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In essperetion vith seversl fofdm resosrch
astatlishecrte, ONSYA fas urdertakeu:s ¢ritical stu-
8y of testing corditicna at Srinsoenie spcels and of
the validity uf tne data obtatned in varsvus Wirde
Nrsels.

In two dizersional flox, twd podels of SATA
0012 ard s ercritical profiicy Rave Leen teatud -
in G234 53 Fodare en LAZ 15 3 €0 inc. turnals for
& ewrlcsentary fie)dd of Resmolis ruzher, 4 to 40,
105 fro= iach C.3 to 0.9, Tures honctiatical profie
1o of JACA 0012 wore alse tested i S lcdane, ¥ind
tunael wall inteifer nies, includick Jatcral bounds~
Y Javer offecin, are iludicd ard recoszandations oa
relative diseraions of models to edt acctions are
aede,

1a three dinersicral flov, four hosothetical
sadels of a tyvical trarsyert eifcrait were sucCes~
sively tested in tuclve trarsinge tunasls eszzonly
used for develo;ment tests In VATIOUS COLLtsies, e
dats ase cotrared in & drozd rarge of Resrolds moe
tor (0.5 to 7 24114053} tetweca iuch nuster C.7 azd
0%6..708 Siacresarcies ottained can te reduced wmith
corrections sue to tre free tuirel and 40 the inter-
Teterce generated dy tne walise

e effect cf tripping ske trazaition by grita
3 analycedq.

laatly, cozjerisons cdiaured vith an axisyTee=
teic body noar «zoh | are precented.
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ROTATIONS

M wach number

Generator pressure

Width of test sedtion

Leight of test section

Local chord of one profile

Hean chord of wing

Half-cpan of model

Length of model

Reynolds number bacsed on ¢

Réynolds number baged 6n o

‘Reyaoldé number based on L

Static precssure on wall

Thickness of boundary layar displacément on lateral wall
of wind tunnel

Réduced porosity parameter (0 = ¢losed -téest section,

1 = open tést section)

Angle of attack of profileé in two-dimensional flow o
Angle of attack of wing chord - =
Angle of attaék of model -7
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COEFFICIENTS ‘ -

Ch Net drag (wind axis) ’ -3

Cop ?{25 obtained by integrating wall precfurés in planme ==
Cpi Wake drag in twosdimensiénal flow
an Skin friction drag

C, Lift (wind axis)

Drag (model axis): axial force
Lift (model axis): normal force
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Y
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Pitching moment (at 25% of ¢, nr §)
;1rt grudient (C;.0)
Pozition ol neutral point

£
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‘Periotes value at Cy zéro
Denotes uncorrected value
Deérotes corrscted value

Denotes value résulting from integration of préssures on
profile

1, THOSDIMEHSTONAL TESTS

1.1, Objectives of Study in Plané Flow

Coniiderable #ork has been done in thé area of tésts in plane
fl6w with the déevelopment &f néw genérations of préfiles for more
‘high=pérformance aireraft of helicopters: Thése téests form the
experimental bazis for déevéloping theoreticei methods of designing
profiles;
= Farallel to constructing snd devéloping a two-dimentional test
. —gecétion in the S3 Hodane Avrieux wind tuanel (1], a program cesigned
t6 qualify the egeiphént and testing techniques in thé transonic -
region was set up by OHERA in conjunction with the official French -~ =
gservices, Three hofothétic madels of the NACA 0012 profile wére
made for an exparimental study of wall éffects.

- The chord C = 0,15 m (C/# = 0.19) corresponds to the smalles
conpatible size with the minimen distortion when loaded, an adegust
number of intakez and the potertial for obtaining the same Réynolss
nusber in the S3 MA as with the largcsf model, . e

- The intermediate chord iz € = 0.21 m (C/i = 0.27).

- The lorgest chord € 2 0,3 = (C/H = 0,%8) is purposely
oversized with redpect to the test section in order to determine
the validity 1imits for the wall efrect corrections,
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The conventional blockage of the tast secticn. vy theze thréeé models
is very iﬂportant, being comparéd to the usual values during threés
dizensional tests 4n the transonic region: 2:%4, 3,23, &, of,

A col‘aboration with the National Aéronautical Establiehment
1n Cttava made it possible to test the NAGA 0012 model with an 0,3
m chord in the 15:# inch wind tuninel 2], in which a ratio of
L, = 0, 197, uhich is close to that .of the =model with a 0,15 chord
in the S3 MA; Wa# then obtained, Liké the S3 RA, the HAE wind
tunnél made it possible to tést this profile from M = 0,2 to M = 0.9
supplézenting the range of Reynolds niisbers vhich went frox 4 %0

1%.40 atHodjane up to '00-106

.J’

] The. physical difficulties of adapting a two-dimensional model
_ to-different wind tunnels explains the limited extent of theie cor=
r&ri"onc aﬁong several wind tunnels, Differences in test section wigtk,
attachment and pnedsatie couplinga make it necessary to éither uake
‘major cbanﬁes in the model Or a design -of co"plex'origin, thus one.
Ehhich is costly. This was the caseé for the modél of the IC 100 D
oupercritical profile with a 0.3 m chord recently tested in the
tiio previous ¥ind tunnelh, -

The résuits of testing various wmodels o the HACA 0012 profils
¥ere eXxchanged betwecn séveral wind tunnels, eég,; the ONERA and the
’H P.L. Thé cxperimental conditions and different test programs

make 1t difficult to nake direet comparisons

= -

§§

The detérmiration of the acerodynamic coeffizients by intezra- #
7t1ng nunerous wall pressurés and by combing the wake imposes limi- §§:
‘tatichs on the ahgle of attack, vhose extent 1limits the nurber 2

‘of points defining one polar in intermiftent wind tunnels, In these —
conditions, the interpolations are not precise enough to percit the
direct coupurison of several tésts made under identieal conditions
vefore and é?ter cbrrectiéﬁ for wall effecis or in several wing
tunnels, This i: all the more trué because wall erfects ure
greet in twos-dizensional flow,
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The uodel used in the MAE wihd tunnel was very light-weight.
Tt 15 certainiv Recészary to avold stray circulation or fricticn ;
at the ends of the @model and to thgin,g» low which is strictly 7
t so-dimensional along the span, including on the peri&ker&*or-thé:
g owalls,

Without presenting the different methods of making wall effect
corvecticn~ during this discussion, it is appropriate to remesber = -
‘that cne of the major difficulties i: defining the coefficient of
= & acrodyramic permeatility of perforated walls due to the large

nurt ar of perasecters affected, With hosmothetic models, the variation
erato. pressure needed to obtain refults at the same Reynolds
~'mber oi: the models nudiTies the behavioy of permeable walls,
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1t the S3 MA; the reference formed by the closed test section
¥as used as fregiently as possible due to the 5mall corrections in
angle of attack obtained in this particular ¢éase and the theoretical
Knowledge of the coefficiénts to be used,

The coefficients used i1, the IAE were provided from past
ezperizments and pressure measurements taken on the walls of the
wing tunnel,

Generally speaking, the coefficient vhich defines wall permeas
bility iz determined by matching the lift gradients to those obtaines
in the closed section after correction [Fig, 1),

ne linanrized theory of compressible luids, bringing the
integrated ccefficients into play, does not allew one to obtain -
corrected results of the effects of urifors walls between the model
with the 0,% 7 chord snd the two other models in the 53 MA, The
method fleveloped by Mokry at NAE [3];, which brings & ferdes Ior
isiating tne ﬁZ)C*i”Gﬂtal distritution of pressures on the model
plaw conpares tue results, A new methed, which was 2l:zo “
derelopsd at LAE, uces pressure measurcrents taken on the te:t

Y
=3
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fiou ualls o deter mine the perseability coefficient to be-u

M
5} This #ethdd ig undergoinyg deveélcpment at ONERA,

e
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1.2, Ef;ect of Lateral ¢alls

oA

In A plane flox, the walls located above and béneath the
model are the source of the usual interference to which various
correction methods are applied,

The boundary layers vhich develop on the lateral walls of
the wind tunnel alter the tuc-diménsionality of the flow and
censtitute o parasitic effect which should be minimized,

For the 5% FA, this rezult was

obtained by using a very large

Ledt szection, B/H = 0,72, which was a consromise between parematers




such as: the model!s rigidity, thé quality of the shadow photos
graphy, the flow of air in the wind tunnel and correct two-difen-
sionality, which does not alter the pressure measurements on the
axis of the ¥ind tunnel, The calculatiois and, most of all; Visuda=
lizations indicated (1) satisfactory flow most of the time with
limitec breakaway on the profile,

At IAE; B/E = 0,25, suction of the lateral boundary layers
and thé model was aimed at obtszining the desired result in a test
gection which Was relatively narrover,

In our oOpirion, the qualification of lateral suction and 4ts
effect on breakavay rezaing a dalicdte problem, as several tasts
%adé during the CNERA-IIAE collaboration indiéasted. It is often
difficull. to ahcourt for ‘the paraweter of iateral suction in hinﬁ
tunxel QO%parisona.

{éréia:”q imlifying eriteria for lateral sudtion can be used:
the t?&ck of ‘the réctiinear ana parallel siock on the leading edge,
the %all flox parallel to tne ¥alls shoin by oil ¥Visualizations,
The distribution of vake drag Cp, must be uniform across the span;
R coxb with four prébes was used at HAE,

The two sitevatiéns shown in the upper part of Fig: 2 satisfy
these three éxiteria more or less simultaneously. In one caseé; thz
shock is rectilinear, the flow is directed well on the test section
axis vheré the wall pressure measucements were taken and the uake
drag is constant along the span, In the other case, the shrck
curves inuard, but the fléw is parallel to the walls at the corners
of thé trailing elge. Vake drag develops with thé span, which would
séem to exclude tod high 2 suction ratic for this moderzte angle of
attack., A ralszed sustion ratic 15 necessary at large angles of
attack in order to avoid premature stalling at the wall:s,

These two practical rules for latersl suction correspond to
véry differeunt wall proszure distritutions with respect to the
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position of the shock and the breakeway behind it. Similar effects
vere found with the IC 200 b supercritical profile.

LATEMAL SOUNCARY LaT(R E1FECT
17—
N - : r“ i

Systematic tests of the suction of lateral boundary layers
have currently been developed in the ONERA RiCh wind tunnel (B/H =
=0.21). The lower part of Fig. 2 shows some of the first results

of these these tests, here at a low lMach number., The lateral suction

control in front of the model makes it possible to vary the

depth: of the movement of the boundary layer, which is measured

to the right of the leading edge of the model, A variation of
104 of the coefficient of normal force CH is observed between the
flow withoiut suction and the value obtained vhen assuming the
toundary layer tc be completely elimated. This result Justifies
the tiohnological complexity of a boundary layer suction device.
The value cbtained without suction in the S3 A is plotted on the

1.3. Determining lirag
(& =

It is poszible to obtain drag, excluding .:viction, by inte-~
grating wall pressures, The total drag is calculaied frcu the

8
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pressures in the wake for the S$3 MA as well as HNAE, Weight is i
used as a cross-check in the HAE equipment, . :
Figucre 3 shows an interesting feature of drag determined by %
conbing the wake, This coefficient 4s not greatly affected by :
wall effects. The same results are obtained in the IAE ang S3 MA
in the closed test section and the permeable test section. They
confirm the theoretical predictions, 3
WALL EFFECTS ON DRAC
SUPERCRITICAL PROPLES '
S304 WO TulEL
Nals
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“;&“&’x‘?‘m 1
hg - %‘
, OV sgasmsants E |
g : 3 _
f%r:i “ s ,:Q E
¢ o oz %
: ’ AC %000 pro~byerne 3
:i Calla 3
£ .08 >
s A 33 y ?
z o0 8e3° V4 St
= X WL
@ T e
3 - "‘cs os Y] () et

B

B Thus, although measuring drag by combing the wvake is a
F-;_ delicate procedure, it is fundamental,
%. The comparison of nressure drag for two different walls of the
. - 2;$ 83 MA wind tumnel shown in Fig. 3 shows the value of tests in closis
e test sections for determining this coefficient, which is hardly

v
)

affected by the solid wall,
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The uncorrected results from a permeable test section maks a

pseudo "elongation =ffect" appear which is incompatibdle with the
trvo~-dimensional tests and can surprise the experimenter with a
total drag which is less than the precssure drag.

Everything falls into place after correcticn, except at a

large angle of attack, where a slight breakaway effect vhich has
not currently been controlled exists. ’

1.4, Effect of Reynolds Number

The interesting potentials of the INAE wind tunnel made it
possible to supplement the tests made in the S3 MA up to R, =
- 14.105 through R, = 40.20° {51.

Figure 4 gives two examples with the threce homothetic models
of the HACA 0012 profile for S3 MA and the tosts in a permeable
test section at Mach 0.7, used elsewhere to characterize the-
development of the permeability coefficient with generator pressure.

REYNOLDS NUMBER EFFECT
MCA 07 PROTAE
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At M = 0,3 the results (up to R, = 26'106 at NAE) show that

the effect of the Reynolds number on 3C;/dd becomes negligeable
beyend 54107, The point obtained on the same profile in the closec
test section in the S10 wind tunnel of Toulouse (C/H = 0,34 -

BM = 0,4 - C = 0,75 m) is shown.

At ¥ = 0,7 it is necessary to reach R, = 30-106 in order to
see the effect of the Reynolds number disappear, This appears
to be reversed in the S5 MA on the profile with a chord of 0,24 =
due to the wall effects.

At M = 0.8 the shock recoils up to R, = 41.20% on the I¢ 100 D
supercritical profile (Fig. 4). Considering the sensitivity of the
position of the shock to the effects of the Mach number and the
conditions of lateral suction, it is always necessary to be very
careful when interpreting this result.

1.5. Recommendations

The experience acguired during these different tests makes it
possible to state two aspects of the effects of walls in a plane
current.

. The chord of the models must not be greater than C/M = 0,25
in the case of currents. This value is the result of a compremise
betveen the wall effects and technological reasons such as:
distortion and eguipment for taking pressure readings upon which
the precision of the measurements depends.

Unfortunately, one can end up with a2 value of C/H = 0,35 when
using rpeecifis equipment for studying focal flows (2 boundary laysr
scarner, unstationary pressure pick-ups, hot skins such as those
for the IL 1CO0 D profile) or for displaying the nose or flaps and

trieir supports realistically.
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+ The parametric study of wall effects based on the lineariz
theory of eompressivle fluids {Fig, 5) is confirmeo by the prece-
ding experiments, The practical example ‘n Fig. 5 is an extrene
case because of the Mach range in questicn as well as the choice

ed

of aerodynamic coefficients. It was designed to show the relative

effect of the different corrections in two-dimensional fiow. It

seeas that the closed test section limits the interference of the

angle of attack and drag considerably,

However, the use of a test

LYRULIN OF w0 Bomaseomsc Wiy EECTS section with permeable walls

o o 2 manaomty o S g et makes it possible to limit the

423 at aep
v v

RES D% 0% Gl SHITAEN o olaMmNger $LutiCh $i%s effects of blockage at hig.'l
I L M €08 00 (g @ e SratinC Mebe Hach numbers and, most of all,
the curvature of field Acm,

is not readily accessible, no
_ matter what the lMach number.

St111, this type of test sec=ion requires research on the
permeability coefficient by weans of several tests
in 2 closed test section (easily achieved by gluing a plast.c
covering over the wall _erforations).

vhich directly affects pressure
distributions and the position
of the shock and whose cor;ectibn

Since we are trying to discover the Qdistributions of experi-
mental pressures rather than overall coefficients, it is preferable
to use permeable ualls and accept a correction for reference angle

of attack and drag which is less precise,

2. THREE-DINENSIONAL TESTS

2,1, Ctjectives of Study of Aircraft MNodels

12




Discrepancies are usually noted when comparing the results
obtained for aircraft mcdels in different wind tunnels, In the
transonic region, in particular, the difference in the types of
ventilated walls used results in different wall interferences which
become intensified as the Mach number increases, In 1952 and
1954, two three-dimensional calibration models were selected by
AGARD to compare transonic and supersonic wind tunnels; these
models, called AGARD B and C, consist of a delta wing with a thin
profile vwith a thickness of 4% mounted on large rotating bodies.
The conclusions stated in 1961 [6] indicated that these models
vere well adapted to the supersonic, but must be replaced by a
configuration which vas closer to that of a typical aircraft in
order to make a valid comparison in the transonic, This is why
ONERA proposed to dectermine calibration models suitable for the
transonic mode in 1970 tc the French official departments and
designers. The choice was made ir. favor of representative models
of a typical transport aircraft {7], called ONERA calibration
models, thus bringing to light the problems related to the tran-
sonic region, including the effect of blockage by models and the
sensitivity of the Reynolds number.
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A set of homothetic models proved to be necessary in order to
-satisfy two objectives: first of all, to make comparisons of wind
tunnels with different cdimensions in the oest conditions, 1.e.,
with similar blockage. Then, for the purpose of an experimental
approach to wall interference, to study the effect of blockage in
the same wind tunnel., The definition of two blockage limits was
planned: the lower limit, below which wall effects cain be consi~
dered to be negligeable and thus can be used as references for
tests on larger wmodels; and the upper limit, beyond vhich the
wall corrections of the linearized theory are no longer valid,

A set of four homothetic models vwas completed in 1972, Che
first results, published in April of 1972 as the offshoot of the
LAYS group [8], involved four wind tunrels: the S2 and 33 loizne,
the 34 of the 5t. Cyr Institute and the 1 =@ wind tunnel of ttre

i3
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DFVLR at Gbttingen. Twelve wind tunnel-model pairs were compared,
After making tests on the models in three other transonic wind
tunnels - the S4, HT and TVM of the FFA at Stockholm - a cornparison
of 20 model-wind tunnel pairs was presented to the EUROMECH 40
Congress in 1973 by the FFA [9]. After tests in the S3 Chalsis
wind tunnel of ONERA, the models were sent on in 1974 to wind
tunnels 11 T of NASA Ames, 4 T and 16 T of the AENC at Tullahoma
and 53'12 of the IIAE at Ottawa., At this time, the comparison cealt
with ¥ model-wind *‘unnel pajrs obtained in 12 Eusropean or American
wind tunnels. This is the most extensive comparison of methods

for takinrg measurements using aircraft models that has been =made
sZ~ce the creation of transonic wind tunnels. It should be noted
that the largest of the four calibration models, with a span of 1
meter and equipped with prescure valves, was tested in five wind

o
tunnels with a test section cross section exceeding 1.5 m“ currently

beingz used for industrial testg of aircraft designs,

At the same time, in cooperation with other departments,
the AEDC undertook [10] an international comparison of the qualities
of trarnsonic flows in wind tunnels using a calibration cone with
an opening of 10 degrees for the purpose of measuring boundary
layer transitions and noise levels,

2.2, Models

The shape of the calibration models (Fig. 6) is represonta-
tive of a transport aircraft in the Mach 0.85 class (the dr=ss
divergence Mach numbter is C,£66).

A wirg, a horizontzl empennage and a fin with leading elge
sweeps of 309, 3795 and 479%, respectively, are mounted on a
rotating fuselage with little constraint on the base for installa-
tion of the right sting. The wing aspect ratio is 7.3, The zame
"peaky" cymmetrical profile with a relative thickness of 10.:53,
developed at GLiERA, is used to outfit all the lifting surfazes,

13
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Set on the fuselage at a 4° angle, the wing has no twist. The
lack of twist and curve in these swept wings with a high aspect
ratio results in characteristics of premature stall at the tip of
the wing, allowing an interesting comparison of the "pitch-up"
thresholds obtained as a function of M and Re in various wind
tunnels,

The geometry of the models was simplified as much as possible
to ensure high precicion of construction: all the lifting surxfaces
have conic generation and there are no "pocket" fillets. The
permissible error in construction wa: set at 3/100 mm. the
homothetic shape of the sting supports was observed over a length
equal to 6 diameters of the base behind the base, One particular
tect made in the S3 Modane wind tunnel (Fig. 7) shows that a 50%
enlargerent of the sting shapes behind the zone in which homotheity
is observed only affects the ascent of the test section (curves
Cll and a are parallel) and slightly affects the pitching moment
between "pitch-up" and "pitch-down."

e R

The ensemble of the 4 models M1, M2, M3 and M5 in scale ratio:s
of 1, 1,28, 1.65 and 3.42 result in a span range from 0.3 to 1
meter. The largest model, M5, has pressurc valves on 3 chords of
the wing at a rate of %0 intakes per chord., 1he pressures are
measured by 3 scan valves lodged in the nose of the fuselage,
making it possible to rapidly and simultaneously take down infor-
mation on measurements of internal balance forces with 6 components.

Four "equivalent" rotating bodies with the sau: cross-section
laws as the aircraft models were also made. Rotating body C5, which
correspends to model 145, hss pressure valves on 2 generatrixes
(85 intakes in all) for making special studles in the Nach 1
range.

2.3, ¥ind Tunnel:z
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* The ..2 wind tunnels com~
paredf’f ere grouped into four

mn::m re m: :‘:.::'.., classes according to the nature
e dse PRI and nurber of ventilated walls:
O e /P - 4 perforaied walls:
i £ anem? AEDC/16T and 4T - RAE/ST -
=t e . S3 MA - AVA/im - FFA/TVX
“ ,‘:’ ‘.‘“.' .88 L - 2 perforated walis:
N - ;-:;{, '-,‘:,“ se e _gn fitmn S2 MA - 83 Ch -$4/st. Cyr
% ol RN Y - 4 slotted walls:
: R KRASA Ames/11T - FFA/ET
FIS. l. - 2 slotted walls:
FFA/S4

Tests were made on the two wind tunnels with adjustuble
permeability - AEDC 4T 2nd S2 MA - with different wall porosities.
The table in Fig chouws tiie obstruction values (tlockage in
%) and the tert recticn span/width ratio values (25/8). The
six cases for which the wall corrections are regligeable are
outlined with heavier marks, Obstruction must be less than $.i7% and

5




the span, less than a fifth of the test section width, to sati=fy
these conditicns. On the other hand, the obstructions are close
to 1% and the span/width ratios of the test section exceed 0,7 in
the two extreme situations, M3 of the S3 MA and M2 of the FFA/TVM.

ONERA ARPLANE CALRATION MODELS
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ILOTE: The incomplete results of the AEDC 4T wind tunnel are not
given hereafter, The symbols in the table (Fig. 8) are those
used in Figures 11-15 and 18-20,

2.4, Test Program

The "comparative" test program involves variations in angle
of attack at Mach numbers from 0,7 to 0,96 with a Mach interval
of 0,02 beyond KMach 0,84, Several generator pressures vere realizes
at Mach 0.84 for the wind tunnels with variable depsity, i.e., in
the transonic "cruising" mode, before the divergence in drag for
moderate CN'

7
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The tests were made in the natural transition except for in
the RASA and AEIC wind tunnels: here boundary layer transition was
triggered by 0,6 mm glass beads glued onto the nose of the model
and at &% of the depth of the chords on the upper and lowar wing
surfaces of all the lifting surfaces, However, for the sake of
comparison lASA and AEDC nade variations in the Reynolds nurber at
Mach 0,84 in the natural transition.

The Reynolds number calculated or the mean chord for the groug
of wind tunnels at Mach 0,84 veried from 0,2 to 7.2 million, The
classic curves - polar, CL (a), CL (025 - obtained in the naturzal
transition (Fig. 9) bring out the models! sensitivity to the
Reynolds rumber: as the Reynolds rumber increases, 1ift increaces,
induced drag and minimum drag decrease and the "pitch-up" and
"pitch-down" zones are displaced toward great lift., At low lift
the irregularities in the pitching moment are absorbed: the
ctability curves become linear and the pitching moment at zerc
1ift incresses with the Reynolds number,

2.5. Recults

2.5.1. Generalizatlons

Each cooperatihg organization furnished rough results, i.e.,
uncorrected results, of wall effects, These results were proceszesd
by OIFPA in a ctrictly unifor:m manner using a calcilation progranm
vhich interpolated the results to round CH values by reans of
sliding curves which passed through 4 conzecutive points, On
the bacis of the interpolated valuez, the derivatives leading to
the 1ift gradients and the positions of the neutral points are
found bLy finite differences wite a unigue CH interval of 0.2.

Recause of variation: in tihe iMach number recordec in
certuin wind tunnals auring variations in ungle of attack az well

s

as variationg in the Raynolds number from one wind tunnel to

AR
W

another, the curves are presented at a constant Cli, either for the

*
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Mach number of 0,84 as a fuaction of the Reynolds numher, or as
a function of the Mach number for very close Reynolds numbers,

In any cuse, the classic curves obtained at Machk 0,8% in
three wind tunnels on the same model, M5, are presented (Fig. 10)
at two Reynolds numbers az an example: 1,02 and 2.22 millicn.

The results are standerdized to their values at zero lift. The
agreement of the polar and CL (a-ao) curves is excellent., On the
other hind, the stablility curves differ 21l the ncre because the
1ift and the Reynolds number are yaised without affecting the
"pitch-up™ threchold. The spread of the curves foliows the
increase of tne spnn relative tc the width of the test tunnel
vell. The maxinum deviation between the results for longitudinal
stability corresponds to & 5% variation in the position of the
neutral point,

COMPIRISON OF TRANSONIC WINO TUNNELS
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2.5.2. Develcpments Accorpanying the Reynolds Rumber at ach C.E5

The developients of different mosel -zurves witih the
keyrolds uumber at iHacn 0,84 in the natura. transition are presen-
ted In Pigurec 12 to i5: drag, pitching moment, 1ift gradient,
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pozition of neutral point at zero lift (focus); 1ift-drag ratio,

pitching moment, 1ift gradient at Cll = 0.4; and the vilues of the
1ift and pitching moment coefficients which define entrance into

"pitch~up." The following remarks can be icolated from this

set of develcprentce:
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- The dispersion of points appears small at the limiting
Reynolds number values because there are few results: only three
wind tunnels (FFA, HT, AVA and AEDC 16 T) below Ry = 0.40106 and
only one winc tunnel (NAE, 5 T) above 3.7'106. On the other hand,
there appears to be a great dispersion of points around 1.10
because the largest number of points in the comparison are here
(16 model-wind tunnel pairs)., Thus, one cannot conclude that

the dispersion varies with the Reynolds number,

- The developments accomnpanying the Reynolds number are very
rapid below 1.106. On one hend, they confirm the extreme diffi-
culty of comparing resulits which are not obtained at precisely thre
same Reynolds number and on the other, the difficulty of making
predictions based on tests at very low Reynolds numbers.

6- There is no rapid development with the Reynolds number abtove
}.‘10 -

- None of the results referring to a model or wind tunnel
deviate notebly from the cluster of points, whether dealing with
the smallest or the largest mcdel, Thus, it is not permissible
to suspect that the 'homotheity of the models is imperfect or to
conclude that one test section is of higher quality, whether
it has perforated or slottezd walls on all four sides or only on
the bottom/top.

- The results are more scattered at a lift of C; = 0.4 than
at zero lift due to the presence of breakaway., In any case, the
"pitch-up" curves (Fig. 15) are not very scattered corsidering
the difficulty of ¢etermining them, the 1ift curve in particular
(point of :ng. = Q given by the interpolation program).

9C;;

- The curve of drag at zero 1lift (Fig. 11) exhibits the
classic decrease in the laminar regime as the Reynolds number
increases, The tranzition zone between the lamirar and turhulent
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areas, where drag increases with the Reynolds number, can only be
discerned on the curves corresponding to a given wind tunnel and
model, This transition zone is located between 2 and 3 million.
Thus, it appears desiradble to make tests at Reynolds numbers excee-
ing 3 million in order to avoid the rapid variations caused by
flow which is too laminar.

Local pressure measurements made on the largest calibration
model M5 also bring out the interest in tests made at Reynolds
numbers which are based on the outer chord of the wing thic time,
exceeding 3 million, According to the results from 4 wind tunnels,
the pressure Gistributions (Fig. 16) on the outer chord of a wing
located at 81% of the span show that as the Reynolds number increa-
ses, the shock recoils up to 3 million, then advances moderately
beyond this., At the same time, the decrease in the depression cn
the trailing edge indicates the progressive reabsorption of break-
awvay. The 1lift coefficient obtained by integrating the pressures
increases notably up to a local Reynolds number of 3 million, then
decreases beyond this.
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The 11ift coefficients integrated on the three chords of model
M5 (Fig. 17) and the pressure coefficients of the trailing edge
plotted as a function of the angle of attack for. four Reynolds
nunbers (corresponding to the four test generator pressures) on the
basis of tesis made in two wind tunnels (the NASA Ames 11 T and

the AEDC 16 T) are identical. The curves are a good illustration
of both the propagation of breakaway along the span from the

wing tip and its reabsorption with the increase in the Reynolds
number, The pressure of the trailing edge revéals the appearance
of breakavay which accompanies loss of 1lift., As the angle of
attack increases, breakaway causes it to become even greater -

1 degree on the cross section of the wing tip and 1,5 degrees on
the central cross section - while it is not visible on the vwing
root cross section at the low2st Reynolds number. When the RrRey-
nolds number is increased 4 times, the angle of attack at vhich
breakaway appears increases by 1 degree. At a Reynolds number of
1 million, stalling which occurs at an angle .of attack of from 1

to 2 degrees on the wing tip only occurs between 2.5 and ! degrees
on the central section and it is not experienced at all at the
root,

ONERA ANNPLANE CAUSRATION MODEL M3 °

MOC 147 2CN 9.84 PREE TRASNTIN
IV 1 4
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2.5.3. Development Accompanying Mach Number at Ry = 1-106-

The comparison of the variations in model curves
with the Mach number can encompass the most points at a Reynolds
number of 1 million, Considering the still marked development
of the curves arourd this low Reynolds numbers, only the results
contained in the narrow pleteau from 0,9 to 1.1 million were
retained. The results (Figures 1€ and 19) lead to conclusions
similar to those in the preceding paragraeph, l.e.,, that none of
the blockage values or wind tunnels can symptomatically be freed
from the cluster of points.

As the ach number increases, the discrepancies at zero
1ift increace with respect to the 1ift gradient or focus as much
as to drag. On the other hand, the scattering of precise results
measured at Cj; = 0.4 decrezses due to the linearization of the
carves (Cy, «) beyond Mach 0,9 for the type of model in question.
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2.5.4, Comparisons at Mach 0,84, Rs

_ EFFECT OF THE SPAN
ONFRA CALIBRATION MODELS
0.30 MACH 0.84 .c ~l. “‘

Cmfﬂﬂﬂi'm

= 1-106

Xeeping only the results included in the plateaus of the
Reynolds nuzbers (0.9 to 1,1 million) and Mach numbers (0.833 to
0.842) in order to be free of the developments accompanying these
two parameters, twelve results can be retained.
are as follows:

“he total devia-

x s 0,0 C.4
;3 acy 0,0035 0,0074
2k aCm ¢,022 0,018
: ACu e | 0,017 0,025
3 axe vl 10,9
; ,;? a c; /c’ - 1,48
- 3
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Stating the results as a function of the span/width ratio of
the test section (Fig. 20), it is very clear that at small values
of this ratio, lower than 0.2, i.e., those at which the wall cor-
rections are negligeable, the deviations are clearly reduced.

The following table shows this reduction in deviations:

o 0,0 0.°
acy 0,0013 0,003
ACm 0,021 0,006
ACyy e 0,006 0,010
Ax/g% 1,2 5.2
aCu/Cp - 0,93

The deviations obtained represent approximately 25% of those
taken for all the results, except for the pitching moxent at zero
1ift, which remained virtually unchanged. Thus, one might hope
that the application of corrections for wall effects would consi-
derably reduce the discrepancies between the compared values.

"2.6. Corrections to be Applied

The results given above were rough, i.e., uncorrected. it
ic necessary to distinguish the corrections for the wind tunnels,
no matter what the cize of the models, from those connected with
wall effects. The first category includes:

- the corrections for the longitudinal static pressure gra-
dient, empty tect section; the correction for static reference
preszure angd the correction for drag (buoyancy). These correcticns
cer be nullified by adjusting wall divergence and the position
of the reference pressure valve, Hut these adjustuments vary as
a function of the Mach ruzber and the tect generator preszure.

2 oy pe

Also, it is imposzible or undesirable to charnge divergence Juring
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tests in many wind tunnels, Moreover, wall divérgénce accounts for
thé development of the boundary layers on the walls, but not the
changé in theécée toundary layers when models are precent;

- the corrections for the ascent .of the empty test section;
which are defined from classic tests with a model placed in the
normal, then inverse position in succession;

- the corrections for thé field of the sting supports, in
particular whén they are placed at an angle, In this¢ report,
special precautionZz were takén to observe the homothéity of the
shapes behind the base of the models;

= the corrections for the ievél of flow fluctuations in the
test séction, both for pressure (noise) as well as for velocity
(turbulénce). Tré éffect of tiéze fluctuations is an area which
has fiot béén explored enough to try to make such corréctions,
However, their importancé must not be underestimated; for they.
afféect the traniition positiong of thé boundary layers as well as
the appéarance and intensity of the phenomena of breakaway. Very
different vibrational behavior was révealed during vomparisons -of
uifferent wind tunnels with the samé model or different models
in the same wind tunnel, Thus, it was possible to carry out tests
in the S2 Modané wind tunnel on the smallest model (M1) up to
beyond the "pitczh-up" point without major vibrations, while tests
on the largest model (i45) had to be discontinued soon after "pitch=
up" in order to avoid damaging th: scales measuring the forces.
This variation in behavior can be due to frequencies in the acszen-
bly itself or to flow fluctuation levels.

The szo-called wall corrections {4i, 12] include:

- the corrections for volume and wake blockage, involving
correstions in static referenc? pressure in interaction with the
£icld of the model; correctionhs in the lach number and dynamic
pressure, thuz all the aere’ynamic coefficients; and corrections
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for drag causeéd by the longitudinal vVelocity gradients of the
interference induced by thé wake and volumé of the modél. The
last elemént is the gost important correction in -the fransénic
regime; ; -

- the so=called 1ift corrections, which modify drag and engle
of attack in the overall ténce and the curvature of the field to
the right of thé wing and theé empennage, thus the pitching mozeént;
in thé local &ense, ‘

The diversé wall corréctions essentially depend on the
paramétér of aerddynamic porosity of the walls; The means of-
obtaiiiing this parametér will be explained in.a report to be
preséntéd at the AGARD/FDP Symposium at London in October of 1975
[13]).

The following three refeFencés can be considered in .ordef to:
obtain the aerodynamic porosity valués as a funttion of the Mach
and Reynolds numbers: o

same wind tunnel with permeable walls,

£2 ver B

B < tésts on the same model in the same closed tést séction

1 (all pores are blocked) |

=R - tests on the same model in a wind tunnel which is clearly

-§§ larger

~§§ - tests on a homothetic model which is much smaller in the :

Thece three methods were successively applied to the result:
obtained on ONERA calibration models in the S2 Modane wind turnhel;
Only the last one is presented here. Thé results obtained at thé
saze Révrolis number (.7 2illion} as a function of the Xach nuxber
on the two homothetic models M1 and M5 in the S2 MNodane wind tunnél
aré shuwn here before and after correcticn in Figures 21 and 22;
After the "wind tunnel" corrections were zvplied to the results
from the smallest model (¥1), for vhich the wall corrections are
negligeable, the porosity paramecter was ad/usted so that the set
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of results from model M5 agréeé as much as possible with those from
méde:i i1, serving as the reference model, Arfter all the cbrréci
tions, thé results agreed satisfactorily: the deviations bétween
the corracted results for the two models are on thé order of oré
fifth thosé before the corrections and are compatirle with the
scattering of mecasurement. It should be noted that this
agreement could only bé obtained after applying the wind tunnel
corrections based on thé very careful calibration of the empty
test section. The portion of this correction in the drag coeffi=
¢ients (Fig. 21) is 5% and 1%, respéctively, in the raisea sub-
sonic for models M1 and 5. This correction exceeds the wall
corrections bétween Mach 0.7 and 0,85, On the othér hand, above
Mach 0,85 the wall correctiéns becomé larger and larger, reaching
123 of theéeif corrected valué,
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The importance of the two corrections for drag has already
been erphasized on the basis of comparativc tésts madeé on models
of C5A [14] and YF16 [45] aircraft in KASA Amés 11T, Calspan 8T
and AEDC 16T wind tunhels,
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2.7. Effect of Roughness

The procedure of using roughness to trigger transition is
oftén adopted to increase the rellability of wind tunnel tests
and, in particular, to weaken the sensitivity of the pitching
mcrent at zero lift to the Reynolds number and the effects of fléw
Sluctuations by linearizing the stability curves, Trus, it seems
natural to conduct the éoxpafatch tésts in the triggered transi-
tion in order to reduce the developments with the Reynolds number
and, conzecguently, the deviations between the results obtained from
differert wind tunnels, Tests of thic type were made by AEDC and
IASA Ames on two CHERA calibration models, M3 and 5, in referencs
to identical tests in natural transition at Mach 0,84 and differant
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The comparison of the pressure distributions on the cross
section of the wing tip, given at a local Reynolds number of 1.7
million (Fig. 23), shows the very significant effect of rouzhnesss
it provokes a 2@% advance of the shock and causes the boundary
layer at the trailing edge to thicken. In the naturalltranSition,
the po- ition of transition is on the upper wing surface at the
point where the shocks provoke the transition.

LFFECT OF THE ROUGHNESS
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The developments in the pressure coefficients of the trailing
edge and 1lift integrated with respect to the Reynolds number are
reversed from free transition to triggered: at the highest Reyrolés
number, roughress excites premature stalling at a negative
angle of attacx of the model, )

As for the overzll characteristics of the model (Fig. 2%),
the roughness produces a clear increase in drag, a decrease in
the lift-drag ratio of approximately 207 ard an increise in the
1ift gradient of the cawe order. The focus remains in the same
position, The developrents accompanying the Reynolds nunber zre
uniquely chanzed with respect to drag and 1lift-drag ratio: the
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roughnesses increase the drag variations by displacirng the
transition zones toward low numbeérs from 0.5 to 1.5 million.
On the other hund, the lift-drag ratioc changes the least.
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Froh the viewpoint of the comparison of the résults, it doés
not appear that the rougbneoo has reduced the divergences bet"een
the results e¢oming from two differént models and wind tunnéls.

On tha contrary, the deviations in drag, the 1ift-d:ag ratio anz
1ift increased in thé triggered transition: '

Thus, tecsts in the triggered transition cn models with profiles
having a high velccity gradient con be oriticized for the adverse
effects they can generate,

The use of recughness does not improve the deviations in the
conparative measurernents. Roughness characteristies (place:ent
and dimencions) depend on the flows irherent in each wind +unnei
and the lorcal velocity gradientr of each type of prefile and their
angle of attack,

2,E. Flow Around Xach 1

i

Comparizons wWere made of the distribution of pressure and

drag of a rotating beody €% which had the sane law of areas a:s
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calibration model M5 among the AEDC 16T, NASA Ames 11T and §2-
Modarie -6T wind tunnels betwéen Mach 0,7 &nd 1.0; The drag coeffi=
" cients agrae well (Fig. 25) bétweén Mach 0.85 and 1,00, which was
vather surprising in view of the discrepanéies noted for airplané:
model M5 (Figures 11, 18 and 20), which were 9.87 at Mach 0,84 for

the three wind tunnels compared.
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The first reaszon for the excellent agreement of the results
from rotating body C5 is no doubt the absence of an airfoll, The
wing on model > produced discrepancies caused by the position of
transition and breaxaway on the trailing edge along the span,
resulting 1n'a change in the friction drag. On the other hkand,
the flow is turbulent from the nose on for the rotating body, iike
for an airplane fuselage model,
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Enother reason for the diserépancies in the airplane model
is & result of the positions of the shock waves and the breakaway
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prezeding them, rhese discrepancies do not result in discrepancies
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in drag cn the rotating body, for the pressure deviationg at the
end of the nose section (¥ig, 26) aré compensated for by those
existing at the base constraint due to balances brought about by

the local gradients of the genérators which lead to the_drag

coefficient, EFFECT OF THE POROSITY
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Tests. wére made in the S2 Modane wind tunnel in the upper
transonic .t various wall perméabilities, The effect of wall
pérmeability on drag shows up above Mach 0,95 (Fig. 27): an

e Y,

%; increase in permeability reduces drag between MMach 0,95 and 1,07,
g‘ then increases it between 1.07 and 1,20,
| =58

Actually, the increase in permeability always results in a
decrease in pressure, but only on the nose section below Mach
1,07 and, most of all, in the breaKaway zone bel:ind the prime p .ir
between Mach 1,07 and 1,12, These effects combine so that the
variation in the drag component reverses at Mach i.07. In this
Mach range and up to Mach 1.22, the waves emitted by the model
interact with it after being reflected off the walls., Shadow
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photographs show reflected vaves which are all the more intense
and displaced forvard as permeability increases. The largest
number of thesé waveés can be seen at Mach 1.07, where the pressure
deviations are the greatest, although the irags happen tc be
identical, Thus, it seems that as the Mach number increases from
0.9 to 1,07, it is very important to progressively reduce wall
perméability in order to obtain the most correct results.

CONCLUSIONS

The most important lessons which can be learrnied from comparing
transonic wind tunnels are the following:

- In twdo-dimensional flow; it 1is 1ndispéhsab1¢ to eliminate
the effects of the boundary layer of the lateral walls, Drag ;
deterrined by combing wakés is affected very little by wall éffects.

5T wind tunnels. Thé other cocfficiénts require major corrections:
‘Which ¢an be correctly regroiped aftér making correctiohs for the .
wind tufinels ih quéstion, in spite of the difficulty of determining
the coefficient characterizing perforated test séctions. These
coefficients make it possible to see the effect of the Reynolds
number up to 404107, '

- In three-dimensional flow, theé ccmparisen of various
wind tunnels using the ONERA ¢alibration models of a representative
transport aircraft shows that major discreprucies occur in the
transonic range (Mach 0.7 to 0.96). Theése deviations are reduzed
tce one-third of tneir value by considering only models which are
relatively =small (s/b£0.2). These deviations can be reduced by
applying corrections which zecount for the precise calibration of
the test secticns to the results. Large models require additicnal
corrections to account for the interfercnce created by the test
csection walls. An example shows that the arvreemert betveern iie
results obtained on two models can be compa..”le with the
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scattering of measurements after all the corrections are made,
Only after these corrections are applied can the results obtained
in different wind tunnels be classified as a function of the flow
finctuation levels.

ACKUOYLEDGEVELTS

ONERA wishes to emphaslize the cooperation of the organizations
which contributed to the comparative studies and to thank those
responsible for the tests in particular, in chroriological order:

M,
V.
S.
F.
T.
L,

Menard - Salnt-Cyr Aerotechnologica™ Institute

Lorenz-lieyer - AVA GBttingen
E., Gudmundson - FFA Stockholm
W, Steinle, Jr. - NASA Ames
W. Binion - AEDC Tullahoma

H. Onman - JIAE Ottaw

BIBLIOGFRAPHY

(1]

1

s

0]

eIy
. &

RN R B SN s HE TR s g AT

o EAZIN

Azpositif dicasais Je profils en courant pla-
dors 1y scufflsrie 33 2o sodonpearrioux

5T 0UZAA 2 X3 - 1972

L, CLA

T JAS Gk Qeynolds mimbar 15 dn x L0 'a two
giteraienal tagt feoillity

L« 38 « 4 = NAS = Avril 157C

i 0FEY

gher onder theory of two-di-cnafonnl sstsonie
¥21l interfers-ce in o parfeoratad wall wind
tannel

N2 Acro Report L2 553 Cetobre 1943

Za (CERY

4all interfersace on two~diversioral surercri-
tical nirfeils vaiiyy wall presswe neaturcornts
to deterire thy porosity faetors for tunnel
flocr ard cellig

132 = Acro Feport IR 375 Jeb.ig74

Pod00 - RUETRNAL TURILS - JHCIRRLIERE
Sritique des reradiges ivessals de profils
travasaniques

Aérorautizue et Astrrautique 31 ot 32 (1971)

A reviow f nrasireannts on AZATD calibration
nolels
ASIILSINGR 68 - 0w, 1561

-ID(RS)I-0068-76 31

on

Aty ESE SIS

Juced from
bews wvailable_copy.

o MR S
S Y
3



i
£
B P . : {
= v A
= -t 3
= T3 3
£ Tk E
: e
£ e 1] ». soLsuEOR
& R Informtion in & round-table discussion about
14 OEr2A caliralion =odels art test results,
= AL AGLD CP a¢ 63 (pp B-7 - B-12)
£ g (o] x.vaucitzer
T Wi Conparaison de soufflerics transsoniques &
z = 1%aide de maguettes étalons (UEHA
%: SANS FAPER 077 = Avril 1972
: e {9] s.5. Qsp yrDSON .
: - 2l tive testx vith CHeRA Afrplane calie
: 2Bl Sration sodels in F7A transonie wind-tunnels.
H T RMOISECH 40 = Colloquiuz transonic Acrodynaaics
T Sept. 1973
| G {10] X.5. DOVSIRTY 5r - P.¥. STEINLE Jr
gi"b; Transition leynslds muter covparison in
: - several cador transonic tunnels
B ssnd AJAA Paper r® 74-621 July 1974
N ' [$1] 3.c4 vavssazre
: Surrey of nethods for correcting wall cons-
. traints in transonic wind tunnels
- ACARD Reporign® 601 - Liov, 1972
£ {12) . vEmoota C.P. 10
Poundary interference at subsonic speeds in
wird turnels with veatilated valls
AEXC TR 65-47 lay 1569
[$3) Z.VAUCEIET - 3.0 VAYLIAIRS
Corrections 4e parois ¢n écouleoent tridisen~
sioonel trarssonigus dans des veines ) peyois
perfordes
Syxposius AGARS/FOP - londres Oct. 1975
[14) 8.1, T30 - P, STEINLE and AL
Jurther correlation Af data froa investigetions
of 8 high subscric cpoea transport sircraft ro-
del in three =ajor tronsonic wind tunnels
AlM Pspor n® 7126 lerch 1M
{15) Sk, BIEiER - 3.3, 2
Selected results fro= the TP 16 wind tunnel
test progoen
AIAA Pepez nf 74-518  July 1374
%8 Reproduced from
FTD-ID(RS)I-0068-76 7 best available copy.




