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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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GENERATION OF GUNACA 23-SERIES OF LOW-DRAG AEROFOILS

1 NOTATION AND UNITS
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S
parameters used in defining GU and GUNACA series
(Sections 3.2 to 3.4)
aerofoil drag coefficient, based on ¢ and free-stream kinetic
pressure
aerofail lift coefficient, based on ¢ and free-stream kinetic
pressure
aerofoil C, at lower limit of design low-drag range,
see Sketch 3.1
aerofoil C, at upper limit of design low-drag range,
see Sketch 3.1
aerofoil zero-lift pitching moment coefficient, based on ¢?
and free-stream kinetic pressure
aerofoil surface pressure coefficient
aerofoil chord m
parameters used in defining GU series (Section 3.2)
Reynolds number based on ¢ and free-stream flow properties
parameters used in defining NACA 6 and 6A series and
GUNACA series (Sections 3.1 and 3.4)
maximum thickness of aerofoil section m
velocity of free-stream m/s

speed of flow tangentia to aerofoil surface at incidence
(o —ag) asfractionof U_

vaueof u, correspondingto (C, ) 1
vaueof u, corresponding to (Cl_)2

chordwise distance aft of aerofoil leading edge, see Sketch4.1 m

ordinate of aerofoil surface measured perpendicular to chord m
line, see Sketch 4.1

aerofoil camber-line ordinate at station x m
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o aerofoil incidence measured relative to chord line degree degree

ag aerofoil zero-lift incidence degree degree

o valueof a correspondingto (C, ) 1 degree degree

o, value of a correspondingto (C, ) 5 degree degree

0 angular co-ordinate of point on unit circle onto which aerofoil degree degree
is mapped by conformal transformation, see Sketch 4.1

K ! see Section 5

‘cos((@/Z)—(oc—oco))‘ ’

2. INTRODUCTION

The purpose of the computer programs, ESDUpacs A9903 and B9903, associated with this Item is the
evaluation of the shape, surface velocity distribution and other aerodynamic characteristics in inviscid
low-speed flow, of any specified GUNACA 23-SERIES aerofoil. The philosophy of the design of such
aerofoils, developed at Glasgow University by Professor T.R.F. Nonweiler, is described in detail in
Section 3. Briefly, they areaset of low-drag aerofoils, produced by using thetheoretical method of Lighthill
(Derivations 1 and 2). Thisprovidesamore precise design technique than the methods that were practicable
at the time when the low-drag NACA 6-series was conceived and exact methods required approximations
to make solutions possible in an acceptabl e timescale.

Section 3introducesthe NACA 6-series and goes on to describe the GU-series of aerofoilsin general terms.
Following this there are descriptions of the specific GU 23-series and the related GUNACA 23-series of
aerofoils.

Section 4 describestheinput for the directed input version of the program, ESDUpac A9903, and Section 5
describes the output. Section 6 describes the screen prompt version of the program, ESDUpac B9903.
Section 7 gives the Derivation and References. Section 8 provides examples of particular cases using the
directed input version (Section 8.1) and the screen prompt version (Section 8.2). Appendix A comparesthe
geometric and aerodynamic characteristics of NACA 6-series and GUNACA 23-series aerofoils. Further
theoretical comparisons are given in Reference 6.

ESDU Copyright material. For current status contact ESDU.

3. LOW-DRAG AEROFOIL SECTIONS

A low-drag aerofail is one that has been designed to provide particularly low drag over alimited range of
lift coefficient. Thisis achieved by ensuring that the airflow accelerates over the forward portion of the
aerofoil for the low-drag range of lift coefficient. Provided the aerofoil surface is smooth, the extensive
favourable pressure gradient inhibits turbulent or separated flow over the forward portion of the aerofoil
and assists the attainment of low values of C,, see Sketch 3.3.

Sketch 3.1 illustrates the experimental drag characteristics of the NACA 65-215 and the NACA 2415
aerofoil sections, both of which have the same t/c. The NACA 65-215 section (a member of the NACA
6-series of low-drag aerofoils) displays alow-drag “bucket”, indicating arange of C, for which low drag
may be attained. The conventional NACA 2415 aerofoil does not exhibit alow-drag bucket. It ispossible,
however, for thedrag of aconventional aerofoil to belessthan the drag of aNACA 6-seriesaerofoil outside
its low-drag range, asillustrated by Sketch 3.1.
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Sketch 3.1 Experimental drag characteristicsat R, = 9x 106

The low-drag bucket exhibited by aerofoils of the NACA 6-seriesis formed by abrupt changesin Cpy at
two valuesof C; which mark the extremities of the low-drag region. These largeincreasesin C, aredue
to the development of an adverse pressure gradient over the forward portion of either the upper or lower
aerofoil surface, and are characterised by alarge forward movement of boundary-layer transition position.
The upper-surface boundary layer becomes extensively turbulent when C, - exceeds the upper limit of the
design low-drag range, (C,),. Conversely, the lower-surface boundary layer becomes extensively
turbulent below C, = (Cl_)1 , the lower limit of the design low-drag range.

31 NACA 6-Seriesof Aerofoil Sections

The NACA 6-series was developed in 1949 using an approximate design method, with the objective of
obtaining desirable characteristics for the drag, critical Mach number, and maximum lift (Reference 4).

ESDU Copyright material. For current status contact ESDU.

The designation number of each section (apart fromtheinitial “6") describesits geometric and aerodynamic
characteristics. If the designation is given the general form NACA 6r-stt then;

r The first integer “r” following the 6 indicates the extent in tenths of the chord of the region of
accelerating flow (which is therefore the front half-chord for the NACA 65-215). Increasing the
extent of the accelerating region makes the low-drag bucket deeper but narrower (and conversely,
decreasing it makes it shallower but wider).

S The integer “s” following the hyphen denotes the lift coefficient in tenths in the middle of the
low-drag range. Thisis referred to as the aerofoil design lift coefficient (Reference 4) (and is 0.2
for the NACA 65-215, see Sketch 3.1). Anincrease in design lift coefficient requires an increase
in aerofoil camber.

tt Finally, the last integer “tt” denotes the thickness of the section as a percentage of the chord (and
so the NACA 65-215 has a 15% thickness/chord ratio). Increasing the thickness widens the
low-drag range.
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Toillustrate these points the drag characteristics of three NACA 6-series aerofoils are shown by the curves
in Sketch 3.2. Comparison of the drag characteristics of the NACA 64-215 and NACA 65-412 aerofoils
illustrates that an increase in the extent of the favourable pressure gradient combined with a reduction of
aerofoil t/c makes the low-drag bucket deeper and narrower. Likewise, afurther reduction in aerofoil t/c
deepens and reduces the low-drag range of C, , asillustrated by the NACA 65-206 low-drag bucket. The
NACA 65-412 aerofoil hasthe largest design lift coefficient (due to its larger camber) and thisis shownin
Sketch 3.2 as a trandation of the low-drag bucket so that the middle of the low-drag range occurs at
C, =04, rather than 0.2 as for the other two aerofoils.
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Sketch 3.2 Low-drag aerofoil comparison at R, = 3 106

Thevaluesof (Cl_)1 and (Cl_)2 aredefined suchthat for therange (CI_)1 <C < (CI_)2 theinviscid pressure
distributionsover theforward aerofoil surfacesarewholly favourable. Low drag may therefore be predicted
with reasonable confidence over the range (C,<CL<(C), provided that the aerofoil surfaces are
aerodynamically smooth.

Sketches 3.3 to 3.5 indicate how the NACA 64-215 aerofoil pressure distribution variesin inviscid flow
with C, around the upper extent of its low-drag region.

Documents
4 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 99003 1999


http://www.avadocuments.com/doc/esdu-99003-1999
http://www.avadocuments.com/doc/esdu-99003-1999

ESDU 99003

Sketch 3.3 showsthat C, = 0.41 lieswithin the low-drag range since favourable pressure gradients exist
over the forward portions of both surfaces of the aerofoil. The pressure distribution at (C, )., isdefined by
an extensive roof-top region of near constant pressure on the upper aerofoil surface (Sketch 3.4). As C
increasesabove (C, ) 2 aleading-edge suction peak devel opson the upper surface, the magnitude of which
increases with C, .
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Sketch 3.3 Inviscid pressuredistribution of NACA 64-215 aerofoil at C; = 0.41
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Sketch 3.4 Inviscid pressuredistribution of NACA 64-215 aerofoil at (Cl_)2
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Sketch 3.5 illustrates the magnitude of the leading-edge suction peak at C; = 0.56. This suction peak is
sufficient to move the boundary-layer transition position to the leading edge, causing an associated drag
increase. The magnitude of the suction peak necessary to cause the forward movement of boundary-layer
transition is, however, hard to predict. Hence the upper extent of the experimental low-drag range is also
hard to predict.
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Sketch 3.5 Inviscid pressuredistribution of NACA 64-215 aerofoil at C; = 0.56

At the lower extent of the design low-drag range, (C, ), , aroof-top region of constant pressure exists on
the lower surface of the NACA 64-215 aerofoil. At values of C, lessthan (C), a leading-edge suction
peak devel ops on the aerofoil lower surface, the magnitude of whichincreasesas C, isreduced. Thelower
extent of the experimental low-drag range, like the upper extent, has a dependence on the magnitude of the
suction peak and is likewise hard to predict. Sketch 3.2 demonstrates that, although the experimental
low-drag range is hard to predict, it exceeds the range (C, ) 1< C.< (C,_)2 . This sketch also shows that as
aerofoil low-drag buckets become shallower and wider, the experimental low-drag ranges becomelesswell
defined.

A typical NACA 6-series aerofoil has reflex curvature and a cusped trailing edge. Structural design may
be smplified by modifying the trailing-edge region of the NACA 6-series aerofoil so that its surfaces are
substantially straight from about 0.8c to the trailing edge. Aerofoils designed with the trailing edge
constrained in this way also have small changes to the section ordinates on the remainder of the aerofail,
and are designated as the NACA 6A-series (Reference 4).

6
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32 The GU-series of low-drag aerofoils

The approximate method used to derive the NACA 6-series (Reference 4) is applicable to aerofoils of
moderate thickness and camber, but should not be extended to high thickness or camber. The exact method
of Lighthill (Derivation 1) is, however, applicable to aerofoils of any thickness or camber, but it entails
extensive calculations. With the advent of the digital computer it became possible to program the Lighthill
method to design aerof oil sfor conditionsthat combine higher lift and lower drag. Thiswork wasundertaken
at Glasgow University and led to afamily of aerofoils known as the GU-series (Derivation 3).

The programmed Lighthill method, developed from Derivation 2, provides design flexibility which can
eliminate regions of reflex curvature and the cusped trailing edges typical of the NACA 6-series, and so
simplify structural design. Lighthill’s use of intrinsic coordinates” leads to finite trailing-edge angles and
enhances the inherent freedom within the method to specify the trailing-edge velocity distribution. The
method allows some freedom in the choice of leading-edge radius of curvature, to facilitate modification
of the leading-edge velocity peak, which is important in relation to usable maximum lift.

The method of Lighthill enables an aerofoil section to be designed at a given incidence with afairly flat
velocity distribution over the forward portion of the chord, which may either fall off evenly towards the
rear of the aerofoil or jump down to another flat portion. Various flow requirements, for example deferring
transition or separation of the boundary layer, can be met by imposing certain conditions on the velocity
distribution along the surface, as calculated by the classical potential theory.

The GU-series of aerofoils has been derived to give aconstant vel ocity distribution (aroof-top distribution)
over theforward upper surface at thehighest C, of thedesignlow-dragrange, (C, )., and over theforward
lower surface at the lowest C, of the design low-drag range, (C, ), . The aerofoil incidences o, and a.,
are those corresponding to (C, ), and (C, )., respectively. Between those limits there is an accelerating
airflow on the forward portions cj)’f both aerofoil surfaces. Like the NACA 6-series, the GU-series has the
ability to achieve alow-drag bucket. The GU-series has, however, been designed to give awider low-drag
rangeof C, thanthe NACA 6-series, for the samet/c. Aswith the NACA 6-series, the GU-series aerofoil
profiles have no trailing-edge thickness.

For conciseness, the particular aerofoils of the series are specified by the letters GU, followed by afive
figure identifier, asfollows:

GU ab-cde.

ESDU Copyright material. For current status contact ESDU.

Theintegersa, b, ¢, d, and e specify 5 parameters, and if any parameter cannot be represented by an integer,
it may be replaced by a bracketed number, see Section 3.4 for an example. The significance of each
parameter is described below. The parameters ‘a and ‘b’ modify the section shape and surface velocity
distribution obtained by the Lighthill design process. The leading-edge parameter ‘a affects the whole
aerofoil geometry apart from the surface slopes at the trailing edge. Thetrailing-edge parameter ‘b’ mainly
affects the aft portion of the geometry.

a is a measure of the extent of modification of the velocity peak in the leading-edge region (which
exists outside the design low-drag range of C, ), adopted in order to achieve alarger nose radius
of curvature. A zero value denotes no modification, and is valid only for symmetrical sections: a
value of 2 isa“normal” figure; values much higher than 4 tend to produce a shape having a flat
nose with two “sharp” shoulders, and are not to be recommended.

* Inintrinsic coordinates the perturbation velocity potential and stream function at a point are expressed in terms of its distance along a
streamline and itsinclination to areference line from an origin, at the trailing edge in this instance.
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b isameasure of the extent of modification of the velocity distribution at the trailing edge, adopted
in order to achieve a finite trailing-edge angle and reduce regions of reflex curvature. In
Derivation 3 it is noted that the addition of a finite trailing-edge angle to the GU-series does not
substantially alter their design low-drag range. The section will havethe same differencein surface
slopes (between top and bottom surfaces) at approximately b% of the chord forward of thetrailing
edge as at the trailing edge. This produces a more or less wedge-shaped trailing edge extending in
practice over aconsiderably greater extent. The effect of variation of ‘b’ islocal to thetrailing-edge
region, so that to all intents and purposesthe trailing-edge angle can be adjusted at will, by suitable
choice of ‘b, without significant effect upon any of the other features.

c isameasure of the extent of the favourable pressure gradient, within the design range of incidence,
approximately equal to the fraction of the chord from the leading edge in tenths.

d isthe “design” incidence in degrees, which is at the middle of the design low-drag range and is
measured relative to the zero-lift incidence’”.

e is the design range of incidence, which extends from (d-e/2) to (d+e/2) degrees relative to the
zero-lift incidence.

For thin aerofoils, because the lift-curve slope is about 0.1 per degree, the values of “d” and “€” could be
interpreted approximately asthedesign C, (denoted by “s” inthe NACA 6-series), and the low-drag range
of C, intenths.

The NACA 6-series has been exhaustively tested in wind tunnels and flight, and these aerofoils have an
excellent record. The GU-series aerofoils have been developed on a purely theoretical basis, but in
Derivation 3 the view was expressed that the sophistication of the Lighthill design method should reveal
advantagesin experiment aswell astheory. The realisation of such advantages would naturally require that
the aerof oilsbe manufactured accuratel y and free of any surface roughnessand waviness, becausethe extent
of the low-drag range depends on boundary-layer transition being delayed.

3.3 GU 23-series

The GU 23-series aerofoils are a subset of the GU-series that embody specific forms of |eading-edge and
trailing-edge shape, designated by a = 2 and b = 3, respectively. A GU 23-series aerofoil is therefore
specified by the designation GU 23-cde. The choice of a = 2 iswell founded in that it provides what can
beidentified in theory asthe smoothest flow division at the forward stagnation point. The choiceof b = 3,
is more arbitrary and was made because a limited region of reflex curvature can exist if b< 3.

ESDU Copyright material. For current status contact ESDU.

34 GUNACA 23-series

Instead of using the GU23-cde code it is convenient to use the same descriptors (r, s, tt) that were chosen
to define an individual NACA 6-series section to generate a particular member of the GU 23-series. The
shape obtained is designated GUNACA 23r-stt, where the last three parameters have exactly the same
significance for each GUNACA section as they have for the NACA 6-series sections (Section 3.1). But it
should be noted that there are significant differences in geometry between the GUNACA and NACA
sections with the same r-stt descriptors, see Appendix A.

An iterative process is necessary to identify the GU 23-cde designation, described in Section 3.2, that
correspondsto agiven GUNACA 23r-stt designation and this is accomplished by the GUNACA program.

" The design incidence used in the aerofoil designation has been calculated from the method of Lighthill, where incidence is measured
relative to the zero-lift incidence.
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For example, the GUNACA 235-215 section isfound to correspond most closely to the section designated
by the GU ab-cde scheme as GU 23-(5.2235)(1.6448)(5.0605). Thus the design extent of the favourable
pressure gradient aft of theleading edgeis0.52c; the design incidence measured relativeto zeroliftis1.64°;
and the design range of incidence extends over 5.06°. Given that the zero-lift incidence, o,y =-0.96° for
this aerofoil the design incidence measured relative to the chord is 0.68°. The design range of incidenceis
therefore oy = —1.85°<a <3.21° = a,,, where o, and o, are measured relative to the chord line.

The NACA 6-series aerofoils have been extensively tested for the following ranges of defining parameters:
3<r<7,0<s<6 and 06<tt<21.InDerivation 3it isanticipated that GUNACA aerofoilswith defining
parameters within the same ranges will prove experimentally viable, since they have been designed to
improve upon the NACA 6-series. In the original NACA development, some aerofoil sections would have
been ignored as their calculation would infringe the limitations of linearised theory; such sections can be
computed accurately by the full theory used for generating the GUNACA sections. For thisreason limiting
values have not been applied to r, s and tt. However, outside of the ranges 3<r<7, 0<s<6 and
06<tt<21 caution should be applied due to the lack of corroborative wind-tunnel testing.

35 Comparison of GUNACA 23-Seriesand NACA 6-Series Aerofoils

The use of the VGK CFD program” enabled comparisons of GUNACA 23-series, NACA 6-series and
NACA 6A-series aerofoils to be made, the results of which are discussed in greater detail in Appendix A
and Reference 6.

Consistent differences exist between aerofoils of each series bearing the samer-stt designations. Although
the GUNACA 23-series has a dlightly reduced leading-edge radius, the significant differencesin section
geometries are mainly confined to the trailing-edge region. The GUNACA 23-series has greatly reduced
rear camber sothat o, ismuch reduced in magnitude. Thisrequiresthedesign C, of aGUNACA 23-series
aerofoil to be achieved at a higher aerofoil incidence than the incidence for the design C, for the NACA
6-series and NACA 6A-series with the same r-stt designation. The reduced rear camber also gives the
GUNACA 23-series aerofoil the advantage of a much reduced magnitude of zero-lift pitching moment
coefficient, C . However, the combination of the smaller leading-edge radius and smaller trailing-edge
camber of the GUNACA 23-series may cause some loss in maximum lift (Reference 5). The reduced rear
|oading of the GUNACA 23-serieswhen compared to the NA CA 6-seriesalso indicates apossible reduction
in performance for aerofoils of this GUNACA series at high subsonic free-stream Mach numbers.

A significant advantage of the GUNACA 23-seriesis alargeincrease in design low-drag C, range when
compared to the NACA 6-series and NACA 6A-series; an improvement that can exceed 100%.

ESDU Copyright material. For current status contact ESDU.

The VGK method is a computational method for determining two-dimensional attached flow past an aerofoil immersed in a subsonic
free-stream, with allowance for viscous effects. The method couples finite difference solutions of inviscid flow about the aerofoil with
solutions for the displacement effects of the boundary layers. External to the boundary layer the inviscid flow element is governed by the
full potential equation. Theviscousflow element representing the boundary layersisgoverned by integral equations. Aniterative approach
allowsboundary-layer displacement and momentum thickness distributionsto be cal cul ated, with allowance for the effects of the pressure
field obtained from theinviscid flow element. The method of coupling the viscous and inviscid flow elements permits converged solutions
to be obtained for flows with attached boundary layers.
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