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Abstract. Despite recent developments in the understandinigoundary layer receptivity
and non-linear stability, linear stability methodsmain the state-of-the-art in industry for
aerodynamic design and analysis. A conceptual m@eresented to explain why the e
approach is used and the circumstances under whitlight be expected to work. The paper
reviews the latest results and conclusions fromeaes of recent collaborative projects,
supported by the European Commission, which havetribated significantly to the
confidence and ease with which linear stability mels can now be used for design. Recent
experimental work has allowed local, linear stalyilN-factor correlations to be derived, for
the first time in Europe, for HLF systems. A rarajeN-factor integration strategies have
been evaluated during the analysis of these expeatsn The use of non-local theory has
demonstrated a significant effect on crossflow &tees which warrants further, systematic
correlation of these N-factors against experimérte authors feel that the use of advanced
non-linear transition prediction techniques canus®ed to provide guidance in the avoidance
of pathological situations in the design of commarElLF systems, but that linear stability
theory is today's best tool for design purposedabase methods derived from linear theory
can considerably accelerate the design processigedvthat they are validated appropriately
against stability computations.
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1 INTRODUCTION

Since the recent revival of interest in laminarwfl@ontrol for transport aircraft, the
aerodynamic phenomenon of laminar-turbulent treovsihas received increased attention
from the research community, resulting in significdevelopments in the understanding of,
and ability to model, the transition process. Themuch work to be done, but we now have
an outline understanding of receptivity, the predeg which perturbations are introduced into
laminar boundary layer flows, and breakdown, thecess by which non-linear interactions
between large-amplitude perturbations eventualfd I¢o turbulence. These two types of
phenomenon occur at each end of the transitionegsand, provided that the disturbance
environment outside the boundary layer is of a level, the receptive and non-linear phases
are separated by a lengthy region where the desgds are governed bgear mathematics
by virtue of their small amplitude. This summaryepresented schematically in Figure 1.
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Figure 1: Schematic of boundary layer transitioraoming section.

In terms offundamentakesearch there is little to be added to our kndgéeof the linear
stability of boundary layers, except perhaps fa thallenging problem of disturbances in
three-dimensional boundary layers. The latest ifiansresearch presented at this Congress
will concern new work in the fields of non-lineancasecondary instability, adjoint methods,
receptivity analysis and bypass transition. Whythee we reviewing linear stability theory in
this paper? The answer is that, despite recentrggegn transition research, linear stability
methods remain the state-of-the-art in industryaicirame design and analysis. This is partly
because of the lengthy validation period requirefole new computational methods are
adopted for commercial use, but also because o€dherence between linear methods and
the requirements of airframe design: at preser, kihd of information needed to model
accurately the receptivity and breakdown processesuch as environmental and surface
finish data — is simply beyond the scope of thegies.

Despite its mathematical ‘maturity’, linear stalyilis accompanied by a range of practical
issues which need to be resolved before the methndbe used easily and confidently for
design. The neglect of receptivity and breakdowrdefilmg means that transition prediction
can only be achieved by coupling linear stabilityalgsis with an empirical criterion such as
the & method. In this case, the value Mfmust be obtained from experiments before the
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method can be used. For three-dimensional flowsadnitrary constraint, ointegration
strategy is required before the criterion can be applied — the choice of thistelyg is still
the subject of debate. In computational terms,alingtability analysis is expensive, and
attempts have been made to develop simple shastwehich reduce this cost to acceptable
levels. Finally, linear stability analysis is aléery expensive in human terms since the modes
of instability need to be specifidaefore growth rates can be calculated: but there isano
priori knowledge of which modes are the most likely tosgatransition.

This paper reviews the latest results and conahssitom a series of recent collaborative
projects, supported by the European Commissiongtwhave contributed significantly to the
confidence and ease with which linear stabilitytmes can now be used for design.

2 LINEAR STABILITY APPLIED TO HIGH ASPECT-RATIO WIN  GS

2.1 Transition mechanisms for transport aircraft wings

The successful maintenance of laminar flow on aspart aircraft wing requires the
control of three types of transition mechanismgliagsussed by Schrauf

a) contamination of the wing attachment line flow hybulence in the fuselage boundary

layer (or, more rarely, natural transition of a laar attachment line boundary layer);

b) instability of the crossflow velocity profile, udiyaoccurring just downstream of the

attachment line; and

c) instability of the streamwise velocity profile, @dly occurring in the ‘roof top’ area of

the wing pressure distribution.

The first mechanism is effectively a ‘show-stoppsirice it causes the complete wing
boundary layer to be turbulent (barring the ocaweeof re-laminarisation). Attachment line
contamination is usually predicted using relativeiiyple empirical criteria since the number
of influencing parameters is usually sriallhe latter two mechanisms, crossflow (CF) and
Tollmien-Schlichting (TS) instabilities, occur ovarlarge area of wing with varying local
flow conditions and therefore require more sopbs#d methods for the prediction of
transition or the design of a laminar flow contsgstem. Linear stability theory is therefore
applied to the prediction of these two transitioecimanisms.

2.2 Mathematics of local, linear stability analysis

The theory behind local, linear stability analyfias been well documented (see, for
example, Arnd). The scope of the analysis is usually restrittethree-dimensional flows on
infinite-swept wings, where the mean flow is assdnte be invariant in the spanwise
direction. In practice the analysis is also apphethout modification to real wings with
moderate taper ratios.

The local, linear stability equations are deriveahf the linearised, unsteady Navier-Stokes
equations. We seek solutions in the form of temlpgpatial waves superimposed on a steady
mean boundary layer flow:
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u(xy.zt) = Uy)elrre "

where the prime indicates a perturbation quantityan represent any of the flow variables,
is the time co-ordinate andandz are orthogonal spatial co-ordinates, usually @ignormal
and parallel to the leading edge.

The stability equations contain terms of varyingvpos ofR;, the local Reynolds number
(effectively related to a local length scale, sastthe boundary layer displacement thickness).
The local stability equations are then obtained by neglgctih terms smaller than those of
order O(1): this includes all curvature terms ameltariation of the mean flow with tkxeco-
ordinate. The wave amplitude functian therefore varies only witty. The approach is
described as thparallel flow approximationsince the divergence of the streamlines is not
modelled. Solutions to the resulting stability etipras (for simple swept-wing flows) can be
obtained for combinations of real and g and complexa and (: the imaginary part otr
constitutes an amplification rate in space andctiraplex nature ofi simply accommodates
variations in phase as well as disturbance magaitud

Figure 2 illustrates the wave model as applied tossflow modes and Tollmien-
Schlichting modes on a transport aircraft wing.SSflow modes are characterised by a wave-
number vector(a, B) almost at right-angles to the local streamline & frequencies
(including stationary modes) while Tollmien-Schlicky modes are characterised by higher
frequencies and wave-number vectors aligned wighstineamline (at least at modest Mach
numbers). Crossflow modes tend to be amplified ecltws the leading edge, in regions of
favourable pressure gradient, while Tollmien-Sditling modes are most amplified in regions
of adverse pressure gradient.
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Figure 2: Schematic showing crossflow (CF) and mah-Schlichting (TS) instabilities.

The mathematical problem reduces to a collectioeigénvalue problems, one for each
combination ofw, B and spatial location, whose solution depends onlyhelocal velocity
profiles. Most practical local, linear stabilitydes were initially restricted to incompressible
flows in the early days of laminar flow researchdaa significant amount oN-factor
correlation was done using these codes. Befordakielopment of non-local methods, during
the ELFIN and ELFIN Il projects, the effects of eature were also included lacal stability
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theory although this is not strictly rational in timamatical terms (since there are other terms
of the same order still neglected). The additiorwfvature to local methods did not, in fact,
result in any improvements to the performance efitical theor§®.

2.3 Mathematics of non-local, linear stability anafsis

Despite the well-known work of GasteBaric and Nayfehand Herbefton non-parallel or
non-localboundary layer stability, the use of these methndsurope has lagged behind that
in the USA and their practical application in sugpaf European laminar flow research has
only recently been demonstratéd In particular the EUROTRANS projé€twas responsible
for the first systematic validation exercise fonfdocal methods and for the first non-lod&l
factor correlations. The non-local analysis staiith a more general substitution than the one
shown in equation (1) above by allowing the amgigtdunction to vary slowly with:

U'( X,y,Z,t) = ’L(X,y) ei(ax’fﬁz-wt) (2)

The difference between local and non-local theargea from the level of approximation
made to the linear stability equations. The noralatability equations retain terms which are
of order OR;Y): this includes the variation of bothand the mean flow with theco-ordinate
as well as terms involving the curvature of theocdinate system. The dependence of
complext onx leads to a new spatial amplification rate
g,=-a;+ Rea[;l@}
u ox

®3)

where the precise value ofdepends on which flow parameter appears in forig8)labove.

This difference betweemranda;, caused by the growth of the boundary layer, theature
of the wing surface and the flow quantity used foeeasuring amplification, is the key
difference between local and non-local linear ditgbtheory from the point of view of
transition prediction using the¥ technique.

2.4 Integration of amplification rates: the N-factor; integration strategies

As described in section 2.2 above, local, lineabitity analysis consists of a collection of
eigenvalue problems, one for each combinatiorruoB and spatial location. The solutions
yield the local growth rates for each mode, butrtifales at each station have to be logically
connected in some way before the growth rates eantbgrated to yield aN-factor.

Nw,k(x) = J.fzoai[x,w,f(lg):k]w (4)

The angular frequency is taken to be constant for a given mode, butetlaee a number of
relationships involvings, or integration strategieswhich have been studied during the
European laminar flow programmes:

A) constant propagation directiog, relative to the streamline;
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B) constant wave numbeyia? + 32 ;

C) constant spanwise wave numigor
D) maximising the growth rate with respectdat each station‘?%ﬁ =0

The first three options result in a two-dimensioaahy ofN-factor curves, while the fourth
option, termed thenvelopestrategy, simplifies the array so that, like te-dimensional
problem, theN-factor is a function only of frequency and spaliaiation.

The work load associated with calculatiNgactor curves for all possible combinations of
frequency and integration paramekeioptions (A) through (C) above, is significanthgauf
45 has proposed a short-cut whereby option (A) islfee Tollmien-Schlichting modes, but
only for those modes wherg= 0°, and option (B) is used for crossflow modes, mly dor
stationary modesaf = 0). This strategy exploits two observations maldeing repeated
analyses of experimental data during the Europaaankr flow programmes: firstly, that the
amplification of Tollmien-Schlichting modes is quiinsensitive to propagation direction near
@ = 0°, and secondly that, for flight conditions at leagtationary crossflow modes tend to
dominate because their initial amplitudes tendedigher than those of the travelling¥ 0)
crossflow modes. These restrictédactors are labelleblrs andNcr respectively.

Mack!! has demonstrated that option (C) is consistenh wlie spanwise similarity
arguments used for high aspect-ratio wings, bufoalt of the integration strategies described
above, plus the twbkfactor method, have been pursued: the ultimatxteh criterion is the
performance, in terms of consistency, of each nat#émn strategy against experimental data.

Curiously enough, option (C) seems to have beeptadowvithout challenge for the non-
local theory®. The marching scheme used in PSE methods meanshihdintegration
strategy’ issue, although it is not described ashsn the PSE literature, has to be resolved
before the stability calculations can even beginithWthe local methods there is the
opportunity to re-integrate already-calculated afiggtion rates according to different
strategies, provided that the completef) space has been investigated.

2.5 Explanation of thee" approach to transition prediction

We move from the mathematical details of the lingtability approach to a conceptual
model which will explain why the" approach is used and the circumstances under vithich
might be expected to work.

Figure 3 illustrates how the amplitude of a crassflmode might vary through the
receptivity, linear amplification and non-lineareakdown phases. During the receptivity
phase, disturbances are constantly introducedti@dooundary layer but will decay upstream
of the neutral stability point. The overall effésta disturbance level which is approximately
uniform and which is governed by the relevant réedp mechanisms. Any disturbances
which are convected downstream of the neutral Iggabbint are then amplified as predicted
by the linear theory, and this amplification praceson dwarfs the introduction of new
disturbances by receptivity. Disturbances growluhgy reach an amplitude of about 5% or
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10% of the edge flow when non-linear effects setRigure 4 shows a similar image of
Tollmien-Schlichting instability, although a regiohstable flow is shown.

CF Growth TS Growth
In(Amp) In(Amp)

A . ~ . A

Non-linear region

NcriT,cr Linear
itheory,

I: Linear
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o : 1
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. —» x/c —» x/c
Xo Xtr,CF Xo Xtr, TS
Figure 3: Schematic of CF instability growth. Figure 4: Schematic of TS instability growth.

What happens next has been deduced from experinagntsnumerical studies using
advanced non-linear stability methods of the kiedadibed by Casalist. al'2 For crossflow
modes, non-linear effects cause the instabilitessaturate at a given amplitude until
secondary instabilities, as yet not well understamlelop. These secondary instabilities act
extremely rapidly to cause breakdown to turbulefde amplitude of Tollmien-Schlichting
modes continue to increase roughly as predictechbgr theory, but at large amplitudes non-
linear interactions (which are well-predicted by BP$pe method$) generate higher
harmonics which again grow much more rapidly thaa primary modes. In both Figures 3
and 4, a blue line indicates the growth predictgdiriear theory. This line follows the actual
growth of the primary mode quite well for TS ingtaies, but less well for CF instabilities.

The critical N-factor is measured as follows: a representatiyeement is conducted for
which the position of the neutral stability poitand the position of transition. can be
measured or inferred, and for which the local ling@wth rates (i.e. the slope of the blue
line) can be calculated. The bltefactor curve is then determined by integrating ghewth
rates between these twestations which thus define the ratio between thal fand initial
amplitudes: this criticaN-factor is refined by considering all possilefactor curves and
selecting the most-amplified at transition. In a&ide situation, the neutral stability poixt
and the bluéN-factor curve are known for each mode, allowingpbsition of transitiornx. to
be deduced from the critichl-factor.

The €N criterion is simply an engineering tool which cangs the unknowns — the initial
amplitudes and the non-linear behaviour — into paeameter, thé&-factor. Clearly, from
Figures 3 and 4, the linear model involves appl#eiarrors when compared to the real flow,
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but if these errors are typical of all applicatiorms at least well-defined categories of
application, then théN-factor concept is useful. We would expect coregldil-factors to
depend on the following real phenomena:

a) the disturbance amplitudes just upstream ohéwral point;

b) the non-linear processes leading to breakdown.
The receptivity issue, (a) above, suggests thavewdd get differentN-factors for tunnel tests
as opposed to flight tests, and for an NLF (natlamlinar flow, i.e. no suction) experiment as
opposed to an HLF (hybrid laminar flow, i.e. witlic§on) experiment. The breakdown issue,
(b) above, leads us to distinguish between expeiahecases where transition is either
dominated by crossflow modes, or by Tollmien-Sditiing modes, or by a mixture of the two.
The following section describes how a series ofeexpental investigations have been used to
investigate these different situations.

3 N-FACTOR CORRELATION AGAINST EXPERIMENTAL DATA

Each of the European laminar flow projects has lvea either the design and execution of
a significant experiment, or the analysis of theutes for the purposes bdFfactor correlation.

3.1 ELFIN project (1990-92)

In the ELFIN project, two experiments were conddctenatural laminar flow (NLF) flight
test using a glove on a Fokker 100 aircraft, anldylarid laminar flow (HLF) test in the
ONERA S1 wind tunnel. Both of these experimentsenamalysed using local theory during
the ELFIN Il project. The F100 tests have beendhghly reported in the literatréwith the
following conclusions:

a) The envelope strategy, (D) above, was found to giusefulN-factor correlation when

including compressibility and curvature effects.

b) None of the other single N-factor strategies, (#ptigh (C) above, were found to be
particularly better than any of the others. Thdysalfered from ‘pathological’ test
cases (30 out of the 60 analysed) where transitienrred downstream of tiefactor
peak and, in some cases, in a region wheng-tdktors were decreasing.

c) For the twoN-factor strategy, options (B) and (C) were foundb® effectively
equivalent for determining crossfloiN-factors Nc.. The twoN-factor strategy also
suffered from ‘pathological’ test cases.

Clearly, conclusion (a) is now challenged by thedathinking on whether or not curvature

terms are rational at the level of local stabilitgory.

3.2 ELFIN Il project (1993-96)

The ELFIN HLF tests were designed to give a monotancrease inN-factor for
correlation purposes, so a new tunnel model wagiues and tested during ELFIN Il with the
intention of maximising the extent of laminar flavailable from the HLF technique. The
ELFIN Il model is shown schematically in Figuresuadd 6. Suction is applied at the leading
edge up to 20% chord, representing the part ofsimg ahead of the front spar, to control
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crossflow instabilities. Aft of the front spar tlfigel tank prevents the installation of suction
ducting, etc., so the wing section is designedeiwegate a favourable pressure gradient that
reduces the amplification of Tollmien-Schlichtingwves and thus delays transition.

DV3at75% —> 4
CP6 at 70%

CP5 at 62.5%

CP4 at 55%

DV2 at 50% =
CP3 at45%
CP2 at 37.5%

4500 mm

18 Suction Chambers Upper Surface
51 Suction Sub-Chambers .

CP1at30%
DV1 at 25% =

ol b
! i NN E N a7 [4e [0
1’ i
[ 2250 mm ——"l Lower Surface

Figure 6: ELFIN Il HLF wing suction chamber and

Figure 5: ELFIN Il HLF wing instrumentation
sub-chamber layout.

layout. Pressures were measured at DV stations and
transition locations at CP stations using infra-red
imaging over the shaded area.

We first present one of the limitations of the dope integration strategy (D) which
becomes apparent for HLF applications. Figure 7wshtiow theN-factor at transition
changes directly with the applied suction rate.sTbccurs because the envelope strategy
combines crossflow and Tollmien-Schlichting amphtion rates: the effect of crossflow
stabilisation by suction is thus felt by the traiosi N-factors even though the crossflow
modes may play no part in the transition procepscfal treatments for this effect have been
suggestetf which involve including the averaged propagatidreation in the N-factor
correlation, but this may be a complication tooftaradoption by industry users.

The approximate equivalence between strategiesa(il) (C) for calculating crossflow
N-factors, observed in the F100 flight tésStsalso applies to HLF experiments, as shown in
Figure 8. This twdN-factor strategy has been used for the remaindéneofELFIN Il HLF
wing analysis to save time: calculating all modsma strategy (C), for example, would take
four times as long. However, one would expect tosgailar results from such an approach:
as well as théNce equivalence, strategy (C) can be used to analysgesnwhich are close
enough tay = 0° that theNrs-factors are indistinguishable.
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0.15 m/s ELFIN Il HLF tunnel tests.

3.3 Compressibility effects; sensitivity to Mach nmber

The geometry and the suction requirements of thEIELI wing were designed with
incompressible stability theory because, at thaetimost of the previous NLF and HLF
experiments had only been evaluated with incomgesstability theory. Compressible
theory was used only occasionally in more fundaalemvestigations. Even today many
experiments have not yet been re-evaluated withpeessible stability theory, for example
the ELFIN | HLF tests in the ONERA S1 tunnel (1992)order to provide data for the future
application of compressible methods, the ELFIN Xpe&riment was evaluated with both
incompressible and compressible theory. As obsebyednany researchers, the effect of
including compressibility terms is to reduce thepéification rates of TS waves, whereas the
amplification rates of crossflow modes are lesedéd. The important point for design
application is whether compressibility improves tloerelation with experiment.

In Figures 9 and 10 we present a comparison ofnipressible and compressikiefactor
correlations. Figure 9 shows the mean value otteelated\rsfactors computed for each of
the five Mach numbers used in the tests. All calsage been considered except pure
crossflow cases with an value of an incompresd\siebelow three. The mean values were
computed from a single case with= 0.5, eleven cases wikh = 0.6, five cases withl = 0.7,
two cases witiM = 0.78, and eleven cases with= 0.82. We observe that the differenceéin
increases slowly with the Mach number. This trewtd$ for all except the highest Mach
number, for which the difference becomes somewdrgel. Figure 10 contains the correlated
N-factor pairs obtained with incompressible and caragible stability theory. At first glance
it seems that the band containing the compresgialies lies completely within the
incompressible band. This would not be in line wphevious experiments for which

10
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compressibility reducessfactors by significant amounts but leaves thefactors relatively
unchanged. A closer inspection shows that thi¢sis the case for this experiment. The trend
towards the bottom left of the Figure is causedchges with higher Mach numbers, as
indicated by the black arrows. The shortest arrowtiee left belongs to the case with the
lowest Mach number of 0.5, the two other arrowsdees with M = 0.82. Furthermore, the
inner edge of the band is not much moved towardslemN-factors for pure crossflow cases.
The Ncfactor for the crossflow case with lowast-factor is reduced from 5 to 4.3: a shift of
this size was expected from previous experiments.

9 16
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Figure 9: Difference betweemmpressibland Figure 10: Ncr, Nrg) pairs fromcompressibleand
incompressibldNrsfactors with increasing Mach incompressiblanalysis. ELFIN Il HLF tunnel tests.

number. ELFIN Il HLF tunnel tests.

3.4 Sensitivity to Reynolds number

In Figure 11 we plot compressible and incompressiisfactors against Reynolds
number. Again we see that the cases with the snwlapressiblé\-factors are the ones with
M = 0.82. In this figure, we also include the lineagression lines for the incompressible and
compressible values. The ‘incompressible’ regresfiite is closer to the horizontal than the
‘compressible’ one, i.e. the incompressibhl¢actors are more universal than the compressible
ones. The same behaviour was observed for the ATHigi8 experiment®. In Figure 12 we
plot the correlated crossflolN-factors for all cases withice > 3 against Reynolds number.
The sensitivity to Reynolds number is much smaitertheseN-factors. Interestingly, the
latest A320 fin experiments show a completely défé Reynolds number trend for
Nrsfactors. The difficulty with drawing conclusions about Maand/or Reynolds number
sensitivity from the ELFIN Il tunnel test data et the two parameters are not independent of
each other.

11
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3.5 Comparison between ELFIN | and Il tests

Comparisons of these wind tunnel results with thevipusly obtained results from the
ELFIN Fokker 100 flight tests are shown in Figuré8 and 14. We see that, with
incompressible as well as compressible instalitigory, the correlated wind tunngifactor
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Figure 13: Comparison between incompressible Figure 14: Comparison between compressible
N-factor pairs obtained from theLFIN Il HLF N-factor pairs obtained from tHeLFIN Il HLF
tunnel tests and tHELFIN | F100 NLFflight tests. tunnel tests and theLFIN | F100 NLFflight tests.

pairs lie inside the band df-factor pairs obtained from the flight experimentisligenerally
believed that this behavior is caused by the ladigiurbances in the oncoming free-stream
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encountered in the wind tunnel. These, in turnegate instability waves with larger initial
amplitudes which will induce earlier transition. isl® lowers the correlateld;sfactors, and
the vorticity generated by the wind tunnel gridduees the correlateéd.~factors.

Comparing the incompressible with the compressilksults, we notice that
compressibility reduces the difference betweendheelatedN-factors much more for the
Nrsfactors than for thélc-factors. However we should keep in mind that commgsan NLF
flight test with an HLF wind tunnel experiment istrstraightforward: in the HLF experiment,
the suction panel acts like a rough surface, cgusirger initial amplitudes for the stationary
crossflow vortices. At this point, we cannot knowether the difference in thé~factors is
caused by the difference in the environment orheydreater surface roughness in the HLF
experiment.

Case 429ou: beta 3000 per m, f 0 kHz.

16.0 T : . : : : ,
Non-loc (u)
14.0 - Non-loc (v) ------ .
Non-loc (u) w/o curvature -------
Non-loc (v) w/o curvature -

Local ———-

12.0 -

P4
1
07 08
x(m)
Figure 15: Comparison between incompressible Figure 16: Effect of non-local terms on crossflow
N-factor pairs obtained from theLFIN Il HLF N-factors. ELFIN | Fokker 100 NLF tests.

tunnel tests and tHeLFIN | HLF tunnel tests.

In Figure 15 we present the correlatédactor pairs of the earlier ELFIN | HLF tunnel
experiment obtained with incompressible stabilitgdry. They compare well with the new
results. TheN-factor pairs from both HLF-experiments match walen though the former
ELFIN | HLF experiment used a different type of gsare distribution. In addition to the
differences in the pressure distributions, difféteoundary layer and stability codes were used
for the stability analysis experiments. Becauseyoah incompressible analysis was
performed, no comparisons using compressible theembe made.

3.6 Non-local theoryN-factors

Not mentioned so far is the analysis of both thkkEo 100 NLF tests and the ELFIN I
HLF tests using non-local, linear theory during EHeROTRANS projecf. The first task in
EUROTRANS was to validate the various non-localesdhich were available in Europe,
but the focus then moved on to the differences eetmocal and non-local (linear) theory.
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Non-local theory was originally applied to improtlee prediction of the critical Reynolds
number (the neutral stability point) for the Blasiboundary layer. Practical application to
N-factor calculations, however, suggested that TielrSchlichting N-factors were only
slightly changed by the retention of the non-lotaims. This is not true of crossflow
N-factors, particularly when investigating curvateféects which can only be correctly treated
with non-local theory. Figure 16 illustrates therpaising a typical stationary crossflow mode
taken from one of the F100 test cases: here welsgethe effect of the non-local terms
(excluding curvature) are of the same order asctireature effects, andct in the opposite
mannerin terms of amplifying or damping the mode. Foliogvthese investigations it is now
clear that the only correct treatment of curvatumest involve a complete non-local analysis.
Figure 16 also illustrates the differeNtfactors obtained from considering thevelocity
(normal to leading edge) orvelocity (parallel to leading edge) perturbations.

Overall, the non-local theory results in lower aftmv N-factors than the local theory, as
shown in Figure 17. In this case the peak crosstfactor (upstream of 15% chord) is
reduced from 7.5 to 4.5 while the peak Tollmieni®titing N-factor (downstream of 15%
chord) is increased slightly from 6.0 to 6.5. Ntheat a special local calculation has been
carried out, using integration strategy (C) andlawg all unstable modes (of which only a
few are plotted). This work was conducted withia UROTRANS project for the purposes
of comparison with non-local theory, as discusseskiction 2.3.

F100 lot 3270u EUROTRANS F100 DATA POINT 3270U

CoDS compressible N-factors

for various {f, beta} combinations (kHz, k/m). Non-local N-factor envelopes.

T T T T T Envelope 10 T T T T T N(uymax ———

N(v)max ------

N(m)max -------
N(E)max -

8 F - X/c (tr) e

Local N-factor
N-factor (q)

0 0.1 02 03 04 05 06

Figure 17: Local (integration strategy C, all mgdasd non-locaN-factors (maxima only) showing the reduction
in crossflow amplification near the leading edgeFE | F100 case 3270u.
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F100 lot 4610l EUROTRANS F100 DATAPOINT 4610L

CoDS compressible N-factors

for various {f, beta} combinations (kHz, k/m). Non-local N-factor envelopes.

T T T T N(umax ———

14 - o N(v)max
58,40 ------- N(m)max

;5.0 e N(E)max

x/c (tr)

8735 e

N-factor (q)

Local N-factor
Wi A

36:03 - -

0 i i i i
0 0.1 0.2 03 04 05 06
x/c

Figure 18: Local (integration strategy C, all mgdasd non-locaN-factors (maxima only) showing only minor
changes in either crossflow or TS amplification ABIL | F100 case 4610l.

The effect of the non-local terms on crossflewactors is not consistent across all the test
cases, as shown by Figure 18, which shows vetg littange to th&l-factors in either the
crossflow-dominated regions or the TS-dominatedbreg This suggests that non-local theory
may have some impact on thier scatter observed in Figures 12 through 15 andthiesé is
scope for a systematic re-evaluation of crosst\bfactors using non-local theory.

Some ELFIN Il HLF cases were also analysed using-lacal stability during the
EUROTRANS project, but for the majority of thesses the crossfloM-factors were greatly
reduced by suction and the effects of the non-ltarahs were small. However, suction system
design may prove to be an important area of apicdor non-local methods, as discussed in
section 4.

3.7 Pathological cases

The F100 data point 3270u, illustrated in Figure W@@s selected for analysis during the
EUROTRANS project because it qualified as a ‘paibmal’ case, where transition occurred
behind the pealN-factor and, in fact, in a region where all modes stable according to
linear analysis. Non-local theory has failed tord®this situation, although the crossflow
N-factors towards the leading edge of the wing weduced by 40%. These pathological
cases require further attention from those devefppnore advanced transition prediction
tools'? since most practical HLF designs would appeaaliirito these categories. This does
not mean that linear methods have no future ingtesvhat is required is an understanding of
the limitations of linear theory, with referencectancepts like those shown in Figures 3 and 4,
so that it can be made more reliable.
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3.8 Recent experiments and analysis

The analysis of the ELFIN Il HLF tests has onlyewrity been completed as part of the
HYLDA project (1996 —1999). Other investigationsréad out during that period include the
HYLTEC project (1997 — 2000) and the Airbus Indigst8E/LaTec project which saw the
successful flight test of an HLF system on an AB&& Some of these flights were funded by
HYLDA, which has also funded a few additional teststhe ELFIN Il tunnel model in order
to maximise the return on investment. These mocenteinvestigations and the associated
analysis are now beginning to concentrate on mdvareced aerodynamic issues, such as the
correlating theN-factors of non-local stability methods, and preadtiexperimentation with
more realistic suction distributions than the orezpiired forN-factor correlation.

4 LINEAR STABILITY METHODS FOR DESIGN

Although much of the previous HLF design work wased at experiments which would
provide useful data for correlating-factors, recent activities within the HYLTEC proje
have studied the design of HLF systems which miighsuitable for commercial application.
These will be characterised by a greater emphasisystem simplicity and reduced mass
flows and pumping requirements, and the changedymgshilosophy will place further
demands on the use of linear stability andethiechnique.

Figure 19 illustrates the results from one of tadyeHYLTEC design exercises to retrofit
an HLF system on the A310l-factors are presented for a sample operating pint 0.8,
Re= 30 million (based on the wing chord at 60% sepan) andC. = 0.7: suction has been
applied up to 20% chord so as to suppress comyplttel growth of crossflow instabilities.
This approach is similar to a number of experimledidda points measured during the ELFIN
I HLF tunnel campaign, but it expensive in termfssoction system complexity, power
requirements and weight.

Figure 20 illustrates the opposite extreme, whglo reduce the suction rate until the
crossflowN-factors are just below the critical value (takerbe 8 in this case). However we
are now faced with the risk that this is now a phibical design where linear theory will fail.
So a compromise solution is offered in Figure 2hjcl requires an intermediate amount of
suction. This design was produced by constrainiregg haximum crossflovN-factor to be
below a certain value. But what should this val@® Would it be different if a non-local
analysis had been carried out? Both of these aqumesstivill impact upon the suction system
specification and must therefore be answered ihdurresearch, using advanced methods,
but which will allow thee" technique to be used with increased confidencddeign.

Finally we must briefly mention rapid or databasetmods derived from linear stability
analysis. These methods are described more fidénddere in this CongreSs The ability to
complete a large number of HLF design iterationa ieasonable time, and future prospects
for integrating HLF design with mainstream aerodyiatools, rely on the development of
fast, database-type techniques for transition ptiesi. These methods must be carefully
correlated against linear stability analysis.
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HYLTEC 2.2.1. A310 wing case h (u); suction arrangment t7e.
CoDS compressible N-factors for various {f, beta} combinations (kHz, k/m).
T T T T T

10 -

Local N-factor
>
T

0.5 0.6

Figure 19: locaN-factors for an A310 retrofit design with crossflgnowth completely suppressed.

HYLTEC 2.2.1. A310 wing case h (u); suction arrangment t7d.

CoDS compressible N-factors for various {f, beta} combinations (kHz, k/m).
T T T T T Envelope ——

4 F 1 12,40

Local N-factor

0 01 02 0.3 04 05 06 34 05 —

Figure 20: locaN-factors for an A310 retrofit design with crossflgnowth controlled so th@dcr < Nerit.

HYLTEC 2.2.1. A310 wing case h (u); suction arrangment t7a.

CoDS compressible N-factors for various {f, beta} combinations (kHz, k/m).
T T T T 4 T Envelope

0.0;5.0 ------
0.975.0 -+~
1 10745 e
0.8;45 —=—-

12

0.7;4.0 ---

04;:4.0 -

Local N-factor

/ N 1 1
0 0.1 02 0.3 04 0.5 0.6
s/c

Figure 21: locaN-factors for an A310 retrofit design with crossflgmowth controlled so thacr < 5.
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5 CONCLUSIONS AND RECOMMENDATIONS

Recent experimental work has allowed local, lins@bility N-factor correlations to be
derived, for the first time in Europe, for HLF sgsts. Following the analysis of the 3E/LaTeC
A320 HLF fin flight tests a full range of critictN-factors will soon be known for both NLF
and HLF applications and for tunnel or flight camzhs.

A range ofN-factor integration strategies have been evaludteohg the analysis of these
experiments. The envelope strategy, although ¥emgromising for NLF experiments, is not
ideal for HLF design. The spanwise wavenumbereqgra{C) is approximately equivalent to
the wavelength strategy (B) for crossflow modes] &m the wave angle strategy (A) for
Tollmien-Schlichting modes. The differing behaviaifrcrossflow and Tollmien-Schlichting
modes may best be modelled by using a Wwv@ctor approach: a more rapid version of this
approach considers only TS modes aligned with gtereal streamlineNrs) and stationary
crossflow modesNc).

CorrelatedN-factors obtained withncompressiblestability theory appear, thus far, to be
more universal tharN-factors obtained withcompressibletheory, which display some
Reynolds number and Mach number dependence.

The use of non-local theory has demonstrated dfisignt effect on crossfloviN-factors
which warrants further, systematic correlationtefgeN-factors against experiment. If linear,
non-local stability analysis improves the corraatibetween theory and experimental
evidence then it is likely to be adopted for usdesign.

Non-local, linear theory has not resolved the issupathological test cases. These cases
are believed to display significant non-linear bebar a long way upstream of transition,
which invalidates one of the basic assumptionsliredin the application of linear methods
for transition prediction. The authors feel thae thse of advanced non-linear transition
prediction techniques can be used to provide gueiglan the avoidance of pathological
situations in the design of commercial HLF systema,that linear stability theory is today's
best tool for design purposes.

Database methods derived from linear theory carsiderably accelerate the design
process provided that they are validated appragyiaainst stability computations.
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