time-consuming and required many
observers. It provided a strong incentive to
automate the process. One of the first steps
was the addition of encoders to the Hon-
eywell-Brown pen recorders [figure 2-41],
later followed by a (mechanical) system to
change automatically the range and zero
shift of the recorder, a NLL development. A
next important improvement was the intro-
duction of the Scanivalves for the measure-
ment of multiple pressures (page 48). This
necessitated elaborate control and measur-
ing units. A stepping motor had to scan the
48 pressures and return to a ‘home’ position
before the next sequence could be started.
When more scanivalves were used, as was
normally the case, each scanivalve had its
own pressure transducer and all these read-
ings had to be recorded during each step.
In 1963 this whole system was integrated in
a system named SADIST, a ‘Quick Scanning
Digital Information System for the Tunnels’
(‘Snel Aftastend Digitaal Informatie Systeem
Tunnels’ [figure 2-42]). The process was con-
trolled by a ‘patch panel’ which determined
the order by which the data had to be taken.
An important further addition was the re-
cording of a great number of essential pa-
rameters (named ‘pre-cycle’ or ‘voorcyclus’)
required for the data reduction such as the
number of scanivalves, identification of the
type of pressure transducers and balances,
selection of the channels that measured the
tunnel conditions, the balance and trans-
ducer signals etc. All data were punched
on paper tape [figure 2-43] and fed into the
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computer for data reduction. The system,
based on technology developed for the first
digital flight data recorder, was developed
by NLL at the Electronic Laboratory (‘E-lab’).
In 1963 the system was first installed at the
HST and later at the SST. To the SST system
a memory was added to store 4,000 values
during a run. This was essential since a run
in this blow down facility would typically
take 30 to 45 seconds. The, at the time, very
advanced data acquisition system has prob-
ably been decisive in obtaining the con-
tract for the wind tunnel tests on the ELDO
launcher and the Concorde (page 69). In
1964 this contract was awarded after a fierce
competition with the supersonic tunnels of
ONERA in Modane, France and the tunnel of
the British Aircraft Corporation (BAC) in Eng-
land, a competition involving comparative
tests in the three facilities'.

In 1965 a quick look system named ‘Quick
Analogue Automated Registration’ or SAAR
(‘Snelle Analoge Automatische Registratie’)
was added, first to the SST and later to the
HST system. With light sensitive paper the
individual traces of the signal outputs could
be visualized for inspection just after a run.
In the same year the external balance of the
low speed tunnel LST was modified. The
arm of the semi-automatic balance (dis-
cussed on page 39) was fixed and the rods
that connected the balance to the frame to
which the model was attached, were modi-
fied to accommodate a one-component
strain gauge balance (‘wheel balance’ or
‘spakenwielbalans™). This enabled the inte-
gration of the balance measurements in the
data acquisition system of the LST similar
to what had been achieved for the HST and
SST, all based on the SADIST layout.

As a result in the mid sixties the data acqui-
sition for the three major wind tunnels of
NLR (HST, SST and LST) was automated and
based on one and the same data acquisition
system, the SADIST. Basically with a single
button the whole measuring cycle could
be initiated and all data punched on paper
tape for the subsequent data reduction on a
central computer.

CENTRALISATION OF DATA PROCESSING

As mentioned, the ZEBRA was the first
computer used to process all wind tunnel
data. Though located in the HST building,
the ZEBRA was not exclusively used for the
tunnels. Numerical aerodynamics was also
developing rapidly. It is of some interest to

note that at the end of the evaluation re-
port’ that resulted in the purchase of the
ZEBRA (written in 1956) it is mentioned
that the Mathematical Centre (‘Mathema-
tisch Centrum’) had announced that within
a couple of years a next generation com-
puter would be 100 times faster due to a
much improved memory technology. The
author commented though that still higher
speeds were only important if the comput-
er couldn’t handle the work load anymore,
‘not very likely on a short term’. The ZEBRA
was delivered in 1958 and only two years
later, in 1960, two (!) new computers were
ordered: a replacement for the ZEBRA, the
ELLIOTT 803B, an English computer and a
second computer, the Electrologica X-1, a
Dutch design, to be located in the Noor-
doostpolder. These replacements were jus-
tified because of the very heavy work load
for the ZEBRA. Both computers were deliv-
ered in 1962. Only four years later a Control
Data CDC 3300 was acquired to replace the
X-1. This CDC 3300 was running an ELLIOT-
simulator for the wind tunnel data process-
ing (named ELSI). The programming was
still based on machine code. The demand
for computing power was rapidly increas-
ing. With the introduction of the strain
gauges in the balance of the low speed tun-
nel LST, the data of three wind tunnels now
had to be processed. At the same time the
Fokker F28 was flight-tested with a consid-
erable workload for NLR and the emerging
discipline of numerical aerodynamics was
advancing rapidly. A contract was made
with CDC to use the CDC 6600 in Rijswijk.
This very fast computer was considered the
first ‘Super Computer’. Remote calculations
were made possible by the increased pos-
sibilities for data transfer over telephone
lines. Within NLR the very awkward paper
tape (it broke easily and could only be re-
paired by gluing an aluminium foil to the
tape*) was replaced by a cable which con-
nected the wind tunnels directly to a CDC
1700 computer (later the MODCOMP II)
which transferred the data either to Rijs-
wijk or to the CDC 3300 in the Noordoost-
polder. Still later, in 1972, the Cyber 72, also
from CDC, was ordered and this provided
enough capacity to do all calculations in
house again. Figure 2-44 gives a view of
the computer infrastructure at that time.
As a result of this development the data
reduction and processing that started very
close to the wind tunnel in 1960, became
more and more centralized and physically
separated from the wind tunnels in the mid
seventies.

[2-43)

This centralisation could also be observed
in the computer program that was used
for the data reduction. In the early sixties
(Henk) Valk prepared a ‘formulae package’
that contained all expressions for the pro-
cessing of the recorded data. This involved
the determination of the tunnel reference
values (dynamic pressure, Mach number,
Reynolds number) as well as the calculation
of the pressure coefficients and force coef-
ficients for drag, lift etc. from the balance
readings. Rather extensive calculations had
to be made. From the balance readings the
actual forces and moments had to be calcu-
lated with the help of the balance calibra-
tion and these in turn had to be expressed
in the proper axis system (aligned with the
incoming airstream) for the aerodynamic
coefficients (see Appendix E). These calcu-
lations involved many angles such as the
angle of attack and yaw angles, the rolling
angle, the up-flow in the empty test sec-
tion and the deflection angles of the model
support under load. All these formulae,
over 100 expressions in total, were hand
written in a specific Technical Note, nick-
named ‘Uncle Henk's stories’ (‘Ome Henk
vertelt'). This set of notes formed the basis
of a ‘General data reduction program for
wind tunnel measurements’ or APVW (‘Al-
gemeen Programma Verwerking Windtun-

[Figure 2-42]

The SADIST (‘quick
scanning digital
information system
tunnels’) in 1963.
This was the first
automated data
acquisition system
of the HST and

SST. From left to
right: panel 1: the
conditioning units
for the pressure
transducers; panel
2: the control panel
with the patch panel
(top) to control the
order of the data
acquisition and the
console (middle);
panel 3: the
scanivalve panel
with the subscanner
home indicators on
the top and panel 4:
a panel with many
dials to be set by
hand before each run
with all constants
required for the
automatic data
processing (the so
called 'voorcyclus').

[Figure 2-43]

Paper tape unit used
in connection wit the
pressure scanning
system and SADIST
(picture taken around
1963).
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[Figure 2-44]

The computer
infrastructure
around 1977. All
computing activities
are centralized

on a main frame
computer, the CDC
Cyber-72.

[Figure 2-45]

Overview of the
control room around
1975 after the
EGOIST (the ‘online
instrumentation
system tunnels’

on the left side)

was installed. The
whole system was
controlled by a
HP2100 computer
(behind the teletype).
On the right side the
‘quick-look’ units.
The control desk was
also modified.

THE CYBER-72 AS A CENTRAL COMPUTING FACILITY WITHIN THE NLR NETWORK

nelmetingen’) which could be used for the
processing of all wind tunnel data from the
three major wind tunnels. A working group
was formed to make the specification for
this program. The program itself was writ-
ten by the department that handled the
computer and related programming (‘W/N
sectie’; see Appendix C). The control of the
program was partly achieved by the setting
of the parameters contained in the wind
tunnel data (the ‘voorcyclus' as mentioned
before). Another set of parameters was
punched on cards to provide parameters
for additional calculations (for secondary
balances, for the integration of pressures
etc.) and for the type of output that was
required (tables, plots). The program was
‘universal’ for all wind tunnels although
there were important differences between
the tunnels due to the local hardware and
the way they were operated. Any addition
to the program required more control pa-
rameters and the development continued
till the point that the complexity became
the enemy of the improved efficiency by
standardisation and centralisation. Errors
in the input, notably in the control param-
eters, could only be detected after the ta-
bles and plots had been inspected and this
involved a walk between the tunnel and
the computer centre in Amsterdam or even
a trip by car to the Noordoostpolder. The

fact that the computer was no longerin the
HST building was a clear disadvantage. The
wind tunnel project-engineers became as
result of this more and more involved in
data handling and inspection of the pro-
cessed data, at the expense of their original
task, the orchestration of the wind tunnel
measurements. The blue-print of the com-
puter infrastructure in the mid seventies
illustrates the much more centralized posi-
tion of the data processing. The original no-
tion that the computer was the end of the
measurement chain, as illustrated in figure

2-37, was gradually replaced by a situation
shown in figure 2-44 where the computer
was in the centre with the wind tunnels as
one of the elements to provide the data
to run the computer. This is also reflected
in the NLR organisation. The Data Reduc-
tion Service (‘Uitwerkdienst’) in the fifties
evolved over the years into the Informat-
ics Division (‘Hoofdafdeling Informatica’),
established in 1980 on the same organiza-
tional level as the other NLR divisions for
aerodynamics, flight or structures. See also
Appendix C.

POST PROCESSING

All foreign customers of the NLR wind tun-
nels got their (final) results on computer
tape for a further analysis at home (the
so-called ‘Tape-OUT' or ‘TOUT tape’). The
analysis of the wind tunnel test results was
a ‘company owned’ activity, a part of their
own organisation. However, the research
programs on airfoil and wing development
sponsored by NIVR (page 76) required a
detailed analysis of the wind tunnel data
by the NLR staff itself. This was essential to
guide the future theoretical developments
in consultation with Fokker and NIVR. It
necessitated a careful analysis of many
wind tunnel data involving curve fitting,
interpolation, the determination of incre-
ments and so on. Spread sheets were not
available at that time and the Department
of Applied Mathematics and Data Reduc-
tion (‘Toegepaste wiskunde en data verwer-
king') initiated the development of a data
analysis program. In 1977 the development
of such a program started in close co-op-
eration with CDC, based on a new concept
for ‘relational data base management’
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named ‘Evolutionary Data-Base Manage-
ment System’ (EDMS). The resulting pro-
gram was named ADIPAS: ‘Aerodynamic
Data Interactive Presentation and Analysis
System’. For more general applications it
was later changed into EDIPAS with the E
for Engineering. On NLR level and after the
creation of the Informatics Division in 1980
a centralized steering group for ‘Computer-
Aided Research and Development’ (CARD)
was set up to guide these developments
and to make sure that they were done
to the benefit of NLR as a whole. The first
CARD activities were related to the ADIPAS
development, computer-controlled manu-
facturing by the workshops and COLAS, a
higher level Command Language System
to couple data and programs from differ-
ent sources. In spite of a very substantial
effort EDIPAS was not very successful.
Since it was far ahead of its time, the nec-
essary infrastructure with high resolution
displays (the first IBM personal computer
dates from 1981) was not available yet. In
the HST building one or two displays were
located in a separate room. Very few users
sufficiently advanced on the learning curve
to use the most important features of the
program efficiently.

The philosophy behind this development
was to couple information retrieval (data
base management) and post-processing in
one program. In the data base information
from different sources was stored such as
the results of the computations and experi-
mental data from various aircraft configu-
rations. In the analysis these results had to
be compared. This merger of data from dif-
ferent sources was never successful, partly
because it necessitated an agreement on
formats in an environment in which test
techniques and computations were chang-
ing all the time. And most importantly,
the plotting of all kinds of data in various
ad-hoc formats could soon easily be done
with commercially available spread sheet
programs such as LOTUS 1-2-3 introduced
in 1982 followed by EXCEL around 1990,
both for Personal Computer applications.
For very specific applications more pro-
fessional commercial programs such as
PV-WAVE became available. The introduc-
tion of the Personal Computer and very
powerful work stations soon enabled a de-
centralisation of most of the data storage
and analysis. ‘Floppy disks’ and ‘Diskettes’
enabled flexible, distributed data storage.
There was no technical necessity anymore
to store all data on a central computer.

STAMOA AN COMTC S BT
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LOCAL INTELLIGENGE
AND DISTRIBUTED PROCESSING

Was the SADIST, the acquisition system lo-
cated near each wind tunnel, well suited
to operate in an environment with data
processing on a central computer? To an-
swer this question a study was initiated
resulting in the development of a new data
acquisition system with the name EGOIST,
the ‘First Completely Online Instrumenta-
tion System Tunnels’ (‘Eerste Geheel Online
Instrumentatie Systeem Tunnels’) which
became operational in 1973 [figure 2-45].
Fuykschot, who started at the Electronic
laboratory (‘E-lab’) before he became head
of the Wind Tunnel Instrumentation Sec-
tion (‘Windtunnel Instrumentatie’, AW) was
the driving force behind this and many oth-
er instrumentation developments. This sys-
tem consisted of two unique features. The
first one was a set of new ‘Measurement
Conditioning Units"™* or MCU'’s, necessary to
replace the pen recorders for the balance
measurements (and other transducers)
and to provide the proper digital output
for the central computer [figure 2-46]. The
second one was the replacement of the
‘patch panel’ by a small process computer,
the HP2100, to control the whole process of
data acquisition, some data reduction and
data transfer.

The presence of ‘local intelligence” allowed
a significant step forward in the existing
‘quick-look’ system. Already in 1965 X-Y
pen recorders were coupled to the SADIST
to display some relevant graphs notably for
the presentation of pressure distributions
and polars. Later several display units, such
as conventional pen recorders, X-Y plot-
ters and a UV-recorder and oscilloscope for
dynamic signals were combined in a quick-
look system [figure 2-47].

During the installation and related test-
ing of the EGOIST, experiments were car-
ried out with data-processing routines on
the CDC-1700/MODCOMP lI-computer. This,
combined with the experiences of the
HP2100-computer of the EGOIST, resulted
in a dedicated real-time HP1000-computer
system for the listing of raw-data and the
real-time presentation of calculated results
by a sub-set of the ‘Valk formulae pack-
age’. This development was initiated by De
Moes of the Department of Compressible
Aerodynamics (AC) [figure 2-48]. In 1978
this local computer, an HP1000/45, was
programmed to perform data reduction
for the on-line display of all relevant data.
The demands of the companies Aérospa-
tiale and Aviation Marcel Dassault contrib-
uted to this development.

In 1980 further developments of the local
data processing led to the introduction of
an ‘Operational Local Information Process-
ing Unit Windtunnels’ named OLIVE (‘Opera-
tioneel Lokale Informatie Verwerkings Eenheid
Windtunnels'). All details of the wind tunnel
test could now be followed by the customer
in real-time. Prints as well as plotted data
were provided. The latter as graphs on 6
A3 multicolour HP-plotters. This graphical
system was a NLR-development. After that
it was only a small step towards implement-
ing the complete data processing, including
the output-tape ‘'TOUT’, on a local HP com-
puter, a task performed till that time central-
ly by the APVW-program. On CRT monitors
(‘BARCO’) the results of the measurements
could be displayed. Graphs were produced
during or immediately after the measure-
ments by electrostatic plotters (‘Versatec’).
It also became possible to compare results
(e.g. lift curves or drag polars) with past re-
sults stored in the system during a previous
test, an option very much welcomed by the
customers.

[Figure 2-46]

Front plate of the

first generation
‘measurement
conditioning units’ or
MCU's, an essential
part of the data
acquisition system
EGOIST (around
1975).

[Figure 2-471]

‘Quick-look’ system
in the HST. To the
left pen-recorders
now only used for
visualization, at the
right 3 X-Y plotters.
Also at the right
side at the bottom a
UV-recorder to check
dynamic aspects of
the measurements.
The pen recorders
were later replaced
by X-Y plotters (see
figure 2-48) and
still later by screens
('BARCO)).
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[Figure 2-48]

Bert de Moes behind
the HP1000/45
computer for the
on-line reduction of
the wind tunnel data.
On the left six X-Y
plotters to visualize
the results according
to the needs of the
customer. In the
middle the printer.

[Figure 2-49]

A recent picture
(2010) of the control
room of the HST. To

the left the Signal
Conditioning Units.
All controls on the
control desk with
digital displays.

[2-48)

For those who could read the signs it was
quite clear that the use of local comput-
ing power was more efficient and opened
the way for new developments in terms
of process control. In the following years
the (C)SST and the PT, all equipped with
EGOIST data-acquisition systems, were con-
nected to the OLIVE-computers for data-
processing and data-presentation. The same
OLIVE-concept was later applied at the LST
in the Noordoostpolder.

Local intelligence made it possible to initi-
ate further improvements in the measuring
process. The control desk was adapted to
enable the new possibilities. Till that time
the Mach number was controlled manu-
ally during an angle of attack sweep of the
model. Without this additional control the
Mach number would normally change dur-
ing an angle of attack sweep as a result of
the increased drag of the model. In a new
development the setting of the Mach num-
ber (hence the deflection of the fan blades)
could be adjusted automatically, based on
the measured tunnel pressures. In 1976 this
development, combined with real time
data processing, opened the way for ‘con-
tinuous sweep’ measurements instead of
the usual ‘pitch and pause’ mode of opera-
tion. During the angle of attack sweep the
measurement data for a polar could be tak-
en continuously. This system was further
refined with the implementation of one of
the first Apple Il computers in The Neth-
erlands in the automated control loop. As
a result the productivity of the tunnel im-
proved significantly. For pressure measure-
ments the conventional ‘pitch and pause’
mode still had to be used. The fact that a
constant Mach number could be main-
tained during an angle of attack sweep
was extremely attractive for the customers
who otherwise had to take many more data
points to interpolate towards a constant

Mach number during a run. This was a real
advantage in the competition with other
tunnels, notably with the ONERA S2 tunnel
where interpolation between polars was
always required.

In the early eighties it became more and
more evident that the transfer of data from
one facility to the other was increasingly
important. For the simulation of model en-
gines on wind tunnel models, calibration
tests had to be performed in the Noord-
Oostpolder and the same equipment was
used subsequently in HST or LST. It was
not unusual to exchange models between
the tunnels, not only between HST and
SST but also between HST and LST. This
development triggered a proposal to set
up a new modular local data processing
system based on the OLIVE-principles for
all wind tunnels. The idea was to combine
local data processing with a modular set-
up to facilitate the common use of data-
acquisition hardware and software by all
test engineers from either the high speed,
low speed or propulsion facilities. This pro-
posal, however, was blocked by the higher
management. It was not believed to be
compatible with a centralized information
structure as pursued by the Informatics Di-
vision. De Moes, who played a crucial role
in this development, left NLR.

However, the trend towards local data pro-
cessing could not be reversed any more. In
1988 a new further improved data acqui-
sition system was introduced in the HST.
This was soon followed by an improved
data processing system to replace the
OLIVE system. This system named ‘APRO-

POS’, meaning ‘Aerodynamic PROcessing
and Presentation Open-ended System’,
was soon introduced for all wind tunnels,
though with a core software packet that
was derived from the APVW. A local area
network was installed for the data trans-
fer. Also a new generation conditioning
unit was developed. At the same time ‘Pro-
grammable Logical Computers’ or PLC's
were introduced. They allowed local con-
trol over specific equipment such as the
‘Probe Traversing Mechanism’ or the ‘Tra-
versing Wake Rake’ (see page 59).

With the Phase | modification of the HST
in 1992/1993 the complete architecture of
the HST tunnel controls was redesigned to
fully exploit the improved capabilities of
the data acquisition and tunnel control sys-
tems. The data acquisition system and the
control desk [figure 2-49] were completely
renewed. The data reduction program also
had to be adapted. The ‘formulae package’
by Valk could no longer be used for the new
more versatile model support systems, no-
tably for the ‘articulated boom’ [see figure
1-571. Instead of the lengthy and not very
transparent goniometric expressions a
more structured approach was followed,
based on ‘homogeneous transformations’,
a technique developed for robot kinematic
applications. This new set-up allowed a
much greater flexibility in the test execu-
tion, also in the sense that the conditions
for taking data could now be controlled by
the actual measurements. It opened new
possibilities in controlling the measure-
ments and speeding up the tests, possibili-
ties that were fully exploited in the decade
following the HST modification. m
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MAKING THE FLOW VISIBLE

THE FIRST
PRIORITY:
SCHLIEREN

[Figure 2-50]

Schlieren photograph
of the Sud Aviation
‘Durandal’ around
Mach=1. This was
one of the first
models tested in
1959 in the HST at
transonic conditions.

[Figure 2-51]

Schlieren photograph
of the Concorde
in the SST made

between 1963
and 1975 during
the extensive test
program for ‘Sud
Aviation'.

[2-50]

he importance attributed by the test

engineers to a ‘quick-look’ system as

discussed in the previous section re-
flects a more general interest to see what
has been measured. The most direct way is
to visualize the flow itself. This can be done
by blowing smoke in the flow, by gluing
threads of wool to the model surface (‘tufts’)
or by painting the model with oil, oil that
will align itself with the local flow direction
at the model surface. All these techniques
were already used in the old Eiffel tunnel
of the RSL [figure 2-7]. The application of
these techniques was not straightforward
for the HST and SST. For the HST as well as
for the SST, the test section is completely en-
closed and the model can only be observed
through television cameras. Smoke could
not be used anymore since the smoke would
disperse rapidly in the high speed flow. Tufts
on the model surface would be blown away.
Fortunately flows at high speeds are com-

pressible and this opened the way to opti-
cal techniques such as ‘schlieren’, 'shadow
graphs’ and ‘interferometry’. These tech-
niques are based on the principle that due
to density variations in the compressible
flow, the light is deflected depending on the
density distribution, resulting in an interfer-
ence pattern of light and dark lines and ar-
ea’s. In reference 31 it was already remarked
that, following NACA experience, a schlieren
system was very valuable.

At transonic conditions the flow is domi-
nated by shock waves. A shock wave can be
seen as a discontinuous change in the flow
velocity and the pressure when the flow is
forced to decelerate from local supersonic
to subsonic speeds. Not without reason the
phrase ‘breaking the sound barrier’ [figure
1-51] was used to pass the speed of sound,
reflecting the problems that were encoun-
tered and mastered on October 14, 1947 for
the first time by Chuck Yeager in the Bell X-1.
The technique of schlieren to visualize den-
sity variations in air was well known (the in-
vention was already made in 1864) and used
extensively in the Peenemiinde wind tun-
nels where the V2 was tested during WW II.
The small '3x3’ supersonic wind tunnel built
by Erdmann (see page 15) was also meant to
obtain experience with these optical tech-
nigues. In fact, the experiments by Erdmann
in this small wind tunnel formed the basis
for his dissertation®on April 30, 1951 at the
Technical University of Aachen (‘Fakultdt
fiir Machinenwesen und Elektrotechnik der
Rheinisch-Westfalischen Technische Hochs-
chule Aachen’). Based on these experiences
the schlieren/schadowgraph system for the
PT had been constructed with a beam diam-
eter of 0.45 cm. The decision was taken to
use a similar system for the HST. To prevent
tunnel vibrations from spoiling the quality
of the pictures, the whole system was sus-
pended on very flexible springs. The size of
this traversable schlieren system roughly
determined the diameter of the plenum
chamber. In the Note on the construction
of the HST from 1956%, Boel remarked that

the schlieren system had top-priority. This
was also caused by the long delivery times
for the special mirrors in the optics. The
schlieren system was designed by NLL, but
finally built by Datwyler & Hausammann in
Switzerland. At the opening of the HST the
schlieren system was operational [figure
2-50], followed some years later by a similar
system for the SST [figure 2-51]. Since that
time the system has been used routinely. In
the seventies the schlieren system was ex-
tended with the possibility to make colour
pictures. Very ‘picturesque’ photographs
were obtained, but these hardly contrib-
uted to a better understanding of the flow.

OIL FLOW VISUALIZATIONS

This technique, routinely applied in the low
speed tunnels, had to be slightly adapted
for use at transonic speeds. Instead of
‘lamp black’ or ‘day glow’ suspended in
petroleum, a more viscous oil seeded with
titanium dioxide had to be used. It was
somewhat problematic to mount the cam-
eras to view the model. They were located
in the slats of the upper and lower tunnel
walls (behind glass windows) or behind the
windows in the side walls. These cameras,
the so-called ‘robot cameras’ purchased
in Germany, could be remotely controlled.
The appropriate lighting of the model had
to be developed by trial and error. This
technique allowed the visualization of a
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[Figure 2-52]

Oil flow picture of
the flow over the
wing of the first
supercritical wing
SKV-1. The thick
white line in the
middle of the wing is
indicative of a shock
wave that extends
from the wing root to
the tip. Note also the
vortex at the wing
root, indicating flow
separation.

[Figure 2-53]

An oil flow picture
of the fllow

over a Hermes
configuration in the
SST made around
1988.

[Figure 2-54]

Two examples of
the application of
the acenaphtene
technique to
visualize boundary
layer transition
behind a transition
strip on a two-
dimensional airfoil.
The flow direction
is from top to
bottom. The smaller
carborundum
grains on the top
figure leave a

larger white area,
indicative of laminar
flow. The largest
grain (indicated

by the smallest
carborundum
number 100) makes
the boundary layer
fully turbulent.

W THIS SEPARATION AT THE WING
ROOT WAS NOT INTENDED BUT IT
HAD BEEN PREDICTED FROM THREE-
DIMENSIONAL BOUNDARY LAYER
CALCULATIONS. IT WAS THE FIRST
APPLICATION OF A CALCULATION
METHOD FOR THREE-DIMENSIONAL
VISCOUS FLOWS AND THOSE THAT
WERE ENGAGED IN THIS DEVELOP-
MENT WERE THE ONLY ONES WHO
LIKED THIS RESULT.

i

very detailed ‘footprint’ of the flow over
the surface of the model. It was an art, or
almost a science (related to the mathemati-
cal discipline of topology) to reconstruct
from these surface patterns the three-
dimensional flow field around the model.
Figure 2-52 gives a nice example of such
an oil flow picture for the flow over the first
supercritical wing designed by NLR in close
co-operation with Fokker (see page 78).
From this picture the position of the shock
wave on top of the wing is visible as well as
an unwanted flow separation at the wing
rootV. This technique is still applied rou-
tinely to understand the flow on wind tun-
nel models. Another nice example is pre-
sented in figure 2-53 for the Hermes space
vehicle, a study made for ESA around 1988.

BOUNDARY LAYER TRANSITION

In the region close to the wing surface the
flow is decelerated due to viscous friction
and a so-called boundary layer is formed.
The boundary layer is responsible for the
(viscous) drag and can also be the origin of
flow separation, the situation that the flow
breaks away from the model surface (as
was shown in figure 2-52 at the wing root
of the SKV-1 model). The boundary layer
can obtain two states, depending on the
pressure distribution, the roughness of the
wall and the Reynolds number. These two
states are laminar (‘smooth’ flow) or tur-
bulent (with a ‘chaotic’ turbulent motion).
At low Reynolds numbers the flow is most
often laminar, whereas at flight Reynolds
numbers the boundary layer is generally
turbulent. To simulate the flow over an air-
craft configuration in the wind tunnel at a
low Reynolds number, it is common prac-
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tice to force the boundary layer flow on the
model to become turbulent. This can be
achieved with a so-called ‘transition strip’
a small roughness band, generally made
of carborundum grains (the grains used in
‘sand paper’) glued onto the wing at a fixed
percentage of the local chord (normally 5
to 10 %). To know the location of the transi-
tion line and/or to make sure that the transi-
tion strip has actually provoked transition,
a sublimation technique is used. On the
model a thin and smooth layer of a chemi-
cal substance is sprayed. This layer has the
property that it transforms directly from a
solid to a gaseous state (it ‘sublimates’). Due
to the action of turbulence this transforma-
tion is faster in a turbulent boundary layer
compared to a laminar boundary layer. Af-
ter a short time (in the order of minutes) the
not yet sublimated material is left behind
on the model as a witness that the flow is
locally laminar [figure 2-54]. For high speed
conditions acenaphtene is normally used as
the sublimating material. This test is a very
important one, notably to assure an accu-
rate determination of the drag and of the
off-design characteristics. Also the choice
of the size of transition strip is more an art
than a science and is based on considerable
experience. Mastering the techniques for

the application of transition bands and the
related transition detection, was one of the
requirements of Sud Aviation to execute
their wind tunnel tests at NLL.

For each transition strip a new test has to
be made. This makes these tests rather
time consuming and hence expensive and
other more time and cost-efficient meth-
ods have been tried. Since the state of the
boundary layer, laminar or turbulent, also
affects the local wall temperature, it is in
principle possible to measure the temper-
ature by optical means, either with tem-
perature sensitive paint or with an infrared
camera. But since the temperature differ-
ences are very small (in the order of one
degree) the model surface should be non-
heat conducting. First experience with the
infrared technique was obtained with tests
in the HST on a natural laminar flow airfoil
designed and tested by NLR in 1986. In that
case the model was coated with a thin insu-
lating layer. The technique has been used
since, depending on the model surface
properties. The big advantage is, of course,
that the transition characteristics can be
monitored continuously during a test with-
out additional costs.

FLOW FIELD MEASUREMENTS

The techniques for flow visualization with
schlieren, oil or acenaphtene have hardly
changed over the years of operation of
HST and SST. However, quantitative flow
field measurements with the objective
to determine the magnitude and direc-
tion of the flow in the neighbourhood of
a wind tunnel model have shown consid-
erable improvements. One of the earli-
est examples of flow field measurements,
related to the F28 development program
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in 1964, is shown in figure 2-56. The F28
wing is mounted as a half model on an
external half model balance against the
side wall of the HST. This balance measures
the overall forces, including the drag. The
question may be asked: are there regions
on the wing that contribute excessively
to the overall drag e.g. due to premature
shock wave formation or flow separation?
To answer this question the wake behind
the wing can be measured. To this end a
so-called ‘wake rake’, a row of many total
pressure tubes spaced in vertical direction,
is translated in span wise direction behind
the wing. This rake measures the total pres-
sure loss due to the boundary layer on the
wing or behind shock waves. Similar wake
rake measurements have been made for

[2-56]

Sud Aviation on the Concorde and the Air-
bus A300 to investigate the flow conditions
for the turbofan engines. Since the inlet
conditions of turbofan engines depend on
the Reynolds number, in 1980 during the
F29 development program a special inlet
test rig was made to study the inlet charac-
teristics on a larger scale [figure 2-55]. With
an ejector the mass flow through the inlet
duct could be controlled. A rotating rake
inside the inlet duct and four fixed external
rakes were used to determine the viscous
and shock wave losses for a wide range
of mass flows and flow conditions (Mach
number and angle of attack/yaw angles).

In the eighties the validation of Compu-
tational Fluid Dynamics became increas-
ingly important (see page 86). To check
the quality of the computer codes there
was a need to measure the flow veloc-
ity in certain regions of the flow field. The
conventional way to do this makes use of
a ‘five-hole probe’, a small probe with a
spherical head. From five tiny holes in the
probe head the magnitude and direction
of the flow velocity can be derived after the
probe has been calibrated. In 1985 a special
mechanism was manufactured to position
this probe anywhere in the flow field, the
so-called ‘Probe Traversing Mechanism’

(‘Sonde Traverseer Mechanisme’ or STM [fig-
ure 2-57]). This set-up has been used to
measure the boundary layer development
of wings and two-dimensional airfoils as
well as to probe the vortex flow field above
a delta wing. The mechanism had four de-
grees of freedom controlled by a special
computer-controlled unit. Various types of
probes could be positioned very accurately
in vertical direction to measure the thin
boundary layers (thickness order of 10 mm)
on wing surfaces.

At about the same time a wake rake was
manufactured with 18 five-hole probes.
This was done to enable detailed measure-
ments of the slipstream behind a propeller,
an investigation made on behalf of Fokker
to study the interference of a high speed
propeller with the wing. The design of this
new wake rake was made possible by the
electronic pressure scanners (see page 49),
which could measure many pressures si-
multaneously and continuously. The pres-
sure tubing was designed in such a way
that delay times were minimized and this
allowed a continuous displacement of the
rake. And last but not least, the data ac-
quisition was so fast that a large amount
of data could be sampled and processed
in real time. In 1986 this rake was used to
measure a two-dimensional laminar flow
airfoil (NLR8602) in the HST. In addition
to the traversing five-hole probe rake, the
pressures on the model were measured as
well in real time with the electronic pres-
sure scanners. It constituted the first exam-
ple of ‘continuous’ pressure measurements
in the HST instead of the more conven-
tional ‘pitch and pause’ testing, a develop-
ment similar to what had been achieved
about ten years before for the force meas-
urements. This five-hole probe rake was a
great success due to its high productivity
and the rake was used extensively in the
‘Large Low Speed Facility’ LLF of DNW to
investigate wake vortex development be-
hind the wing, an important issue during
the Airbus A380 development program.
The probe traversing mechanism (for de-
tailed local measurements) and the five-
hole probe rake (for flow field mapping)
are probably as far as one can go with me-
chanical systems. In the eighties new pos-
sibilities for flow field measurements were
offered by optical techniques. ‘Laser Dop-
pler Velocimetry’ or LDV was very suitable
for local flow field measurements and this
technique was applied a number of times
in the HST to measure the flow behind pro-
peller blades. It is based on measurement

of the Doppler effect, a change in frequency
of a light signal when reflected from a mov-
ing particle. Mapping entire flow fields was
possible with ‘Particle Image Velocimetry’
or PIV [figure 2-58]. In this technique two
‘snapshots’ are made with a laser light sheet
of very small particles moving with the flow.
With correlation techniques the displace-
ment of these particles and hence the ve-
locity can be derived from the two pictures.
This is a very powerful and promising tech-
nique. To apply this technique, it is essential
to distribute micron particles in the flow. In
1996, with the Phase 2 modification of the
HST, this has been achieved by the perma-
nent installation of a traversable smoke dis-
penser in the settling chamber of the HST.
Finally, pressure sensitive paint as already
discussed at page 48 has to be mentioned
as well as a very powerful tool to visualize
the local pressures on the model surface.
[see also figure 2-30]. m

[Figure 2-55]

Wake rakes around
the nacelle during
inlet simulation tests
for the nacelle of the
Fokker F29. From the
rake measurements
the external nacelle
drag can be derived
for a range of flow
conditions of the
engine, simulated
by a variation in
mass flow through
the nacelle (around
1980).

[Figure 2-56]

Wake rake
measurements in
1964 behind the wing
of a half model of

the Fokker F28 used
to evaluate the drag
characteristics.

[Figure 2-57]

The Probe Traversing
Mechanism above a
delta wing in the HST
around 1985.

[Figure 2-58]

Alaser light sheet
above a delta wing
(part of the IEPG
program) to measure
the flow velocity
with Particle Image
Velocimetry (PIV).
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FROM W0OD
T0 METAL

[Figure 2-59]

View of the metal
workshop around
1950.

[Figure 2-60]

Wooden template

of the nose of the
Concorde used in the
‘rotating barrel ma-
chine’ for the manu-
facturing of metal
Concorde models for
tests in HST and SST
(around 1970).

[Figure 2-61]

Manufacturing a tail
model for the F27 in
the wood workshop

(around 1950).

MODEL MANUFACTURING

efore World War Il all aircraft models

for the RSL wind tunnel were manu-

factured in the workshops of the lab-
oratory. The models were generally made
out of wood. Wood can easily be shaped
in the required form by cutting and chis-
elling, followed by sanding to obtain a
very smooth surface. The skills needed
were similar to those required for ship
building or furniture making. A problem,
though, was the dimensional stability of
the models. Temperature and moisture
could change the shape considerably.
To reduce these effects the models were
often built up of layers of wood glued to-
gether. In some special cases, such as the
manufacturing of small model propellers,
flaps and control surfaces, wood was not
strong enough and metal had to be used.

During World War Il some craftsmen of the
laboratory workshop went to Géttingen in
Germany to learn about other production
techniques applied at AVA, the ‘Aerody-
namic Research Institute’ that supervised
the NLL activities at that time. The Germans
used a metal skeleton filled with plaster.
After the War a similar technique was tried
at NLL using resin instead of plaster. But in
general the wind tunnel models for the LST
were still made of wood [figure 2-61].

It was soon realised that wooden mod-
els would not be adequate for tests in the
high speed wind tunnels mainly due to the
much higher loads, a factor of 10 compared
with the low speed tunnels. Moreover, the
required accuracies for high speed mod-
els could not be achieved in wood. The
workshops were fully equipped to ma-
chine specific metal parts for wind tunnel
models and related instrumentation and
to support the activities of other depart-

[2-60]

ments [figure 2-59]. However, manufactur-
ing aluminium or steel wind tunnel models
with curved surfaces necessitated the de-
velopment of new production techniques.
Note that in 1950 the first transonic model
of Fokker, the S14 jet trainer*, was manu-
factured in France (see page 65). Time was
needed to develop these techniques.

Conventional metal cutting machines were
restricted to circular or linear movements.
In a lathe the material is centred between
two pivot points and turned around
whereas the chisel that cuts the material
remains fixed. In the long planing machine
the work piece is reciprocated in linear mo-
tion, during which the cut is made in one
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direction by lowering the tool before each
cutting stroke. In a routing machine the
piece of metal that has to be worked on can
be moved in a plane in two dimensions un-
derneath a revolving chisel (milling cutter).

In 1954 Baljeu® developed a ‘copier rout-
ing machine’, a machine where the move-
ment of the milling cutter was guided by a
template. This template was made out of
wood or sheet metal with a contour sawing
machine. An available pantograph was used
to copy the shape of the template onto the
metal that had to be cut. This technique was
first applied to the manufacturing of model
propellers. The same principle was applied
later in the so-called ‘rotating barrel ma-
chine’ which was purchased in 1958. Three
dimensional shapes could be copied and cut
in metal on this machine, which was used in-
tensively for a long period. A nice example
of this technique is the manufacturing of the
fuselage nose of a Concorde model with the
help of a six times larger mock-up* made out
of wood in the conventional way [figure 2-60
and 2-63]. Straight wings were produced dif-

ferently. In 1954 the Waldrich ‘long planing/
routing copying machine’ was purchased
to this end [figure 2-62]. This machine could
manufacture straight wings with a constant
cross section such as two-dimensional airfoil
sections for e.g. tests in the low speed tun-
nel LST or the PT. This machine could also
be used to duplicate shapes [figure 2-64].
In that case the position of a special routing
head was directed by a feeler in such a way
that a three dimensional template could be
copied one-to-one onto a piece of metal.
This technique required an accurate shaping
of the template. As an alternative the shape
of the wing could be cut approximately ‘by
hand’ on the ‘Waldrich’. Numerous small
holes were drilled into the oversized mate-

rial according to the coordinates of the wing
surface. Then the superfluous material was
removed by painstaking filing and polishing.
During the campaigns for the Concorde*
the NLL workshop had to make many extra
hours to get the models ready in time.

TOWARDS NUMERICAL CONTROL

At the end of the sixties the chairman of
the Board of NLR, Van der Maas, on leaving
the NLR offices, met Droge, the head of
the workshop and told him that in the US
he had seen a machine which manufac-
tured wind tunnel models numerically®.

[Figure 2-62]

The Waldrich long
planing/routing
copying machine
(since 1954). The
templates, hardly
visible, are located in
the portal.

[Figure 2-63]

Manufacturing the
Concorde nose (scale
1:60) on the rotating
barrel machine’.

[Figure 2-64]

Copying a Fokker F28
wing on the Waldrich
routing copying
machine.
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[Figure 2-65]

The Bohle, the first
numerical controlled
routing machine.

[Figure 2-66]

Wing centre

piece machined
numerically on the
Bohle.

[Figure 2-67]

The DEA coordinate
measuring machine
with the SKV-1
supercritical wing.
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The complete cutting process was under
control of a set of instructions punched
in numerical form on a paper tape. ‘Could
this also be done at NLR?" was the ques-
tion. A small study group was formed with
Baljeu, Drége, Van Benthem (head of the
Applied Mathematics and Numerical Sec-
tion) and Cool (from the Technical Univer-
sity in Delft as an advisor). They visited the
US, France, Germany and England and it
was finally decided to buy a numerically
controlled German milling machine, the
Bohle, equipped with an American Bendix
control unit. This machine was delivered
in 1969. It was a ‘four axis machine’, allow-
ing a numerically controlled freedom of
movement in three orthogonal directions
in addition to a rotating platform to which
the ‘routing head’ was attached [figure
2-65, 2-66]. This new numerically con-
trolled machine (N/C, in house named the
NuBe for ‘Numerieke Besturing') was locat-
ed in the new workshop in the Noordoost-
polder. To check the actual geometry of
the model a three-dimensional coordi-
nate measuring machine, the DEA, was ac-
quired. With this machine the coordinates
of the model surface could be measured
and digitized and the outcome compared
with the specified geometry [figure 2-67].
With the introduction of the numerically
controlled machines, the Design Office
(‘Constructiebureau’ or TO) had to adapt
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its way of working as well. This office com-
bined expertise in the design of all kind
of constructions in response to specific
demands from the various departments
within the laboratory or from external
customers. The activities were most often
related to fine mechanical constructions
as required for instrumentation develop-
ment and model design. Its design activi-
ties resulted in a set of drawings for the
workshops. A smaller group of people in
the Department for Technical Projects (TP)
took care of the coordination between the
NLR customers, the NLR departments, the

Design Office and the workshops. The
combined expertise and know how of
the Design Office and the workshops ena-
bled the NLR departments to do research
on the edge of what was possible. When
the first N/C machine was introduced, the
construction office had a staff of about 20
people, whereas the workshops counted
over 50 employees. In the early days of the
Numerically Controlled Machining special
computer programmers wrote the instruc-
tions for the machine in the language APT
(or ‘Automatically Programmed Tool’), a
time consuming activity. Since, as a result
of the aerodynamic design process, the
actual model shape was numerically avail-
able, it made sense to use this digital mod-
el geometry directly for the numerical
machining process. In the early eighties
the geometry package SIGMA, developed
by the French aerospace company SNIAS,
performed this task at NLR. Although
this package was very convenient for the
aerodynamicists, it was not very practical
for model manufacturing applications.
At that time Fokker was experimenting
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with two other programs, the commer-
cially available CADAM packet for general
‘computer aided design and manufactur-
ing’ and CATIA, a program developed by
another French aerospace company with
the name Dassault and marketed by IBM.
Around 1990 and after some tests at the
Fokker factories, NLR decided to buy CA-
TIA as the standard tool for model design
and numerical manufacturing. Special
work stations with graphic displays were
purchased replacing the conventional
drawing boards [figure 2-69]. Model de-
sign and manufacturing were finally com-
pletely digitized.

The precise reproduction of the external
shape of the model is one issue, but it is
equally important to accommodate the re-
quired instrumentation within the confined
space of the model. Pressure holes had to
be drilled and pressure tubes had to be in-
stalled [figure 2-68, 2-70] and connected to
the pressure scanners. The pressure scan-
ners themselves were modified and minia-
turized as described at page 49. Sometimes

special force balances had to be designed
and manufactured. Propulsion simulation
as will be described at page 84 was another
area where the design office
and workshop were working
on the edge of what was tech-
nically feasible.

For the NLR directors it was quite clear that
a specialized, in-house model manufactur-
ing capability was essential to support the
wind tunnels. In the first publication on the
HST of 1959 intended for the potential us-
ers*, the capabilities of the workshop were
explicitly mentioned. When in 1980 in the
Noordoostpolder the large low speed wind
tunnel was built together with DFVLR, the
German sister institute of NLR, the manu-

facturing of very large models for this tun-
nel signalled a new challenge for the NLR
model design capabilities. These models
are so large that the use of remotely con-
trolled wing surfaces (such as ailerons
and spoilers) to speed up the measuring
process is cost effective. In 1996, after the
bankruptcy of Fokker and the transfer of
all wind tunnels to the DNW organisation,
the design office and workshop remained
as separate departments within the NLR
organisation. As in the past, they special-
ize not only in wind tunnel model design
and manufacturing, but in the manufactur-
ing of fine mechanical systems in general
where a high precision is required. Out-
standing examples are the fabrication of
instrumented model propellers, including
rotating balances, dynamically scaled ro-
tor heads and blades for helicopter models
such as for the NH90 DNW (LLF) wind tun-
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nel model, remotely controlled ailerons
and the installation of miniature dynamic
pressure transducers in wind tunnel mod-
els to measure fluctuating loads on model
surfaces. Most of the wind tunnel models
to be discussed in the next chapter have
been designed and manufactured at NLR.
It is fair to say that demands from custom-
ers for testing in the high speed wind tun-
nels PT, HST and SST contributed substan-
tially to these capabilities. Similarly, the
NLR capabilities for model manufacturing
have stimulated many customers to ex-
ecute their tests in HST or SST. m

[Figure 2-68]

Making grooves
for pressure tubing
in the wing of a
Concorde.

[Figure 2-69]

A designer working
with the CATIA
system (around
1990).

[Figure 2-70]

The wing of the
Concorde with

all provisions for
pressure tubing.

[2-70]
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A TUNNEL FOR
THE DUTCH
RIRCRAFT
INDUSTRY

Gontributions
to the

aerospace
Industry

GETTING STARTED

ust after World War Il the Dutch Gov-

ernment agreed that it was very im-

portant to re-establish an independ-
ent Dutch aeronautical industry. Already
in September 1945 the ‘Tromp Committee’
(page 11) was tasked to make recommen-
dations as to how the Government could
support these intentions and their report
appeared in March 1946. In the first years
after the War Fokker was involved in the
maintenance of military aircraft (such as
the North American Harvard Trainer) and
refurbishing military DC-3’s on behalf of
KLM and other airlines. Some years later
military aircraft were built under license
such as the Gloster Meteor and the Hawker
Sea Fury. For new projects the “Tromp Com-
mittee’ recommended that Fokker would

build military trainers, under contract of
the Royal Netherlands Air Force, and a new
passenger aircraft financed by the revolv-
ing fund of the newly established ‘Nether-
lands Institute for Aircraft Development’
(NIV). It was also suggested that Fokker co-
operated with other partners, notably in
England and the US, for the development of
advanced military aircraft. Fokker was also
involved in the design and production of
an air taxi, the F25 ‘Promotor* which how-
ever never became a success due to tech-
nical and financial problems. The first suc-
cessful trainer was the Fokker S11 followed
by the Fokker S13, a twin-engined bomber/
trainer. A prototype was built but before
the production could start the American
Beechcraft ‘Navigator’, a similar type of

aircraft, was offered by the US almost for
free to various European air forces within
the framework of the ‘Mutual Defence As-
sistance Act’. It was the time of the Cold
War. Fokker also considered a new passen-
ger plane named project P275, intended as
a replacement for the DC-3, which would
later become the F27. All these new Fokker
developments did not require high speed
testing. But Fokker had plans as well for air-
craft at higher speeds such as the jet trainer
S14 and the F26 ‘Phantom’. This last aircraft
was a civil aircraft with jet engines for 16
passengers. A number of design studies for
jetfighters may be considered as design ex-
ercises for the future Fokker-Republic D-24
Alliance (see page 68). Of these aircraft only
the S14 was manufactured. The first ideas
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for the S14 dated from 1947 and since not
very much was known about transonic
aerodynamics, information was retrieved
from German war reports, notably on the
Messerschmitt 262, which had become
available through the allied forces®. In
1950 wind tunnel tests on a small model
of the S14 were made in France at the In-
stitute Aérotechnique at St. Cyr* since the
HST was not available yet. The model* was
also manufactured in France by R. Dupont
in Anbervilliers. The tunnel in St. Cyr had an
almost circular test section with a diameter
of about 1 m. The model was mounted with
struts on an external overhead balance.
Representatives of NLL visited the tunnelin
St. Cyr because the results had to be com-
pared with the low speed data obtained in
the LST.

It is interesting to note here that, when be-
tween 1945 and 1948 the first ideas on the
HST were formulated, there were hardly
any Fokker projects that required transonic
testing. In the report of the ‘Tromp Com-
mittee’ it was suggested that NLL would
look for international co-operation in re-
search, notably with England. This remark
foreshadows the active NLL contribution to
AGARD, contacts with the French aeronau-
tical industry within AICMA and activities
as part of the ‘Anglo-Netherlands Co-op-
eration Program’ ANCP which was so im-
portant for the development of Computa-
tional Fluid Dynamics as will be discussed
in the next sections.

AGARD, THE ADVISORY GROUP FOR
AERONAUTIGAL RESEARCH AND
DEVELOPMENT

In the Cold War atmosphere after World War
I, the ‘North Atlantic Treaty Organisation’
NATO was set up as a defence alliance for
the Atlantic partners. Exchange of research
was considered an essential part of this alli-
ance. Theodore von Karman was a Hungar-
ian scientist who got his PhD under Prandtl
in Gottingen and, after emigrating to the
United States, became a leading consultant
for the United States Air Force on aeronau-
tical technology development. As a mem-
ber of a special committee he investigated
just after the War the German aeronautical
achievements. As he stated himself: ‘pro-
gress in technology was so swift that only a
pool of nations could properly utilize scien-
tific advances for mutual protection.” And he
moved decisively to set up a scientific advi-
sory board for NATO which became known
as AGARD®. In May 1952 the first AGARD
general assembly took place in Paris. The
Netherlands were represented by Van der
Maas (chairman of the NLL Board) and
Koning (Director of NLL). An Executive Com-
mittee was formed which had its first meet-
ing a week later in London. This committee
had five members, one of them Koning.
The NLL leadership realised very well that,
after five years of isolation during the War,
AGARD provided a small country like The
Netherlands with the best opportunities to
establish scientific contacts abroad. As early
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as September 1952 the ‘Wind Tunnel and
Model Testing Panel’ (later to become the
‘Fluid Dynamics Panel’ or FDP) had its first
meeting in Farnborough. Van der Maas him-
self and Dobbinga became the first Dutch
members. In May 1954 the fourth general
assembly meeting took place in Schevenin-
gen and the audience was welcomed by His
Royal Highness Prince Bernard who men-
tioned in his welcome speech that ‘AGARD
has grown into something more substantial
and important even than optimists originally
thought.' This illustrates the importance at-
tached to AGARD in The Netherlands. And
understandably since the concept of the
slotted wall test section for the HST was
communicated through AGARD as well as
many other suggestions and recommenda-
tions for test techniques, notably balance
design and the concept for the supersonic
wind tunnel (see page 42 and 29).

One of the initiatives of
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\-iHﬁx Model Testing Panel’
was the definition of a
number of ‘Standard Calibration Models'.
The models had a very simple, well-defined
shape that could easily be manufactured by

each laboratory. The AGARD-B model had

[Figure 3-1]

A very ‘'shiny’
AGARD-C model
used to validate the
HST; probably end
of 1958.

[Figure 3-2]

Drawing of the
AGARD-C standard
model. The
geometry was very
simple and easy

to manufacture to
ensure that each
tunnel could make its
own model.
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[Figure 3-3]

The cover of the
contract with AICMA.

[Figure 3-4]

The first wind tunnel
test for a customer
was made for Sud
Aviation on a delta
wing configuration
named the '‘Durandal’
SE-212.

[3-3]

a cylindrical fuselage with an ogive nose
and a small delta wing. A horizontal tail was
added for the AGARD-C model [figure 3-2].
Although slotted tunnel walls were meant
to reduce the effects of the tunnel walls, it
was not clear at all to what extent they were
successful. A comparison of results for one
configuration built at different sizes (model
scales) and tested in various wind tunnels
would give confidence in the results of tran-
sonic wind tunnel tests.

NLL manufactured four AGARD-B/C mod-
els* with fuselage diameters of 22, 40, 70
and 100 mm. In 1957 the first measure-

ments in the PT of the 40 mm diameter
model [see figure 2-17] were reported by
Zwaaneveld®. The highest tested Mach
number was 0.8 since the PT with solid
walls could not measure close to Mach = 1.
The results were compared with data ob-
tained from AEDC in the US. In 1962 these
data were supplemented with results from
tests in the recently installed slotted test
section of the PT, including tests with the
smaller 20 mm diameter model*°.

The larger AGARD models were extensively
used for the first tests in the HST [figure 3-1]
and later in the SST. In fact, NLL got a con-
tract from AGARD to assess the available
data for the AGARD-B and -C models tested
in many other facilities in the NATO coun-
tries. In total three reports were written: for
transonic tests on the AGARD-B model®
(1960) and the AGARD-C model® (1961)
and supersonic tests on the AGARD-C
model® (also 1961). Only the second report
contained data for the HST. These meas-
urements constituted a very elaborate set
of data since all four model sizes were in-
vestigated, some of them at different stag-
nation pressures (Reynolds number). In this
way effects of model size (wall interfer-
ence related) and Reynolds number could
be separated. The spread in tests results
is great, notably for the transonic drag re-
sults. But there is no doubt that this rather
unique compilation of test results has stim-
ulated a critical evaluation of the test tech-
niques for all wind tunnels involved and
with a specific benefit for the HST.

The importance of the many contacts that
were established through AGARD extend-
ed far beyond the period of the design and
early tests in the HST. Throughout its entire
life, hence till 1996 when AGARD and the
‘Defence Research Group’ (DRG) merged
to form the ‘Research and Technology Or-
ganisation’ RTO, AGARD has proved to be
crucial for the development of the aero-
nautical sciences within The Netherlands.

THE AICMA CONTRACT

The HST and SST were built to support the
aircraft industry of The Netherlands. But
in view of the costs to run a facility as big
as the HST it was quite clear that it would
be important to attract work from abroad.
In the so-called BDM report (see page 17)
issued in March 1950 during the stop of
all building activities at NLL, an interest-
ing remark can be found. Contacts with

Willaume, director of ONERA, the sister
institute of NLL in France, revealed that
‘the French Government didn’t want to build
a pressurized high speed tunnel with a test
section of 3 m in diameter, since a similar fa-
cility was built already in The Netherlands'.
The suggestion was made that the French
would be prepared to do their tests in the
HST whereas in return the Dutch industry
could use the large (atmospheric) transonic
facility* (9 m diameter) that was almost
finished at that time at Modane in France.
Of course neither NLL nor the Dutch Gov-
ernment could speak on behalf of Fokker
but there were other ways to put the HST
on the European map. On the initiative of
the Fokker director Vos part of the Euro-
pean aeronautical industry in Europe had
organised itself in AICMA, the ‘Association
Internationale des Constructeurs de Maté-
riel Aéronautique’ (England didn't join this
organisation). In April 1952 Vos wrote a let-
ter to the NLL director Koning explaining
that the AICMA members were favourable
to the idea of making national wind tun-
nel capacity available to all other AICMA
members®. He asked NLL to send a letter to
AICMA to explain the willingness of NLL to
accept work from other AICMA members,
as was done already for the S1 wind tunnel
in Modane. Vos added that he proposed
this only now since he was afraid in the past
that the Dutch Government would cancel
the Dutch wind tunnel plans if such an
agreement was in place. The idea of a Euro-
pean arrangement was further elaborated
in an AICMA note ‘Terms for a contract
between a wind tunnel and its users.’ (‘Dis-
positions principales proposées pour lI'étude
d'un contrat-type entre une soufflerie et les
utilisateurs.). In March 1954 another Dutch
AICMA member, Van de Velde, director of
Aviolanda, organised a meeting between
AICMA and NLL (Vos had passed away). At
that time a subcommittee within AICMA,
the ‘Permanent Wind Tunnel Committee’
or C.L.S.P. (‘Comité International Permanent
des Souffleries’) had inquired among the
AICMA members which facilities would be
needed. As a result of this inquiry two types
of facilities were proposed: a transonic tun-
nel with test section dimensions of 2.10 x
2.80 m? (0.85 < Mach < 1.4) and a super-
sonic tunnel for engine studies at Mach =3
with a test section of 2.80 x 3.00 m For the
latter facility a pilot tunnel was envisaged.
However, it was far from clear how the cost
sharing between the AICMA members had
to be arranged. Van der Maas, who partici-
pated in this meeting on behalf of NLL, of-
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fered ‘just on time’ the willingness of NLL
to take all costs for the transonic facility,
provided that ‘NLL would not be deprived
from its soul’®. Although NLL even shortly
considered the possibility to build a su-
personic ‘engine tunnel’ with test section
dimensions of 1.5 x 1.5 m?, the offer of a
transonic facility with a test section of 1.6 x
2.0 m? was already sufficiently attractive for
AICMA to start more detailed negotiations
for a contract. The basic elements of this
contract were that NLL reserved 50% of the
HST tunnel time for AICMA members with
a minimum occupancy of 10% guaranteed
by AICMA. The tariff structure was based
on depreciation over ten or twenty-five
years for the installations and the build-
ings respectively, whereas the exploitation
costs were based on 250 occupancy days.
Non-AICMA members had to pay an extra

10%, whereas AICMA members obtained
a preferred right to test in the remaining
50% testing time (this was explained as
‘a right of first refusal’). The negotiations
progressed rapidly and on February 23,
1955 the contract was signed [figure 3-3].
Practical details had to be arranged later
in a specific agreement (‘Réglement’). In
September 1955 AICMA asked when the
first test could be done, since many AICMA
members showed interest. Van der Maas
answered that the first tests could be made
at end of 1956, a rather optimistic view. In
February 1956 Boelen, the adjunct NLL di-
rector, informed Van der Maas about seri-
ous problems with nearly all aspects of the
construction of the HST and he concluded
that the opening of the HST at the end of
1956 had to be ruled out. AICMA was in-
formed of this new situation on March 12,

1956 and an expected introduction was
now foreseen in the spring of 1957. Only a
couple of days later NLL had to inform Van
der Maas of a new delay, announced by
Werkspoor, the contractor for the HST.

Against this background the notes by Boel
of April 15, 19564 have to be understood.
These notes (discussed in more detail on
page 23) analyse in a systematic way the
lack of progress in building the HST and in
developing the required equipment. Even
the date of spring 1957 was far too opti-
mistic, since it was not until March 1959
that the first tests for AICMA®' were made
on a delta wing configuration named the
Durandal SE-212 [figure 3-4]. The first flight
test for this interceptor had been made in
1956 and the development by Sud-Avia-
tion had already been terminated in 1958.
For these reasons this configuration was
probably a good candidate for compari-
son with flight test results and other wind
tunnel data, notably results obtained in
the 4 x 3 ft transonic wind tunnel of Cor-
nell Aeronautical Laboratory in the US for
Mach numbers between 0.8 and 1.25. The
forces were measured with a NLL balance
(AE1013 [see figure 2-22]). These tests clear-
ly showed the typical drag-increase around
Mach = 1, illustrating convincingly that the
HST with its slotted wall test section was
fully capable of transonic wind tunnel test-
ing [figure 3-5].

In about the same period (also March/April
1959 with a second tunnel entry in July) a
model of the Caravelle, scale 1:25, also of
Sud-Aviation, was measured®>®. These tests
were made with 22" and 2" TASK balances
and the results could be compared with
data from the 12 x 8" ft wind tunnel of Cor-
nell Aeronautical Laboratory in the US and
the S1 tunnel in Modane, France. The mod-
el was supported in the HST by a straight
sting and a so-called Z-sting [figure 3-6], a
sting support that later became a standard
in the HST, also for Fokker tests. Tests in
the HST were made with and without the
horizontal tail [figure 3-7] and, as noted
by Van der Zwaan, Sud-Aviation was very
pleased with the results since for the first
time the drag increase due to the horizon-
tal tail could be measured systematically®*.
Not without reason Mr Adenot mentioned
in his opening speech in January 1960 ‘it is
good to underline the good results obtained’
(‘il est bon de souligner a I'occasion les résults
heureux obtenus’). Many more tests on the
Caravelle followed in later years [figure 3-8].

[Figure 3-5]

The drag measured
on the Durandal
presented in the first
measurement report
of the HST. One

can clearly see the
drag increase when
entering the ‘'sound
barrier' Mach = 1.

* THIS TUNNEL, THE S1 IN MODANE,
WAS JUST AFTER THE WAR TAKEN
FROM GERMANY WHERE IT WAS
ERECTED IN THE OTZTAL NEAR MU-
NICH AS PART OF AN AERODYNAMIC
RESEARCH CENTRE TO REPLACE THE
WIND TUNNEL FACILITIES AT PEEN-
EMUNDE THAT WERE T00 VULNER-
ABLE FOR ALLIED BOMBING.
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[Figure 3-6]

Drawing of the Sud
Aviation Caravelle
model on the so
called 'Z-sting".
This sting type
became one of the
standard support
configurations
generally with the
sting under a small
pre-set angle. Note
the ‘area ruling’ on
the sting.

[Figure 3-7]

Photograph of

the model of the
Caravelle, tested in
April 1959 in the HST.

[Figure 3-8]

The first AICMA tests
on the Caravelle
were followed by
numerous test
campaigns in the
period between
1959 and 1964.

The photograph
shows the aircraft in
landing configuration
illustrating the
Reynolds number
capability of the

HST for low speed
research in addition
to tests in the
transonic regime.

[Figure 3-9]

The Fokker D-24
‘Alliance’ in the
HST with the wings
extended.

AROUND 1960 THE EGYPTIAN
PRESIDENT NASSER STARTED A
MISSILE AND FIGHTER DEVELOP-
MENT PROGRAM IN EGYPT AND
HIRED GERMAN SCIENTISTS (E.G.
EUGEN SANGER) TO THIS END. THE
ISRAEL SECRET SERVICE ACTIVELY
SABOTAGED THESE ACTIVITIES BY
KIDNAPPING PEOPLE AND MUR-
DER ATTEMPTS. SEE ‘DER SPIEGEL,
N0 19(1963).

\
toayreE ne
ot
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In spite of these favourable results, AICMA
used the delay in the availability of the HST
(originally promised in the course of 1956!)
to change the contract with NLL. The guar-
anteed minimum occupancy was reduced
from 10 to 5%. However, the duration of the
contract was extended from February 1962
till June 1964.

French companies were not the only ones
to make measurements in the HST under
the umbrella of the AICMA contract. Ger-
man companies (such as Bolkow and HFB or
Hamburger Flugzeugbau) and Italian com-
panies (FIAT) did measurements as well.
The contract with AICMA lasted till June 1,
1964 and was not extended. In fact, there
was no reason to do so. The AICMA tariff
was kept after that period and there was
no reason to give the HST a preferred sta-
tus. The S-2 transonic wind tunnel of ON-
ERA, with test section dimensions similar to
the HST though equipped with perforated
instead of slotted walls, provided a French
alternative for Sud Aviation as well as for

BOHEE iR

[3-6]

[3-8]

other aircraft companies. But the AICMA
contract had resulted in excellent relations
with the European industry as noted in the
Annual Report of NLR in 1964.

OTHER COMPARISONS

As early as April 1959 a note on the first
test results of the HST, summarising the
tests on the AGARD-C model, ‘Avion I’ (the
Caravelle) and ‘Avion II' (the Durandal) was
issued®. However, the results of the com-
parisons with other test results for the Du-
randal and Caravelle configurations were
not communicated (officially) with NLL and
consequently it was not possible to share
these results with other potential custom-
ers as a proof of quality for the HST. The
data obtained with the AGARD-B and -C

models could be used for this purpose.
The first comparisons of the AGARD model
were made with results from tests at AEDC
and indicated a very acceptable agree-
ment®. An impressive agreement with an-
other wind tunnel was obtained from com-
parative tests on the Fokker/Republic D-24
Alliance [figure 3-9], which was also tested
in the 8 ft transonic wind tunnel of NASA
Langley. Van der Zwaan recalls®* that NASA
stated that there were only two good tran-
sonic wind tunnels: the 8 ft tunnel of NASA
Langley and the HST! Apparently Fokker/
Republic agreed that NLR was allowed to
make a publication with some results®.

For rockets or launcher-type models a com-
parison with free flight data could be made
for the MO-3 configuration. Since 1954 NLL
had been involved in launches of small rock-
ets in co-operation with the Royal Nether-
lands Army. There was also an interest in get-
ting free flight data in the transonic regime
in view of the expected problems around
Mach = 1. The first field tests were made
near Petten (on the Dutch coast) on the
NACA RM-10 configuration (also adapted as
an AGARD standard model). This configura-
tion was followed by the MO-3 [figure 3-13]

which had its first launch in 1960, now on
the coast of the island of Texel. Wind tunnel
tests in the HST were made in 1963 [figure
3-12] and a comparison with flight test data
was reported in 1965%. It is possible that the
experience obtained with these tests has
contributed to the involvement of NLL in the
ELDO development a couple of years later.

EARLY WORK ON WIND TUNNEL
CORRECTIONS

A comparison with other test data is not
the only argument to convince customers
of the quality of a wind tunnel. At an early
stage theoretical calculations were made
for two of the most important wind tunnel
corrections: wall interference and support
interference.
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The flow over a model in the confined space
of a wind tunnel differs from the flow in free
air. Such differences are caused by ‘wall in-
terference’ and there has always been an
interest to estimate the magnitude of these
effects from calculations. Wall interference
calculations were reported by Loeve®® prior
to the opening of the HST in a report that
was published in November 1959. In his ap-
proach the model is represented by ‘singu-
larities’ (mathematical elements that jointly
describe a particular aerodynamic shape)
and the slotted tunnel walls are modelled
with a so-called 'homogenous boundary
condition’ (an evenly distributed out- or in-
flow at the slotted walls depending on the
local pressure difference). In the report a
(unclear) reference is given to work of Davis
and More and to work done in 1957 at AEDC
in Tullahoma in the US by Chen and Mears
(AEDC TR 57-20) and Gothert (AEDC TN 55-
56). In the latter report values of practical in-
terest are deduced for the so-called ‘perme-
ability factor’, a constant that describes the
specific wall characteristics in relation to the
slot geometry. These calculations have been
used to determine the optimal slot width for
the HST after it was decided to modify the
original Datwyler & Hausammann test sec-

[3-12]

tion (see page 24). The method provided
estimates of both blockage (Mach number)
and angle of attack interference corrections
and is truly impressive, given the uncertain-
ty in transonic wall behaviour at that time.
The second important correction is related
to support interference, the effect of the
model support on the flow over the model.
Spee used the method of singularities as
well to calculate the support interference
for a straight sting support®. The distur-
bance at the model location in magnitude
and direction of the flow velocity at the
model centre has been calculated and com-
pared with measurements. It is concluded
that the interference effects are small and
suggestions are made to decrease these
disturbances even more by decreasing the
cone angle.

[3-11]

Both examples indicate that from the very
beginning a theoretical approach to tun-
nel corrections was pursued, an approach
that was feasible since theoretical work on
transonic aerodynamics had become an
essential part of the activities of the newly
established Transonic Section (‘'T-sectie’).

THE FIRST SUPERSONIC TESTS

Erdmann made the very first wind tunnel
tests at supersonic speeds in the small ‘3x3’
supersonic wind tunnel (page 15). Just be-
fore he left NLL in 1951 to work in Sweden
Erdmann wrote a report’® summarizing the
main characteristics of this facility including
some examples of wind tunnel tests. One of
the models described was a tiny half model
of a V-2 [figure 3-11], a model too small to
make useful measurements. Useful super-
sonic tests could only be made after the
CSST and SST were operational.

In 1961, as mentioned before, NLL was in-
volved in the analysis of test data obtained
with the AGARD-B and -C models in various
supersonic wind tunnels®#7, At that time
the SST was not ready yet. The AGARD con-
figuration was of course measured later and
a detailed analysis of the drag results was
reported in 1964'°,

The first measurements in the CSST took
place in 1962 when this tunnel was just
about ready. It was an order from the English

€

[3-10]

Company Hawker Siddely for intake tests at
Mach numbers as high as 6'? The test was
not a success since the tunnel could not be
started with the model installed at the high-
est Mach numbers. It triggered the develop-
ment of an ejector to extend the operational
envelope. From a technical point of view a
second measurement campaign in August
1963 was more successful. The tests were
related to pressure measurements on a
side-inlet configuration [see figure 3-10] for
a Swiss firm ‘Motoren, Turbinen
und Pumpen A.G., located in
Ziirich'®, It soon became clear
that this firm worked for an
Egyptian company, staffed by
German engineers’ and these
contacts were discontinued.

In 1963 the SST got really good ex-
posure in comparative tests with
two other European wind tunnels,
the S-2 from ONERA and the super-
sonic tunnel of BAC (British Aircraft
Corporation, later British Aerospace)
in Preston. The SST came out as the
best facility, partly because of the high
data rate of the SST. This was the result
of a further development of the SADIST
(see page 52), a data acquisition system
jointly developed for the HST and SST and
extended for the SST with a memory unit
that could store 4,000 quantities in the lim-
ited time of a test run. Due to this favour-
able comparison the SST was selected for
measurements on the Concorde as well
as for the development of the ELDO
launcher. One of the requirements for
these tests was that NLR mastered the
technique of boundary layer transi-
tion detection (the point where the
boundary layer changes from a
laminar to a turbulent state®*
(page 58)). m

[Figure 3-10]

One of the first
models tested in

the CSST in 1962:
pressure measure-
ments on a side inlet
configuration for the
Swiss firm MTP. This
company appeared
to work under cover
for an Egyptian
company and the
tests were not
continued.

[Figure 3-11]

A half model of a V-2
mounted on a block
for tests in the small
'3x3’ supersonic
wind tunnel.

[Figure 3-12]

Model of the MO-3
tested in 1963 in the
HST. The results of
the test have been
compared with free
flight data obtained
by NLL in 1960 on its
test range in Texel.

[Figure 3-13]

Around 1960 NLL
launched a number
of sounding rockets
as a test bed for
telemetry and
guidance systems.
Another objective
was to compare
the aerodynamic
characteristics
between wind tunnel
and flight in the so
difficult transonic
regime.

This photograph

shows the MO-3

rocket. A scale
model was tested

inthe HST in

1963.

[3-13]
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A VERY HEAVY
WORKLOAD

[Figure 3-14]

A two dimensional
model mounted in
the test section of
the Pilot Tunnel (PT),
visible through the
open door. The PT
was used extensively
by Fokker in the early
sixties to develop a
suitable transonic
airfoil for the F28
wing.

[Figure 3-15]

Model of the F28

in side slip. Since
the yaw support
boom was only
introduced in 1963,
the model had to be
rotated over 90° to
use the incidence
mechanism for yaw
variation. Picture
probably taken
around 1962.

[Figure 3-16]

Data taken from the
NLR Annual Report
1966 indicating

the income from
national contracts
and from contracts
abroad. The growth
after 1960 is mainly
due to wind tunnel
testing in HST and
SST (notably Fokker
F28, Caravelle and
Concorde).

THE FIRST 15 YEARS OF HST AND SST

he new tunnels were extremely busy in

the sixties. The high workload resulted

from a combination of work for Fokker
(the already mentioned D-24 Alliance and
the Fokker F28) and external orders (pre-
dominantly for Caravelle, Concorde and
the ELDO launcher). The Annual Report
of 1963 notes that the productivity of the
HST needs to be increased urgently. During
certain periods personnel had to work 12
hours a day. The neighbours of NLR started
to complain over the noise that the tunnels
generated and anisolating building around
the circuit was considered. Such a building
was built in 1966 (see page 26 and figure
1-38). The high work load is also reflected in
the data taken from a graph in the Annual
Report of 1966 [figure 3-16] which proudly
indicates the growth in income after 1960
mainly from wind tunnel work for the F28
development and contracts from abroad
for Caravelle, Concorde and ELDO.
This high work load had to be combined
with important additions to the measuring
capabilities. At the opening of the HST in
1960 only a very simple model support was
available, the so-called ‘straight support
boom’ that could be used in combination

with the ‘straight sting’ or the ‘Z-sting’. The
data acquisition system was hardly auto-
mated and this necessitated a large number
of people in the control room during the
measurements. There were clear ideas on
how to improve the situation but till 1960
running the facility itself had the highest

Income from Contracts (in Million Dutch Guilders)

[3-16]
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1964

1963

1962

1961
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1959

1958

1957

1956

I INCOME CONTRACTS FROM THE NETHERLANDS

INCOME CONTRACTS FROM ABROAD

[3-15]

priority. After that, and parallel to all wind
tunnel testing for customers, a significant
effort was made to increase the productivity
and to extend the measuring capabilities. In
1961 the ‘subsonic model support’ (a sting
that protruded from the lower tunnel wall),
a‘ground plane’ (to measure low speed con-
figurations in ground effect) and provisions
for ‘half model mounting’ (for tests with big
half models to increase the model Reynolds
number) were introduced. The ‘yaw support
boom’, required to measure models in side
slip, followed some time after this. Till that
time yaw or side slip could only be simulat-
ed with (@ number of fixed) cranked stings
or by rotating the model over 90° such that
the angle of attack mechanism could be
used for a continuous yaw variation [see
figure 3-15]. The new yaw support boom
allowed simultaneous variations in angle of
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attack and yaw angles. The automatic data
acquisition system ‘SADIST" was introduced
in 1963 together with the introduction of
scanivalves that replaced the very time con-
suming and elaborate use of the multi-ma-
nometer (see page 52). A significant increase
of productivity was the result.

The staff required to do the tests was an-
other problem. Boel noted already in 1956
in his confidential note to the NLL Direc-
tion* (page 23) that it was difficult to ac-
quire good engineers and that NLL should
make the work more attractive. He advo-
cated that university graduates should be
much more involved in discussions of the
NLR ‘Workplan’ ‘to give them the feeling that
their work was useful. And he noted that
NLR ‘had a negative image among the wives
of the young graduates since there was no
support to assist in finding suitable housing’
(there was a shortage in housing at that
time). Nevertheless, he managed to attract
a group of very capable graduates from
Delft that were involved in all aspects of
transonic aerodynamics: theoretical work,
the development of test techniques and
also the wind tunnel testing for customers.
Some of them got international recognition
for their theoretical work or got leading po-
sitions in the NLR organisation and quite a
few later became professor at a university.
The heavy work load in the mid sixties ne-
cessitated that test engineers were even
hired before their graduation from the
Department of Aeronautical Engineering
in Delft. They got the title of ‘candidate en-
gineering graduates’ (‘adspirant ingenieurs’)
and worked for a salary a bit less than that
of a graduated engineer, though with the
promise that they could devote part of their
time to writing their master’s thesis.

FOKKER-REPUBLIC D-24 ‘ALLIANCE'

The Fokker-Republic D-24 Alliance was
a joint project between Fokker and the
Republic Aviation Corporation in the US.
The interest on the part of Republic to
work with Fokker was motivated by the
fact that ‘The Netherlands Air Force’ was
looking for a replacement for the F-84
fighter/bomber. The D-24 was an answer
to a NATO tender for a supersonic VTOL
interceptor. With its VTOL capability and
movable wings it was far too advanced
and the project didn't last long. A D-24
configuration was tested in 1962 in the
HST with straight and swept-back wings
[figure 3-9]. Since the same configuration
was also tested in the NASA Langley 8 ft
tunnel, a comparison could be made for
both configurations which came out ex-
tremely well®®. These tests also triggered
the development of jet simulation based
on the decomposition of H,0,, a tech-
nique that was known in the US. Since the
development of this technique for engine
simulation took more years than the D-24
project lasted, the technique was used
many years later in a joint project with Air-
bus and later for noise reduction studies
for Fokker in the small acoustic wind tun-
nel KAT.

FOKKER F28 DEVELOPMENT

A much more important and successful
project was the development of the Fok-
ker F28 ‘Fellowship’. The first pre-design
studies for this successor of the F27 ‘Friend-
ship’ date from 1961 and the first tests on
two-dimensional transonic airfoils were
made in the PT in the beginning of 1962
[figure 3-14]. Also in 1962 a comparison

F28 Development Wind Tunnel Hours
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was made in the HST between straight and
swept wings to mitigate the transonic ef-
fects. Many more tests followed, notably
between 1962 and 1965.

Figure 3-19 shows the distribution of wind
tunnel testing hours for the F28 develop-
ment in LST, PT and HST respectively. In the
beginning of the project the tests in the HST
were mainly related to the optimization of
the wing plan form and the profile shape.
The effect of various modifications of the
wing nose on the (transonic) drag charac-
teristics was investigated in much detail
to obtain the optimal wing shape by trial
and error. Subsequent investigations were
concerned with Reynolds number effects
on low speed stall and the effectiveness of
flaps, ailerons and rudders. These tests were
made with complete ‘full’ models scale 1:20
[figure 3-17] and large-scale partial models
such as a 1:12 scale half model [figure 2-56]
and a 1:10 scale model of the tail [figure 3-18].

The development of a transonic wing was a
challenging exercise. Fokker had obtained
its first experience in the transonic flow re-
gime with the development of the S14 mili-

[Figure 3-17]

Model of the
F28 in landing
configuration.

[Figure 3-18]

The rotated tail
model of the F28
to study the rudder
characteristics in
side slip.

[Figure 3-19]

Distribution of wind
tunnel hours for the
F28 development.
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[Figure 3-20]

Model of the FH-228
in the HST around
1968; this was a
shortened version of
the F28 intended as a
co-production with
Fairchild-Hiller.

[Figure 3-21]

VFW-614 pressure
model in the HST
(around 1966).

[Figure 3-22]

Oil flow picture of
the Concorde taken
during low speed
tests; traces left by
oil flow show the
surface stream lines,
indicative of the flow
development on the
wing.

[Figure 3-23]

Low speed tests of
the Concorde in the
HST (around 1965).
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tary trainer, tested in the wind tunnel of St.
Cyr in France in 1950 (page 65). During the
F28 development many different wing con-
figurations were tested in the HST and the
best one was selected and used as a start-
ing point for further developments. In the
NLR Annual Report of 1963 it is remarked
that the calculation of wings for transonic
conditions is still very problematic, ‘notably
the prediction of the position and strength
of the shock waves'. It is argued that in this
speed regime a close interaction between
theory and experiment is necessary.

In an internal report'® of June 1966, so at
the end of the F28 wing development, the
question was raised again if theoretical cal-
culations could be used to assist the opti-
mization process of a transonic wing. The
application of the so-called ‘Weber-Kiiche-
mann method’ for the calculation of the
wing pressure distributions appeared to be
rather successful. The lifting surface theory
of Multhopp provided a reasonable pre-
diction of the lift distribution as well (see
page 76). An attempt was made to modify
the nose section of the wing to obtain a
so-called (supercritical) ‘peaky pressure
distribution’. The attempt was not success-
ful, but it reflects an ongoing development

within NLR at that period: the develop-
ment of ‘shock free supercritical airfoils’ by
Nieuwland (see page 76). However, in 1966
it was far too early to exploit the benefits
of the ‘supercritical wing technology’ in
favour of the F28 development. Neverthe-
less, in the above mentioned report some
recommendations were given to improve
the drag characteristics based on a com-
parison between the measured and calcu-
lated wing pressure distributions. As such
it marks the beginning of a development
in which the wing shape is derived primar-
ily from calculations and in which the wind
tunnel is used to verify these designs for all
conditions within the flight envelope.

In 1968 also a derivative of the Fokker F28
was tested: the Fairchild-Hiller FH-228 [fig-
ure 3-20]. Following an agreement with
Fairchild-Hiller on the production of the F27
and a stretched version of the same aircraft
for the US market (the FH-227), a similar deal
was discussed in 1967 for the F28. In this
case, however, the idea was to shorten the
F28. This program was dropped because
the commercial prospects were not good.

VFW-614

In 1961 Weser Flugzeugbau, Focke-Wulf
and Hamburger Flugzeugbau merged to
form the Vereinigte Flugtechnische Werke
VFW. These three companies were already
engaged in the development of a 40 to 44-
seat passenger plane with short take-off
performance. Go-ahead was given in 1968
and the development continued in 1969
when Fokker and VFW merged. The wind
tunnel program in the HST was executed

under supervision of VFW. Three models
were made: a force-model*, a pressure
model* [see figure 3-21] and a half model.
During flight tests problems with tail flutter
were encountered which caused the loss of
one test aircraft. The VFW-614 was certified
in 1974 but didn't become a commercial
success and the production was terminat-
ed in 1977 after the delivery of 16 aircraft.

On November 28, 1962 the British Aircraft
Corporation and the French Company
Aérospatiale signed a draft agreement
on the common development of a super-
sonic transport aircraft. The construction
of the two prototypes started in 1965 and
the first flight took place in 1969. French
and English wind tunnels were of course
heavily involved in the development of the
Concorde, but the NLL wind tunnels played
an important role as well. The first test in
the HST was made by Aérospatiale in 1963,
the first tests in the SST in 1965 following
comparative tests between the ONERA S-3
and the BAC supersonic tunnel in Preston.
These tests initiated a very intensive test
campaign that lasted till 1975. Many models
with various scales (e.g. 1:45, 1:60 and 1:75)
were tested. The HST was also involved in
low speed tests [figure 3-23] including oil
flow studies [figure 3-22] partly due to its
good Reynolds number capability. The SST
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was selected because of its productivity
and the high quality of the drag measure-
ments. Since the Concorde had a problem
with its range due to a higher than expect-
ed drag, many investigations followed in
the SST [figure 3-27] to investigate means
of reducing the drag. The optimal position
of the pitot-static reference tube on the
nose* of the Concorde was derived from
tests in the SST (‘anémomeétre’ tests). Tests
in the HST, SST and CSST were also made to
measure the mass flow through the engine
inlets, the so-called ‘débitmetre’ tests [fig-
ure 3-29]. During this period from 1962 till
1975 the Concorde was tested for 1200 (!)
days, about one-third in the HST and two-
third in the SST. This illustrates very well the
importance of the Concorde for the exploi-
tation of the new wind tunnels.

EARLY WORK ON LAUNCHERS:
THE ELDO PROGRAM

In 1960 England and France started dis-
cussions on a European co-operation for
the development of rocket launchers to
bring a pay-load into orbit. In April 1962
these discussions resulted in the sign-
ing of a Convention between England,
France, Germany, Italy, Belgium, Australia
and The Netherlands to establish the ‘Eu-
ropean Launcher Development Organisa-
tion’ ELDO. The first wind tunnel tests in
the HST for ELDO were performed in 1962
and these tests were followed in 1964 by
tests in the SST. During the ELDO develop-
ment program NLR was given the ‘Aero-
dynamic Authority for Aerodynamics’.
Erdmann himself, with his background in
Peenemiinde (between 1939 and 1944 in-

volved in the stability and control of the
V-2 and the anti-air rocket ‘Wasserfall’;
Appendix D) was of course an expert on
rocket aerodynamics (see also '%). It is not
clear if this played a role in the decision to
give NLR the aerodynamic authority. But
the good flow quality and the high data
rate of the tunnels certainly were of crucial
importance. The wind tunnel measure-
ments consisted of various types of tests.
Force measurements for ‘stability and
control’ were done both in the HST [fig-
ure 3-28] and the SST for Mach numbers
up till 4. The Flutter Section (the ‘F-sectie’,
later the Department of Aeroelasticity
AE) was involved in the measurements
of the unsteady loads on the surface in
area’s of flow separation [see figure 3-30]
whereas unsteady loads due to the wind
on the launch platform were measured

[3-26]

in the HST [figure 3-25]. In the latter case
a more fundamental study was launched
around 1970 of the unsteady flow over a
cylinder at high Reynolds numbers [figure
3-26]. Another department of NLR was
responsible for the ‘Attitude Reference
and Program Unit’ during the EUROPA-I
development, an activity that required a
detailed knowledge of the aerodynamics,
knowledge that was close at hand.

In 1973, due to the rather poor perfor-
mance of ELDO (there was no completely
successful launch between 1962 and 1973)
ELDO and ESRO merged to become the
‘European Space Agency’ ESA. The EU-
ROPE-Ill configuration of ELDO became
the basis for the first ARIANE launcher,
ARIANE-1 [figure 3-24]. However, the spe-
cific relation between NLR and ESA, built
upon the expertise for ‘stability and con-
trol’ and ‘unsteady measurements’ re-
mained till the ARIANE 5 development in
the nineties and beyond.

[Figure 3-24]

One of the first
ARIANE models

in the SST. The
configuration is
similar to the last
ELDO configuration
(EUROPA-III). Test
made around 1973.

[Figure 3-25]

The ELDO model
with the launching
tower used to
measure the loads
on the launching
platform due to
winds (1964).

[Figure 3-26]

A fundamental study
for ELDO of the
unsteady loads on

a cylinder at high
Reynolds numbers
(around 1970).

[Figure 3-27]

A model of the
Concorde in the SST.
The high Reynolds
number and the
excellent flow quality
enabled detailed drag
evaluation studies.

[Figure 3-28]

The ELDO-A (later
named EUROPA-]) in
the test section of the
HST (around 1964).

[Figure 3-29]

Set-up with pressure
rakes to measure
the flow through
the nacelles to
optimise the inlet
configuration
(‘débitmetre tests).

[Figure 3-30]

One of the first tests
for ELDO to study the
pressure fluctuations
in the region just
downstream of the
nose cone (around
1963). Note the short
‘old" wooden slats
mounted in the test
section that were
replaced around
1964.
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[Figure 3-31]

A very early test of
the Airbus A300 in
the HST (February
1968). Note the

tail that differs
substantially from the
final configuration.

[Figure 3-32]

Model support
interference is an
important issue in
wind tunnel testing.
On this 1:38 scale
model of the Airbus
A300, mounted

on the so called
subsonic sting, the
interference effects
of a dummy Z-sting
are investigated.

[Figure 3-33]

The Dassault
Mercure tested in
1971.

[Figure 3-34]

The SAAB Viggen
tested in 1979.

Z PARTICIPATION FOR FOKKER IN
AIRBUS WAS FINANCIALLY OPEN-
ENDED (REF. 19). WHEN IN 1978
SWARTTOUW BECAME THE NEW
DIRECTOR OF FOKKER HE SOON
REALIZED THAT PARTICIPATION IN
AIRBUS AND THE DEVELOPMENT
OF NEW FOKKER PRODUCTS COULD
NOT BE COMBINED. HE OPTED FOR
NEW FOKKER PRODUCTS.

AIRBUS

Airbus was formally established in Decem-
ber 1970as a co-operation between aircraft
industries from France, Germany and Eng-
land, joined later by Fokker-VFW and CASA
in Spain. However, Sud Aviation started the
development of the Airbus A300 as early as
1967. In view of the very intensive contacts
between Sud Aviation and NLR for the Car-
avelle and the Concorde, one of the first
versions of the Airbus A300 was measured
in February 1968 in the HST [figure 3-31].
Wind tunnel tests continued since that
time and a very fruitful relation with Aéro-
spatiale (following a merger between Sud
Aviation and Nord Aviation) resulted, lead-
ing to co-operation on specific topics such
as supportinterference and engine simula-
tion. Since economy in cruise (to lower the
fuel costs and to increase the range) was
one of the key issues for a new transport
aircraft an accurate prediction of the drag
was very important. Support interference
introduced an unknown effect that had to
be quantified. In support interference tests
the model was mounted on the ‘subsonic
sting’ (or ‘ventral sting’) and the difference
in drag was measured by placing a dummy
model support (representative of the usual
model support) close to the model, but not
touching it [figure 3-32]. These measure-
ments were accompanied by theoretical
calculations with the NLR ‘panel method’
(see page 78) in which model and support
could be accurately modelled. The simula-
tion of the engine jet was another crucial
issue. Since NLR had invested considerably
in jet simulation with H,O,, both parties
had an interest in applying this technique

sl (3-32)

for a transport type aircraft [see figure
3-57]. This rather complicated technique
was later abandoned in favour of ‘turbine
powered simulators’ or TPS, introduced in
the HST by Airbus-Deutschland (see page
84).

These examples show that there was a very
good relationship between Sud-Aviation,
later Aérospatiale and NLR. This relation
came to an end for two reasons. First of
all, the French Government was not happy
that Aérospatiale, a partly state owned
company at that time, was doing its wind
tunnel testing in The Netherlands rather
than in the S-2 wind tunnel of ONERA,
a tunnel with roughly the same size. Aéro-
spatiale was urged to carry out the tran-
sonic test programs in France'®. When
Fokker pulled out of the Airbus program in
19807, the HST lost its preferred status as an
Airbus tunnel as laid down in ‘Chapter 6’ of
the Airbus document concerned with the
‘Work Sharing’ between the Airbus part-
ners. This resulted in a considerable loss
of orders from Airbus, a loss that was only
partly compensated with development
work done for Airbus Deutschland as part
of their own development programs. This
will be discussed further on page 84.

OTHER AIRCRAFT PROJECTS

Many other customers found their way
to the HST. In the early sixties FIAT, Ham-
burger Flugzeugbau (HFB) and Piaggio ex-
ecuted wind tunnel tests in the framework
of the AICMA contract. Dassault as well
became an important customer, first with
the Mercure that was tested in 1971 [figure
3-33] and later with various versions of the
Mirage. Since the French Governement
didn’t allow Mirage development out-
side France, only export versions could be
tested in the HST. SAAB was also a regular
customer with the Draken and Viggen [fig-
ure 3-34] and (much later) the small passen-
ger aircraft SAAB 2000. Another important
project was the ‘Multi-Role Combat Air-
craft’ MRCA, a joint European project for
a fighter. The Netherlands supported this
program and Fokker was made responsible
for the development of the high lift devices
[figure 3-36]. However, when in 1970 The
Netherlands pulled out of the project, no
more work was granted to the HST. Other
companies that may be mentioned are Aer-
macchi, Israeli Aircraft Industries, Dornier,
General Dynamics (as part of the F16-Agile
test campaign), MBB-Miinchen, CNES. This
list of customers is far from complete but
illustrates very well the interest in HST and
SST from the international aeronautical in-
dustry in the sixties, the seventies and be-
yond. Most of these companies remained
regular customers up till the point that they
merged with other companies or terminat-
ed their activities altogether.

Figure 3-38 illustrates the occupancy of
the HST in the period between 1960 and
1986%. It shows that very busy periods al-
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ternate with quiet periods. Fortunately
periods with a low Fokker activity were
compensated by an increased demand of
other aircraft companies. The average oc-
cupancy is about 100 tunnel days a year,
roughly half the available capacity. Over
the years the decrease in the number of
projects and in the number of independ-
ent aircraft companies contributed to the
fall in the number of test entries relative
to the ‘heydays’ in the sixties. Also, since
testing became more and more efficient,
the number of days needed to execute a
certain test program (e.g. the requested
polars) decreased as well. This trend was
partly compensated by increased activities
for technology programs on behalf of Fok-
ker, as will be discussed in the next section.
In addition to this a small part of the tunnel
time was devoted to research, either under
contract with NIVR or, although rarely, paid
for out of the NLR’s own research budget.

When the plans for the SST and the HST
took shape, it was realised that these fa-
cilities would be too expensive for funda-

mental research. For that reason Erdmann
wanted, in addition to the much more
expensive SST, a small supersonic facility,
the CSST, where research could be done
at lower costs. And Boel, in his confiden-
tial note of 1956* worried about the high
costs of fundamental research in the HST.
Of course the PT could be used for some of
these tests, which was the case in the fol-
lowing years for advanced wing profile de-
velopment and the study of unsteady flow
around oscillating airfoils. Fortunately, as
further developments showed, experimen-
tal studies on advanced wing designs were
made in the HST as part of a collaborative
research program with Fokker, funded by
NIVR, the ‘Netherlands Agency for Aircraft
and Space Development’. These studies
will be discussed in the next section.

NON-AERONAUTICAL TESTS

The HST was used occasionally for non-
aeronautical tests, generally to establish
the wind loads on structures such as build-
ings, trains, road signs etc. Such tests are
usually done in low speed wind tunnels
that are relatively cheap to use. However,
sometimes these loads depend critically
on the Reynolds number. This is typically
the case for flows over circular cylinders
as was already mentioned in relation with
the ELDO tests [see figure 3-26]. The drag
of structures with cylindrical elements
might go down substantially when a cer-
tain critical value of the Reynolds number is
exceeded. The explanation is that the flow
in the boundary layer passes beyond the
critical Reynolds number from a laminar
flow regime into a turbulent flow regime

A. Fokker [3-38]
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with different characteristics. The dynamic
behaviour might as well be quite different.
Since at low speed conditions the pres-
sure can be increased fourfold in the HST, a
fourfold increase in Reynolds number can
be achieved, for some applications suffi-
cient to pass this critical Reynolds number.
For this reason non-aeronautical tests are
sometimes made in the HST and the high-
er costs are accepted. Two examples are
shortly discussed here. One is the so-called
‘Shell Tulip’, a large oil container that was
intended to collect oil from the bottom of
the sea for the exploration of off-shore oil
wells. Figure 3-35 shows the configuration
that was tested. Threads of wool have been
glued onto the surface to give an indication
of the flow separation. Another example is
given in figure 3-37. It represent elements
of a large barrier, that was planned as part
of the so-called ‘Delta Works’ that were
executed to protect the ‘Low Countries’
(below sea level) after the big flood in The
Netherlands in February 1953. This barrier
is normally open but may be closed in case
of extreme high water conditions. It was
feared that the unsteady shedding of vor-
tices behind the thick pillars would result in
high dynamic loads on the structure when
water flowed through the openings due to
tidal motion. Both of these tests were done
by the Department of Aeroelasticity (AE)
which was specialised in experimental and
theoretical investigations of unsteady flow
phenomena. =

[Figure 3-35]

The ‘Shell Tulip’,

a model of a large
structure to be used
by Shell as a sea oil
container.

[Figure 3-36]

Half model of the
Multi Role Combat
Aircraft (MRCA)
tested in 1969.

[Figure 3-37]

In 1975 a sub-scale
model of locks

was tested in the
HST for the Dutch
Ministry of Transport,
Public Works and
Water Management
(‘Ministerie

van Verkeer en
Waterstaat'). These
locks were envisaged
as part of the ‘Delta
Works' to protect the
Southwest part of
The Netherlands.

[Figure 3-38]

Occupancy of the
HST (days per year)
In the period

1960 - 1986. Fokker
development tests
(F28, Fokker 100)

at the top, customers
from abroad at

the bottom.
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THEORETICAL
WORK ON WINGS

[Figure 3-39]

The ring-wing’, a
configuration for a
supersonic airplane
with minimum drag.
This model was
tested in the CSST
in the late sixties to
validate the design
method.

[Figure 3-40]

A ‘schlieren’ picture
of the (near) shock
free flow over a
‘quasi ellipse’. The
lines that are visible
on both sides of the
airfoil are caused by
weak shock waves.

RESEARCH

MAKES BETTER WINGS

ust after the War a Section on Flutter

and General Aerodynamics (‘F-sectie’)

was established under the leadership
of Greidanus (who joined the Fokker Com-
pany later to become the head of the Design
Office (‘Constructie Bureau’) and the chief-
designer of the F28 Fellowship). This section
concentrated its activities on theoretical aer-
odynamics and specifically the prediction of
flutter. The much older Aerodynamics Sec-
tion (‘A-sectie’) focussed on experimental
work and the design of new facilities. The
theoretical work for steady aerodynamics in
the F-Section was concerned with problems
such as the prediction of wing loading, the
drag of airfoils and wings and three-dimen-
sional boundary layer calculations. Also an
‘inverse method’ for the design of airfoils
and wings was developed. In this type of
method the wing shape is calculated for a
specified pressure distribution on the wing.
This is the opposite of a ‘direct calculation’
which calculates the pressure distribution
for a specified wing geometry.

In 1954 another aerodynamics section was
added: the Gasdynamics Section ('G-sec-
tie'), probably because Erdmann wanted
his own section when he returned from

Sweden. He hired Van der
Walle to start a group on theo-
retical gas dynamics. In 1958
Van der Walle wrote a report on
the calculation of a supersonic ring-
wing configuration using the lin-
earized method of characteristics. This was
based on an article written by Erdmann and
Oswatich in 1955. Supersonic flight was se-
riously considered but the high drag due to
shock waves remained problematic. With
a ring-wing configuration [figure 3-39] the
supersonic wave drag can be reduced sub-
stantially. The conical shock wave gener-
ated by the fuselage is reflected from the
circular wing around the body and is even
further reduced by interaction with expan-
sion waves at the rear of the fuselage. Theo-
retical research on ring-wings was pursued
for nearly a decade by Van der Walle and
later by Zandbergen resulting in a success-
ful validation of the optimum design for the
ring-wing* in the CSST [figure 3-39].

In his confidential note of 1956* Boel
questioned the relation between theoreti-
cal and transonic aerodynamics. Was the
theoretical work for transonic flows a task
for the F-Section? How to relate theory and
experiment? These issues were apparently
resolved when the T-Section was estab-
lished in 1957. From the names of those
who wrote the first reports of the T-Section
it becomes clear that many members of
the T-Section were involved in wind tun-
nel testing as well as in theoretical work.
Theoretical work on wall and support in-
terference was already mentioned in this
respect (page 68). But the most important
issues were understanding the formation
of shock waves on airfoils and wings and
calculating compressible flows around
complete aircraft configurations.

THE DESIGN OF SHOCK-FREE FLOWS

The local flow velocity above an air-
foil section or a wing increases due
to the thickness of the wing. On the
upper surface this velocity is further
increased with increasing lift. When the
speed of the aircraft itself is a substan-
tial part (say 70 %) of the speed of sound
(hence when the flow Mach number is
around 0.70) the flow velocity above the
wing might locally exceed the speed of
sound to become supersonic. Near the
rear of the airfoil the flow has to decelerate
again to reach the downstream subsonic
free stream conditions. This deceleration is
normally accompanied by a shock wave, a
discontinuous change in the local flow ve-
locity. The shock waves contribute signifi-
cantly to the drag of the aircraft and, when
sufficiently strong, might lead to flow sepa-
ration and all kinds of unwanted dynamic
effects (referred to as ‘buffeting’). Around
1960 subsonic flow over wings could be
calculated reasonably accurately but it was
not possible to calculate flows with shock
waves. An even more difficult challenge
was the design of high speed airfoils with
local supersonic flow, but without the det-
rimental effect of shock waves. It was even
questioned if this could be done at all. In
two other places in the world, at the NASA
Langley Research Centre in the US by Dick
Whitcomb and at the National Physics Lab-
oratory NPL in the UK by Herbert Pearcey,
work was ongoing to solve this problem
with semi-empirical design methods.

How did NLR get involved in this develop-
ment? After the first tests during the com-
missioning of the HST it was decided to
redesign the nozzle. There were problems
with the construction (see page 24) and it
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was desirable to improve the flow quality,
notably at transonic and supersonic con-
ditions where the risk of unwanted shock
wave formation was real. Nieuwland, a
mathematician who worked for the T-Sec-
tion, got this job. He used the so-called ‘ho-
dograph method’ (a theoretical approach
that maps the flow in velocity space) to
solve this problem. After its successful ap-
plication the idea evolved to use these
methods for the design of (shock free) air-
foils'”. He extended some existing theories
(notably those by Chaplygin and Cherry
& Lighthill) and managed to design airfoil
shapes with supercritical flow but without
shock waves. The family of airfoils that re-
sulted from his work got the name ‘quasi-
ellipse’. Some of these airfoil sections
were tested in the PT [see figure 3-40] and
showed the predicted behaviour. It was not
generally accepted at that time that shock-
free flows were of practical interest since it
was feared that small disturbances might
spoil the benefits. Subsequently, a number
of experimental studies were initiated to
see if shock-free supercritical flows were
stable for small disturbances due to noise
or variations in the ideal airfoil shape. From
a study by Spee'® (also described in his
dissertation') it could be concluded that
these flows were indeed stable.

The first supercritical airfoils designed in
that way had a suction peak at the nose
(‘peaky pressure distributions’ [see figure
3-42a]) and showed some characteristics
that were not attractive for use on airplanes.
The work of Whitcomb was concerned with
a different type of airfoil which showed a
prolonged region of supersonic flow, ter-
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minated by a weak shock (‘rooftop pressure
distributions’ [see figure 3-42b]). At NLR the
work by Nieuwland was further extended
by Boerstoel to include rooftop pressure
distributions. In 1971 the first airfoil* with
such a pressure distribution, named NLR
7101, could be tested in the PT, soon fol-
lowed by the well-known and rather thick
(airfoil thickness/chord length = 16.5 %) air-
foil section NLR 7301 [figure 3-42b].

The first real application of a NLR-designed
supercritical airfoil was made for Bell Heli-
copters in Fort Worth in the US. Meijer
Drees, the man behind the Dutch Kolibrie
helicopter, got to know about the NLR work
on supercritical airfoils and asked NLR to
design an airfoil specifically for helicopter
applications, named by Bell ‘NLR-1". After
wind tunnel tests in the US the airfoil was
tested on a full-scale Cobra helicopter, re-
sulting in substantially improved rotor per-
formance'®.

THE CALCULATION OF
FLOW OVER WINGS

A successful airfoil is not yet a wing and
this requires a wing design method. Be-
fore World War Il the wing loading for
aircraft design purposes or strength cal-
culations at NLL was estimated by a Ger-
man method developed by Lotz. After the
War these methods were
further extended in the c
F-Section. However, the P
calculation of the flow r
over a wing for transonic
conditions was beyond ‘IJJ
|
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the possibilities. In the de-
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sign for high speed wings supercritical flow
can be postponed by sweeping the wings**.
In England a group of researchers from RAE,
ARA and NPL was actively involved in the
development of methods to calculate the
flow over swept wings at transonic condi-
tions. One specific method, based on idea’s
by Weber (a German scientist who settled
in England after the War), was documented
in the ‘Transonic Data Memorandum’ TDM
6312, issued by the ‘Royal Aeronautical Soci-
ety’. There was a great interest in validating
these methods and it was decided to make
this topic part of the existing joint ‘Anglo-
Netherlands Co-operation Program’ (ANCP).

THEORY
ORIGINAL AEROFOIL

o EXPERIMENT
M =0.74, a=175° C;=039
MODIFIED AEROFOIL

[Figure 3-41]

The C9A wing, the
result of a joint
design by RAE, ARA
and NLR. This wing
was tested in the HST
as part of the ‘Anglo
Netherlands Coop-
eration Program’
(ANCP). Around 1967.

[Figure 3-42a]

A 'peaky pressure
distribution’ of the
flow over a ‘quasi-
ellipse’. Near the
leading edge of the
airfoil the flow is
locally supersonic.

[Figure 3-42b]

One of the first
practical shock-

free airfoils (NLR
7301) exhibits

a combination

of 'shock-free
supercritical flow’
over the front part

of the upper surface
and rear loading’ at
the rear of the airfoil.
Both effects increase
the lift and hence the
performance of the
airfoil. The pressure
distribution above
the line noted with
cp*, the region where
the flow is locally
supersonic, has a
gradual slope, hence
the name ‘rooftop
pressure distribution’.

MAN INVENTION MADE BEFORE
WW Il BY BUSEMANN, THE SAME
WHO IN 1948 SUGGESTED THE
SLOTTED WALLS TO HAUSAMMANN
(SEE PAGE 10 AND 18).

MODIFIED

ORIGINAL

[3-42b]
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[Figure 3-43]

The NF-5
configuration in
the HST. First used
to validate the
NLR panel method
(around 1971)

and subsequently
used for flutter
investigations.

[Figure 3-44]

SKV-1 was the

first supercritical
wing designed by
NLR as part of a
collaborative study
with Fokker financed
by NIVR (1975).

[3-43]

NLR made calculations on a standard con-
figuration of an arrow wing (the Warren 12
wing) and tested another configuration in
the HST, a configuration that had already
been tested in one of the RAE wind tunnels.
At a later stage a new Mach = 1.2 wing was
designed in a joint effort by RAE, ARA and
NLR, using an inverse design method™". This
wing (designated C9A) had a rooftop pres-
sure distribution. A model* was manufac-
tured by ARA and tested in the HST [see fig-
ure 3-41]. In this co-operation NLR learned a
lot about the design of advanced transonic
wings, a very valuable experience indeed.

In one of these common exercises an Ameri-
can method for the calculation of the pres-
sure distribution on a wing by Hess and
Smith from Douglas participated. In 1967
the original method by Hess and Smith was
modified by Rubbert from Boeing in the US
to include lift and compressibility effects.
This latter method was further developed by
NLR™ to include an improved compressibil-
ity correction and a more efficient numerical
procedure to solve the large system of equa-
tions on the computer. This method, known
as the ‘NLR Panel method’ soon became the
‘work horse’ for the calculation of the flow
over three-dimensional wing-body configu-
rations. To validate this method calculations
were made for the wing of the NF-5 (the in-
terceptor of the Royal Netherlands Air Force
at that time), including configurations with
under-wing mounted pods or stores*. The
results of these calculations could be com-
pared with test results obtained in the HST
around 1971 [see figure 3-43].

THE SUPERCRITICAL WING
DEVELOPMENT

In the early seventies Slooff, head of the De-
partment of Theoretical Aerodynamics (AT),
held a presentation in the ‘Purple Room’ at
NLR on new developments in transonic de-

sign methods at NLR. In the first row quite
a few staff-members of the aerodynam-
ics department of Fokker were seated, in-
cluding Blom, head of the aerodynamics
department, who later became professor
in Delft in Aircraft Design. Slooff spoke
about the tools that could be used for wing
design such as the hodograph method for
the design of shock free airfoil sections, the
NLR panel method to calculate pressure
distributions and an inverse method for
the design of the wing. He concluded his
presentation with an example of how, by
elimination of the kink in the leading edge
and in combination with a modified airfoil
section, the drag performance of the F28
wing could be improved considerably. The
Fokker participants were not altogether
positive, but Blom realised the potential of
these methods for the design of a next gen-
eration Fokker aircraft. The first idea’s for a
successor of the F28 started to take shape
in 1974. NIVR, the ‘Netherlands Agency for
Aerospace Programs’, could be convinced
of the prospects of such a development. In
the same year a research program named
‘Preparations for New Projects’ or ANP
(‘Aanloop Nieuwe Projecten’) was started.
An essential part of this program was the
‘Supercritical Wing’ or ‘SKV-project’ ('Su-
perKritieke Vleugel'). In this project engi-
neers from Fokker and NLR worked closely

together to exploit the aerodynamic ben-
efits of the new transonic developments.
The pre-design group of Fokker specified
the overall characteristics for a new wing,
whereas NLR was involved in the detailed
design of the wing shape. During joint
meetings the progress was discussed, new
requirements were formulated and specific
tasks given to various working parties. For
the NLR engineers this joint approach was
very educative, since they got insight into
practical constraints in aircraft design re-
lated to structural and operational issues.
Although the exercise concentrated on the
design with shock-free flow at the design
condition, off-design characteristics such
as low speed maximum lift, buffet bound-
ary and buffet penetration (Appendix E)
soon appeared to be essential issues that
had to be addressed as well.

In the design procedure as established by
Slooff, various calculation methods were
loosely coupled to cope with some of the
inherent limitations of the particular theo-
retical calculation methods at that time.
The procedure was based on ‘inverse de-
sign’, meaning that the wing shape had
to be calculated from a specified pressure
distribution, the ‘target pressure distribu-
tion”. This ‘target pressure distribution’
was derived from the two-dimensional
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supercritical airfoil section designed by the
above-mentioned hodograph method. This
two-dimensional pressure distribution was
adapted subsequently to include (in a rath-
er approximate way) compressibility and
wing sweep effects to yield a three-dimen-
sional target pressure distribution. With the
inverse method the wing shape could now
be derived. Finally, the wing pressure could
be calculated with the NLR panel method
to check if the result agreed with the target
pressure distribution. The first three-dimen-
sional supercritical wing* named SKV-1,
was tested in 1975 in the HST [figure 3-44].
This wing had an extremely thick inner
wing section (about 20%) due to the fact
that the inverse calculation appeared to be
an ‘ill posed problem’. This means that for
one specified ‘target pressure distribution’
many different wing shapes can be derived.
In later designs geometrical constraints
were added to the procedure to cure this
problem. The SKV-1 wing was the first in a
sequence of many wings that illustrate the
development from a research wing to the
actual wing for the F29, the project that Fok-
ker defined around 1980 [see figure 3-49].

THE REYNOLDS NUMBER ISSUE

In 1963 the C-141, a transport aircraft built
by Lockheed for the USAF, made its first
flight. It soon became clear that the pitch-
ing moment of the flying aircraft differed
substantially from what was anticipated
and so-called ‘scale effects’ were to blame.
The C-141 was a very large aircraft (with a
fuselage length and wing span of about
50 m) and it was questioned if wind tun-
nel results obtained for a model at a much
smaller scale would be representative for
the actual flight values. It was also noted by

[3-45)

other aircraft manufacturers (e.g. Airbus)
that so-called ‘pitch-up’ at Mach numbers
beyond the design Mach number, was
Reynolds number dependent. Other dif-
ferences between wind tunnel and flight
had been observed in the past. Although
scale effects were not necessarily the cause
of these problems it was feared that some
wings and airfoil designs might be very
sensitive to a variation in Reynolds number.
Would advanced wings with a high wing
loading at transonic conditions be particu-
larly sensitive?

Fokker wanted to know this for the new
supercritical airfoils. Therefore airfoil NLR-
7301 (a basic section of the SKV-1 wing)
was tested in the ‘Compressible Flow Facil-
ity’ (CFF) of Lockheed Georgia in Atlanta in
the US. Indeed, this airfoil turned out to be
rather Reynolds number sensitive. Fokker
subsequently wanted to extend the possi-
bilities to test in the HST at Reynolds num-
bers as high as possible. In 1976 a study
was initiated by NLR to see if the Reynolds
number could be increased for the HST (see
page 34). In 1978 preparations also started
to test a large half model in the HST, again
with the intention to increase the Reynolds
number. In an effort to push the Reynolds
number as much as possible, this half mod-
el was a bit ‘oversized’ for the HST and ex-
tensive studies were made to quantify the
corrections for half model mounting and
tunnel wall interference. Detailed drag in-
formation could be derived from wake rake
surveys. The importance of Reynolds num-
ber effects also triggered the development
of a new test set-up in the HST to test two-
dimensional models with a chord length of
0.5 m and a span of 2 m [figure 3-45], a set-
up that became operational in 1981.

UNSTEADY AERODYNAMICS
AND AERO-ELASTICITY

Unknown Reynolds number effects were
not the only concern for Fokker. Unsta-
ble coupling between aerodynamics and
the aircraft structure known as flutter is
a crucial item in aircraft design. Aileron
flutter had already been investigated and
cured by the RSL (the predecessor of NLL
and NLR) in 1923 for the Van Berkel WB
aircraft". The VFW-614 had a very serious
problem with tail flutter. Next to theoreti-
cal aerodynamics, flutter was one of the
main research topics of the Flutter Section
(‘F-sectie’) that later changed its name into
the Department of Aeroelasticity (AE).

At transonic conditions the problem of
flutter is dominated by complex interac-
tions between shock-induced separa-
tions and shock wave motion. Unsteady
transonic aerodynamics was studied
extensively in the seventies in the PT on
two-dimensional airfoils with an oscil-
lating flap* and on airfoils that could be
forced to oscillate in pitch. In these tests
the unsteady lift and pitching moment
could be derived from unsteady pressure
measurements at the model surface®®. Ex-
perimental results were essential to vali-
date approximate theories to model the
aerodynamic part in the flutter calcula-
tions (which are based on an interaction
between aerodynamics and deformable
structures). Later the theory was extended
to three-dimensional wing configurations
(using local two-dimensional character-
istics as an input), also necessitating an
experimental validation. Such an experi-
ment was executed in the HST in 1979 on
a half model of one of the SKV configura-
tions named SKV-5. The half model could
oscillate in pitch [figure 3-46]. A so-called

[Figure 3-45]

The figure shows

a two-dimensional
wing spanning the
HST test section.
The span was so
large that support
struts were needed
to reduce the
stresses on the
model. This set-up
was used for high
Reynolds number
testing in the HST.

[Figure 3-46]

A half model of the
SKV-5 wing. The
model could be
oscillated in pitch
and from the results
the aerodynamic
input for flutter
calculations could be
derived.

88 NLR PIONEERED IN THE DEVELOP-
MENT OF A SPECIAL MEASURING
TECHNIQUE IN WHICH STANDARD
PRESSURE HOLES ON THE MODEL
SURFACE WERE CONNECTED WITH
CONVENTIONALTUBING TO AN UN-
STEADY PRESSURE TRANSDUCER
OUTSIDE THE MODEL. A THEORETI-
CAL MODEL WAS USED TO MAKE
CORRECTIONS FOR THE EFFECTS OF
THE FINALTUBE LENGTH.
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[3-47)
[Figure 3-47]  ‘transonic dip’ was observed (a lower flut-
ter margin at transonic conditions) and
this experiment proved to be very useful
for the further development of methods
that could predict the flutter boundaries
at transonic conditions.

Dynamic tests on the
F-16 to study 'Limit
Cycle Oscillation’ at
transonic conditions.
This was part of a
cooperative program

with AFWAL and
Lockheed (around
1991). . .
The experience obtained for unsteady
[Figure 3-48]  transonic flows during the SKV project ap-

peared to be very valuable, not only for
civil aircraft design but also for military
applications. In the HST NLR studied the
unsteady behaviour of the NF-5 intercep-

The F29 in low speed
configuration in the
HST (around 1980).

cle oscillations’ for the delta wing of the
F-16 [see figure 3-47]. NLR was also exten-
sively involved in tests to study unsteady
flow at the base of the ARIANE-5 launcher
[figure 3-68].

IN SUPPORT OF NEW FOKKER AIRCRAFT

In the SKV-project many different configu-
rations were tested. The program started
with elementary studies to address spe-
cific design questions (the form of the in-
ner wing, the wing tip shape, off-design
studies... ) but gradually the program de-
veloped into the design of a real airplane:
the F28 Super, an improved F28. Figure
3-49 illustrates this development. The ANP-
program ‘Preparations for New Projects’
(‘Aanloop Nieuwe Projecten’) continued in
1978 within the ‘Interim Program’ or IP in
anticipation of a new Fokker project. Such a
project was launched in 1979 with the F29,
a completely new design with a T-tail and
underwing mounted engines for 132-150
passengers [figure 3-48].

The close co-operation between Fokker
and NLR in the SKV, ANP and IP programs
during the period between 1974 and 1980

[3-48]

has been of invaluable importance for the
development of aerodynamics at NLR,
both theoretically and experimentally. Key
elements were the interactions between
NLR as a research laboratory and Fokker as
the aircraft builder, as well as a very fruit-
ful interaction between theory and experi-
ment. But it was inevitable that the role of
NLR would be a different one as soon as a
real Fokker project emerged. The time of
close co-operation to prove the limits of
a new technology was to be followed by
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[3-50]

a period in which Fokker was in the lead
of the development and NLR contributed
in providing (@and improving) the tools for
wind tunnel testing and theoretical calcu-
lations. This point in time was reached with
the F29.

The F29 was the largest airplane that Fok-
ker had envisaged so far. The risks were
too big for Fokker and a partner had to
be found. Boeing and Japanese compa-
nies were approached but in May 1981 the
MDF-100 was announced, a joint project
between McDonnell Douglas and Fokker.
This co-operation started a very busy peri-
od for the HST since a large part of the tests
was to be made in the HST [figure 3-50]. In
February 1982, within a year, this joint ven-
ture was terminated, mainly because of the
weak market outlook at that time. To sur-
vive Fokker needed to return to less ambi-
tious projects: improvements of the exist-
ing F27 and F28 aircraft. For the HST the
improved F28, named the Fokker 100, was
the most important one. The capacity of
the F28 was increased from 79 to 107 seats,
necessitating a longer fuselage and modi-
fied wing. The design lift coefficient was

increased and so was the wingspan. The
kink in the leading edge was almost elimi-
nated and the wing nose section modified.
These latter changes made it possible to in-
corporate some specific supercritical airfoil
characteristics, based on the knowledge
acquired in the preceding years. The fact
that the existing wing box should be main-
tained was a serious constraint. Neverthe-
less, the aerodynamic performance came
close to a completely new designed super-
critical wing. The Fokker 100 development
provided the HST with a lot of work [figure
3-53]. In November 1986 the first flight of
the Fokker 100 was made. The supercritical
wing technology in The Netherlands was
finally airborne [figure 3-511.

This was not the end of the Fokker family
of aircraft. In 1992 it was decided to build a
smaller version of the Fokker 100, the Fok-
ker 70. As far as the wind tunnel tests were
concerned, that decision was taken at a
rather inconvenient time: the first phase of
the HST modification started in 1992. The
new test section had to be installed and all
tunnel control systems had to be renewed.
At the beginning of 1993 Fokker was the

first customer to test the Fokker 70 in the
new test section, right after the NLR valida-
tion program to prove that the modified
tunnel gave reliable results.

In October 1992 Fokker was taken over by
DASA, Deutsche Aerospace AG, the com-
pany that resulted in 1989 from a merger
between all German aircraft industries.
DASA wanted to bring a new aircraft to the
market, a regional jet in size just below the
Airbus A320. The Fokker engineers want-
ed to extend the Fokker 100 family with
a new, larger member, the Fokker 130, to
reduce the costs for such a new develop-

[3-52]

ment. Studies were made for a so-called
‘root plug’ between the existing Fokker
100 wing and an enlarged fuselage [figure
3-52] to accommodate the increased air-
craft weight. At the same time a completely
new wing was designed as an ‘ideal refer-
ence’. DASA proposed a completely new
configuration, derived from the MPC75
program that had already been studied for
some time. Wind tunnel tests were made in
the HST to compare the various configura-
tions. But when DASA dropped Fokker in
January 1996, leading to the bankruptcy of
Fokker in March, the Fokker family had re-
ally ended. =

[Figure 3-50]
The MDF-100

configuration in the
HST (1981).

[Figure 3-51]

A Fokker 100 in flight.

[Figure 3-52]

The fuselage of the
last Fokker model:
the Fokker 130, an
enlarged version of
the Fokker 100. On
this figure the key
players in the Fokker
wind tunnel test
programs: leaning
on the table Jack
van Hengst (Fokker,
head aerodynamics),
behind him to the
right Karl Méller
(NLR, wind tunnel
testing) and further
to the right Klaas
Breman (NLR, model
manufacturing).

[Figure 3-53]

The improved wing
for the Fokker 100 in
the HST (1983).
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IMPROVING
ACCURACY

[Figure 3-54]

A Fokker model
with the twin-sting
support. With a
dummy sting (the
metal coloured
Z-sting near the rear
of the model) the
interference effects
can be determined
(1995).

THE EIGHTIES AND BEYOND

opment program for the MDF-100, the

McDonnell-Douglas and Fokker wing
designs were compared in the HST. One
of the quantities of interest in this com-
parison was the drag creep: the increase in
drag at the design lift coefficient between
a subsonic condition (say Mach = 0.5) and
the design Mach number (around Mach =
0.8). The results of the tests showed that
the drag creep for the McDonnell-Douglas
design was one drag count less than for the
Fokker design: a difference in drag coeffi-
cient of 0.0001. This was a small difference.
Nevertheless, it was a serious argument in
the discussions on how to proceed with the
wing designs. The question may be asked:
‘Are the measurements accurate enough to
measure such small differences?’

n uring the short time of the joint devel-

In the table below the accuracies claimed
in the early sixties by the various transonic
wind tunnels in operation at that time have
been compared with the demands of in-
dustry in the early eighties.

This table focuses on the accuracy in drag
since this is the pacing item to reduce fuel
costs. The accuracies listed in the left col-
umn have been taken from the report on
the comparison of the AGARD-B and -C
models, measured in various wind tun-
nels®® (page 66). They relate to tests in the
transonic regime at Mach = 0.8. The last
column lists the requirements 25 years
later to indicate what industry wanted and
expected in 1985. During those 25 years a
continued effort was made to increase the
accuracy. Better instrumentation, auto-
matic data handling and improved tunnel

range of accuracies
as listed around 1960 by
various wind tunnels

controls greatly contributed to this end.
But in spite of these improvements some
customers were not satisfied with what
was achieved. This was particularly true for
MBB (later to become Airbus Deutschland
as part of DASA). MBB used the HST in-
tensively for their pre-development work
which often resulted in proposals brought
to the table of the Airbus consortium. Their
achievements had to be compared with
results obtained by other partners in other
facilities. Notably ARA (the Aerodynamic
Research Association in Bedford that op-
erated a slightly larger atmospheric wind
tunnel) claimed a drag repeatability of one
third of a count. The requirement on drag
is particularly severe, as can be illustrated
by the following example. The design lift
coefficient C_of a transport type aircraft

accuracies required
by the aircraft industry
around 1985

Mach number

(around 0.8) 0.002 - 0.006 0.001
angle of attack (degrees) 0.03-0.3 0.01
drag accuracy

(counts) 3-30 1

[3-54]

is of the order of 0.5. If an accuracy in drag
coefficient C, of 0.0001 (one count) has to
be achieved it should be possible to meas-
ure a force difference of 0.02 % of the lift
value! This issue and the consequences for
the balance development are addressed in
more depth in Appendix E and at page 45.

WALL AND SUPPORT INTERFERENGE

Instrumentation is not the only issue for
accuracy. Wall and support interference
are important as well and may introduce
unwanted bias effects in the data. This
problem manifests itself when results from
different wind tunnels are compared. This
was already clear from the comparison
made around 1960 for the AGARD-B and -C
models. In 1980/1981 a similar comparison
was made within the framework of GAR-
TEUR for a typical transport type wing (the
DLR F-4 model) measured in the transonic
wind tunnels of ONERA Modane, RAE Bed-
ford and NLR. This comparison showed an
acceptable agreement (a couple of counts
differences). No tunnel wall interference
corrections were applied to the HST data
in accordance with the theoretical work by
Loeve®® in 1959. He optimised the HST slot
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width theoretically for negligible interfer-
ence effects. From several comparisons
with other wind tunnels there were no clear
indications that questioned the assump-
tion that the HST is almost interference
free for complete models of the usual size.
For large half models or two-dimensional
models this is not longer true. Serious at-
tempts have been made later to quantify
the remaining wall interference. The meth-
od of Loeve was based on so-called ‘ho-
mogeneous boundary conditions’ which
describe the slotted walls mathematically.
To improve this method the concept of
the ‘measured boundary condition’ was
introduced and pursued by Smith. In this
concept the (mathematically expressed)
boundary condition at the tunnel walls
in the wall interference calculations is re-
placed by actual pressure measurements
at the tunnel walls in combination with a
mathematical representation of the model
(based on the actually measured forces on
the model). This method was applied suc-
cessfully in the HST for two-dimensional
models, for which wall interference cor-
rections were essential. However, for the
half models this method was not accurate
enough and empirical corrections were
derived. For full models of the usual size,
corrections could be derived, but they
turned out to be small and these small val-
ues could not be validated independently.
In fact, the optimum wall configuration
for the modified test section in the nine-
ties (see page 36) was derived rather con-
ventionally by measuring a small model
(named TWIG, ‘Transonic Wall Interference
Generator’) in the Pilot HST (PHST) for vari-
ous slot geometries and comparing these
results with virtually wall interference free
results from the same model tested in the
HST [see figure 3-55].

Sting interference, the direct effect of the
model support on the measured forces on
the model, appeared to be an equally dif-
ficult problem to tackle. A first theoretical
estimate of sting interference effects was
made by Spee in 1961%° (see page 69). The
first sting interference tests were done
in co-operation with Aérospatiale in the
seventies, using dummy supports [figure
3-32]. The NLR panel method was applied
to supplement these measurements. The
results were not entirely satisfactory. A
similar exercise was done in co-operation
with Fokker in the eighties. Three differ-
ent supports were compared: the Z-sting,
a straight sting and the subsonic sting. For

each of these cases support corrections on
lift, drag and pitching moment could be
derived from measurements with dummy
stings and compared with calculations.
Also in this case the final comparison of all
corrected results was not entirely satisfac-
tory. In the nineties it was subsequently
decided in close consultation with Fok-
ker, to manufacture a so-called ‘enhanced
twin-sting support’ [figure 3-54]. With this

[3-55)

set-up, following a concept by ARA, the
wing of the model is supported by a twin
sting. Balances in each of the supports
measure the total forces on the model with
and without a dummy rear sting. The dif-
ference between these measurements is a
measure for the interference effects of the
rear sting. If the customer wants to achieve
a high absolute accuracy in his results, this
is still the recommended practice.

QUALITY ASSURANCE

At the end of the eighties, during the
ARIANE-Hermes tests (page 85), the French
company Aérospatiale (Les Mureaux), re-
sponsible for the development of the
ARIANE 5 launcher, requested error es-
timates for all wind tunnel test data ob-
tained in the HST and the SST. This question
followed directly from safety assessment
procedures for the Hermes space plane.

Till that time balance accuracies had usually
been listed, but these are not sufficient for
an overall error estimate. The effect on the
aerodynamic coefficients of all instrumen-
tation errors, errors that are usually known,
can be derived by standard techniques.
These uncertainties typically have a ran-
dom nature. The problematic parts in the
measurement accuracy are the not precisely
known effects such as sting and wall inter-
ference or uncertainties in transition loca-
tion. They cause a non-random ‘bias’ in the
test results. For these effects upper limits
can sometimes be estimated, though with
appreciable uncertainties. For that reason
test data are often evaluated on a relative
basis, relative to a previous design for which
flight test data are available. This procedure
is sometimes called the ‘delta method".

Aérospatiale also requested ‘Quality Assur-
ance Procedures’ or more precisely, they re-
quired that the wind tunnels would comply
with their procedures. They prescribed the
format of a pre-test document, procedures
for non-conformities during the test execu-
tion, the format of the final test report and
guide lines for the test evaluation. Moreo-
ver, the maintenance and calibration of the
instrumentation had to be traceable. Their
recommendations were clearly improve-
ments on the already existing procedures
and it was not too difficult to implement
these.

This specific request from Aérospatiale in
fact reflected an increased interest in qual-
ity control. In 1987 ISO, the ‘International
Organisation for Standardisation’, issued
guidelines for Quality Assessment known
as ISO 9001. These guidelines were derived
from military standards known as MIL-
Q-9858, which go back to 1959. Custom-
ers of NLR requested the implementation

[Figure 3-55]

The TWIG model
("Transonic Wall
Interference
Generator’) in the
HST. Since the model
was relatively small
for the HST, the so
obtained interference
free results could

be compared

with results for
various slotted

wall configurations
obtained with the
same model tested
in the Pilot HST (the
modified Pilot Tunnel
with a scaled HST
test section). Around
1985.

[Figure 3-56]

A low noise level

is essential for the
quality of the tests;
this can be measured
with the so-called
Q-lite cone.

€ AROUND 1970 AEROSPATIALE ALSO
USED ATWIN STING FORTHETESTS
ON THE CONCORDE NAMED ‘BI-
DARD'. THIS STING WAS ATTACHED
TO THE UNDERWING MOUNTED
ENGINES OF THE CONCORDE AND
THE TEST SET-UP WAS USED TO
MEASURE THE AFTERBODY DRAG.
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[Figure 3-57]

A test made in
cooperation with
Airbus on a half
model for the
development of

the technique to
simulate the engine
jet with H,0, (1979).

[Figure 3-58]

A half model with a
blown nacelle tested
in the HST as part of
the NIVR sponsored
VTP technology
program. A rake is
used to measure the
exhaust jet (around
1994).

[Figure 3-59]

Rig specifically
made to test the
engine intake for
variable mass flow
conditions. The
suction through
the inlet is obtained
by means of a
downstream placed
ejector. This set-

up allowed high
Reynolds number
inlet testing for a
wide range of flow
conditions.

[Figure 3-60]

Model to test
jet simulation
at supersonic

conditions with the
H,O, technique in the
CSZST (around 1972).

of 1ISO 9001 to ‘stamp’ the test results. A
NLR wide group was set up headed by Te
Boekhorst and Ross to introduce the ISO
9001 procedures. In 1993 the Informatics
Division and the Space Division were the
first within NLR to obtain a quality certifi-
cate from KEMA (the Qualifying Organisa-
tion that started in 1927 as the Electrical
Engineering Equipment Testing Company)
soon followed by the wind tunnels. NLR as
a whole was certified in 2001.

ENGINE SIMULATION

Measurement accuracy is an important is-
sue in wind tunnel testing, but is the wind
tunnel model sufficiently representative
for the aircraft in flight? The Reynolds
number is important here (page 79) as is
the representation of the engine. Engine
simulation has always been an important
aspect of wind tunnel testing. In most cas-
es the (turbofan) engines are represented
by a so-called ‘through flow nacelle’, an
open nacelle in which the inlet mass flow
can be changed to some extent. In the F28
development program an oil-fired burner
was used in the LST to simulate the hot jet
flow, but this technique was never applied
in the HST. The development of engine
simulation with H,0,, initiated because of
the D-24 Fokker Alliance Interceptor (page
71), never made it to routine use in the HST.
In the early seventies tests were done with
H,0, on a small rocket shaped research
model* in the CSST [figure 3-60].In co-op-
eration with Aérospatiale tests were made
in the HST at the end of the seventies to
simulate the engine flow with H,0, [figure

&

__‘ -

[3-59]

3-57] but this development was not contin-
ued. The fact that Fokker was not interest-
ed in this technique may have played a role
here. Fokker preferred the use of a blown
nacelle [figure 3-58], although this required
a separate support strut to bring the com-
pressed air into the (blown) nacelle*. The
inlet configuration was either tested on a
through-flow nacelle or on the special in-
let rig [figure 2-55, 3-59] that allowed large
variations of inlet flow conditions.

In 1980 the DNW, the large
low speed tunnel in the
Noordoostpolder which had
been developed jointly by DFVLR
and NLR, came into operation. This tun-
nel was used extensively by MBB (Airbus
Germany) for the final testing of low speed
configurations. MBB had its own subsonic
wind tunnel in Bremen and in this tunnel
their first experience with ‘Turbine Pow-
ered Simulators’ or TPS was obtained. This

[3-57]

technique was pioneered in Europe by
ARA in Bedford. With this technique com-
pressed air drives a small turbine, which
is coupled to the fan to move the by-pass
air. Inlet and outlet flow conditions can be
simulated, though with some limitations as
far as the precise flow conditions are con-
cerned and for a cold jet only. MBB was de-
termined to use this technique in the DNW
for Airbus testing. NLR was willing to invest
in a calibration facility necessary to cali-
brate the model engines. MBB also wanted
to use the TPS technique in the HST. One
half of the low speed models that were
tested in their low speed wind tunnel could
be used as a half model in the HST. This pro-
vided an efficient use of wind tunnel mod-
els for both the low speed and high speed
development. In this scheme it was only a
small step to test a TPS engine at transonic
conditions in the HST, as was done for the
first time in 1986 [figure 3-61]. For the HST
it meant the development of a half model
balance with special provisions to bring the
high pressure air into the model without af-
fecting the balance readings. This was suc-
cessful and the experience obtained with
TPS testing in the calibration facility and in
the DNW provided a firm base for TPS test-
ing in the HST for MBB and also for other
companies such as Dornier.

As an alternative to turbofan engines,
propfans were considered many times, no-
tably when fuel prices were rising. In 1991
Fokker tested a small propfan mounted
on a separate strut underneath the wing
in the HST. These exploratory tests were
also made to validate calculation methods
for the wing/slipstream interactions. Also
in 1991 Deutsche Airbus tested a counter
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rotating propfan in the HST [figure 3-62].
Although this test was successful, it was
never followed by additional tests, possibly
also because the interest in propfans dwin-
dled again some years later. An isolated
high performance propfan was tested in
1998 as part of the European APIAN tech-
nology program. This was basically intend-
ed as technology development for the ap-
plication of high speed propellers such as
considered for the Airbus A400. The drive
of this system was borrowed from else-
where. The very detailed measurements
included the measurement with a rotating
balance of the three forces and three mo-
ments (including the torque) that acted on
the propeller. Additionally the flow field
(swirl) in the slipstream, the radiated noise
field and the deformation of the blades un-
der load (with the ‘Moirée’ technique) were
measured. It presented an altogether very
complicated test. Based on the experience
obtained in this test, the design of the ro-
tating balance was improved [figure 3-63].

SPACE FLIGHT

When ESA was founded in 1973 ARIANE
was to become the new launching vehicle
for Europe. The ARIANE development start-
ed with ARIANE 1, still partly based on the
EUROPE Il configuration and continued
up till ARIANE 5. Most of the tests in the
HST and SST were made to determine the
stability and control characteristics as had
also been the case for the ELDO launcher.
Of these measurements the ARIANE 5 wind
tunnel tests were the most comprehensive.
Go-ahead for the ARIANE 5 development
was given in November 1987 and already
in the same year the first tests were made
in HST and SST by Aérospatiale. These tests
comprised the ‘version automatique’ [fig-
ure 3-67] as well as a configuration with the
‘Hermes Space Vehicle’ mounted on top of
the main rocket [figure 3-64]. The contract
for Hermes [figure 3-65], a European alter-
native for the US Space Shuttle, was given
in 1985 by CNES (Centre National d’Etudes
Spatiales, the French space organisation)

[3-66]

to Aérospatiale in a fierce competition with
Dassault. In the Phase | ‘Detailed Design’,
which lasted between 1988 and 1990, more
countries became involved, including The
Netherlands. Following the Space Shuttle
accident of the Challenger in January 1986,
it was decided to include in the design an
escape possibility: the Hermes Escape Cab-
in [figure 3-66]. The Hermes development
was stopped in 1992 although it took many
more years before the program was termi-
nated officially.

[Figure 3-61]

The first MBB

half model with a
"Turbine Powered
Simulator’ (TPS) for
engine simulation
(1986).

[Figure 3-62]

Test of a counter-
rotating prop fan in
the HST by Deutsche
Airbus in 1991.

[Figure 3-63]

The APIAN isolated
prop fan in the HST.
Note the traversing
mechanism, here
used to measure the
acoustic field (1997).

[Figure 3-64]

ARIANE 5 with
Hermes in the HST
(around 1986).

[Figure 3-65]

The Hermes model
in the HST (around
1986).

[Figure 3-66]

Escape cabin
for the Hermes
configuration
(around 1986).

[Figure 3-67]

The ARIANE 5
configuration in the
SST (around 1986).
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[Figure 3-68]

ARIANE 5 nozzle
equipped with
dynamic pressure
transducers to test
the fluctuating loads
in the base area
(around 2000).

[Figure 3-69]

The X-38
configuration,

tested by CNES/
ESAin a joint US/
European project

as ‘Crew Transfer
Vehicle' (CTV) for the
‘International Space
Station’ (ISS).

A very challenging test for ARIANE 5 was
the measurement of the acoustic loads. To
protect the pay load and the equipment in
the ARIANE 5 the intensity of the pressure
fluctuations on the ARIANE 5 upper part
and booster noses had to be known. For
these measurements about 80 tiny pressure
transducers, named ‘g-lite transducers’®,
with a high frequency response up to 80
kHz, had to be mounted in the sensitive are-
as. The signals from these transducers were
recorded simultaneously to allow post-
processing after the test e.g. to determine
frequency spectra (for up-scaling to flight
conditions) and space correlations. These
very expensive and complex tests were ex-
ecuted successfully in the early nineties.

Unfortunately the first launch of ARIANE 5
in June 1996 was a failure due to software
errors. But after the third flight with ARIANE
503 in October 1998, ARIANE 5 became op-
erational and ready for use by customers.
A problem with the base flow still needed
attention. The highly unsteady flow at the
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launcher base caused unwanted deforma-
tions of the nozzle. A special model was
made by NLR and tested in the HST to
measure these pressure fluctuations in de-
tail [figure 3-68].

On board ARIANE 503 was a ‘non-paying
guest”: the ‘Atmospheric Re-entry Demon-
strator’ ARD. The contract for this vehicle,
in shape rather similar to the Mercury cap-
sules launched by the US around 1960, was
granted in 1994 to Aérospatiale. But the
ARD was unmanned and only built with
the intention to test new technologies for a
next generation re-entry vehicles. The ARD
configuration was tested extensively in the
HST and SST to determine its stability dur-
ing descent. The final test during re-entry
was a success. At about the same time
NASA and ESA decided on a joint program
for the X-38 development, the ‘Crew Trans-
fer Vehicle’ or CTV. This re-entry configura-
tion was intended to be used as a ‘lifeboat’
for the ‘International Space Station’ (ISS) in
case of a quick emergency evacuation. The
X-38 configuration was extensively tested
as well in the HST [figure 3-69], but the pro-
ject was stopped in 2002.

Two other rather unusual tests were related
to the above mentioned space activities. In
the early nineties a special test set-up was
made on the lower wall of the test section
of the HST and SST respectively for testing
various types of heat protection materials
to be used in a re-entry shield. The inten-
tion of the tests was to see if these mate-
rials could stand a highly fluctuating pres-
sure field. This was achieved in the tunnel
by placing the test specimen in a highly
fluctuating flow field underneath a big

vortex. Another unusual test was done for
Fokker Space in the mid nineties. Fokker
Space had obtained a contract to recover
a booster of ARIANE 5 to study the status
of the booster after the launch, also for a
possible re-use. A system of parachutes
had to be deployed after the boosters were
pushed off. To make sure that this system
would work, data were required on the
stability characteristics of the booster and
to this end tests were made to measure
the aerodynamic forces on the booster for
all possible model orientations in the SST.
After the third ARIANE test (503) one of the
boosters was indeed safely recovered.

VALIDATION OF COMPUTATIONAL FLUID
DYNAMICS

In the previous sections examples were
shown of some early experiments in sup-
port of theoretical developments. The
supersonic ring-wing experiment [figure
3-39] and the arrow wing of the ANCP pro-
gram [figure 3-41] are typical examples. At
that time theoretical design methods were
still in their infancy. Actual wing designs,
such as the wing for the F28, were largely
based on a process in which various wing
designs were measured in the wind tunnel
in comparative tests to select the best one
for further development. During the super-
critical wing development in the seventies
(the SKV program; page 78) the optimum
wing shape was determined from an in-
verse design method: the wing shape was
calculated from a prescribed pressure dis-
tribution, the so-called ‘target pressure dis-
tribution’. A wind tunnel model was made
to see if the target pressure distribution
was approximately met and to determine
if the required aircraft characteristics at the
design condition (notably drag and pitch-
ing moment) and at off-design conditions
(e.g. maximum lift and buffet boundaries)
were acceptable. If not, the target pressure
distribution was to be modified and the se-
quence was to be repeated.

At that time the results of the ‘direct meth-
ods’ (calculate for a specific wing shape the
corresponding pressure distribution for an
angle of attack and Mach number combi-
nation) were only approximate. In the NLR
panel method, compressibility effects were
approximately accounted for, shockwaves
could not be calculated at all and viscous
effects were neglected. The precise char-
acteristics of the wing at the design point
could only be obtained from a wind tunnel
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test. But as a result of the ever increasing
computing power, new numerical meth-
ods such as ‘finite difference methods’ ad-
vanced rapidly. In these finite difference
methods the complete flow field around
an aircraft is divided into a large number
of ‘cells’ (the ‘numerical grid’) and in each
of the corner points the flow conditions
can be calculated by solving the appropri-
ate flow physics expressed as ‘finite differ-
ence equations’. The first finite difference
code, for airfoil sections only, was written in
the mid seventies by Garabedian and Korn
from the Courant Institute (NYU) in the US.
A copy was obtained at NLR and flows with
shock waves could now be calculated and
compared with data from two-dimensional
airfoils measured in the PT. Some years later
the VGK code was obtained from RAE in
England as part of an exchange of comput-
er codes. VGK stands for ‘Viscous Garabedi-
an Korn’ and included viscous effects, es-
sential for the evaluation of the airfoil drag.
This code was also validated against results
from two-dimensional airfoils and played
an important role in the wing development
program. The first three-dimensional meth-
od that could calculate flows with shocks
(@ so-called ‘full potential method’) was
obtained in 1979. This code, named FLO22,
was developed by Jameson of Princeton
University in the US. The code was immedi-
ately modified by NLR to include the effects
of afuselage (XFLO22; X stands for the cross
flow that was added as a boundary condi-
tion to simulate the fuselage) in order to
use it for the Fokker wing designs. To tests
its abilities, comparisons were made with
test results obtained in the HST as part of
the F29 and MDF-100 development.

The new discipline of simulating the com-
plete flow around an aircraft on a computer
is named ‘Computational Fluid Dynamics’
or CFD. The CFD methods improved rapidly
in the eighties. NLR developed its own fi-
nite difference full potential method (‘MAT-
RICS’) and this code was further extended
to include viscous effects (‘(MATRICS-V'). It
was extensively used to calculate the de-
tailed drag characteristics of new wing de-
signs. At about the same time, in the mid
eighties, the first Euler codes appeared
such as FLO57, also developed by Jame-
son. With Euler codes, flows with vortices,
as can be found on the upper surface of
fighter airplanes with delta wings, could be
calculated. This is an important improve-
ment since similar flow phenomena can
also occur on transport type wings when

flow separation occurs at off-design condi-
tions. It was only one final step further to
add the viscous terms resulting in the so-
lution of the (time averaged) Navier-Stokes
equations, an exact representation of the
actual flow except for the details of flow
turbulence. The resulting computer code
developed by NLR in a co-operation with
CIRA (the Italian sister institute of NLR) was
named ENFLOW.

These computer codes became so power-
ful that the question was sometimes asked:
‘Will the computer replace the wind tunnel?".
Before the wind tunnel can be replaced,
one has to make sure that the computer
codes give accurate results and it makes
sense to use the wind tunnel to validate the
calculated results. The validation of these
new codes was a common interest of aero-
nautical research laboratories. It stimulated
a close co-operation within organisations
such as AGARD, GARTEUR (a European co-
operation that The Netherlands joined in
1977), various Technology Programs of
the European Commission (Brite/Euram
and the subsequent Framework Programs)
or IEPG (the Independent European Pro-
gramme Group, a military co-operation).
The HST was involved in many of these pro-
grams. The first finite difference codes were
validated in GARTEUR against a number of
well-known wings such as the M6 wing of
ONERA and the DFVLR-F4 wing that was
tested in the HST in 1980. In 1985 a delta
wing was tested in the HST [figure 3-70] as
part of an ‘ad-hoc’ co-operation between
NLR, AFWAL, FFA and DLR. These parties
agreed to this experiment to prove that the
new Euler codes were capable of captur-
ing vortices of the type that can be found

[3-70]

above delta wings. This co-operation was
rather successful and a nice example of a
close interaction between theory and ex-
periment. It was exciting to see for the first
time how a computer code could calculate
a vortex ‘out of the blue’®®, giving excite-
ment similar to the first calculation of shock
waves about 10 years earlier. In 1988 ICAS
(The International Council for the Aeronau-
tical Sciences) decided to award the partici-
pants the ‘Von Karman Medal’ [figure 3-71].

[3-71]

In some cases detailed information was
required to validate and improve the CFD
methods. Around 1986 a very extensive
study was also made within GARTEUR (by
the Action group AD-AGO8) of the viscous
effects on a (two-dimensional) airfoil sec-
tion with high lift devices (with slat and
flap). It was specifically required to make
detailed measurements of the bound-
ary layer on the airfoil surface. A special
mechanism was designed to move the tiny
probe through the thin boundary layer
(discussed at page 59). The same mecha-
nism was used later to probe the vortex
flow above a delta wing (the same geom-

[Figure 3-70]

The wing of the
‘International Vortex
Flow Experiment’
(IVFE), used to
validate Euler
methods.

[Figure 3-71]

The "Von Karman
Medal’, an award
given by ICAS for the
‘International Vortex
Flow Experiment’
(1988).

ODVORTICES ARE THE RESULT OF
FLOW SEPARATION, CAUSED BY
THE EFFECTS OF VISCOSITY. EULER
CODES ARE BASICALLY INVISCID
SOWHY CANTHEY CALCULATE THE
VORTEX FORMATION? THE REASON
IS ‘PSEUDO VISCOSITY" INTRO-
DUCED BY NUMERICAL ARTEFACTS.
MOREOQVER, THE EULER CODE AT
THAT TIME COULD ONLY CALCU-
LATE CONDITIONS WITH MACH
NUMBERS ABOVE 0.8 DUE TO NU-
MERICAL STABILITY. THEREFORE
THE EXPERIMENT COULD NOT BE
DONE IN A SUBSONIC TUNNEL BUT
HAD TO BE DONE IN A TRANSONIC
FACILITY.
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[Figure 3-72]

Example of the flow
field measured with
the "Probe Traversing
Mechanism’ above

a delta wing (see
figure 2-57). The
measurements of
the vortex above

the wing could be
compared with
computed results
using various
expressions to model
the turbulence in the
vortex.

[Figure 3-73]

A computer
simulation of the
flow around a model
in the wind tunnel.
Note the detailed
representation of
the tunnel geometry
including the slots
on the tunnel wall
(2009).

[Figure 3-74]

Computer simulation
of the flow near

the rear of a wind
tunnel model with
and without sting
mounting. In such
calculations detailed
information can

be obtained of

the interference
effects, including
the pressures in the
gap between the
sting and the model
(2003).
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etry as the wing of the ‘International Vortex
Flow Experiment’) as part of the IEPG-TA-15
project [figure 2-57], a field study that was
repeated some years later with ‘Particle
Image Velocimetry’ or PIV, a new optical
technique to measure flow fields [figure
2-58]. Results of these tests were compared
with computational data. They were used
to assess the quality of the computational
models for turbulence, still one of the un-
certainties in CFD calculations [figure 3-72].
In the early eighties Fokker was hardly
involved in CFD validation since all effort
was concentrated on the Fokker 100 and

2

.02
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50 development. Support was given by
NIVR for the MATRICS-V and ENFLOW de-
velopment as part of the ‘General Research
Program’ (‘Algemene Research Programma’
or ARP). In 1986 the NIVR sponsored ‘Air-
plane Technology Program’ or VTP ('Vlieg-
tuig Technologie Programma’) started, was
stopped again in 1987 and restarted in
1990. This ‘hop on, hop off’ situation re-
flected the delicate financial situation of
Fokker and its troubled relation with the
Dutch Government at that time. The VTP
program was meant to provide Fokker
with concepts and tools for a new aircraft
type. Wing design was an essential part
and a number of different wings were de-
signed with the help of CFD, extensively
tested in the HST and compared with the
new CFD methods to see where improve-
ments were possible. The MATRICS-V code
played a very important role in this respect
since it provided the means to analyse in
great detail the origins of the various drag
contributions. This in turn opened the way
for improvements. Later the same code
was used to assist the Indonesian Aircraft
Company IPTN and the Brazilian Company
EMBRAER in the development of new tran-
sonic wings, resulting in wings that were
also tested in the HST.

THE WAY AHEAD: WIND TUNNELS AND
COMPUTERS WORKING TOGETHER

‘Will the computer replace the wind tunnel?’
Itis obvious that the computer has radically
changed the design process of aircraft. This
was already the case before the computer
provided a full simulation of the flow, as was
illustrated at page 78 with the Supercriti-
cal Wing Project (SKV). In the mid-nineties
the point was reached that the full time-
averaged Navier Stokes Equations could be
solved on the computer. This meant that
the real flow’ including the effects of com-
pressibility, vorticity and turbulence could
now be simulated. Developments in wind
tunnel test techniques progressed to the
point that aircraft configurations could be
measured in the wind tunnel in great de-
tail, including the presence of turbofan en-
gines or propellers. The measurement data
also showed much more detail. At the start
of transonic testing in the sixties force and
pressure measurements formed the core
of nearly all measurement campaigns. But
later developments allowed much more
detailed pressure information on the mod-
el and in the flow field such as wake rake
surveys for drag and flow field assessment.

[3-73)

This in turn allowed a more extensive vali-
dation of the numerical simulations. If CFD
is used to simulate the flow over entire air-
craft configurations in great detail, why not
use CFD to simulate the flow in the wind
tunnel itself?

The European sponsored HiReTT program,
which covered the period between 2000
and 2003, focussed on high Reynolds num-
ber testing including a substantial effort
to quantify wind tunnel corrections such
as support interference, wall interference
and wing deformation. This was done to
enhance the validation process. Are differ-
ences between CFD calculations and wind
tunnel tests caused by flaws in the CFD



method or errors in the wind tunnel meas-
urements? Figure 3-74 gives an indication of
the amount of detail that can be achieved
in CFD to represent the sting support of a
wind tunnel model. In this way various ele-
ments of the sting interference corrections
can be separated and compared with the
corresponding parts obtained from wind
tunnel procedures (such as base pressure
measurements and sting interference
tests). Figure 3-73 provides another exam-
ple of the flow calculated inside the slotted
test section of the HST. The flow in and out
of the slots, the most critical element of the
wall interference, can be quantified in this
way. And the results can be compared with
pressures measured on the tunnel walls.
As noted before some wall interference as-
sessment methods are based on measured
wall pressures to derive the corrections by
computation. By confronting the CFD re-
sults with detailed wind tunnel data both
approaches can be validated.

Although the Navier-Stokes equations
represent the ‘real flow’, a fundamental
weakness is still the so-called ‘turbulence
modelling’, the representation of the tur-
bulence in boundary layers, wakes and vor-
tices. These effects are approximated in the
time averaged Navier Stokes equations by
‘turbulence modelling’, since it would take
unrealistically long computing times to
solve the full, time-accurate Navier-Stokes
equations (the time scales for turbulence
are very small). Wind tunnels represent
the real flow (though most often at a lower
than flight Reynolds number) and some-
what ‘contaminated’ by wall and support
interference effects. Wind tunnels have the
additional advantage that many flow situa-
tions (in terms of Mach number and model
orientation) can be measured rapidly once
the model is available. Numerical simula-
tion of all these conditions will take a long
time and will be expensive. Model changes,
however, are easier made on the computer.
Both techniques have their pros and cons.
They supplement each other.

For decades aircraft manufacturers have
used CFD and wind tunnel testing in a joint
approach to obtain the best answer in the
shortest possible time. If the accuracy and
reliability of the aerodynamic data are to
be increased even further, CFD and the
wind tunnel should work closely together
to understand the limitations of each ap-
proach and to improve the CFD and wind
tunnel methods wherever possible. =

Epilogue

he history of the HST and SST has

been documented in this publication

for the period between 1945, the end
of World War Il and March 1996, the end
of Fokker. Both tunnels, the HST and SST,
continued to operate after that, but it is too
early to write the history of the more recent
time. In March 1996 the Fokker Company
went bankrupt. It might be argued that
Fokker was too small anyhow and that Fok-
ker missed the opportunities to integrate
within Airbus. Or that a well managed in-
dustrial policy by the Dutch Government,
as exampled just after World War Il by the
foundation of NIV and the support for the
new wind tunnel plans, was replaced by an
attitude of non-involvement. Or that the
leadership within Fokker failed. But the fi-
nal result was the same: the dream of the
‘Tromp Committee’ in 1946 and of Van der
Maas, the visionary chairman of the Foun-
dation NLL during the construction of the
HST and SST, the dream of an aircraft in-
dustry with a ‘full design and development
capability’ shattered.

Of course this had great consequences
for NLR. Not only Fokker as the main cus-
tomer disappeared, but also the incentives
to develop new technologies, to improve
the measurement capabilities to meet the
Fokker requirements, the sensation to be
part of the fierce competition in aircraft
development. These incentives no longer
originated from a company that was even
literally close to NLR and its predecessor
RSL right from the beginning in 1919.

It was realised at that time that NLR had to
find a new way, a way that was based on
the NLR capabilities that were developed
over the years and that could match those
elsewhere in Europe. Of course, Fokker
was the main customer but on average,
roughly one third of the wind tunnel test-
ing time was devoted to tests for Fokker
and the other two thirds came from cus-
tomers abroad. Technology development
was, of course, not exclusively owned by
Fokker. Through AGARD and GARTEUR the

playing field for technology development
was already enlarged from a national to a
European scale. Moreover, the European
Commission actively supported technol-
ogy development, starting with the Brite-
Euram program in 1989 and continuing
in Framework Technology Programs that
grew bigger and bigger every year. And to
bridge the gap after the fall of Fokker, the
Dutch Government acted swiftly to an-
nounce support for two major aircraft pro-
grams, a Dutch participation in the Airbus
A380 development and in the Joint Strike
Fighter (JSF).

In 1997 NLR went through a process of ‘re-
orientation’. Basically, NLR shifted its atten-
tion more towards aircraft operations, in-
cluding air traffic management and safety.
Research activities related to aircraft design
were cut back, though less so for structures
and materials (to support Stork that had
taken over part of the Fokker capabilities
to build aircraft parts for the A380, the JSF
and other aircraft types). Nevertheless, the
basic organisation remained roughly the
same and it was not until 2004 that the NLR
organisation reflected a new approach,
also in management style. In this new or-
ganisation Aerodynamics moved closer to
Structures and concentrated on Computa-
tional Fluid Dynamics (CFD), all within the
Division Aerospace Vehicles.

When the new tunnels were conceived just
after the War, Van der Maas, the chairman
of the Foundation NLL at that time, realised
that wind tunnels such as the HST and SST
had to operate across the border. As a re-
sult the AICMA contract promoted the use
of the HST on a European scale. When a
new large low speed tunnel had to be built,
NLR and its German counterpart DFVLR
(now DLR) decided to join their efforts in a
large low speed facility, the German-Dutch
Wind Tunnel DNW. This tunnel was built at
the NLR site in the Noordoostpolder and
inaugurated in 1980. Right from the begin-
ning, this tunnel became one of the Airbus
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EETHIS NEW LOW SPEED TUNNEL
IN THE NOORDOOSTPOLDER WAS
COMMISSIONED IN 1983 TO RE-
PLACE THE OLD LOW SPEED WIND
TUNNELS NO. 3 AND NO. 4 IN AM-
STERDAM THAT WERE WORN OUT
COMPLETELY.

FFFINALLY THE LOCKHEED CON-
FIGURATION WAS SELECTED AND
EXTENSIVELY TESTED INTHE LLF OF
DNW.

wind tunnels. This joint operation trig-
gered a closer co-operation between DLR
and NLR, notably on all aspects of wind
tunnel testing. In 1994 it was decided to
incorporate into the DNW organisation the
smaller low speed wind tunnels as well, the
NWB in Braunschweig and the LST in the
Noordoostpoldert. After a period of two
years a full integration took place. There
was an important contractual clause: when
the occupancy of a particular facility was
below a certain percentage (the ‘Z-factor’,
expressed as the ratio between income
from the customers and exploitation costs)
that facility could be handed back to the
parent institute. This clause gave the incen-
tive to actively attract new customers and
to operate the facilities as efficiently as pos-
sible. Following these steps, it made sense
to incorporate the HST and SST as well into
the DNW organisation. In July 1997 agree-
ment was reached with DLR to extend the
DNW organisation with the big transonic
and supersonic facilities in Germany and
The Netherlands, notably the TWG (the
Transonic Wind tunnel of Goéttingen), the
HST, the SST as well as the Engine Calibra-
tion Facility (ECF). The Pilot Tunnel (PT or
PHST) had to be closed and the CSST was
closed some time later. The name of DNW
(German Dutch Wind Tunnels) was kept for
this much expanded organisation aftera ‘s’
had been added. The big tunnel that was
originally named DNW was renamed ‘Large
Low Speed Facility’ or LLF. The parent insti-
tutes remained responsible for new invest-
ments in the DNW wind tunnels and a cer-
tain volume of research support had to be
guaranteed by the parents.

In 1997 the HST and SST became the Am-
sterdam Business Unit within the DNW or-
ganisation. Somewhat later for reasons of
efficiency the organisation was simplified
into two Business Units, GUK and NOP/ASD
with HST and SST as part of the latter. DNW
expanded considerably its acquisition ac-
tivities. European companies, e.g. Dornier
with the Dornier 728 regional aircraft,

Aermacchi with the military trainer M-346
and EADS with the refuelling boom for the
tanker version of the A330, found their way
to the HST. New customers could be at-
tracted from outside Europe like CESSNA,
Bombardier, EMBREAR and various Chinese
aircraft companies. In view of the Dutch in-
volvement with the Joint Strike Fighter, the
Boeing configuration was tested in the HST
at the time that Boeing and Lockheed were
still in competition for the final contract™.
As part of some European programs like
EUROSUP (for the development of a new
generation supersonic aircraft) and HiReTT
(for High Reynolds number Testing) tests
were executed in the HST and SST involving
research groups from NLR and DLR. The de-
velopment of new measuring techniques,
like pressure paint and the integration of
data acquisition and computer controlled
wind tunnel operation continued now by
joining the DLR and NLR capabilities. In this
way all DNW tunnels could remain com-
petitive. And today the HST and SST are still
among the firstin transonic and supersonic
wind tunnel testing.

One might wonder why these facilities
have kept their rather unique position al-
though the market for wind tunnel testing
has changed considerably over the years.
The most obvious explanation is that it was
realised from the beginning that wind tun-
nel testing needs an international environ-
ment to maintain a leading international
position. AGARD, the AICMA contract,
DNW, an active participation in GARTEUR
and European programs and finally the
further development of DNW have been
crucial in this respect. Another reason has
been and still is the active involvement of
the parent institutes in support of wind
tunnel testing. The development of elec-
tronic equipment, the workshops for mod-
el manufacturing and mechanical systems
for the tunnel and the close relation with
CFD are crucial in this respect. The fact that
the essential knowledge can now be drawn
from two research institutes provides an

added value. Of these, the interaction with
CFD has to be stressed specifically. Aerody-
namic theory, later followed by CFD, went
hand in hand with wind tunnel testing. The
theoretical design of the throat for the HST
in 1960 marked the starting point for the
design of shock-free transonic flow a dec-
ade later. The HST slots were optimised by
aerodynamic theory. Many experiments in
the wind tunnel have supported the de-
velopment of new computational meth-
ods and their validation. The point has
been reached that wind tunnels and CFD
have a comparable capability to model
very fine flow details, though each with its
own limitations. If the two are combined,
if CFD is used to master the wall and sup-
portinterference effects, if the wind tunnel
is used to check and validate CFD calcula-
tions for new, unusual configurations, both
approaches will benefit from each other.
In this way the reliability and accuracy of
both wind tunnel testing and CFD can be
improved further. To this end the parent
institutes of DLR and NLR work closely to-
gether with the DNW organisation. There is
still a bright future ahead for wind tunnel
testing. m



Appendices

Appendices

APPENDIX A

THE PERFORMANCE OF THE HST
OVER THE YEARS

n a wind tunnel the flow around an air-

craft is simulated on a small scale model

of the aircraft. The results obtained for
the smaller model are valid for the aircraft in
flight provided two characteristic numbers
are duplicated: the Reynolds number and
the Mach number.

The Reynolds number is the ratio between
the inertial forces (acceleration and deceler-
ation of the flow due to pressure differences
in the flow) and the viscous forces (effects
of viscosity that lead to turbulence and wall
friction). It is defined as:

_Vpl
M

Re

with V the reference flow velocity (or speed
of the aircraft), £ a typical length scale (e.g.
the mean wing chord defined as the aver-
age length measured between the leading
edge and the trailing edge of the wing),
p the density and p the dynamic viscosity of
the air. Pressurization of the tunnel, as can
be done in the HST, increases the density
and hence the Reynolds number.

For aircraft the value of the Reynolds num-
ber is typically 10 to 50 million, depending
on size and speed. This indicates that the
frictional forces are generally small. But even
these small frictional forces are important,
since they determine the separation of the
flow over the surface: when the Reynolds
number becomes too small the flow breaks
away from the surface and this situation is
no longer representative for flight condi-
tions. In the low speed tunnel LST of NLL the
Reynolds number based on the mean chord
was typically 2 million. In the report that

described the plans for the new wind tun-
nels' a rather challenging requirement of
10 million is mentioned. It is not necessary
that the flight Reynolds number is exactly
duplicated. The remaining differences can
be accounted for by ‘Reynolds number ex-
trapolation’, specific procedures to ‘scale up’
the wind tunnel test results.

The Mach number is the ratio between the
flow velocity (speed of the aircraft) and the
speed of sound, defined as:

with V the reference flow velocity and a
the speed of sound. Contrary to the Reyn-
olds number the Mach number should
normally be duplicated exactly in the wind
tunnel tests. This is even more critical for
higher Mach numbers. The ‘sound barrier’

is attained for Ma = 1. On October 14, 1947
Chuck Yeager broke the sound barrier with
the experimental airplane Bell X-1. At that
time breaking the sound barrier in a wind
tunnel was still very problematic due to a
phenomenon called ‘choking'. This is the re-
sult of the formation of shock waves in the
test section when the flow velocity locally
exceeds the speed of sound.

The performance of a wind tunnel is con-
veniently expressed in the Reynolds num-
ber - Mach number plane [figure A-1]. The
Reynolds number is always related to a
characteristic length. Since the model size
depends on the dimensions of the test sec-
tion it is common practice to use the length
2 defined by £ = 0.1\/A (with A the cross sec-
tional area of the test section) as a typical
measure. Due to the anticipated problems
of choking around Ma = 1, the maximum

HST perfomance change 1948 - 1997 [A-1)
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[Figure A-1]

Evolution of the HST
performance over
the years.
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Mach number in the original design of the
tunnel was set at 0.95. The operational en-
velope of the tunnel is bounded by two
other constraints. For low Mach numbers
the strength of the tunnel shell limits the
maximum tunnel pressure, for the HST set
at 3 bar over pressure. The power required
to move the air around is proportional to
the third power of the velocity in the test
section. So with increasing tunnel velocity
or Mach number the performance of the
tunnel is limited by the available power.
This happens for the HST roughly beyond
Ma = 0.6. At supersonic conditions the
achievable Mach number is determined
by the shape of the (adjustable) nozzle up-
stream of the test section and the fan char-
acteristics. See also Appendix E.

In the original design of the HST the option
to exchange models between the big low
speed tunnel LST (test section 3 x 2.1 m?)
and the high speed tunnel was an impor-
tant requirement. By pressurizing the HST,
the Reynolds number could be increased
significantly, also at low speed conditions
(with typically Ma = 0.2). In this way a much
better Reynolds number could be realized
for take-off and landing conditions. The idea
was that most of the low speed develop-
ment work could be done in the (cheaper)
LST. The model could then be transported
to the HST for complementary tests at
higher Reynolds numbers. For the high
Mach number end Fokker required that the
tunnel pressure should still be atmospheric
to avoid that valuable time would be lost
during the evacuation of the tunnel. This
latter requirement in combination with the
cross sectional area, set the required power
at 20,000 hp. The power plant was built ac-
cording to this specification which resulted
in a performance envelope as indicated by
the black line in figure A-1.

Around 1952 it became clear that a transon-
ic test section could be made with ventilat-
ed tunnel walls (see page 18). As a result the
maximum Mach number could be increased
till Ma = 1.35 to create some overlap with the
planned supersonic tunnel. With the avail-
able power (the power plant was almost
ready, the steam and turbo-electrical instal-
lations had already been bought) the tunnel
pressure would fall below atmospheric at
the highest Mach number. Fokker also indi-
cated in report A-84?' that it favoured small-
er wind tunnel models and was prepared to
drop the compatibility with the LST mod-
els. Test section dimensions of 1.6 x 2 m?

were finally selected. This also meant a de-
crease in Reynolds number at lower Mach
numbers since the models were reduced
in size. In the figure the performance, after
the tunnel had been built, is shown with the
dark blue line.

Around 1975 there was a strong wish from
Fokker to increase the Reynolds number
at the anticipated cruise Mach number of
about 0.8 for the next generation aircraft.
A 20% increase in Reynolds number was
feasible by modifying the tunnel drive sys-
tem. The tunnel drive system consisted of
four rows (‘stages’) of 22 fan blades each,
with stator blades in between. This con-
figuration was optimized to have the best
efficiency at the highest Mach number. The
optimum could be shifted to lower Mach
numbers by taking out the 2" stage (sec-
ond row of blades) and taking away half of
the blades of the 34 and 4t stage. However,
this reduced the highest Mach number that
could be tested: a reduction from 1.35 to
1.25. See the light blue line in the figure.

APPENDIX B
THE COSTS OF

Not until 1997 with the Phase Il modifica-
tion the maximum operating Mach num-
ber could be increased again, even in
combination with a significant increase
in Reynolds number capability. First of all,
since all fan blades had aged and needed
replacement anyhow, the entire tunnel
drive system could be redesigned for im-
proved efficiency. This new drive system
consisted of three stages with 22 blades
each, made ‘in house’ out of carbon fibre.
Secondly, the steam boilers and turbo-
electric installations became obsolete
for a number of reasons (environmen-
tal restrictions, flexibility, availability of
a nearby power station). A new engine
could now be coupled directly to the pub-
lic grid. The four original engines for the
HST could deliver 5,000 hp (3.8 MW) each.
But since the HST was originally designed
for a maximum of 25,000 hp (19 MW) this
full capability could now be used, giving a
further boost in maximum Reynolds num-
ber as indicated in figure A-1. m

HST AND SST

of March 20, 1946 indications were given

of the investments necessary to enable
aeronautical research at NLL to support the
Dutch industry. At that time the estimate
amounted to 3 million guilders for NLL as
awhole, including new buildings, the plans
for new wind tunnels and a laboratory air-
craft. It was estimated that the high speed
tunnel (HST) required an investment of 1.6
million with the remark ‘that NLL is working
on a more accurate cost estimate’.
It is clear that this first estimate was far
too optimistic. Subsequent estimates for
the HST only (but including part of the
costs for the power plant) showed a rapid
increase of the costs (in millions of Dutch
Guilders HFI) [shown in table B-1].

I n the report of the ‘Tromp Committee’

In 1949 the total costs for the new wind
tunnel plans amounted to 16 million in-
cluding the costs for the Low Turbulence
Tunnel LTT, the Pilot Tunnel PT and a small
supersonic tunnel SST. These estimates
were also used in the report of the ‘Small
Aircraft Committee’ that was issued on Feb-
ruary 19, 1949. In spite of the increased costs
the Committee concluded that the new
wind tunnel plans should be executed as
planned. As noted at page 17 the Govern-
ment was not at all pleased with this advice
and asked the Committee to reassess the
situation. In the meantime all building ac-
tivities for the new wind tunnels were put
on hold. Itis quite possible that the rapid in-
crease in investment costs over a period of
about three years played an important role

[Table B-1] Cost increase for the HTS only (between 1946 and 1949)

Cie ‘'Tromp’ November February February February
March 1946 1946 1947 1948 1949
total costs
for the HST
(million HFI) 1.6 4.7 7.5 10.6 12.4
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[Table B-2] Cost summary in BDM report (Spring 1950)

HST Power PT SST LTT Total
Plant
total costs
(million HFI) 11.25 419 0.71 1.00 2.88 20.03
ready 3.42 2.4 0.35 0.02 0.59 6.79
ready (%) 30% 57% 50% 2% 21% 34%
still to be done 7.83 1.78 0.36 0.98 2.29 13.24
[Table B-3] Costs as approved by the Government (March 1952)
HST Power PT SST Terrain Total
Plant Provision
total costs
(million HFI) 10.00 4.00 0.71 0.82 0.10 15.63
ready 3.42 2.4 0.35 0.02 6.20
to be done 6.58 1.59 0.36 0.80 0.10 943

in this decision. Even after the commitment
by the Dutch Government in November
1949 to continue the support of the Dutch
aeronautical industry, NLL was not allowed
to continue the new wind tunnel plans and
was forced to lay off 59 people. In the spring
of 1950 the Government requested a reap-
praisal of the investments and the exploita-
tion costs. This was done by the ‘BDM Com-
mittee’ (so named after Blackstone, Damme
and Van der Maas), which issued a report in
March 1950. In the Appendix of this report
the financial situation was summarized as
follows™* [table B-2].

The estimated total costs of 20 million ex-
ceeded the 1949 estimate by another 4 mil-
lion HFI. It was probably realized that some
kind of cost reduction was inevitable. The
Committee advised to drop the Low Turbu-
lence Tunnel LTT but even in that case an
amount of 11 million was required to com-
plete the (adapted) new wind tunnel plan.
New negotiations started with the Govern-
ment and this finally resulted in a commit-
ment of the Dutch Government to provide
an additional 9.43 million HFI.

NLL was forced to reduce costs as described
in a note [table B-3]. In the meeting of the
NLL Board of March 1952 chairman Van der
Maas informed the other Board members
that the new wind tunnel plans could be
finished on the basis of an additional budg-
et of 9.43 million HFl. Some Board members
asked for a strict cost control. A small group
was formed, under the direct guidance of
one of the NLL directors, to achieve this.

Unfortunately detailed records of the cost
development up till the point in time that
the tunnels became operational are not
available. Table B-4 below gives a low and
very tentative estimate of the costs at the
moment the tunnels were finished. These
estimates are partly based on information
provided to the NLL Board (balance sheets
of December 1959 and 1960).

It should be noted here that for various rea-
sons these numbers cannot be compared
directly to the estimates of March 1952.
Since that time the wind tunnel plans had
been adapted: a smaller test section with
slotted walls for the HST, a much larger
SST combined with the CSST instead of the
originally planned small supersonic tunnel.
Note also that the contract for building the
HST was granted to a new contractor, costs
being the main incentive. The complete
test section was sub-contracted to the
company Datwyler & Hausammann and

the external balance was dropped. Moreo-
ver, the high pressure system (pressure ves-
sel and compressor) served both the HST
and the SST. Its costs have been included
here in the Power Plant costs, but originally
they might have been partly included in
the HST costs. Moreover, the table does
not include all costs, e.g. the costs for in-
strumentation were taken from a special
instrumentation budget. These were not
minor expenditures: between 1958 and
1963 18 external balances were purchased
for 1.2 million HFI. NLL probably wanted
to show to the Government that the costs
were well in hand. The figures suggest that
this was indeed the case.

In the above referenced note' the future
exploitation of the new wind tunnels was
also addressed. In fact some of the specific
recommendations had already been sug-
gested by the BDM Committee. They clearly
reflect the view that NLL existed for the cus-
tomers, (nearly) all of them represented in
the Board of the Foundation NLL. The tar-
iffs for the work done under contract were
based on a balanced exploitation with a
total yearly expenditure of about 1.6 million
HFI (year 1955). On the income side roughly
1/3 came from subsidies provided by the
Government and the remaining 2/3 fol-
lowed from contracts with customers. The
estimated income from these clients can be
specified as follows (also taken from a 1950
prediction for the year 1955) [see table B-5].

Note that these figures relate to all the
work done by the various NLL departments
for the external customers, including the
work done in the wind tunnels. Who paid
for the investment costs of the new wind
tunnels? An estimated 1.8 million HFI had
to be paid yearly to cover the interest on
and instalments for the ‘loans’ obtained by
NLL for the new wind tunnels. In the BDM
report it was recommended that the Gov-

[Table B-4] Tentative estimates of final costs (1960)

HST Power PT SST Total
Plant
total costs
(million HFI) 7.70 4.70 0.70 3.50 16.60

[Table B-5] Predicted total NLL income from contracts (made in 1950 for the year 1955)

NIV Fokker | Air Force Navy RLD KLM Other Total

total income
(million HFI) 0.500 0.035 0.145 0.090 0.090 0.035 0.025 0.920
interest and instalments to be paid on investments 1.800
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ernment would provide this money to NLL
as a subsidy. NLL would then return this to
the Government as a payment for interest
and instalment. In other words, the Gov-
ernment was asked to cover all investment
costs. To assure continuity in the exploita-
tion it was also suggested to enforce that
each customer would yearly guarantee a
specified amount of money for contract
work. This amount still had to be paid even
when there was less work to do. In that case
it was allowed to ‘trade’ this deficiency with
other customers. It is not clear if these rec-
ommendations were effectuated, but it
seems highly unlikely.

The proposed arrangement is neither very
practical nor very effective in control-
ling the costs and income. In hindsight it
is quite clear that the tariffs for using the
wind tunnels should be based on the ac-
tual costs made for doing the wind tunnel
tests rather than a kind of ‘general tariff’
for all activities. The AICMA contract (see
page 66) might very well have provided
the incentive to adopt a more transpar-
ent way to calculate the tunnel tariffs. In
[table B-5] contracts from the European
(non-Dutch) aircraft industry are part of
the ‘other customers’ estimate and repre-
sent less than 3% of the total income. But
due to the AICMA contract the income side
changed completely. The AICMA members
were willing to pay a fair price for use of the
HST and SST and the contract that resulted
reflects some of the elements discussed
above. NLL reserved 50% of the HST tunnel
time for AICMA members with a minimum
occupancy of 10% guaranteed by AICMA.
The true exploitation costs had to be paid
based on 250 occupancy days. The tariff
structure was further based on deprecia-
tion over 10 and 25 years for the installa-
tions and the buildings respectively. Non-
AICMA members paid an additional 10%.
And, most attractive for the Dutch custom-
ers, customers that were represented in the
NLL Board (such as Fokker and NIV) did not
have to pay the depreciation costs at all.
For the first 10 years of HST and SST this
was a very good deal indeed: the foreign
customers paid a large part of the invest-
ment costs for the tunnels [see also figure
3-16]. This became less obvious in later
years. For various reasons the number of
occupancy days for foreign customers de-
creased, whereas the investment costs for
the tunnels increased steadily, notably for
the ongoing modernisation of the tunnels
and related equipment. =

APPENDIX C

HST AND SST WITHIN
THE NLR ORGANISATION

ust after World War Il NLL had 138

employees. The new role of NLL as

envisaged by the ‘Tromp Committee’
in 1946 clearly required a rapid expansion.
The new wind tunnels were only a part of
these expansion plans. The development
of the NLL and later the NLR organisation as
far as relevant for the development of the
high speed wind tunnels has been depict-
ed schematically in figure C-1. This rather
complex figure shows that the organisa-
tion had to be adapted permanently to re-
spond to the needs at that time. During the
period between 1945 and 1997 the num-
ber of NLL/NLR employees increased from
138 to about 900. Of course this had a big
impact on the organisation. With the new
wind tunnel plans the interaction between
wind tunnels and other disciplines such as
electronics, data reduction, instrumenta-
tion, power generation, model design and
manufacture also became more and more
important and necessitated organisational
changes.

In 1945 NLL had organised itself along two
lines: the Main Department (‘Hoofdafde-
ling') grouped around 24 university grad-
uates (‘ingenieurs’) and the supporting
Sub-departments (‘Onderafdelingen’) with
technical and administrative personnel to
support the Main Department. The Main
Department was split in 4 sections: Aero-
dynamics, Aircraft, Strength and Materials.
The expansion of NLL in 1947 concentrated
on an increase of the office space (the West
wing and the Middle wing were added to
the existing building) and on the design
and construction of the new wind tunnels.
Rotgans, head of the Technical Services
(‘Technische Diensten’) was made respon-
sible for all expansion plans and these ac-
tivities were delegated to the Construction
and Maintenance Department (‘Montage
en Onderhoudsdienst’). A number of aero-
dynamicists in the Aerodynamic Section
(‘A-sectie’) guided by De Lathouder, worked
on the aerodynamic design of the new
wind tunnels. At that time De Lathouder, as
deputy head of the Aerodynamic Section,

replaced the section head Boelen, who
was called for military service in the Dutch
East-Indies. Boelen returned in 1948 and
De Lathouder became fully responsible for
the design of the new tunnels. At the end
of 1948 the report on the new tunnels' was
issued. At that time NLL had 305 employees
and of these about 50 worked in aerody-
namics. However in 1950, as a result of the
Government ordered stop, 59 people had
to leave NLR.

When the work on the new wind tunnels
was picked up again in 1952, the organi-
sation was changed drastically. In the NLL
Board meeting of March 12, 1952 it was
announced by the new chairman, Van der
Maas, that a team would be formed for the
new tunnel activities ('De Nieuwbouw Di-
enst’) headed by the NLL Director Boelen.
But since Boelen was severely injured in a
motorcycle accident, he was replaced by
Marx. De Lathouder would be part of this
group as well as the young engineer Boel
(who came from the Department of Aero-
nautics of the Technical University Delft).
Soon after that Boel became responsible
for all new tunnel activities. In the same
year De Lathouder got a special position
close to the NLL Directors. He left NLL in
1954. As mentioned in Appendix B it is
likely that this change was made because
the NLL board was not satisfied with the
large cost overruns for the new tunnels.

In 1954 the number of sections within the
‘Main Department’ had increased from 4
till 8 with more than 80 employees. At that
time the total number of NLL employees,
including all supporting Sub-departments
amounted to 230. This reflects an increased
diversity in NLL activities. Already in 1946
a Section for Flutter and Theoretical Aero-
dynamics (‘F-sectie’) was split off from the
Aerodynamic Section. In 1946 when Erd-
mann joined NLL, he became part of the
F-Section. Other Sections for Helicopters,
Combustion and Free Flight Models fol-
lowed. Erdmann left NLL in 1951 to work
in Sweden (see Appendix D) and when he
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returned in 1954, a new section, the Gas-
dynamics Section (‘G-sectie’) was formed
starting with a staff of three. Apparently
Erdmann developed the plans for a new
supersonic wind tunnel very much on
his own, as Boel noted in his confidential
note*’. Boel also suggested to formalize
this situation and this was finally realized in
1957 with the formation of a Transonic Sec-
tion ('T-sectie’) headed by Boel. A working
group (‘Nieuwbouw') was set up to coordi-
nate all activities between the various sec-
tions and technical services.

Other services were organised around the
G- and T-Section to support the new activi-
ties. During the design and construction
phases of the new wind tunnels specific
expertise was needed to assess the con-
structive designs, to prepare contracts with
the contractors and for on-site inspection
during the construction. This was provided
by an Engineering Group (WeCo or ‘Werk-
tuigbouwkundige Constructies’) headed
by Van Leest. In 1954 the operation of the
Power Plant was delegated to a separate
unit as part of Services (‘Diensten’). But the
operation of the high speed wind tunnels
remained at the T- and G-Section.

The new wind tunnels required new instru-
mentation and its development was pur-
sued at various locations. Specific expertise
on wind tunnel test techniques was devel-
oped in the A-Section. The Electronic Lab-
oratory (‘E-lab’) was very much involved in
electronic measurement techniques and
new developments in digitalization. The
expertise on strain gauge balances had
to be built up almost from scratch. A new
group was created for models and balances
(TF or ‘Modellen en Balansen') as part of the
Technical Services (‘Technische Diensten’)
and positioned very close to the construc-
tion office and the workshop. Other instru-
mentation developments were done by
a group on Wind Tunnel Instrumentation
(WI or ‘Windtunnel Instrumentatie’) which
operated within the G- and T-Section. This
group combined expertise on mechanical,
electronic, optical and computer systems.
The basic organisational question here is:
do the services have to be centralized to
form a pool of knowledge for all of NLL or
should they operate very close to the ‘end-
user’, a dilemma already noted by Boel in
his confidential note . At the end the de-
velopment of wind tunnel instrumentation
was concentrated around the tunnels.

A similar dilemma existed for the pro-
cessing of all wind tunnel data. In the
NLL organisation the Calculating Ser-
vice (‘Uitwerkdienst’; a group of mainly
women with hand-calculating machines),
was tasked with the data reduction for
all departments. This group was placed
under supervision of the Aircraft Section
(‘V-sectie’). In 1957, with the decision to
buy a digital computer, it was decided to
concentrate the data processing and the
related computer programming and sup-
porting mathematics into a new Applied
Mathematical and Numerical Section
(W/N or ‘Toegepaste Wiskunde en Dataver-
werking’). As a result all data reduction at
NLL and later NLR remained centralised
in one group W/N. Later this section be-
came part of the Informatics Division. In
the seventies, as described at page 54,
the advantages of local data processing
close to the wind tunnel outweighted the
advantage of a centralisation of hardware
and expertise within the W/N Section and
the data processing was subsequently
concentrated around the wind tunnels.
However, specific expertise could be pro-
vided by the Informatics Division when-
ever required.

[Figure C-1]

The position of the
High Speed Tunnels
(dark blue) in the
NLL/NLR
organisation.
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[Figure C-2]

The 'inhabitants’ of
the HST-building in
1982. The picture has
been taken in front
of the main entrance
to the building.
Nearly all people
shown were part

of the Departments
of Compressible
Aerodynamics AC

or Wind Tunnel
Instrumentation AW.

DE LATHOUDER

In 1966 the number of employees had in-
creased to about 560. Half of them worked
in ten Sections, while the other half was
part of the Services (‘Diensten’). In the T-
Section, the G-Section and the Power Plant
(‘Centrale’) respectively 44, 36 and 16 peo-
ple were employed. The organisation had
grown beyond its limits of effectiveness and
NLR as a whole was reorganised in three
Divisions (‘Hoofdafdelingen’) for Aircraft (V),
Aerodynamics (A or ‘Hoofdafdeling Stro-
mingen’) and Structures & Materials (S). In
1970 the Space Division (R) was added and
in 1980 the Informatics Division (I). Within
the Aerodynamics Division the low speed
wind tunnel activities were concentrated
in the Department of Incompressible Aero-
dynamics (Al) while the high speed wind
tunnels were managed by the Department
of Compressible Aerodynamics (AC). The in-
strumentation activities for all wind tunnels
were concentrated in the Department for
Wind Tunnel Instrumentation (AW). Other
departments within the Aerodynamics Divi-
sion were concerned with Theoretical and
Numerical Aerodynamics (AT) and Unsteady
Aerodynamics and Flutter (AE). The Depart-
ment of Hypersonics (AH) changed its activi-
ties some time later into Propulsion (AV).

In 1980, the new large low speed tunnel
DNW, a joint activity of NLR and its German
sister institute DFVLR (later DLR) became
operational at the NLR site in the Noord-
oostpolder. This hardly affected the NLR or-
ganisation since DNW could use the existing
infrastructure of NLR and DLR. DNW organ-
ised its own services for design, instrumen-

tation and data reduction for the day-to-day
wind tunnel testing. A few years later, in
1984, another low speed wind tunnel was
opened in the Noordoostpolder. This tun-
nel replaced the low speed tunnels no. 3
and no. 4, which had been operational in
Amsterdam since 1940 and were technically
worn out. This didn't affect the organisation,
except that the department Al had to move
to the Noordoostpolder.

In 1982 a photograph was made of all ‘inhab-
itants’ of the HST-building [figure C-2]. This
picture was presented to Marie Dekker, the
lady serving the coffee in the HST building,
when she retired from NLR. Nearly all people
on the picture worked for the Departments
of Compressible Aerodynamics AC (47) and
Wind Tunnel Instrumentation AW (21).

For the wind tunnels an important reorgani-
sation was made in 1990. It was felt that the
synergy in the operation of the wind tunnels
could be improved by concentrating the op-
eration of all facilities in one department (‘Fa-
cilities’ or AF). In this way it was much easier
to share equipment among the various fa-
cilities. Also the procurement of new instru-
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mentation could be rationalised in this way.
The group of wind tunnel test engineers and
the research group that made use of these
facilities were also combined in one depart-
ment (‘Experimental Aerodynamics’ or AX).

Some years later talks were initiated be-
tween DLR and NLR on a further integration
of all low speed facilities. This integration
was made effective in 1994, originally for a
period of 2 years and extended later. This
started with the operation and the mainte-
nance of the facilities and the related equip-
ment. Although DNW had its own group
of test engineers, the test engineers of AX
generally remained responsible for the tests
in the LST in the Noordoostpolder. In 1997
it was finally decided to include the high
speed facilities HST and SST in the DNW
organisation. The full operational responsi-
bility was taken over by the DNW organisa-
tion, including all test engineers. The parent
institutes DLR and NLR provided research
support through the existing departments,
in particular for the development of equip-
ment and the design and machining of tun-
nel hardware and wind tunnel models. m

He studied Mechanics and Shipbuilding

at the Technical University in Delft. He
joined the Government Service for Aero-
nautical Studies (‘Rijksstudiedienst voor de
Luchtvaart’ or RSL) in 1936, just before RSL
was split into a regulatory part, the Gov-
ernment Department of Civil Aviation and
a research part, the National Aeronautical
Laboratory (‘Nationaal Luchtvaart Labo-
ratorium’). He joined the Aerodynamics
Section headed by Boelen. At that time

I r. J.A. De Lathouder was born in 1911.

52 employees worked at the RSL, nine of
them university graduates (‘ingenieurs’).
De Lathouder became involved in the de-
sign of the new low speed wind tunnels
needed to replace the existing Eiffel tun-
nel. In 1938 it had been decided to build
two new low speed wind tunnels of the
Gottinger type (tunnel no. 3 and no. 4) and
a small pilot facility (tunnel no. 2) to evalu-
ate the aerodynamic design of the larger
tunnels. In April 1939 the actual construc-
tion started at the new site of NLL, on the

outskirts of Amsterdam. A few days after
the beginning of World War Il, even before
the tunnels were finished, NLL decided
to move to this new area. In June (tunnel
3) and November (tunnel 4) operation
started. De Lathouder led the commis-
sioning and calibration tests which were
reported in great detail during the War. He
was further involved in the development
of measuring techniques and the design
of small scale wind mills for local energy
production.
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In an interview given in 2003"¢ De
Lathouder mentioned that he was active
in a resistance group that operated from
the basement of the NLL buildings. He was
also a very social man within NLL, involved
in many activities of the Employees Society
(‘Personeels Vereniging’) notably by lead-
ing a Theatre Group. On social evenings he
could be seen playing the guitar.

Just after the War he became deputy
head of the Aerodynamics Section to re-
place Boelen during his military service in
the Dutch East-Indies. When at the end of
1948 Boelen returned, De Lathouder could
concentrate fully on the new wind tunnel
plans. He made many trips to various Eu-
ropean countries and the US to learn from
experiences elsewhere. The trip made in
1946/1947 to the US, together with Wise-
lius?, was particularly important. During
this trip the new wind tunnel plans were
shown for comments. De Lathouder was
also the author of the report A.1136" that
appeared in 1948 and summarized all new
wind tunnel plans. De Lathouder himself
gave all the credits for the HST design to
Wiselius who was already involved in the
design of a high speed tunnel during the
War®®. Other engineers from the Aerody-
namic Section that contributed to the new
wind tunnels and related test techniques
were Slotboom, Loos, Dobbinga, Wijker,
Stam and Zwaaneveld. It is difficult to get
a clear picture of the individual contribu-
tions of these men, but it is very likely that
De Lathouder played an important role in
coordinating all new wind tunnel plans. His
contribution is certainly impressive consid-
ering what was achieved in the short peri-
od between 1946 and 1949. The actual con-
struction of the tunnels was well underway
in 1949 (see also the table in Appendix B).

In March 1946 De Lathouder and Wiselius
were present when Erdmann visited NLL to
share information on the design of super-
sonic wind tunnels®. This resulted in the
engagement of Erdmann at NLL soon after
that. He became responsible for the design
of a small supersonic wind tunnel that was
included in the new wind tunnel plans.

After the freeze of all building activities
ended in 1952, a new team was formed to
manage all activities for the new wind tun-
nels (‘De Nieuwbouw Dienst’). Formally Boe-
len, who became one of the NLL Directors,
headed this group, while De Lathouder act-
ed as its secretary (Annual Report 1953). This

meant effectively that De Lathouder was re-
sponsible since Boelen was seriously injured
in a motorcycle accident. Boel, who came
from Delft Technical University where he
had been involved in the design and build-
ing of the low speed tunnel, was appointed
by Van der Maas to join this group. Within
a year Boel became fully responsible for
the new tunnels and in 1954 De Lathouder
joined the Direction Staff as Engineer in Civil
Service (‘Ingenieur in Civiele Dienst’). He left
NLL about a year later on the first of Janu-
ary 1956 and got a position at the ‘Dutch
Laboratory for Water Quality’. The move to
make Boel rather than De Lathouder the
responsible manager for the new tunnel
plans must have been difficult to accept for
De Lathouder. In retrospect it is good to re-
alize that building the HST was an order of
magnitude more complex than the build-
ing of the two low speed tunnels just be-
fore the War. All experience within NLL was
based on low speed wind tunnel testing. In
his farewell speech of 1956 De Lathouder
spoke about the significant ‘brain drain’ as
NLL had to lay off people in 1951. And he
told the audience: ‘Give us the brains and give
us the experience and we'll do the job.' Part of
the problem was that the operation of the
HST was so much different from the low
speed tunnels that the experience was not
available at NLL. Van der Maas must have
realized that when he got the chair of the
Foundation NLL. By appointing Boel he bet-
ted on a new generation of Delft engineers.
And Boel, after he got the job, was eager to
build such a group of young Delft graduates
around him to work on the HST.

De Lathouder died in 2009

BOEL

Ir. J. Boel was born in 1925. He graduated
at the Delft Technical University where he
was involved in the design of the low speed
wind tunnel of the (Sub) Department of
Aeronautics. In 1949 Van der Maas asked
him to join the Office of the Foundation NLL
(‘Bestuursbureau’) as his assistant. He most
likely played a role in preparing the report
made by the BDM Committee, named after
its members Blackstone, Damme and Van
der Maas. This committee had to advise on
the organisation, the scope and the finan-
cial framework of NLL and more specifi-
cally on the new wind tunnel plans. In the
meeting of the NLL Board of March 1952 its
chairman Van der Maas informed the other
board members that a special team was to

be formed to manage the new wind tunnel
plans. Boel was to be part of that team. In
April 1952 he joined NLL in Amsterdam and
got directly involved in the design of the
new tunnels. In November 1952 he wrote a
report on the high speed tunnel® together
with Dobbinga and Slotboom. In the same
period he visited aeronautical laboratories
in England, Switzerland and the US. In 1953
he became head of the team for the new
tunnels (‘Nieuwbouwdienst’).

The year 1956 was apparently a critical
phase in the HST design. In that year a Tech-
nical Note**¥" was issued by Boel which
summarized what had been achieved so far
and what still had to be done (see page 23).
This Note described in bullet points what
was required. As Besseling, responsible for
the strength calculations, noted"”: ‘with
Boel things started to move again’. In a con-
fidential addendum to the Technical Note
Boel*' sketched his view on some more sen-
sitive issues for the higher management.
He proposed to make an ‘acquisition plan’
and a ‘research plan’. In the latter plan a dis-
tinction was made between ‘free research’
and ‘applied research’. He also realised that
the HST would be far too expensive for re-
search and that the PT would be needed
in this respect, possibly with an increased
Mach number capability beyond Mach =
1. Since it was difficult to obtain profes-
sional staff, especially graduates from Delft
Technical University, he wanted to invest in
people by ‘talent scouting’, ‘traineeships’
elsewhere (e.g. at Cornell Laboratories in
the US) and participation of the young en-
gineers in defining the research plan. He
also noted that NLL had a bad reputation
among the young wives of the Delft gradu-
ates: NLL didn't help sufficiently in finding
proper housing, a difficult problem since
there was an extreme shortage of housing.
And finally, Boel realised that the organisa-
tion had to be changed.

The team that was leading the new wind
tunnels was in principle responsible for all
new wind tunnels including the supersonic
tunnel. However, in practice Erdmann, as-
sisted by his staff in the newly formed
Gasdynamics Section (‘G-sectie’), just de-
veloped his own plans. Boel proposed to
formalise the existing situation with a sub-
sonic (A-), a transonic (T-) and supersonic
(G-) Section and to co-ordinate all build-
ing activities for the new wind tunnels in
a working group (‘Nieuwbouw commis-
sie’). This was actually done in 1957. Look-
ing at the future, he raised the question if
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these three different sections should re-
main separated or incorporated in a larger
aerodynamic department. He also raised
the question how theory and experiment
should relate to each other and wondered
if it would be wise to concentrate all equip-
ment development into a ‘physics’ depart-
ment. To take some work off the shoulders
of the section chiefs he advised to appoint
group leaders in each section. In a simi-
lar way, the operation of the wind tunnels
should be left to a separate group (‘het tun-
nelbedrijf'). In fact, what is stated in the con-
fidential document is very close to a blue
print of the organisation that was effectu-
ated 10 years later in 1967. Boel was a man
with real vision in research management.

Boel’s star was rapidly rising. In 1967 NLR
was reorganised, roughly along the lines
that he had already described in 1956. In
the same year he became ‘adjunct direc-
tor’, next to Marx as ‘general director’ and
Viveen as ‘controller’. Part of his assignment
was the responsibility for the Scientific Ser-
vices ('Wetenschappelijke Diensten’) includ-
ing the Electronic Laboratory, the Applied
Mathematics group (with the data reduc-
tion group) and the Library. He was very ac-
tive in promoting space research and explo-
ration in The Netherlands as part of a larger
European effort at a time that the benefits
were not clear at all"®. As early as 1967 he in-
itiated a department for Space Exploration
as part of the Scientific Services. In 1970 that
department became a Division (‘Hoofdafde-
ling’) for Space Exploration.

In the course of 1971 and just prior to the
retirement in May of Van der Maas as chair-
man of the Foundation NLR, a conflict de-
veloped between Boel and the general di-
rector Marx. As a result of this conflict Boel
was removed from active service in April
1971. He left NLR formally in September
1972, very much regretted by many NLR
employees, in particular those working in
the Aerodynamics Division. For them Boel
was the representation of a new élan at NLR.

Boel continued to work as an advisor in re-
search management e.g. for the Technical
University Delft. He died in 1989.

ERDMANN

Prof. Dr.Ing. Siegfried F. Erdmann was born
in Berlin in 1916 (see his memoires'). His
father was a specialist in the army on bal-
listics and machine guns and ended as

an officer in the Army Weapon Division
(‘Heereswaffenamt’). Erdmann studied at
the Technical University of Berlin-Charlot-
tenburg where he graduated (as ‘Diplom
Ingenieur’) in September 1939 at the time
that World War Il broke out. A few days later
he got an offer to join the Army Research
Establishment at Peenemiinde (‘Heeresver-
suchs-Anstalt Peenemiinde’ or HVA-Peen-
emliinde) and accepted. HVA-Peenemiinde
was established in 1936 by Dornberger
and Werner von Braun on a sealed-off area
of the peninsula Usedom in the North-
Eastern part of Germany bordering on
the Baltic Sea. It was established in great
secrecy following promising launches of
liquid fuel rockets at the army test site of
Kummersdorf-West'® near Berlin. The most
important activity in Peenemiinde was the
development of the ballistic missile V2,
which could carry a load of 1,000 kg over
a distance of 300 km. HVA-Peenemiinde
was a huge complex with well over 10,000
employees. The site had its own power sta-
tion of 30 MW. There were all kinds of work-
shops, laboratories, production facilities, a
liquid gas plant and many launch sites. A
dedicated S-Bahn type public transporta-
tion system with a total length of 70 km
transported the employees from the small
towns along the sea shore to the military
site.

In 1939 Erdmann started to work at the
‘Aerodynamic Institute’ where he became
responsible for the measurement tech-
niques in the supersonic wind tunnel that
was already in operation. Rudolf Her-
mann, an aerodynamicist who started his
career in supersonic aerodynamics at the
University of Aachen under Wieselsberger,
led the institute. The tunnel had a cross
section of 0.4 x 0.4 m? with different fixed
nozzle blocks (each set for a specific Mach
number) and a vacuum sphere to suck the
air through™'. In the winter of 1941/1942 a
big measuring campaign was started to
determine the aerodynamic loads on the
V2 missile and Erdmann was in charge. The
measurements were done on a half model
equipped with 121 pressure holes. In total
about 100,000 test points were taken, in-
volving 15,000 hours of work for 35 people:
no doubt the largest supersonic experi-
mental program executed at that time. The
first successful launch of the V2 took place
in October 1942. Industrial production of
the V2 started in 1944 at the concentration
camp Dora after HVA had been taken over
by the SS. During the last year of the War

about 1,400 V2s were aimed at Britain with
500 strikes at London, causing the loss of
life of well over 2,500 people. Technically
the V2 was an enormous achievement with
many advanced solutions for the rocket en-
gine and the guidance and control aspects.
But these achievements are completely
overshadowed by the brutality of the pro-
duction process at the concentration camp
Dora and the loss of civilian lives following
the deployment of the V2.

After 1942, when the aerodynamic work for
the V2 was finished, Erdmann was in charge
of the research group Il (‘Versuchtstrupp II')
under Lehnert who reported to Hermann
directly. He got engaged in two projects.
An air-to-ground rocket named ‘Wasser-
fall’ and the development of a supersonic
wind tunnel for a still higher Mach number
(the ‘Superschallkanal’). This tunnel was
basically a hypersonic facility. Erdmann
studied specifically how a Mach number
of 8.8 could be achieved and he succeeded
in solving the technical problems. At that
time there were 200 employees at the
Aerodynamic Institute. The planned hy-
personic facility was to be built in Kochel,
near Minich, where hydro-energy was
readily available as part of a new research
complex. Kochel was selected after an air-
raid on Peenemiinde in August 1943. Erd-
mann visited Kochel in May 1944. In July
of the same year he wrote on request of
Werner von Braun an internal confidential
memorandum suggesting the postpone-
ment of the transfer of the existing Peen-
emiinde wind tunnels to Kochel to enable
the continuation of aerodynamic testing
on the ‘Wasserfall’. This memorandum was
regarded by Hermann as an act of insubor-
dination. Erdmann was fired and drafted in
the army to fight on the Eastern front. He
managed to stay away from the front line
by teaching ballistics to the new soldiers
in Augsburg. Just before the end of the
War he was rehabilitated by the army and
formally had to work in Braunschweig but
gathered with his family and his brother’s
family in a mansion that belonged to the
family. There he awaited the end of the war.

Almost by accident and through contacts
with his family (his brother’s sister-in-law
was married to a Dutchman) he was no-
ticed by Michels, head of the Dutch Mili-
tary Mission in Germany. Michels asked
Erdmann if he was willing to work for the
allies. Erdmann agreed and in September
1945 was transferred to Wimbledon, Eng-
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66 ON THE QUEENS BIRTHDAY, AS
SUGGESTED BY THE NLL DIRECTOR
KONING, OTHERWISE HIS DUTCH
(()?HEAGUES HAD TO TAKE A DAY

THE EIFFEL
TUNNEL OF
THE RSL

[Figure E-1]

Photograph of the
entry section of the
first wind tunnel (‘de
blaastunnel’) built
around 1910 in the
Netherlands.

HHIN A LETTER DATED MARCH 28,
1919 EIFFEL REQUESTED THAT A
PLAQUE SHOULD BE FIXED TO THE
RSL TUNNEL MENTIONING: ‘SYS-
TEME G. EIFFEL (PARIS).

land, for inquiries on his involvement in the
War effort. There he met former colleagues,
including Werner von Braun, who were in-
terrogated to assess their specific involve-
ment in Nazi Germany and to determine
their ‘scientific value’. Von Braun asked Erd-
mann to join him to the US, but Erdmann
declined and returned to Germany after his
release. In January 1946 he was contacted
again by Michels and invited for talks in The
Netherlands. He talked with Fokker repre-
sentatives who showed no interest. In April
1946 he visited NLL to talk with Koning (the
director at that time), De Lathouder and
Wiselius™, In May 1946 he started to work
at NLL in the F-Section, where he shared
a room with van der Vooren. His wife fol-
lowed in April 1947 and the family settled
in Amsterdam.

How did the NLL organisation react to the
arrival of a German scientist who spent
most of his life on arms development? Erd-
mann himself writes that he was rather iso-
lated during the first weeks at NLL. One day
the lady who served him coffee in his room
at NLL asked him if he was a guest, an em-
ployee or a prisoner-of-war. And when Erd-
mann told her that he was an employee of

NLL she left the room showing signs of in-
comprehension. Soon after that Erdmann
was approached by representatives of the
‘Employees Society’ (‘Personeelsverenig-
ing’) to explain in a meeting his view on
Nazi Germany and his involvement during
the War. Most likely De Lathouder, who was
a member of a resistance group during the
War and active in this society, was present
as well. After that meeting he was accepted
by his colleagues.

Erdmann was a scientist. During the first
years at NLL he wrote detailed reports on
measuring techniques and supersonic
aerodynamics'? to transfer his detailed
knowledge to NLL. He had scientific con-
tacts outside The Netherlands, e.g. with
Oswatich and with former German col-
leagues at the Institute St. Louis in France.
The theoretical work with Oswatich on su-
personic flows resulted in the study of the
ring wing configuration (see page 76). The
very small supersonic wind tunnel he built
(the 3x3’) was also used for his experimen-
tal work on a simplified interferometer. For
this he got his Ph.D. at Aachen University
on April 3096, 1951. Of course he was very
much involved in the plans for a supersonic

wind tunnel at NLL. But when in 1949 these
plans were put on hold, Erdmann accepted
an offer made by Sweden to work at the
Technical University in Stockholm and 10
days after he got his Ph.D. he left NLL. Early
1953 he got a letter from Van der Maas ask-
ing him if he was willing to return to NLL.
At about the same time he was also offered
a position in supersonic aerodynamics in
Gottingen in Germany by Betz (director
of AVA, the laboratory that supervised the
NLL activities during the War). The offer by
Van der Maas was finally accepted, prob-
ably also because he would become a part-
time lecturer in Delft. On November 1, 1954
he returned to NLL, where he started to
work on the new supersonic wind tunnel.
At the end of 1957, at a Space Transporta-
tion Congress in Amsterdam, he met again
his former Peenemiinde bosses Von Braun
and Dornberger. On August 7, 1961 he was
inaugurated as extra-ordinary professor at
the Delft Technical University. Following
the reorganisation of the Aerodynamics
Department which combined the Transon-
ic and Gasdynamic Sections'?®, he became
a special advisor in 1967. He left NLR in Sep-
tember 1969 to become full-time professor
in Delft. Erdmann died in 2002. =

APPENDIX E SHORT COURSE ON
WIND TUNNEL DESIGN AND TESTING

airflow is generated around a subscale

model of an airplane to study the aero-
dynamic forces that act on the aircraft. In
1871 the first wind tunnel was built in Eng-
land by Frank H. Wenham. It was a simple,
straight wooden channel with a fan driven
by a steam engine. In 1901 the Wright
Brothers also built and used a simple wind
tunnel (a straight channel) to determine
the lift and drag of the airfoil sections and
to optimize the wing planform. Around
1910 members of the Dutch Society for
Aeronautics at the Delft Technical Univer-
sity (@among them Von Baumhauer who
later worked at RSL) built the first wind
tunnel in The Netherlands [figure E-1]. It
was a rather simple device with a circular
cross section and a fan at the end. In Am-
sterdam the first wind tunnel of the RSL
(the precursor of NLL and NLR) was built

I n a wind tunnel a precisely controlled

in 1918 before the official opening of the
RSL in 1919. It was designed by Pigeaud
and was inspired on a design by Gustave
Eiffel, who had founded an aeronautical
laboratory near Paris in 1907. This type
of wind tunnel is hence named the ‘Eif-
fel tunnel™". As with the other early wind
tunnels, it was a duct with an open front
and rear end while the air returns through
the room in which the tunnel is located.
The first wind tunnel of the RSL will now
be described in more detail [figure E-2].

The circular test section (diameter 1.6 m) is
located in the centre of the tunnel where
the model is attached to an external bal-
ance mounted on top of the tunnel. To
assure a smooth air flow the inlet section
is shaped as a bell mouth. This part of the
tunnel was modified extensively in the
early years of operation, since the flow
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[Figure E-2]

The Eiffel tunnel, the
first wind tunnel of
the RSL (1919)

[Figure E-3]

Sketch of the big LST
or tunnel no. 3 that
became operational
in 1940.

BUILDING AROUND TEST SECTION

(SEALED AS LOW PRESSURE AREA)

BELMOUTH AT
INLET SECTION

EXTERNAL
S P BLANCE

PERFORATED WALLS FOR

SMOOTH RECIRCULATION

o

quality with the original inlet section was
not acceptable. Because of the bell mouth,
the cross sectional area at the entrance is
appreciably larger than the cross sectional
area at the test section. According to the
law of Bernoulli this will result in a lower
than atmospheric pressure in the test sec-
tion. For that reason an air-tight test room
was erected around the test section. The
test section is followed by a diffusor section
where the flow velocity decreases and the
pressure increases again till atmospheric.
At the end of the diffusor a fan sucks the air
through the tunnel. Downstream of the fan
the air can flow out of the tunnel through
perforated walls to recirculate inside the
building and back into the inlet section. On
the drawing the test section is closed by
the circular tunnel wall, but it was also pos-
sible to remove the wall to create an open
jet to make the model better accessible
during the tests. This tunnel was extensive-
ly used until World War II. In 1938, in view
of the heavy work load, it was decided to
build two new wind tunnels at a new (the
present) location just outside Amsterdam.

Ezm

\
TUNNEL FAN

[E-2]

THE BIG LOW SPEED TUNNEL LST

The main disadvantage of an Eiffel tunnel
is that the flow quality in the test section is
somewhat problematic due to the fact that
the return flow through the building can-
not be controlled. Therefore it was decided
to make the new tunnels of the ‘Gottinger
type”: the flow goes around in a closed cir-
cuit. The design of this tunnel was inspired
by a similar tunnel in Zirich designed by
Ackeret. The main elements of this wind
tunnel, which became operational in 1940,
will be described on the basis of a sketch of
the big LST (tunnel no. 3) [see figure E-3].

As for the Eiffel tunnel the model was
mounted in the test section on wires that
are attached to an external balance which
measures the forces on the model. To keep
the flow going a fan is required. Basically,
the power to drive the fan balances the
power lost in the circuit due to friction on
all tunnel walls and on the model. The loss
of power due to friction is proportional to
the third power of the local flow velocity.

EXTERNAL BALANCE

WIND TUNNEL MODEL

CONTRACTION

FLOW RECTIFYER

CORNER VANES

CORNERVANES |

STATOR BLADES

[E-3)

Hence, when the (average) tunnel speed is
twice as high, the fan power has to be in-
creased by a factor 8. That explains why a
high speed tunnel such as the HST needs
a lot of energy. The LST was designed for a
maximum speed of 80 m/sec in the empty
test section. To reduce the losses in the cir-
cuit as much as possible the cross sectional
area of the tunnel circuit was increased
immediately after the test section, since
a larger area means a lower local velocity
(the local speed is inversely proportional
to the local cross sectional area). This part,
the diffusor, is one of the most critical parts
of the circuit. If the cross sectional area in-
creases too rapidly, the tunnel flow can no
longer follow the walls and the flow sepa-
rates (breaks away from the wall) with ex-
tra losses as a result. After the diffusor the
cross sectional area of the tunnel circuit is
roughly constant. Corner vanes are needed
to turn the flow efficiently.

The fan that drives the tunnel generates
a swirl in the flow. This is detrimental to a
good flow quality in the test section and
for that reason stator blades are mounted
close to the fan to take out the swirl.

To recover the high flow velocities when
the flow returns to the test section the cross
sectional area has to decrease again just
upstream of the test section in a part of the
tunnel that is named contraction. The pre-
cise shape of the contraction is another criti-
cal element of the tunnel: everywhere in the
(empty) test section the flow velocity has to
be uniform to a high accuracy (generally
much better than 1 %). However, the tunnel
wall boundary layers, the fan, the stator and
corner vanes generate turbulence in the
tunnel flow. This has to be suppressed for a
good flow quality in the test section. In the
LST this was achieved by a flow straightener
or rectifier, a honeycomb structure that re-
stricts the transverse flow velocities.

THE HIGH SPEED TUNNEL HST

The circuit of the HST is in principle similar
to the one of the LST. However, due to the
much higher speeds the detailed aero-
dynamic design is more advanced [figure
E-4]. More power is needed to drive the
tunnel. Whereas a single fan was sufficient
to drive the LST, a four-stage fan is required
for the HST, driven by four 5,000 hp electric
engines. The frictional losses in the circuit
are further reduced with a second diffu-
sor after the fan. To reduce the turbulence
levels in the test section as much as pos-
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sible a so-called settling chamber is used
instead of the much simpler contraction of
the LST. Just after the last corner the cross
sectional area increases rapidly to form a
kind of sphere (in the original design of the
low turbulence tunnel LTT this was named
the ‘anti turbulence sphere’). ‘Screens’ (simi-
lar to screens used to keep the flies out of
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one’s house [see figure 1-60] are needed
to prevent the flow from separating at the
entrance of the settling chamber. However,
the most important effect of these screens
is to damp the longitudinal flow variations.
In the settling chamber of the HST a (wa-
ter) cooler is installed, since otherwise the
temperature of the flow would increase too

much. The HST has a very high contraction
ratio: the ratio between the maximum cross
section in the settling chamber and the
cross sectional area in the test section. For
the HST this ratio is as high as 25 as a conse-
quence of a decision made after the original
design to reduce the test section area. This
decision was a result of the introduction of
slotted walls in the test section to prevent
choking of the flow at transonic speeds (see
page 18). This was favourable from an aero-
dynamic point of view: the higher the con-
traction ratio the lower the turbulence level.
Since the whole tunnel circuit could be
pressurized till 3 bar (over pressure), the HST
tunnel circuit had to be made of steel, like
a pressure vessel. The settling chamber and
the test section were surrounded by a pres-
sure shell of a larger diameter, the plenum
chamber. The shell of the plenum chamber
took the larger part of the loads instead of
the more complicated and vulnerable parts
of the contraction and test section. It had
the additional advantage that more space

Contraction and test section contour and related Mach number distribution (subsonic case)

2
CONTRACTION \

CROSS SECTIONAL AREA
RELATIVE TO TEST SECTION AREA

MACH NUMBER ALONG TUNNEL AXIS

TEST SECTION

—

-2 -1 0

DISTANCE ALONG TUNNEL AXIS

0 1 2

DISTANCE ALONG TUNNEL AXIS

s ALL MACH NUMBERS LESS THAN 1

s MACH TEST SECTION = 0.5

MACH TEST SECTION = 1.0

s MACH TEST SECTION = 0.8

Nozzle and test section contour and related Mach number distribution (supersonic case)
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[Figure E-4]

Sketch of the High
Speed Tunnel HST.

[Figure E-5]

Schematic view
illustrating the
difference between
subsonic and
supersonic test
sections.
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[Figure E-6]

Sketch of the
supersonic
blow-down tunnel
SST with the
pressure vessel.

was created around the test section, space
that could be used to accommodate equip-
ment (e.g. the optical schlieren system) and
asaworking area. A lock connected this ple-
num chamber to the test section hall. More
details of the transonic test section will be
discussed further below.

THE SUPERSONIC WIND TUNNEL $ST

When the cross sectional area of the tunnel
decreases the flow velocity increases [see
figure E-5]. This is the case up to the point
that the local flow velocity reaches the
speed of sound at the smallest cross section.
Normally a shock wave will be formed at
that point. Behind the shock wave the flow
returns to subsonic conditions: the flow is
said to be ‘chocked’ and this restricts the
mass flow. In 1888 the Swedish inventor
Gustaf de Laval discovered that in a care-
fully shaped channel with an area that first
decreases (converges) and then increases
(diverges), the flow velocity downstream
of the smallest cross section can further
increase to supersonic speeds. Such a geo-
metrical arrangement is called a ‘Laval noz-
zle', the smallest cross section the ‘throat’. At
the smallest cross section the flow reaches
the speed of sound. Further downstream
the flow becomes supersonic: the local
flow velocity exceeds the speed of sound.
This principle is used in the design of a su-
personic wind tunnel. Downstream of the
throat the test section is located. The flow
velocity in the test section (expressed as the
Mach number, the ratio between the local
flow velocity and the local speed of sound)
depends on the ratio between the cross sec-
tional area at the throat and the area further
downstream in the test section. The precise
shape of the nozzle is critically important

Be- SILENCER (OUTLET)

FIXED DIFFUSER

VARIABLE DIFFUSER SECTION

to obtain uniform flow. This implies that
for each particular Mach number in the test
section a specific shape of the nozzle is re-
quired [see e.g. figure 1-15]. This can be real-
ized by different nozzle blocks that have to
be exchanged whenever the Mach number
has to be changed (as was the case in the
Peenemiinde supersonic wind tunnel) or
with a flexible nozzle that can be adjusted
continuously. This latter solution was finally
chosen by Erdmann in the design of the SST
[figure 1-44].

To initiate the flow in a supersonic wind tun-
nel the ratio of the pressure at the entrance
of the tunnel and at the end of the test sec-
tion should be sufficiently large. During
starting and stopping of the tunnel shock
waves are formed that travel in upstream
and downstream direction through the tun-
nel. For that reason a still higher pressure
ratio is required to get the tunnel started.
A (supersonic) diffusor downstream of the
test section is an essential element in this re-
spect. The very small ‘3x3’ supersonic wind
tunnel [figure 1-15, 1-45] was also built to in-
vestigate the performance of such a super-
sonic diffusor. The high loads on the model
during starting and stopping of the tunnel
might cause an overload on the model, a
problem that can be solved with proximity
plates [figure 1-52]. The model itself can be
mounted in the test section on a sting at-
tached to a segment to position the model
in the flow.

Various solutions are possible to gener-
ate the required pressure ratio for a super-
sonic tunnel. The ‘3x3’ sucked air from the
atmosphere. In this tunnel the diffusor fol-
lowing the test section was connected to a
vacuum tank coupled to a pump to main-

MODEL SUPPORT SECHON—},

::___——'—————_.-_L_

FLEXIBLE NOZZLE SECTION
© @ SETTLING CHAMBER

tain a low pressure. In the original design
of the small supersonic tunnel (0.4 x 0.4 m?
test section) a big compressor was used at
the entrance of the tunnel to generate high
pressure. In both cases these tunnels could
be run continuously. Due to the required
power consumption this solution was no
longer attractive for the much larger facil-
ity with test section dimensions of 1.2 x 1.2
m? which was envisaged in 1956. Instead, a
blow down operation was intended [figure
E-6]. At the upstream side the tunnel is con-
nected to a very large pressure vessel that
can be charged till 40 bar maximum. In the
pressure vessel so-called regenerators are
used, steel plates that keep the temperature
roughly constant during the expansion pro-
cess. By opening a valve between the pres-
sure vessel and the tunnel, high pressure air
flows into the test section. This valve, the
‘control valve', is operated automatically to
maintain a constant pressure in the test sec-
tion. The control valve for the SST was based
on a clever design by Erdmann. The valve
had two shutters, a large one and a small
one. The movement of the large shutter
was pre-programmed whereas the smaller
shutter could be positioned automatically
according to the measured pressures. As
for the subsonic tunnel a settling chamber
with screens is located upstream of the test
section (between the control valve and the
nozzle) to reduce the turbulence level in the
test section. Downstream of the test section
the flow is decelerated through a diffusor
and exhausts finally into the atmosphere.
The tunnel can be operated for 15 to 40 sec,
depending on the Mach number, till the
pressure in the vessel has fallen below the
required pressure ratio to maintain the flow.
The tunnel is then stopped and the pressure
vessel has to be filled again.

PRESSURE
REGULATING VALVE=-

el

TEST SECTION SIZE VARYINC FROM 44 ft. at M=-1.0—1.4 (RUNNING TIME 15 sec. at Re=50.10%)

® ® O

TO 34 ft. at M=4.0 (RUNNING TIME 40 sec. at Re=50.10%)

17 TONS

40atm VESSEL WITH 4 REGENERATORS é*—/ /
TOTAL VOLUME 20.000 cu. ft. — I

40 TONS [E-6]
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by Wright and Ward of NACA Langley in  [Figure E-7]
20 H i H
the US*® who made a similar calculation g iiaq wall
for a tunnel with slotted walls in a circular  configuration tested
. in 1948 at NACA
cross section. They calculated that an open Langley by Wright
arearatio (the ratio between the slot width ~ and Ward®.

)
Tmm_ minimn{i\

N

—
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(a) Schematic diagram of transonic slotted tunnel.

(b) Cross section view of |2-inch-
diameter, circular, transonic
slotted tunnel.

[E-7]

THE TRANSONIC TEST SECTION AND THE

(c) Cross section view of 12-inch-
effective-diameter, octagonal,
transonic, slotted tunnel .

'_\_\‘\35,#

The first problem is similar to the wall inter-
ference problem at high subsonic speeds.
In a tunnel with closed (solid) tunnel walls

and the total periphery) of 0.125 would be
needed to eliminate the wall interference.
This and another configuration [figure E-7]
was actually tested and they claimed al-
most interference-free flow up to Mach =
1.1. To prevent the flow from leaking away,
the slotted test section is surrounded by
the plenum chamber [see also figure E-71.
It is important to note here that the con-
figuration of the walls shown here is some-
what different from those applied in ‘the
Swiss solution’ by Hausammann in 1949
[see page 18 and figure 1-19]. This will be
discussed in more detail below.

The second problem, preventing the re-
flection of shocks from the walls, can be
solved with porous walls, walls with evenly
distributed holes'”. The holes will result in
a succession of expansion and compres-
sion waves that cancel the reflected shock
wave altogether. In 1956 Eckhaus, who at
that time was working at NLL, studied the
problem of shock reflection both theo-
retically?® and experimentally®. Although
he could not treat the porous wall with
holes, he managed to find a theoretical
solution for walls with transverse slots and
reached the conclusion that an open area
ratio of about 0.5 would be needed for
shock cancellation. In 1956 Eckhaus dis-

PROBLEM OF GHOKING
Slotted wall

The circuit for a high speed wind tunnel as  the reference speed is usually derived from  cussed the various concepts for transonic  discussed by

discussed above resembles that of a sub-  the total pressure in the settling chamber test sections'?” and noted the conflicting Eckhaus'®”. Viscous
effects in the deep

sonic wind tunnel. In the original design of  and the static pressure some distance up- requirements of a small open area ratio to  slots will reduce

the high speed tunnel [figure 1-9] the max-  stream of the wind tunnel model. However, minimize wall interference and an open EEZ gliﬁtgro;gh
imum speed was limited to a value of 0.9 due to the presence of the model the av- area ratio of about 0.5 for the cancellation  better compromise
or 0.95 times the local speed of sound to  erage flow velocity close to the model in-  of the reflected shock waves. He also noted Eﬁm’ﬁgggif wall
prevent choking of the tunnel. Depending  creases and the model will feelasomewhat a way out: a slotted wall with ‘deep slots’  interference and

on the size of the model the cross sectional  higher reference velocity than the one in-  as shown in figure E-8. Due to the shape zmcg}‘efgi:iyog';??
area decreases when the model is mount-  dicated by the tunnel reference speed. of the slots, viscous effects on the sides of  similar to the one of
ed in the test section. Choking is the result  This effect is called ‘wall interference’. Inan  the slots will decrease the flow through the y:;:i?g;;n%if:
of the formation of shock waves (between  open test section (no tunnel walls) the op-  slots, whereas at the inner wall an open  1-19].

the model and the test section walls),
when locally around the model the speed
of sound is exceeded. These shock waves
would not be present in the absence of
tunnel walls (hence in free flight) and pre-
vent wind tunnel tests just below Mach = 1.
At supersonic speeds a second problem
occurs. An aircraft (or model) flying at su-
personic speeds will generate shock waves.
However, in the confined space of a wind
tunnel, these shock waves will reflect from
the tunnel walls back to the model, spoil-
ing the tests as well.

posite occurs and the reference speed will
decrease relative to the indicated tunnel
reference velocity. It seems to be a sensi-
ble idea that the wall interference can be
eliminated in a test section with mixed
open and closed tunnel walls. In 1942 a
theoretical solution to this problem was
found by Carl Wieselsberger, professor at
Technische Hochschule in Aachen'. He
calculated that with closed top and bot-
tom walls and open side walls (with an area
ratio of 1.17) the wall interference would be
nullified. This publication was referenced

o

AN

[E-8]
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[Figure E-9]

Drawing of the
scaled model of

the slotted wall
configuration
designed by
Hausammann as
tested in the small
‘3x3' supersonic
tunnel by Eckhaus*
in 1957.

[Figure E-10]

Schlieren pictures

of the shocks and
shock reflections
from the walls of the
scaled model of the
HST transonic tests
section as shown in
figure E-9.

[Figure E-11]

Nozzle design for
the HST required for
low supersonic Mach
numbers.

PRESSURE SHELL

area ratio of about 0.5 can still be main-
tained. Eckhaus suggested that by experi-
mentally optimizing the shock width and
the slot heights, both requirements could
be met. He actually performed tests in the
small ‘3x3’ supersonic wind tunnel to in-
vestigate the ability of the slotted walls to
cancel shock reflections* [see the figures
E-9 and E-10]. However, these tests were
not conclusive mainly due to the very thick
boundary layer on the tunnel walls in this
small wind tunnel. The wall geometry in
this experiment is most likely identical to
the one applied by Hausammann for the
HST test section.

As mentioned the slotted wall geometry
designed by Hausammann was not suc-
cessful (see page 24) for mechanical rea-
sons and was replaced by a much simpler
slot geometry, similar to the NACA solution
as already shown in figure E-7.
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[E-11]

The slotted walls were optimized for high
subsonic speeds just below Mach=1. For
supersonic conditions NACA claimed that
the Mach number could be changed by ad-
justing the power of the fan. Nevertheless,
the slot geometry had to be tapered'”® to
obtain a constant Mach number distribu-
tion in the test section. Apparently Datwy-
ler & Hausammann envisaged an adjusta-
ble plate in the plenum chamber to control
the Mach number® [figure E-9]. A more
elegant way is the use of a real supersonic
throat, as was realized in the test section
for the HST. As can be deduced from figure
E-5, only very small changes in the contour
are required to obtain Mach numbers just
in excess of 1. For that reason the nozzle
can be kept relatively simple [figure E-11]
though its shape has to be very accurate.
As mentioned at page 26 Nieuwland made
the calculation for this nozzle shape'®.

Finally it should be remarked that there is
another solution to eliminate wall interfer-
ence at high subsonic conditions: the flex-
ible wall. Its principle is to deform the tun-
nel walls in such a way that they are similar
in shape to the streamlines away from the
model at the wall location. In this way the
walls are ‘not felt’ by the flow and choking

will be prevented. The shape of the tunnel
walls will depend on the flow around the
model and hence on the model geometry.
How to shape the walls? Wall interference
studies made in the eighties by GARTEUR™®
showed an elegant solution to this prob-
lem. In an iterative process the optimal wall
shape could be deduced from the pres-
sures measured on the tunnel walls with-
out any knowledge of the model itself'.
This principle was successfully applied in a
small wind tunnel at the Technical Universi-
ty in Berlin and at DFVLR in Géttingen. This
solution was seriously considered for the
HST modification in the nineties, but soon
abandoned for practical reasons. The so-
lution requires many jacks to position the
wall and it was feared that it would ham-
per the reproducibility of the test results.
Moreover, for supersonic conditions shock
reflections will not be eliminated, requiring
exchangeable tunnel walls, as was indeed
foreseen in the original plans®”.

ATYPICAL TEST PROGRAM

The aerodynamic forces and moments
that act on the aircraft can be derived
from wind tunnel tests, notably the over-
all forces (e.g. lift, drag and pitching mo-
ment for the symmetrical components)
or local forces (e.g. on the flaps, rudders
and the ailerons). The overall forces or mo-
ments can be measured with an internal
or an external balance. From the pressures
measured on the model surface the local
aerodynamic loads can be derived.

The overall forces and moments can be ex-
pressed as coefficients, made non-dimen-
sional with the wing area S, a reference
length £ (e.g. the length of the mean chord
of the wing) and the dynamic pressure in
the tunnel g = 1 p V? with p the air density
and V the tunnel (or aircraft) speed. As an
example the symmetrical components lift
(L), drag (D) and the pitching moment (M)
can be written as:

L=C 1pV’sS
D=CylipV’s
M=C,LpV?*Se

The non-dimensional coefficients are
used to transfer the aerodynamic infor-
mation from the wind tunnel model to the
real aircraft: e.g. the lift for the real aircraft
can be calculated by multiplying the coef-
ficient C_ measured in the tunnel with the
dynamic pressure q and the wing surface
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S for the real aircraft. This is exactly true
when the Reynolds number is the same
for the real aircraft and the wind tunnel
model. When there are differences in the
tunnel and flight Reynolds number a cor-
rection is required as a result of viscous ef-
fects that will be slightly different for wind
tunnel and flight conditions. This process
is called ‘Reynolds number extrapolation’.

The aerodynamic performance of an air-
craft is most conveniently expressed in
the so-called ‘Lift-Mach number plane’.
This plot shows some of the aerodynamic
characteristics in terms of the lift coeffi-
cient C_as a function of the Mach number
[figure E-12].

An aircraft is designed to carry its own
weight and an additional load (passen-
gers, cargo and fuel) at a certain cruise
Mach number. This condition represents
the design or cruise condition of the air-
craft. For this condition the shape of the
wing is optimized for minimum drag. For
a stationary flight the lift is constant and
the lift L equals the aircraft weight W. But
since, as indicated in the formula, the lift
of an aircraft is proportional to the square
of the velocity, a higher lift coefficient is
required at speeds below the cruise con-
dition. The variation of the lift coefficient
with the Mach number for horizontal
flight is indicated in the figure by the dot-
ted line denoted ‘horizontal flight n=1".

More general the lift can be expressed as:
L=nW

with n the load factor. In a stationary,
horizontal flight the lift balances the air-
craft weight and the load factor n = 1. For
non-steady conditions, when the aircraft
is manoeuvring, (e.g. pull-up or a hori-
zontal turn) n is no longer equal to 1 and
other points in the C-Mach plane can be
reached. A boundary (‘envelope’) can be
drawn in the C-Mach plane that limits the
aircraft movement from an aerodynamic
point of view. This envelope has also been
indicated in the figure and represents dif-
ferent aerodynamic phenomena. When
the Mach number is increased the drag-
rise boundary is met. It marks the region,
where due to the formation of shock waves
on the wing, the drag increases rapidly
such that economic flight is not possible
anymore. Normally the drag divergence
is very close to the design condition: the

aircraft has to fly precisely at a constant
cruise Mach number. When at the design
Mach number the lift (and hence the lift
coefficient) is increased, e.g. by making a
manoeuvre such as a pull-up, the buffet
boundary can be met. At this boundary
the shock waves that are formed on the
wing are so strong that local flow sepa-
ration occurs: the flow breaks away from
the wing surface. This results in a violent
movement of the aircraft called buffeting.
The regulations describe that this buffet
boundary should be sufficiently far away
from the cruise condition (n=1.3). When
the speed of the aircraft is decreased the
maximum lift boundary (in fact a maxi-
mum lift coefficient boundary) might be
reached: the wing of the aircraft can no
longer provide the required lift. At this
point the n=1 curve crosses the boundary
for the maximum lift coefficient. To fly at
still lower speeds the lift coefficient of the
wing has to be increased by changing the
wing shape e.g. by deploying flaps and
slats.

An important part of wind tunnel tests is
concerned with studies to optimize the
aircraft for the cruise condition. But the
designer also wants to know the location
of the off-design boundaries as described
above. This can be done by measuring po-
lars for a range of Mach numbers. During
a polar the angle of attack of the model
is varied at a constant Mach number
and hence the lift coefficient C will also
change. At many discrete angles of at-
tack the forces and sometimes pressures
as well, are measured. In this way all pos-
sible flow conditions in the C -Mach plane
are covered. From these measurements
the off-design boundaries can be derived.
Near the cruise condition the polars are
measured at small Mach number incre-
ments to determine the drag divergence
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1 FLAPS EXTENDED

2 MAXIMUM LIFT BOUNDARY

3 HORIZONTAL FLIGHTn =1

4 BUFFET BOUNDARY

5 DESIGN POINT FOR CRUISE CONDITION
6 DRAG RISE BOUNDARY

MACH NUMBER

LIFT POLARS MEASURED IN ATYPICAL TEST PROGRAM

boundary accurately. A special low speed
model with flaps that can be set at dif-
ferent angles is needed to measure the
take-off and landing characteristics at low
speed. Typically a measurement program
consists of 10 to 20 polars. In the early days
of the HST a polar was measured by set-
ting the Mach number and taking the data
step by step for a range of angle of attack
angles a. Later with the improved data
acquisition, all data could be obtained in
a single sweep during which the angle of
attack was increased continuously. During
such a sweep the automated tunnel con-
trol kept the Mach number constant.

AN ACCURACY PROBLEM

An internal balance [see figure E-13] meas-
ures the overall loads on the model. This
load is measured in the balance axis sys-
tem: the normal force N perpendicular to
the balance axis, the tangential force T in
the direction of the balance axis and the

NORMAL
FORCE

TANGENTAIL
FORCE

STING

[E-12]

[Figure E-12]

Main aerodynamic
characteristics
shown in the Lift-
Mach number plane.

' THIS SOLUTION IS BASED ON AN
INTERESTING  APPLICATION  OF
GREEN'S THEOREM.

[Figure E-13]
Forces measured by
an internal balance

and its reduction to
lift and drag.

[E-13]
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moment M around the balance centre.
The forces and moments measured by the
balance can also be expressed in a non-
dimensional way, similar to what has been
shown already for the lift and the drag:

N/qS
T/qS
= M/qSE

CN
CT
CM

The measured balance forces N and T have
to be resolved in the lift force L (perpendicu-
lar to the flow direction that balances the
weight of the aircraft) and the drag force D
(in flow direction, balanced by the propul-
sive force of the aircraft). These forces and
the corresponding coefficients can be de-
rived by rotating the balance axis system
over the angle of attack a of the model, here
defined as the angle between the balance
axis and the wind direction [see figure E-13]:

C =Cycosa-C;sina
C,=C sina + C, cosa
These expressions can also be used to as-
sess the effect of possible measurement er-
rors. In the cruise condition of the aircraft
typically C, = 0.5 and C, = 0.03 whereas a
is small, of the order of some degrees (or a

= 0.1 in radians). It is now possible to write
approximately:

AC, ~ | AC|
AC,~ | AC, |+| C\Aa|

APPENDIX F

to show how the error in the balance read-
ings AC,, AC, and the error in the angle of
attack Aa is reflected in the error for the
coefficients AC, and AC,. The formulae
indicate that the accuracy of the lift and
drag is (of course) directly related to the
accuracy of the balance reading AC, and
AC.. Since the balance accuracy is normal-
ly expressed as a percentage of the maxi-
mum balance load (percentage full scale
or % FS; typically 0.3%) it is important in
a wind tunnel test to choose the balance
such that its full balance range is used.
That explains why around 1960 so many
balances of different sizes were bought
by NLL. In this way for each test the opti-
mum balance could be selected. For the
accuracy of the drag component an addi-
tional term C Aa appears. Since industry
is interested to know the drag C to an ac-
curacy of 0.0001 (called one drag count)
the angle of attack should be known to
an accuracy of 0.0001/0.5 radians or 0.01
degree. That illustrates the importance of
an accurate measurement of the angle of
attack a. First of all the balance should be
fixed in a very rigid and reproducible way
to the model. Moreover, due to the loads
on the model the balance-sting combina-
tion deflects during the wind tunnel test.
This effect can be dealt with in the calibra-
tion of the balance-sting combination.
For a range of different dead weights the
output of the balance and the deflection
is recorded and consolidated in the bal-
ance calibration. This calibration is subse-

quently applied in the data reduction of
the wind tunnel measurements where the
loads and the deflection can be derived
from the balance readings. Still more ac-
curate is the in situ measurement of the
angle of attack of the model by an instru-
ment mounted in the model (such as the
so-called Q-flex) or by optical means. The
fact that the model is also vibrating some-
what under a fluctuating load, adds to the
accuracy problem.

A third source of error relates to the wind
direction. Basically the direction of the
flow should be measured at a large dis-
tance ahead of the model. But in the con-
fined space of the wind tunnel this is not
possible. Since the presence of the tunnel
walls restricts the flow as compared with
the free air situation, the reference flow
direction is also effected by the walls. This
effect is a critical part of the wall interfer-
ence and it presents an important prob-
lem in wind tunnel testing. For solid tun-
nel walls the wall interference effects can
be derived theoretically. In the case of well
optimized slotted tunnel walls the wall in-
terference effects are much reduced com-
pared to the solid wall case, but it appears
to be very difficult to quantify the still re-
maining effect up to a desired accuracy of
0.01 degree. Often semi-empirical correc-
tions are applied that have been derived
from and/or have been verified with com-
parative tests. m

GLOSSARY OF TECHNICAL TERMS

AEDC ‘Arnold Engineering Development Center’, founded just after World War Il for research
and development on behalf of the US ‘Department of Defence’ near Nashville,
Tennessee.

AFWAL ‘Air Force Wright Aeronautical Laboratory’ at Wright-Patterson AFB, Ohio.

AGARD ‘Advisory Group for Aeronautical Research and Development”: established in 1952
by Theodore von Karman within the framework of NATO (‘North Atlantic Treaty
Organisation’) to promote the exchange of aeronautical technology between the
member states.

AICMA ‘Association Internationale des Constructeurs de Matériel Aéronautique’: European
organisation of aircraft manufacturers (not including England).

ANCP ‘Anglo-Netherlands Co-operation Program”: a program between the Air Forces of

England and the Netherlands on military research.



Appendices

angle of attack

The angle between the flight velocity and a reference line of the model or of the aircraft
(often the mean aerodynamic chord of the wing). The lift coefficient increases with increas-
ing angle of attack till a maximum (the maximum lift coefficient) is reached [figure E-12].

ARA ‘Aerodynamic Research Association”: the aerodynamic research institute in Bedford,
England, jointly established in 1952 by the English aircraft industry.
AVA ‘Aerodynamische Versuchs Anstalt”: the aeronautical laboratory in Gottingen, Germany

founded in 1907. During World War Il AVA supervised the NLL activities. In 1969 AVA was
integrated within DFVLR.

boundary layer

The region of the flow very close to the surface (e.g. of the wing or the fuselage) where
viscous effects are dominant. The effect of the boundary layer is felt as friction force on
the surface causing viscous drag. The boundary layer can have a laminar or a turbulent
state (see transition).

buffeting, buffet boundary, buffet
penetration

Buffet appears in flight as a violently shaking of the aircraft due to the separation of
boundary layers on the wing surface, often caused by the interaction with shock waves.

CAL

‘Cornell Aeronautical Laboratory’ in the US. They operated several transonic wind
tunnels.

choking

Choking occurs when the flow velocity in a channel locally exceeds the speed of sound
due to an obstruction in the channel (e.g. a model in the test section of a wind tunnel) or
at the smallest cross section (the throat or nozzle). A shock wave is formed that separates
the upstream supersonic region from the downstream subsonic region. In transonic test
sections choking is avoided by longitudinal slots or perforations in the tunnel walls.

CIRA

‘Centro Italiano di Ricerche Aerospaziali”: the Italian aeronautical research institute in
Capua near Naples.

CNES

‘Centre National d’Etudes Spatiales”: the French space organisation.

contraction

Part of the wind tunnel circuit between the setting chamber and the test section where
the cross sectional area decreases in a very precise way to create a uniform flow in the
test section.

contraction ratio

The ratio between the maximum cross sectional area in the settling chamber and the
cross sectional area of the test section.

corner vane

Vanes or curved plates in the corner of a wind tunnel circuit to force the flow around the
corner with minimal losses.

cruise condition

The combination of lift coefficient and Mach number for which the aircraft is designed to
fly in cruise with minimum drag.

DFVLR/DLR

‘Deutsche Forschungs- und Versuchsanstalt fur Luft- und Raumfahrt’, later abbreviated
as DLR (‘German Aerospace Research Institute’). DLR is the sister organisation of NLR in
Germany.

diffusor, diffuser

Part of a wind tunnel circuit downstream of the test section where the cross sectional
area increases to reduce the speed to minimize frictional losses in the circuit.

DNW

'Deutsch-Niederldndischer Windkanalen’ / ‘German-Dutch Wind Tunnels’. Started in
1980 as a large low speed wind tunnel, jointly built and operated by DLR and NLR in the
Noordoostpolder in The Netherlands. When in the nineties other wind tunnels were
added to the DNW organisation, the low speed tunnel was renamed LLF (Large Low-
speed Facility).

DSMA

‘Dilworth, Secord, Marr & Associates”: a Canadian consulting company for wind tunnel
engineering. DSMA was involved in the design of the ETW and the modification of the HST.

dynamic pressure (q)

The pressure felt at the end of a tube pointing in the direction of the flow (total pressure)
minus the internal pressure (static pressure); defined by q=1p V* with p the air density
and V the flow velocity.

ejector

A device to suck air through a pipe or a channel by blowing high pressure air in the
direction of the flow.
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ELDO ‘European Launcher Development Organisation’, a multinational consortium formed
in the 1960s to build a European space launch vehicle. Members were Belgium, Britain,
France, Germany, Italy and the Netherlands, with Australia as an associate member.

ESA ‘European Space Agency”: established in 1975 as a merger between the European Space
Research Organization (ESRO) and the European Launcher Development Organisation
(ELDO).

ESRO ‘European Space Research Organization’, an organisation founded by 10 European nations
with the intention of jointly pursuing scientific research in space. It was founded in 1964.

ETW ‘European Transonic Windtunnel’, a high Reynolds number transonic wind tunnel, built
and operated by Germany, France, England and the Netherlands in Porz-Wahn near
Cologne. In this facility free flight Reynolds numbers can be obtained by cooling the air
with nitrogen till temperatures as low as 120° Kelvin (-150° Celsius). Inaugurated in 1993.

FDP " Fluid Dynamics Panel’: one of the first AGARD panels that started in 1952 as the ‘Wind-
Tunnel and Model Testing Panel'.

FFA ‘Flygtekniska Forsoksanstalten”: the aeronautical research institute of Sweden, later to
become part of FOI, the * Swedish Defence Research Agency'.

flutter An unstable oscillation of the construction due to a coupling between the aerodynamic
forces and the deformation of the structure.

GALCIT ‘Graduate Aeronautical Laboratories’ at Caltech Institute of Technology, California USA.

GARTEUR ‘Group for Aeronautical Research and Technology in Europe”: co-operation on
government level between European countries with a common interest in aeronautical
research. Joined by France, Germany, England, The Netherlands, Spain, Italy and Sweden.
Founded in 1973.

ICAS ‘International Council of the Aeronautical Sciences’. An international, non-government,
non-profit scientific organization founded in 1958 with the mission to advance
knowledge and facilitate collaboration in aeronautics.

IEPG ‘Independent European Program Group’: a European co-operation on defence.

intake Front part of the engine or the duct towards the engine to capture the air.

interferometer Optical system to visualize density differences in the flow by interference between a light

beam that passes the test section and an undisturbed reference light beam.

inverse design

A design in which the shape of the wing is derived from a specified (the ‘target’) pressure
distribution. This as opposed to a ‘direct design’ where the wing geometry is derived in
subsequent steps, each step involving the calculation of the pressure distribution for a
given wing shape.

KAT

‘Kleine Acoustische Tunnel: a small wind tunnel in the Noordoostpolder to measure
aerodynamic noise (built in 1975).

Mach number

The Mach number is defined a Ma = v with V the air speed and a the speed of sound.
The flow is said to be subsonic when Ma<1, supersonic when Ma>1 and transonic when
M=1. It is essential in wind tunnel testing to duplicate the flight Mach number since many
flow phenomena are critically dependent on the Mach number.

maximum lift coefficient

See angle of attack.

NACA, NASA ‘National Advisory Committee for Aeronautics’, established in the US in 1915 for
aeronautical research; after 1958 continued as the ‘National Aeronautics and Space
Administration’.

NIV, NIVR ‘Nederlands Instituut voor Vliegtuigontwikkeling’, later ‘Nederlands Instituut voor

Vliegtuigontwikkeling en Ruimtevaart’ (‘Netherlands Agency for Aerospace Programs’);
established in 1946.
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off-design boundaries

Boundaries in the flight envelope of an aircraft that mark specific flow phenomena such
as maximum lift, drag rise (a sudden increase in drag due to shock waves), buffet (flow
separation in combination with strong shock waves). See also figure E-12.

ONERA

‘Office Nationale d’Etudes et de Recherches Aérospatiales’ : ONERA is the sister
organisation of NLR in France. Founded in 1946 as a merger of several already existing
aeronautical research institutes.

open area ratio

The ratio between the open area (slots, perforation holes) and the total area of the wall
for a test section with a ventilated wall (slotted or perforated).

plenum chamber

A confined space surrounding a (ventilated wall) test section. A plenum chamber is
needed when the static pressure in the test section differs from the atmospheric pressure.

pitot pressure

See total pressure.

PIV

‘Particle Image Velocimetry': an optical technique to measure flow velocities in
magnitude and direction in a plane. In the flow two images are made of the distribution
of very small particles, illuminated by two subsequent laser pulses that generate a

light sheet. By correlating the position of the particles in the two images, the local flow
velocity can be derived.

polar

A set of data points obtained for an increased angle of attack at constant Mach number;
each data point consists of the measured pressures and/or balance forces and the
reference flow conditions. Also used to denote the graph that shows the lift coefficient as
a function of the angle of attack or the lift coefficient versus the drag coefficient.

PSP

‘Pressure Sensitive Paint’: a way to measure pressures by painting the model surface with
a special kind of paint that changes its colour depending on the local pressure (basically
the local oxygen content). See figure 2-30.

RAE

‘Royal Aircraft Establishment”: the sister organisation of NLR in England. Established in
1918 as a continuation of the Royal Aircraft Factory. In 2001 partly privatised to become
part of QinetiQ.

Reynolds number

The Reynolds number is defined by Re = Vol with V the flight velocity, p the air

density, £ a reference length such as the mean chord of the wing and p the dynamic
viscosity. It is a measure for the relative importance of the viscous forces, the pressure
forces and the inertial forces. The flow in flight and on a wind tunnel model is similar
when the Reynolds number is the same. However, some difference between tunnel and
flight Reynolds numbers is generally acceptable. The ETW was built to duplicate the
flight Reynolds numbers.

schlieren

An optical technique to visualize the density variations in the flow. When a light beam
passes a flow with density variations (e.g. due to shock waves) it will be deflected
according to the density gradient to form lighter and darker areas on a photograph. See
figures 1-34, 2-50 and 2-51.

separation, flow separation

Flow separation occurs when the flow in the boundary layer breaks away from the
surface of the wing or the fuselage. Normally, once the flow is separated on a wing,
the drag increases and the lift decreases, typically leading to maximum lift or buffet
boundaries. See figure 2-52.

settling chamber

Part of the tunnel circuit just upstream of the test section to ‘calm down’ the flow. In the
settling chamber the speed is reduced as a result of a large cross sectional area (relative
to the cross section of the other parts of the tunnel circuit). Screens or a flow rectifier can
be installed to break up the turbulence.

shock wave

Shock waves will generally occur when the flow is decelerated from supersonic to
subsonic flow velocities. They manifest themselves as discontinuities in the flow field
such as a sudden pressure rise. The best known example is the sonic boom for an aircraft
that flies faster than the speed of sound. At transonic conditions shocks most often
terminate pockets of supersonic flow above the wing. They are the cause of extra drag.
In a supercritical design the wing is shaped in such a way that regions of supersonic flow
are terminated by weak shocks.
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shock wave boundary layer interaction

Interaction between a shock wave and the boundary layer. When the shock is sufficiently
strong flow separation will occur with an adverse effect on the aerodynamics causing
e.g. a rapid drag increase, maximum lift or buffeting.

SKV ‘Super Kritieke Vleugel’ or ‘Super Critical Wing": name of a research project at NLR
between 1974 and 1980 funded by NIVR to develop supercritical wing technology. See
also shock wave.

slotted walls Longitudinal openings (‘slots’) in the walls of a transonic test section to prevent choking.

stagnation pressure or total pressure

The pressure felt by a tube pointing in the direction of the flow. In the tube the flow is
brought to rest hence the name stagnation pressure. The total pressure is the sum of the
static and the dynamic pressure.

stagnation temperature

The temperature of the flow when brought to rest. It is the sum of the static temperature
in the flow and a contribution that increases rapidly with flow velocity. For high
supersonic and hypersonic conditions the stagnation temperature can be very high.

static pressure

The ‘internal’ pressure of the flow. It can be measured with a pressure hole in a surface
which is aligned with the flow (e.g. the tunnel wall, the side of a pressure probe).

sting, sting support

The sting is the bar or rod that holds the wind tunnel model in the test section. It is
often streamline shaped in order not to disturb the flow over the model. For force
measurements an internal balance can be inserted between the model and the sting.

subsonic

See Mach number

supercritical flow

The flow at high subsonic flight conditions when the speed of sound is locally exceeded.
Shock waves are generally formed to terminate local supersonic pockets. This can be
avoided by a special design for shock free conditions (‘supercritical designs’).

supersonic

See Mach number.

total pressure

See stagnation pressure.

TPS

‘Turbine Powered Simulators”: small engines driven by high pressure air used to simulate
the turbofan engines on a wind tunnel model.

transition

Transition occurs in a boundary layer when the flow changes from a laminar into a
turbulent state. It depends on the local flow conditions and the surface roughness
and its location changes with Reynolds number. Transition influences the downstream
development of the boundary layer and possibly flow separation.

transonic

See Mach number.

wake

The wake is the continuation of the boundary layer flow behind the wing or aircraft. The
total pressure in the wake differs from the total pressure outside of the wake and is a
measure of the viscous drag of the aircraft.

wake rake

A device with a row of total pressure probes to measure in detail the total pressure
distribution inside the wake. From wake rake measurements the viscous drag can be
derived.

yaw angle

The angle between the model or aircraft axis and the flow velocity when the aircraft is
rotated around its top axis (the axis vertical to the plane defined by the aircraft axis and
the wing). =
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APPENDIX G
OBJECTS RELATED TO HST AND SST ON
DISPLAY IN THE NLR MUSEUM

This table provides an overview of the objects that are preserved by the Foundation Historical Museum NLR. These objects have been
discussed in the text (marked with an *) or they are otherwise of interest for the history of the wind tunnels at NLR and high speeds test-
ing in particular. Most of the objects are part of the exhibit. Contact http://www.nlrmuseum.nl.

Page Museum Figure Description
number number number
9 - 1-2,3 From the original Eiffel tunnel only the fan to drive the tunnel has been preserved; it is on display
against the wall at the entrance hall of the main NLR building in Amsterdam (1919).
9 X0037 - Fan of tunnel No. 2 designed by Burgers. This tunnel was designed as a pilot facility to test the
aerodynamic circuit of the low speed wind tunnels no. 3 and no. 4 that became operational in
1940.
1 X0563 - Demonstration model of a wind tunnel. Displayed on exhibitions to show to the public the principle
of a wind tunnel together with an explanation of the new wind tunnel plans (around 1950).
13 X0090-1 | 1-M Nameplates of one of the escort ship, HMS Duff; the power plant for the HST and SST used the
X0090-2 turbo-electric installation of this ship (around 1950).
23 X0500 1-28 One of the original blades of the fan of the HST (around 1958) and a carbon fibre blade made by
27 X0501 NLR during the Phase 2 modification of the HST (1996).
27 X0274 - Temperature sensor of the Pilot Tunnel (1954).
34 X0564 1-56 The ‘transonic insert’ tested in the CSST to find out if high Reynolds number transonic flow could
be generated with an insert in the SST (1978).
35 X1050 - Counter for the actual ‘wind-on" hours of the HST, used until the Phase 2 modification of 1996.
35 X1650 1-57 Sub-scale models of the model support booms (‘double roll boom’ and ‘articulated boom’)
X1651 measured in the PHST (the modified Pilot Tunnel) to optimise the design for the new HST
supports (1986).
36 X1072 - Indicator of the ‘allowable rate of change’ for the pitch angle of the tunnel fan. The operator of
the HST had to increase the tunnel speed gradually, depending on the rate at which more energy
could be delivered by the power plant (used till 1996).
38 X0320 2-1 Fokker F.Il wind tunnel model measured on the Eiffel balance (around 1920).
39 X0244-2 | 23 One of the conventional balances used with the Eiffel-tunnel and later with tunnel no. 4 (the small
LST); all weights to be placed manually (used till 1965).
39 X1740-2 | 2-5 One component of the external balance of the big Low Speed Tunnel LST, tunnel no. 3 (in use till
1984).
40 X0153-1 2-6 Table calculator used by the ladies of the ‘Calculation Service’ (‘Uitwerkdienst') (used till around
X0154 1960).
9 X0290-1 | 2-8 The ‘Schildknecht’ Betz-manometer in use by the big LST to measure the tunnel reference
40 pressure (till around 1975).
40 X0001 2-9 Water / alcohol manometer; to increase the resolution, the tube could be inclined (in use till about
X0014 1965).
43 X0148 2-16 One of the first NLL made balances AE1037; it is a ‘sting balance’ used to test the AGARD-C
2-17 standard calibration model in the PT (around 1960).
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Page Museum Figure Description

number number number

44 X0550 3-8 Balance made by Cornell Laboratories in the US, probably used for early tests in the Caravelle

68 model for Sud Aviation (around 1960).

44 X0271 2-19 One of the TASK balances (the smallest one and not in use any more) (around 1963).

45 2-20

45 X0553 2-22 Large demonstration model of an NLR designed internal balance for use in HST and SST (around
1970).

45 X0286 2-22 The NLL made 6 component strain gauge balance AE1013 used for the AGARD calibration models
(around 1960).

46 X0260 - Barometer used in the PT.

46 X0024 - Mach number dial mounted on the wall of the PT to indicate the actual Mach number.

46 X1049 - P_meter used as an indicator on the control desk of the HST till the Phase 1 modification of 1993.

46 X0460 2-25 The Mach meter from Détwyler & Haussammann to indicate the Mach number on the tunnel

X0961 console (used till 19707).

47 X0185 2-24 Precision manometer by Datwyler used in the early days of the HST (around 1960).

47 X0565 2-26 The ‘Engineering balance’, a precision instrument measuring reference pressures of the HST and
providing a digital output (used till 1992).

48 X0142 - Parts of a large pressure scanner (pressure switch), probably purchased in 1958 for an intended
use in the supersonic tunnels.

49 X0603 - Parts of a ‘Scanivalve’ pressure scanner (used since 1963).

X0020

49 X0578 - Inclined multi-manometer used in the PT to measure the pressure distributions of two-
dimensional airfoils (1960-1980).

49 X1134 2-32 Model of the NLR developed duplex-scanner (1975).

49 X0602 2-34 A solid state PSI pressure scanner (introduced around 1985).

53 X0093 - Unit to repair paper tapes (1960-1973).

53 X1064 - The so-called ‘wheel-balance’ (a strain gauge balance) enabled on-line balance readings in the
low speed tunnel LST. The balance was mounted in the connecting rod between the old external
balance and the platform to which the wind tunnel model was attached (1965-1984).

55 X1538 2-46 First generation Measurement Conditioning Unit (MCU) used by all wind tunnels of NLR (1973).

60 X0645 2-60 Wooden mock-up of the nose of the Concorde, used in the ‘rotating barrel machine’ for the

61 2-63 manufacturing of metal Concorde models for tests in HST and SST (around 1970).

61 X0278 - Test specimen of a Concorde wing from the NLR Workshop (around 1970).

63

64 X0935 - Wind tunnel model of the Fokker F25 ‘Promotor’.

64 X0517 - High speed wind tunnel model of the Fokker S14 manufactured and tested in France (1950).

43 X0249 2-17 Set of four AGARD-C standard calibration wind tunnel models used for wall interference studies

65 -1to4 3-1 and comparative tests in various facilities (1955-1965).

3-2

69 X0484 - Wind tunnel model of the NLL sounding rocket GS/1 (around 1963).

69 X0547 3-12 Wind tunnel model of the MO-3 experimental rocket of NLL (1962).

69 X0010 3-13 The experimental rocket MO-3 (1960)

72 X0937 - HST wind tunnel (force) model of the regional transport aircraft VFW-614 (1970).
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Page Museum Figure Description
number number number
72 X0936 3-21 HST wind tunnel (pressure) model of the regional transport aircraft VFW-614 (1970).
73 X0502 - Wind tunnel model of ARIANE-1 with launch platform (1976).
73 X0054 3-24 Wind tunnel model of the EUROPE-3 launcher (1971).
73 X0648 3-25 Wind tunnel model of the ELDO-A launcher with simulated launch platform (around 1964).
76 X0273 3-39 The ring wing configuration designed by the group of Erdmann and tested in the CSST (around
1965).
77 X0381 - Two-dimensional supercritical airfoils tested in the PT: i) NLR 7101 with oscillating flap, ii) NLR
79 X0382 7301, a 16.5 % thick supercritical airfoil and iii) the Quasi-Ellipse QE-1, the first shock-free design
X1067 (around 1970).
78 X0632 - ‘The supercritical wing of NLR', a souvenir offered by the ‘workers council’ to the general director
Marx when he retired in 1976 from NLR.
78 X0560 3-41 The transonic wing designed within the framework of the ANCP program, a co-operation
between England and The Netherlands; this model was built by ARA and tested in the HST (1967).
78 X0744 3-43 Various stores used with the NF-5 HST model to validate the NLR ‘panel method’; later used for
-1to5 flutter investigations (1971).
78 X1069 3-44 HST wind tunnel models of SKV-1 and -4, the first supercritical research wings developed at NLR
X1070 together with Fokker (tested in 1975).
84 X0545 - Model to simulate the rear part of the engine for the F29 / MDF-100. The jet was simulated with
compressed air (1980).
59 X0546 2-55 Intake model for the F29 / MDF-100; this model was mounted on the Inlet Test Rig in the HST to
84 3-59 simulate various intake conditions (mass flow ratio’s) (around 1980).
84 X0272 3-57 Rotating rake used for tests on the nozzle of the engine of an Airbus A300 wind tunnel model in
the HST (around 1979).
84 X0562 3-60 Test set-up for the CSST to develop the hot jet simulation technique with H,0, (around 1975).
85 X0483 3-64 Wind tunnel model of ARIANE-5 with Hermes space plane (1988). m
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Index of names

Name active at NLR page(s) Name active at NLR page(s)
Abbot, Dr. I.H. - 18  Fuykschot, Ir. P.H. 1964 - 2003 55
Ackeret, Prof. J. - 9,15,100 Gieben, Mr. A.H.C. - 25
Adenot, J.N. - 25,67  Greidanus, Dr.Ir. J.H. 1937 - 1951 18, 20,76
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Benthem, J.P. 1948 - 1970 62 engstng.J.van 8
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Isler, U - 19,32
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94, 96f
Boerstoel, Dr. Ir. JW. 1960 - 1998 77
Laval - 102
Braun, Dr. Werner von - ogf —vav Gustave de 0
Leest, Ir. P.van 1953 - 1990 21f, 24, 32,95
Breman, K.W. 1956 - 1996 50, 81
Leeuw, Prof. Dr.Ir. J. H. de 1952 - 1953 19
Burgers, Prof. Dr. J. - 10, 1M1
Leh ,Dr.R. - 9
Busemann, Prof. A. - 10, 18f ehnert,Dr. 8
Loeve, Ir. W. 1958 - 2001 25, 69, 82f
Busquet, Ir. J.C. - 12,22
L Ir. H.G. 1948 - 1952 7
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Drége, H. 1935 - 1980 61 Michels, Prof. Dr. AM.JF. - 14,98
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Pemberton, J.C. - 48
Pigeaud, Ir. F.D. 1918 - 1921 8,99
Plesman, A. - 16
Prandtl, Prof. Dr. L. - 10, 65
Prast, Ing. G. 1953 - 1959 43,51
Ross, Ir. R. 1965 - 2001 84
Rotgans, Ir. J.S. 1938 - 1950 94
Slooff, Prof. Ir. JW. 1965 - 2001 78
Slotboom, Ir. J.G. 1941 -1953 18f, 22f, 42,97
Smith, Ir. J. 1970 - 2006 36,83
Spee, Dr. Ir. B.M. 1958 - 2001 69,77
Spiegel, Prof. Dr. Ir. E. van 1951 - 1960 30
Stack, J. - 10
Stam, Ing. H. 1947 - 1976 41,97
Steketee, Prof. Dr. J. - 15
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On the author

Bram Elsenaar
with a wind
tunnel model of
the Fokker S.13.

Delft Technical University. In 1967 he finished his master the-

sis at NLR with a study on heat transfer in supersonic bound-
ary layers. The experimental work was executed in the small 3x3
cm? supersonic wind tunnel of NLR under supervision of Prof. S.F.
Erdmann and Prof. J. Steketee. For two years through contacts
of Steketee he studied at the Institute for Aerospace Studies at
the University of Toronto (UTIAS) where he obtained his Masters
Degree in Applied Sciences in 1969. After returning to the Neth-
erlands, he got a position at NLR where he was part of a small
group to develop and validate a calculation method for three
dimensional turbulent boundary layers. Within this group he
was responsible for the measuring techniques as part of a large
scale experiment in the big low speed wind tunnel LST (tunnel
no. 3). In the early seventies he was transferred to the Depart-
ment of Compressible Aerodynamics (AC) to co-ordinate the ex-
perimental work in the HST and the PT on the development of
supercritical airfoils and wings, the SKV program. This program,
financed by NIVR, was executed in close co-operation with Fok-
ker. After that, until 1990, he guided the research on transonic
aerodynamics and wind tunnel testing within the Department of
Compressible Aerodyamics (AC). In 1990 he became head of the
newly formed Department of Experimental Aerodynamics (AX),
responsible for all wind tunnel testing in the low speed, transonic
and supersonic wind tunnels of NLR. In 1982 he became involved
in GARTEUR, a European co-operation on aeronautical research.
In 1988 he joined the AGARD Fluid Dynamics Panel, of which he
became an active member. After the reorganisation of NLR fol-
lowing the bankruptcy of Fokker, he was involved in different
research projects in the NLR wind tunnels, most often as part
of GARTEUR or the European Framework Programmes. Between
1999 and 2001 he worked on the aerodynamic development of
the A380 at AIRBUS Large Aircraft Division in Toulouse on behalf
of STORK Fokker Aerostructures. He retired in 2004. Soon after
that he became active in the Foundation Historical Museum NLR,
concentrating mainly on the aerodynamic collection. =
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o0 YEARS HIGH SPEED WIND TUNNEL TESTING IN THE NETHERLANDS describes the fascinating

story of the transonic and supersonic wind tunnels of the National Aerospace Laboratory NLR.
Wind tunnels are used to optimize the aerodynamic shape of the aircraft. The high speed tunnels
were built after World War Il to support the Dutch aircraft industry. The Fokker F28 Fellowship,
the Fokker 100 and the Fokker 70, were tested here prior to their first flight. Many other European
projects such as the Concorde, Airbus and the Ariane launchers (to name a few) found their way
as well into these wind tunnels. Therefore this book on the history of high speed wind tunnel test-
ing also provides a reflection on the development of aeronautics in the Netherlands and abroad.

In 2010 the 50th anniversary of these tunnels was celebrated and this event marked the begin-
ning of a study into the origin of these wind tunnels by the Foundation Historical Museum NLR.
It is the mission of this museum to preserve the aerospace heritage of the Netherlands, notably
specificaspects related to research and development in support of the aerospace industry and the
aircraft operators. To achieve this a dedicated group of volunteers makes the museum archives ac-
cessible, retrieves relevant photographs and collects instruments, equipment and wind tunnel
models that are on display in the museum exposition hall. Without this information it would not
have been possible to document the history of the high speed wind tunnels as described in this
book. Moreover, many of the objects discussed in this book have been preserved and can still be
seen as an interesting illustration of an innovative technological development. This collection can
be visited (on request). The recently published book “Waypoint NLR 90YR” on the history of NLR
provides an interesting view of the activities of NLR since its foundation in 1919. More information
can be found on the museum website: www.nlrmuseum.nl. The museum is located in the former
low speed wind tunnel complex at the NLR site, Anthony Fokkerweg 2, 1059 CM AMSTERDAM.
Mail to museum@nilr.nl.
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