CP No. 78
(13 786)

A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

/

High Speed Wind Tunnel Tests
on an Aerofoil with and without

Two-dimensional Spanwise Bulges
By

J. A Beavan, M. A, and E. W. E Rogers, D.I.C, B.Sc,
of the Aerodynamics Division, N.P.t.
and
R. Cartwright, BE,
of the Department of Supply, Australia

LONDON* HER MAJESTY’S STATIONERY OFFICE

1952
FIVE SHILLINGS NET.






NATIONAL AZRONAUTICAL ESTARLISHM

LIBRARY

CoP. No. 78

High Specd Wind Tuwwel Tusks on an serofoil
with and without Two-Dinensional Spanwisc Bulges.
- By -
Je de Deavan, H.AL, and B. L. B, Hogors, D.1.C., B.Dca,
of the derodyranics Davision, Nuitel.
w ATl -
Ro Cartyright™ B,
of the Dojoriuent ol Supply, Australia.

O

16th February, 1951

Results fron hiphestoud wind-tunnel tests en o b inch chord
pressurc=plotting avrofeil havang a single spanwise bulge on cach
suriace have beon compared with thouc obtained from the plain aesrcfoil

Fuoiade10h soction; t/c = 0.10). The compoarisen has beun uade at
fiveincidenows (0%, + 2%, + 4°) for a linited range of tich numberj the
teet Ruynelds numbor was bofween 145 and 1.9 million.

{ne bulge had o maximun height of C.004 chord and extended fronm
0.3 to 0.5 chord. The other bulge was half of both these dimensicnss Tne
experaaental pressure distributions abt low specds for both surfaces
angrec with these prodacted by theory. The O, is generally greater than
for ths plawn asrofoil, but the corresponding changes in Cy are small
gxcupt at the highor opeeds.

At low specds and zoro ancidence, boundary layer transitisn
teok plice at about the bulge centres (0. chord) ocompared with €475
chord for thc plain scrofoil; thou resulting increase in Op agrecs with
theorye. %With ancroasce in Much number en inddial rise in drag (due to
shock waves on ths bulpe) occurs at both 0° and 2° incidence. This riss
13 h.lted as the aoin shock wave and transition point move back anc the
final drap rise tokes place at cbout the some lMach number as en the plain
nerof'oil,

The shock paticrn is congaderably medified by the prescnce of
the bulpes, the woves beang stronver and mere well-defaned tnan on the
ploein acrofeil. Thais is duse to the hagher leeal Iach nuiber achieved chead
of the shock in ths ferar cocce
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1. Introduction

In flight tests ot high specds, interpretation of results is
of'ten in doubt duw to dastortion of ving surfaces under high leading.
Similarly, uncertaintics arigse in high-specd tunncl tests whero models
may souetimcs have inaccuracics of the order of 0.24 chord (0.02 inches
on 12 inches chord). Little is known as to the effuct on shockwavu
dovelorment of such bulging ag may occur, the chief work freu the U.S.A.1,
and Garmany2 being on particular cenfipurations of "wrinkles" related to
actunl moasured distorlions on full-scale aircraft, The following toste
tith & single bulge on evach surface were carried out in the hope of
obtoaning infornatacon lending to more gonoral conclusions,

2, todel

A gerics of t.sts hos been nade in the N,r.L, 20 in.x 8 in.
High Speed Wind Tunncl cn o fwe-damensional five-inch chord pressurc
plotting aercfoil f RAD 104 section and 107 thaickness/chord ratio. This
secticn (though wath a slightly .icdificd trailing edpo) has already been
tested on a balance in the R.A4.3. Hiph Spesd Tunnel and was desagnated
"H,S,7" in the reports on that werk. It was found convenient tc construct
the F.1.L. model anitindly with bulges on both surfaces; these were later
runoved to allow comparison tests to be made,

It was decided to make the proportions of the bulges similar to
those that may have occurred in flight, and to placce thom at 0.40 chord
nsar the me.camum thickneas position (C.42 chord), On the assumption that
ePfonts on the two surfaces would be reasonably andependent of each other,
e single bulgs was nade on euch side of the acrofoirl, that on ths uppsr
surface being 0,00kc high (0.02 inches on the 5 inch chord model) and
approxamately C,20c leng, snd that on the lower surfuce being half of thuse
dracnoions, Aullor dotails are given in 'ipgure 1 and Tables I and II,
These dimcnzgions, according to the crateraon given by Mage in RHefercnoe L,
ar: sufficient to couse fransition to fuke place on both bulges at the
Reymolds nurber of the wxporinent (botweon 1.5 and 1.9 nillion).

By hengrs of Tests

It was not desired to devote very much tine in the tunnel %o these
measurenents, co after a prelienary visual cbsorvation of the shockwave
behaviour on the agrefoil with bulges, a restricted renge of dMach number
wog chosen for five incidences, 0°, :20, iﬁﬁ' At low speeds and zaro
aneidence the velocity on the bulge is considerably highor than elsevhere
on the aercfoil? on the upper surfoce at 2° the velooity is only o laittle
higher, and at 4° ruch lower, than that near thoe nose. igure 2 1llustrates
these cases with cxporimental carves obtained at ..och awaburs near CG.6.

) @t vorious tloch nubers darect-shaleow ;hic tograrhs, wake traverses
{to dctormine the drag) and surfoeo vreszure digtributions woro cbtninedy
tha lost wure extendsd over a wider and more detoiled rongg cf gpeed than
worg the other measurcments, ALl the observations woere repeated aftier tho
bulges had been roacvale

Tha flexible wolls of the tunncl were set to shajes, thich in
‘he abscenoe of the nodel gave a constant pressure along their lencth
dece, equivalont to straight walls with $an.r to allow fer zncreasing
poundary-layer thicknessy, In conscguence the results have buen correctud
for blockage only) on the bagis of Ref.5.
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Le Zresentation of Results

The meesurad pressure distributions for the acroffoil with
bulpes arc given in Fagures 36, in terms of the variable p/Ho,
this being the retio of the static ressure at thoe ndel surfrcee to the
stagnation pressure. Since there wore not sufficient pressure holes fto
defiine the shape of the curve cver the bulpss, the theuretical low-spesd
dastrabution, ocalcoulated by the 4O0- cant nethod in use at the N.2. L.
and inereased acccrding to the Kimfn-Tsien law, was uszd as a guide in
linking up the cxporimental points, Figare 7 showg that with a slight
rearvard displacuuent, the theoretical curve fits the experinental ncints
quitc well,

Lift and pitching monent ccefficients were cbtained by
integrating the pressure cistribution curves end are plotted in
Figurces 11 and 12. Figure 13 shows the veriation of drag coefficient
vith Mach number for the acrofeil with and without bulges, as obtained
from tctal hoad traversss in the wuke one cherd length behind the trailing
cdge, Typical traverse curves for the scrofcil with bulges are shown
in Pipurs 14,

Dirget shadew photographs (obtained with & short duration
spark as o light source) shewing the flow arcuné the nodol in the two
testes are reproduced in Migures 15 to 19, topether with the corresponding
rressure distribution curves. No special efforts wore nnde o obtain
high quality photographe; much of the facld, partioularly near the
aercfoll surface, was obscured by supports unl pressure leoads®, but it
was possible to wateh the developniont of shock phencuena over the whole of
the upper surface and to cobserve the boundary loyer fronm ebout 45% chord,
il Just behind the centre of the bulge., To dincrease the unchscured
region on the lower sgurface at nepntive incidences, tho pressuare leads
were somebines brought cut on the upper surfnce side ns in Figurs 18a.
As with nost of the tosts in this tunncl the shocks of'ten apperr bread
{or multiple) probably due to variati~n in flrow over the eight Inch svan
between the glass walls, or to interacticn of the sheckwave wath the
boundary laycr or thesc walle,

5. Resgults and Discuegsion

(a) o =0°

At this incidence the velocity peak over the bulpus ot sube-critical
free-stream Moch nunbers is puch hipher than et any other point on the
acrofoily thus critical conditicons first arige in this region, sinio speed
being penched locally at M = 0,707, Boundary leyer transztion takes ploce
at the bulgs instead of about 0.75 chord for the plain sercfoils By
M= C.751 (Figure 15a) a well developed shockuave hes formed Jusd behind the
bulge and the drag ccefficient has risen sonewnat above the lowwspsed valuo
(#igurs 13),

Ag/
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*The serofoil surports are cutaide the tumnel a’ richt anpgles %¢ the chord
on the lower surface side! the rubber prussure leads (also outside the
tunnel) sre bunchoed togethor and brought forward usually on tho same side
of the mcdel as the supports. Morsover protuberances on the upper surlacs,
such as those seen In Fipures 15a to 19z are no%t connseted with ths bulges
on the aercfoil {which would be §oc small w0 be seen) bubt are clsarance
holes [or tho cupporting ping in che glass of the funnel sido-wallm.
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45 the tunnel spoed is raised further, the main shock moves
stuadaly back, taking with it the boundary layer transition point. 4
weak obligque shock from the tocp of the bulge mests the main shock some
distance frem the asrofoil surface; the inclined shock fron the large bulge
ig the nwore diffused close to the asrofoal, althourh near thoe juncticn with
the nermal shock both inclined waves are well defined (Wipure 15a).
This differcnce may be due to the lower absnlute surface curvature of
the larger bulge. Pigure 14 shows that thers is an increase in tefal
head lcss in the region dircctly behind the intersection. By compariscn,
ne well defined shockwave appears on the plain acrofoil even up to
i = 0.818 althcugh numercus wavelets are visible (the pressure critical
dach nupber at this incidence is 0.79).

The pressurce dastrabutiens for the repion ahead of the bulges
exhibit only o small variation of the cocfficicnt Cp ovor the whole spoeed
range., Above M = 0.80 the local Mach number on the upper surface bulge
and that just behind it remain roughly constant at about 1.3 and 1.2
respectively, even though at the highest tunnel speeds the local Mach nunber
farther back (i.e., just shead of the mein shockwave) agoin reaches 1.3.
(Figure 3). This reduction from M =1.3 to M= 1,2 is presumsbly
nggocrated with the inclined shook.

The anorease in the lamanar flow region as the Moch number is
raiged, reduces the rate of drag rise until a free strean llach numwber of
about 0.80 is reachced. 4Above this, there is o thickening cof the boundary
layor ahead of fthe base of the nain shock, resulting in 2 wadenang of the
wake centre and a further sharp raise in drag. (Figure 13).

A similar progressicn of events cecurs on the lower surface but
there ars some minor differcnces dus to the smaller sizc of the bunp.
The velucity increment is of the same magnitude on both bulpes at
sub~criticel spueds although it cxtends less alcng the cherd in the case
of the smaller bulge. At the haghsr speoeds its effect is less than that
observed on the upper surface, a maximun Mach nurber of 1.2 being rcached
en the bulgety at the highest spoed of ftest n lcoal Mach numbsr of 143 is
attained just ahcad cf the sheck.

Up to abcut M = 0.81, transition occurs at about 0.75 chord
on the vlain nerofoil and the drag ccefficient romains constant] at higher
speeds developnent of the wave pattern and thickening of the boundary
layer produces an anorgase in drage. The final drag rise ocours on each
acrcfoil at nearly the sane specds (Figure 13).

(v}/

Ak oy ek B it i B o o S ot G g S g Y D P ol Y AP i S B s S Al 2 i P Gl AP A . a S are fe - -

*It is possible that a higher value of M 1is reached between the two
pressurce holes situated at 0,40 and OJ44 chord., This maght be expected
bocause of the ineclination of the oblique shock which iz 53° to the
local free-stream dir.ction at a frec-stream .lach number of 0.80.
Combined with the moxamum deflection (4.1°) of the stream by the bulge,
this would give a change in lach number across the shock of 1.37 t»
1.22, But the argument is weakened becausc at the corrssponding position
on the uppsr surface, a shock vwave inclination of 46° would similarly
be expucted to give a change of from M = 1.52 to 1.37; this seuns
unlikely frem ths experimental results. It is possible that the
discrepancy in the local reduction of Mach number may be due to a
reduction of the stream deflection by a temporary laminar separation.



(b) a=32"
On the upper surface at low speeds, the velceity peak near the
ncse is not as high as that on the bulge. Hence with the increase of
fres-atrean velocity, the speed of sound is reached first at the bulge
(1 = 0.66 ap roximatelyg end later (M = 0,705) near the nosc. The
photographs ?Figure 16a) suggest that a shock dsvelops on the bulge at
about 11 = 0.70 and alsc ncarer ths nose at M = 0.769, althouph diffuse
wavelets are much in evidence at lower spseds. As the .lach number is
incrcased the former shock moves rearward somewhat irrecularly (Figure 20).
But the morc forward shock (which is well marked at I = 0,769 and noves
back rapidly with inorease of speed, lisappears fronm the aercfoil surface
by i = 0,792, as the nixed {low region on the surface ahead of the
bulges is replaced by a snocthed supersonic region (Fipure 4).

La far as can be judged, the boundary laycr dces not thicken
forward of the base of thc shook until the Moch number oxoceds 0,769, and
this is supported by evidence of the constancy of the wake width up to
that speed. The pressure dastribution curves suggest that boundary-layer
separation does not take place at the trailing edge even up to the highest
Mach number tested (0.792), the value of the cosfficient Cp in this
region, the trailing edge remaining roersonably constant,

As at 0°, and presumably for sinilar reasons, there is a step
in the drag curve (Fipure 13) at a free strean lMach number of about 0.763
the finnl Arag rise ccours only a little earlier than on the plain
nerofoil, For the latier model, the preasure critical ilach number is
0,717, and scattorod wavelets are visible up to M = 0.766. At a higher
specd (M = 0,788) the shockwave is strong cnough to csusc thickeniny of
the boundary layer at its footy this ccincldes with the boginning of the
drag rise. Purther, the pressurc distribution changes in shape, that
with a suction peak at the ncse giving place to a distribution having a
favourable pressure pradient back ‘o about 3575 chord at the higheat tast
Mach number (0,788)! the boundary layer in this case is lenina
back to the foot of the shock (0.5¢).

(e} o=

At this incidence, there is a considerable velocity peak af
suberitical speeds close to the nose, of greater magnitude than that due
to the bulgs, In fact, with rising speed the critical pressures is
reached on the nose well before I = 046 (the peaks are not well enough
defined to enable & precise value to be obtained), and on the bulge at
¥ = 0,65 (Figure 5). 4t the latter spesd the photograph (Figure 7a) shows
vavelets behind the bulpe and a complex wave systenm nesar the nose (about Oulc)
At 1 = 0,69 strong nomial waves exist ¢t both 0.22¢ and also behind the
bulge, but as at 2°, the more forward wave disappears suddenly in this
case between M = 0.711 and .{ = 0,717 (the marked changs in the pressure
distribution curve is shown in Figure 5). 4t higher speeds there iz a
single shockwavs which moves Jownstrean with increase of free stream Mach
number, The pressure changes asgcciated with the shock movements lead to
& 12ft/ilach mmber curve with a kink at about M = 0.72 (Figurs 11); the
Jdeorecase in Cp at the higher liach numbers is also irrsgular, (Pigure 12a}.

Comparison of the wake traverse curves at Il = 0.69 and
M = 0,747 (Pipure 14b) shows that the wake losses actually decrsaso between
these speeds; this is due to the increase in the laninar flow region
following the disappesrance of the forward wave, However this is more
than offset by the growth of the bulpe shockwave, and the nett effect is

an increase in drag coefficient. (Figure 13). y
Por
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For the plain aercfoil, once the criticel Mach nmuiber (3 = 0,54)
has been exccuded, the suction pesk neor the nose gives place to & region
of fairly low supsrscnic velocity (i = 1.25) which increases in exbtent
as the shoek noves back (Figure 20), althcough nore slowly than when the
bulges are pregent.

The shockwave riaches 0. chord positicn on the plain sercfeoul
nt Il = 0,7% and the corresponding coaditicon with o single shook on the
aerofoil with bulres occurs vhen I = 0,717. In the latter case the
wave aypears stronper and the drap risce, althourh net essy to Jefine, seuns
to cocur earlier. (Papure 13),

(@) Merative Inecidencug

Comparison of th: results obtained at negative and positive
incidences affords souce anformation on the effects of bulge size.
Figures 4 and 18 show that the development of the pressurc distribution
at -2° incidence is not very different from that at the positive incidence)
the disappearsnce of thc forward shock tekoes place at about M = 0,765
instead of M = 0,775. The step in the drag cogfflclcnt/ﬂach nurber curve
was also obscrved at the negative ancle., (Fapurc 13).

Sinilorly thore zg lattle dafferonece in the goneral shock
developnent ot »lug and ninug four Gepreus (Fisure 5) even whon the
shockneve has roved past the buige. The karl an the 1aift carve {Fipure 11)
was nol observed, althourh it may exist as shown dottod.

(¢} Cumperison of Torce Cosfficismts

¥ijursg 11, 12 and 13 presont a covpariscn of the laf't,
guarter- chord pitchang nooment and Jrag cccfficients for the anerofcil with
and withoub bulpos. In the foimsr case the laft-curve slope is ancreased
by nhout 6 percent at M = 0.6 and except at o = -4°, the lufi
coefficient is everywhere higher,

The Jasparity Letweon the Cp curves FPor the plain aercfoil
at +4° is "irficult to account fory the results were confimmed when
repeated, but subscguent tests® in which the flexible walls of the funnel
were vsed tu reduce interfercnee and fthe tunnel speed hole changed to the
ciprosite sido of *the tunnel for negotaive dncadences, gave aliwat exact
aprraunent betwesn positive and nofative oangles. However, sance tho
ex; eranental nethed wag simalar for the two scts «f teats described in the
pregent report, Iack of gyrmetry in the reeults ot thas angle is not (elt
to ar'fect the rencral conclusions.

It 1g wunrortunate that the 1inited tiach nwiber rangse prevented
the mazinum laft coefiicient for a (aven ncidence being obtained! whet
aevadence there is suprrests thut only i1fe value ond rot the Mach nunber,
at which 1t ccours 18 affectaed by the presence of the bulpes
(ef. = -2°, Pigrre 41).

At 1ow llach nuabers there is soue sundlaraty betwecn the two
sets of norient ccefficaont curves, the values of G at Il = 0.6 are
almost unoffected by tho presence of the bulpges. In gencral the sudden
Pallang awey of Oy wath ancruasing hach munber cccurs earlier and is nore
arrepul ¢ for the serof'eil with bulges, this being dus Lo the rapid irregular
backwnard novenent 02 the forward shock,

The/
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The drag coofficient curves piven in Wigure 13 show that over
the whole Mach nunber range the efrect of the bulwes is to increase the
drag, the percentage incresse ot low Mach pumber beanpg largest at zero
incidence. At i = 0,6 and zero incadence the observed drag values agreo
well with those predioted fron theory! if tronsition is nssumed to take
place at LO% and at 75% chord in ench oase. Ths position of the final
drag risc at 0° and 2° appears 5 bo unaffectod by the bulpos bub at 4°
it seums to ocecur later for the plain agrofeil, 4s fer os can bhe judged
the subsequent rate of drag rise is then ruch the snme at all inecadences,
for both states of the nodoel.

6. Concluding Renarks

() In conditicns whore the flow is overywhere subsonic, the offect
of a bulpe near the nmaxirmn thickness position is to produce a voloclity
incroment at the surface., The aneroicnts observed in the presont tests
agrse olosely with those predicted by the theoryy the absoluts value of
tho 1ift coofficient ia incrersed but changes of the pitching monent
cogfficient arc small. Since the bulres used wore of sutfficlent size
to cause boundary-layor trensition, the magnatude of the drap coeffacients
wag Incrgaged frum the values obaerved on the plain asrcfoil. They
renained however almost independent of Mach number threoughout the
suberitical flow rapgion,.

(b) In the casc wherc sonic specd is roached on & bulge before it
oocurs clsowhers on the acrofoil surface, o shock first forme Juast behind
the bulpge end produsces some inerease in drag,. Subsequently the bulge
{in the lccal supsrscnic flow) no lonper cousos transition but gives rise
only tc an inclined wave within the supers nic region. Exocept for this
inclined vave the presence of the bulpes hes little effect on the flow
at higher tlach numbers, and the rfinnl drag rasc poesataon is unchanped.

(¢} At incidencus ot which sonic spucd is first roached ahead of
the bulpe there nay be ftwo nosnnl shock waves on the acrofoal surfeace.
The first shock subscouently disappuars as the Mach naober incroases, and
its dasappenrance causes larpe lrrepular changus of the pitching noment
coefficient and snall changes of the laf't coefficienty the dror risc seems
tu oeeur errlier Jhan on the plain nercfoal, In all cases the final drag
rigc is accompanic] by thickening of the boundary layer shoead of the foou
of the shockwava,

{1} The proscnce of bulpes Coes not seent fo affuect the ofton-remarked
inabalaty of the surface velocity to inereasc beyond about M = 1.45,
sance the offect of the bulpe in o supcrsonic region of flow 1s vory nuch
snaller than itz efveet in a subsonic flow. The moxiin Mach nunber cbserved
en the bulce wao about 143,

The rusults show clearly the importance of acourate reproduction
of proliles, particulorly in comparison befuson flight and wind tunnel tests.
It 28 cbvious that the pregsure distribution on an acrofoil with, say, three
or four bulges of the proesent kind on each aurface will Loar little
resemiblance to that applieable to the "ideal shape",
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Ordinates of ilain Aercofuil and additicpnl Inererunt fue to Pulges
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