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With the goal of studying Natural Laminar Flow (NLF) wings for future ‘green’
transport aircraft, the aim of the European Researb Project TELFONA is to develop and
demonstrate the possibility of testing full aircrat models with NLF wings at large Reynolds
numbers in the cryogenic Wind Tunnel ETW. Two mainsteps were defined, first the design
and test of a ‘calibration’ model, to be followed ly a realistic transport aircraft model. This
paper is dedicated to the first one, which was esgially designed in order to allow a
calibration of the Wind Tunnel transition N-factors at large values of the chord Reynolds
number typical of testing in ETW. The paper will describe these different phases of the
activities, from design, testing and numerical vatiation, with a focus on the validation and
calibration of transition prediction tools. Examples of numerical results obtained by the
project partners will be confronted to the experiments.
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Nomenclature

Co = pressure coefficient

C. = Lift coefficient

c = chord

k = total wavenumber () kK> = & +

)id = dimensional spanwise wavenumhb@r/ &

17 = direction of the wave vector with respect te #xternal velocity
@ = sweep angle

I. Introduction

he objective of a fifty percent reduction in aiftfaiel consumption, (together with eighty percesduction in

nitrogen oxides and 6 dB in perceived noise lewsBs introduced in 2001 by the European Union i th
‘Vision 2020' for European Aeronautics, and reauibeeakthrough achievements related to drag remuethd
propulsion efficiency. Similar trends may be expecin the USA. Laminar flow technology may be sasna
promising candidate to contribute to this objectiae the extended laminar flow region allows argjrdecrease in
friction drag. Laminar flow may be attained by sbamodification (Natural Laminar Flow, NLF), possibl
associated with wall suction (Hybrid Laminar Flower@rol, HLFC). Another line of research dealing twitong
endurance UAVS' also calls for a large reductiototdl drag, including friction drag.

In the past, a number of flight demonstrators werecessfully used both in the US2and in Europe (Falcon
50° and 900, ATTAS, Fokker 160 Airbus A320). Flight tests were selected as they allow fulbteyn
demonstration at flight Reynolds number NLF limit HLF limit 2

which are not attainable in convention: A320 Laminar Fin
wind tunnels: maximum chord Reynold 40 ////// ///////
9,

flow i the ONERA SLVI facily i abour //// e
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15x10°. On the other hand, such flight test
are much too expensive to allow fo
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extensive parametric exploration an
optimization.

As the ETW cryogenic wind tunnel
allows chord Reynolds numbers up t
Re=30x10° by combining cryogenic
temperatures (down to 115 K) an
pressurization (up to 3 bar), the TELFON;
European Research Project, led by Airbu
was launched to demonstrate the use
ETW for NLF wing design at large . l [

Reynolds numbers. Two main steps we 10 20 30 40 50

defined, first the design and test of  §imiasmiesessa™"™  Reynolds number* 10

‘calibration’” model, to be followed by a

more realistic transport aircraft model. Thi Figure 1. Various wind tunnel and Flight Laminar wing

paper is dedicated to the first of these tv experiments in a Reynolds number versus Sweep anglemain.
models, called ‘Pathfinder’, which was

especially designed in order to allow the calilmmatdf the Wind Tunnel transition N-factors, in thame of the &
method"’, at large values of chord Reynolds number typafatesting in ETW. Figure 1 shows the ranges in
Reynolds number versus sweep angles of various windels and flight tests, with the correspondirgested
domain for the Pathfinder experiment.

The first part of the paper will deal with modelsiggn and specific instrumentation for transitiontedéon in
cryogenic conditions. Then typical experimentalutesswill be presented, followed by stability argil/ and N-
factor correlations for this model in ETW. Stalyil&nalysis was applied after the tests in ordecatibrate’ the
various tools currently used by research labs iroge, including simplified database, local linead anon-local
linear stability approaches. Examples of numeriealllts obtained by the project partners will benpared to the
experiments.
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II. Model Design LE sweep = 18°

The full span Pathfinder model wa
designed by CIRA, DLR, Airbus and ONERA
for the calibration of transition measuremen
in ETW. A simple swept planform with a low
taper and 18 deg. sweep angle was selec
This leading edge sweep was chosen knowi
that additional side slip would allow th¢
examination of the effect of sweep ang
variation on leading edge crossflow transitio
The wing section was then determined su
that the N-factor evolution coming out o
stability calculation would grow linearly over— . . ——
the longest possible chordwise distance. inFigure 2. View of the model with pressure distribuions.
first step, candidate aerofoil sections weic
designed independently by the three partners, esioly their preferred design toolsets. CIRA usbédandary layer
coupled Euler method with an ONERA transition pcédn method. DLR used an inverse design procedased
on the FLOWer code, whilst ONERA preferred to mgdifie existing Fokker 100 glove aerofoil using t#isA
code. The three proposed aerofoils were then redeand the DLR LV5 aerofoil was selected. This LA&sofoil
was derived from an ATTAS laminar glove section anddified for the higher Mach number (M=0.78) flow
condition. In the following phase, the final wing@gign was conducted in the presence of a prescfissdage

LILO-11: M =078 CL=0.218 RE=20Mioc UFFER SIDE LILD-21: M=0.78 CL=0.216 RE=20Mic UPFER SIDE
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Figure 3. Pre-test stability computation for desigrnconditions.
geometry with belly fairing from an existing ETW dhel. The DLR inverse design metfiddr transonic wings was
applied in order to obtain parallel isobars from t8070 % of span for the design point M=0.78, RexiZ®,
C_.=0.216, as shown in Fig. 2. While at the desigmtpthe designed wing has a constant pressurekdistn in
the region of interest, analysis performed at @ffign points showed that the spanwise variatioseational
pressure distributions is sufficiently weak. Theref for the Pathfinder wing, stability analysis é&on either
numerical or experimental data can be attributed fwessure distribution from a constant span @ectrinally,
Airbus analyzed the pressure distributions suppbgdDLR for design and off-design conditions usilgear
stability theory in the LILO code A typical result is shown in Fig. 3, where thefdd¢tor based on incompressible
constant wavevector directiapr is used to evaluate Tollmien Schlichting (TS) gttomand an N-factor based on
incompressible constant spanwise wavenungbeat zero frequency, are used to evaluate the §rofvtrossflow
(CF)modes.
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Mach Lift Sweep Rec TS | CF | Mixed
number | coefficient | angle | (Millions)
0.78 0.11 18° 20 1
0.78 0.22 18° 20
0.78 0.33 18° 20
0.76 0.22 18° 20 1
0.80 0.22 18° 20 1 Figure 4. View of the model with 2
0.78 0.11 14° 20 1 1 patches of TSP on the upper side
0.78 0.11 22° 20
0.78 0.22 22° 20 2 lll. Pre-Tests Stability
0.78 0.33 22° 20 2 Computations
0.76 0.11 14° 20 1 Based on computed pressure
0.76 011 18° 20 distribution, a first numerical simulation
of the experiments was conducted based
0.76 0.33 22° 20 1 on the final model geometry. The range

Table 1. List of cases selected at the end of piest computations Of conditions covered by the wind
tunnel was explored, resulting in typical

N-factor curves as shown in Fig. 3.

The isolated curve shows the pressure distributidnile the grouped curves are obtained on thesid# with the
constanty strategy for incompressible flow for frequenciedvieen 11 and 40 kHz, and on the right side wi¢h th
constantf strategy for stationary modes. These N-factor esirgontribute to an envelope, visible on the figure
which is indeed almost linear with x/c distance,raquired. These pre-test computations indicated thore
crossflow situations were to be expected, re-eirigre¢he interest for non zero side slip angle situes for
generating TS cases. From the N-factor surveye@ftthfinder model performed in this pre-test $itgkinalysis®
twenty one flow conditions, given in table 1, wétentified with interesting stability behavior foalibrating ETW.
As indicated in the table, there are six TS, nifrea@d five mixed cases with strong TS and CF amoptibn.

IV. Measurement systems for cryogenic transition deteicin

Two lines of pressure taps were installed on eacly,vas well as patches, applied on both suctiahpessure
sides, of a two component cryogenic temperatursies paint (cryoTSP). This pafritis composed of two kinds
of luminescing molecules incorporated into a tramspt binder. These molecules re-emit light withirstensity
depending on temperature when excited by incidght In a given wavelength range. First, a "stadtanolecule
(Ruthenium-complex Ru) is used, which works intéiege 100 K < T < 240 K. Best operating temperatoir¢his
molecule is around 180 K, because it then exhitits best relation of
sensitivity and brightness. The sensitivity for Becreases for T > 240 K
but with rapidly increasing signal to noise rat®/N) because of the muct
lower intensity. Highest sensitivity for the Rutlam is around 240 K, but
with 20 times less intensity compared to 160 K, &xample, making
exposure times extremely long (despite the higihaigo noise ratio). In
order to improve the cryoTSP response for the "Watemperatures
(240 K < T < ambient), DLR (Y. Egami) included acsead molecule
(Europium complex) into the original paint (devetdpby Jaxa), in addition
to the Ruthenium. This Europium complex shows geenkitivity and high
brightness for the warmer temperatures, where ththdRium complex
becomes less suited. The selection of one or aotfedecule is determined
by the wavelength of the incident light. A Xenon {sshlight excites the
Europium and not the Ruthenium. Therefore UV lighid Europium, is
used in the range 240 K < T < ambient. When peiifogntransition
detection at cold temperatures, the Ruthenium mtdecs selected by
changing the excitation light from UV to blue ran@eound 455nm), using light emitting diode (LEDyinination.
Europium, on the other hand, is not excitable leyltEDs.

Figure 5. Example of transition
detection at a low Reynolds
number of 7 M.
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The molecules then emit red light with temperategendent intensity, which is recorded by a nunoh&@CD
cameras. The wall temperature difference betwemimbr and turbulent boundary layer can thus bectitieby the
cryoTSP method, allowing the visualization of ttebdary layer transition. On the pathfinder modebwn in Fig.
4, very thin, custom-built pockets on the wing'peipand lower surfaces have been sprayed with 8¢ and
polished to a very smooth surface, in-line with thetallic surface adjacent to the TSP areas. Tfmsepatches
may be identified using the number visible on oomer (see Fig. 5): 1 and 2 for the upper siden® 4 for the
lower side, 1 and 3 corresponding to the right wing

In order to increase spatial variations of tempesabn the model wall, linked to the boundary lagyeture, a
thermal imbalance is required. This is obtainealignging the flow temperature in a stepwise marineabout ten
degrees. Following this change, a number of TSRy@mare recorded. Pressure measurements are ddadiftae
and after the TSP recording, in order to detecidactal changes during the test. An example of tatpre
visualization at 7 million Reynolds number is shoinrFig. 5, with the flow coming from the top. Thmage on
Fig. 5 is a raw image with laminar region in greydaurbulent ones in white. Reversed contrast & fully
processed images shown in the rest of the paper.

V. Wind Tunnel Tests

Three short experimental test campaigns were ezhlidth the Pathfinder model, each improving thadhag
of the wind tunnel, the model and its instrumenwtatior these difficult measurements. Unusual preécas proved
necessary in order to reduce to a minimum the poesef small particles in the flow, those partickising
turbulent wedges when impacting near the attachiiemtof the wing. Enquiry into the nature of thgsaticles
proved that there was no humidity, i.e. no iceipkas in the nitrogen flow. This allowed very loeniperatures, of

CF transition

XIC = 30% )

Starboard wing, lower side

Figure 6. Typical TSP images at Rg= 10 (left) and 20 (right) millions.

about 115 K, to be used. Typical results for thedoside are shown on Fig. 6 at chord Reynolds reusnbf 10 and
20 million. The right image, showing crossflowrtstion, was obtained at Mach 0.78 with a statiogerature of
156 K and with a side slip angle of 4 deg. The lefage, also CF, was obtained at the same Mach eyrab
temperature of 175 K, and a larger static presslose to 3 bar. In the course of these experimémésReynolds
number range 7 to 30° was explored. It was observed that below Reynoldsber 1%10° transition would in
general be imposed either by the shock, on therugide, or by the pressure recompression on therl@ide. In
those cases, the experiment would not provide @stgrg results with regard to the calibration oé tN-factor
methods. The most interesting results were obtaan@k10° and are summarized in table 2.
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The four cases selected for further
analysis are highlighted in the table. As

concluding remark, it should be note Test Test Mach ReC | T(K)| CL
that although this experiment wa number, | number, (millions)
difficult ETW produced a very large Cp TSP
amount of results in a very shor P079 P080 0.78 20 175 O
timeframe. P081 P085 0.78 20 175 0.1
P086 P087 0.78 20 175 0.21
P088 P089 0.78 20 175 0.32
VL. Analysis of results P090 P091 0.78 20 175] 0.4
Raw measurements obtained after tl P092 P093 0.78 20 175 0.5

experiments  required some  po!
treatment before further analysis. Ra
TSP images may be improved b
averaging and numerical treatments. Figu o transition PCB1 Port M-078 R-20M0 C,-010
5 shows an example of raw data obtained e

Reynolds number ¥10°. The images on
Fig. 6 are typical of the final stage o
treatment. On such small models, tt
number of pressure taps is always kept tc
minimum because of space constrain
Careful treatment of the pressur
distribution is always necessary, and wi
conducted in this case by Airddswho
determined the location of the attachme
line and the effective sweep, and produc Port wing, upper side

sets of interpolated pressure coefficiengs Rebar(<45) @

in formats adapted for boundary laye Inner 163 189
computation, as illustrated in Fig. 7. Airbu . , o oe B

also performed boundary layer calculatior Figure 7. Typical dataset for analysis of experimesal results.
and provided boundary layer data to tt

other partners involved.

Table 2. Cases selected for stability analysis

XIC=26%

0 0L 02 03 04 G5 06 €7 08 09 L
e

G T® Mch Re T[N G B
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A. Local Stability Theory

Although more sophisticated approaches are nowadlaifor computing the growth of instabilitiesboundary
layer flows, local theory remains a relevant engiirey tool for two reasons: (1)-scatter of tramsitN-factors from
flight experiments showed no statistical improvetn@hen comparing local theory with linear PSE, @&2glocal
stability calculation can be made fast and robusiugh as to become a component in industrial CF. to
Presently, it is accepted that non-local stabditpws a better evaluation of the physics contngllinstabilities, and
that non-linear stability is a powerful tool wheeating with complex issues like flow control.

When dealing with the"etransition prediction approach applied to the Iatability of 3D flows, there exist a
number of methods based on different N-factor iratgn strategies. Airbus (G. Schrauf) advocatesttie so-
called N-J/Nce method, in which N is obtained by using the constagitstrategy at frequencies covering the
complete range of unstable waves, ang I obtained by considering only stationary indtabj using either the
constant wavelength strategy or the constant sganwavenumbef strategy. In this approach, the N-factors are
computed considering only incompressible equatiemen though the cases of interest are transoniobAst and
efficient code, LILO, has been developed basedimnniethod, and is integrated into a compressiblendary layer
code. Another strategy commonly used is the eneelopthod, in which the amplification rate belongtogthe
most unstable solution is selected and integraiefdrim an N-factor curve. Results of local stapitiheory from
ONERA, DLR, Airbus, and CIRA are presented in Fgbased on the )W/N+s and the envelope methods. ONERA
used the in-house code CASTETDLR and Airbus used LIL® and CIRA an improved version of COSAL
Results in Fig. 8, with TS cases to the right afdc@ses to the left, show the typical crossing gfahd N curves
between the two types of transition. On the otheerdh the envelope method produces a quite largeidion of
results and cannot be considered well adaptedhidtype of situation.
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Figure 8. Local stability results obtained with twostrategies: incompressible NCF/NTS and compressibl
envelope method

B. The Database Method

A number of models have been created at ONERA kowalapid estimation of the amplification rates
corresponding to local thedry This database method allows the definition ofjlardinal and crossflow N-factors
similar to what is done in thetjN¢r strategy, as well as an estimation of the enveldfactor. In this case again,
the method is robust and fast, and is integratéal éhboundary layer code for transition predictiblumerical
results are shown in Fig. 9, compared to the edgiivdocal stability results. Two main differendaghe definitions
of N-factors have here a visible effect. First, tegabase is applicable to compressible flows, Wwiexplains the
difference in Ns values for TS cases. Second, databage afe defined using an envelope method at zero
frequency, instead of a constant spanwise wavenusttetegy, which explains the vertical shift betwehe two
curves. Nevertheless, a similar crossover is olesems in the previous figure, and theeMNts based on the
database method can also be used for transitiatigtian, at a fraction of the computing time neegggor any
exact method.

=/x—Envelope (LST)
=O=—Env-Database
== NTS (LST-inc)
== NCF (LST-inc)
==O==NTS-database
==O=NCFO0-database
==O==NCF-Database

Figure 9. Comparing Local stability results with ONERA Database results.
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C. Non-Local Stability Theories

Local theories do not take into account the ratehafnge of the mean flow. As curvature terms asaafe order
as non-local terms, they should also be excluded-INcal theories, either Parabolized Stability &ipns (PSE) or
the multiple scale approach, include the missimgse PSE codes from FOI and DLR (the NOLOT ¢6d#, and a
code based on the multiple scale approach from QtRANOLLI codé®) were also used to analyze the Pathfinder
data.

All these methods assume no variations of the nilean in the spanwise direction, and are well addpi®
consider swept wings. As in local theory thg-Malues are obtained by considering only statiomsturbances by
imposing f=0 Hz. However, there is no equivalenéegnation strategy as for{Nin local theory. The envelope of
envelope method, more time consuming, requiresdibfacomputations for all unstable spanwise wavdmnsand
frequencies.

Examples of results are presented in Fig. 10, nbthwith two different formulations. An excellegraement is
observed between CIRA, with the NOLLI code, and DaRd FOI using two versions of NOLOT. The results
obtained here show that a distinct value of trasiN-factor must be used when dealing with TS @h\W&CF cases.

A zero frequency N-factor would allow to identiffF@Gnd TS cases, so that N-factor method may alsdfeetively
used based on non-local computations.

12
Nt n—="="
P
10 A
9 4
. /Q\x“ / ——FOI
/ |
7 7 -#-DLR
| M=
6 ~o ~— CIRA
5 ,
4 ; ; ; ;
B N R s R N e
Q N N 9 ) o
S ® & ¢ & 6\§ 0%\9 & & &

Figure 10.  Non-local stability results (compressil@ with curvature).

VII. Conclusion

Careful design of the Pathfinder model was condluuteorder to allow the calibration of ETW in adarrange
of Reynolds numbers. The goal of this calibratieria determine transition N-factors for both crimsf(CF) and
longitudinal (TS) instabilities, knowing that TS fidletors are mostly related to non-stationary disinces caused
e.g. by free-stream turbulence or noise, while Cladlors are related to the wall surface qualityhia region of the
leading edge.

Experimental difficulties reduced the Reynolds nemtange effectively useful for correlation. Thewl over
the model showed to be too stable up to alReyt= 15<10° to obtain a transition location function of thepexted
instabilities, and finally the range explored wénm about 15 to 28L0°. Nevertheless, the experiments confirm the
possibility to observe laminar-turbulent transitiop toRe: = 23x10° in ETW. Experience has been gained on the
best running conditions in ETW for large Reynoldsnier transition experiment, and the TSP imagirgiesy is
proved to be an efficient method for transitionedtibn in a wide range of temperatures, from anthi@eryogenic.
Finally, N-factor calibration of ETW has been acfigid in a rather narrow range of conditions

Concerning transition prediction, it can be stdted:

- The classical envelope method, with a single Nefiaaoes not produce reliable correlations for tijse
of configurations. The use of two N-factors, onsagsated with TS transition and the other with sfiosv,
appears to be more robust.

- The proposed way of considering incompressibleilgtaltheory and computing the crossflow N-factor
with the constanf3* strategy for stationary disturbances only coukd improved. This approach has a
tendency to produce N-factor curves with large @alolose to the leading edge, decreasing to loalees
at transition (so-called pathological cases). Ottefinitions for N.r could be based on a zero frequency
envelope, or using the constagft strategy for stationary disturbances in non-lotaory. These two
definitions have the effect of reducing consideydbk number of pathological cases.
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As a final comment, a set of test cases will be ena¢hilable for validation of stability codes, dexd from those

obtained in the course of this work, with infornoatiand datasets allowing cross validation of stglibmputations
in the frame of local and non-local theories.
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