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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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

SI British

a,b parameters used in defining GU and GUNACA series

(Sections 3.2 to 3.4)
Cp aerofoil drag coefficient, based on ¢ and free-stream kinetic

pressure
C I aerofoil lift coefficient, based on ¢ and free-stream kinetic

pressure
(C L)l aerofoil C; at lower limit of design low-drag range,

see Sketch 3.1
(C;) 5 aerofoil C; at upper limit of design low-drag range,

see Sketch 3.1
C,.0 aerofoil zero-lift pitching moment coefficient, based on ¢2

and free-stream kinetic pressure
Cp aerofoil surface pressure coefficient
c aerofoil chord m ft
c,d,e parameters used in defining GU series, see Section 3.2
R, Reynolds number based on ¢ and free-stream flow properties
r,s, tt parameters used in defining NACA 6 and 6A series and

GUNACA series, see Sections 3.1 and 3.4
t maximum thickness of aerofoil section m ft
U, velocity of free-stream m/s ft/s
ug speed of flow tangential to aerofoil surface at incidence

(o —a) as fraction of U__
(u (x)l value of u, corresponding to (C L)l
(ugy) ) value of u o corresponding to (C ) 5
X chordwise distance aft of acrofoil leading edge, see Sketch4.1 m ft
z ordinate of aerofoil surface measured perpendicular to chord m ft

line, see Sketch 4.1
z, aerofoil camber-line ordinate at station x m ft
o aerofoil incidence measured relative to chord line degree degree
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o aerofoil zero-lift incidence degree degree
o, value of o corresponding to (C L)l degree degree
o, value of o corresponding to (C; ) ) 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
u
K % , see Section 5

|cos((9/2) —(0—0y))

2. INTRODUCTION

| The purpose of the computer program ESDUpac 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 are a
set of low-drag aerofoils, produced by using the theoretical method of Lighthill (Derivations 1 and 2). This
provides a more 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 acceptable timescale.

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

Section 4 describes a program provided in a screen prompt format, ESDUpac B9903, and Section 5
describes the program input and output. Section 6 gives the Derivation and References. Section 7 provides
an example of a particular case run using ESDUpac B9903. Appendix A compares the geometric and
aerodynamic characteristics of NACA 6-series and GUNACA 23-series aerofoils. Further theoretical
comparisons are given in Reference 6.

3. LOW-DRAG AEROFOIL SECTIONS

A low-drag aerofoil is one that has been designed to provide particularly low drag over a limited range of
lift coefficient. This is 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 #/c. The NACA 65-215 section (a member of the
NACA 6-series of low-drag aerofoils) displays a low-drag “bucket”, indicating a range of C; for which
low drag may be attained. The conventional NACA 2415 aerofoil does not exhibit a low-drag bucket. It is
possible, however, for the drag of a conventional aerofoil to be less than the drag of a NACA 6-series
aerofoil outside its low-drag range, as illustrated by Sketch 3.1.
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Sketch 3.1 Experimental drag characteristics at R, = 9 X 106

The low-drag bucket exhibited by aerofoils of the NACA 6-series is formed by abrupt changes in C, at
two values of C; which mark the extremities of the low-drag region. These large increases in C, are due
to the development of an adverse pressure gradient over the forward portion of either the upper or lower
aerofoil surface, and are characterised by a large 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; = (C L)l , the lower limit of the design low-drag range.

3.1 NACA 6-Series of 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).

The designation number of each section (apart from the initial “6”) describes its 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).

] The integer “s” following the hyphen denotes the lift coefficient in tenths in the middle of the
low-drag range. This is referred to as the aerofoil design lift coefficient (Reference 4) (and is 0.2
for the NACA 65-215, see Sketch 3.1). An increase 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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To illustrate 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 ¢/¢ makes the low-drag bucket deeper and narrower. Likewise, a further reduction in aerofoil #/¢
deepens and reduces the low-drag range of C; , as illustrated by the NACA 65-206 low-drag bucket. The
NACA 65-412 aerofoil has the largest design lift coefficient (due to its larger camber) and this is shown in
Sketch 3.2 as a translation of the low-drag bucket so that the middle of the low-drag range occurs at
C; = 0.4, rather than 0.2 as for the other two aerofoils.
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Sketch 3.2 Low-drag aerofoil comparison at R . = 3 X 106

The values of (C;) | and (C;) ,are defined such that for the range (C;) 1 < C,<(Cp) 5 the inviscid pressure
distributions over the forward aerofoil surfaces are wholly favourable. Low drag may therefore be predicted
with reasonable confidence over the range (C;) 1 < C,<(Cp) 5 provided that the aerofoil surfaces are
aerodynamically smooth.

Sketches 3.3 to 3.5 indicate how the NACA 64-215 aerofoil pressure distribution varies in inviscid flow
with C; around the upper extent of its low-drag region.
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Sketch 3.3 shows that C; = 0.41 lies within the low-drag range since favourable pressure gradients exist
over the forward portions of both surfaces of the aerofoil. The pressure distribution at (C, ), is defined
by an extensive roof-top region of near constant pressure on the upper aerofoil surface (Sketch %.4). As C;
increases above (C;) 502 leading-edge suction peak develops on the upper surface, the magnitude of which
increases with C; .
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Sketch 3.3 Inviscid pressure distribution of NACA 64-215 aerofoil at C; = 0.41
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Sketch 3.4 Inviscid pressure distribution of NACA 64-215 aerofoil at (C L)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 pressure distribution of NACA 64-215 aerofoil at C; = 0.56

At the lower extent of the design low-drag range, (C L)l , a roof-top region of constant pressure exists on
the lower surface of the NACA 64-215 aerofoil. At values of C; less than (C;), aleading-edge suction
peak develops on the aerofoil lower surface, the magnitude of which increases as C; is reduced. The lower
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 L)l <Cp<(Cp) 5 This sketch also shows that as
aerofoil low-drag buckets become shallower and wider, the experimental low-drag ranges become less well
defined.

A typical NACA 6-series aerofoil has reflex curvature and a cusped trailing edge. Structural design may
be simplified by modifying the trailing-edge region of the NACA 6-series aerofoil so that its surfaces are
substantially straight from about 0.8¢ 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 aerofoil,
and are designated as the NACA 6A-series (Reference 4).
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3.2 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 aerofoils for conditions that combine higher lift and lower drag. This work was undertaken
at Glasgow University and led to a family 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 a fairly 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 acrofoils has been derived to give a constant velocity distribution (a roof-top distribution)
over the forward upper surface at the highest C; of the design low-dragrange, (C, ), , and over the forward
lower surface at the lowest C; of the design low-drag range, (C L)l . The aerofoil incidences o and o,
are those corresponding to (C L)l and (C; ), , respectively. Between those limits there is an accelerating
airflow on the forward portions of both aero%oil surfaces. Like the NACA 6-series, the GU-series has the
ability to achieve a low-drag bucket. The GU-series has, however, been designed to give a wider low-drag
range of C; than the NACA 6-series, for the same #/c . As with 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 a five
figure identifier, as follows:

GU ab-cde.

The integers a, 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. The trailing-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 a larger nose radius
of curvature. A zero value denotes no modification, and is valid only for symmetrical sections: a
value of 2 is a “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.

* In intrinsic coordinates the perturbation velocity potential and stream function at a point are expressed in terms of its distance along a
streamline and its inclination to a reference line from an origin, at the trailing edge in this instance.

Documents
7 Document Sharing Hub

Full document details: ESDU 99003 A 2015


http://www.avadocuments.com/doc/esdu-99003-a-2015
http://www.avadocuments.com/doc/esdu-99003-a-2015

