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DTh’I’RIQI K ~ WiNN; AN 1k ‘~RtX IATICt~

Professor Dr. Dietridt Kiichenann, (BE , Dr .rer.nat., FPS, F.~~g., FRP.eS, FI1~~, FAIPA , I~~ t.D.Sc. (CIT) ,
Dr.Ing.E.h. (Berlin) , ~.D.Sc.~~ g(Bristol) , Hon.M.Aero. Soc. (IrKlia) , was born in Gottingen on 11th Septan-
ber 1911 aral died, a naturalised British Subject , on 23rd Fthruary , 1976. Math hcw.ired in his later years?
the career in which he gair~~ so nuch distinction began wholly by dance. For when he first entered the
University of Göttingen in 1930 , it was understood that he wculd ultimately beaim a stedent of Max Born ,
a close friend of his father. But , by the sunrer of 1933 , Born, Courant and Franck hal all ~~~~~~~~, expelled
by the Nazis, and Göttingen’ S school of mathamatics and ~bysics had virtually oullapsed . Of the great man
on whan Its reFutation had been built , only Praralti renam ed. And it was under Prandtl and W . Toilmieri that
Küchanann stedied for his doctorate ; at a time when the field of theoretical and apsliel aerodynamics which
he had entered was ripe for the rapid develo~sent that was to be denaraled of it by the spectacular advances
in aircraft design and prcpilsion during the war years.

He subeitted his doctoral dissertation , “Stability of gas flc~ s with linear velocity distribution
along a flat plate”, in 1936, and then joined the AVA, Göttingen, as a scientist in its theoretical aero-
dynamics department . For the next t~~ years his departirental heart was litre FlOgge—tittz. But it was a de-
partment in which Professor A. Betz , the Institute ’s director , took a special interest. And when Flügge-rntz
left in 1938, Betz toth it over as his ovn special responsibility and sczmhcw managed to keep its rerbers
together and active in research throughout the war and, at the same tine, to offer sam sort of protection
to the instinctive anti-Nazis arTong its rerbers, of whan KUdve~ann was undoubtedly one. The effectiveness
of this protective influence nust surely acouunt for the apçearance in 1941 of t~~ papers by KOdienann and
his friend Erich von Hoist on the aerodynamics of bird flight: at a tine when von Hoist was being erplayed
by Bets for ‘special vork’, and was being kept out of the army for it.

KUchenann hiireeif had volunteered for the army in 1938, largely because it seered pndent to do so,
and served, after a fashion, in the Luftnachrithtentrupç~ (Signals) . He was called up for training for short
periods in 1938 and 1939, and held the rank of Unteroffizier fran 1942 to 1945, but saw so real active ser-
vice because Bets clath~~l him back for the AVA. Joining the army seem to have been a calculated gesture:
one of the few positive actions that could be taken by a German patriot , at that time, without the ixTpii-
cation of any approval of the Nazi party. To have appeared to wish to avoid any form of war service would
have been particularly dangerous for him, for his family had already suffered for its political beliefs,
and it would have been pointless to present the authorities with what might have been seen as further evi-
dence against then. As it was, his father, a distinguished liberal-minded and progressive schoolmaster ,
had already been deprived of his school, the Cherrealschule in Göttirigen, where the young Dietrith was a
papil fran 1921 to 1930 , and was having to struggle to make a living through private teaching.

In the main , however, KUthenann Irnrersed hinself in his research . By 1940 he had taken the first steps
in a stuly of the aerodynamics of propulsion that was to occupy him for the rest of the War period. It be-
gan with Its initiation of research on air intakes , through which was formed a working partnership with
Dr. Jcbanna Wther that was to rena.th active, and extramly fruitful , for the rest of their working lives.
Their prolific outpit of research reports, both theoretical and experimental , during the period 1940-1945
bears witness rot only to their industry but to the a:irpr~~ensive nature of their attack on the prcçulsion
prcblen. And it was what they established then, on the pecperties of annular aerofoils, on the installation
of onolers, on ducted propellers and on the installation of jet pr~~ ilsion units , that was to provide the
onre of their bad “Asrodynenics of Propulsion” , published by ?‘kGraw-Hill in 1953.

So , by 1945, KUchanann had beaim and authority, perhaps the authority, on propulsion aerodynamics.
But he was so narra~, specialist , and it is safe to assure that1~~ had kept hineelf informad , very wall
injoitued, of all that had been gging on around him. It is rot surprising, therefore , to find that when the
War ended, and the AVA was closed by the occupying forces in May 1945 , it fell to Kücthanann to guide visi-
ting scientists around the Establishment, and to inform then generally of the work that had been gging on
there . Otherwise, he and his oulleagues ret ained in a state of sam suspense; still raznina.u.ly on the staff ,
but without pay, and redi~ ed to labeuring wo’-k as the only source of in~~m available to then, until the
AVA reopened in Aa~~ust of that year.

The end of the War in &~rope market the end of an epoch in which scientists had xnxentrat& their
attention, aij iost exclusively, on the application of their knarileige and techniques to the waging of war .
And the tine had asm for the scientists thareelves, and for the clverrlmnts that etployed then, to take
stock of what had ‘~~~~~~~ achieved, and to project those athieverents into the post-war world . Aviation, in
particular, had undergone massive advances sia~~ 1936 , when Küthenann first joined the AVA, and , with the
invention of the gas turbine engine , was on the brink of a revolution that ~~ ild bring high—speed, and e-.~enmipersatic, flight within the grasp of the aeronautical engineer. But aircraft are sot , inherently, weapons
of war . And what had beam learned and successfully aWlied in war oculd r~~ be applied also to the develop-
sent of civil aviation.

It was an exciting prospect . Scientific delegaticma descended u~~~ Gerneny, hot on the heels of the
occupying armies, intent on rescuing the reourds of German research and developuent to xaplatent their own
experience. But they need sot have worried. Man like Xüthanann were as detexinized as they ware to ensure
that sothing of value to a peaceful world should be lost , and had even taken active stepe to preserve these
reoords to which they had ~~~~ss. But they ha] sore to offer than their L~~~~~ iL t.s and working files, and the
better experienced amog than were given the orcortunity to aaitinue their work in ae or other of the allied
nations: an opçortunity that many accepted and that , for gate, wcxild asa~nt to permanent anigration .
}kMever , Klitharenn at first elected to ramin at the AVA. He rejected the opportunity to ncve to the United
States , to which he ha] been ‘allocated’ sot through dislike of kmrica or Peericans but because he saw
h4.xteelf , and wished to resein, a E1~r~~~an. And so, wIth ,~~ ttingen and the AVA occupied by the British, he
began an association with British scientists that was to dczninate the rest of his life.

* Elected Fellow of the Soyal Society in 1963 , appointed Camnaixier of the ~~der of the British thpire
in 1964 , ~ erded the Silver Madal of the Soyal Asrutautical Society in 1962 , its (bid !‘~~Ial and the
~~~dt Thulin f~~ al of the 9etdish Society for Mronauttcs and Astronautics in 1969 , the Lsñiig-Prandtl-
Ring of the Deutsche Gesellsthaft f& loft air] Paunfahrt in 1970 , air] hacrazy degrees by the Cran-
field Institute of Teduciogy in 1973 air] by the Tedinisthe UniversitAt, Berlin , er] the University
of Bristol in 1975.
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He was rot persuaded to asm to Britain until Septether 1946 , sat then only for six xxutths . But when
that first short-term contract expired, he accepted arother , and persuaded Dr. ~~ber to join him to rene~itheir collaboration of the war years. There then follcx.~ i a series of yearly contracts, during which they
becane increasingly absorbed into the work of the Asrodynamics Departhent of the 1~ yal Aircraft EstabLish-
ment , Farriborough. KUchanann ’ s family joined him in &~gland in 1948 , and he expressed a willingness to
accept a long-term contract in the krr~ iledge that this might involve naturalisation. But the yearly con-
tracts as~tinued until 1951, when he was finally assimilated into the rortnal staff structure of the esta-
blishnent as a Principle Scientific Officer. His outstanding contributions to the work of the R.A.E. were
r~~azded in 1954 by praiction to Senior Principal Scientific Officer, on individual merit , a post that
carried with it so aitninistrative responsibilities, and, was a recognition solely of his personal status as
a research scientist.

But Küchenann s value to the R.A.E. depended at least as xwh on his influence upon others as on his
own personal research. This side of him was reoognisLd in 1957 by pratotion to Deputy ~ iief Scientific
Officer and the apçointhent of Head of Supersonics Division of Aerodynamics Department, foll~~~~ by a
further prcsotion to Citief Scientific Officer and Head of Aerodynamics Departmant in 1966 . He f inally re-
tired fran this last post in 1971, was awarded the rank of iiief Scientific Officer on Special Marit, and
then renam ed in the Aerodynamics Depart~mnt until his~death, once again as an individual research scientist.

KUcthenann s adiLtributions to aeronautical science were concerned, aiitost exclusively, with the aero-
dynamic design of aircraft : the subject of his last book , which he described in a sub-title as “A detailed
introduction to the current aerodynamic 1o~~~ledge and practical guide to the solution of aircraft prth lets” .
It was a subject that he mate very ruth his own, air] that he pursued with innense vi~~ur and a renarkable
single-mindedness. So nuch so that the ~ tysical insight and mathenatical skill , on whi ch his undoubted maste-
ry of aerodynamics was based, were reserved, in his mind , solely for the aeroplane . That alone occupied
his attention, cxxicentrated his coi~~ rn for the future of the world , gave point to his work. With the exep-
tion of his wartime stody of bird flight , he refused to allow his interests to be deflected by the many
applications of aerodynamics to fields other than aeronautics to which he could have turned and doubtless
made significant contributions.

His career began at a tine when aeronautics was daninated by the classical low-speed aircraft , with its
high aspect-ratio unswept wings , and aerodynamics by Prandtl ‘5 boundary layer concept and the lifting-line
theory of finite wings that derived fran it. Prandtl ‘s ideas were, by then, well established . They let to
the conclusion that , provided the boundary layer renam ed thin , and unseparated, everywhere over the sur-
face of a high aspect-ratio wing, any chordwise section of that wing would possess, to a first approxima-
tion , the sane aerodynamic properties as the saii~ wing section in a related ~~~-diaensional flow. Thus at
that level of approximation, aerodynamic design reduced to the design of t~~ -diimnsional aerofoils , in which
the first princip le of the design process was to seek a shape for which the thin boundary-layer, or stream-
line, flow asild be maintained over a practically acceptable range of attitix~es. A second principle, the
incorporation of a sharp trailing edge in the aerofoil shape, derived in part fran the first: fran the di-
servation that streamline flow appeared to denarri such a shape, and in part fran the practical need for a
unique relation between the aerofoil ‘s properties and its attitode.

Thus in relation to the classical aircraft , the engineer ’ s denands on aerodynamic design could be net
by the asseth ly of a catalogue of aerofoils and their prop erties , fran which he could readily select shapes
that would suit his particular reeds. I~ ~~ further denandet iirproved understanding of the mechanics of
canplex three-dimensional z,~,ij~~ssible flow fields , and at least sana awareness on the part of the research
scientist of the nature of the prcblere of application facing the engineer. But Küdtenann seena to have
recognised, sore clearly than rust of his conteiçoraries, that a siiiple generalisation of the first design
principle for the classical wing, to regard it initially as a denand for streamline flow over a wing as a
whole, and later for a type of flow that was in sate sense , practically acceptable, appeared to allow
the original restriction to the high aspect-ratio unswept wing to be dropped aspletely, to open the way
to the design of wings of nudt sore general planform, and to allow the interactions between the major ele-
nents of an aircraft to be understood sat acas~rited for. He , sore than anyone, ensured that advancing
krx~,ledge was matched by oorrespcsr]ing advances in design pEiiloso~ ty, and by the developtent of techniques ,
both theoretical and experimental, that wxild make those advances applicable.

The develop’ent of that philoso~*ty gave continuity both to his own research and to the work that he
inspire] in others and through it he was led to recognise the way ahead in the design of sweptback wings:
to recognise, in particular , the isportance of the loss of the ‘sweep effect ’ at the centre and tips of
such a wing, and to devise ways of asintering it: to accept readily the practicability of leading-edge
vortices as a potential basis for the design of sle~ er wings, which played so inportant a part itt the
guidance of the research that led ultimately to Qx~corde: and to accept also the ‘wave-rider’ as a pos-
sible aerodynamic solution to flight at hypersonic speeds .

But many other exarples could be cited of the practical conseguences of Xüchenann ‘s design ptiiloscphy.It underlay alnust everything he did. And while it developed stea]ilythrough the years, its basic principlesnever changed significantly. ‘lb those who worked with list they largely define Dietrich Küthenann the aero-nautical scientist. And for rust of us they have beaste basic principles of our own.
At the sane tise, in our relationship with Dietridi , we enjoyed saiething else , felicitously shared byall who cam into adit tact with him: an imnadiate affection towards him, strengthened and made sore profoundby xg~tint~~1 axluajntance. I~ verei~~ for his wisdun and kna~iledge, his distinctive approach to scientificair] engineering questions , was inescapable; but his nutesty, at tines a self-effacing hunility, an interestin people , cuipassion, sensitivity, an ine~thaustible generosity in listening to the prdilam of othershelping then , a aging and teaching than, were qualities that generated love: rot the selfish love bornfran the expectation of approval by a great man: saiething sinpier , deeper , sore resprnsive to his warmth,his conviction that indeed “alle Mansdien werden BrÜder” . Yet , Küthanann was rot a person genuinely to betha9tt about or related to in sirpl e terse. He was too big a man to permit his qualities to be thus des-cribed in the facile language of every-day life. He possessed what so often accutpanies greatness: an inner

* of which a permanent record is provided by his massive output of published works. In addition to thebooks, “The Aerodynamics of Propulsion” (with 3. ~~~er , ?&~raw-Hill , 1953) air] “The Aerodynamic Designof Aircraft” (Pergatr ~i, 1978) , a o:mprthensive list of papers sat articles is cuitaine] in “The Publi-cati ons of Dietr ich Xüchanan n” (R A E Libra ry Bibliogra pty 357 , by L W .  Slaney, 1976) .
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contradiction, in his case between a belief in the essential harnony of mankind and a hesitancy, at cer-
tain periods of his life, to catinit hineelf fully to its society. It was an inconsistency that added to
his charm: ~ source of perpetual wonder to his friends : a frailty which intrigued tham and attracted then
still sore strongly towards him.

The circunetances which nurtured that wish for detachment can only be guessed at. Perhaps the guess
is wrong, but , as we have seen , the elemnts in his history which could have tended to set him apart a
little f ran his fellow sen ~re incontestable . He attended a school of which his father was the Headmaster ;
a relationship difficult esough for a child to manage when it devolved upon off ice alone, but the elder
Küchenann did sore than occupy a relatively exalted office: he was overtly anti-Nazi , resolute enough in
his op~osition to the sovenant to make his dismissal fran the post inevitable. Accordingly , the young
Dietrich was deprived of the opportunity to behave and be accepted as an ordinary schoolboy . Later , as a
University student and then as a research—worker , he experienced further isolation , growing—up in a society
with which he identified himself but whose leadership he rejected eotionally and intellectually : an att i-
tude, for samona of his integrity, that allcwei so rural cxsprcinise but neverth eless denarr]ed caution , a
habit of circunapect aloofness in his relationship with other students and rust of his colleagues. Perhaps ,
that habit of being ostensibly part of a social systen without belonging unreservedly to it retarned with
him for , sore than thirty years afterwards , as Head of the Aerodynamics Depar thent at Farnborough, he can-
plied inpeccably with the procedures and administrative rules of the British Civil Service whilst being
critical of then , frequently to the point of inpotent despa ir .

~~at might have decisively contributed to his feeling of singularity, even sore than the tortured
structure of Germany at that period , was his own originality; because , as a research-worker at Cottingen ,
his special way of looking at prcblam , of refining aerodynamic theory in order to adapt it to sate well-
defined practical aim , left him vulnerable to criti cism. He ru st often have had to defend an approa ch as
unconventional then as , later , it was to be influential in creating a ne~ systen of aerodynamic design .
Ln doing so in the early 1940 ’s, he was undoubtedly sustained by the conviction that he was right. But
even that had to be ccsplamnted. by a strength of character , a purposefulness, iii pursuing ideas saretirres
hostile to his scientific colleagues arid probably beyond the caiprehension of those who might have been
able to make use of then.

The need to preserve a belief in his ideas and to encourage their acceptance by others never left him .
But the task could only be accasplished by a partial disengagenant fran the ccmmity in which he worked.
He was never dogmatic about his theories : indeed , he listened patiently, courteously, when atte pts were
made to derolish then. Nonetheless, he was unresponsive, unyielding. His manner of dealing with is critics ,
in conversation or at a large, formal meeting, was as beautifully simple , reticent , dignified as it was
effective. He ~~u1d expound an idea , quietly listen to its rebuttal , then repeat his argiment with an
inçerturbable and inrocent disregard for all the attenpts made to refute it . Thereby, the critic was dis-
tracted, persuasively urged to examine his own logic rather than continue to attack KUchenann ‘S. At the
sane tire, it might well have afforded Dietri di an opportunity to indulge privately in a sense of hunour
that was a constant delight to his friends arid colleagues.

His protective shell , a sort of intellectual am our encuithering a man whose need for erotional links
with people around him was insistent , made him samwhat banused by the many honours that case his way;
as if their purpose were slightly suspect . Did they genuinely represent a personal recognition, or were
they elaborate social artefacts to install him in an establishment to which he did not, would not willingly,
belong? All the sane, he did riot belittle those horours individually. One of then, his Visiting Professor-
ship at Imperial College, provoked the renark , poignant and sincere : ‘This is just what my family had hoped
for me. It would have made then very happy” .

~thatever dilanrres he posed for hineelf in his relationships with people outside his hare , ar id certain-
ly not reciprocated by then , were unobtrusive in his attitude to nusic. It represented a form of expression
unconstrained in passion , neither needing nor receiving the guarded appraisal his upbringing had accustatsd
him to make of other activities . He was a gifted ‘cellist, who could readily have fashioned a professional
career as a performer , very nearly deciding to do so at the end of the War in Europe had his scientific
work r~ t been carpelling arid the opportunity to pursue it available. Even so, he subjected his talent to
merciless criticism, caiplaining with characteristic nuiesty that his technique of fingering was impaired
by his hand having too small a span : an inpedisent those who delightedly heard him play were never aware
of. His kiu~ledge of rrvsic was vast, his tastes discriminating but showing nothing of the sncthery that
satetines goes with the amateur . He would play a piece fran a Sullivan light opera with a similar dedi-
cation air] enjoysent that he shcwed for a Bach partita : although it was the latter that engaged his rap-
ture arid ccmmicated to his audience sarething of the expansive erotional qualities he possessed and which
he cutpelled hineelf strictly to discipline.

His belief in the unity of airope was unequivocal , to an extent that led him to accept seeningly
menial tasks : for fear that they might rot otherwise be perfomei scrupulously. ~bether they involved the
secretaryship of a body such as Euratech of which he was ae of the original architects , or the sore re-
vered, cutparably influential, position as chairman of the ~~Ag) Fluid ~ manics Panel , his cateithent was
cxztplete: his ideas on policy precise : and his determination to secure their acceptance arid realisation
irte tha ustible. Even after his health had begun to fail , he travelled iz~~~ssantly, often ormfining hineelf
to a hotel roan late into the night in order to cuipose the minutes of an international meeting; when can-
pleted, they set out with clarity in a language difficult to conceive rot to be originaily his own, ca~clu-
sicris and argirents that rust have aroused the envy of those initially responsible for than.

~hove all else in engineering, he had faith in the future of Aviation, rot just in the nethanistic
sense, but as a force for gnu] in the Sbrld , a vehicle for camunication arid understanding be~ ieen its
peoples. In his last work, “The Aercx]ynanic Design of Aircraft”, a nr,nrental si.ziining-up of his scientific
~biloeoçby arid the way he adapted it to the solution of engineering prthlem, he asks “Is cur work signif i-
cant arid worth while with regard to hiren society ar id the way we live? what is the social motivation of
aviation? ” Strangely, he dees rot really give the an~~~rs , but assume , in the final pages of the both ,
that the reader has worked than ar t for hineelf and ther~~iy shares the ~~ rvictton that they are benign arid
assuring of a pernenent future for the aez~plare. Dietrich Küthanann to the err] has used the dehating
technique he so often found successful at meetings. He was ri~ it then. Let us hope that he will ~~~rt inue
to be proved rl 4rt .

whether or rot that turns cut to be so, he has bequeathed to Aeronautics an indestructible test.thLwry
to his greatness: permanent evidence of the revolution he bra4rt about in aerodynamic design. His nate
will remin familiar to future generations . ~~.1t there are thoee of us who were sore fortunate in having
an opportunity to work with D]etricth K(~~ anann; In our warnt frierid&t ip with him: in possessing a isetory of
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him which we theri~ i. Sam perplexities rertain; and it is a tr ibute to his character and stature as a man
that we ponder than still. But we do so in spirit of the deepest and most lasting admiration, respect and
affection.

P.R.O.
E .C.M .

I
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KUCHEMANN ’S ROLE IN THE PROMOTION OF NEW W INDTUNNELS

Küchemann ’s invaluable endeavours for a new transonic windtunnel as an internatio-
nal concept can probably best be described by setting them in historical order.

Following the Specialists ’ Meeting on “Transonic Aerod ynamics ’ in 1968 , organized
by AGARD ’s Fluid Dynamics Panel (FDP), a small Evaluation Committee w~s set up, with
Küchemann as chairman , which produced the Technical Evaluation Report of that meeting.
Amongst others , one of the conclusions was that the meeting had shown the need for better
experimental facilities and techniques and that ‘ the Fluid Dynamics Panel should under-
take to examine the r~ eds of the NATO nations (particularly Europe ) with regard to pro-
viding wind—tunnel facilities for testing large models at high Reynolds numbers ” . It was
also suggested that ‘AGARD might be instrumental in bringing it about” .

Ki3chemann then continued along these lines to push the case for large European wind-
tunnel facilities, both inside the UK as well as outside . On his recommendation t~e FOP
held a Round Tab le Discussion in September 1969 on “Hig h—Reynolds—Number Problems ”
Kdchemann gave a presentation on the transonic flow over swept wings Many other speakers
covered such subjects as the types of windtunnels which could be considered and also the
possibility of a European project.

As a direct consequence of this Round Table Discussion the FOP chairman wrote to the
Director of AGARD and proposed the setting up of a Working Group (High Reynolds Wind Tun-
nel or HiRT Group) . The HiRT Group (with membership from four European nations and from
the USA) produced the results of its stud y in the timespan of about one year. The report
concentrated on transonic tunnels and it was concluded that there existed a critical need
for provision of hi gh Reynolds number tunnels within NATO and that two new types of tran-
sonic windtunnels were required , a Ludwieg Tube and a blow_dgwn tunnel.

In November 1979 the FDP chairman made a Special Report to the AGARD Nationa i Dele-
gates , calling their attention to the results of the HiRT Group study .

A second follow—up from the above mentioned Round Tabel Discussion was the organi—
sation , by the FDP , of a Specialists ’ Meeting having the primary aims of clarifying what
facilities shoud be specified for NATO purposes and what techniques should be developed
for use in the near future. 6This meeting was held in G~ttingen during April 1971 , and Küchemann was instrumen-
tal in its success by acting as chairman of the Programme Committee and as chairman of
the Round Table Discussion held at the end of the meeting. In reading the transcript of
that discussion it is clear that the technical forum supported KDchemann in his conclu-
s ion: “ so hasn ’ t the time cone when we ask our Masters to act , where we can say we
have gone far enough to ask them to take this matter seriously and to support further
work which would include financial support 

One week late:, the Defence Research Group of NATO organized (at the suggestion of
thsir French representative) a Se~ inar in St. Louis , France , to discur s problems relating
to aerodynamic testing faci litieb . Here , Kdchemann brought forward the conclusions of the
FOP Specialists ’ Meetin g: “The best technical advice available within AGARD leads to the
conclusion that one or several large new windtunnels would contribute immensely to the
effectiveness of a large number of aerospace systems now planned or contemplated within
the NATO nations ” and “ . . .  if  we want to face up to our responsibilities for the future ,
we need to pool our resources... Now is the time to ac~ and to go ahead together ” .

At the end of the Seminar a resolution was agreed , which was acted upon by both
the Defence Research Group (DRG ) and AGARD .

The DRG fornod an Ad—Hoc Working Group on “The Collaborative Possibilities for the
Provision of Major Aerodynamic Testing Facilities in Europe ” (AEROTEST) and AGARD formed
a Working Group of the Fluid Dynamics Panel on the subject of “Large Windtunne ls ” (Laws) .
The latter was concerned with the technical definiti on of the facilities needed in the
future for research and development of conventional aircraft (both combat and transport),
helicopters and V/STOL aircraft.

Kiichemann took upon himself the chairmanship of the LaWs Group . Under his vigorous
leadership the Group , with a membership from 8 nations (including the USA and Canada) ,
met 10 times in the period from December 1971 till December 1972. The active help of more
than 75 scientists from research establishments and industry was organized and a total
number of 132 paper s were produced espec4lj~ ç~ r he LaWs Group . The pest important we-
re collected in a number of AGARD reports ‘ ‘ The first LaWs paper , written by Küche—
mann , al ready gav~ 3in detail the plans he had towards the realisation of the first
LaWs—Group report . The report defined the needs for new aerodynamic testing facilities ,
covering all speed ranges. It concluded , however , that first priority should be given to
the provision of a new large transonic windtunnel of nearly equal importance.

Furthermore , upon Kflchemann ’s suggestion and supported by the LaWs Group members , it
was recommended that the European countries involved should devote some part of their 13National Research Programmes to a Collaborative Programme of Work is defined by the Group
which should provide technical information needed for the design and operation of the Euro-
pean windtunnels.

As four possible options were proposed for the drive system of the large transonic
tunnel it was recommended that Engineering Studies should be undertaken on these options
and that the Laws Group should meet again to consider these technical options and recom-
mend a preferred drive system.

On beha lf of the four nations which supported the studies (France , Germany , UK and
the Netherlands), AGARD subsequentl y placed a~jontract for the Engineering Studies with
the consulting firm DSMA of Toronto . A report appeared in Ap~~ l 1974 and , under KUche—
mann ’s chairmanship, the LaWs Group produced its second report , confining itself to the
requ ired transonic tunnel. It was concluded that , on the basis of the results of the work
done by DSMA and by the oriqinators of the proposed drive systems a recommendation on a
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preferred drive system could not yet be made, that further work would be necessary . In
oddit ion the required f low quality had to be difened and examined for each of the options .
It was recommended to set up a Technical Project Group of full-time professional engineers
for Sn independent osseasment of the Lrrformation provided .

ri the neantime the above mentioned AEROTEST Group of the DRG had produced its re-
po rt 1 ir. early 1973. Küchemann had maintained the liaison between the LaWs and AEROTEST
Groups. It was recommended to set up the Project Group for Transonic W indtunne l Definition
and to iraw up a general Memorandum of Understanding for co—oparation in the field of
provisi on and utilization of aerodynamic testing facilities , under the aegis of a Co—ordi-
nating Committee . Both recommendations were acted upon , the ORG set up Project Group
A C /243 (PG.7) and the general M0U between th~ 3 four partiôipating countries was signed .

As recommended in the first LaWs Report the Fluid Dynamics Panel took the initia-
tive in setting up a small Working Group (Mini LaWs) to find out what was being done , to
identify gaps and to recommend regions for closer co-operations and for work—sharing in
the field of operation and design of new windtunnels.

Again we find Küchemann as the active chairman and inspiration of this group , which
worked for two years from March 1973 until March 1975 , producing two reports with 1~ ~~~‘J ]~0W

of current work and recommendations on what should be done in a collaborative way
Upon his initiative experts from both sides of the ocean worked together to report on the
curreno situation and to recommend further activities in many important fields , such as
noise measurements , transonic test—section design , model design , etc.

When the Mini LaWs Working Group was reshaped in to a Sub-Committee by the Fluid Dyna-
mics Panel , because it looked as thoug h the work was going to be a worthwhile , continuing
effort , K~ichemann gave up his chairmanship of this activity. This was mainly because he
had accepted the chairmanship of the Fluid Dynamics Panel in the autumn of 1973 and he
felt it difficult to combine the two activities . There had been signs that his health
was failing

The further activities of Kdchemann in connection with large windtunnels included
a Course Directorship for a Lecture Series “Co~~ se on Large Transonic Windtunne ls ’ at the
Von K~ rn~n Institute in Brussels in early 1973 . This course was mainly based on the in—
o-ots to the work of the LaWs Group .

Finally, under his chairmanshi p of the Fluid Dynamics Panel a Specialists ’ Meeting
was hel~ 0in London in October 1975 on the subject of “Windtur tnel Design and Testing Tech-
niques ” , a suggestion which originated from the Mini LaWs Group work . In his closing—
speech at the meeting Küchemann again made a strong case for collaboration in the field
of aerodynamic research and for a European Transonic W indtunne l and finished by say ing:
“Now let us do it” . Two days later he resigned as chairman of the Fluid Dynamics Panel ,
in which function he had also tried to make a strong case for the advocated large Euro-
pean windtunnels and for strong collaboration and an exchange of data with the USA .

Until five months later , when his unexpected death came as a shock to the many pee—
pie who knew him , KDchemann stayed highly interested in the progress made in connection
wi th the proposed European trarisonic windtunnei .

He could get very pessimistic when things were not moving in the difficult field of
international co-operation as quickly as he would have liked . On the other hand he was
highly deli ghted when things began to move again unexpectedl y.

When , as we hope , the European Transonic Windtunnel is realized , the aerospace in-
dustries in the European countries will owe Küchemann a large debt for his excellent
ideas , his continuing initiatives , h is leadership and hi s perseverance .

J.P.H.
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I I I V E S T I G A T I ’ N  OF THE I flF T im ~~‘E A r . )  BY .iIFEE TYPE1 ~
OF ~ D I ~, M

P . .  Iu ~~~, hAF ,~~ c-l fu~7 : , IF
H. Graa~ r — ’2-a r c r o e r .  , :.F. i . x . l  .i~- n , ~ . Ii- cc a r ;

T .  ~~crr .aro , lEFT • ~~~~ ~oc , i r ~i r .  e

A )
) ( , r i : r a r , ts  ir. cal ra ’~ion of h~~t fiLm

B)

Act o r’ of i . l t u r .  ( o c : cec l, lon  2 . . )

~~
‘. V’~ it a p o

Frc~ ~~. r c ; j

:1 r , n o -.r F

n i’~~o~ : ‘d
p Static pr ’ o c u r o
q K i n e t i c  p r e c o u r o  of flow in t e s t — c o o t  i o n
T A bs ti u to torcpa raturc

U F l u i d  veloci ty (mean )

o Fluctuating longitudinal component of velocity

v F l u c t u a t i n g  lateral component of V e l o c i t y
V. , 7 , V , V Vo ltages associated with analysis ob  f l u c t u a t i n g  c i g r a l s
1 0 O~~ 0m (coo section 2~~~)

a , B Angles b e t w e e n  local f low di rec t ion  ar ,d o c r t r e — l i n e  of t e n t - c o c t i o n
or settling chamber in p i t c h  and yaw p lanes  r e s p e c t i v e l y

Re lative ba n dwidth ( A f I f
)

p Fluid density

SUP ERSCRIP T~
Corrected values (see section 2.3)

rms value of fluctuating component

SUBSCRIPTS
1 imme diately upstream of contraction

O stagnation ia lues

s se nsor
te st—section , free—stream valu~ s

u1, u2 reference values (see Section 2.3)

i INTRODUCTION

Previous studies ’ have addresse d the problem of defining the flow quality required
if accura te aerodynamic data are to be obtained quickly . In these , f l ow  q u a l i ty was
characterised by the leve l and spectra of static pressure fluctuations and overall turbu-
lence levels. This usage was enforced by previous experimental practice which , largely
for reasons of practical convenience , had assume d that the levels of fluctuations in static
pressure were an index of flow quali ty generally. The same assumption had to be made when
relating rates of data acquisition for various types of test to flow quality in existin g
facilities and , hence , interpre ting this data into flow quality requirements for given
speeds of data acquisition .

Al though some evidence is available to suggest that the unsteady a e c o r l y r a m i c  excita-
tion of models under test is related to the levels of free—stream static pressure fluctua-
t ions ’,2 , such a correlation cannot be regar ded as totally reliable under all circumstances.
Change s in static pressure , par ticularly at typ ica l wavelengths implied by the natural fre-
quencies of most models , are unlikely to cause significant changes in aerodynamic forces on
models. Suc h excitation is more likely to be due primarily to changes in angles of pitch
or yaw or to changes in dynamic pressure . The use of static pressure fluctuations as an

~~ index of flow quali ty thus presumes a correlation between this type of flow unsteadiness
an d other , probab ly more si g n i f i c a n t , types of unsteadiness. That such a correlation will
always exist is far from se lf—evident and may be especially doubted when comparing wind—
tunnels having very differen t and novel forms of drive system and , hence , differ ent sources
of unsteadiness.
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I t . - ~~ch n1 ;a x r~:ing 3r : ~: fur the tarC’: E ar  4CC: .  Hi gn F.eyr.olct s ~~cr --r T r a r ,~~~r.l C
.~ i:j—t.nr ,ol (..Edcl) (EATO li- I AC .3 (PI’/~~Il)) tEss cor.silerri that con’j~ r,tior.al  a : ~r —
c~ rts of static ~resoor fl..:t~ o t i - r s  r ,~~~iieu  to to supp lemented ry otri~-r cata ~r.on c
paring too j~ a11’ 1:5 o f tro f l  ~ ,:‘:~ ‘raO-rd by ph ~ t vercions of f types of ...i:c— ’ ~r n e s
on en nc ing corislue r ’: as op t l ~:s  h r EEi {HT.  t l ar ~ y ,  s t at i c  p r e s s  re ar -i .rr ~ L e c c o  ~o ’
we re necessary f o r  C ~0~~~O F l 5 O t o  w i t r  One re~ uirer.-n ta laid down ir. F-f ’ I; .t a s  ~lt1cr . al
r.easureme rtts Sere  de sirat~ e in to confirm tEat compari : ora m awr. ~r. th~ L~ : ~s
s~~at i c  pr scor e  f lu c t . a t i or s  s- re not m isleading tecause of d i f f e r i n g  re1ah~ ::nips Le~~ - r .
rois on aracteristic a:. m con - r oy~ics tf fi ~w unsteadiness. Tney .o r .si-m -~r- r.a - One moo ’
a p p r pr lat - :  f m c  of a~~m i t i c n w 1  da ta  w o u l d  be u n s t e a oy  a n a l o g u e  of onoso  mo os ~r -~-.er. ’ S
‘oat are r. ~rca. ly m ad— ItO or m o m  to icsoss the spatial o n i f o m m i  t y o ’ ’r o  t o F ~ r a l  ro~ ar.
flow. Soon cats c o m ~~d m~ot r :amily be interpreted in one lighI of avai .an~ e .. r . r  so of
t o l o r~ b~~e n o: . — m r i f o r r n i t y  of r.n~ mean fl~ w and could most  e a s i ly  be trans ,at ~ : in t o i a
: r o b a b l e  effect on ti-ie o b t a i n i r .g of aerodynamic  data.

The ~.ontiOies to be measured wore thus specified as:—

a) f l o c tu a t i r .g  s t a t i c  prescore on the sidewall of the test—secti or.

b)  o ur b .~lence  ir m o d i a t e l y  spstream of the contraction and in the test—sec~ i to

c) h .:o.ati no of flow angle (both pitch and yaw) in the te st—section

d) f h c ou a t i o n s  of bo th  p i t o t  and static pressures in the test—section fl ow

These r o e w s A r o m 0 0 0 s  were carried out in 3 wind—tunnels (Ludwieg tube ( L T ) ) ,  Ev a n s  h ear
Tur ne l  (~ E:2T) , a rd  injector driven tunnel (lOT , T2) an d supplemented by a d d i t io n a l  data
from a smaller IDT CT 2 ’).

A~ O :ough Ono se data have their genesis in the specific purpose of assisting an eval-

~ah o n of th ree  candidate drive systems for a par ticular application , the comprehensive
s e t s  of flow ~oal ity measurements thus obtained ire of wider interest.

2 E X F E R I I ~EIITAL METHODS

2. 1 Salier .t characteristics of’ the pilot wino-tunnels

The Lu dwieg tube (LT) was
constructed by modifying tube
“A” of the Göttingen Ludwieg
tube tunnel and operates on
the principles described in
Ref 3 and ~i . Its airline is
shown as Fi g 1. Flow is ini-
tiated by a double diaphragm

~~~ l b  log

soli d walls and is cy l in dr ical
wi th an internal diameter of
200mm and a length to diameter
ratio of 3.0.

The flow is generated by a
charge tube of leng th 80mm and
a diame ter of 399mm having
abou t the same length to dia-

Esg i Lud e g tu~~(LT ) meter ratio as the proposed
desi gn for LEHRT~ . A 2.5°
half—angle conical diffuser is
attached to the downstream end
of the charge tube having an
exit cross—sec tional area 3

time s that of the charge tube. This is followed by a honeycomb , 2 wire screens , and an axi-
symme tric convergent nozzle (of contraction ratio : 1) leading to the test—section .

The LT is designed for opera tion , with choked second throa t , at Mach numbers between
O .R and 1,0 and at stagnation pressures between 1.5 and 6.0 bars . Prior to the measurements
of flow quali ty the facility was calibrated by measurin g static pressures immediately up-
stream and downstre am of the sc..-’eens and in the test-section. Operation at test—section
Mach number CM ) between 0.36 and 0.92 was demonstrated at stagnation pressures of l5OkPa
and 25OkPa . T~e upper limit on Mach number was imposed by boundary layer growth in the
cylindrical tes t-section and fell to 0.82 with introduction of the flow quality probes so
that pi tch and yaw angle data at the highest Mach number was obtained at conditions close
to choking. The steady run time was approxim ately O .4s thus demonstrating that the addition
of the settling chamber did not significantly prolong the starting process as the theoreti-
cal run time 5 for instantaneous flow establishment is 0.~O4s.

Associated experiments of relevance to the quality of the flow produced by a Ludwieg
tube have been reported by Grauer—Cars tensen and ennc ern mea surements of the growth of
boundary-layer and consequent pressure change s in the 399mm internal diameter (ID) charge
and recovery tubes 6 . It was found that the edges of the boundary-layers move d at
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a pp r o x ir c a t e l ,y c on st a s t  rates towards  the  t ube  axes .  At  the c:wt am or .i Of ‘ho c n ar ~-
tob~~, the edg— of the  b o u n u a r y  layer  reached the tube  ax i s  at t i r .Cs  ( f r o m  i n i t i a t i on  of
flow) of 0.ios and 0.26s for charge tube Each numbers of 0.2 ~nd 0.3 re spe cti ;CL I — t om e
former  co r r e spond ing  to the  LT used for  the f low quality experi— nt. Corro-sponuing 2res-
cur e changes d om in g  the ste ady run time of this LT ( a t  2 ;D k P a  st a gn at i o r ,  p r e s o u r - : ) wor e  a
1% reduction in the s t agr a t i o n  pressure of flow through the t e s t -Se c t ion  ano a 7~ rise I:,
tlm ~ pressure at the u~ str -oa:n end of t im e  recovery  tube . These  ob c e r v at i c r . c are in
agreement with theory ,‘ wh ic h impl ies  th a t much smaller effects are to be an t i c i p a t es  a t
the s c a l -~ of LE I -f F T  ( Sm x ~+ .2m t e s t — s e c t i o n ) .

Tne ij ECT was c on s o r o c t a s  at
R AE ( B e d f o r d )  f o l l o W I n g  a
su c c e s s f u l  p r e l im ina ry  borneo .-
st r a t i o n  of wave c a n c el l a t io r ~~.

~ 
eru soils sidewails . es~

O~j v. t ,b, s e c t i o n  w i d t h  is f i x e d  at i l ’r t r o
~~~~~ ~~~ 

P ,t on and th e  hei ght was iAlmm giving
C,nt- ~~ t O n  a con traction ratio of lo.3 and

: e:b: n: ::da~ r
of of 586mm and a ler .gtr: of
30.5. The ~4 drive tubes each
have a bore of 152mm . An adjos-
a d j u s t a b l e  second t h roa t  is
loca ted downs t ream o f t o e  t e s t —
section and is followed by a
short , equal  area , t r a n s i t i o n
from r ec t angu la r  to c i r cu l a r

Fig 2 ECl pilot tunnel cross —sect ion and a c o n i c a l
d i f f u s e r  w h i c h  ends at the

exhaust valve . This valve is a 0. 508m diameter , edge sealed , butterfly valve opened by a
mechanical actuator in a time which is adjustable between l90ms and ~400ms . The return cir-
cuit , whose internal diameter is 508mm , inc ludes Li mi tre d corners (wi thou t tur ni ng va nes )
and brings the flow back to the upstream side of the main piston. This piston runs in th~
charge tub e and is connected to smaller drive pistons by wire ropes. Air to feed t h e  drive
tubes is drawn from the pul ley  hous ing , which acts as a plenum chamber , via t h r o t t l e s
formed by interchangeable orifice plates. The air in the pulley housing is rep len ish cd by
air drawn from either the charge tube or the return circuit. For the tests reported here
the feed to the drive tubes was taken from the charge tube and the throttles were wide open
(corres ponding to maximum pressure ratio).

Opera~.io n and performance of the pECT has been extensively described elsewhere ’’ ’’’
and it is sufficient to note here that changes in mean stagnation pressure during a run are
con fined to cyclic variations at frequencies of about 1.2Hz and 10.0Hz of magnitudes (at

= 0.9) of 0.1% m s  and 0.25% m s  respectively . The facility has been operated throughout
i ts design enve lope of stagnation pressure from l2OkPa to_ 3lOk Pa and Mach numbers between
0.30 ar. . 1.10. Steady run time varies with Mach number , having a typical value of l. 45s at
M,, 0.8 ; bu t for the tests reported here fixed length records of about l .Os duration were
taken during the steady run.

Two injector driven tunnels
(lOT) have recently been built
at ONERA/CERT in Toulouse .

_____ 

______ 

_______ 

~ r:~J 
o w e ’

~~~~~~~ buil t and used , the prob lem of
designing very large facili ties
of this type was readdressed in

_____ - a comprehensive fashion by
Carriere ’’ . This reappraisal

______ in troduced a novel form of com—
- - bined turning vanes and injec-

tor and showed that a large lOT
mi gh t be made to start in an
accep tably short time . Valida-
tion of theory and opti ”~isa t ion
of circui t layout we’~e accom-
plished in a sma ll pilot IDT
known as T2 ’ . Subsequently , a

Fig3 Inj.ctordrivsn tunnhl (IDT): 12 larger fac ili ty, known as T?,
was cons tructed and commissioned.
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The smaller  lOT ( i ~~’)  has a so l id—wal led  t e s t - s e c t i o n  of r e c t a n g u l a r  c r o s s —  s e c t ion
100mm high by 100mm wide . The c o n t r a c t i o n  ratio is 9.0 and the test-section is followed
by the first diffuser in which much of the diffusion is accomplished by abstraction of air
through the porous walls. The air thus discharged to atmosphere balances the  inflow of aIr
a t the injector which is combined w i t h  the  turning vanes of the first c o r n e r .  The i nh c o s
airflow enters the corner at a Mach n u m b e r  of up to 0.6 and the injected air issues from
the  base of the corner vanes at a Each n umber of 1.6 .  A t r a n s i t i o n  f rom r e c t a ng u l a r  to
circ ular cross—section is combined who f-srtn~ m diffusion between the first ar.d second
corners . A final diffuser is located d o w n s t r e a m  of the second corner whence the t r i r d  a n d
f.u rth corners bring she flow b a o x  to the settling cnam tor .

The larger IDT (T 2) has a similar l a y ou t  (Fi g 3) bu t  has a square test—sect i on of

~DDmmn width and height ’’. The roof and floors can be either solid or perforated ar:d their
angle of divergence can be varied between ± ~~ in the interest of fl0w uniformity. A so l id
roof and solid floor were used for the tests de sc r ibed  in this report. This facility is
designed for operation at Mach numbers between 0.3 and 1.1 at stagnatior . pressures from
200kPa to iO0kPa; but operation was limited by structural problems to stagnation pressures
below 25OkPa for part of the tests described in t h i s  report. The only major difference
be tween the air lines of T2 an d of T2 ’ is that in the former the fourth corner is followed
by a rapid expansion ratner than leading directly t o  the settling chamber. By this means a
contraction ratio of’ 20 is obtained in 0 .. . BoO n facilities are capable of long steady run
time s (30s for T2) and full advantage waS taken of this in order to obtain long records so
as to obtain accurate data e v e n  at very low frequen ~ ies (see section 2.Li ).

The TA ’ facility has been extensively employed for investigations of rapid flow
establishment , injector  pe r fo rmance , the generation of noise at the injector and ameliora-
tion of the influence of this noise on the test—section by means of the second throat and
acoustic lining of the return circuit. This work is reported in detail ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2 . 2  Pr ob e desi gns

Turbulence measurements in the
iiECT and IDT were made using a
hot-film , wedge—shaped , V-probe,,4~ 
under constant temperature con-
ditions. Salien t dimensions of
the DISA type 55R72 probes used

I are shown in Fig Li. It will be

~~~ lie n edge s of a wedge

~~~~~~~~~~ apex of th e V  points into wind
and has an included angle of 900
Ins tantaneous  veloci t ies  are

o,,’.n,~~. ~ deduced from the instantaneous
power inputs necessary to main-
tain the probe at a constant
temperature . These powe r inputsFi94 Hot-film PrObe ~ were provide d by DSIA or TSI
constant—temperature anemome ter
systems as used with most hot-
wire or hot film probes.  The
probes were mounted on supports
specially manufactured to suit
each wind—tunnel , the tip of the
probe being at least 90mm up-
stream of the leading edge of

the support . The probes were provide d by DFVLR—AVA .

In the ~ECT wind-tunnel the probes were mounted on the centre—line s of the facility
in the test— section and just upstream of the contraction . Owing to difficulties described
in section 2.5, the measurements in the IDT (T2 1) test—section were made with the nose of
the probe 55mm ahead of the centre—line of a 6mm diameter cylindrical support and 20mm
from the test-section wall (ie the distance between the wall and the tip of the probe was
140% of the half—width of the test-section). However , this support was small and the probe
was well outside the sidewall boundary—layer so that no significan t diffe rences we re antici-
pated on account of this change in mounting arrangement .

Probe characteristics may be summarised as follows :-

TABLE 1
Characteristics of V—Probes

Probe User/Calibra tor Resistance of film Resistances 

res~~~~~~~~~~F~~~ OC)

No 1 ONERA /NLR

No 2 RAE/NLR

N nkT~~DA I f , ,C’DA (114.71 1.00 0.32
0 ,, 12 2
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B o o  wire measurements were made by 0~ E R A  in the settling chanr..-srs of TA ’ a:.i I ~o. orser
to supplement  the h o t - f i l m  data .

in the LT f a c i l i t y  the use of hot—film probes was r o t  s~. oo es sf ~~~, soe r t i n g l y oL.-o t o
their  the rmal  response c h a r a c t e r i s t i c s, and h o t — w i r e  p r o b e s  were uses i n s i o a s .  ho :. these ,
tests were performed at various radial positions in the settling coaro n- -~r j.~st ;.sOm~ ar.
the  c o n t r a c t i o n . A l t h o u g h  it had been anticipated that hot—wire probes ~~~~~~~~ n o t  w i o n s t a r . :
t h e  aerodynamic loads within transonic test—sections — which was One reacon for o~ pp y ing
ho t  f i l m  probes  — some tes ts  were made in the t e s t — s e c t i o n  w i t h  especially 505igmos h o t —
wire probes , but f a i l ed .

Measurements of static pressure on the sidewalls of the t e s t — s e c t i o n s  o f  or e 0
both ItT T2’ and T2 were made using Kulite transducers having a very high nat .ral fma 4 . enoy
( c i r c a  7 0 k H z ) .  In the pE CT frequency response was sacr i f iced in favour of in cr e a s e s  se t h —
t iv i t y  by using a BEF type l0~40 d i f fe rent ia l  pressure transducer wi th  One ref ~ ror .ce pipe
connected to an adjacent s t a t i c  tapping via a long length of 1.5mm internal slaroeter , pvc
tubing.  This arrangement confined measurements to the frequency range of 6Hz to 8 H z ;  b oO
gave a s ens i t iv i ty  of 0 . 5 2 v / k P a  as compared to the 3 00u V/ k Pa typically obtained from the
K u l i t e  transducers .

F luc tua t ions  in f l o w  angle ,
p i to t  press u re , and free—

I K~ . C OL @32 50 ~~~~~~~~~ I s tream s t a t i c  pressure were
-- measured by probes manufac-

e e - 
________ 

- 

. 
trated in Fi g s 5  and 6

I . - These are adaptations of types
C~ IL. of probe commonly used for

measurements of the mean f low ;__4

~~~~~~~~~~

_ internally mounted transducers
of hi gh frequency response
being substituted for tubing
to remote instrumentation .
The Ku li te  transducers used
(type C Q L — 5 2 — 5 0 )  had s e n s i t i —

‘.—‘i -.“ I .’3.I v i t ies  aroun d 2 90 p V/kPa  and
resonant frequencies of 70kHz.
The dimensions of the yawmeter
were kept small so that m di-

Fig5 Yaw me~~r vidual transducer readings
could be comb ined to give f l o w
angles without fear of errors
due to phase d i f ferences  due
to the f inite time for di s tur—

- bances to pass across the probe.
For exam pl e , an ac ous t ic d is-
turbance takes only l8lj s to

______________ 
travel a distance equal to the

- —h- - ~~~ ) .4

•j  ~ ~~~~jJ d..ameter of the yaw meter .  A
I \~ 9Q0 phase error between rea-

°‘ ~~~~~~~~~~~~~~~~~~ dings of the transducers , whic h
fl S~I~~ h flfl~ fl eo~f l3o~ nd fl p,.b. were at 3mm centres , was not

likely to occu r , therefore ,
St*t~ ., OSdI until a frequency of about 28kHz.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ Likewise , the fundamental fre-
- quency of standing waves in the

in le t p ipes to all transducers
was above this frequency which
re presents the approximate

I1 upper limit to valid data from
AU d,,fl.fl,,o.,. in ~flfl. these probes. The Ku lite trans—

T~3n.l waIl (aid, ) ducers use d employ a strain
gauge bridge of 7500 overall
resistance. The require d 5v
exci tation voltage was obtained

A 6 Pitot static n”~~ 
from a 20v dc power supply usingg a 22500 resistor in series with
each transducer. This conforme d
to the manufacturer ’s recommen-
dations ; the change of sensiti-
vity being th8reby reduced to
0.145% per 100 C. For the tests
in the LT the excitation voltage

was obtained from a stabilised 5v do power supply .

2.3 Calibration of probes

The output of hot films are very sensitive to temperature variations and can vary
with differences in the equipment associated with their use (power supplies etc) . Thus, a
single calibration could not be used for all teats. Instead , probes 1 and 2 were calibrated
at NLR over the range 143 < pU < 1490 (pU in kg m 2a 1 )  in order to check the correct function —
ing of the probes , to establish the alignments of the two films to the axis of the probe ,
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14)

in S  t o  :-~o -~ rmon-3 a “ ..rs:versal oa~~o o r a t i o n  c u r v e ” . For  tn ~ ~a t t er p u r p o s e , the recovery
factor çr) .iao first s-~t-~rr.ine : -as r 0.87. hnce tr.e temper at-~re of Ore ser.sor (Ta )
co~~. : be obtaine : fr m  t:e f i t m  r e s i s t a n c e , t h i s  e nt r i e s  m easured o u t p u t  v o l t a g e s  ( E )  to

corrfct-~ : for ;aniati;-1 s in tentperat~ re , One co r rec t -a s vo l t age  5’ t e in g  g ive r, by

~ ______

ao.- -r- ~ T0 i~ a re ference stagnat ion temperature , say t h a t  of the first measuring point.

The meas~ red temp-oral mean velocity (U) was corrected for d e n s i t y  -changes to f o r m
a c o r r e c t e d  velocity gove n ny

=

l o rr e o te i v o l t a g e s  p l o t t e d  as a f u n c t i o n  of c o r r e c t e d  s p e e d s  t h e n  fo rm ed  a c a l i n r a —
tion curve . To allow for variations in. ancillary elolome nt , 0013 c a l i b r a t i o n  Curve
5’ * f(U’) was used to form a ‘ o ni v er o a  cat  b n r a t i o n  c u rve ” E~~ f ( U ) b~ the l on e a r
t r a n s f o r m a t i o n : —

— — 5*
— F’ E~ - 3*

U2

in wn i sn  s u f f i c e s  1 a n d  2 d er. ot -: c a l i o r a t i o n  points at low and nigh v a l u e s  of r e s p e s—
t i v el y .  One corresponding values E’u 1 a n d  U~~15 can be chosen a rt i t r ar i ly  an-s were f ix e S
at values wnii- c h made E ’u an approximately Line~~r f -u n c t i on .  -of U ’ an t  , n en c e , f a c i l i t a t e d
one e v a lu a t i o n  of the d e r i v a t iv e s  of E’ w i t h  U ’ re~~u ire d  f o r  d a t a  res~ ct i on .

The “ universa l  c a l i b r a tI on  c .rve ” was used as a means of i n t e rp o l a t i n g  data  o b t a i n e d
during each series of t e s t s .  For each set  of t e s t s , the cor rec te d  mean va lues  of E ’ at a
high and a low mean value of tS’ were used as c a l i or a t ion  p o i n t s .  The “ un ive r sa l  ca l ibra-
t ion  curve ” was then  used as a means of i n t e r p o l a t i n g  b e t w e e n  t h e s e  c a l i b r a t i o n  curves to
obtain U ’ and the necessary derivative (aE’/~~i’) appropriate to each test c o n d i t i o n  f rom
the mean value of 5’ measured during that test.

Following the loss of probe
N-c 2 and the substitution of
probe No 3 ,  a similar ca l l—

5 ~‘.*a
•.e // b r a t i O n  process was fo l lowed

ny  DN EP .A f-o r the l a t t e r  p robe .
0 1 ig 7 snows how we l l  data f rom

p r o b e  3 was corre la ted  w i t h
data  from probes 1 and 2 us ing

‘ Pfl000. $ 2  the “universal calibration
curve ” . Subsequently the cali-
bration of probe No 2 was exten-

/‘ ded to values of pU as low as
nJ 8 .4  kg m 2 s~~- using the T~AE

02 - 7’ Boundary-Layer Research T~ r.r.el

V preparatory to m e a s u r e m e n t s  in
the charge tube of the SECT.

00 30 00 200 fidO 000
u• ,.~ Pressure transducers use-i in

the various probes were cal i -
brated statically prior to use

FIg 7 Universal calibration curve for hot and these c al i b  ra t  ions were
fi~m probes checked before  each run by

vary ing  the pressure of t h e
( s t a t i o n a r y ) air  in the t u n n e l
c i r c u i t s .

The p i t o t — s t a t i c  and yawmeter probes were checked in a precursor series of t e s t s  in
the ~iECT in order to confirm that their steady aerodynamic characteristics were t y p i c a l  of
the conventional probes from which they were derived , and , hence , to gain con fide n c-] in the
measuremen ts made with them. These tests were not intended as exhaustive aerody namic cali-
brations; but rather sought assurance concerning possible specific problems . For exaro p i~~,
it was postulated that high supervelocities around the lip of the pitot probe might , at
high subsonic speeds , give rise to regions of supersonic flow terminated by a shockwa ve .
The resulting disturbed flow could invalidate data obtained from the static pressure t.-ap-
pings . To this end , measurements were made of’ the mean va lues of pitot and static pres s0r- -
indicated by the probe as well as stagnation pressure and pressure in the plenum cnamb er
obtained from the fixed instrumentation of’ the 4JECT.Mach numbers were obtained from the
probe da ta and from the tunnel instrumentation . The differences between these 2 Mac h num-
bers are shown as a function of M,, in Fig 8 .  It is probable that some of ’ the variation
shown in this figure is due to variation of the pressure difference across the slotted
liners . Thus , Fig 8 is by no means an absolute calibration of the pitot static probe .
What is does show is that there is no abrupt change in the difference between probe and
tunnel instrumentation data at Mach numbers below 0.8. The variation for M > 0 . 8  is pr - °-
bably due to the development of local regions of transonic flow . It was concluded that
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errors in s t a t i c  pressure
measured by the pitot static
probe were lii~ely to  be small
at  least for  M ~ 0.80. In the
even t , data obtained with this
probe did not  exh ib i t  any

.003 - 
0 marked difference in pressure

j  f l u c tua tions for  M~ < 0 .8  and
M > 0 . 6 .  Hence , e f f e c t s  of

~002 supercritical flow on the mea—
o surements seen to have been

.00, - small at speeds . The primary
question concerning the yawmeter

‘3 0 was whe ther its sensitivi ty
would be materially altered by

0 2  0.U o ~~~ 
M 

~~~ ~ having the pressure transducers
— so close to the su r face  of the

- 0 0 1  - pro be.  The loca l f low angle is
0 compu ted by formi ng a pressure

coef f i c i en t  from the d i f f e rence
- in the pressures measured by

each pair of transducers and the
free-stream dynamic pressure .

F’,g 8 Companson of data from pitOt Stati c This pressure coefficient is
probe and from fixed tunnel t r ans la ted  in to  a flow angle
instrumentation (pECT) using the probe sensitivity ie

the rate of change of this pressure coefficient with angulat displacement of the probe .
The sensitivity was determined at M = 0.7 by performing run s with the probe mounted at
vari ous angles of incidence to the free-stream . These tests yielded a sensitivity of
0.0-~a7 per degree which , being in reasonable accord with the sensitivity of 0.040 per degree
quoted in Ref lE for a similar probe at M 0, was used throughout all the data reduction.

2 . 4 ~e t h o ds  of data reduc t ion

The concep t  of analys ing any complex periodic signal in to  a series of sinusoidals ,
enown as i t s  Fourier  c omponents , is too well known to require  re i te ra t ion. However , it is
useful to rehearse the findamental ideas involved in the extension of this principle to
aperiodic signals — such as those encountered in the present work .

Consider an idealised apparatus in which a signal is processed by a number of fil-
ters in. p a r a l l e l .  These f i l t e r s  are ideal bandpass f i l t e r s  wi th  the i r  cen t r e- f r equenc ie s
f and can . - iw i - it h s  If chosen that were the input a pure sinusoid it would , whatever its fre—
q u e n c y ,  pass th rough  one , but  only one , of the f i l t e r s. The o u t p u t s  from the f i l t e r s  are
e u ch  m’~as-ur ed by a m e t e r  record ing i t s  r o o t — m e a n — s q u a r e  ( rrcs) value . Al l  p rac t ica l  means

F o u r i e r  analys is  a rt  o t t e m p t s  to reproduce the f u n c t i o n  — if not the form — of th is
id-a -a~ ised apparatus.

f a pure sine-wave is input to the apparatus a null readinL will be seen on all the
o - .t p ~~t channels  e x c e p t  -one — which wi l l  ind ica te  the m s  value of the input  signal.  The
c e n t r e  f r e iu e n - c y of t n is  channel wi l l  provide an es t imate  of f requency of the input  signal.

f t h e  n u m b e r  -of f i l t e r s  (and meters ) is increased , while still maintaining a complete , but
r o r , —redu r .d an t , c-overage of the frequency range , the result will not change except that a
better estimate of the input signal f requ e ncy wi l l  b e ob taine d .

~cw , consi der input of a periodic , but non—sinusoidal , signal . Non—zero readings
w i l l  now be observed on several meters . These readings will be the m s  value of the Fourier
c o m p o n e n t s  of the i n p u t  signal and the centre frequencies of the corresponding filters pro-
vi de estimates of the frequencies of these components. The result of such a test can be
represented graphically by a histogram giving rms value s for each centre frequency . If , as
before , the number of filters is increased the result is unchange d in that the same set of
m s  readings will be observed but the reduced bandwidth of the corresponding filters will
imply greater certainty in the estimates of the frequencies. Thus , apart from the resolu-
tion on the frequency scale , the histogram representation of the results is independant of
the bandwidth used in the filtering. Since any individual Fourier component will pass
through one , but only one , filter the input signal power is equal to the sum of the powers
of the outputs ie if the m s  of the input is V~ and the rms of the output s are V01, V~2,V0 , then:—m 

~~j .

So far only strictly periodic signals have been considered. Any aperiodicity
involves a fundamental change in the underlying mathematics ’7 . Application of Fourier
analysis to an aperiodic signal yields Fourier components at an infinite number of frequen-
cies. Hence , application of an aperiodic input to the idealised apparatus will produce
non—zero readings on all of the output meters . The equality of the input signal power and
the sum of the output powers is unaff ected by the aperiodicity of the input since this
equality depends only on the complete , but non-overlapping, coverage of the frequency range
by the filters . The result of the test can be represented by a histogram of output readings
as a function of frequency ; but such a presentation is no longe r meaningful as may be seen
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b y co.-isi s er in g  tn -~ e f f e c t s  of in.c reas ing  toe n u m b e r  of f i l t e r s . W i t n  an i n c r e a s es  n~ m oer
of filters , non— :ero readings will ne recorde-t on everyone of tne meters d-~sp i e t rt e ir
n u m n e r  h a v in g  been i ncr e a s e d .  A: toe sum of the  outpu t signal cowers must r-~ma ir .  c o n s t a n t ,
tne individual readings will be decreased in m a gn it ~~1-, ~~~ to tn - a  in c r ea s e d  n u m b e r  o f  o u t —
p~~ t readings. Thus , the presentation of the results is n ox d ep en d a n t  u p o n  one r, u m n e r  of
f ilt e r s  ie upon  d e t a i l s  of the m e-’n ~d of a n a ly s i s .  This  is obvi~~~sly  ~ni~~sir a b le .

We now presume that the distribution of signal power witr, fre-~uency is reas-onan ly
flat — leaving precise definition of what is meant ny tr . i s  statement until later. Consider
now the case in which  one of the f i l t e r s  in the  idea l i sed  a p p a r a t u s  has a cen t r e  f r e o j u e n .  cy
f and a bandwidth ~f. The cor responding  output rms reading is J n o t e d  b y 

~~~~~ 
Let this

filter be replaced by a number of filters each of b a r . i w i d t h  I f / b  and c e n t r e— f r e q ~ e n cI e s
such that the range Of is c o m p l e t e l y  cov ered  ( w i t h o~~t o v e r lap p i n g )  ny  the ne w set  of
filters . It is evident , from the preceeding discussions , tnat the cur. of  the o u tp u t powers
is unchanged by the substitution of the new set of filters for the old. A s the  di s t r ib~~—
t ion of’ output power wito fre~ eertoy is supposed to be r e a s o n a b l y  f l a t , the new o u t p u t  r c a—
s i r g s  can be taken to be equal to each other and can be denoted by ~~~

The n : —  
= b V0

2

or t p 
=

This imm e d i a t e l y  suggeot s  the use of a va r i ab l e  forme d by d i v id in g  the  meter rca—
di n.gs by the s-~ua re  r o o t  of the bandwid th  of the assoc ia ted  f i l t e r .  In p r a c t i c e , In t e g r a —

of the sata is f a c i l i t a t e d  by osir g the relative bandwidth (ie t ~~f Ij ’ ) r a th e r  than
the abs-ol~ oe value Af . In t h i s  ca~ e~ the output variable at frequency f becomes ~~~~~~,jit n, toe wide bandwidto filter ari a /1. V0 /IZ with the set of narrow bandwidtn filters.
Sinc e V 5 /E * ~~ 

it is clear that the n~w variable is independnnt of ~ f and a histogram of
it:. o-arittion -aitn: frequency is a useful way of displaying the output data.

211 of the varie ties of Fourier analysis equipment used in toe a n a l y s e s  of the d a t a
uescrire-s in t h i s  report are attempts to realise an idealised arrangement as described

i i .  a d d i t i on , the bandwidth is made sufficiently small that i t  is smaller than the
expected bandwidth of the sharpest peak in the spectrum (thus elucidating what was meant
-aaruier by the term “reasonab ly f la t”). The measured rms values then provide a close app-
roximati~ n to a continuous spectrum . However , even exc luding the possibility tnat the bans-
widtns -used are insufficiently small in relation to the peaks in the spectra (this -does not
seem to nave been troublesome except where spurious mechanical or acousrical effects were
involved), a choice remains as to the precise value of bandwidth to be used. A narrow band-
width gives high precision in the definition of the frequencies; but , for a given dura tion
of signal to be analysed , implies large , and unavoidable , st.~ t.istical uncertaintic: in the
measured amplitudes. Thus , a trade—off exists between record length , accuracy of amplitude
measurement , and discrimination of frequencies. The actual values used in the various
experiments are listed below:—

Standard deviation
Institute Freque ncy range Bandwidth Record length of measured

(kH 5) (t~t 5) 
-______________ 

amplitude s

0 to 2 .0  4 0 .40  7 9%DFVLR 0 to 10.0 20 0.40 35%

0 to 0.10 0.5 20.0 32%
ONERA 0.01 to 2.0 10.0 1.00 32%

0.20 to 40.0 200.0 0.05 32%

0.10 to 10.0 6% of centre f 1.00 41% to 4%RAE 0.20 to 20.0 156.0 1.00

The standard deviation shown in the above table is the statistical error inhe rent
ir tr.e method of analysis. This was improved upon in most cases by analysis of several
records thus effectively extending the length of record availab le for analysis . It does
n-~t Include errors due to noise on the signals etc.

Analysis at the DFVLR was performe d by a Nicolet Scientific Corporatio n Spectrum
ar .aiyser type UA500A using signals recorded on a magnetic tape recorder and replayed at

- -~th of the recording speed. A similar type of recording system (and speed step—down)
wa.; used in the analysis performe d at RAE which , however , used a Hewlett-Packard type
5~ 51A Fourier analyser.

At DFVLR , differential signals such as from p9.irs of transducers in the yawmeter
were derived during the run using differential amplifiers and were recorded in parallel
witn the individual transducer outputs. At RAE , only the individual transducer signals
were recorded and the differencing was performed by replaying these signals into a
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differential amplifier. The input channel gains of this amplifier were adjusted so as
to obtain null output when replaying a calibration signal which had been supplied simul-
taneously t o all recorder channels immediately prior to each run - thus compensating for
diffe rences inc recorder gains. The ONERA method of analysis was centred on a Hewlett—
Pac kard 2100 mini—computer. This technique is fully described in, Ref 18 which  inc ludes  a
l i s t i n g  of the fas t  Fourier t r a n s f o r m  program use-b .

2.5 SpeCial experime ntal 5roblems -an-b t h e i r  reso lu tion

Two mechanical failures of probes were encountered. In the first of these a n o t -
f i l m  p r o b e  be ing  used f o r  a test in. T2’ at M~ 0.6 developed a split in the probe itself
an d t he  leads to one f i l m  were b r o k e n .  This  was  a t t r i b u t e d  to mechanical vibration of the
p r o b e.  This  p :~~be ~as rep o c e i  ny  one a v a i l a b l e  at ONERA which , upon ca l ib ra t ion, was f o u n d
to have  a very s i m i l a r  cn a r a c t e r i s t i o  to t h a t  possessed by the or iginal  probe p r ior  to i t s
loss .  The t e s t s  were  c~~n .t inu e  o~~cces sf ~ 1ly w i t h  a shor tened  probe support  which  r e d u c e d
probe v i b r a t i o n  at the  c-o at  -

~~ m o v i n g  the probe away from the tunne l c e n t r e — l i n e . Data  f o r
the ILT f a c i l i t i e s  are th~ s for  the t~~r t u l er c e  probe moun ted  20mm away f r o m  a tunne l  side-
wa l l  r a ther  than.  on toe s e n o r - a - l i n e  of the  t e s t — s e c t i o n .  In the second f a i lu re , a K u l i t e
t ransducer  in the  p i t o t - s t a t l t  p r o b e  f a i l e d  during tests in the LT. The t r an s d u c e r  was
replaced and the prob e recalibrated prior to subsequent tests.

All the fa-u i l i t ie s  were des igned  to produce a very low level of f low d i s tu rbances .
Consequen t ly ,  i t  was somet imes d i f f i c u l t  to analyse  the tes t  data since the very low signa ls
were con tam i ra teb  by e l e c t r i c a l  n o i s e .  This problem was especial ly severe in the case of
tes ts in the ~ECT us ing the p i t o t  s t a t i c  probe and was a t t r i b u t e d  to t he opera t ion of heavy
elec trical plant near the test site . This was resolved using records taken immediately
prior to  the tes t  ( w i t h o u t  air f low over the probe) and by quadratic differencing of “w i n d -
off” and “wind—on ” measurements. In order to obtain the requisite accuracy of amplitude
measureme nts it was necessary , on this occasion alone , to use relative bandwidths of up to
h f / f 0 .20 thus  s ac r i f i c ing  much f requency reso lu t ion  for accuracy in amp l i t ude . As a
f ina l  check overal l  m s  measurements  were made for  the range 0.1 < n < 1.0 and for  O f 0 .5
kHz at n > 1.0. Although quite obscuring any details of the spectrum ,this enabled accurate
rms values to be ob ta ined  so that  the aerodynamic c o n t r i b u t i o n  to these could  be e v a l u a t e d
wi th  con f idence .  Comparison be tween  the two sets of data thus obtained is shown in Fi g 3 .

The fa i r  measure of agreemen t
be tween mean levels ind ica tes
that the corrections applied to

-$  the narrow band data were
s,... ...... -. / reasonably success ful .

‘a

T~9~~~~ / At DFVLR a signal to no i se  r a t i o
/ was achieved which a clear sep—

- / ara t ion  of signal and noise up

/ -

~~ to f requencies  of 15kHz.

/ / v  In several  cases , d i f f i c u l t i e s
/~~ were encountered with the

— — —  appearance of large , sha rp
peaks in the measure-b spectra .

__________________________________ An example from the  LT is given
in Fig 10 whicn  show: a t y p i c a l
pressure f l u c t u a t ion  s p e c t r u m
obta ined from a p r e s s u r e  p r o n e
s i tua ted  on the axis  -of  t h e
circ ular test section . The

Fig 9 Compwison of data obtained by twO pos i t ion  of the obvIous peaks
methods: pitot static probe.p ECT depends on test section dia-

me ter and Mac h num ber .  A pl ot
of frequencies of pea ks as a
func tion o f Mach numbe r as
given in Fig 11 indicates that

there are two different sources for such intensity peaks. The peaks for which frequency
increas es with Mach number can be related to the shedding of von Karman vortex streets from
the probe support. -

The others , for which frequency decreases slightly with increasing Mach number , were
found to correspond to cylindrical acoustic waves travelling upstream through the t e s t
sec tion . Closer investigation of this phenomenon shows that this second group of peaks are
not representing discrete resonance frequencies but that they are the edges of frequency
bands .

It seems that the acoustic waves are generated by the local turbulent wall boundary
layer. Theoretical consideration s ’9 suggest that — in the near vicinity of each n — t b  peak
— the in tens i ty  is proportiona l to

/~ - ( 1 -
it  can clearly be seen that the given fluc tuation intensity has peaks for

( (02 ) 2 — (1 — M 2 ) 1n
2 0
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where 1n 
us ;i/er~ cy

R )  0

I ~ A comparison uf tneo reti :ally predicted peak

~~~~~~~~~~ 

frequen cies with act~ a~ experimental results
is given in Fig II. The dc-c rease  of amplitude
w i t h  higher fre c~ encies as i n d l o a t e s  by toe
above r e l a t i o n  can a l s o  be r ecogn ize d in the

I t e s t  r e s u l t s , an d  it follows tnat other e f f e c t s
I I c o n t r i b u t i n g  to the measured total f l u c t u a t i o n

— hi i n t e n s i t y  are completely -obscured by TheSe
~~‘ VII acoustic waves.

I I It seems tha t  c o n d i t i o n s  for  development  of
acoustic waves are unusually favourab le in the
special  LT test section in which they were
observed first. As , however , the or igin o f

~ .~~~~ 
these waves is independent of the drive system ,
occ urre nce of acous t ic wave s is not  s p e c i f i c
for  LT tunnels  and should be regarded fo r  any
type of wind tunne l .  As shown in Fi g 13, on
which is p l o t t e d  the f requency of peaks in the

_________________________________ tu rbu lence  spectra  measured in the j ECT , most
is of such f requenc ies  found in th i s  f a c i l i t y  were

independant  of the t e s t — s e c t i o n  Mach number
and , accordingly , were attribu ted to mechanical
vibrations of the probe and its support . The

Fig 10 Fluctuation :f pitot preuure in remaining peaks , ie t~ 0se whose f requencies
Ofl aerodynamic e f f e c t s .  It may be that  some of

these had a similar acoustical cause to the
peaks found in the LT. However , th is  is
unl ikely  as the ana lys is  of Ref 19 indicates
that such effects are much more pronounced in an

axisymmetr ic , closed test—
___________________________________ section than in the slotted—

—
-
~~ * 

wall, rectangular cross-section ,
* 

* test—section of the uECT .

~~~~~~~~~~~~~~~~~ — • : In all cases where sharp pro-

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ nounced peaks could be attri-
buted to mechanical resonances ,

~~ t_—s li~ ~ —~--- 2  these were excluded from the.-_‘

— -
_.

~~~~
— -_ - — -_- - ~~~~~~~~~~~~

—.---- data present ed  in th is  report
an d their contr i butions to the
total rms signals have been
abstracted during the deriva-
tion of any integrated values ,
wherever these peaks were of
s u f f i c i e n t l y  narrow bandwidth
to suggest that the associated
dis turbances  were conf ined to
the immediate vicinity of the
peaks and , h ance , did not

F ig i l  Fr.quenciei of ps~ts in m.asus-ed obscure the nei ghboroughing sig—
spectra from pressure probes: nals. Unfor tunately, this was
Ludwiq tube not the case wi th  the acoust ic

peaks observed in the signals
of pitot and sta tic pressures
recorded in the LT test—section
discussed above . Results of

these measurements have to be omitted because the signals are totally obscured by these
broad—banded acoustic waves.

3 EXPERIMENTAL RESULTS -

Typical results obtained in the various facili ties are presented in this section ,
wi th  l i t t le  comment .  Analysis  is reserved for sect ion 4 .

3.1 Acous tic disturbances

As described earlier , fluctuations in static pressure were measured on the sidewalls
of the test—sections and on the centre—lines of the tunnels using a pitot—static probe.
Figs 14 , 15 and 16 present measurements of fluctuating sidewall static pressures for the
LT , jECT , and T2 respectively . Corresponding data from the pitot -static probe are given in
Figs 17 and 18.

3.2 Turbulence

Data were obtaine d for lateral and longitudinal velocity fluctuations both upstre am
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Fig 12 Theoretically predicted l,Sal~ Fig 13 Frequencies of peaks in measured
frequencies and flUctUatiOn turbulence spectra: p ECT
spectrum from ch gs tube of LT

of the  c o n t r a c t io n  and in the
t e s t - s e c t i o n . These are given
in Fi gs 19 to 27 i n c l u s i v e . 

23* ...
3 . 3  Flow angle f l u c t u a t i o n s

Jp e c t r a  of f low angle f l u c t u a -
t i o n s , b oth p i t c h  ( a )  arid yaw

\ (5) from Oh: 3 f a c i l i t i e s  are

_ _ _ _ _ _ _  

!~~~~~~~~~~~~~~:r~~~f::c:ations

~s ~“ Spectra  of t h i s  q u a n t i t y  are
p r e s e n t e d  in Figs 3. and 35 .

Fig 14 Fluctuations in sidewall static 
,~~ , -

pressure: Ludwieg tube
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‘u Fig 16 Sidewall static pressure fluctuations:
I.4*,.d ~~~~~ I.) 12 (IDT}

Fig 15 Frequency spectre of sidewall static
pressures: pECT
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Fig 18 Spectr a of pr obe static pressure :
Fig 17 Spectra obtained from probe static IDT 12

pressure : MECT
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Fig 22 Longitudinal turbulence component
immediately upstream of contrac tion :
MECT
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Fig 23 Lateral turbulence component 
Fig 24 Longitudinal turbulence componentimmediately upstream of in test section: MECTcontraction: ~ECT
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Fig 25 Lateral turbulence component in
test section: ~oECT
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Fig 26 Longitudin al component of turbulence
in test section: 12
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Fig 27 Lateral component of turbulence in
test section : 12
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Fig 28 Spectra of fluctuating pitch angle: LT

Fig 29 Typical measured spectra of pitch
an~ e: pECT
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Fig 30 Frequency spectrum of fluctuating
pitch angle: IDT (T2)
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Fi g 31 Spectra of fluctuating yaw angle: LI
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Fig 32 Spectra of fluctuations of yaw angle :
MECT
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Fig 33 Spectrum of fluctuat ing yew angle :
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Fig 34 Spectra obtai ned from pitot pressure:
MECT
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Fig 35 Spectra obta ined from pitot pressure:
IDT (12)
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- .1 lnfluer.ise of drive—system , second throat and test—section on flow qua~ ity

~‘hile ~b t a i n i ng  the da ta  repor ted  in the  p r e v i ou s  s e c t i o n , a n u m b e r  of i n t e r e s t i n g
t se r v a t i o n s  an d add i t iona l  t e s t s  were made . These are r~ p or t e d  here wner, they e i t n e r

ight on t r e  f u n c t i o n i n g  of the individual types of winj-tunnel or illustrate points
of im p , r t sn c e  to wind—tunnel activities in general.

Perhap s  one most  ir .t e res t ing  of such obse rva t ions  to  otme o~ t of the wt r k  on the LT
was  t ne d i s c  ~-;~ ry of the s e v e r i t y  of f l o w  d i s t u r b an c e s  a s s o c i a t e d  w i t h  acous t i c  resonances
in toe cy l 1 n i r ~ ca1 , s o l i d — w a l l e d , t e s t — s e c t i o r .  of t n a r. f a c i l i t y .  Wh i l e  i t  is be l ieved

o a t  t riose e f f - ~ct s  are f a r  less severe in t e s t — s e c t i o n s  of r e c t a n g u l a r  c roso- sec t ion  and/
or v e n t I l a t e d  w a l l s , s imi la r  mechan i sms  mus t  be p re sent  in all t r a n son i c  wind—tunnels and
p r;’;i ic m~ ar.: f o r  a m p l i f i c a t i o n  of d i s t u r b a n c e s  or i g i r o a t in g  at  the  downs t r eam end of the
test—sec tion. bxtension of the analysis of Ref 19 to  o t h e r  t e s t — s e c t i o n  conf i gura t ions
and m-:ans f ;pressing acoustic resonances , sucr; as by u s i n g  compl i an t  wal ls z t , appear
t o be w rt:. w h i l e  ob j ec t s  of s tudy .

A n a l y s i s  of runs  r-~p ea ted  at  n o m i n a i l y  b e n t  ical  c o n d i t ion s  on the j ECT revealed a
t ri~n scatt .~r in the measured  s p e c t r a  of 1 1 w  angles greatly in excess of the statis-

tical --rrors discussed in section 2.e . Ev en after allowing for other measurement m ac—
cu r a ci es , ir ;cl .~ i ing t r a n s d u c e r  c a l i b r a t i o n  un c e r o a i r . t i e o  and e l ec t r i ca l  noise , a run to
r u n  v a r i a t i o n  in measurements  remained u n e x p l a i n e d  by ar 1y means  o ther  than a genuine var—
i a * i~~n in f l o w  ~on d i t i o n :  b e t w e e n  one run an~ a , r . o m i n a l l y  iden t ica l , successor .  The
s t a n d a r d  d o ’ /i a t i or o  of repea-ted m e a su r e m e n t s  i: On e  s p e c t r a  of p i t c h  f l u c t u a t i o n s  was 2 4 %
at  n = 0.o6 , 23% at  n = 0 . 9 k  en s 30% at r. = l .3 ’~. A p l ausible explanation is that a major
s .~~r ce of f l ow  ~n s t e a d in e s s  in t h i s  f a c i l i t y  ic the  t u r b u l e n c e  genera ted  dur ing  fil ling
of toe charge t u b e .  r the j ECT f i l l in g  of the o n ar g e  t~~be wi th  air was accomplished by
e c o it t i n g  a i r  t h r ou g h  a s t u b  p ipe  i mm e d i a t e l y  ups t r eam -of the exhaus t  valve . Clear ly ,
c~ rsiderable turbulence is li~ --l y to nave been ger.erate~ as this air flowe d through the
t e s t — s e c t i o n  and contraction or. it: w a y t .  n~- charge tube. The inten sity of this turbu-
lence woul d de pen d upon the ra te of fi l~~in~ ‘o -.d wou ld not entirely decay to zero during
the short interval be tw’~en completi on of f:~~Li r.g the charge tube and initiating a run .
h e i t h e r  the ra te  of f i l l i n g  nor the t ime n e w ~ -:n itS comple t ion  and a run were ca re fu l ly
con t ro l l ed  — thus  a c c ou n t i r .g  for  the oc ser- j ed  v a r i a b i l i t y  of f low q u a l i t y . There could
be meri t , during the desi gn of anotner facility of this type , in arranging for the admis—
d o n  of air  to the charge tube  ir s u cr  a way as to  min imi se  the tu rbu lence  generated
the r e b y .

Throughout  the data gathered
coy~yoaf30+ from the jECT there is a

• L0,g ulid,IiII tendency for flow unsteadi—
I C  •L 4 01iaI ness to be larger at very low

and in te rmedia te  Mach numbers
( M  = 0 .7  and M 0 . 3)  than
at the highest  or low Mach
numbers (M 0.9 and M =
0.5). This tendency is most
marked in the turbulence
measureme nts as i l lustra te d in

0 4  Fi g 36 which shows rms values
of both  l ong i tud ina l  and lat-
eral turbulence components

0 2  (measure d immediately upstream
of the con tract ion ) as a func-
tion of test—section Mach

0 02  0~~ 
number. The maxima at M
0.65 and the minima at M =
0.5 and M 0.9 are weiT
defined. Comparison of the

- .  turbulence spectra for MFig 36 Intayated turbulenca intensities 0.7 and M = 0.30  reveal~ thatimmediatsly upstream of the maxima are primarily duecontraction: pECT to sub s tant ia l  con tribut ions
in the range of reduced fre-

quencies (based on local conditions) of from 300 to 700. This range corresponds to reduced
frequencies based on test—section conditions of abou t 3 .3  to 7 . 8 .  Increases in unsteadi-
ness as Ma ch number is reduced from circa 0.9 can also be seen irs the static pressure ,
pitch angle , and turbulence measurements in the test section and are largest (in absolute
terms ) for reduced frequencies greater than 1.0. However , the data does not allow of any
more precise identification of the range of reduced frequencies in these cases and there is
little , or no , increase irs unsteadiness manifest in the pitot pressure or yaw angle data as

decreases from 0.9 to circa 0.7 although p itot pressure fluc tuations are higher for
n = 1 at M0. = 0.615 (Fig 34).

The reason for these effect s cannot be stated with certainty ; but two pieces of evi-
dence are persuasive indications that the increased flow unsteadin ess is associated with
the slotted roof and floor of the test-sec tion and the use of diffuser suction . Firstly,
the turbulence intensities measure d in the test—section were generally higher than those
measured just upstream of the contraction . This suggests the presence of a source in the 
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test-section rather than further upstream especially as turtusence ori ginating upstream
of the contraction would be attenu ated by i t s  passage t h r ou go  Onis sectoon . Thcondly,
the reduced f r equenc ies  (based on t e s t — s e c t i o n  c o n d i t i o n s )  of 3 .3  to  7 . 8 , q uot e s  ear lo er ,
cor re spond  to reduced f r equenc i e s  b a s e d  on free—stream test—s ection velocity and s~ ct 

-
width of 0.029 to 0.0 19 which  ran~ e is c o m p a t i b l e  w i t h  the fundar . er .t a l  and  ov e r t o n e  exci-
tation frequencies found by ~abey to  be a s soc i a t ed  w i t h  u n s t e a d y  f l o w  or i g i n a tir . g at toe
d o w n s t r e a m  end of s l o t t e d  l i n e r :  in c o r p o r a t i n g  d i f f u s e r  su c t i o n .  In h is  case the fu n d a -
m e n t a l  f r equency  corresponded to a re s-uced f r e q u e n c y ,  b ased on s lo t  w i d t h , of 0 .03 1.

A s to the va r i a t i on  of t h i s  addi t ional  uns teadiness  w i t h  ~ach number , Har tz- s ike r 2 1
has po in ted  out  tha t  the most l ike ly  or ig in  of pressure f l u c t u a t ion s  a s soc ia t ed  w i t h  the
s l o t t e d  l iners  is at toe d o w n s t r e a m  end of the l i ne r s .  He pos tu l a t e s  t h a t  t hese  w a v e s
p r o p o g a t e  upstream and are p a r t i a l l y  r e f l e c t e d  back to the  end of the s l o t s  ( from th e
e n t r a n c e  to the s e t t l i n g  chamber)  and these  prompt  the  gene ra t ion  of new d i s t u r b a n c e s .
This  pr- op agat ion is assumed to be of a spher ical  type  so tha t  a t t e n u a t i o n  var ies  r o u g h l y
quadra t i ca l ly  w i t h  t ime . The t ime for  a pressure pulse to maw e the  rcur . d t r i p  is:-

= 
2 9.

(l—Y 2 )M a

(where 9. is the distance from the end of the slots to the contraction) which , with attenua-
tion proportional to t~ gives:-

M 0.2 O.~ 0.6 0.8 1.0

Relative amplitude 0.25 0.77 1.0 0.51 0.0

This d i s t r i b u t i o n  is broad ly  s imilar  to the observed va r ia t ion  of f l ow  uns t ead ines s  w i t h
the Mach number in the test-section and , hence , suggests that the basic  mechanism is of
the type p o s t u l a t e d  by H a r t zu i k e r .  Transmission of the d i s t u r b a n c e s  through the contrac-
tion would then account for the variation shown in Fig 3(.

In the i n j e c t o r  dr iven  t u n —
n’~ls a number of in teres t ing
additional experiments have

ao , beers conducted.  The t n f iu -
ence of a second th roa t  was

- i r .ves t iga ted  in T 2 by co rn —
paring d a t a  ( s u c h  as tha t  pre-
sented earlier) obtained with
a choked second throat with
data obtained without this

0 ‘
~~
‘
~
‘ throat in use. Static pres-

sure f luc tua tion s measure d on
the t e s t — s e c t i o n  s idewall  at

________________________________ M = 0.85 wi th  and w i t h o u t  the
second  throat  in use are shown
in Fig 37. The large r educ t ion
ir . low-frequ er4 cy f luc tua t ions
e f f e c t e d  by the second—throa t
amp ly demonstrates the effec-
tiveness of such devices in

Fig 37 lnfluence ofsecond throat on sidewall b l o c k i n g  o f f  the shor tes t  pa th
static pressure fluctuations: lOT (12) by which disturbances from the

- diffuser can reach the test-
sec t ion .

Turbulence measuremen ts in both
T 2 and T2 ’ are un l i ke ly  to have been confused  b y su b s t an t ia l sources of tu rs~sience wi thin
the t e s t — s e c t i o n s  as these have solid wails. Comparisons , such as th a t shown in Fig 38 ,
of turbulence measured upstream of the contraction and in the test—section are , thus , of
in teres t  as they show the in f luence  of the contrac t ion  upon the turbulence of flow passing
through it — unobscured by other effects. The large reduction in longitudinal turbulence
is demonstrated. It will be noted that turbulencc. in the test—section of T2 ’ is iso tropic.
This suggests that the differing influences of the contraction upon longitudinal and lateral
componen ts of turbulence — thus producing anisotropy — are quickly cancelled out by redis-
tribution of turbu lence energy between the various modes once the flow enters the test—
sec tion. The turbulence in the test—section of T2 is no t isotropic ; but this is a manifes-
tation of another effect , discussion of Which fo llows .

Differences between turbulence levels in T2 and T.)’ were investigated with particular
attention to the flow in the settling chambers . Survey s of the temporal mean flow in the
settling chambers of these tunnels had revealed that the more compact layout of rapid dif-
fuser at the upstream end of the settling chamber in T2 resu lted in flow separations from
the walls of this component . The resulting effect on turbulence levels is illustrated in
Fig 39 which shows spectra of the ratio of lateral to longitudinal components of turbulence
wi thin the test—sections of T2 an d T2 ’ . Wh ereas turbulence in T2 ’ (When in its normal
configuration) is essentially isotropic , the separations at the entrance to the settling
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coamoer of T5 promoted  large amounts  of la tera l  t u r b u l e n c e  r e s u l t i n g  in n o n — i s o t r o p i c
tu r b u l e n c e  w it h  a predominance of la teral  components .  A t t r i b u t i o n  of this r e su l t  to the
in f l u e n c e  ~f the separations in the rapid diffuser was confirmed by the introduction of
spo ile rs in to the d i f f u s e r  of T2 ’ thus forcing a separation to occur and , as indicated by
toe in te rmed ia te curve in Fig 39, producing in the test—section an isotropy of the turbu-
lence of a similar character — albeit of smaller magnitude - to that found in T2.

Final ly , Fig ~0 illustrates the isentropic nature of the flow through the contrac-
tion by showing excellent correspondence between spectra of pitot pressure f l u c t u a t i o n :
measured in the settling chamber and in the test—section of Ty .

.2 helationships between acoustic, turbulence, flow angle and pitot pressure
f lue  tua t ions

A complete investigation of’ this topic would require numerous cross—correlatioro s to
be evaluatod. These were not included in most of the data obtained. However , some onter—
esting lessons can be learned from the data available . This is summarised in the table
below in whicn mean values over the range 0.1 ~ n ~ 1.0 of the various fluctuating quanti-ties are given for the Mach number closest to 0.9 for which data is available . Attention
is concentrated upon these reduced frequencies and Mach numbers because these are of the
greatest interest to data gathering and the probable users of transonic wind-tunnels ’ .
Also , the range 0.1 ~ n .~ 1.0 is one in which the quality of the flow in the test-section
is n-.rnally determined by the drive system rather than by details of the design of the
test-section or by noise radiated from the turbulent boundary—layers on its walls.

= 0.9

Mean levels (0.1 ~ n ~ 1.0)

Facility Pn1’q /e

wal ls pro b e bJ7~

LT l .~4xl0
3 — - 1.2x10 3 0.8xl0 3 - -

1jECT 0.2x10 3 0.3xl0 3 0.L1x10 3 0.5xl0 3 0.8xl 0 3 0.7x10 3 0.9x10 3

T2 0.4xl0 3 0.6x10 3 0.3xl0 3 0.8xl0 3 l.0xl0 3 0.4xl0 3 l.OxlO 3

and ~ in radians)

One question to be answered is whether the use of fluctuating wall static pressure measure-
ments as an index of flow quality remains valid even when dealing with such disprate types
of drive systems . This can be examined by normalis ing each measure of f low unsteadiness
by the value of fluctuating wall static pressure measured in the same facility . This
gives: —

Le’vels relat ive to ~00
Iqafc (measured on wall)

p a0 Po ‘3=~~ 

~~Fac i l i ty  ~~~~~~~ ~~~~~ ~ ~~ /c ~~~~~~~ ~~~~~~~

_________ 
walls probe 

_____ _____ ______ ______ —

LT 1.0 — - 0.8 0 .6  - -

pECT 1.0 1.5 2 .0  2 . 5  4 .0  3.5 4.5

T2 1.0 1.5 0.8 2.0 2 . 5  1.0 2 . 5

The table above shows that there is very little correspondence between variations (between
facilities) in fluctuating wall static pressure levels and any other quantity except for
fluctuating static pressure s measured with a probe . However convenient such measurements
may be to make , it is clear that unsteadiness of wall static press ure s should not be used
as a general index of flow quality when dealing with wind—tunnels having differing types
of drive system or , possibly , even widely different types of test-section. This may also
be seen by comparing Figs 28 and 31 with Figs 29 and 32 toge ther with a comparison of , say ,
Figs 14 and 15. Such comparisons show how two facilities having very different levels of
unsteadiness of flow static pressure have similar levels of fluctuations in pitch and yaw
angles .

If fluctuating static pressure alone cannot be used as an inde x of flow quality then
it is necessary to enquire what additional parameters , should be considered. While the
set of measurements described in this report give a virtually complete descriptio n of’ the
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q ua l i t y  of the fl-o w in any w i n d — t u n n e l , they are p r o b a b l y  too time consuming for  rou t ine
use ; but the supplementing of static pressure fluctuatior.s by some other simple , but more
reliable , index of f low q u a l i t y  would be desirable . The merits of supplementing static
pressure fluctuations by some other quantity is demonstrated if the significance of flow
quali ty for data gathering is considered further.

For the usual types of wind-tunnel measurement (forces , pressures etc)’ it is clear
that the wavelengths of pressure fluctuations within the range of interest (0.1 ~ n ~ 1.0)
are so large compared to the dimensions of’ typical models that unsteadiness in static pres-
sure is unlikely to have an important direct effect on measured steady (integrated) quanti-
ties. Fluctuations in pitot pressure will have a direct , and approximately proportional ,
effect on the data being gathered. However , the typically 0.02% to 0.05% variations in
p itot pressure are unlikely to be of practical significance as changes of this order in
measure-i pressures and forces are usually undetectable with normal instrumentation except
within narr;w frequency bands associated with resonances of balances etc. However , changes
in f l o w  ang le s  wi l l  also have a direct , and approx imate ly  p ropor t iona l , e f f e c t  on the data .
Fur the r , when it is recalled that significant changes in measured forces may be caused by
variations in incidence or sideslip of a fraction of a degree , it is clear that fluctua—
ti-ons in pitch or yaw of 0.050 are of prac tical significance .

Accordi ngly , it woul d seem
tha t  changes in f low angle are
the prime .ause of fluctua-
tions in the data gathered
during normal aerodynamic tes-

~, ~~~~~~~ ting. The work reported here
- ~~002 

- - - 
has shown that  it is unneces—

/ ~““i - -~~ sary to infe r the unsteadiness
- - - - in flow angle from other  mea-

00 men t s .  Ra ther , this may be
measured direc tly . The tables

_________________________________ above in d icate tha t , as woul d
-, -n 

, ,  
- be expec ted , it is not of

utmost si gn i f i cance  whe ther
the general level of fluctua-
tions in flow angle are mea-
sured by a suitable yawineter
or by measuring lateral compo-

Fig 4l ComParsson between a —~~ nen t s  of velocity . W i t h i n
measurement (T2) reasonable experimental accur-

acy, broadly the same results
are obtained. This is further
illustrated in Fig 41 whicti
compares spectra of yawmeter
and lateral turbulence measure-
men ts made in T2. Good agree-

men t was obtained at the lower frequencies; but the agreement is poor at somewhat higher
frequencies. Choice of whether to make yawmeter or turbulence measurements can depend on
the instrumentation available and the frequency range of interest in any particular applica-
tion. In larger facilities the demands on frequency response of pressure measurements will
be less severe (for given reduced frequency) and measurements of unsteady pressures is
becoming an increasingly common requirement . Hence , yawmeter s may then be the more con-
venient type of instrument. However , reso lution of the reasons for  the different  r e su l t s
ob tained at high frequencies by the yawmeter and the hot film methods is desirable .

5 CONCLUSIONS

Although i n i t i a l l y  conceived as a means of comparing three drive systems then under
consideration as options for the Large European High Reynolds number wind-tunnel , the work
described in this report has yielded several conclusions of importance in a much wider
con text.

First ly, it has been demonstrated that it is possible to obtain a much more complete
description of the unsteady components of the flow within the test—section of a transonic
wind- tunnel t h n  has hitherto been customary . What can be accomplished in small wind—
tunneic of novel design can obviously be repeated with comparative ease within established
f ac i lit ies .

S e c o rd l l ’ , this report provides ample evidence of’ the need for scrupulous at t en t ion  to
details of’ trse -desi gn of the working section and adjacent components if the quality of the
flow provided by a good drive system is not to be degraded by flow unsteadiness generated
in the test-section. Exampl es illustrated in this report include acoustic resonances in
closed axisyrnmetric test—sections , unsteadiness associated with the use of’ imperfectly
designed means of apply ing diffuser suction to slotted walls, the effectiveness of using a
second throat to prevent noise from the diffuser reaching the test—sectio n , and the effects
of f low separa t ions at the entranc e to the sett l ing chamber.

Finally, it has been shown that the use of fluctuating static pressure as an index of
f low q u a l i t y  is invalid when comparing wind—tunnels having diffe rent forms of drive system
or , possibly , even widely different types of t e s t—sec t i on . Fluctuations in flow ang le are
of much more direct consequence to the gathering of the usual types of data and can be
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measure d using either appropriately designed yawmeters or wito hot-film proces. Hoto
of these methods give comparable results at low frequencies and for overall levels of
fluctuations f-c r 0.1 ~ n ~ 1.0 and the choice between them depends upon the frequency
range of interest , and the instrumentation available in any individual a p p l i c a t i o n .  How-
ever , clarification of the causes of the different r e s u l t s  o o t a in e - d  by these two tech-
niques at high frequencies is desirable .
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DEVELOPMENT OF THE CRYOGENIC TUNNEL CONCEPT AND
APPLICATION TO THE U.S. NATIONAL TRANSONIC FACILITY

by
Robert A. Kilgore

NASA Langley Research Center
Hampton , Virginia 23665

U.S.A.

SUMMARY

Based on theoretical studies and experience with a low—speed fan—dr iven  tunne l and
with a pressurized transonic tunnel , the cryogenic wind—tunnel concept has been shown to
offer man y advantages with respect to the attainment of full—scale Reynolds number at
reasonable levels of’ dynamic pressure in a ground—based facility. The unique modes of
operation available in a pressurized cryogenic tunnel make possi ble for the first time
the separation of Mach number , Reynolds number , and aeroelastic effects. By reducing
the drive—power requirements to a level where a conventional fan—drive system may be used ,
the cryogenic concept makes possible a tunnel with high productivIty and run times suffi-
cien tly long to allow for all types of tests at reduced capital costs and , for equal
amounts of testing, reduced total energy consumption in comparison with other tunnel
concepts .

A new fan—driven high Reynolds number transonic cryogenic tunnel is now under con-
struction in the United States at the NASA Langley Research Center. The tunnel , to be
known as the National Trarisonic Facility (N TF ) , will have a 2.5 by 2.5—n test section and
will be capable of operating from ambient to cryogenic temperatures at stagnation pressures
-sp to 8.8 atm. By taking full advantage of the cryogenic concept , the  NTF w ill prov ide
an order at’ magnitude increase in Reynolds number capability over existing tunnels in the
Onited States.

LIST CF SYMBOL S

a Speed of soun d S Reference wing area

c Chord of two—dimensional airfoil T Temperature

Mean geometric chord Mean value of total temperature

C~ Drag coefficient , v Specific volume

V Veloc ity
LiftCL Lift coefficient , x Linear dimension

Cm Pitching—moment coefficient , Z Compressibility factor

Pit ching moment 
~ Angle of incidence

qSc
‘
~‘ Ratio of specific heats

C~ Pressure coefficient , ~ ~~ ‘
, or a Standard deviation

specific heat at constant pressure ij viscosity

dm Maximum diameter of model 9 Density

E Modulus of elasticity Subscripts

t Linear dimension of model or test B Boattail

section max Maximum

h Enthalpy 
-. mm Minimum

M Mach number t Stagnation conditions

p P ressure 1 Upstream

q Dynamic p ressure , 1/2 2 Downst ream

R Reynolds number , pV&/p Free st ream

Universal gas constant

Head , Advanced Experimental Methods Group , Subson ic—Tr ansonic Aerodynamics Division.
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1. ~NTF ODUCT 3N

The p r e s e n t  iro t e r ’est lo the  deve lopment  of’ t r anspor t s  and no an e -uv er lrt g a ir c r aft
cper- te effIcIently In the transorl-c range has resu lte d In a rev iew of the p r o c l em s  o f
f l o w  s i m u l a t I o n  in t c a o scn i c  wind t unne l s . Among the more serIo us p r ob lems Is t n a t
related to I n a d e q u a t e  t e c t  R e y n o l d s  n -umber .  It Is tois p rob l em an~ arc attractive solutIon
to toe pr-t b le.n tn-a t Is the s ubj e c t  of lois paper.

The nee~ for  in c r e a se d  t e s tIn g  c a p a c l l lt y  in te rms  -of R e y n o l d s  n -umo er  cas been x c i i
A major  p r o b l e m  it tha t  of ’ s c a l e  e f f e c t  on b o u n d a r y — l a y e r  sho o~~— w a o e

ir.te—actl on . ~0-o t only is aircraft perfcrrance a f f ec t e d  by the i n t e r a c t i o n , 0 - u t  010c r
onararterlstlos s-con as loads and load dIstributIon , stabIlIty, buffetIng, and maneuver-
ab I l I t y  are also affected.

The possibility of s i m u l a t i n g  h igh  values of Reynolds  number in existing win d t unn els
nas not  been overlooked , and many devices for causing boundary—layer transitIon are in

in the va riou s aerona ut ical labora tor ies. However , f ix ing  the locat ion of boundary—
layer t r a n sI t i o n  is in i t s e l f  se ldom s u f f i c i e n t  to d u p l i c a t e  the f low a s soc i a t ed  w i t r .
full—scale Reynolds number. 3

F e c o g n t t i o r o  of such problems has resu l ted  in a consensus , both  in the ~J n I t ed  St a t e s
and In Europe , that there is an urgent  need for  wind tunnels  hav ing  great ly  Increased
R e y n o l d s  number  capability . The need is especially acu t e  at t ransonic  speeds  where ,
because of the arge power requIrements  of t ransonic tunnels , economic fo rces  have d I O ~
tated the use of relatively small tunnels . With ever increasing aircraft size , t he  exist—
log  t r an son i c  t unnels  are becoming even more inadequate  in test Reynolds number capability.

The lnade uate Reynolds number capability of existing tunnels was the underly ing
theme of many of the papers presented  at the AGA R D f l u i d  dynamics  panel spec ia l i s t s’
meet ing held at Göt t i ngen , Germany,  in 1971. One of the fundamental  d i f f i c u l t i e s  is to
-define the le-ie . of Reynolds number which is required for valid t r anson ic  t e s t i n g ,  and
thIs was diso-ussed ~n several papers durIng that neeting.

1
~,5 As a result of these studIes ,

seve;al proposals3,0,7 were made at the G~it’cingen meeting for new wind—tunnel facilitIes
which w9uld be capable of providing a Reynolds number at transonic speeds of at least
co x 10- , based on the mean geometric chord of a typIcal swept—wing aircraft , which is
c o n s i d e r a bly  ~re~~ter  than existing wind—tunnel capabIlIty.

At a given Nach number , the Reynolds number may be Increased by using a heavy gas
r a t h e r  than  a I r  as the  test  gas , by increas ing the sIze  of the tunne l  and model , by in-
creasIng the op era tIng pressure of the tunne l , and by reducing the test temperature . The
method chosen to increase  Reynolds  n u m b e r  w i l l , in general , also a f f e c t  dynamic p ressure ,
mass fl-ow rate , and toe energy consumption of the tunnel for a given amount of testing.
The use of a heavy gas is a well—known method of achieving high Reynolds n-umber. Freon—li
Is one of’ the most suItable of the heavy gases for use in a wind tunnel.8 However , the
differences In toe ratIo of spec i f i c  heats  become impor tan t  when compress ib i l i ty  e f f e c t s
become sIgnif Icant , tb-u s making Freon—l2 a questionable transonic test medium .9 An
obvious way to Increase Reynolds number is to increase the model size. In or der to avoI d
increasIng the w a l l  Inter ference effects , however , there must be a commensurate increase
In tunnel size. estgn studies for tunnels large enough to give full—scale Reynolds num-
ber at normal temperatures and moderate pressures show that they would be very large , and
therefore very costly, and would make heavy demands on power. 3 An a l t e rna te  solu t ion is
to restrict the tunnel and model sizes and increase the operating pressure. This method
is feasible , of co urse , but the aerodynamic forces on the model , balance , and su ppor t
system are greatly increased at the operating pressures that are required to achieve the
desired Reynolds number. From a power standpoint , a high—pressure tunnel is preferable
to a large , moderate-pressure tunnel. However , for the require d increase in Reynolds
number , the powe r requirements are still undesirably large.

Operating a tunnel at cryogenic temperatures , fir ut proposed by Smelt10 in 19145 of fers
an attractive means of increasing Reynolds number while avoiding many of the practical
pro blems associated with testing at high Reynolds numbers in conventional  pressure tunnels .
Personnel of the NASA Langley Research Center have been studying the application of the
cryogenic concept to various types of nigh Reynolds number transonic tunnels since the
autumn of 1971. The results of ’ a theoretical investigation aimed at extending the analy-
sis of Smelt and the results of an experimental program using a low—speed wind tunnel
have been reported in References 11 and 12. In order to provide information required for
the planning of a large high Reynolds number transonic cryogenic tunnel, a relatively
small pressurized trarisonic cryogenic tunnel was built and placed into operation in 1973.
As a resul t of the successful operation of the pilot transonic tunnel , it was classified
by NASA in late 19714 as a research facility, re—named the 0.3—meter Transomic Cryogenic
Tunnel , and is now being used for aerodynamic research as well as cryogenic wind—tunnel
tec hnology studies.

In addition to reviewing the cryogenic concept , this paper presents some details of
the design and operation of the 0.3—meter Transonic Cryogenic Tunnel and describes some
tf the research done in the tunnel related to validation of the cryogenic wind— tunnel
concept.

Also presented are the future plans for the 0.3—meter tunnel as well as some of the
design and performa nce characteristics of a fan—driven high Reynolds number transonic
cryogenic tunnel now under construction at the NA SA Langley Research Center. This new
tunnel , to be known as the National Transonic Facility (N’rF), will take full advantage
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of the c ryogenic  concep t  t o  p rov Ide  an order of magr i I t de increase  In R eyr .o ds n-umber
capability over existing tunnels  In the Cn lt e d  S t a t e s .

2. T}~~ CRYOGENIC CONCEPT

The use of low tempera tures  in wind tunnels was proposed by T h e l t 1~ as a means  of
reduc ing tunnel drive—power requirements at constant values of t e s t  M a r n  rr umc er , Reyno lds
number , arid stagnation pressure. Reynolds number , whIch , o f co rse , is the ratIo of the
inert ia force to the viscous  fo rce , is given by

R Inertia force 
_____

Viscous force  uV~

which reduces to the well—known equation

~~~~~~~~~~~~~~

As the t empera tu re  is decreased , the d e n s Ity  p Increases and the v I s c o s ity  o decreases .
As can be seen from the above equations , both of’ these changes result  in Inc r ea sed  Reyno ld s
number .  W i th  decreasing tempera ture , the  speed of sound a decreases .  For a given Macn
number , this  reduct ion  in the speed of sound r e su l t s  in a reduced  ve loc i t y  V which ,
while o f f s e t t In g  to some extent  the Reyno lds  number increase due to the  changes in p
and ~u , provides advantages wIth respect to dynamic pressure , dr ive power , an d energy
consumption .

It is in format ive  to examine t he un derl y in g mechanism through which changes in pres-
sure and temperature Influence Reynolds number. To the first order ~i and a are not
functions of pressure while p is directly proportional to pressure . Thus, increas ing
pressure produces an increase in Reynolds number by Increasing the inertia force with a
commensurate  increase in mod~ 1, balance , an d st ing loads.  Also , to the first order ,
p T—l , V T0~ 5, and u T0~

9. Thus , decreasing temperature leaves the inertia force
unchanged at a given Mach nuciber due to the compensating effects of p and V2 . The
increase in Reynolds number with decreasing temperature is thus  due strictly to the large
reduction in the viscous force term as a result of the changes in ~u and V with
temperature .

The effect of a reduction in temperature on the gas properties , test  con di t ions , and
drive power are illustrated in Figure 1. For comparison purposes , a stagnation tempera-
ture of 322 K (+1200 F) for normal
ambient temperature tunnels is
assumed as a datum . It can be seen M = 1 .O CONSTANT P

1
A N D S I Z E

that an increase in Reynolds number
by more than a fac tor of 6 is
obtained with no increase in dynamic GAS PROPERT IES TEST CONDITI ONS AND
pressure and with a large reduction 4 DRIVE POWER
in the required drive power. To
obtain such an increase in Reynolds \ ~-REYNOLDS NUMBERnumber without  increas ing either the 6

tunnel size or the operating pres— VALUE S \
- sure while actually reducing the RELATIVE 2 4
drive power’ is extremely attractive 10 322 K
and makes the cryogenic approach to I 2 DYNAMIC
a high Reynolds number transonic PRESSURE —
tunnel muc h more desirable than POWER 

-

previous approache s . o ~ ~ ~oo
STAGNAT ION TEMPERATURE . K

2.1 The Advantages of a Cryogenic Figure 1. Effect of temperature reduction on
Tunne l gas proper t ies , test  c o n d i t i o n s , and d r i v e

power. 14,., = 1.0 ; constant stagnation p r e ssur - °2.1.1 Reduced Dynamic Pressure and and tunne l size.
Drive Power.

One of the most important test conditions which must be considered in the design of
any wind tunnel is the dynamic pressure. The magnitude of’ the loads imposed on the model
increases directly with dynamic pressure and so can cause such problems as increased model
stress , which can seriously limit the achievable test lift coefficient for transport air-
craft and prevent the accurate modeling of maneuver devices for fighter aircraft ; more
massive stings , which can produce flow distortion as well as require large departures
from true aircraft—a fterbody shapes ; excessive balance loads ; and nonrepresentative
aeroelastic effects.

The tunnel drive power is shown in Figure 1 varying as v~i which is strictly true
only for an ideal gas . Real—gas calculation of the work do i.e in isentropic compressions
at a given pressure and pressure ratio show drive power to decrease somewhat more rapidly
than the simple s/~ variation. In the calculation of drive power , it is importa n t to use
real—gas rather than ideal—gas properties . In particular , one must use the change in real—
gas en~halpies , Ah , rather than C AT and the real—gas isentropic expansion coeff i-
cients 3 rather than the ideal—gas hecifio heat ratios.
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5 6 cu r r e nt l c  a va i l a b l e  In transonlc t n n ~~lcEIjLIYALUNIOY S~0T m In the ~ .S.  Chese t~ nn el s  nav e  — 

dynamIc cresoures of ~ne order
P~~~u r-r ~~. yn o. l n r e o 3 ur ~ 53 ‘cost on ‘~~

‘ 010 kN /m 2 ( 2 3 0 0  lb / ft 5)  -o r l -~ss. To ccl
t oine l siz-s 0 r  - j a r t o ~~- ;a~ ues of R- ~yn a tes t  R e y n o l d s  n u m b e r  of 00 mIllion In
n~ rcr r. a 5.5—cc test sectIon at a n t I — n ’- te m t e o~a-

lu res  w o u l d  r e s , l t  in a ~y n a m I c  ~ ress r - -

of ac o-u t  555 ~~/m~ (lo ,6 0 I 1: ‘ft~~) . A l —
t n o u gh  the u s a sl e  i~~n a m I o  pr es :~~rc
d e p e n d s  upon  the  oonflc.ratl:n ~nd lyr e
of test , It Is generally acoepte c tn-at

i , /~MB I E N T TE HPERATURE values greater t oan  z o o  ~t 200 kN/n~
~4200 lb/fl2) would serio-uscy lImIt toe

sec t ion  w o u l d  have to  be g r e a t e r  t h a n
5.5 m in order to ach Ieve  a t e s t  Reyr i o los
number  of 50 mI l l i on  t a c c e c t a b l e  lc- ,el s

R~ M I L L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

and the c o s to e~~~~~ve sj~~~e-~~~~~~e
drive power requIred for a n c i en t  t v m p c r —
ture  tunne ls  is shown In Flu - rc 3. As
can be seen , a d r I v e  p o w e r  o f  over

- 
r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1400 MW (more than a h a l f — m I l l I o n  h o r s e —

- 
- power) would be requIred to achIeve  the

- 

~- I J IVAL E NT TES T-SE CT ION HEIGH T 1A 
tes t  Reynolds n u m o e r  of 50 t rI l l ion fo r  a

‘
~~ TS tunnel with a 5.5—m test section.

Fl— ~re 3. DrIve p s-c r roiu rcd for ambient
er-i ’- ur o f an— cr i i - s n I mr ie l s  -is a C- . - ~~— Such ext reme power requi rements  have

l i o n  of tunnel size ‘ r varic~ s - ‘-a lues of in the recent past forced designers of
R~ -jncI ~.o n-~”~ - y r. transonic tunnels to abandon the conven-

tional ambient—temperature fan—drIven
tunnels in favor of snort run time stored energy concepts. In Europe , the LaWs working
group studied three approaches to the stored—energy intermittent tunnel with the goal of
selecting pne approach and building one transonio tunnel to serve the whole of European
aviation.~~ The options which were being considered f9r the Large European High Reynolds
Number Tunnel (LEH R T) in~ luded a Ludwieg tube tunnel ,

l0 a piston—driven tunnel ,17 and an
injector—driven tunnel.lo The number of approaches that were given serious consideration
underscores the difficulty of evaluating the numerous trade—offs among test capabilities
and capital and operating costs.

For a selected tunnel size and Reynolds number , the previously described effects of’
cryogenic operation are manifested in large reductions in the required tunnel stagnation
pressure and therefore in large reductions in both the dynamic pressure and the drive
power. These reductions are illustrated in Figure 14, where both dynamic pressure  and
drive power are s~ own as functions of stagnation temperature for a constant chord Reynoldsnumber of 50 x 10° at M = 1.0 for a tunnel having a 2.5— by 2.5—m test section. As the
tunnel operating temperature is reduced , the large reductions in both dynamic pressure and
drive power provide the desired relief from the extremely high values that would be
required for a pressure tunnel operating at normal temperatures.

The large reduction in drive power makes a fan—driven tunnel practical even at this
high Reynolds number. The resulting effici ency and increased run time provide Important
ad vantages relative to intermittent  tunnels , such as increased productivity, improveO
dynamic testing capability, and , as will be shown , reduced total energy consumption (and
therefore operating costs) for equal amounts of testing.

An additional advantage of a fan—driven tunnel Is realized by having run time s s u f f I -
cient to insure the avoidance of problems caused by heat transfer between the model and

tUnless otherwise note d , for consistency throug hout this paper , Reynolds number is
based on a wing chord equal to 0 .1  time s the square root of the test—section area; for
wings of small aspect ratio , the actual values may be two or three times the value given.

I

r’~~~. 
~~~ 

— - — -‘
~ ‘w ’ ~~.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— -

~ 

—.—--_.- 

~~~~~~~~~~~ 

• 

~~~
- 

-



Inc stream . n t unnels  where  the ~0 0 =~~ ~ro~ 2 ’  i i -  ~TEST SE~~IONf l o w  Is generated by expansion waves ,-
spu rl-s u s scale effects due to heat ~e-t r a n s fer  can on ly  be avoided by - /
cooling the model to the expected
recovery t~~:perat-ure. 19 S-u c r, 

~~~~~~~~ /

2~~ 

P Y E S T  
~~
,,
Z/
/

//

/KUO :~~vE

equi l ibr ium wi th  the  s t r e a m . In - - ~~m 3001- ,Z ,Z —1 2 5

general , no additional testing time ,V ~ /
is required in a f a n — d r i v e n  tunnel 2001- V ,7 DR L-/ E POWEO 100
to  allow the model to achieve ~V ~~~~-

“

thermal equilibrium since the flow v ~~~~~~~~
InItiation process is g radua l  and I _,—~~~
test conditions are not —hange d - -C-
abruptly. 60 I~~ 140 100 220 260 300

STA GNA1i iN T~ \IPERATU RE . ~
2.1.2 Reduced Capital Costs. -Figure 4. Effect of t e m p e r a t u r e  r e d u c t i o n

In Figure 14 , the advantages of on dynami c  prossure and d r i v e  p~ w e r .
the cryogenic concept with respect to
reduced dynamic pressure and reduced
drive powe r are shown for constant
Reynolds number and constant test—
section size. For a constant tunnel sIze , both the shell costs , which may account for
as much as two—thirds of the total cost of a wInd tunnel , and the cuSts of the drIve sys-
tem for the tunnel vary nearly linearly with the maximum stagnation pressure of toe tunnel.
Therefore , for conditions of constant Reynolds number and tunnel size , the reduct Ion In
the stagnation pressure which is needed to achieve the desired Reynolds at cryogenIc tem-
peratures results in a reduction in capital costs even when the hIgher costs of toe
structural materials which are suitable for -use at cryogenic temperatures Is taken into
account .

If the attainment of increased Reynolds number is accomplished by increasing stagna-
tion pressure, for many configurations a pressure limit is reached beyond which the loads
on the model will preclude testing at the desired lift coefficient. With this In mind ,
an alternate approach to the design of a high Reynolds tunnel is to establish the ccaxim3m
usable pressure and allow tunnel size to decrease with design temperature in order to
attain the desired Reynolds number. Under these conditions , there is a very strong impact
of the cryogenic concept on capital cost due to the large reduction in tunnel size rei~.ired
for the attainment of a given Reynolds number.

At a constant pressure , the cost of the tunnel shell varies approximately w i t h  t h e
cub e of’ the tunnel  size , whereas the cost of the drive system varies approxImately wits,
the square of the tunnel size. Thus , a reduct ion in tunnel size by a factor of 5 or o ,
which , as can be inferred from Figure 1, may be realized by operating at cryogenic tem-
peratures , represents a substantial savings in capital costs over the mush larger ambIent—
temperature tunnel which would be required to achieve the desired Reynolds number at the
same stagnation pressure.

2.1.3 Reduced Peak Power Demand and Total Energy Consumption.

As previously noted , because of the high peak power demands of large ambient—
temperature t ransonic tunnels , the tunnel designer has , up until now , been forced to aban-
don the conventional continuous—flow transonic tunnel and adopt some form of intermittent
tunnel using energy storage techniques. However , since a fan is the most effIcIent method
of driving a tunnel , the reduction in peak pow-~r demand obtaIned by goIng to conventionalenergy storage techniques is real ized only by a - c e p t i n g  an increase in total energy con-
sumption. The cryogenic tunnel concept shifts the primary energy consumptIon from the
electric—drive system to the cooling system. Spraying liquid nitrogen directly into one
tunnel circuit cools the tunnel and the stream in the cryogenic—tunnel concept developec~at Langley. Plants which operate continuously at relatively low power prod uce liquid
nitrogen which is stored at the tunnel site for use as needed. The cryogenic tunnel th~ soffers the tunnel designer a new type of “stored—energy ” system in which the stored energy
is used to reduce the drive power rather than provide it. Comb ined with the highly effi-
cient conventional fan—driven closed—return tunnel , this approach greatly red uces one total
power consumption as shown in Figure 5, in comparison with ambient—temperature fan-driven
tunnels (which had been accepted as the most efficient from an energy standpoint). Th~ s ,
by reducing the drive—power requirements to a level where a fan drive again become s prac-
tical even for large transonic tunnels , the cryo gen ic concept makes available not only the
many technical advantages of the conventional continuous —flow tunnel but , at toe same tire ,
results in significant reductions in the total energy consumed during a test f o r  a given
Reynolds number and stagnation pressure. This redu ction in total—energy requirement which
results from cryogenic operation is especially significant in this age when the conserva-
tion of energy is assuming increasing importance.

2.1 .14 Unique Operating Envelopes.

In addition to the advantages of reduced dynamic ~~essures and reduced drive—power and
and energy requirements , the cryogenic wind —tunnel concept offers the aerodynamic researcher
some unique and extremely useful operating envelopes. For a given model o r ien ta t ion , any
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aer dynarIo coef ficIent is a

~~A M~~I F ’ ,’ TU~4~~LS 32’2~ - tion of , am ong  other th IngS , Mac h
M 

n umber M , Reynolds number R , and

- 
-

- C O ~~~~~4D 0 D L I  IT the aeroelastlc distortion of the
11- ‘ model , which Is , in turn , a function

~ / 3 E~~~~~F51- of’ the dynamic pressure q. A ory o—
~~~~~~~ fU ~ M -.5 ~~ / genlc tunnel with the independent

/ c o n t r o l  ‘if Math numb~ r, t e m per a t u r e ,
=
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- and press u re has the ori que capabil-
ity to determine independently the

- f - effect of Math number , Reynolds nun—
‘j I rP’ iGf’a •
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her , and aeroelastic distortion or
PRODUCIIO ’ 4 the ae’- -lyra ir  chara cter I~~ ics o r

0 L 
~~~~~~~~~~~~~~~~~~~ the~~ a’-~~ r Is

which lois is accomplished , operatIng
enve l ~~~ for trree nodes of op = r a —

i~u r c  5. 1 r t a l  pow er r eq u  i r~-d for r- ’n t i n~~~ os Il-un are presented fo r a o r y o g en l  -;
running so a fun~- t  ~on of stagn~ t ton ‘~r,’s~-,~ r- - ‘ir ar sonic ~r-”os ~re I aflO e l haiIng a
for a m h i ’ - n t  and cry og~’n ic f a n — - 1r iv e n f u n n ~’ I s . 2 . 5 —  t y  2.5—n test seot~ nr . The

~~~~ 1. 0 = 50 m i n T - r i . ma i n  p u rp ose of preseTting toe -c”
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I . ~~ t na,

2.l. b .l °onsta r ’. Mach NArob er Mode.
/

3S S 1~~ / o n  A h r  I cal nç eratl ng envelope
~ - .‘il- / s h o w I ng  the  r ange  ‘if -lyriaroic pres—

~ I sure and Reynolds number available
I- for sonic testing is presented in

~~ / —-- PURE REYN OL DS 

~~~~~~~: ~~ ;X~~~~~~~~~ ~~~~~~~~~: u y
~URE A~RO E1 AS fi c ( ta ken In this example to be 3140 K) ,

- -“i’ = l.Oat m 
- the minim um temperature boundary1mm  (chosen to avoid saturation at free—

0 40 60 ~ ~ I40x106 stream conditions ), the maximum
REYNOIDS NUMBER R

0 pressure boundary (8.8 atm), and the
minimum pressure boundary (1.0 atm).

FL~-~r --- 6 . Constant Mci- - h n u n r a cr  operot log
“Si !’ - r ~ - i ’ i r  cc n: c rijlro~ en t-ir ~r~ -~~. 

With  such an operating capabil-
ity , it is possible , for example , to
determine at a constant Mach number

the true effect of Reynol ds number on the aerodynamic characteristics of the model , wit h-
out having the results Influenced by changing model shape due to changing dynamic pressure ,
as is the case in a conventional pressure tunnel. (There will be a slight variation of’
the modulus of elasticity E of most model materials with temperature. To correct for
this variation in E, the dynamic pressure q may be varied by varying total pressure so
that the ratio q/E remains constant over the Reynolds number range.) This ability to
make pure Reynolds nu mber studies is of particular importance , for example , in research
on the effects of’ the interaction between the shock and the boundary layer. As indicated
on the envelope , pure aeroelastic studies may be made under conditions of constant Reynolds
number. In addition , com binations of R and q can be established to represent accurate-
ly the variations in flight of aeroelastic deformation and changes in Reynolds number with
al titude. Similar envelopes are , of course , avai lable for other Mach numbers .

2. 1.14 .2 Constant Reynolds Number Mode.

A typical operating envelope is presented in Figure 7, which shows the range of dynamic
pressure and Mach number available for testing at a constant Reynolds number of 50 x 106 .
The max imum temperature limit and the maximum and minimum pressure limits used in the
previous section have been assumed. The minimum temperatures were never less than those
consistent with avoid ing saturation under free-stream conditi ons . With this mode of opera-
ti on , it is possible to determine true Mach number effects by eliminating the usual prob-
lems introduced by changes of’ Reynolds number or by changes in the aeroelastic effects.

2.1. 14 .3 Constant Dynamic Pressure Mode.

Although the three methods of testing have been illustrated In the preceding envelopes ,
an additional form of’ operating envelope Is illustrate d in Figure 8, which shows the range
of Reynolds number and Mach number available at a constant dynamic pressure of 100 kN/m 2.

The cryogenic tunnel can furnish many other combinations of’ Reynolds number and dyna-
mic pressure that may be desired to match a particular aircraft flight condition . The
ability to isolate these effects is extremely desirable , since both aeroelasticity and
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- 2S- 03 2 5- m T ES T SECTI ’ iF. Reynolds r.umber can produce r-rofc ur.d
e f f e c t s  o r crit ical aerod y namic400 
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, PUR E MACH NL’38ER phenomena , such as shock boundary—
STU DI ES

~~~~~~~~~~~~~~~~~~~~~~~
t m’n 

there is no doubt that nitrogen

P J R ~ AuPC, E [AS TI c 14 
layer interactions .

000 - 2.2 Rea l— gas Studies
~ S T _ D I E S  

r ~~ .

D Y’A. ,IC -
PR E SS- PT - In the cryogenic tunnel concepts

developed at Langley , the test  gas
1 kS/n 7 700

is nitrogen rather than air. At
ambient temperature and pressure

180 - would be an acceptable test gas
since both air and nitrogen behave

- for all practical purposes like an
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

ideal diatonic gas. At cryogenic
Ti 2 4 -~ ~ 1.0 1.2 14  temperatures , however , both nitrogen

EREE -STR EP M MACH NUMB ER M ,,, and air depart from ideal—gas be-
havior due to both thermal imper fec—P c ~ re 7. C ri~~t,ant lorynoids o’imnor op-or a t r oc tions (Pv ~ °~T) and caloric inper—er~ - no for cryogoric nitroC’-r t ir r ol . fections ( spec i f i c  heats not con-
st an t ) .  For t his reason , anal y t ica l
and experimental studies have been
made to evaluate cryogenic nitrogen
as a transonic wind-tunnel test gas.

= 00 ~TJn
T 25 - BY 2.5 - in TEST S ECTI SS 

The results of these studies have
been reported in Reference 13. The

100 = 1 0 6 major findings are briefly reviewed
in the following sections .

— PURE MACH NUMBE R
STUDIES

REYN Ol DS 

=8 85n  determining the minimum usable stag—

80
PU RE REYN OI DS NU MBE R 

2 . 2 . 1  Minimum Operating Temperatures
STUD I ES

NUMBER The first part of the real—gas60
studies has been concerned with

P
I na,

40 nation temperature . When testing
M,, at cryogenic temperatures , it is- na,

highly desirable to take maximum
23 possible advantage of reduced te rn —

ma,~~~~~ pe rature in order to increase test
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Reynolds number. As can be seen
1 .2 .4 6 .8 1.0 1.2 1.4 from Figure 9, the changes in

FRE E - S T R E A M  MAC H NUMBER M
, Reynold s number per degree Kelvin

change in stagnation temperature
~gur ~- 8. ‘inch- m t  Jyriaml c c m o s  ire o p e r a t i ng  approaches 2% at the lower tempera—
on i- lope f’i r- c r y o g en i c  ri t t r o ,~er t u n n e l .  t u res .  An addi t ional  incentive to

operate at lower temperatures Is
the reduction in fan—drive power

and an attendant reduction in the amount of liquid nitrogen required for cooling .

Early theoretical studies of the minimum operating temperature were based on the assump-
tion that condensation of’ the stream must be avoided under the most adverse flow conditions
existing in the test section . Condensation is most likely to begin in the high local Mach
number region over the model being tested where the pressure of the gas is at a minimum.
Under the assumption that the gas is in static equilibrium at this low pressure , it can
be shown that liquefactio n of the stream will begin when the temperature associated with
the low—pressure region just matches the saturated vapor temperature . Thus , under the
assumption that condensation must be avoided , there exists for a given stagnation pressure
and temperature a maximum local Mach number which must not be exceeded .

As noted in Reference  20, the assumptions made for the early look at minimum operating
temperature were recognized as overly conservative . Based on theoretical considerations
as well as on experimental results to be presented in a subsequent section , it is apparent
that temperatures considerably lower
than those based on maximum local
Mach number considerations can , under 2 -
cer ta in  c i rcumstances, be used and
still avoid any effects of condensa-
tion on the data. PERC ENT

CHAMG E
REYN~,DS2.2.2 Isentropic Expansions. WJMBER

0PER I K
The thermodynamic properties for CHANGE~~nitrogen were obtained from a

National Bureau of Standards (NBS )
program based on work by Jacobsen .21
The NBS program was modified so that I I
isentropic expansions could be made. 0 ¶0 1~ 150 2~ 250 ~O 350
The various ratios which describe an STAGNA TI~~ TEMPERATU RE , T~ K

isentrop ic expansion were calculated
by using the real—gas properties of F I gure 9. Chan ge in Re yno ld s num ber per 10
nitrogen and were compared with change In stagnation temperature. 
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ratios derived from ideal—gas equa— PRLSSU RE R A T I O P P  M =1
tions and ideal values of the corn— I

pressibili ty f acto r (Z = 1) and the
ratio of specific heats (y 1 . 1 4 )  SAT TION M1 =

for a diatomic gas. An example of 1004 hO
the results is presented in Figure 10 , -

whe re the ratio of the real and ideal 6 50 IOH ‘ 25 - BY 25- rn TEST SECTIONI
pressure ratios necessary to expand IP / PII NIT 

152 -

isentropically to M = 1.0 is IP/P I 
ROG&N ..

~~~~ P alm
presented as a functron of tunnel I IDEAL 1.52 -- - -- - - - °— ~~ - -_ 

stagnation temperat ure and pressure .
As can be seen , the real—gas effects
are extremel y small and , for —ID

• 50 x 100 at cryogenic tempera— R~~~50m io6 2. 5BY D 5rnTE ST SE CTI O NI
tE res , the real—gas pressure ratio
diff ers from the ideal—gas pressure 

~~ 150 2~ 250 300 350
ra tio by on ly about 0 . 2 %. It is STACNA T I ~~~TEMPER ATUKE K
interesting to note that the real—gas
effect  at cryogenic temperature is Figure 10. Pressure ratio for i s e n t r o pic
act ually less than the real—gas expansion of’ nitrogen to M~~ = 1.0 relative
effect  at ambient temperatures , where to ideal diatomic gas value .
a considerably higher stagnation
pressure is required to obtain

= 50 x 106.

The othe r real—gas ratios used to descri be an isentropic expansion in nitrogen also
diffe r from the ideal—gas ratios by this same small percentage . In many cases , such as
the determination of tunnel Mach number , for example , the real—gas equations can be used
to avoid even this small error of 0.1% or 0.2%. However , errors of such magnitude are of’
the same order as the uncertaint y in measurements and would be considered insignificant
in most wind—tunnel work.

2.2.3 Normal—Shock Flow.

The NBS program previously mentioned was also modified so that the various ratios

F 
which describe normal—shock flow could be calculated by using the real—gas properties and
compared with the corresponding ideal—gas ratios . An example of the results is presented
in Figure 11 where the ratio of the real to the ideal static— pressure ratio across a nor—
mal shock is presented as a function of tunnel stagnation temperature and pressure. As 6in the case of isentropic expansion , the e f f e c t s  ar e ext r emely small and for R~ 50 x 10

the real—gas pressure ratio differs
from the ideal—gas pressure ratio by

NITROGEN 14 = 1 4  only about 0.2%. The other real—gas
1 ratIos associated with normal-shock

L000 - flow in nitrogen also differ from
the ideal ra tios by this  same small

1002 - percentage. As in the case of isen—
P1 alm tropic expansion , even in those situ—

atl ons where the real—gas equations
cannot be used to tak e these effects

SU TURA T IO N —’ 
- R ~~ = 

into account , an error of this mag—
f P 2 \  996 25- B 5- m TEST SECTION 

ni tude wou ld usual ly be considered
- - insignificant. Thus , even though

- DIM the values of Z and y for nitro-
gen depart significantly from their

997 ideal—gas values at cryogenic tem-
peratures , both the isentropic flow

- - - parameters and the normal—shock flow
- 0 I~~ ~~ parameters are insignificantly

STAGNA T IONTIM PERA TUR E K affected by these re al—gas e f f e c t s .
Figure 11. Preomure ra’. Lo a—ross norma l

~h osk  in n i t r o g en  r e ] a t iv e  to Ideal
diatomic gao value. 3. THE LANGLEY 0.3—METER TRANSON IC

CRYOGENIC TUNNEL

Following the successful  completion of the low—speed cryogenic tunnel work at Langley
in the summer of 197 2 , it was decided to construct a relatively small continuous—flow fan—
dr Iver s transonic pressure tunnel in order to extend the design and operational experience
to the press ure and speed range contemplated for a lar ge high Reynolds number transonic
t unnel. The purposes envisioned for the pilot transonic tunnel were to demonstrate in
comp ressible flow that the results obtained when Reynolds number is increased by reducing
temperature are equivalent to those obtained when Reynolds number is increased by increasing
pr essure , to dete rmine experimentally any limitations imposed by liquefaction , to ver i f y
engineering concepts with a realistic tunnel configuration , and to p rovide additional
operational experience. Design of the tr an sonlc tunnel began in December 1972 and initial
operation began in September 1973.

3 . 1  Description of the Tunnel and Ancillary Equipment

The 0.3— meter  Transonic Cryogenic Tunnel is a single—return fan—driven tunnel which
can be operated at Mach numbers from near 0 .05 to about 1 .3  at stagnation pressures from
5light ly greater than 1 atmosphere to 5 atmo spheres over a temperature range from
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about 77 K to 3140 K (about —32 0~ F to 152° F). The ranges of pressure and temperature
provide the opportunity of investigating Reynolds number effects by temperature and pres-
sure independently over almost a 5 to 1 range of Reynolds number.

The tunnel is designed to allow the use of interchangeable test sections. At present ,
there are two test—section lego available , each consisting of a contraction section , a
test section and a diffuser sec tion . The original test—section leg has a 3—D slotted
octagonal test section measuring 314—cm from flat to flat. It is this 3—D test section
which was used during the first three years of operation of the tunnel to obtain the
proof—of—concept data and much of the operational experience to be described in subsequent
sections of this paper.

Beca use of the renewed interest in airfoil research and the extreme sensitivity of
many of the advanced airfoils to Reynolds number , a 2— fl test—section leg has recentl y
been ins talled . The 2—fl test section measures 20—cm by 60—cm and can be used with either
slotted or solid upper and lowe r walls . Ther e i s pr ovision for r emov al of the sidewa ll
boundary layer just ahead of the model through perforated plates extending from the floor
to the ceiling. Pressure orifices on the model and a wake survey probe are used to pro-
vide the test data. In addition , a schlieren system is provided to allow for visual
observation of the flow field. Preliminary tunnel—e mpty calibration of the 2—fl test
section has been completed and the testing of a series of calibration airfoils is under
way.

This new 2—D test—section leg will provide a unique facility for fundamental fluid—
dynamic research and airfoil development at test Reynolds numbers up to 50 million on a
two—dimensional airfoil having a 15—cm chord .

A sketch of the tunnel circuit
with the original 3—fl test section -.
is shown in Figure 12. Some details sCeEN sf CT , o~
of t he mechan ica l aspects of the ~~~~~~~~~~~~~~~~~~ 
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3.1.1 Materials of Construction .
Figure 12. Layout of’ 0.3—meter Transonic

The tunnel pressure shell is Cryogenic Tunnel.
constructed of 0 .635 and 1.2 70 cm
thick plates of’ 6061—T6 aluminum
alloy . The f l an ges used to join the various sections of the tunnel were machined from
plates of this same material. The bolts for the flanges are made from 20214—TI aluminum
alloy . These particular aluminum alloys were selected because they have good mechanical
chara cter is t ics  a t cryogen ic as well as ambien t tempera tur es an d could easily be f abr ica ted
using equipment and techniques available at Langley . The flange joints, depending upon
size, are sealed with either a flat gasket made from a mixture of teflon resin and pulver-
ized glass fiber or a teflon—coated hollow metal “o”—ring.

3.1.2 Tunnel Support System.

The 3200—kg tunnel Is mounted on the four “A” —frame support otands shown in Figure 12 ,
one of which is a “tunnel anchor ” support designed so that the center of the fan hub keeps
a fixed position relative to the drive motor. Thermal expansion and contraction of the
tunnel results in a change in overall tunnel length of about 14 .0  cm between extreme s in
operating temperature. Sliding pads at each of the tunnel support attachments allow free
thermal expansion or contraction of the tunnel structure. The sliding surfaces consist of
2 .5 1  cm thick teflon sheets placed between the support attachments on the tunnel and
stainless—steel blocks mounted on the upper portion of the carbon steel “A ” —fra me stands.
Vertical and lateral movement at each joint is constrained by bolts passing through the
tunnel support attachment and the teflon sheet into the “A ” —fraz ne . The tunnel support
attachments are slotted in the longitudinal direction to allow free longitudinal expansion
or contraction of the tunnel.

The object of the anchor support is to hold the center line of the tunnel at this
support in a fixed position relative to the ground in the presence of relatively large
amounts of thermal expansion. The undersidea of all of the tunnel support attachments ,
including those at the anchor point , are on the horizontal plane through the axis of the
return leg of the tunnel. With symmetrical expansion , the tunnel center line is held at
a fixed height above the ground. A fork on the tunnel underside at the anchor point
additionally prevents lateral or axial movement or the tunnel at this station. In this
way , the axis at the anchor point is fixed relative to the ground and the tunnel expands
and contracts symmetrically about this point on the axis. Since the fan and tunnel are
both manufactured from aluminum , thermal expansion does not materially affect the tip
clearance of the fan or generate any stisalinement between the axis of the fan and the
externally mounted drive motor. This support 3cheme has proved to be entirely adequate
and no problems have been encountered.
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3.1.3 Thermal Insulation .

Thermal insulation for most of the tunnel circuit consists of 12.7 cm of urethane
foam applied to the outside of’ the tunnel structure with a glass fiber reinforced poly-
ester vapor barrier on the outside. The urethane foam is not bonded directly to the
aluminum tunnel wall but rather is separated from the wall by a shear layer consisting of
two layers of fiberglass cloth. This allows the differential expansion be tween the alu-
minum and urethane foam to take place without causing th e foam to fracture . This insula-
tion has proved adequate and keeps the outside of the tunnel warm and dry under all oper-
ating conditions even during periods of high humidity.

3.1.14 Viewing Ports.

Seven ports were provided with the initial 3—D test section to allow inspection of the
interior of the tunnel in the plenum and test—section areas and the nitrogen injection
regions . A sketc h of one of the ports showing details of construction is shown in Fig-
ure 13. Each of the ports consists of a 3 .56—cm—diameter glass window which is designed

to take the maximum differen tial
pressure of 14 atmospheres at cryogenic
tempera tures. To provide protection
against possible window failure and
to provide thermal insulation , two
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It should be noted that there is
no fundamental reason for using such

small diameter ports. The small size of the ports was chosen to limit to a harmless level
the pressure rise which would occur in the building which houses the tunnel in the even t of
failure of a glass window with the tunnel operating at maximum pressure and minimum tem-
perature.

Initially, the inside of the tunnel was illuminated by directing the collimated output
of three small incandescent lamps into the tunnel through three of the ports. However ,
a simple yet very effective light source was subsequently placed inside the plenum chamber
which provided illumination for both the test section and plenum regions. The new light
source consisted of two 12—volt automobile stoplight bulbs mounted in a plas tic box which ,
in t u rn , was fastened to the plenum side of one of the test—section walls .

3 . 1 . 5  Drive- Fan System.

The tunnel has a fixed geometry drive—fan system which consists of seven prerotation
vanes and a 12—bladed fan followed by 15 antiswirl vanes . The drive fan is powered by a
2.2—MW water—cooled synchronous motor with variable —fr equency speed control. The motor ,
which is external to t he t unn el , is capable of ope ra t ing the fan at speeds from 600 rpm
to 6200 rpm.

3.1.6 Liquid Nitrogen System.

A schematic drawing of the liquid nitrogen system is shown in Figure 11 . Liquid nitro-
gen is stored at atmospheric pressure in two vacuum insulated tanks having a total capacity
of about 212,000 liters (56,000 U.S. gallons). Immediately prior to running the tunnel,
the supply tank is pressurized to about 1.7 atmospheres absolute pressure in order to
maintain sufficient net positive suction head at the pump inlet to prevent cavitation .
The pump has a capacity of about 500 liters per minute with a delivery pressure of 9.3 at-
mospheres absolute , and is driven by a 22 .I—kW (30 hp) constant—speed electric motor.

When the pump is used , the liquid nitrogen supply pressure is set and held constant
by the pressure control valve , shown in Figure 113 , which regulates the amount of liquid
returned to the storage tank through the pressure—control return line.

Tunnel total temperature Is controlled by a closed—loop feedback control system which
regulates the flow of LN2 into the tunnel circuit. Four identical 10 blt—ll element
digital contro l valves operate In accordance with command signals issued from a digital
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microcomputer—controller. A platinum resistance thermometer located in the settling
chamber serves as the temperature sensing element for the digital control system. Due
to the wide ranges of tunnel pressure and Mach number, it is necessary to control LN
flow rates from about 14 liters per minute to about 500 liters per minute. The 1023:
turndown ratio provided by the 10—bit digital system makes possible precise control of’
the LN2 flow rate and, therefore, precise control of tunnel total temperature over this
very wide range. In addition to providing optimum total temperature control , the
microcomputer—controller also digitally calculates the instantaneous LN2 flow rate with
a high degree of accuracy .

In its original configuration , the liquid nitrogen system did not have the pressure
control loop as shown in Figure 14 but rather was dead ended at the tunnel. This resulted
in an excessive cool—down time for the LN 2 supply pipe leading to the tunnel. The minimum
time required to cool the pipe between the LN2 pump and the injection station with theoriginal system was determined by the rate at which the gas generated during the cool—
down process could be vented to the atmosphere through the tunnel exhaust system without
damage to a turbine flow meter located in the liquid nitrogen supply pipe. The minimum
supply pipe cool—down time with the original system was about 30 minutes. A recirculating
loop supply system extending to the tunnel has reduced the cool—down time to 2 or 3 min-
utes and has also simplified the control of the liquid nitrogen flow rate by eliminating
boiling in the pipe during tunnel operation which was also a problem with the original
system at very low flow rates.

3.1.7 Nitrogen Exhaust System.

The system for exhausting gaseous nitrogen from the tunnel is shown schematically in
Figure 14. Tunnel total pressure is adjusted by means of an 8—bit digital and two pneu-
matically operated control valves in exhaust pipes leading to the atmosphere from the
low—speed section of the tunnel. In order to minimize flow disturbance the exhaust pipes
are taken from the low—speed section at 120° intervals just ahead of the third set of
turning vanes . A total pressure probe located downstream of the screens provides the
reference pressure measurement when tunnel pressure is being controlled automatically .

As originally designed , the nitrogen exhaust from the tunnel vented directly to the
atmosphere through pipes carried through the roof of the building ho using the tunnel. A
severe fogging problem existed with this original design during periods of high humidity
and low wind speed. On several occasions , it was necessary to suspend operations until
there was a favorable change in the weather. A simple and completely effective solution
to this problem has been found and consists of an exhaust driven ejector as shown in the
sketch In Figure 15. The low—pressure ejector induces ambient air which dilutes and
warms the cold nitrogen exhaust gas . The resulting foggy mixture is propelled high into
the air and dissipates completely. This simple exhaust ejector , which has an area ratio
of about 5:1 , Induces sufficient ambient air to increase the 02 level of the mixture to
11% and discharges the mixture so effectiv ely that it has completely eliminated the

— 
fogging problem even under the most adverse weather conditions .
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In order to operate the 3—0 test -o254~~-~~-
section above M~ = 1.06 , it is neces— .- O 102 m
sary to operate the t~ nnel a pressures
sufficiently high to allow gas to be - - - -

exhausted from the plenum chamber to
the atmosphere. Manually controlled I
pneumatically actuated valves in GUY WIRE ATTACHMENT
three pipes leading to the atmosphere
from the plenum allow app roximately  ~, -
1% of the mass flow entering the
test section to be exhaus ted when - 
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operating at M = 1 or greater. 
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wall. The control valves may be used
ei ther singly or in combination. T
3.2 Operating Procedure O.30 Ifl

I N

Many of the operat ing procedures -~~~~ L t -
deve loped for the low—speed cryo-
genic tunnel described in References
11 and 12 are being used with the -020 3 stranson ic tunnel. However , since I -

the transonic tunnel was designed
and bu ilt purposely  for  cryogen ic ~~ 15. t x h a u ~~t ejector 0. I—m ’~ter
operation, the detailed operating
procedures differ from these devel-
oped for the low—sp eed tunnel which
required ex t ens ive  mod i f i c a t ion to
permit its use at cryogenic temperatures. The major conclusions with respect to the
operat ion of’ the 0.3—meter tunnel after more than 1000 hours of running at cryo~ enic tem-peratures are as follows :

1. Purging , cool d own , and warmup times are acceptable and can be pred icted with
good accuracy.

2. Liquid nitrogen requirements for cool down and running can be predicted with
good accuracy.

3. Cooling with liquid nitrogen is practical at the power levels required for tran—
sonic testin g. Test temperature is easily controlled and good temperature distribution
can be obta Ined by using a simple liquid nitrogen injection system.

The experinental data on which these conclusions are based as well as other informa-
tion related to the operation and performance of the 0.3—meter tunnel have been reported
in References 23 and 24. A brief ’ descr iption of’ the operating procedures currently being
used with the 0.3—meter tunnel is given in the sections which follow.

3 .2.1 Purging.

If the tunnel has been opened and moisture from the atmosphere allowed to enter , it
is essential that the moisture be removed prior to cooling the stream and tunnel in order
to prevent blocking of the screens by frost. This purging of the moisture is accomplished
by injecting liquid nitrogen into the tunnel circuit and allowing it to evaporate using
the tunnel fan to maintain circulation and provide sufficient heat to keep the stream
above the dew (or frost) point of the gas in the tunnel. The nitrogen exhaust system
valves at the settling chamber are used to keep the tunnel total pressure at about 1.2 at-
mospheres during the prerun purge . After about 5 minutes or so the dew point is usually
very close to the lower limit of measurement of the dew—point monitoring system. This
limit is about 200 K (—80° F). Cool down of the tunnel then commences.

3.2.2 Cool Down .

Following the prerun purging process , the stream and tunnel are cooled to the desired
operating temperature by Injecting liquid nitrogen into the tunnel at the rate of about
75 liters per minute. The tunnel total pressure Is held near 1.2 atmospheres and the
drive fan is operated at a constant speed of about 700 rpm during the cool—down process.
This low fan speed provides the necessary circulation in the tunnel during the cool—down
process without adding a significant amount of heat to the stream . Under these condi-
tions , cooling the tunnel and the stream from 300 K (80° F) to 110 K (—262° F) requires ,
on average , 2450 liters of LN2 and takes about 30 minutes .

3.2.3 Running .

Following cool down of the stream and tunnel to the desired operating temperature ,
test Mach number is set by adjustment of fan speed . The setting of Mach number is made
while the tunnel total pressure is near 1.2 atmospheres. A small computer automatically
provides the operators with a continually updated display of’ Mach number based on the



ratio of total pressure measured downstream of the screens to static pressure measured
in the plenum. Once Mach number is set , the desired operating total pressure is obtained
by adjustment of the nitrogen—exhaust control valves located at the settling chamber.
While adjusting total pressure , the liquid nitrogen flow rate must also be adjusted to
hold total temperature constant since the heat added by the fan is changing in direct
proportion to total pressure. With the existing control systems , this procedure takes
between 1 and 5 minutes with variation of pressure betw een 1.2 and 5 atmospheres.

During the initial operation of the tunnel , there was no major effort made to improve
on the performance of the various control systems . However, improvements are now being
made to provide automatic control of tunnel total temperature and pressure as well as
Mach number. These improvements are being made in order to reduce the time required to
obtain a desired test condition as well as to provide more accurate control once the
desired condition has been achieved.

3.2.4 Warmup and Reoxygenation.

On many occasions , a test at cryogenic temperatures is not completed by the end of’
the day . The design of the 0.3—rn tunnel is such that it may be left cold overnight and
started up aga in the next day, thus avoiding the time and expense of a warmup and an
additional complete cooldown cycle. At the conclusion of a test at cryogenic tempera-
tures , the tunnel is warmed , depressurized , and reoxygenated so that model changes may be
made at ambient conditions . The warming of the tunnel is accomplished by stopping the
flow of LN2 and continuing to operate the drive fan. The time required to warm the tun-
nel varies between 30 minutes and 1 hour, depending on the temperature range through
which the tunnel is warmed and the total pressure and Mach number maintained during the
warming process.

When the tunnel is warmed , and with the fan still running, the valves which are nor—
mally used to exhaust nitrogen from the plenum chamber and the settling chamber are
opened. This results in an influx of ambient air into the tunnel through the plenum
chamber , with corresponding efflux through the settling chamber vents , the plenum chamber
holding slightly below atmospheric pressure while the settling chamber holds a pressure
slightly above atmospheric . This pumping action brings the oxygen level in the tunnel
to 20% by volume within 1 or 2 minutes , depending upon the Mach number. The fan is then
stopped with the exhaust valves open , leaving the tunnel warm , depressurized , and reoxy—
genated .

3.2.5 Temperature Versus Time During a Typical Run.

A record of stream and tunnel wall temperature as a function of time is shown in
Figure 16 to illustrate the various phases of tunnel operation during a typical run. The

tunnel had riot beer~opened to the at-
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In addition to
special instrumen-

tation required for test—section calibratIon and special aerodynamic tests , the tunne l is
instrumented to measure wall temperatures and static pressures around the circuit , dew
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point (or frost poir.t an d oxygen c o n t e n t  of t h e  test gas , pressure in the LN2 Supply
line , flow rate as well as total quantity of’ the LN2 injected into the tunnel , flow rate
of the gaseous nitrogen being exhau cted from the settling chamber and the plenum chamber ,
fan speed , and torque at the drive motor shaft.

In working with the low—speed and transortic cryogenic tunnels , a philosophy has been
adop ted of’ maintaining, if possible , all pressure and force transducers at near ambient
temperatures (W 3 0 0 K )  in order to avoid possible oroblems with changes in sensitivity or
changes in zero reading with temperature. In keeping with this philosophy, the various
transducers are eIther mounted outside the tunnel in the ambient temperature envi ronment
or insulated and maintained at ambient temperatures by using electrical heaters if they
must be used in the cryogenic environment of the tunnel. Examples of’ transducers main-
tained at ambient temperatures in the tunnel include a three—component force balance and
an accelerometer used in conjunction with the testing of a force model to be described
In a later section. Temperature controllers responding to changes in resIstance of nickel
resistance thermometer elements are used to hold the transducers at the selected ambient
temperature set point within very close limits.

Temperatures over the ent i re  range of’ opera t ing t empera tu r e s  (77 . 4 K to 3140 K )  are
measured using either copper—constantan thermocouples or platinum resistance thermometers
(PRT) depend ing on how accurately a particular temperature must be determined. Three
PRT ’ s are located in the settling chamber of the 0.3—meter tunnel. One of the PRT’s is
used to provide the tunnel operators with a continuous display of total temperature as
the tunnel is brought to the desired total temperature. The other two PRT’s are read
direct iy into the data acquisition system and used in the reduction of the test data.

Pressures are measured using high accuracy (±0.25 percent of reading) capacitance-
sensing diaphragm gages located outside the tunnel. For measuring the pressures around
the tunne l  c i r c u i t  and for airfoil pressure tests , scanning valves are used to reduce
the total number of transducers . Those scanning valves located inside the tunne l  circuit
are insulated and maintained at about 300 K by using a thermostatically controlled elec-
trical heater. The tunnel operators are provided with a display of tunnel total pressure ,
plenum static pressure , and test—sec tion Mach number calculated from these pressures by
a small digital computer .

Very few problems with instrumentation have been experienced in the operation of the
0.3—meter cryogenic tunnel where, generally , off-the—shelf components and standard in-
strumentation techniques have been used and found to be satisfactory . The majority of
the few problems that have been encountered have been due to the high operating pressure
of 5 atmospheres rather than the low operating temperature . The only major problem due
to the cryogenic environment that has been encountered were zero shifts of the normal
force and pitching—moment componen~~ of the electrically heated balance due to temperaturegradients across the gage secticn.~~ These gradients were due mainly to flow from the
base of the model being circulated across the gage section. By modifying the original
model—balance interface so as to minimize conduction , by optimizing the locations of the
heaters and sensors, and by shielding the balance from all direct contact with the cold
stream, a balance has been evolved from the original design which is comp letely free from
zero shifts with temperature and performs satisfactorily over the entire range of temper-
atures arid pressures . Based on the experience gained in 14 years of operation of the
0.3—meter tunnel , we do not envision any especially difficult problems relating to in-
strumentation in either the operation or use of a cryogenic tunnel.

3. 4 Experimental Results From the 0.3—Meter Transonic Cryogenic Tunnel

Two types of’ experimental data are being obtained from the transonic cryogenic tunnel.
The first type relates to the operation and performance of the tunnel itself. The data ,
for the most part, consist of the usual tunnel calibration information but with particular
emphasis being placed on identifying any problems related either to the method of cooling
or to the wide range of’ operating temperature . The second type of experimental data is
primarily aimed at determining the validity and the practicality of the cryogenic concept
in compressible flow.

Some of the results obtained during the initial operation of the tunnel have been
reported in References 23 through 27. Some of the results reported in these references -
along with additional results obtained with the 3—0 test section are given in the sections
which follow.

3. 4.1 Test—Section Mach Number Distribution .

The Mach number distribution for the 3—0 test section has been determined over a wide
range of test conditions. Static pressure orifices located along the tunnel wall and
along a tunnel center—line probe were used to determine the static pressure distribution .
A pitot tube located downstream of the screens is used to measure stagnation pressure .
As noted in Reference 13, for stagnation pressures up to about 5 atmospheres , the isen—
tropic expansion relations calculated from the real—gas properties of nitrogen differ by
no more than about 0.4% (depending on test conditions ) from the corresponding relations
calculated from ideal diatomic gas properties and ideal—gas equations. However , since
the pressure—measuring instrumentation being used is capable of resolving such differences,
the apr’-opriate real—gas relation is used in the data reduction process to determine Mach
number from the stagnation to static pressure ratio. The nominal test—section Mach number
is calculated from the ratio of stagnation pressure measured just downstream of the
screens to static pressure measured in the plenum chamber.

i
~~~~~~~~ 

— — — — -
~~ 

,4.- w .w~
--_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- --—- - --

~~~
- -- -

~~~~~~~~~
‘

~ 

.- -

~~~~~~~

-—-. 

~~~~



The calibration of the 3—D test os — p 121 a4m . T 320.2K
section indicates nearly identical I ‘~~WA LLtunnel wall and tunnel center—line O cEP4TER LIN(
Mach number distributions for all I
test conditions . In addition , there
are no detectable differences between M ~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~Mach number distributions at ambient t 0
and cryogenic temperatures. An ex— 0. 8 -

ample of the tunnel wall arid tunnel
center—line Mach number distribution
is shown in Figure 17. Examples of
the wall Mach number distribution
over a range of Mach numbers is
shown in Figure 18. Except at speeds I I
greater than Mach 1, the Mach number ~o 40 60
distribution is generally good and TEST - SECT I ON STATION , cm
no attempt has yet been made to -
improve the distributions by changes Ft.~-ure 17. E x a m ~~]e of t e : t — o n at t o n  d a l i  and

t--~ 1. H ~- - -
~~~~

-
~~ ~i-~ ~to slot ge omet ry , wall divergence , cen~~r— ne ac.. nu. . ~~~~~~~~~ a.

or reentry flap position. - O .o25.

3.4.2 Transverse Temperature
Dist ribution.
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temperature dis- nun~er . ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ p~ = 1.21 atm , Tt 318.4 K

tunnel over a wide
range of operating
conditions in order
to determine if
there were any

.6 
~~~~~~~~~~~~~~ <~s<’~~

-’ ~~~~~~~~ ~~~~~~~~~~~~~~~~ 
p~ = 1.21 atm . T1 = 321.5 K

perature di stri —
bution related to
the method of ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ p1 = 4.72 atm . T = 112.6 K
cooling. I

The temperature 4 O-O-O-0—0- O-0-.c o.o_o-o-O-o-0.o-0-o.-0-0 p1 = L18 atm ,T~= 322.6K

distribution in the
tunnel is determined ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ p~ = 1.28 atm . T = 86~? K
by a temperature
survey rig which is — ~c~ei location for two-permanently in— 

~~
_/ dimensional airfoil tests

stalled in the tun — -
nd just ahead of .2 - I I I I

the turbulence
damping screens . Test’iectuon station . cm
A sketch of the
temperature survey Fi gure 18. Examples of’ test—section wall Mach
rig showing the number distributions.
general location
of the 22 thermo-
couple probes is shown irs Figure 19 along with a listing of some early results from the
survey rig obtained at M,, - 0.85. The mean value (arithmetic average) of temperature
Tt and standard deviation (measure of dispersion around the mean) a are listed for
several test conditions . As can be seen , there is a relatively uniform temperature dis-
tribution even at cryogenic temperatures where the tunnel is being operated within a few
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_
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-degrees of the test sectIon free—
stream sa tura t Ion con d I t I on s .  These
values are t y pI c a l  of’ the data which
were obtained over the entire oper—M~ 

- 085

~~~~~~~~~~~~~~~~~~~~~~ ~
atm T1. K RANGE a Recently, a thru—the—wall In~ec—

LN2 injection system as described
ating envelope using the orIginal

In Refe rence  2 4.

5.~ 326.3 2.1 0.6 tlort system has been ins ta l l ed  in the
2.50 323.1 3 .5 1.0 0 . 3 —m e t e r  t unne l .  Four icent ical

- . 20 323.2 3.1 0.9
- 5~~ %6 1.0 0.3 spray nozzles are mounted at 9Q

0

2A7 9 1 5  ~ ~4 
Intervals around the tunnel at the

1.20 SL-1 1.4 0.3 ZN 2 injection station shown in the
sketch of’ the tunnel in Figure 12.

THER~~COUPtE P00805 The nozzles were mounted flush with
the tunne l  wal l  an d pos itione d so
the fan spray patterns from the
nozzles were perpendicular to the

Sk -et t-~m p e r -~t~ re s~~r ;-:y r ir  f low.  The new t echn ique  produces  ar.
.ct1n ~’ Of ~~

-
~~; ~~~~~~~~ Improved temperature distribution

with an average value for o of
0.25 over generally the same range
of test conditions as shown in Fig—

~re 19. By el m natIn~ the need for plumbing inside the tunnel , the wall injection sys—
ten permlto a sin4 ler and more efficient tunnel design than the orIgInal spray—bar in~ e:—
t i -on  sys t em a: descrIbed in Reference 24 .

3. ’~. 3 A IrfcI. ~ress~ re Tests.

Based on the real—gas studies , there is little doubt that airfoil pressure distribu—
tlons measured for ~1’fen values of Reynolds number and Mach number should be the same at
~r y c g en I c  and ambient temperature conditions . However , in order to provide experimental
verification of thIs equivalence , the pressure distribution on an airfoil has been measured
in the 0.3—meter t unnel  at ambient and cryogenic temperatures under conditions of constant
Reynolds number and Mach number.

A modIfied NACA 0012—64 airfoil having a 13.72—cm chord was used f’or the airfoil
pressure tests. The airfoil spanned the octagonal 3—D test section and was fastened to
the walls in such a way that incidence could be varied. An airfoil somewhat larger than
wculd normally be tested in this size tunnel was selected in order to allow for more
accurate  model cons t ruc t ion, a reasonable number of pressure orifices , and higher chord
Reynolds number. The fact that the relatively high chord to tunnel—height ratio might
result in wall induced interference was of no particular concern since the tests were
being made only to determine if’ the airfoil pressure distribution was modified in any way
by real—gas effects associated with testing at cryogenic temperatures. The pressure dis-
tribution data should therefore be looked at from the point of view of agreement or lack
of agreement between data obtained at ambient and cryogenic conditions and the results
used only as an indication of the validity of the cryogenic concept. The conditions
selected to assure a valid and critical cryogenic evaluation were :

1. Amb ient and cryogenic temperature tests were made in the same tunnel, on the same
model , at the same Mach number and Reynolds number.

2. The airfoil was tested with free transition to allow any possible temperature
effect on boundary—layer development.

3. The symmetr ical  a i r fo i l  was tested at zero incidence to eliminate any shape or
incidence change due to the dynamic—
pressure differences between the
ambient and cryogenic temperature
conditions .

4. Free—stream Mach number -0.8 - ,-M ,, I3.t 5 . R , 8.5~~~106

/ P atm I Kex ceeded the Mach numbe r no rmal to 
-the leading edge of typical near- -06

O 4 9 ~~ 326 6sonic transport designs.

A comparison of the pressure
distribution for ambient and cryo— c

Reynolds number was obtained at each 

~~~~~~~~~~~~~~~~genic temperature tests at free—
stream Mach numbers of 0.75 and 0 4. 937 3 311 6
0.85 are shown in Figure 20. For 0 1 , 192 114 .0
this comparison , the same chord

temperature and constan t Mach number
by an appropriate adjustment of ~~ ,~pressure with temperature . As can
be seen , there is excellent agree-
ment at both Mach numbers between Figure 20. C om ia r loo n f prec3ure i1 .;trtb -i—

the pressure distributions obtained t. lo n s  r - j r ’  a sym rn”tnlca I -a~ r1’o11 obt al ne- 1 m l.
at ambient and cryogenic conditions. ambient and cryo{’- nic cond 1t1~ ns , i
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This IS considered to be a valid check In view of the large varIation in gas properties
over tnls large temperature and pressure range . In addItIon , this agreement is partic—
slarly signIfIcant with regard to setting tunnel conditions when one consIders , for ex-
ample , the large variation of’ speed of sound wIth temperature and the sensitIvIty of the
aIr foil p ressu re d Is tr Ib u t i o n  to changes ir. Mac h num ber.

The distributIon at M~ = 0.85 is of perhaps greater signifIcance since the pressure
distrIbution shows the flow to be Supersonic over a large portion cf the a i r f o i l , reaching
a local Mach number of’ about 1.22 just ahead of’ the strong recompression shock. This type
of f l ow , typical of s-upercritlcal flows , should be extremely sensitive to any anomalous
behavior of the test gas d u e  to operatIon at cryogenic temperature. The almost—perfect
agreement In the pressure distr Ibutions provIdes experimental confirmation that nitrogen
at cryogenic temperatures behaves like a perfect gas and is therefore a valid transonic
test medium as predicted by the real—gas Studies.

A comparison of’ pressure dIstrIbutions obtained at temperatures of 186 K and 117 K at
M~ — 1.90 is shown in FIgure 21. The pressures were such that a cons~ant chord Reynoldsnumber of 18 x 10 was obtained for

each set of data. This particular
1.0 comparison is of’ interest since it

- - is ob vious from the lack of pressure
- .6 

- recovery that the boundary layer had
- -- ‘~ separated at the recompression shock.

- .2 Although not strictly an ambient—

II— - 
cryogenic comparison , the excellent

- -  agreement between the two sets of
p 2~~ data again provides experimental

evidence that nitrogen at cryogenic
.6 —  i~ p

1 
M~, 0~ temperatures is a valid test medium ,

.8 0 186, 0 4. 91 5902 lOx in this case , even in the presence
I_ a - 

~~ 
of separated flow.

1.2 0-
- - - - , , - - 3.4.4 Saturation Boundary Tests.

1.4 0 .2 . 4 .6 .8 1.0
xlc As noted in Reference 13, the

saturation boundary for nitrogen is
FIgure 21. Comparison of pressure d~ stribu— 

well defined and any possible effect
tions for separated flow conditions , ~ = oo . of liquef action of the test gas can

easily be avoided if the maximum
local Mach number on the model is
known. For a given size tunnel and
a constant operating pressure , a

significant increase in test Reynolds number is possible if the saturation boundary may
be crossed in these localized high Mach number regions . For example , if the test temper-
ature for sonic testing is selected to avoid the saturation boundary based on free—stream
Mach number, the test Reynolds number is about 30% greater than can be achieved at the
same stagnation pressure had the test temperature been selected to avoid the saturation
boundary based on a maximum local Mach number of 1.7. In order to determine if such an
increase in test Reynolds number could safely be realized , an experiment was needed to
investigate the feasibility of testing under conditions of local supersaturation .

The pressure distribution of an airfoil having a strong recompression shock should
provide a sensitive indicator of condensation , which would be expected to occur in the
low—pressure region ahead of the shock. Therefore, the airfoil pressure model described
in the previous section was used also in a series of supersaturation tests.

Some data obtained durir.~ the initial operation of the 0.3—meter tunnel indicated thatseveral deg r~~ s of local supez3aturation had no effect on the pressure distribution over
the airfoil .’~ However , these early tests covered only a limited Mach number range and
total temperatures only low enough to result in operation down to free—stream saturation
conditions.

Because of the potent Ial increase in Reynolds number capability that results from
operation below local saturation conditions , an experimental program has been undertaken
in the 0.3—meter tunnel to extend the saturation studies to cover a wider range of test
conditions. Studies have been made at constant test—section Mach numbers of 0.75, 0.85,
and 0.95 at total pressures from, 1.2 to 5.0 atmospheres with temperatures to within 2°
Kelvin of settling chamber saturation . The temperature at which condensation effects
perturb the flow is determined at a constant Reynolds number by reducing total temperature
and pressure until the pressure distribution over the airfoil deviates from the pressure
distribution obtained ~~th unsaturated conditions. The results of these studies have
been reported by Hall .~ ° Some of the Mach number 0.85 results from Reference 28 are in-
cluded herein to illustrate the technique used for these st~~ies as well as to illustratethe potential benefit of operation beyond both the local and free—stream saturation
boundaries.

For these tests with the airfoil at zero incidence , the maximum local Mach number
over the airfoil was 1.22. The three saturation boundaries of interest — local , free—
stream , and settling chamber — are shown as a function of total pressure in Figure 22.

To determine the total temperature at which condensation effects begin as a function
of total pressure , six paths of constant Reynolds number were investigated. The Reynolds
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numbers were choser. so that the total T02 .
press ures requIred spanned the pres— ~~~~~ ~~~

- ‘-~~
ss re  enve lope  of the tunnel. A ref—
erence pressure d i s t r i b u t i o n  was 5~~~’ I R ~~~

’ : i~. ~CI~ O19~
t a k e r ,  above the  upper  s a tu ra t i on  110=- — \ ~A K i M 5 M 5O~A L M A C~~’. M~~~~~
b o u n d a r y  shown in F igure  22 If  it
was poss ib le  to do so within the
presssre envelope of the tunnel. The MsIx paths of constant Reynolds number -.

w~~~ n
t
~~~~ r~

0 t i0ns sampled are

e f f e s e  ~~c~~~~~~~~~~~~~gthe flow over the airfoil , pressure  70 — - - _______
dIstributions obtained at the dlf— 2 

- - 
3 

-

ferent  t o t a l  t empera tu re s  along a OT A L PRESSURE. an’

cons tant Reyno l ds number line were
compared to the reference pressure r~~~~ ure ~~~~~~~~ - . -

~~-,‘. :  o..:~~ar I u Thtorest
dIstribution. Even though the agree— -

~~~ a :‘ .~. ;o : on of  -
-~~~~ or€-c: ,~ - , =

ment  between the reference distribu—
lIon  and those d I s t r i b u t i o n s  con-
s idered to be affected by condensa-
tion in many cases appeared to be
within the experimental accuracy of
the data, there was always a system— TO TAL
atic positive shift in the pressure T E M P E R A T U R E . 11.~~~

coefficient from the 20% chord posi— 120 - 
= 1 5  io

6 -

tion of the airfoIl back to the C 
X 

A ~reccrnoression shock. 10

IE

distribution , A , is compared , in
turn , with the distributions B, C ,
C , and E, all of wh ich lie below 70~ 2 3 

- 
4 

- 
5

the free—stream saturation boundary. TOTA L PRESSURE . p
~ 

atm

The comparison shown in Figure 24 
~‘ - -~ re 23. 

- of constant Reynolds number
shows no effect due to operation sn ow ing tnral coo~~ ti:ns s a m n -  e -3 , ‘~~ = 1.85.
under conditions that result in ex— -

pansion to a temperature 10 Kelvin
beyond the free—stream saturation
boundary . A possible effect of con-
densation can be seen in the comparison shown in Figure 25 where the flow expanded to a
temperature 2.50 Kelvin beyond the free—stream saturation boundary . The comparisons in
Figures 26 and 27 both show definite effects of condensation on the pressure distribution
when the flow expanded to temperatures 3~~5 O and 60 Kelvin, respect ively , beyond the free—
stream saturation boundary .

By making similar comparisons along each of the constant Reynolds number paths shown
in Figure 23. Hall was able to define the conditions under which “poss ible ” condensation

effects were present over nearly the
entire pressure range of t he  tunne l .
A conservat ive experimental lower
limit to t unne l op erat ion was then

1.0 obtained by plotting, as shown in
Figure 28, the total conditIons
where the first “poss ib le ” e f f e c t s

= , = ~‘ 
-- of condensation were observed in the

‘2 - pressure distributions . As noted by
0 - ~ Hall , the operating boundary defined

-. by this locus of points is considered
° conservative since , in fact , the

.1 differences in pressure distributions

.6 p
1 OIM DucTRIBuTIOPI even for those comparisons labeled

.1 
~ ~ “possible effect” may be insignif’i—

1.0 1 0 9 7 1  391  cant to the aircraft designer.
1.2 6
‘a - - . - For the particular airfoil used

0 .2 .4 
IC * LO for these tests , there appear to be

no serious condensation problems
Preso.e 1Is ’nn1 b- ~ .~ on :-r ~ a rI s on  associated with testing at tempera—

4Ing rio eff~ -ct wi t .h 9~
’. I K which tm tures far below the saturation bound—

- — K below f’ree—otream naturat~ on hs m-1 -1ry . ary assocIated with the high local
Mach number over the airfoil. No
low—temperature effects were observed
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‘1.0 ,,ntl t o t a l  c :n d l : Io ns  were  at le ast
20 Ke vIn  t e l o w  t n o s e  w h l cn  ~r c d  ced

- - 
-, . s a tu r a t e d  f l o w  In the t e s t  s e c t I o n .

a 
- For toe condItions of tnls experIment ,

2 3 
- 

t n e  a b i lI t y  to o p e r a t e  b e l o w  t h e
0 -  

- l o c al  sa tura t ion  boundary al lowe d an
C7 2 

- Inc rease  In t e s t  Peyr .c l -ds number  of’
0 lT’~ f o r  a constan t t o t a l  p ressure

over t h e  en t i r e  p ressure  range fr-o n
1.2 to ~.5 a tmosphe re s .  If , Instead

, 6 M  DIS TR I9L 

~ of ho ld ing  to ta l  pressure c o n s t a n t ,
1.1 ° ‘~~~ ~~ tes t  R ey n o l d s  n -umber  Is nell  c o n s t an t ,
1:, - the a b i l i t y  to operate w I t h  s a t u r a t e d
.3 - - . - - - - - f low allows a reduction. In t o t a l

.2 .6 .8 1.0 pressu re  of more than 17%.

- 25. ros .s - - 1~ str~ b~ tIon n a r~ :’. sn  ~ . s .5 T hr e e — C l n e n s i o r .a l  Force T e s t s .
so w I n g  r ;s:~~sIe ~r f f e n o  w :t h  T~ = -~5. .

1 2 .50 K n0 -o-w f ro~- — : r r e - a m sa n a t ~~o n h- -- u o l a s n .  Force tests have been made In One
3—D test section of the t r an s o nl c
cryogenic tunnel on a hIghly—swept
delta—w ing model with a sharp leading
edge.

-Il The three—d imensional test p r o —- 
- 

gram was designed wi th  the du a l  pun-
- . 6 - - - - pose o f :  (1) obtaining experience

- ‘ in a c ryogenic  wind tunne l wi th  an
.2 

- 

- e lec t r i ca l ly  heated in te rna l  s t r a I n —
0- - gage balance , the accompanying stIng,
2 - 0 

0 sting—support arc, and an ac celerom—
_ 4 eter used to determine angle of
6 attack; and (2) investigating any

8 -  T 1 P AIM DI STR I BUT ION poss ible  e f f e c t s  of cryogenic  s tag—
1 0 —  ~ 112 5 55 nation temperature on the a e r o d y n a mI c

o ea characteristics of a configuration
hav ing flow characterized by a

.2 - 
.4 .6 .s ~~~ to 

separation—induced leading—edge vor— - - -

~I C  tex. As reported in Reference 12,
similar tests have been made previ—

F’~;:ure 26. Pressoro 1i stnioutlo n s om p a n i c o n  ously at Langley in a low—speed cryo—
sn - s - w i n g  d e f I n i te  e f f e c t  w i t s  T 0 = 93.~~ K which genic tunnel with satisfactory results
is ~.5° K b e - .w fr- -s-s’;ream saturation b o u n d ar y . using a water—jacketed internal

strain—gage balance and a simple
angle-of—attack mechanism.

The specific test program de-
vised to meet the dual purpose con-
sisted of using a complete force—
measuring system — balance , st ing,

-.8- sting—support arc , and angle—of—
-.6’— 0 ~ 

0 attack accelerometer — for testing
- = a delta—wing model at both ambient

- 2 - - = and cryogenic temperatures.
- 

3 
- - There were two primary consid—

2. 0 erationc in the selection of the
-~~ model geometry :
.6- T . 1 P AIM DISTRIBUTION
-~~~ 0 1115 (1) Since the type of flow to be

i.o~ 
0 90.8 ~-~° E simulated was the leading—

edge separation induced vor— 
- - tex f lo w w ith vor te x induced

0 2 .4 
Ic 

.6 .8 1.0 reattachment , a highly—swept
delta wing with sharp leading—

Figure 27. Pressure distribution comparison edges was selected
showing definite effect with = 90.8 K which
is C.1o K below free—stream saturation boundary . (2) Since comparisons of ambient

and cryogenic temperature
results at the same Reynolds
number required large differ-
ences in the tunnel stagnation
pressure , a thick , diamond

shape cross—section was selected for the delta—w ing model in order to avoid aeroelastic
distortions that could affect the aerodynamic results.

The model has a leaddng—e dge sweep of 750, is 0.1981 in long, and is 0.1067 m wide at
the base. The surface of the model exposed to the airstream was aerodynamically smooth
and , in order to assure freedom for any possible temperature effects on the boundary layer
flow to occur , the tests were performed with free transition, that is, no transition
strips were applied to the model. The model was machined from l7—~4 PH stainless steel
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w r i l o h  ~i-Os r.~ at t r ’~at ,e - 1 a 0 ~js r , ii a .lor
H l1Y1—~~. gitr . thIs neat t r e a t r l e r ’. , -
17—4 PH car, be -used ~t teo;.erat ares O(~ 

.
as low as /7 K (_3200 F). - 

-

_ / - - e - .~ .

As descri bed In Section ~.3, a 
~~~ 

‘-~ “ ~— ---—~~~~~~~ — “ -~~~-- -~~ ‘~~~~

series o f m o d I f i c a t i o n s  to  the or~~ — 
~~~~~ ~ 

- 
j_L~— ,‘ _~~— - O~~~ r~

in-al electrically heated balar ,oa. r, 
- 

~~~~~~~~ ,‘ .- ‘

~~: ~~~~~~~~~~~ 
~rJe” ~~e l

ie ba - Ir~ ‘I
ano~ components when the ba lance was
used at cryogenic t er cp e ra l  ares. The
balance  that has evolve d f r o m  these  in
s t u d i e s  is c o m p l e t e l y  f ree  fr o m  zero  I
shifts and performs satisfactorIly T iIA ~ ‘‘FY, .’I ~, a’-

over the ent ire range o f  terpe r-OtAr’ es
and pr essures .  ~‘~~~~ ‘ ,“ 1d -x ser’ ’ m ’nri ’ ’i , ,w- - T :n - :’ LI ,. - 

H:.. - An - zr ~~~~~~ 
‘ -  - - 

~~ . 
The test resul ts obtained on the ‘s- in rn 5s-:- -r -o- ~~.modified balance ..riow clearly that

flows with leading—edge vortex
effects are duplicated properly at
cryogen ic tem pe ra tu res .

An example of the results which
have b een ob t a ined on t he de l ta -wing
model are presented in F i g u r e  29 0.2— _ —~~‘ . -
which shows the variation of pitch— T( P 1 a a

c
ing moment , drag,  and lift—force C3 ~~~~~~~~~~~~~~~~~~~~~~ - - o~ ~coefficients with angle -of attack at i~ s -u
both ambien t  and c ry c s e r i ’.c t e m p e r a —  - -
tures for a Mach number of 0.80.
The circular symbols indicate experi— c 

0_ I 
. . - U

mental results obtained at a stagna— 0 .Jy 
-

t ion  press ure of 4 .60 atm and at a - - ~-~a~~~~~~. - -. 

Fstagnation temperature of 301 K. 
~ ‘ I I

The square symbols are data taken at J - -

a stagnation pressu re of 1.20 atm c
an d at a sta gn a t ion  tem p e ra tu re o f m / -

114 K. With both sets of data ,
flagged symbols are used to indicate 

_ 
I -

repeat data point . The Reynolds (C L J , I
number , based on me~ r~ geometric -2 0 2 4 I T 7~~

chord , was 8 . 5  x 10--’ for the two a. deq
sets of data. As ca n be ~~~~~ there
is good agreement b etween the ex p er i— I I ’  ‘ i. l)~ it - i— ,’~~ -

-

mental  r esu l t s  ob tained at ambi en t
and cryogenic temperatures.

The three—d imensional model results provide addition-al evidence that cryogenic nitro-
gen is a valid test gas even under conditions of separated arid reattached (vortex) flow.
In addi t ion , there  has been no indication of any major pro bl em areas assoc iate d wi t h
obtaining angle—of—attack or strain—gage balance measurements at cryogenic temperatures.

3.4.6 Boattail Afterbody Pressure Tests.

-Tests have been made in the 0.3— rn transonic cryogenic tun nel to de te rm ine the e f f e c t  of
vary ing Reynolds number on the boattail drag of two wing—body configurations as well as on
several isolated boattail configurations. The Reynolds number , based on the distance Iron
the nose to t he b eginn ing of the boa t ta il , was varied from about 2.6 million to about 132
million by changing unit Reynolds  number by a f a c t o r  of about 25 and by changing model
length by a factor of 2. Included in this paper are some of the test results which relate
to the validity of the cryogenic concep t . The complete test results have been reported
in papers by Reubus h and Putnam .29 ,30 ,-5 1

Shown in Figure 30 are the boattail pressure coefficient distributions for a circular
arc—con ic boattail at a Mach number of 0.6 and a Reynolds number of about 10.5 million .
The shape of the distribution clearly indicates flow separation toward the rear of the
boattail. The distribution shown with circular symbols was obtained at a stagnation
pressure of 1.2 atm at a stagnation temperature of 117 K while the distribution shown
with square symbols was obtained at a stagnation pressure of 5.0 atm at a stagnation tem-
perature of 311 K. These data show nearly identical pressure distributio n s for ambient
and cryogenic conditions and thus provide further substantiation that there are no unde-
sirable effects in using nitrogen at cryogenic temperatures to achieve high Reyno~ds num-ber data even in the presence of separated flow.

3 . 5  Future Plans

In addition to being used to verify the validity of the cryogenic wind—tunnel co nc ep t
and providing more than 1000 hours of experience in the operation of a fan-driven cryo—
genie tunnel , the 0.3—meter tunnel is being used for aerodynamic research in several
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areas where either the very high
unit Reynolds number (R/m ~ 3 x 10 8
at M,, = 1) or the 25 to 1 range of
Reynolds number is required . Some
of the future plans for this unique a-i

,-’,..

facility are described in the - I
following sections . 

______ /
3.5.1 Self—Streamlining Two— C~~ ~~~~a
Dimensional Test Section. 

-

2 - 
R ” I O  T

~ 
P
9 C1~0

A two—d imensional self— I —k 0 10. 43 117K 1 , 2 a t rn  0 , 010
streamlining flexible—wall test— ‘t&J 01 O . Rq Si l K 50,t m 010
section leg has been designed for the I
0.3—meter tunnel based on the work 4: . L _ i .~~~~jby Goodyer at the Un ivers i ty  of 2 0 .2 4 6 .8 I D

Southampton .32 Initially , the test
section will be used for testing in
flows where the Mach number at the K~~~ur”- 3(1. hr:a’ t a  - r r’ -n5A:- ~-s -jr :i c r c U l a r
walls never exceeds unity. By ar- — con~ : Lsia ’, O l l  01 c ry - s— - n - i c a l A  amb-l en’.
permitting increased chord length , u- - -
the flexible—wall test section will
allow testing Lnder interference—
free conditions at chord Reynolds
numbers approaching 100 million.

3.5.2 Magnetic Suspension and Balance System.

The reduction in model loads made possible by the cryogenic wind—tunnel concept and
the reduction in the size of the coils used in a magnetic suspension and balance system
made possible by superconductor technology makes the combination of these two concepts
an attractive means of providing high Reynolds number test capability free from support
interference. In such a facility, it will be possible to test free of support inter-
ference effects as well as to determine the magnitude of such effects by direct comparison
with data obtained by using conventional model support systems . The demonstrated ease
and rapidity with which the orientation of the model may be changed with the magnetic
suspension system while keeping the model in the center of the test section will facili-
tate the rapid acquisition of the aerodynamic data which is a desirable feature of any
high Reynolds number tunnel .  In addition , the retrieval of the model from the test sec-
tion of a cryogenic tunnel for model configuration changes would be a simple operation
with a magnetic—suspension and balance system.

Because of the many advantages offered by a magnetic—suspension and balance system ,
NASA has supported for several years both in—house and sponsored research in this area.
Significant accomplishments resulting from NASA sponsored research include the development
of an electromagnetic position sensor at the Aerophysics Laboratory of the Massachusetts
Institute of Technology 33 and the development of an all—superconductor magnetic—suspension
and balance system for aerodynamic testing a~ the Research Laboratories for the Engineer-
ing Sciences at the University of Virginia. 3’S

Additional studies are being made at both Langley , the University of Virginia, and
the Massachusetts Institute of Technology with the aim of building a six—component super-
conducting magnetic suspension and balance system to be used in conjunction with an inter-
changeable test—section leg for the 0.3—meter Transonic Cryogenic Tunnel.35 Current plans
are for the test section to be square in cross section and to measure approximately
0.45— by 0.45—m . The combination of 5 atmospheres operating pressure and cryogenic tem-
peratures will result in test Reynolds numbers of about 15 million.

4 . NATIONAL TRANS ONIC FACILITY
Because of the pressing need f or increased Reynolds number capability to provide

more accurate simulation of full scale viscous effects for both aerodynamic research
and aircraft development , both NASA and the U.S. Air Force developed plans during the
early 1970’s for high Reynolds number transonic tunnels. The approach selected by NASA
was a cryogenic fan driven tunnel based on the cryogenic tunnel technology developed at
the Langley Research Cent-er. This tunnel ,described in Reference 26, was referred to as
the Transonic Research Tunnel (TRT) and was to be located at Langley .

The approach selected by the A~,r Force was an ambient temperature Ludwieg Tube drivenhigh Reynolds number tunnel (HIRT)’ to be lccated at AEDC .
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Following a U.S. decision to build only one hi gh Reynolds number facility, these two
approaches were evaluated in terms of broad national needs. The evolution , from these
two approaches , of a single National Transonic Facility (NTF) to meet the high Reynolds
number research and development needs of NA SA , the DOD , the aerospace industr y, o ther
Government agencies and the scientific community has been documented by Baals in
Reference 36.

One of the major features of the fan—driven NTF will be its ability to operate at
cryogenic as well as ambient temperatures. Other characteristics specified for the NTF
are as follows :

Test section size 2.5— by 2 .5—m

Pressure range 1 to 9 atmospheres

Mach range 0.2 to 1.2

R~ at M,,~= 1 120 x 106

Productivity 8,000 polars per year

The process used in selecting the design features to satisfy these requirements as
well as the engineering design and anticipated performance of the tunnel that has evolved
are discussed in detail in Reference 37 by Howell and McKinney .

The Langley Research Center has been selecte d as the site of the National Transonic
Facility. The design of the NTF has been completed and bids accepted for the major co —

ponents of the tunnel. The total investment in the NTF will be approximately $85 x 10
when it becomes operational in 1983. To minimize the capital cost of the NTF , it is
being constructed on the site of the deactivated 4—foot Supersonic Pressure Tunnel and
will utilize the existing office building as well as the existing drive motors and their
associated speed control systems and cooling towers . To provide the full tunnel capability
an additional drive motor and a two- speed gear box will be added to the drive system.

4.1 Test Section Design

The test section of the NTF will be similar in design to that of the Langley 8—Foot
Transonic Pressure Tunnel which is known to be efficient and have good quality flow. A
plan view of the test section and the surrounding plenum is shown in Figure 31. The
length of the slotted region will be
approximately three times the height
of the test section . The top and
bottom walls will have six slots each L62 m
and will have adjustable divergence
to compensate for boundary layer _________ I -

growth . The parallel side walls will
have two slots each. The design of ____________ _______

all of the slots is such that both F3OW —~.
the slot edge shape and the slot 

________________________________width can be easily modified. —i--— — I
Reentry flaps at the end of each of L~T ES T SECTION
the slots will be varied during tun— 2.5 m S Q U A R E  REENTRY FLAPS
nel operation to control Mach number
gradients in the test section and
minimize power consumption . I

P 10 N UM

The model sting support system B,2Tm ISIaI

will be an arc sector having a
nominal travel of 300 with additional l’igure 31 . Plan vi ’ s a>f  t he  slotted t -s t

angle—of—attack range provided by
using offset stings . The center of
rotation of the arc will be 3.96 meters downstream of the test-s ect ion throat. This
location places the model well ahead of the aft end of the test section which helps to
insure good quality flow over the base of the model. However , as noted in Reference 37,
the resulting long sting encounters stress problems for the high model loads that are
generated at the higher stagnation pressures. Model pitch rate will be controllable in
either a continuous sweep mode or in a pitch—pause mode at rates up to 40 per second.
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4.2 Tunnel Circuit

A contraction ratio of 15 to 1 has been selected for the NTF in order to reduce tur-
bulence levels in the test section to 0.1 percent or less while at the same time reducing
the pressure losses across the turbulence damping screens to an acceptable level. Up to
five screens can be used in order to insure adequate turbulence damping . Details of the
analysis used to select the contraction ratio — screen combination are given in Refer-
ence 37.

A sketch of the aerodynamic lines
of the NTF is shown in Figure 32. A OF FAN
rapid diffuser will be used upstream . 60 96 7
of the stilling chamber in order to 16 .15 • 8.84

provide the required contraction 4u r
ratio while keeping the tunnel volume ‘

to a minimum . The pressure drop -~ — 7,62
required to make the rapid diffuser 14 . 81 - 513OF RO TATION
work properly will be provided by a
water—air heat exchanger which will ‘

2 , 5 sq 

- 

IN
2 

INJ ECTORSbe used for ambient temperature
operation. The tunnel circuit will CTEIING CO I1~~ 

-
be completed using a combination of - PLENUM

near optimum conical diffuser and
constant diameter sections . DIMENSIONS IN METERS

In order to conserve time and F~sur e 32. Lines -of the- a e r c d y n u m i c  c i r c u i t  of
energy , provision will be made to tha Uut ion-al Trarr~onic Facil ity.
isolate the test section from the
rest of the circuit so that model
changes can be made in the test sec-
tion in a “shirt sleeve” environment while the rest of the circuit remains pressurized
and cold. A sketch of the test—section isolation system is shown in Figure 33. Isolation

will be accomplished by retracting
from the test section portions of the
contraction section and the high—speed
diffuser and swinging isolation valves
into position against the ends of the
test section . After reducing the
pressure in the test section to atmo-
spheric , the side walls will be
lowered and an access tunnel inserted
to surround the model and sting.
Heaters will be used to warm the model
while air is circulated through the

ISO L A T ION access tunnel to provide the requiredVAL VE (C L OSED I VALVE IST ORE D shirt sleeve environment . When work
on the model is completed , the accessNTRACT ION SECTION H

~~~USFR tunnel will be removed , the side wallsRETRACTED
ra ised , the test section pressure made

P i ~~ur~ 33. : ;c t a :m:~t I c of the test-section equal to the pressure in the rest of
p r ’ h. ::ura .- i:Loiat on -;:Jrt~ m ~or t h e  :Jat Ion - a l  the tunnel, the isolation valves
‘Fransonic Facility, removed and , f ina l ly ,  the contract ion

section and high speed diffuser
reconnected to the test section.

4.3 Fan Drive System

As noted in Reference 12, the existence of the additional variable of temperature does
not affect the aerodynamic behavior of the fan. However, since the speed of sound varies
with temperature , it is necessary to vary either fan speed or fan geometry in order to
have independent control of test section Mach number over the wide range of operating
temperatures available in a cryogenic tunnel. As explained in Reference 37, the desired
performance of the NTF will be obtained by using a combination of variable speed and
variable geometry .

A single stage fan having vari-
able inlet guide vanes , a fixed FAN ,- TWO-SPEEDgeometry rotor, and fixed geometry - - 

GEAR BOX
outlet stators will be used in the 

______

NTF. As shown in Figure 34 , the fan ___________

will be driven by a shaft which is ______

directly coupled to an in—line __________

synchronous motor which is in turn
coupled through a two—speed gear box NEW SYNCHRONOUS ~~1OR 

/ EXISTING VARIABLE
to two variable speed motors . The SPEED MOTORS
gear box allows the maximum power
available from the existing variable
speed motors to be delivered to the F l r u r ’-  ~4 . Scharmat ic of Nat ~-na1 Tran-sonic
fan at both ambient (high fan apeec ) Facility drive cys t -rn.
and cryogenic (low fan speed ) con-
ditions . The gear arrangement corn—
bined with the variable inlet gu ide -

‘
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-
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vanes will provide Mach number control at an acceptable level of efficiency over the
desired range of test conditions .

4.4 Nitrogen Supply and Vent Systems

As pre~’iously mentioned , in the cryogenic tunnel concept developed at Langley, liquid
nitrogen i~- sprayed directly into the tunnel circuit to cool the tunnel and the stream.
Venting of the resulting nitrogen gas is then- required to control the tunnel pressure .
The liquid nitrogen supply and gaseous nitrogen vent systems for the NTF are shown sche-
m a t i c a l l y  in Figure 35.

Pumps will be used to transfer
LU 2 from the storage tan k in to  t he
circuit through nozzles locatedBA ~ 4i S S L R E  

- 

STOR~~GE 

-

ROL SY STE M between- the first and second set of
turning vanes. This location ahead
of the drive fan will allow as much
lengt h as poss ib le f ur evaporat ionS U RE FR N
of the LN 2 and mixing within the
stream in order to in-sure a uniform
temperature distribution in- th~ tes t
section. As noted by Adcock ,3~ an
additional advantage of injecting

cS T SECTION 
CONTRO~ VALV E

ahead of the fan- rather than- after
the fan is a reduction in drive power

T EST SECTION
VE NT V A LV E and , therefore , a reduction in- LU2

— usage by from 3 to 5 percent
r~I g u r~ 35. ~‘ erno~~ - : o f ’  th ’~ n l t r o r e n  c u p r ly depending on operating pressure.

and vent. . :y . ;tern for  trr-  U t ’ .
The vent stack incorporates a

fan—driven ejector in order to dilute
and disperse the cold nitrogen ex-
haust over a wide range of flow rates
and pressure ratios.

SUBSONIC TRANSPORT
11 ,5 Tunnel Performance

_________ test envelope for the NTF when oper—
2m- Xj06 ‘q Figure 36 shows the anticipated

ating in the full y cryogenic mode160 -
with chord Reynolds number for
transport—type aircraft being shown

120 - as a function of Mach number for
R_ 741 ENVE1O P E-/~~~.~~~ 8,8 various stagnation pressures up to the

C

shell. A lso shown , for comparison ,
is the operating envelope and the

- 

design limit of the tunnel pressure

7 cruise point for the Boeing 747
40- transport aircraft.

I I I I The NTF wil l provide a maximum
0 ,2 ,~ .6 .8 1,0 12 Reynolds number of 110 million at

MACH Nu MBER near—sonic speeds — about 10 times
Figure 36. Nati on -al Transonic Facility opi~rating 

the current capability in the U.S .
and about twice the Boeing 747 cruiseenvelope .
Reynolds number. Even at a reduced
pressure of 6 atm , the tunnel  can
simulate full—scale conditions at

near—sonic speeds for future aircraft having sizes as much as 40% large r than the 7147
with dynamic pressures no greater than 190 kM/rn2.

14.6 Productivity

As explained in Reference 37, as a national facility the NTF must meet the high
Reynolds number testing needs of NASA , the DOD, the aerospace industry , other Government
agencies and the scientific community. As a consequence of this , as well as the need to
conserve energy, the NTF is being designed to produce data at a relatively high rate.
Typical existing wind tunnels produce data at about 26 ,000 specific sets of test conditions
in a year where a set of test conditions per year is defined by a combination of Mach
number , Reynolds number , angle of attack , angle of yaw , and so forth. The NTF is targeted
to produce measurements at 1014 ,000 sets of test conditions or four time s the conventional
rate. To achieve this goal, the tunnel control and data acquisition system will be highly
automated . Computer control will be used extensively to insure optimum procedures and
safety in the tunnel operation. Modern data acquisition will be provided with “quick
look” data capability to minimize retesting due to improper measurements.

The anticipated high efficiency and productivity of the NTF, combined with the unusual
ability to independently control Reynolds number , Mach number , and dynamic pressure , and
the availability of run times sufficiently long to allow for all types of tests , together
define a tunnel that should uniquely satisfy the high Reynolds number test needs in the 

-
U.S. at high—subsonic and transonic speeds for many years.

3

— .4,,, - - w~~~~,— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~
__ . 

- 

- . — - - ~~~~~~~~~~~ . - ~~~ 
4,



5. CONCLUDING REMARKS

Based on theoretical studies and experience with a low—speed cryogenic tunnel and
with the Langley 0.3—meter Transonic Cryogenic Tunnel, the cryogenic concept has been
shown to offer many advantages with respect to the attainment of full—scale Reynolds
number at reasonable levels of dynamic pressure in a ground—based facility. The -unique
modes of operation which are available only in a pressurized cryogenic tunnel make
possible for the first time the separation of Mach number , Reynolds number , and aero—
elastic effects. By reducing the drive—power requirements to a level where a conventional
fan—drive system may be used , the cryogenic concept makes po.~sible a tunne l with highproductivity and run times sufficiently long to allow for all types of tests at reduced
capital costs , and for equal amounts of testing,  reduced total energy consumption in
comparison wi-th other tunnel concepts.

The Langley Research Center has been selected as the site of a new fan—driven high
Reynolds number transonic tunnel to meet the research and development needs of’ NASA , the
Department of Defense , and industry. The new tunnel will take full advantage of the
cryogen ic wind—tunnel concept , will have a 2.5— by 2.5—m test section , and will be capable
of operating at stagnation pressures up to 8.8 atmospheres.

This new tunnel , to be known as the National Transonic Facility, will provide chord
Reynolds numbers , based on a wing chord equal to 0.1 times the square root of the test-
section area , of 135 million at transonic speeds which is an order of magnitude increase
in Reynolds number capability over existing transonic tunnels in the United States .
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THE CRYOGENIC WINDTUNNEL; ANOTHER OPTION FOR THE

EUROPEAN TRANSONIC FACILITY

J . P .  RARTZUIKER , NLR P.MSTERDAM,

J . CHR I STOPHE, ONERA PARIS , W. LORENZ-MEYER , DFVLR GöTTINGEN

P.G .  PUGH , RAE BEDFORD

SUMMARY

A new option for the proposed European transonic windtunnel is des-
cribed : a cryogenic facility with test—section dimensions compatible
with existing major European transonic facilities . The tunnel per-
formance is to the functional specification of the LaWs Group (Reynolds
number ~ased on mean aerodynamic chord variable between 25 x io6 and
40 x 10 ) .  The advantages and drawbacks of cryogenic testing as well
as fundamental aspects of cryogenic aerod ynamics are discussed . Compa-
rative estimates for capital and operating costs are finally presented .

SYMBOLS

a speed of sound

mean aerod ynamic chord

Cprms root—mean—Square pressure fluctuation coefficient

i angle of incidence

1 typical tunnel length—dimension

M Mach number

p0 stagnation pressure

P fan dr ive power

q dynamic pressure

Re Reynolds number

T0 stagnatio n temp erature

V velocity

isentropic expansion coefficien t

ratio of specific heats

p density

~1 viscosity
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The need for a new transonic windtunne l for Europe for achieving high Reynolds numbers has been
-neL l established by the large Windtunnels Working Group (la~4c) of t he  Fluid ~ rnamic s Panel -of AGARL ,2
(published in ‘972 and 1 974) ,

According to the recommendation of the LaWs Group the tunnel ch-ould have a maximum st ation
pressure of 6 bars, 10 seconds running time and the Reynolds number (based on mean aerodyna-oic c r o r d )
ch ou l l  be variable between 25 and 40 million , to enable extrapolat i on of teo-t results to full—~-cale
con-ditionc .

Four options were pr op -o i-ed for  the  dr i ve system of the fac i l i ty  : the  L&idwi e~ Tube (LT) , t he  Evan c
Clean Tunnel (3JT), the Inj ect or  Drive n Tunnel (IDT ) an—i the Hydraul ic  Gr~ven Tunnel (ECYr), which was
not further considered in the course of the s tudies .  

3After the laWs Group completed it~ work and ~t s  conclusions were endorsed by the AER0TI~T Group
the NATO Defence Research Group ’s AC/243 (P0.7) continued the work and, in turn, estabh shed  a Technical
Working Group AC/243 (PG.7/WG .1 ) to prepare the technical case for the selection of the winitunnel drive
syntes. &igineering Studies4 were done to investigate possible savings on the earlier presente~i cap~~al
and operating costs for the three original options (1975). In the same year an import ant -decision was
made in the USA , namely that the National Pransonic Facility (NT?) was to be built by NASA , a 2.~ a
2.5 rn2 transonic wind-tunnel using cold nitrogen as a test gas to achieve high Reynolds numbers. This
cryogenic windtunnel concept was selected after numerous other systems (lAidwieg Tub e, blowdown , in jector
tunnel an-I hydraulic drive tunnel) had been considered5 since 1 967. The f eas ib i l i t y  of tes-t~ ng in
nitrogen at cryogenic condit ions had been demonstrat ed in a cryogenic transonic pilot  f ac i l i t y  at the
~TASA Langley Research Center , which had produced data since 1 974. -

After a visit  to NASA (summer 1975), Technical Working Group AC/243 (PG.7/WG .1) made a short study
of a cryogenic transonic wind-tunnel to the laWs functional specification an-I came to the concluslonc
that substantial savings in capital costs might be reached if a cryogenic facility was bui lt , in corn—
parison to the earlier proposed drive systems. This conclusion procpted a new set of ~ogoneering Studies
to determine the feasibility of a. cryogenic t ransonic windtunne l  bui lt to the LaWs funct i onal specif ~ca—
tiom and to establish capital and operating cost s of this new option comparative to the costs of the
earlier proposed options.

This paper serves the purpose of describing the facility concept ac a new opt ion for the European
transonic windtunnel and to discuss fundamental aspects of cryogenic testing. Relative cost emt~-nates
which resulted from the new ~~gineering Studies? wi ll also be prese”ted . Technical Working Group
AC/243 (PG.7/WG.1) will mak e a recommendation 8 on the preferred drive system by the end of 1976.

2 THE CONCEFP OF T~~TING AT CRYOG~~IC T~~PERATUR~~
As early as 1945 Smelt9 indicated the advantages of testing at low cryogenic temperatures which

included a considerable gain in Reynolds number and a reduction in drive power.
The idea was taken up in 1971 at NASA, by which time considerable development in low temperature

engineering had made it reasonable to consider a windtunne l operating with  a test gas at cryogenic tern-
peratures.

The Reynolds number is  defined as

Re pVl (i)

where p density

V — °speed
I — reference length

= viscosity.

There are three ways to obtain high Reynolds numbers

a. to teat on a large model (i), which might result in a large and costly facility
b. to increase pressure (and thus p ). A limit is here formed because of the high loads on models ,
balances, stings and sting supports and because of the aeroelas-tic deformation on the model wings,
resulting in a non—representative shape in comparison to the actual aircraft.
The deliberations of the LaWs Group, where only stageation pressure and size were considered as means
to obtain high Reynolds numbers, 2led to the compromise of a maximum sta~oation pressure of 6 bars anda test—section size of 5 x 4.2 n
o. to lower the sta~~ation temperature (higher p and lower ~i

The advantage of testing at lower temperatures than ambient is well illustrated in figure 1 , which was
taken from reference 10. At a given tunnel size and constant eta~~ation pressure, the Reynolds number
is increased by a factor of around 6 when the sta~~ation temperature is dropped from ambient to about100K. The lower lim it of ata~~ation temperature is determined by saturation of’ the test medium . Nitrogenhas a lower saturation boundary than a ir , and the obtainable Reynolds numbers are hi gher.
There are other advantages of nitrogen over air, hence nitrogen was chosen for the NT?, and will also be
considered here.
Depending on the functional specificat i on for the faci l i ty a compromise has to be found between test
section size, maximum pressure and sta~~ation temperature.
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A JAUTAl ~~~~ F TI-ft 7 R Y - -~ GI:~ l-;Ir~ t~c

Tb- a-~ ;antag-o r f ~~ - n g  a cry g— ic c;era -u-ec f o r  the r - s ~ ac ~ra- - - c o  fa - Li t y are
f o l l o w i n g
(a) The size of the facili ’-

~ can be re i- ~ced -0-car s~r. ~o earlier o p t - o c r .  Ac ~~~i O C i ear 1~~ r , Ore
r eq -ocre i Reyrio ls n-;coer -

~~~~~. .  ‘oe’essita’ --’ a h o i~~ bet —eec -i~c- i on preo-s-~re , ~~~ -o-~~~on ze arid
o p e r m t i n g  temper ’ . A:- w iil b~ nown ~~c- , -i e ei~t _sec 1 . ori c~~co ar em - ’ -

~~~ -n - or Eur p ia - ;
t’-a-~ i t ies  (~~ 3. m2) ar. be ch ce-o an l :-.e cc- t on - ri ce , co—o par c o r a - a0000 -‘cpere~ uT~ 

-

c-ooroac e the —al tal co -~ .- -p ’-- the ,rcroacel ‘ f o r  cr y ~er.ic opecat . - .

(b) Gbo~cc ~f -a tect— se---tion similar to cxc ~ n a -o r  fa  - c t -t s will also red- ~~e c del co~~ a- .l
m i d  eel—times , in comparison ~o t’o c large a i  expeo c -;e mo de s for a fac .li -; ~-~~r ambo e~ot —i-t ra ire
an t en t  ~ect;o~ domc’ ins of 5 a 1 .2 m~ . tr. r eac - s -- f  r - s  r i.c~r ~ -~/~ on cos~ a-~ ocme are exc-~~ t e i
for m o l d s f o r  a cryoge-o o f a-c . li y in  c-opar .s-in ‘o çr~~~’’—i.ai m odels of ‘c- same s i z e 1’ .
(c) The p o t ent n a l o f est ing at lower maximum c~~~ - ac - on pressures rar 6 coarc . The I ong re o gr. -

-eJ’iar.t ages of stagoa ~on pressures  i-er tr.ar. 6 carc , roa-i~ c-ic . re -copoac. ccl cy st-o~i es ny UTERA - ,

which rodc-cated the proiao:litj of r~a~ oa1 ion press~~ e l .-iu ’a ons t o  Less  t rar .  6 barr for a Oyp :ca
f i gh t e r  model , due to  a high rtresr level on tre ct . og.
Aeroelastic l e f o rm at i o n  of tce model is also re~ oi ed by L -we r -oax oum stagc -~ ocr pressure.

(i) The laWs fonctiona l cpe~ c fo etoon (25 a io 6 < Re <1: ~ is  based on ea tr ap - lat~~on of t e c~
results to flogh t c o n d ot i o n s .  In the or : g o -oal - p t i o n s  f o r  the ir ve s-i s-t ern variable Re- ioool ds roomier is
achieved by varying stagnat i on pressur-. The mci-i w i n g  load s are proportional 4o the i:rrarn:c pressure
(and thus to stagnati on pressure). In e f fe c e variable Reyioolio- -o-occe r could onl y be o b t a n o  arc a mo de l
with variable form (due to aeroelastic oLstort Ion). Th. was, f course , realized by t he  I~~~s Group nut
accept ed as unavoidable. Cr y o g e n o c  t e st i ng  goves a solut ion t o  t h i s  p r o b l e m ;  t he  oynamic  pressure can
be kept constant for variable Reynolds comber through ‘iar .atoon in ntagnation temperature (at c-onscarit

stagnation pressure). This method of testing cs illu trat ed 30- “ m ooe ~
“ in fig.

(e) Stagnation pressure and ctagroa ’ o ori ternperat-or -‘ar also be ad 1onte -d on c ub a way tha t  d:r’Oamoc
pressure and Re’jooolds number are rep t conr 300 wh- ”n Ma 0 c omber is varied. “Mode ~

“ in f gon’— 2 llus—
t ra tes  t h i s  type of o p e r a t c o n . As ‘h e onLy ‘ - paramet—r who oh ‘ce-c ,ar:cs is M, tr,s mol e f opera t ion
may be useful for the d e t e r m i n a t i o n  of “ p~or e ” Ma ch corne r effects ,e.gu b o f f e~ bo-o.noar ies).
(f) “Mode I” (fig. 2) illust rates yet a n o t h ? r  i3•/ f operat. c:r-cacn.c press-ir e can be varied when
keeping Mach number ar-I Peynollc comic-ic conctant . Thor is of n i g ~. .c ’-~res

t for “p-or ” aercelas’nc
studies , to determine the influence of mo-del lefor-oat ion on ‘he aerol-roami o behavi or. The wing defor-
-nation can possibly be oet’oer mat -one- I to bra t  of ‘ic e rea l a- r o r - a f t .

(g) F’Iutter tu- l es can now be made with var a’ion of lyn-.a000 C pressure onl y,  wo thout  l os tu rb i ng  scde
effects from variation of Mach coiner and/or Re -,- n o o l l s noo oih ’tr.

(h) For flutter tests compl e o scaling ~Mach ao l  Frou de) is possible 3’ f o r  a r -craf t  c o m p o n e n t s  at
red-oceO c-o al e , when stagnat cu temperature can be varied as in a cryogenic facility. Apart from the
gain in R ey n o l d s  no -imber , th i s  gives for the  f i r s t  t i m e  the  p o s s i b i lo t y  of per forming  f l - o t t e r  t est s us ing
the same model to simulate c orrectly a complete range of al~~i to i e s  of p r a - t i c a l  interest  i.

(i) Fi n a l l y ,  a con t or -oo-oc t r ooron ic f a c n l i y c-uc tab le  f o r  operat ion at cryo gen c t empera tu res  is  a
fleoc ble concept . lb can cc designed in such a ~a-j to a~ operaLon at ambient  emper at  ores is poss bl .
As ruch.  t h e  facil ’:r can be o r e !  as a preo-eiot—-Iay wc- odt onoooel fThr those ‘est r wh .ch do n ot need h o gh —
R e y r o o l l s — ou n o er  so-cu a~ - - . .  e ç - o o o i i o g  on the Irove p ~er nstalle-I the facility can be operated a~
aob~ ent(temperat-irer ar.! give a crirf r oar -c comparable to the i-eo~ present—day - ; o o i t - o r o n e l s  (abo-~t
lb x 10 for c o—i p le le mo-i. ~l~~).
Moreover , the - cc ’ m uons facili~ .~ has no in h e r ent  l i sc ’at ion  on tec—t ng t m e , which  an be f a v o u r a b i — ,
f o r  o nc- ’ance , f o r  f l i t t e r  t -ti

4 RA WBACKS OF TE STIGI A L CRY~~7TrIO TEM FEP A T’ RES

Resol e the numer o - aiJa- . ’ag- - - of - r i  g n i c  t est og some drawbacks exist  which can be indicated and
c ooimenteO upon ac follows

(a) As men tioned in Se b o on 2, t—r -o~ a’ cry ~r - c  ‘emperatcirer results in a considerable reduct ion in
fan drive power. For a r e - ~ -te - l ‘cc’ melousi the f llowing relationsh ips are valid 15 for Reynoldr number
(Re )  and fan dri-ic power (F) 1

Re —._‘ p 1 T 
— 

(2)

P 
~0 

T (3)

~her e  1 — t y p o c a l  t un n e l  dimension

p :tagioa’ ion pressure

T — - agnatnon temperature.

For given tunneldimension and stagnation presc ire the following relationship holds

P “.—. ReT oo (~)
Thus, for t h e  exam-~le , i f  -~ 3~ oa’oin temperature is l wered from ambient to say, l OOK the required fan
irive power is re l o—el by a fact r . 12 for the came Reynolds number , resulting in -)nsijerable required
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ecoer~~ r-t io toona for bce far .
However , it coas to cc realozed tnat cry~ger ond i ’ on r  can onl y be cn a. o-td by -i-ian f - org

w t o  large quantities of li~ - ood n trogan. This required UI: is not only de termoc oed by 1ot ‘ me ra es
data are goa’nere-i , it  os mainly coeebeO ’ to cope woto o’coer fa-o’ors a- faciloty ‘ran .o~ -sco ’s fr -co
condition to test condition , fan starting and ot oppong, and losses onsu at ‘c; l o s tr cb t ’ ‘o a~.i fa i l ib y
cool— do wn) .  Thus , for testiog at cryogenoc temp-ira’corec , Ocere are large erer~~r re-oorem e-o s for pr o’odir.g

~~~~ although fan drive power is consoderacl y reduced .  Tb a wi ll -ce f-ortcoer ill-octrate-l oo 2-’ t o o
of this report.

(b) Model desi~~-o and manufacture -~cll be more c-cm pl nc a t ed ac-c ! tic-or -sore oostl- ~
’
~ than for presen’—-d a-~

models in existing facilities. However, discussion s between exper~~o c ‘cc ‘TA on m deL ~ f r  MTF’l cc I . -
cate that the main concern for those models is toe high aerod y oamoc 1 o 1  a’ hirio Reyn ilds coumbero
(maximum Reynolds number of ‘2 mollion at a stagnacoon pressure f c .~ bars) and rot Ore ~omplo-at cnn
of the cryogenic envorcnment . The caine conclusionc are reached ic-i r e fer- coc e Icver~heless , the crys—
ge000 en-j ronme— 1l necessitate the cisc of cteels which are e x i o o  - cg ho ’ ~h c h  are new to ‘:ce model
lesogner, ther mal stresses may gmve problems and pr-- canly t h e  same , or -osar y e-Ocoo-ia ent , iciatercale ha-ic
to be used throughout the model.
Ceneral opinion l l ,15, l6 appears to  be that these prob lems car. -os  o~ie1~ o o c n c in  doe tome , hrou~ o develop-
ment . For a Ruropean cryogenic facility the mo -del l oads are less severe t han cci the  NTF doe t ‘cc mo—n
lower max c mum stagnation pressure; but soph i c t o cated stress cair- -o l at o o n s  arcO Ies go , more r oah ity  cont ro l
and inspection of models will probably be necessary. This would -mace the models more expensi ve , but ~:th
experience gained after the fabricat i on of a few models the cost are cape r -’ ed riot to be more tn ar.  ab o-o
25% hcghor than apresent—day models11 of the same s in s .

(c) Model handling is more comp licated in a cryogenic facility than in present—day tunnels. It is clear
that it is impossible to make nei ther  the smallest modificat i on nor any adjustment which cannot control-
led from a distance to a model in the surroundings of cryogenic nitr-Ien gas which is hostile to bce
human being. So ,special measures have to be taken to bring the model in an acceptable environment before
work can be started. Elaborate systems have been conceived , both for N’PF as well as in the DSMA ~og 1nee—
ring Studies? to gain  access t o  the model. Such systems are expensive and the time to gain access to the
mc~~ls are expected to be long : -the sequencing of events will take something like an hour for model
warming up and cooling down. The system as conceived by DSMA? will be doscussed in Section 7.2 of this
report, its feasibility has been indicated by preliminary engineering design.

Notwithstanding the long model sequencing times required , a productivit y can be foreseen for the
cryogenic facility which is at least equal to that of the other options of LEHRT whoch were considered
earlier?.

Checking of models and on—board instrumentation wol l be required before installation in the tunnel,
hence additional cooling chambers will be needed?,18, with consequent effect s on model process tome .

(d) The design of balances, transducers, scan-oners e tc.  for operation in a cryogenic f a c oh i t y  w i l l
require development. Expert s agree however ’ ,17 ,1 l l, that no onsoluable problems for performing accurate
measurement s are expected. Substantial experience both in research laboratories and industry with cryo-
genic technolog~’ is existing and could be tapped.
Validation testsl9 with a balance for the 1/3—rn cryogenic facility at Langley Field have shown it to be
feasible to design and use fruitfu lly a heated balance for force measurements. Insulation for highly
loaded balances in slender bodies might not prove feasible however ’8. It is therefore comforting that
tests with the mentioned balance produced, when the temperature was not controlled on purpose, sur-
prisingly good results although no special means were taken either to design the balance for low tempe-
rature or to prevent tem perature gradient s19.

5 FUNDAM~~TAL ASP~X2TS OF CRYOG~~ IC AERODYNAMICS

5.1 Minimum operating i.~mperatures

Due to the sensitivity of both Reynolds number and fan-drive power to sta~ iation temperature is it
extremely important to know the minimum temperatures for operation of a cryogenic facility. At low
temperatures condensation effects could have adverse effects on the measurements. Conden sation is expec-
ted first in the regions on the model with lowest pressure, however time and length considerations are
also of importance.

To determine the effects of liquefaction of nitrogen on pressure measurements a NACA 0012-61 airfoil
was tee-ted in the NASA 1/3_a cryogenic facility20,21 ,22. The model was tested at zero-degree angle of
incidence , under variable stagnation temperature and stagnat i on pressure conditions , keeping the Reynolds
number constant (N — 0.75, ,.-~5 and 0.95).
The analysis of these measurement s shows that for this airfoil , stagnation temperature can be lowered a
few degrees below free—stream saturation temperature before any adverse effects on measurement s are
detecte d. Strictly this conclusion is valid only for the profile tested (which has relat ively low maxi-
mum Local Mach numbers), with its chord length of 13.7 cm. Studies of length effects (airfoils with
various chords) and measurements on other profiles are planned for 1977 at Langley Research Center, NASA.

A greater caution in the assignment of a minimum operating temperature is appropriate for the
European transonic facility than for NT?. In the event of it proving necessary to use higher minimum
temperatures than originall y supposed , a shortfall in maximum Reynolds number will occur. The N’l’F is
aime d at providing Reynolds numbers of 120 x 106. A small reduction in maximum Reynolds number from this
value will only mean that modest extrapolation of wind—tunnel data will be necessary in some cases.
On the other hand the european trazisonic facility has a maximum Reynolds number of 40 x 106 so that
extrapolation to full scale will be required in virtually all cases.
Moreover , this maximum was fixed as the minimum value that would ensure reliable extrapo lat ion to ful l
scale. Hence, a shortfall of maximum useable Reynolds numbers below 40 x 106 will materially degrade the
effectiveness of the whole facility.
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For this reason, an-i pendicog reliable data , o ne conicoco otagnation t e c p er a t u r - o  for ‘s.c luropea_ -o ora_o’—
sonic facility has been conservatively tacen as that correspondirg t o  c-aO-oratoorc at a local Macro ccuonb~rrof 1 .7.

5.2 Real—gas effects

Cryogenic nitrogen departs from ideal—gas behacroo-or because of thermal ( p p  ~ RT) ar.i caloro o
y~~ 1 .4) imperfections; ~ can be as high as 1 .5 under the pressure and temperature cor.c:000r -.s of

rest to windt-oxozoel testing.
To obtain an ~oopressc-on of the importance of these departures from ideal-ga - - beroavo c-or , ~AS~ has

calculated23 isentropic expansions and normal—shock relat ions in cryogenic ni trogen . Press- ore , dens t y,
temperature and area ratios were calculated for the real gas, and subsequently compared to tr.e ideal—
gas solutions. The differences found were insignificant in the regoon of o—teres t23 . It was shown r .at
the gas behaves almost like an ideal gas, and that in the pressure—density relat i onship, ~r.ooc can be
wr o t t en as :

(a - -p~~~~~ -p c;)

a is very near to 1 .4, the value for an odeal diat oonic gas. 
2The equation of state used in these eva lua’ ions was tha t  - f  Jacobsen ~, -~oere ~2 parao’-o r- ar ’

used to describe the relationship b~tweer. presoc’ore ,density an.I t e m p e r a tu r e . 32 paraccetcro ar-i r.eeded
for the temperature and pressure ranges consodered (63K to 20-12-K and preso--ores -op to 0 0000 bar) .  Secacore
of the lack of sufficient experimental data in b roe  reg-o on of onterest for wcndtunr,el ‘cc-’ cog, a-cd
because of the use of a 32—parameter equation in future calculat o ons migh t prove tome —coro so coon g for
computer use , the calculations of isentropoc expansions arc 1 shock—waves were done at NLR~~ us: ccc ‘r. ’
Beattie—Bridgeman equation of s-tate (only 4 parametmrc). The res-olts of these calculat cons ~ere ode— .’.—
cal with the resul ts  obtained by NASA, they con f  rmed neg l gob l e r e a l — g a s  e f f e c t s  in e xp an s i o n s  a_ -cd
shock—waves at cryogenic c o n d i t i o n s ( p  -op to  0 1  bars , T down to 1 20K).

Viviand26 showed that, using the ~ransonic small perturbation arsrooopt:on , tic s perturbat o on p-oter .—
t ial for a real gas obeys the same equation as that for a perfect gas w oth a constant “effective i “

which he defined and which appeared to be very near to the i deal gas value of 1 .4.
Albone27 has indicated th a t  if the pressure-density relationshi p in a gas can be presented by

equation (5), with ~ very rear to the ideal—gas value of ~~~~~ the Bernouilli equation used in flow
calculations takes an oderotocal form as that for an ideal diatomic gas ( o is replAced by ~ m 1 .4).
As the potential equation is coot onfluenced by real—gas behaviour, Albone -concludes that the  solu to on
of the potential and Bernouilhi equation in cryogenoc ni trogen is the same as for an ideal gas.

Har-tzuiker and I(ooi reached the same conclusion2 , they have calculated the influence of
“effective F “ on the pressure distribution on a supercritical airfoil. Although real—gas effects on
isentropic expansions were found to be insignificant, the questcon might be posed whether integration
of these effects in the flow field might not give rise to appreciable changes in sonic line arid pressure
-distribut ions. The “effective ~c “ (or ci ) was shown to vary in the flow field from 1 .39 to 1 .40 under
the cryogenic condition s of interest (T0 = 1 20K and pressure up to 14 bar). As it was impossible to in-
troduce -rarianle real—gas effects in to  available comput ing programs at short n o t i c e , a value of 0 .39 was
chosen the real—gas effects should thus be less than those calculated in this simp l ified way.
A ‘8.5%—thick supercritical airfoil was selected at design point condition (N 0.72), which was known
to be very sensitive to Mach number and incidence variat i ons. The calculations showed that there are
slight differences in sonic—line position and pressure distribut ion between j~- 1 .39 and 1 .40. The
changes were however insignificant, similar deviations were obtained by variation in incidence or Mach
number ( ~i ~ 0.02 degree, Ii M < 0.0016), well within the measuring accuracy. Variable 

~ 
in the  f low

field would have introduced even smaller effects.
It i s interesting to note here that the real—gas effects which can be expected due to the fact that

the “effective y ” varies between 1 .39 acid 1 .40 in the flow field, are of the same order b-it opposite to
those under ambient temperature conditions and a pressure of .8 bars ( Yeff = 1 408)23,28

Pressure -dostribution calculations on an 12%—thick supercritical aorfoil were also done by iiF’.TLR - ,
resulting in the same answer real—gas effects in cryogenic nitrogen on two—dimensional airf-o Is are
ins ign i f ican t .

Viviand3-° used a t i m e  dependent method , wi th  comp lete Euler equations and exact boundary c o n d o t i  o-o r ,
t o calculate the flow f i eld over an NAC A 0012 a i r f o i l  at M = .8 w ith  d i f ferent  ~o . Pressure, Mach number
and temperature distributions appear to be insignificantly influenced by ~ var iations in the region of
interest . 

31Wagner and Schmidt used the Beattie—Bridgemaxi equation of state and the transonic small—pert - u--
bation theory to calculate the pressure distribut ions at M = 0.9 on a swept transonic wing for ideal—
and for real—gas condit ions which are of interest for a cryogenic windtunnel. The pressure distr ob -ot on s
produced for different spanwise wing locations show a minor influence of real—gas effects on pressure
distribution ro si-id shock locations, far within measuring accuracy. This is also the case for the n-or-sal—
force distribution over the wing span. In the same report calculat ions will be presented on
pressure distributions and on laminar shock—wave boundary—layer interaction (Haki~en experiment).Unfortunately, no data are avai lable to date.

Summarizing, it can be concluded that real—gas effects in cryogenic nitrogen are of the same order
of magnitude as those in air at ambient temperature arid at a stagnation pressure of 6 bars, but of oppo—
site sign. Such real—gas effects are ‘nsignificant as was illustrated by means of ic-entropic—expansions
and, norma l shock—wave calculations arid by pressure—dietrxb-it~on calculations on airfoils arid on a trans—
sonic wing.
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The f l o w  c u m i o t s  ccc a cr - ,-o~~enic  w i r o i~~zor,el is  ca~n 1y dCp -o -ooe-o t On t h e  oc . - ~ ~ o f ‘ne s -or,cel circ-o , ’
as O t . cc ‘-Sc ’ — ‘ or., u-. o wil coot be lepe-cie-o ’ on t s.’ ‘‘-oop-crat~ ro level prov. o-o o ‘cc-a’ a e c oo ecp ra’ ore
i .cotribut on :a_ ccc obtain e : .

l110l-f very L .cotel Oata or. pren ure flo ‘ o~a’ ions on a ~~co’ oco o - r-yo gec-.. -- faci ‘y are ava, ’-hle
;rese-o ’ . Figure ~ presents Sce ava~ iable r’00 0 Lt s from —ceas- recests of ~ ~aIc o o..-oO pres --ore f1-o c~~oa ions on
‘cc test ne— toon of the L~ -~-lev po l o ’ ‘rarosonic crvos’e-o:c ‘ic-m el , wroo h are deroved froc oa ’i in
TIc-i - .~-a --or e-oect s o~ore -ca-dc ~~oco a 2—d i onensi o-o a l model oco er a-ogle of o n cod eco -o m-o-oj c ’ed on  O r e
h i  .ci . ic-c O ‘h~ s do n t  riecessarol-, reprecoer t icpty tes t— sect o on noise.  2000pa r i ro n  wit s .  a~ -a: a n i ~ ~-~7a
at M = ‘ . f” .m - c-s-c - ’. sal c000’on-no-os fa ol ’:es 33 o c olic a ’oer a fairl y 104 c-id (C p~0.—i a c-os from
- t -  2.~ °° are f coo l on ‘r.~ -x . - o n g ‘osor.els). P gore 3 on dicat ec: ~ha’ tn-ire ar’ no - 1or-rs - ~ ff e c ’s  of
-ryogen . o oper ation on br .aOc-arcl press-ore fl-oct oaoions.

c r o ’o r . a 3 4  ie-zelope l f r preis .r~- — f -ootoa ’ on pec~ ra f r  t he  -~ar :er op oons ~f L4i-IRT (Lulwn-i f
Tune , 4-ran - Clean OL-onel 5cii Is-. )ec or r ver Thror.eT ) are nased on tn-i pro~ losop~y of oh ’ a .  b o r g  t e s t
rec,lts or .  ‘1 sec o o i s  r _c0500og im e  wi ’t ‘c o o  cano e o r b ”t er  accbora-; a- - on pr s-o-o~ —-day coo.’ cci 
A; ~-ooh , ns.e fow .olity reT-ooretoeco ’.- c ; 1 1  oe somewoos ’ relaxed f , r  a c o n t o r o c o o o  - ory o gen oc f a — l . ’; .
On o re otner ha.n i trie his-c-. ir c occsucoptoon rate icrong ‘~oscing wo ll neceo -ita -o -oeasuretoen+s : be lone
as T u c k as p :s o n .  - . Hen - - , - ‘ w i l l  onl y be pr-ou ’cc t  ‘o aic ~ ‘5.-c race Ic-rd of a Ilo - a c - . pr~ s ore f oc—
t cat ons for a n ’i c - o - -oo cry o genic facility as for tne toner pco ons or , at mo-~~, a fac r of 2 r s-r.er.
The latte ’ o rec-oecc t :orr cponoc to cacong full ai-:an’ag’ of ‘s.c socaLLo r si ze  as. O , cc so --~~, h : gcc ’r
-oa’-ra ~ frequencies ) in t~ rtc s of relax-il cotacoiaro s of flow pual ty Withou t de~~ acooo 0n of Oa’a a~~~ i—
sit c-on rat n. Coco nar o son of these req-oorement s with res-ol’ . froc ~xo sting continuous f-~ l t e s  00.10 oa -c
hnat in ‘s-s re~’con -of red-ocel freo-oencies of -oterest for tri e varoo-o s t -rpes of test s there exo st -evera.
‘unnels ‘rat na -c f .c~uo~~ion - pectra similar or approacr.ing the requ reoen ’s3l . Thos zrol oa es Onat
by caref-ol ocso c-~~o of a new fa ol ty the requi retoent s for allowanl e pressure fluctuations can be to-c’ in
trie reduced fre r-oe- cy oor.a c of on er-ic’.
Ar explainco in r’.ferer.ce 33, the controbut .on ‘o tn -i bro aor and noise level at the ho~~oc~r reduced . fr-
qincies pr oc-aril- / oro~~ natcs fror ‘he t-ort secc- o : , fa-o , toode l  scop- rts and d f f u - o r s .  The cor ,t r bu—
tion from the tec~ section or inherent to ‘ h o  wall confi~~ora’ - on ‘nab will focally be ch .seco . C~ nhr hu—
tioro z frosc model supports and cinffoisors -car-i he mirucoozed again Ic-j -ar efol 1 s1400 (e.g. opera’ orn w~~ i-.
a sonic tr.r at uown:tr-saco of the test - ection). As far as fan noise is7co’ocercoel , ath’s -otion will na-i-s
to be paid. lurong tn -i fan desi gn -o tne requirecnsnb of low noise Ic-rd
Too c onclusion , co can be exçrs otco that tri e noise fr the c- : ro-0 o as.o t he fan in a cry .g’e-~~c c ori ’ ’oo us
4a-olity c-ar. ice reduced to tr~e desc-reu leve ls  t h r o o g n  a r e f o l  l e - ign o an -I , p o s s i bl y ,  ‘hr ~~~s-i- o a ref- ,
s b o 1 ~ and ~p b i m ~zat i or s. a p o l t  facnl it y. Tine sas. conclusion is r~ arned by Mabeyl’~ in a re-cot paper
where i t  is conc -u1e~ : “4aref -o l at~~e c o t o o n  o t n- i  u e sosn - . of every e l- i c - i - c t  of the circuc - r -ooo-o rc o ~o
acroceve los c-d7e i s  of f l o w  -onstead:ness  in ‘oc sork rg se-ct -n -f a rarosonoc w os.o t ouoco~~l. 1* is p oso
ble t na the levels of flc / -un -bea-biness in future tran nonoc ‘ororcels w i l l  be oe ’e rmi ned pr n a r o ly  o:~- the
w rroon~ sect On desi ric , ratn er than t he  dr ove  systeco a d o p t e o ” .

As noted ~r. reference 33, very li ’bl e is ~ o own  a c - o u t  t he  t -or i - -u Len n e level cc bra s cnn t -o- se-t . ons,
ice t o  -oeas-ur cen 4 s and interpretation difficulties (concomottaco t pr~ ss~ re fi-oc ’ la000ns). car-i be
expect-- l h o- - c-icr tro at the turbulen-c e level on a cryogenic facilit y can be co aoe low - of t n~ dci - red crier
of .i%) ~s.r ~gh anti—turbulence levoces (screens) and a sufficient large contract oco ratio from s t o n g

~coaso coer to test section .
4%en 000ling by means of in .jec’ion of 

~~2 
is applied for a crycg’s..c facoLity some 0n—ern

ex st about tne teoperat ure distrihution and fluctuation n the test sec* o o .  Tests at langley in ‘ccc
pil 1 traxo;on:c cryogen/c tunnel32 have shown brat the t- -opora’ un- c dostots-ot on ob~ a nc-i wits.
as. unsophisticated inlect .on system ~s comparable with present—day good o’otonuous facolib es.

Measurements of b ecnp cr ar° ure fluctuations are further necessary to show that oon ern expressed. an-cit
tocerca l turbulence is unwarranted in the cryogenic concept .

7 A TRY)4FJ-lIC FACILITY TO THE LA~10 FUNCTIONAL SP~XJIFICATI0N

7.1 The laWs functional spec i f ica t ion

rr.e LaWs Cr -p
1
’2 has applied the philosophy of extrapolation of data obtained in the w:nlt-unooel to

f-i ll—scale Reynolds numbers in flight. Reliable extrapolation is possible only when the flow over ‘he

~iidel is representative of that of f l i gh t , it was concluded that the Reynolds number based on model rca— .
aero-d-yroacoo -; -cn n should be varied between 25 x 106 and 40 x io6.
The LaWs Croup only consii. —ed ambient stagnation temperature facilities and it defined a maximum stag-
nat i on pressure of .8 barc- , octermined by model and model support considerations. These Reynolds number
ari d stagnation pressur e requirements led to a test—section size of 5 x 4.2 a2.

The cry ogenic -- ncept in~ rod-oces a new parameter into t . considerat ion : the stagnation ‘‘siorra_
t - r e .  Keeping the Reyno ,ls-r -uoohe r requ irements as defined by the  LaWs Group (variable from 25 x ‘

~~~~41 x 106 at riesigi point N — - .ii), a choice has to be made either on test—sect i on size or on maxi mum
stagnation pressure.
For the present studies of a cry ogenic option  of the Europear transonic facility the test—section dimen-
s ions  were fixed , the  maximum stagnation pressure is then determined by the minimum—operat i ng temperature
envisaged. 

2The test-section dimensions chosen were 1 .95 x 1.65 a , t h i s  being the minimum size and, hence, lowest
cost compatible with the representation of adequate detail in models for project development tests.
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7.2 ler-o n i p ’ .on of toc e facil. -y

Th’ ~~~~neening Studies by 1OMAT w—re raced on a f-an ni -i-en io .cl con- -e pt . k-. an ’ - ‘ r co no ‘~~~‘ -
of the facility studied is present ed in f:~~irc  4. The a.rliro e 00cr . s’’ .f a cr.vcr , ’ . n al n o r - -u : ’, wi ’h
a son ic  throat af t  of t h e  t eo c t  se - ’  ion t o  r egula te  Macs. numi’ n an I pr”vcr.’ dos ’ or ~ acc ’os hr i woo-
st ream to enter the test s’-ot .on (tocis optional arracog”ooc-.t is a l so  co’-;-t .n to a l l o w  o- mpc r - i ’ ;e ‘-c- ’ -

riat”ro w i t h  earl ier  L~ 1RT opt i ons).
Cooling of the f a c i l i t y  can be done in two -4ayr , ‘- ‘her by li qui. I nitr -g ”r-. cr 0 , 3  - - - — . -/ ‘-r. ’ onal -

to facilitate running at ambient temperatures , and thur l-.wen Reynoldr n-omb ”rs , in an eco n omic “a:,
comparison to cooling with 1112).

Lic-~ iid nitrogen is m t  roduced - cot o the  c i r c u i t  trorough hr.c f . rrt — - n- er tun ~ o s- icr-es. Tic ’- cr ’o ’ i-a--
tion ratio from settling chamber to test section is 2i. This large 000 ra—tco o’c re ’- . n war ci-.-’sero ‘ci mini-
mize amboent—temperature cooler losses and thus fan power and 1112 Coni-u-opt . .n. Oh’’- valves ar’- r t-oated
for and aft of the test section to allow depressurization for model nar,Ilo~~~. A flexobi c n o z z l e  ass-ore s
good Mach number distribut i on at supersonlco Mach numbers.

The t unnel shel l  is insulated from the  env i ronment  by mean s of a c o d  h- -s o ’. r-i-c’-or~ , -‘arry:ng ac-
~.30 no—thick layer of expanded polystyrene. The space between the tunnel c - b o ll aro i c-h ’- .nsulat o on is
purged and continuously filled with nitrogen gas, maintained at a pressure slight ly ~hove etmocop herin
to prevent any air or moisture leakage in the space and insulation. Ex-onorsi ve gas~ro-i s nitrogen is blown
off to the atmosphere through a 20 m high stack.
High transport costs of 1112 necessitate the cooling system to onclude an air oreparati- o-o plant and a
li quefier , to produce the required nitrogen at the site. Such systems -can be bought at modest costs.
(~~f -c -curse , t h i s  requirement would not be there  if  the  f a c i l i t y  would be bu ilt neic-’ to an existing a i r 

n plant , when 1112 could be transported by means of pipes). The air—separation plants nan run
oro t o n-ioumr l -j clay and night and require only modest power. The 1112, which is produced at a rate of

approx.oo.ately 3 tonnes per hour , is stored in a 1222—storage tank. ~~sed on t h e  consumpt i on d i n i n g  t he
mocot demanding 2—week program that was thought likely, the tank capacity is chosen to be about 1500
t-o r~nes of 1112, or 2400 m3. Maximum demand during a test run requires some auxiliary [.112 tanks, including
gas accumulators , thus assuring quick [212 tran sport to the facility.

Access to  the  model is  gained in t he  way illustrated in figure 5. After a run the gate valves up—
co--I downstream of the test section are closed and the test section is blown off. Inside a cool room , at
slightly higher pressure than atmosphere , the test section and the model -cart are moved side ways on
rails. Subsequently the model cart is rolled backwards and the test section is pot in place again. The
mole l cart is then moved forwards, until the model penetrates the wall of the cool room into a chamber
with -controllable environment.

Once the model is at a workable temperature level (and in an air environment ) part of the environ-
mental room i s removed, and model modificat ion can start.

A second cool room is provided for model check—out and calibration under cryogenic conditions.

7.3 Performance

In figure 6 an operating envelope (at N 0.9) is presented with the assumpt ion that the minimum
operat ing tem perat ure is determ ined by saturation at a local Mach number on the model of M = 1 .7.
As can be seen from figure 6 the laWs functional specificat i on can be met in a 1 .95 x 1 .65 m2 facil ity
at a stagnation pressure of 4.4 bars. The Reynolds number can be varied between 25 and 40 x at con-
stant dynamic pressure (and thus constant model deformat ion), enabling extrapolat i on of data without
disturbing model deformation effects).
From model and model—support point of view the relatively low stagnation pressure is extremely favourable.
The maximum power is determined by Re = 25 x 106 at 4.4 bars (27 MW). This power enables amb i ent te mpe-
rature operation up to 3.3 bars and up to a Reynol-is number of approximately 10 x 106.
During the Prelim inary Design Phase of the facility further studies i~il l  have to  be done w i t h  regard to
the minimum temperature levels and power to ins ta l l .  A drop in stagnation temperature from the present
considered one (120K ) to, say, 95K would allow the maximum pressure to be dropped still further (to
approximately 3.3 oars); the installed power could be lowered to less than 20 MW. Careful weighting of
ambient versus cryogenic operation will be necessary in further development stages, especially because
not only capital cost s are inf’luen cied , hut the dynamics and control and the  1212 consumption are penalized
somewhat by the introduction of the ambient temperature mode?.

Off—design calculat ions for the facility considered result in maximum Reynolds—numbers of approxi—
mately 18x 1O6 atM= 0 .3 , 35 x 106 a tM = 0 . 7 and30 x 106 a t M ~~~1 .1 .

For determinat ion of the productivity, for 1212 consumpt ion and for cost est imates , the  way of ope-
ration of the facility has carefully been considered?. It was assumed , for the purpose of comparative
studies, that the number of tes t periods and their  lengths would be the same as for the other options of
LEHRT2 (5000 test periods of lOs per annum). Due to the continuous fan drive 10 periods of 10 seconds
are thought to be made within one test run. After these 10 periods the tunnel has to stop for model
changes or modifications. In such a test run several modes of operation are possible: constant N,
constant q or constant Re (see Section 3). Consideration of the dynamics and control of the facility led
to the conclusion that considerable t ime  w i l l  be needed to proceed from one test condi t ion  to another.
Including starting and stopping of the facility , it is est imated that the te -t—run s will  take approxima-
tely 6 minutes for 10 periods of data taking.

When the t unnel has been s-topped , an elaborate procedure will  be neces~~ry to ~~in access t o the
model. Eased on a conceptual design (see also Section 7 .2 )  a time schedule iias est imated , showing that
approximately 30 minutes would be needed to gain access to the model and 25 minutes for model re—instal-
lation . Allowing 45 minutes for model modification (and a 10 minutes contingency ) results in a total
time between run s of approximately 2 hours.

So a typical test program day is expected to consist of 4 start—ups per day, for a period of
6 minutes, every two hours. 40 test periods of each 10 seconds per test ing day are thus thought to be
feasible, as in the case of the earlier opt i on s (One test period every 12 minutes).
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7.4 Feasibility

The working oornpinentr of the fa c ility are large and complicated in comparison with present—day
cryogenic engineering. However , it was cond o-m d7 that such components are feasible. The structures and
mechanisms should be kept as simple as possible and actuating devices placed at ambient temperatures
where possible. The conclusion was? that ~‘it can be generally concluded that from a design and construc-
tion point of view the basic con--ept -leveloped f -r c-h ’- cryogenic facility is fea’-ible~’.

Some problems are identified , such as the dynamics and control if the tunnel system (with its im-
pact on 1212 consumption and operating costs). Also f-sri design warrants further stud .-~c .

7.5 Estimated comparati,ce costs

The &igineering Studies by DSMA 7 have produced capital and operating costs for a cryogenic facility,
comparative to the c-cot estimates for earlier versions of LEHRT4. The numbers from 5-u-h c-tudies cannot
be used for budgetary purposes, therefore , to avoid confusion , the capital coO-i s of the cryogenic facili-
ty will beconsidered here relative to the earlier LEHRT opt i ons costs. Budgetary coot estimates will be
produced in a separate report35.

The mean of the base—cost estimates for Ladwieg Tube , Evans Clean Tunnel and Injeccf -r Driven ‘I’unnel
is defined as 100% and comparative costs are presented in figure 7. As the minimum possible operat i ng
temperature was unlooown at the time of the start of the EXogineering Studies , two versions of a l .9~ a
1 .65 m2 cryogenic facilit~’ were studied , one with a stagnation temperature T0 149K and the other with
T0 = 120K. It can be concluded from figure 7 that the capital investments for a cr~ogeni~c windtunncl with
a test—section of 1 .95 x 1 .65 m2 (including an air separation plant) will be approxomately 50% cf the
capital costs of the earlier options.

Annual operating costs for the facility consist of labour cost , maintenance and power cost .
For operation and maintenance of the air separation plant the windtunnel r aff wo ll have to be

increased by 5 persons, resulting in a slight increase in labour costs, in comparison to earlier pi ons.
Maintenance of the facility is expected? to show a drastic decrease (approximatel y 35%) in -

son with earlier versions of LEHRT. This reduction is caused by the much smaller size of tie fa ’- i lrt y.
Power costs are difficult to estimate. The installed power of the cryogenic fa--i lot y unI”r conir o 1- ’ro ’ -ci

will be approximately 27 MW (compare 54 MW for UI, 20 MW for- ECT and 52 MW for Il)T). The - :- ‘  1op-ao l -cc
power consumption and on maximum demand. The power demand for the - --i--h er opt ions is more ci- les5 c on-
t inuous , whereas the demand for the cryogenic facility will have an rul-o-rn ~ ’.tent r . a r a - ” ’ - r, whic h r:, ’~.’
impose further cost penalties. This will depend on the site chosen and the power 1-cc-i on-I -i lro-i -iy ex -‘ ins -
at that site. The determination of power costs will be the subject of further studies t I~-term oro ” rea-
listic operating costs.

A comparison of the energy consumption between earlier options and a -cr; ogen i-~ fa- - i l i t y  I - -a - j o ’  ‘ -

interest ing result o , however (fig. 8). Here the annual energy consumption was det er -u  ned for  c-c -Ic ci- ’ on
on the basis of a simplified testing program (all tests at the facility design p c ’ of N - .~

. aol
Re = 40 x 106 as in the studies1 ,2 of the laWs Group). Although in th:s particular o-ase k lc e cry - .~“- -

tur,’oel has not to be reset between a test period of’ 10 secs, it was asr i-o~~1 that s~ -o. or runni- ,i’ t o o ’-:
are required as determined in ref. 7 (6 minutes for 10 test periods of ‘ secon-ir- ). It is si -c-rn
clearly that the energy consumed by the fan drive (during testing, co ccu s,’ an I nir culoct,n~~) i s a small
part only of the total energy demand. The energy consumption by the 1212 product i or. plan ’ (wi ’h a pow’-r
of the order of 3 MW) is dominant • The dependence of energy demand on stagnat i on t - ‘mp er co ’ ir e  is -appa r- ’--;
for a cryogenic tunnel .  The f i gur e  demonstrates that t h i s  energy -Ic-ia I -car be expe- -’ - - I t - ice c o  the
order of t w i c e  the EXI T demand , but less than that of the Lt.idwi eg Tube and the Injec t r :cr ven To-c -el
versions.

h CONC LUSIONS

(1) Cryogenic nitrogen can be used as a test medium without detrimental eff ect s on te st resul ts
(negligible real—gas effects).
At present, there is not sufficient evidence available to determine the minimum operating temperature
(condensation effects). For the time being, the conservative assumption has been made that the minimum
stagnation temperature corresponds to saturation at a local Mach number of 1 .7.

(2) The introduction of stagnation temperature as a new variable offers the following advantages for
a tran sonic facility to the LaWs functional specification (25 x 106 .( Re < 40 x 106)
— test—section ..ize can be made compatible with existing major European facilities.
— the cost of models and their lead time is reduced in compari son to the ambient temperature drive

system options.
— maximum stagnation pressure can be lowered to 4.4 barr., in compar i son to 6 bars according to the

LaWs specification. This has the much wanted effects of lowering model and model—support loads.
Model elastic deformation will be less.

— it will  be possible , for the first time , to separate Mach number , Reynolds—number and dynamic—
pressure (aeroelastic deformation) effects. This quality is of extreme importance , especially when
prediction of fligh t behaviour will be based on extrapolat i on of windtunnel results.

— new possibilities emerge in the f i e ld  of’ aeroelastic testing. Apart from the possibility to vary
dynamic pressure keeping all other parameters constant , f lu t t e r  tes ts  can now be performed on one
model simulating correctly a complete ran ge of altitudes of practical interest , including sea level.

_ _  
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(3) Eugineering Studies have shown the feasibility of a cryogenic transonic f ac i l i t y,  w i t h  tes t—sect ion
dimensions of 1 .95 x 1.65 ~2, built to the LaWs functional specification. Comparative cost estimates
have shown that such a facility would have approximately 50% of the basic capital costs envisaged for
earlier options.
Yearly operating cost would be influenced in such a way that labour cost s would be slightly higher,
maintenance would go down by one third and power Costs would not be excessive , even comparable to the
other options.
The productivity of a cryogenic facility will be at least the same as earlier considered options.
A fan—driven cryogenic facility has no inherent limitations on testing—period length. Ambient—tempera-
ture operation, at low running cost, is feasible.

(4 )  Windtunnel testing at cryogenic t emperatures will introduce new challenges in model design—and—
construction , balances and instrumentation. According to  experts in the field , existing experience in
cryogenic engineering can be tapped and problems ari sing can be overcome through development . It is
expected that models for a cryogenic tunnel , once the first models have been built , will be only slight-
ly more expensive t han present—day models.
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MODE 1: REYNOLDS—NUMBER EFFECTS

( CONSTANT q AND N)
MODE 2 MACH—NUMBER EFFECTS
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