IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Atkin, C.J. Predicting the mission performance of a retrofit Hybrid Laminar Flow
Control system. Paper presented at the Aerospace Aerodynamics Research Conference,
2002.

This is the draft version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/14202/

Link to published version:

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Predicting the cruise performance of aretrofit Hybrid Laminar Flow Control system

C J Atkin, Aerodynamics Department, QinetiQ Ltdrrifzorough
W J A Courtenay, Department of Engineering, Cangeidniversity
Abstract

A technique is presented for assessing the crs®nmance of an aircraft employing a hybrid lamiflaw control
(HLFC) system. Two-dimensional HLFC designs basedefactor control of chamber pressures are extedpd to a
complete aircraft, leading to a full analysis o€ thotential drag reduction as well as the systemepand weight
penalties. These can remove over 30% of the aeawdigndrag benefit delivered by laminar flow. Simpigpezium-
shaped suction distributions reduce the benefitfatther, but the use of non-local stability metis would suggest a
reduction of nearly 25% in suction requirementgsréasing the net drag benefit by 10%. Modificatitmghe wing
geometry indicate that changes favourable to lamffaw nevertheless introduce unacceptably largevewvdrag
penalties. The most promising direction for futuesearch appears to be extending the extent afubton control
system. Extrapolating the predicted HLFC systenfoperance to the entire wing upper surface, horiabtail plane
and fin would suggest a potential 6%2 - 7% reductibtotal aircraft drag for the A310 at maximuu.

Notation
Co Specific heat capacity at constant pressure Naic Overall aircraft efficiency
CLarc Aircraft lift coefficient Iisen Isentropic efficiency of pumping process

CLwit Lift coefficient of wing-fuselage combination Dhmotor Efficiency of pump motor

u velocity Toft Efficiency of engine power offtake process
h enthalpy Mpump Overall efficiency of pump #FmechX Misen

m suction mass flow rate

M Mach number Subscripts:

T temperature w at the wing surface

p pressure i at the pump inlet

Pr Prandtl number X at the pump exhaust

1% Ratio of specific heats 0 stagnation conditions

o0 in the free stream

1. Viscous drag reduction for an HLFC retrofit aird¢raf

The previously-reported work [2] focussed on theli@ption of robust and automated stability anaysiols to the
design of discrete suction chamber layouts for hridylLaminar Flow Control wingectionbased on the concept of N-
factor control targets. The objective of the préstady was to extend the analysis to a three-déimeal wing and to
assess the potential drag reduction for the commplietraft.

1.1 OQutline of the approach

Since the methods used for HLFC design are stilf weuch restricted to quasi-two-dimensional flowsigite-yawed
or swept-tapered wings) the coupling of these maghwith a fully three-dimensional CFD method was camsidered.
Instead, use was made of an existing 2D-to-3D niefipdeveloped at QinetiQ to construct a threesatisional wing
model from a database of quasi-two-dimensionalltsfis with previous work [2] it is assumed thlaé tbehaviour of
the outer part of the wing can be modelled usismgle representative wing section, Figure 1.

Unlike the previous studies, the effect of the IngdC, sec and Reynolds number variation along the span mustbe
taken into account. In principle (for the fully-hulent case) Reynolds number dependence can ltedresing simple
power laws to scale the friction, form and wavegdia this way the variation of the flowfield alotige wing span can
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be obtained from a single lift-drag polar for tlederence wing section. When there is a significagton of laminar
flow the drag varies with Reynolds number in a tvial way. However the same 2D strip approach barfollowed
by calculating a series of polars for HLFC sectianglifferent Reynolds numbers — Reynolds numbasisigity is
then obtained from a database of results ratherftioan simple power laws.

Variation in overall aircraft lift coefficientCa Can also be accommodated in this way without &mther
calculations, but variations in cruise Mach numbesuld clearly require the calculation of additionpblars.
Additionally, because of the presence of the sactigstem, the influence of altitude is more comglean a simple
Reynolds number effect, so the 2D-to-3D analysigldidave to be repeated for different cruise aléts

1.2 Transformation to 3D

The first step of the transformation process iantalyse the baseline (turbulent) configuration givan cruise altitude
and Mach number. The representative wing sectiost ibe transformed into an 'equivalent’ two-dimenai@erofoil
prior to calculating a 2D lift-drag polar. (The 2fscous full potential code “BVGK” was used in tpeesent work:
BVGK not only calculates the 2D flowfield but alsietermines the lift, pitching moment and drag doeffts, the
latter decomposed into friction, form and wave d@@mponents.) At this stage, transition is set %t dhord
representing a standard ‘turbulent wing' design #ied2D Reynolds number is set to a typical midasgalue.

The 2D-to-3D transformation code uses a simpleirmitdf the wing and fuselage planform geometry éfing the
spanwise distribution of section lift coefficie@t sc and Reynolds number for each of a series of wirsglhge lift
coefficientsC_ ws. At each spanwise station the 2D lift-drag potaused to determine the local pitching moment and
drag coefficients corresponding to the lo€alses With transformations to and from the equivalemo-dimensional
flow being invoked as required. The turbulent dcagfficients are scaled using simple power laws&ich the local
section Reynolds number.

The sectional pitching moment and drag distribigiane then integrated over the span to give vdiuethe wing-
fuselage combination. These are then corrected remalby for additional factors, such as wing-offcaimterference
drag, tail area and tail arm, to give overall cméhts for the trimmed aircraft. Repeated analysedifferent values of
CLwi vield a final lift-drag polar for the complete @iaft, Cp,ac versusC ac. Clearly there is a degree of empiricism
built in to this approach, but the important pagthat, by following the same procedure for thel@Lcase, a sensible
comparisorcan be made between the turbulent and HLFC aircraf

The 2D-to-3D transformation procedure is modified HLFC cases as follows: at each spanwise statf@ncode
determines whether the section is inside or outideHLFC spanwise range defined by the user. t§ide this range,
the code uses the fully-turbulent 2D polar as hetorcalculate the correct pitching moment drag @vefficients for
the local section. If inside the HLFC range, theemakes use of a database of additional 2D HLH&rgosupplied
by the user, to obtain coefficients appropriat¢he local sectional Reynolds number. The HLFC molae calculated
in the same way as the turbulent polars with tteorsset further aft: the precise transition pasitis obtained for each
2D case from the HLFC chamber design tool [2]. &pplication of the chamber design procedure tthake cases is
the expensive part of the analysis. Since each w@tibn of chamber layou€ se; Reynolds number, Mach number
and cruise altitude requires a separate sectioh&CHanalysis, a certain amount of scoping mustdigedo establish
the minimum number of combinations required foregetable accuracy. This is discussed further below.

1.3 HLFC analysis

Purely from the point of view of efficiency, sonimits have to be applied to the size of the datalzd<2D flows used
in the analysis of each configuration. The follogviconstraints were applied in the present work, seemed to limit
the effort involved in the analysis without compiisimg either the accuracy nor the significancehef tesults. First, a
fixed chamber layout (i.e. chamber positions scaliith local chord) was imposed for a given confaion. Second,
following a thorough investigation, it became clehat the minimum number o sec Values required to resolve
adequately the 2D lift-drag behaviour was as semffour (including a zero-lift case which coulddmmmon to both
turbulent and HLFC polars). Third, spanwise vaoiasi in Reynolds number were treated by calculativigrs at only
two spanwise sections, the inboard and outboarémes of the HLFC region, and using simple inteafioh to obtain
results for intermediate values. Fourth, the crivtech number was fixed at the design value for AB&0 aircraft,
namely 0.8. Fifth, as with local Reynolds numberiation, altitude effects were handled by analysieach
configuration at two extremes of altitude, typigall0,000 ft apart. This gave a total of twelve dga®-dimensional
HLFC cases, or four polars (two per cruise altijufler each configuration.

The chamber design tool [2] was used to determigender pressures, mass flow rates and an upp&ceuransition
position for each of these twelve cases. The redusurface pressure distributions were obtained fie initial, fully-
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turbulent polars. As an experiment, some of théaserpressures obtained from the HLFC polars &fter delayed
transition positions had been determined) wereaubewnitted to the chamber design tool: the effecttensuction rates
and transition positions was small (less than E)t was not felt necessary to standardize onpttusedure.

1.4 Results at maximum lift-drag ratio

The following paragraphs present the results ferabrodynamic analysis of the A310 aircraft withaat-span HLFC
retrofit (between 50% and 90% semi-span ) on theywpper surfacenly. First of all Figure 2 illustrates the varat

of C_secalong the span of the wing at an airci@ftyc close to maximunk/D. Note thatCi secis here based docal
wing chord — a distribution based anean chord would be more obviously recognizable as arlpeelliptic
distribution. Here the loading was determined friooth elliptic loading and wing-root bending momeaquirements.
The purpose of the figure is to highlight the meatue of C_secin the 50%-90% semi-span range of about 0.58. This
value was chosen for the sectional lift-drag polateng with 0.46 and 0.70, some 20% above andibéits mean
value. Pressure distributions for these three ¢mmdi are illustrated in Figure 3.

The spanwise distribution of drag reduction is shawFigure 4, this time non-dimensionalized witean chord rather
than local chord. The observed reduction in visainag over the HLFC span (about 20%) is consistetiit a rough

estimate of 0.3 (delay in transition of 30% choxrdD.67 (the proportion of viscous drag associateith wie upper
surface)= 0.2.

Finally, the overall effect is summarised in Fig@revhich focusses on the area around maximum Lt actual
values of L/D cannot be published, but the diffeeemepresents an improvement in maximum L/D of %58- this
from laminarization of about 8¥%2% of the wing upperface. The results below were obtained at 29f0Gfe drag
reduction at 39,000 ft is similar, but the ovegattraft drag coefficient is slightly greater, ahé net benefit is 1.46%.

2. Pump drag analysis

The next task is to estimate the suction systemepaequirement and the effect on the overall aftqgrarformance,
preferably in terms of an effective 'pump drag'e Bmalysis focusses on a control volume which eesldhe pumped
air from its initial state, in some notional straabe ahead of the wing, to its final state as draaxt jet, Figure 6.

2.1 Pump power consumption and exhaust thrust

If the pumping process is adiabatic, the steady femergy equation yields the following expressiemreecting the
enthalpy rise with the pump shaft power, mechareffidiency and suction mass flow rate:

_ _1N
oy =My = Cp(TOx —Toi ) = n;:Ch Pohat 2-1

T'ox, theisentropic total temperature at exhaust, is defined by tratiom

Tox ~Toi
isen = - o 2-2
Tox ~ Toi

and yields an expression for the change in toedqire:

r r
p Toy | V-1 T, y-1
ﬁ = (&j = 1 + nisen(& _ j 2_3
Poi Toi Toi

so that, substituting into equation 2-1 and expagthe total pressure at exhaust, we obtain

y-1

e, Toi v -
Pshatt = b o (&J 4 (1+—y 1ij_1 2-4
/7pump Poi 2

where the isentropic and mechanical efficiencies @ambined into a single value for the pump. Noe #xhaust
stream is considered some distance downstreaneaygtem such thak = p«, So that the resultant thrust force is then
equal to the rate of change of momentum of the air

Fpump: ﬁ(ux _uca) 2-5
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2.2 Net pump drag
For a standard aircraft the power consumption uriseris related to drag as follows:

P _ Us Daero
alc ™~
Nalc

Including the power requirement and thrust effé¢che HLFC suction, the modified power consumpti@romes

2-6

. Ug (Daero - Fpump) Pshaft _ Ueo (Daero + Dpump)
Pare = + - 2-7
Narc Mot T motor Naic
whererorr and/Jmetor cOVer losses in the power offtake and pump diRearranging foDpump the ‘pump drag’,
P
Dpump: _Maje  Tshat _ Fpump 2-8

Nott Mmotor  Uoo

Substituting equations 2-4 and 2-5 into the aboyeession and putting = p«, gives:

{na% } . ye1
e T _
i [&j ! (1+—y21ij—1 ~ri{u, -~ u,,) 2-9

D =
pump
u Poi

M motor? pump

[

The most obscure quantity in equation 2-9 is thegymfftake ratio jad70r]. The aircraft efficiency is defined as

u,, Thrust
Naje =~ 2-10

rhfueIQ

whereQ represents the calorific value of the fuel, while offtake efficiency is defined as

Poff
Mot =——— 211
° AmfueIQ
so that
Am
Tarc - U THIUS! Miuel _ . Thrust 25 2-12
ot Poff Myyel SfCPoff

where the factor in square brackets, the changpenific fuel consumptiors{c) for a particular level of power offtake,
seems to be the industry-standard method of defioffiake performance.

2.3 Results at maximum lift-drag ratio

The key parameters in determining the pump draglpeare the total mass flow rate and the incréagetal pressure
required from pump inlet to pump exhaust. Thesentiiies need to be determined from the series oH2BC section
designs used in the prediction of aerodynamic pedoce above. Although the resulting suction chanmbenum
pressures were by no means uniform, the presenysimavas simplified by assuming that the streammnf all
chambers would be throttled down to the lowest comipressure. The problem Gf sec variation across the span was
mitigated by the fact that, at the lower valueiftfdoefficient, both chamber pressurasd mass flow rates were lower
— the converse being true at the higher valu€,gf; The resulting variation in pump drag was less th%o, so that
the mass flow and chamber pressure figurefaec= 0.58 were taken as representative of the whahg.wFinally,
Reynolds number variation across the span wasttdataveragingthe local values of mass flow rate at mid-span and
tip, while taking theminimumof the chamber plenum pressures.

Pump and motor efficiencies were obtained by coimpashaft power and negative thrust figures (equsti2-4 and
2-5) with data generated for the HYLTEC projectAgA Gauting ([3], [5]) — this also provided an oppmity to

validate the trends given by these relations, whieliched the performance of the real componenisalesely. More
difficulty was encountered in finding figures fdret relative power offtake efficiency, but the valged7.1] = 0.8 was
used in the present study (i.e. power offtake vessimed to be more efficient than the propulsivegss).
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Using equation 2-9 above with an exhaust Mach nundfe0.2 (recommended during the HYLTEC project as
providing a good balance between pump drag peaaltlyadditional size and weight, [5]), then the puirgy penalty
for a six-chamber layout designed using the appragsscribed in [2] is 0.24% of total drag at maximi/D, Mach
0.8, 29,000 ft. This compares with the aerodynasinég reduction of 1.58% — so that the pump dragfpgmeduces
the HLFC benefit by about one sixth.

The pump drag analysis provides a useful quantdatbmparison between the chamber-based suctidensydesign
proposed by the author, Figure 7, and a chambeutayhich aims to reproduce a simple trapezium-statistribution
of suction, Figure 8. Although the correspondingdalstor distributions, Figure 9 and Figure 10, bsdtisfy the same
N-factor control requirement, the latter approaebuires nearly 50% more mass flow (which does mprove the
transition position), and the positioning of a cliemunder the upper surface suction peak meangtbatequired
pump pressure rise is also greater. The calculpitedp drag for the trapezium-suction distributiomehamounts to
0.40% of total aircraft drag at maximuo'D, over one quarter of the HLFC benefit.

A popular issue among the HLFC research commusitthé optimization of exhaust Mach number to redilee
overall pump drag. In the case of unit efficiencithe classical optimum condition in which the exdtavelocity is
equal to the free stream velocity can be derivesilyefrom equation 2-9. However the effect of lasée the system is
to flatten considerably the minimum in the pumpedvarsus-exhaust-Mach-number relation. Thus, femg)e, the
pump drag penalty for the A310 case discussed alsd¥24% at an exhaust Mach number of 0.2, batdhly drops to

a minimum of 0.22% when the exhaust Mach numbarcieased to 0.63 — this is assuming the pumpieffay to be
independent of exhaust Mach number, which may edhbk case [5]. Since the overall impact of pungmds rather
small —for a well-designed system optimising exhaust velocity from a perspectiveldig alone may be misleading
since the exhaust velocity requirement also detemihe size andeight of the required pump. These factors would
impact significantly upon the ease of installatéanwell as the overall aircraft aerodynamics.

3. System weight considerations

One remaining factor to be considered is the wepgmalty associated with the ducting, pump androbequipment
required for the suction system. Since the presemk is concerned with changes in drag, it was gidwseful to
express the suction system weight estimates olstalngng the HYLTEC project [3] as additional dragnalties. This
was done by considering the lift-drag trade-offraximumL/D:

Am C Leruise

AC pepjise = Teee [UDL 31
eruise mcruise L/D cruise

Applying this relationship to the weight figuresated in [3] suggests that an additional penalt@.@0% total aircraft
drag should be taken into account when assessigwuérall impact of the HLFC system. For the baseA310, the
aerodynamic drag reduction of 1.58% then becomest arag benefit of 1.14%. For the case of theezapn suction
distribution, assuming that the system weight scaligh the suction mass flow rate, the net bengfinly 0.89%.

4. Effect of constrained design modifications on HLp&formance.

In addition to the analysis of an HLFC retrofitttee baseline A310 wing, an investigation was cotelliinto a number
of modifications to the wing section and their effen the performance of both the turbulent and Elzkrcraft.

4.1 Wing geometry modifications.

The following geometry modifications were tested:

a. a reduction of 2in leading edge sweep;
b. a reduction in nose thickness given by equation @atl
C. a positive 'flap' deflection given by equation 4-2.

The following transformations were used:

X X
) 3 1<02 —=O.8+(7—0.8j*cosc5 X
O forffef]w iR a e STV e
£=01 L E—[E—O.SJ*SinzS =2
c c \c
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The sweep reduction was expected to reduce theatamtquirements for crossflow instability. Bothetlsection
modifications resulted in moving the loading furthedt, reducing the amplification of Tollmien-Sattiting waves
downstream of the suction control region. In allesthe shock was slightly strengthened, as exgecte

The results of these changes are summarised ire Tlablelow. All the geometry modifications resultviave drag
increases which are not negligible compared taHhEC benefit. The other effect of the sweep reducis indeed to
reduce the amount of suction power (and therefomagodrag) required by about 9%, without much impactthe
amount of laminar flow. Since the pump drag penaltyounts to only 16% of the overall HLFC benefiistfurther
improvement is perhaps insufficient to justify tledfort of changing the wing geometry. The nose getoyn
modification has a significant impact upon viscalnag saving since transition can be delayed mudhdy to 38%
chord or beyond. This is due to the more favourgbéssure distribution which, unfortunately, isoaike origin of the
wave drag increase. The trailing edge deflectiahdg very little benefit, except to allow transitito be pushed further
aft if additional suction is applied.

In general, although there is some increase inrlamirea, most of these modifications result imificant wave drag
penalties while making little impact upon the oWedrag balance — certainly not enough to consither cost of
implementing such a geometry modification. Thisirigeresting, and may prove to be a general rulén woday's
advanced wing section designs which are highlyroiged from the point of view of wave drag. Admitigdthe
balance might change if a greater span of the wiage laminarized, but it appears from these stuttiat far more
benefit is likely to come from extending the susticontrol region further downstream than by trytegpursue a
'laminar flow section' design philosophy for futdte FC applications.

Summary of A310 HLFC wing retrofit results
Caseno, Detai |;$§?gaﬁzmﬁry HLF analysis details (_AASE) (PAucr:n[?)) (WAe(i:;ﬂ) A;IIDOE;&)
%total %total Y%total
N — Ty sl s 23000, Va0 |
1L |Baseline Ei:ttv(é:: ;gl;]er ;;J&agsOESTween 50% and 90% semi-spaamsition 1.58% 0.24% 0.20% 1.14%
2T |Reduced sweep As for case 1T. -0.68%
2L  |Reduced sweep As for case 1L. Transition betwédéh -342% chord. 1.12% | 0.21% | 0.20% | 0.71%
3T |Reduced nose thickness As for case 1T. -0.42%
3L |Reduced nose thickness As for case 1L. Trandititween 29% - 46% chord. 1.67% | 0.17% | 0.20% 1.30%
4T  |Negative flap As for case 1T. -0.59%
4L |Negative flap As for case 1L. Transition betwe@ft2 32% chord. 1.09% | 0.24% | 0.20% | 0.65%
4Lx |Negative flap As for case 4L. Transition pushesP4 aft at higher CLs. 1.28% | 0.25% | 0.20% | 0.83%

Table 1: summary of HLFC benefit, pump drag penaltgt net benefit for baseline A310 and various fications.

5. Impact on predicted HLFC performance of aerodynaassumptions and tools

Finally, having seen that the suction system spatibn can almost halve the aerodynamic bengfig interesting to
see how the use of more advanced, though relatwetsied methods would impact upon the design macé&he
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chamber design tool [2] was modified to use thedrig) College PSE method [6] rather than the atatsM method in
use at QinetiQ. The PSE method was used as a Istability tool, producing non-local N-factors, whi were
controlled in the same way as previously. Cleashg of the major issues with linear PSE methodisasthe N-factors
have not yet been successfully calibrated agaixgtrenental data. Non-local N-factors are knowrbéomarginally
higher than classical N-factors for most modesefability, but for crossflow modes in the regidrttee wing leading
edge they predict significantly lower amplificatioates. This is demonstrated by the applicatiorthef modified
chamber design method to one of the HLFC sectise<éC sec Of 0.58 at the mid-span position, Mach 0.8, 29,80
Non-local N-factors are plotted in Figure 11: theae be compared with the classical N-factors gufé 9, and it can
be seen that the N-factor control is broadly similthe chamber pressures in Figure 12 however,dacidedly
different from those shown in Figure 7. The contrefjuirement in the leading edge region has begmifisiantly
reduced, even necessitating a reduction in chasibes to allow the reduced mass flow rates to béwaed. The net
effect is a 24% reduction in mass flow rate andefee pump drag and weight penalties of only 0.18% 0.15% of
total aircraft drag at maximumyD. The net HLFC benefit increases from 1.13% to %2Berhaps a more significant
advantage is that the suction rates near the lgagige are much further from the over-suction Bndiscussed in [2]:
this would mean that the suction system design évimyolve far less risk of failure by over-suction.

6. Conclusions

The HLFC wing section designs of previous studimgehbeen successfully combined, using a 2D-to-8Bsformation
tool, to allow the performance of a complete winghwpart-span HLFC retrofit to be assessed.

For a laminarized area equal to 8%2% of the wingeugprface, an aerodynamic drag benefit of 1.6% &tcraft drag
is predicted at maximur/D. System weight and power requirements suggesttibatet benefit would be reduced to
1.1% total aircraft drag.

Trapezium-based suction distributions would seg Miginefit reduced still further to 0.9%, while te of non-local
stability methods (such as linear PSE) would suggesduction in suction requirements, increashgriet benefit to
1.3% of total aircraft drag.

Modifications to the wing geometry indicate thatanges favourable to laminar flow nevertheless thice
unacceptably large wave drag penalties.

The most promising direction for future design egsh appears to be extending the extent of theéosucbntrol system
in both spanwise and chordwise directions, andtheroparts of the airframe: the surface area stdgeto HLFC
retrofit in the present study amounts to only 18%he combined area of wing upper surface, horibotatilplane and
fin on the A310 aircraft. A similar HLFC performanin all these areas would suggest a potential 8% reduction of
total aircraft drag for the A310 at maximuuD.
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8. Figures
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Figure 1: Wing planform and section illustratingriits of outer wing suction control.
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Figure 4: spanwise distribution of drag reduction. Figure 5: effect of HLFC retrofit on overall L/D.
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Figure 6: schematic of pumped air flow process.
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HLFC configuration "A310.wing.CL2.29.mid.cq7e2’ (u).
Chamber and external pressures; oversuction limits.
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Figure 7: suction system obtained using the chamber
design tool [2].
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CoDS v4.0 compr. N-factors for various {f, beta} modes (kHz, k/m).
T T T 7 T

~
NONDNYWANDNW

Local N-factor
Touoooos
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“n

1 1
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Figure 9: N-factors for A310 HLFC retrofit system
designed using the chamber design tool.

HLFDes case A310.wing, CL3D(2) = 0.58, *29.mid’ section. Suction cq7e6
12 Non-local N-factors for various {f, beta] combinations (kHz, k/m).
T T T T T

N-factor (E)

0 0.1 0.2 0.3 0.4 0.5 0.6
s/e

Figure 11: N-factors for A310 HLFC retrofit system
designed using non-local N-factors.
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HLFC configuration "A310.wing.CL2.29.mid.Trap12’ (u).
Chamber and external pressures; oversuction limits.
N T T
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40.00 |-,
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Figure 8: suction chamber pressures selected toienim
a trapezium velocity distribution.

HLFDes case A310.wing, CL3D(2) = 0.58, ’29.mid’ section. Suction Trap12.
CoDS v4.0 compr. N-factors for various {f, beta} modes (kHz, k/m).
T T T 7T T
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04;:5.0 -

Local N-factor
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Figure 10: N-factors for A310 HLFC retrofit system
using the trapezium distribution in Figure 8.

HLFC configuration 'A310.wing.CL2.29.mid.cq7¢6’ (u).
£5.00 Chamber and external pressures; oversuction limits.
. T T

" Pcham
Pliml -=---- B
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Pwing
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Mass flux 6.65 g/s/m2

s/e
Figure 12: chamber pressures for A310 HLFC retrofit
system designed using non-local N-factors.

22/5/2002



