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mfl@w‘iﬁ the vicinlty of one of the newer syemetrical WACA leminar {low
&irf@il seotions at snd above %h@-@riﬁiaal speed of the section, in

the form of schlieren mh@gagrﬁwhg end wall pressure distributions. The
investigation was carried out in %;twa @im@m&ienal tunnel, designed for
this pﬂrpcs@ by the au hora9 at the @ugg@nh@iw ﬂ@r@namtioal Laber&ﬁexw

of th@ C&l Porpia Institute of Technology during the spring of 1944,

The formation and %&riahian of the ghock waves wlth aﬂg%@‘@f
attack and Mach muﬁb@r.ar@ @f@@@ﬂﬁ@d,iﬂ e geries of hﬁgh gp@@é photoe
graphe. «ﬂmﬂ&%t@mp% is made to indicate the effect of model size im &
bunnel ef fized oross é@@tigm&l area by'pr@a@mﬁimg‘ph@%ographi@ results

of the tests om eirfeils of 2%, 4%, and 8" chord lengthe.

Qurves mf QL versue Mach mnmb@r at G@nﬁw&ﬁb amgl@ of abback

. are presan&ed far the. %hr@@ airfoils.



The. rapidly incr@ésimg‘flith'sgaeds of medern aircraft,
end the promise of even greater increaség with new types of pr@puiai?@
‘eguipmenﬁs have forced upon the aarcdgﬂ&mieist_ﬁh@ sonsideration of
pheaomaé@ of compressible flow et snd above the so-called "eritical
speed” of @rasent”day.airf@ilsa‘ It is evident that this speed is
being raaahsdrev@ﬁ‘n@w‘in certain types‘cf'military aircraft. It
appears likely that, with the new proyulsive systam&lbaodming availae
ble, ma jor iéer@ae@s im_ﬁhe spead ofyfligh% will be contingént“up@n

the development of suitable 1ifting surfaces.

?h@dretieal study of this problem has‘béan hgmp@fed‘byvtﬁe
complications inharsﬂtiin‘ﬁs&ling with the‘non»iiaear diffafentiai.
equations d@scribiﬁg flow at'théSG speeds, aﬁd by the lack of adequate
expérim@ﬁtai evidence of the éxacﬁ natu#e éf the phenomena involved. |
- The mags of avéilable data ia prima;ily coneerﬁe¢ with the charecters
istics of airfons below the oritical speeds very little is available

on flqw*eonditions above this point.

‘, Also @ll @xisting'exp@rimantal data containflérgé and unérew
'distable errérs'dus %o the'affeét of %unnél_%ali interference. Unﬁii
very fecently all tunnels a&pable»of aohiévihg the désired»gpéedg~hava
been quite small. Dabte were taken from‘ﬁheéa tunneols invthe fbfm of
forae mﬂésuraments br pressure diaﬁributiéﬁs on the airfoils, ﬁpth of
whiéh an@ssitat@d‘%hé uée of relatively iafga model pizes. As the
free gtream speed appraachesithat of sound ﬁhe'flqw bebomes incré&siﬁg;y

sensitive to changes of channel aree, thus aggravating'tha‘affse% of



large mo&@l 4o tunnel size ratios. Wo wholly sabisfashory

evaluating this effect has as yeb been devised.

In reference 1 it was demonstrated that the ﬁh&”ﬁ“ ana
ogourring at the eritical speed are a&suelaﬁad with tha For rmat tion of
Qampréaaian shock waves in the flow iw the vicinity of the airfoil,
The work d@s@rib@d h@r@lﬁ we's mmd@?takaﬂ with a view to furnighing
‘ additional information, dﬁruumh the medzum of senli@rem‘mhm bographs,
as to ﬁh@ oe@ﬁrrence of these shock waves, (me of ths newer symriebe
rlcai NACA laminaw flow airfoil s@mulana was used for the test ﬁu‘ The
formation, and’variatiems of the shook wayag'wi%ﬂ angle of mﬁt ok and -
ﬁaeh'numbar afa shown in e aari@s @f»éhetograph&a ln addition an
att@mnt was ‘made to show the eff&ot of model size, for a given tumel,
by'r@ye&tim@ the t@atslfar three diff@r@né sized models. For this
purpose schlieﬂen Qbsswvaﬁlgn has many advantages, siﬁce‘m&dﬁllﬁiga is
of no partieular consequenc@ with r@ap@at to sanszm%vﬂtyg and the maaal
may be moumt@d dir@ntly anﬁha tunn@l walls, slimimatimg tip cl@ar&ma@

problems or balence strut interferences. It has, of course, very deli-

- nite limitations in that it provides no force or pressure measurementse.

This deficiency was pafﬁially oV ercemne by th@’iﬁatalia%ion of
preséure orifices ‘in th@ top and botbtom walls nf the test section to
permit‘%hé caloulation of 1ift coeffi@iants by integfatien of wallvpresm
sures. Lift ecwffi@i@nts‘anmyut@d by ﬁhis means are»prasan@@d for -
v&ria@a angleé of attack and model sizes as a function of the Mach

number.,

The tests were conducted in a tunnel designed and built for
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the purpese. L8 is & two dimensional, open return, induction %Hype,
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having @ test sectlon of one by ten inches cross section by twenty
inches long. It 1s capable of giving 2 Mach number of 0.91 with no

model ingtelled.

The tests were made at the Guggenhein Aeronaubicel
Laboratories of the California Institute of Technology in Hay and

June of 1944,
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The tunnel used is illustrated in Figs. 1 and 2, I% is

oclosed throat, open return, inducbion type. The Jets are located in e
rectangular section down sbtream of the test ssction, giving e relabtively

low turbulence flow past the model. The jJets ere followed by a constant

area mixing section which discharges into the diffuser.

The t@éﬁ saoﬁiem is rectangular in section, ome inch by ten
inches by twenty inches long. The side walls éré made of plabe giﬁésg
gasketed ﬂir@ctiy o the stesl structure with rubber gaskets. = The top
aad bobtom walls coﬁsist of lamina%aé phenolic resin blocks with 25
fluah aﬁatib orifices each. These were made readily replaceablé.to
‘facilitate changing,théfwall shape f§r #ariaus tests. The test section
We.g téparad in the one inch dimension from 0.900 inches aﬁ»ﬁh@ @3@?&@@@'

end to 1.000 inches at the exit end to ellow for boundary laver growbthe

.The model %aa éuppmrtad'a%‘tﬁﬁ éeﬁtafyaf the'glaas.aide
%alls in ﬁrannian ina@r%@diin slots out through the glass, The model
was“gaaketsd directly to the glass plates to avoid léak&gén This
mouﬂﬁing is illustfat@& in'?igsg 3 and 4 which show the two inch chord
model mounted in place. Fig@-ﬁ ig an ”@ﬁpladed“ view of the entire
mounting system. The &am@’lugég through bnlﬁg-aﬁme;'wer@ used for all

de@iEo

Three models were used in the course cf the tests. They were
all of the same section verying oniy in chord length. One of the
newer symmebrical NACA laminar flow sections was used. They wers ma-

chined from braess in chord lengths of two inches, four inches, and six



inches respectively. Tolerances were held te 0.001 inches. No
Bresgure @“if;w@@ were installed in the meodels for this series oo

tegts since ths bwo inch chord model was btoo small

&d@qhat@ mumbew of orifices.

TE@ ngl blo@k,@% i@ pressure 0%1f§@®s were cenmaet%ﬁ‘ﬁ@ a
~multiple tubs, Qloéed system manom@ﬁ@r cantainimg bu%yi aloochol. An -~
orifigs showing near m@xiwﬁm pr&gsuf@ in the test section was conneched
to the reservoir éﬂd used as a reference. This gave & very sensitive
means ef‘m@asuring pressure differences éieng the walls of the %est
'sgcﬁiong  A,mﬁr@ury m&aéméﬁ@rg V@nﬁ@d‘to aﬁﬁaspﬁére %&s cénﬁeetﬁd to
the reference pressure for use in set t&n; the Magh number of the t@Sb@e

These mancmeters ars illustrated in Fig. 8.

Conventional schlieren equipment was used for visual and
‘photographic obse%vafiom; The mirrors uﬁed‘p@rmittéd observation of &
ciroular field of about eight inches diemeber. The field could be
“moved to cover the entirs test section. An incandescent 1ighﬁrsoﬁre@
Vam@lmyimg‘é projection typé bulb wasg ﬁ@@d for Visual @bsérﬁaﬁiuna A
high 1nten31t? apark wzvin@ an exposurs time on the Qrder of 10
second was used for ph@tographie purposes. The knife édg@ and light

source were capable of b@iﬁﬁ wotat@d *hwoumh 360° to observe the densit

gradient in ey direction.

& wet and drv hulb }y?“em@t@f supported in the entrance
section was used to measure the reletive humidity of the alr entering

the test section.
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with no model, and & Mash nwiber four inch chord

model installed

T

b six degress engle of atbtack. " This condition proe-

@
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dused the maximin bloqzin@ effect @ﬂé@mﬁt@r@do

Stati@ Progsures alémg the wall blocks With ﬂQ model
installed showed 23 varigﬁiana‘at a Mach number of 0,80, of the order
of 1%q. The variation waé r&ndomsAakcépﬁ.&ﬁ the extr@m@‘andg of the
test ssetion,vindica%ing-th&% it wag probably due to slight surface
 irregu1ér?ﬁi@s’£m the vieinity of the pr@asuré“arificesa‘ A glight
drop in velocity at the @ﬁds of the test éaotioa wWaB undqubﬁaély due
 to %he éhanga in érQQSwsao@iém,ahapa in the vieinity of these points,
o positiva'pressuré~gr&diant %hfough the tégt sec%icn gould bhe
observed, indicating %h&ﬁ‘ﬁhﬁ eorrécﬁion for’bbumdary lay@r‘growth

wag very nearly correct.

A static pressure survey acrass the ten inch dimension of
the test section at the model position showed a variation of the order

of Oe5§$;q,o

V



Progedure

Tﬁevpfojeet included the design, construction and éss&mbly
of the working section, émtr&nc@ ssction, and diffuserp’ef the wind
tunnel‘use&‘fér the tests described. The tunnel was designed around a
.jet asgsembly and mixing section of an already provéd installation, which
r@éuiﬁed in a great saving of time and effort in getting the equipment

into operation.

It was at first planned %o use the original short diffuser
section which was attached to .the &bo?é nixing section, but early tests
indicated the need for a mgch‘longer one, which waa’accofdingly‘designed"

and installed.

The original;upper end loweflwall blocks of hard wood, with
‘_ inset braes»tubés'far pressure orifices, provad unsatiéfactory, since
it wes practically impossible to maintain the ends éf the tubes flush
fwithzﬁhe_blcdk aurface,vwith's@vere‘presaara'irragularities resulting
from imperceptible tube movements. New blocks of & 1aminaté& phénaiic
'resiﬁ, described‘under Equipment proﬁed'to be a satisfactory s0lttiona
both fiom the standpoint of f&briéation aﬁd Qqnsistent pressure observaa‘

tions.

A number of praSSﬁr@ distributions along the‘bloc¥s (no model
in tha'tunn@l).were taken ab #aryingbspeeds to inVGStigate the acouracy
of the bogndary layer cqrreetinno Then a vertical.sﬁrvey was made (no ,
model installed), with the investigating static hééd at the center of

the tumnel, in the plane bf the model supportse

1
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tering oil from the air passing thraugh the tunnel wa

o

lass side walls becams severely oll-streaked v&r gulclkly at h

the.

g

.

speeds. Large aresa elr filters were designed and installed atb %h@

entrance and exit, which partially eerrwe%eﬁ the condition without

\ s

2

appracg abls penalty in performance. However, the candiﬁi@n sbill exn-
o 2

isted Ho th sxtent that it remained necessary to remove and clean the

zlass side walls between runs.,

The spark apparatus for photegraphic recording was nexnt
inst &11@@ and tesbed. A convenlent sysbtem of rapldly shifbing from
conbtinu 1ous llghﬁ source Lo spark source without readjustument wag nro=

& . bl

vided in the optical benoh, whiech was & part of the originel laboratory

equipment.

The procedure for each record run was essentially the same.

the gless side walls, was

reference centerline on

the %mmn@i§ sat up by

large scale protracter (four in ch radius), snd an improvised Hool

ingerted through the “ﬁt?mﬂ@@ end for moving the elrfoil sbout its
gupport pin. Tho angle was held by friﬁﬁimn bafween the nodel sides

and the support trunnions when the end nuts were set up tight. " Addi-
Ltional security was achleved when the side walls were set up firmly,

sealing the model ends egeinst the glass. ‘ o
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the tumnel was brought up Yo its maximum apesd for the elrfoll size and
angle wf‘&t%aeke After sﬁ@a@v conditions were &?t&lﬂQd a schlieren
photograph éf the shock'w&V@s wag taken and the wall pressure distri-
bution wes recorded. This latber wa 8 mGGGQEllSh@d by inseréing e shest
of paper betwe@nltheimanom@ter tubes and the backboard épd marking the
1iquid level with p@mcils .Ey tﬁis meang, a distribution could be re-
corded in leés than one minute, for latervreduction-in Quie% and at

leisture. - Also, by using different color pencils, all of the distribu-

tions for & complete run could be recorded on & single sheet.

Thr@a more photographs wsre takem on each run, with corresponde
ing pressure distributions, et lo%@r speeds, reducing the épead by
approximately equal increments. It w&svéttempt@d taAapace the Speéds
8¢ that the photograpns covered a range Prom the maximum Lo o sp@ed
Well below that at which ﬁh@ shogk wave finally diSQppeared from the
’visual soreen. 'it wag proved by repsated trial %hat the 3@66@'&%
which the shock wave appear@d with ﬁh@ sp@ed‘ipereasing was exaé%ly the
‘s&me_aa that atvwhich th@ shock wav@‘disapﬁearad'with.spsed ﬁ@orsagings
One of the phobographs, usually ﬁéa 3, was-taken at a speed just above
thisnfcriti@alﬂ velooity, and & nove was made of the falue of M for the

disappearance of the shooke

: The recorded pressures wers measured on the original sheets,
and raduced to p/é. Values of q were éom?uhod from the relation
Leut_ r 2p L
) P f% o The curves for .upper and lower orifice blocks
o ;

were superimposed, in order to measure the 11f% or the airfoil by the

ares enclosed between the curves. The areas were evaluated by
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within 0.1%q for the two inch chord model (msasurements made w

alcohol manomeber) and within 0.5%g for the four and six ineh chord
models, where measurements were made with the meréury manometer. The
affect of any irrsgularities in the wall blocks has been eliminated by

subtracting from each p/q reading recorded for each model condition

the value of p/q taken with no model installed at & corresponding M
number. This subtraction was made orifice by orifice, not from the
faired curves. The lack of scatter in the pressure disbribution curves

tends to justify this procedure.

The Hach number as read should be accurate o withim 0,002,
However, it was read from %hé reference pressure for the muliiple
manomeéers which corresponded to a somewhat higher absolute pressﬁre‘
than the free stream. In the case of the two iﬁohfchord model the
error Zi@s'ﬁitﬂin the ebove error in reading. With the four and six
inch chord models this error mey amount to 0,016, In all casés the

Mach number as given is less than the true free stream Mach number.

The sansitivityraf the sehlieraﬂ.éQuipﬁeﬁ% employed is
difficult to sp@@ify; ‘It is perhaps best estimated by compering the
'apparenﬁ intensity of the‘a%%gﬁatigm point oﬁ the airfsilvét compare
able Eaeh mmbers. In all cases the sensitlyity was éde@ua%@ to give a

very positive response to the heated alr rising from one's hand.

The angles of attack were set within 0.1 degrees. Parbi-

cular care was taken to achieve zero degrees, Runs were repeated until
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particular settings are therefore more acourate,
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ment of the shock waves ab variocus free strean Mach numbers and varl

engles of ettask for each of the three models,

Figge 26 - 28a inclusive are plots of 1ift coefficient versus
&aeﬁ nuﬁbér at congtant amgl@g‘of att&@k‘fOF each of the models. From
a shudyvcf the phe%&graghs'am aﬁtemp%'hasvbeaﬂ nade o determine the
fifst appearaneé of a shock wﬁveol_This point is indicated by a short

¢

vertical line across each curve.

The peak value of 1§fﬁ_co®ffiai@mt for'@aahlnf the above
- curves was-élotﬁadv&gains% the Mach number to givéiFige Zébo A study
.cf thisg figgre indioates %hat'a,fou: inch ahord‘mndel prnbably.z&pv@@
,sents the praatie&l upper limit in medel size fof thig ﬁumn@lﬁ %ayond
which tunnel wall interference wauid’unﬂoubtedly vitiate any':eéﬁlts‘
ébtained. The inforence is also apparent from‘ﬁ comperison of ﬁhe
photographs of the three airfails at zero angle of attack (FigSs 7, 14,
21). The two inch chord model apperently offers li%t1e b1bekiig effect
ina tunnel of this size since the maximum %aﬁ& number attaiaéd with
no model instail@d was 0.91, while thet with the two inch chord model
ingtalled was 08909 |

Figsg 29 = 101 inclusive, wali pressure distributions, are
included in this report since th@y represent basic dabta whigh m&y.bé\
@eed@d‘for fﬁtmr@ amalyaig of this problem. Lift euefficiants %@re
obtained by inﬁégratiom éf these eﬂrvesa It also appears feasible to

obtain moment coefficients from these curves by determining the center
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The photographs show seversl phenomene which run counter
to the currently accepted theory for two dimensional flow at sonie
speeds., The first and most cbvious of thess i1s the trianguler based

o8

shock waves which appear on the twe inch chord aiﬁxeilg The pheno-
menon 18 most apparent in Figs. 1l % 13 iﬂleSiV@a'.it was Lirst
considered that the triangular base of these shock waves might be

due to & condensation "shock wave". An attempﬁs therefore, was made
‘o corrslate the a@pa&rame® of waves of this tﬁpe with th@ relative
‘humidity of the air entering the tumnel. However, as the tests ?rOQ
gressed to models of larg@r mhorda‘it became apparent that the relative
humidity was not the canﬁrpllimg'factcre'bﬁa@eﬁparison of ?iésg 8, 179'
and 22 indicate a até&dy dimunition of this effect with iﬁdreas@ in

model size in spite of the fact that the relative hﬁmidiﬁy was even

higher for %ﬁe.hwo larger sized models. - This would tend to indicate
that the Reynolds Humber may be an important controlling paremeter in

the ocourrence of thisg type of wave.

"

The next notable phencmenon brought out by the photographs
is thev&pp@arance of multiple shook waves. These multiple wav@s‘&ppaar
in the m&joriﬁy ¢f the phetégraphsa In general, they appear less fre-
quently at the high engles of abtbtack. If it can be assumed that these
Waves are ﬂormai Shockiﬁavesg their appearance is directly contradichory
of axiati;é compressible fluid theory. It would also appear difficult
ﬁo.eorrél&t@ th@.appearﬁﬁe@ of:these mnitiple waves with the current

. theory of obligue waves.

i



Figs. 23 and 24. This is the appearance of some form of shock wave

~on the upper surface of the airfoll near the leading edge. These waves
seen to be complétely independent of the main shock waves, fhey OOoUP
ﬁost freoquently on the larger models at high aﬁgl@s of &tt&cker‘Thﬁﬁﬁ
WAVEs pefsiat to much lower Mach numbers than the m&iﬂ shéek WETSS o

No satisfactory explanation of these waves hag besn found.

In sémgiof the phdtbgraphag lines resembling streamlines are
.aéparents' These lines af@ caused by & miﬁtur@ of condensed water vapor.
and oil colleetimg.oﬁvthe glass side wells of the tumnel, énd do not
represent the actual str@&mlinaé existing in th@‘fre@,fiqw.ainc@'they
are in the é&ll boundary laygra %uahrdiffiaulty waé @ncaunt@r@ﬁ in
keaping the glass walls clear éf thia.effact and frequent dismantling
of th; test section for cleaning was néoassary;: The large irregular
mnass épparently.preﬁruding ffom the surface of the two inch-ch&r& aire
foil and, toc a lesser degree, in the s8ix inoh chord eirfoil photographs
is actually e surface chip in thé glassvwimGQW‘around the mounting slot. -

It has no significence as regards flow conditions.
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ok waves on elrfol

requirements of the existing sinmple bhsfw° of compressible fiuid flow,

Photogrephs in this report iV@ VL@ibl@ evidencs of many peculiar

which can not be sccount @d for by the simple theory.

8.5

2. The occurrence of the shock wave, particularly in the

two smaller models where blocking was not too severe, is not an abrpr‘
‘pheéomenono ?heiwava first e@@uﬁs as & small disturbance ralatively
near uh@ leading sdge of the airfail§ :As the speed is increased, thse
disturbance incr@asaa imvseverity'aad movasfbaék “award uhe'tréilimg‘
edge. The movement éf the wave t@wards‘ﬁh@-%r&iliﬁg edge is most
apyaf@ﬂt‘aﬁ the x%mh@r angles cf étﬁa@ka‘ This aoﬂslusian ié baaa@,a&ia
‘eontimuous v*gual 0bservatiaﬁ of t%@fgér@@n a8 %h@ spsed was increased

and 1s &ifflehwt to shcw in s%ill 3%0%3@?&@&59

3. it 13 ovi denﬁ ﬁh@t the 1ift coe ffmcienﬁ-eonﬁimues to
innr@&se after the ”irau appearance of the gnouk wave. Lt ia-ﬁhgl
opinion of th@.aa%hars_%h&t»thaga shock waves, appearing.on the upp@?
su;fac® of the.airfoils have the effwct.of inareasimg the camber Qf the
airfoil, thereby causing en increase in béﬁh the 1if% end drag cosfria-

ients; then, as the wave increases im stfength, it disrupts the flow

causing a repid decrease in 1ift and further increase in drag.

4o 1% wauié appear that the maximm allowable blocking

effect of a model commensurate with good results is of the order of 5%,



Regommendations

1. It appesrs both feasible and desirable to conduct some

tests with a model conbtaining pressure orifices.

2

2. Some means of taking a contiauous gerles of pistures of

the screen as the tumnel speed is increased would be valusble.

3. ‘Since the thecry of compressible fluid flow about an

elliptic cylinder has been developed, 1t would be of intersst to make

.

P
L
o @

tests on such a body and compare the results directly

e %

4, It is believed practicable to instell a balancs sysbem

on this tumnsl and thus measure forces directlys.
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