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Abstract

A prediction method to determine, at preliminary
design level, the aerodynamic characteristics of transport
airplanes in low speed configuration has been developed.
Starting from the aerodynamic data of a clean
configuration, that are assumed to be known, the method
provides the corresponding increases in lift, drag and
pitching moment due to deployment of leading edge or
trailing edge high lift devices (separately or in combination)
in a three step procedure: two dimensional variations,
complete wing and complete airplane.

The analysis of two dimensional cases is carried out
by means of semiempirical models, similar to those ones
reported in literature, but specifically adapted to aft-loaded
airfoils; such feature was an initial requirement for this
work. Lifting surface theory is used to compute lift, induced
drag and pitching moment of the wing, whose airfoil
sections and high lift devices may change along the
spanwise direction in discrete steps. All important
geometrical and aerodynamic variables are considered: wing
sweep, thickness, taper, twist, etc. Raw data are smoothed
of spanwise discontinuities effects. Parasite drag is obtained
integrating and correcting the appropriate values of 2D
sections. Classical flight mechanics relations are used to
determine the aerodynamic characteristics of the complete
airplane, paying special attention to downwash effects at the
horizontal tail.

Introduction

The objective of present work is to compute, within
the accuracy required at preliminary design level, the
variation of aerodynamic characteristics of airplanes due to
deployment of high lift devices. It is assumed that the
properties of the original clean configuration are known.
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Aircraft aerodynamics is very important along the
design process, remarkably in the initial phases, due to its
impact on performances, stability and control
characteristics.

There are four types of methods to predict the
aerodynamic behaviour at low speed’: three-dimensional
analytical methods, of diverse complexity, that may include
real flow effects such as boundary layers, turbulence, etc>*;
two dimensional analytical techniques, mainly used for
calculating potential and viscous flows around multi-
element airfoils or to design new airfoil shapes®'; empirical
and semiempirical methods to estimate variables that are
difficult to obtain by means of analytical treatments, like
maximum lift coefficient;"*"® and carefully performed wind
tunnel experiments.**"

From the viewpoint of the design phases a different
scheme can be envisaged, as shown in Table 1, taking into
account time and cost. According to this scheme, the
preliminary design phase is better fitted to semiempirical
methods, adapted for the particular aspects to be covered
in each study. In the compromise between accuracy in one
hand and time-cost on the other they have clear
advantages's, in a period of quick changes and evolving
configuration.

It is important to notice that numerical methods
usually require the support of wind tunnel measurements to
adjust the parameters appearing in the corresponding
algorithms; in the other hand, however, empirical methods
are only useful for known geometries and can hardly help
in the development of new concepts.

The difficulty of theoretical studies comes from the
detailed actual geometry and the complexity of the flow
around actual wings with high lift devices, because of the
presence of severe discontinuities in the spanwise lift
distribution, as shown in Fig. 1. Such discontinuities have
pernicious effects that increase the total induced drag in
low speed configuration. In real world and in modelling this
can be partially compensated; for example, using the inner
ailerons as flaps.

Most numerical methods have been developed and
adapted to the detailed design phase, since they require a
very precise knowledge of airfoil or wing geometry: actual
flow paths, gaps, etc. Only the inverse methods are
adequate to iterate between some aerodynamic objectives
and an unknown geometry'™?’,

Literature provides a range of errors corresponding
to different methods. Both empirical and simple numerical
treatments are in the order of 5-10%, that are aceptable for
preliminary design. For example, the accuracy in estimating




TABLE 1. Prediction methods in airplane design

Level of Accuracy Computing Type of Type of

design time method computer

Conceptual 7-15% negligible empirical  calculator

Preliminary 5-10% very low semi-emp. personal
Detailed 1-5% reasonable  analytical main
frame

the maximum lift coefficient is around 0.1 or 0.2. But the
ability to predict drag (friction and profile) is very poor’>?
and the same can be said about pitching moment***#
although the least deviations will correspond to small angles
of attack and small high lift device deflections.

With small angle of attack and small high lift device
deflection the accuracy of empirical and simple numerical
methods is about the same. However, when approaching
more complex flow situations these last ones are preferred
for their advantage in accuracy and minimum time-cost
required.

The particular procedure described here has been
developed under contractual agreement with the
Preliminary Design Department of Construcciones
Aeronauticas S.A. (CASA). Initial specifications indicated
that the method should consider complete wing
configurations; and be specially adapted to aft loaded
airfoils, and for some specific high lift devices: plain flaps,
single and double slotted Fowler flaps, slats and Krueger
flaps.

Description of the model

After a detailed review of literature on the topic and
analysis of the different existing approaches for estimating
the afore mentioned aerodynamic characteristics, the
following scheme has been adopted. First, the attention is
concentrated in two-dimensional configurations, i.e. airfoils
with high-lift devices, and their characteristics are
determined using semiempirical methods similar to those
described in ESDU, Roskam®, Torenbeek?, etc; data to
adjust mathematical expressions are mostly taken from
NASA Reports and other bibliographical sources publishing
experimental results on aft loaded airfoils. The three-
dimensional section uses a lifting surface method to
generate the loading along the wing span providing,
accordingly, lift, pitching moment and induced drag
coefficients for the complete wing; the parasite drag is
again computed by means of empirical methods, integrating
the properties of different wing sections. The last section of
the model, based on classical Flight Mechanics equations
and some empirism, gives the complete airplane behaviour.

It must be recalled that the precise characteristics
with high lift devices deployed depend strongly on
geometrical peculiarities (gaps, overlaps, etc) that should
finally be studied and refined in wind tunnel tests'® or with
more accurate methods in later phases of the design.

From the many existing high lift devices, only slats
and Krueger flaps in the leading edge and plain flaps and
Fowler flaps in the trailing edge have been considered,

FIGURE 1. Sketch of airplane in low speed configuration
and downstream flow.

according to the afore mentioned contractual agreement
with CASA. Because of confidentiality reasons, only global
expressions will be presented here.

Two-dimensional sections

The important variables of present study, whose
variations have to be computed, are: lift at zero angle of
attack; lift curve slope; maximum lift; angle of attack for
maximum lift; minimum parasite drag; lift at which
minimum parasite drag is achieved; change of drag with
respect to lift; pitching moment at zero angle of attack;
change of pitching moment with lift. That is, a total of nine
variables.

Lift of plain flaps has been derived from ESDU"
formulations with only some minor modifications, since
those results are essentially valid for aft loaded airfoils. In
its turn, the expressions for Fowler flap, taken from
Roskam®, needed some refinements; particularly to account
for chord extension?*?* and equivalent deflection in double
slotted Fowler flaps'*®%, In all cases the increase in lift at
zero angle of attack can be expressed as

/
ACI, = Cl, o, 8, = @
(4

where «; is an efficiency factor that depends on the
deflection angle, flap chord ratio and relative thickness of
the airfoil.

The chord extension ratio, ¢’/c, appearing in Eq. (1)
is also used as an increase factor in the lift curve
slope’®®#,  Maximum lift is computed with the
corresponding correction factors that include, for example,
the leading edge curvature in the case of plain flaps, p,, as
shown in Eq. (2). As stated above the detailed
mathematical expressions are confidential.

(4
ACL, =f(Re,p,,8,,-L)ACl @
4

The aerodynamic characteristics of airfoils with
leading edge devices have been determined following
ESDU?" indications. The chord extension ratio of slats is
computed according to a circular arc extension mechanism,
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FIGURE 2. Prediction of Clmax for airfoil (t/c=0.17) with
Fowler flap (solid line) and double slotted Fowler flap
(t/c=0.09; dashed line) with corresponding experimental
data; triangles and circles, respectively.

similar to the one used in existing airplanes. The deflection
angles of slats and Krueger flaps are defined according to
their different geometries.

Appropriate correction factors have been applied to
the case of simultaneous deployment of leading edge and
trailing edge devices, following closely again the indications
of afore mentioned empirical methods. It can be argued
that in simultaneous deployment the equivalent chord is

&)

c’=c+Acf+Ac,

and since lift increase depend upon ¢’/c, all contributions
must be recalculated for the new ratio. After that,
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FIGURE 3. Prediction of Clmax for airfoil with slat
(dashed line) and airfoil with slat and double slotted Fowler
flap, with corresponding experimental data.
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FIGURE 4. Prediction of increase in minimum drag of
conventional (dashed line) and aft loaded airfoils (solid
line) with Fowler flaps. '

ACL, = ACL, + ACL, “

ACI 5

i = AClmf + ACL,, - ACI
The small decrease at the end of Eq. (5) is equivalent to a
loss of some few degrees of angle of attack.

Some of the data reported in literature were used to
adjust the parameters appearing in diverse expressions of
the method, and some others to evaluate the accuracy of
two-dimensional estimations of lift. Figures 2 and 3 depict
several comparisons in different airfoil-high lift device
configurations, showing always very good agreement; in
some cases without measurable error, or in the conservative
side.

There are several empirical methods reported in
literature to estimate drag in two-dimensional
configurations, with noticeable similarities to each other.
However, some important variables are not included or its
functional dependence is not properly expressed for aft
loaded airfoils. A common expression has been used for the
two-dimensional polar

Cd=Cdy -p(Cl-ClL,) (6)

Consequently, three different parameters must be computed
for each configuration.

Completely new expressions have been developed for
plain and Fowler flaps. Minimum parasite drag can be
determined in terms of thickness to chord ratio, flap chord
ratio and deflection angle. Typical results appear in Fig. 4,
showing the different behaviour of distinct airfoil types. It
seems to exist a technological factor that produces such
effect. In the case of double slotted Fowler flaps a
deflection larger than the equivalent one must be used, due
to the particular geometry of this flap.

Data reported in literature indicate that the polar
curvature, p, is not changed by trailing edge flap
deflections; and the lift at which minimum parasite drag is
achieved can be expressed as®
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FIGURE 5. Variation of pitching moment due to the
deployment of plain flap (dashed line) or Fowler flaps
(solid line).
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Leading edge devices as well as simultaneous trailing
edge-leading edge devices have also needed specific
treatments, yielding new complex expressions with influence
of device chord ratios, deflections and aerodynamic
characteristics of the base airfoil.

Pitching moment estimations pose some peculiar
difficulties since, in one hand, pitching moment depends
strongly on the specific pressure distribution along the
airfoil chord and, in the other, a precise position is needed
to compute such moment; following the common approach
this point was fixed at c¢/4 although, perhaps, it is not
representative of the aerodynamic centre in Fowler flaps.

Two parameters have been selected to describe
pitching moment variations: increase of pitching moment
coefficient at zero angle of attack, due to deflection of high
lift device; and partial derivative with respect to lift within
the range of interest (from zero angle of attack to around
75% of maximum lift). Torenbeek® and Roskam™
formulations have been used, with minor modifications, for
trailing edge and leading edge devices, respectively; again,
the parameters and variables used to compute ACmo are
the flap chord ratio, full chord extension ratio, deflection of
device, lift coefficient at zero angle of attack and AClo due
to the particular device. Figure 5 exhibits the comparison
with published data. A proper method has been developed
for the case of simultaneous deflections.

Not any method has been found in literature that
may adequately explain the behaviour of the dependence of
pitching moment versus lift, for the particular aft loaded
airfoils of present study. Therefore, again, specific
expressions have been derived for the diverse cases
considered. The main independent variable is the chord
extension ratio, ¢’/c; the equivalent chord being a function
of device chord ratios and deflections. Figure 6 shows
predictions for four different configurations.

The behaviour of plain flap and slat (alone) are easy
to understand, Fowler flaps exhibit a peculiar evolution: up
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FIGURE 6, Variation of the pitching moment dependence
with respect to lift, dCm/dCl, for plain flap (a), Fowler flap
(b), slat (d) and simultaneous slat and Fowler flap
deployment (e).

to certain chord extension ratio the parameter dCm/dCl
keeps its value, and after this threshold evolves like the
afore mentioned ones. If a slat and a Fowler flap are
deployed simultaneously the evolution coincides with the
one corresponding to Fowler flap alone up to the point
where the parameter reaches the value of slat alome,
following this last behaviour from that point onwards.

Complete wing

The objective of the three dimensional integration is
to provide lift, drag and pitching moment coefficients of a
complete wing, taking into account the wing planform and
twist, the properties of airfoil sections and different settings
of high lift devices.

It is clear that empirical methods need a large
amount of matchings and corrections, due to the numerous
possible combinations among variables and parameters>***,
On the opposite side, analytical treatments can provide
fairly accurate results, at least on some of the variables of
interest.

The approach considered here is based on the lifting
surface theory®, that provides values of lift, pitching
moment and induced drag; leaving parasite drag for a
semiempirical final adjustment. Since the scope of the study
is restricted to low speed conditions, no compressibility
effects are included.

A slightly modified Multhopp’s method is used to
compute lift and pitching moment at a number of chordwise
sections, from a set of linear equations satisfying the
conditions at two control points, approximately at 0.34c and
0.9c. The actual wing is discretized into a number of
spanwise sections, within which all features except chord
are kept uniform, as represented in Fig. 7. The grid for
numerical computations is fine enough to reproduce, with
adequate accuracy, all spanwise variations of airfoil type
and high lift device settings.

The wing is defined by means of the coordinates of
several points along leading and trailing edges, that are
both then described as two series of straight segments, If
the base airfoil of a section has a lift curve slope different




FIGURE 7. Discretization (upper half) and actual planform
(lower half) for computations of complete wings.

from 27, the chord at that section is multiplied by Cle/2;
after all appropriate changes, the wing planform is ready for
the lifting surface method.

Once the spanwise lift distribution is known, the
parasite drag of the wing is computed by integration of
local parasite drag values, and then added to the induced
drag to provide total drag for the particular wing
configuration and angle of attack.

Of particular interest is the determination of CLmax
for the complete wing. A lift decrease rate is assumed for
any wing section that is at an angle of attack higher than
the one corresponding to maximum lift. Such rate is large
enough to simulate the spread of the stall zone in spanwise
direction, According to evaluation tests carried out, CLmax
is fairly well defined although the angle of attack at which
it is achieved is not so accurately determined. In the other
hand, due to the modelling used for 2D airfoil behaviour,
drag and pitching moment are computed with lesser
accuracy, although this is not an important drawback of the
method.

Complete aircraft

With respect to the complete aircraft the present
study only addresses longitudinal motion, since this is the
area of most interest. However, some of the results
obtained with the analysis of complete wing could be of
some help in non-symmetric cases.

As indicated in the Introduction paragraph, the
model described here assumes that all aerodynamic
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FIGURE 8. System of forces acting on the airplane.

characteristics of the airplane in clean configuration are
known; and, therefore, only variations of lift, drag,
downwash angle, etc, must be determined.

The balance of forces acting on the airplane
(sketched in Fig. 8) provide the following system of
equations™#333

Ly=L,+L, ®
D,=D,+D,+L e+D, ., )]

0= My *+ L, (g%, ) + Ly gz (10)

Former expressions for lift and pitching moment take
only into account effects of wing, horizontal tail and
fuselage, since within the accuracy required in this study,
other elements have negligible influence. In the other hand,
the last term in Eq. (9) includes contributions to drag from
fairings, nacelles, protuberances, etc, that are roughly
independent of the airplane configuration; ie. high lift
system deployment**,

Wing-fuselage aerodynamics is determined according
to Torenbeek’s method®, from lift, pitching moment and
aerodynamic centre of the wing alone, the geometry of
fuselage and the wing-fuselage relative position, with some
minor modifications taken from literature>®**, In
particular, interference effects of fuselage on flap
performance is assumed to be equivalent to having trailing
edge devices occupying a larger fraction of the span,
augmenting towards wing root.

Downwash on the tail plane is an important matter,
mainly for its influence in drag. However, it is difficult to be
determined since it depends on local effects, like vortex
generators, precise geometry of pylons and nacelles, etc?,
Published methods on downwash estimations are very
seldom, commonly using equivalent flow deflection angles
that depend on wing planform, type and state of the wake,
etc. Even more scarce are the methods that provide the
modifications produced by high lift system deployment. In
the present work Roskam’s method® is used due to its
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FIGURE 9. Lift curves of an airplane in clean (continuous
line), take-off (dashed line) and landing (dotted line)
configurations.

advantages regarding simplicity, usage of variables and
parameters that are compatible with other parts of the
whole method and an acceptable level of accuracy. The
downwash angle is computed as

e=ao+%a+Aaf 1

where the first right hand term (that depends on the lift
distribution at zero angle of attack) is negligible, the second
one is related to the wing-tail plane relative position and
main parameters of the wing (aspect ratio, taper, sweep, lift
curve slope), while the last one varies almost linearly with
the increase in wing lift due to high lift system deployment.

Results

As a test for evaluating the goodness and accuracy
of the method, it has been applied to determine the
aerodynamic changes of a medium size, short haul transport
aircraft, due to deployment of the high lift system.

Main parameters of the aircraft are: aspect ratio
equal to 8, taper ratio close to 0.2, swept angle of the c/4
line equal to 26.6°, minimum drag coefficient of 0.019 and
horizontal tail volume coefficient near 1. The wing has an
aft loaded airfoil, whose main features are: t/c=0.12;
Clmax=1.5; Cla=0.108 deg?; Cdmin=0.007; Cmo=-0.1.

Most of the computations have been performed
assuming that a Fowler flap extends from 10% to 65% of
the wing trailing edge half span and a series of slats occupy
from 10% to 100% of the leading edge. Moreover, the
airplane centre of gravity has been placed in a slightly
favourable position. .

The effect of the airplane high lift system is clearly
shown in Fig. 9. Results corresponding to three different
settings are depicted: namely, clean aircraft, take-off and
landing; in the two last cases with slats and appropriate
deflection angles of Fowler flaps. Although the method is
developed to determine changes in the aerodynamic
characteristics, features of the clean configuration are quite
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FIGURE 10. Maximum lift coefficient of wing achievable
with different high lift device combinations. Plain flap:
continuous line; Fowler flap: dashed line; plain flap and
slat: solid line; Fowler flap and slat: dotted line.

accurately reproduced too; for example CLo around 0.3 and
CLmax above 1.5. The lift coefficient at angle of attack
equal to zero does hardly change when the airplane adopts
the take-off configuration due to the opposite effect of
leading and trailing edge devices. The maximum lift
coefficient increases by an amount of 0.9, mainly due to a
slight increase in the lift curve slope and a noteworthy delay
of the stall angle. For landing, the airplane has an extra of
1.4 in CLmax.

To compare the efficiency of various leading edge-
trailing edge device combinations some tests have been
performed. An example of the results obtained is depicted
in Fig. 10, about which a few comments can be done. The
general appearance is as expected; the presence of a slat is
more effective with Fowler flap than with plain flap since
it allows to keep the gain in CLmax over a wider range of
flap deflection angles. Data of the double slotted flap-slat
combination are not shown for clearness of the Figure, but
they closely follow the ones corresponding to the Fowler
flap-slat setting, having a higher maximum at 45¢ of flap
deflection angle.

The last set of results presented here appears in Fig.
11, with the lift over drag ratio of clean, take-off and
landing configurations of the airplane. Maxima of L/D are
within the common range of this category of aircraft. Of
particular interest is the achievable value of L/D in take-off
setting (above 11.5) because of its relation to second
segment climb requirements. As stated in the description of
the method, the shape and value of the curves shown near
maximum lift are not fully accurate.

Conclusions

The prediction method described in this paper,
developed to determine the aerodynamic characteristics of
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FIGURE 11. Lift over drag ratio curves of complete
airplane in clean (continuous line), take-off (dashed line)
and landing (dotted ling) configurations.

airplanes in low speed configuration, has been proved to
perform adequately with a fairly exhaustive series of tests.
Although some refinements are still needed, mainly for
better adjustments of the parameters of 2D aerodynamics
and the 3D stall behaviour, the results obtained indicate
that the method is a powerful tool for the preliminary
design stage.
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