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ABSTRACT

Wind-tunnel tests were conducted on a rectangular planform 
skew wing, fitted with floating-tip ailerons. Rolling crit­
eria calculated from static rolling moment and lift results 
showed good aileron performance in the low incidence cruise 
regime. Trends were for favourable yawing moments to be 
generated; the usual asymmetric pitch/roll cross-coupling 
was observed. Rolling performance in the unskewed position 
was reasonably well predicted by lifting-line theory - the 
resulting lift distribution appeared very non-elliptic 
towards the wing-tips, resulting in higher induced drag 
than the optimum elliptic distribution. Tests on a second 
wind-tunnel model indicated that the effect of the incidence 
discontinuity at the wing/aileron interface spread further 
spanwise chan was expected. Conclusions were that the 
improved roll performance of floating-tip ailerons might 
be outweighed by the increase in induced drag. Further 
research was required in the transonic rdgime to determine 
effects on wave drag. Research into the dynamic performance 
was also required. It is suggested that lifting-surface 
theory be used for performance prediction of the skewed case.
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NOTATION

ROMAN

A. polynomial coefficients
kn Fouriev series coefficients

aspect ratio 
a semi-major axis of ellipse m
aQ two-dimensional lift curve slope per rad
b semi-minor axis of ellipse m
C wind-tunnel cross-sectional area m2
Ĉ ' local lift coefficient • L'/l o V2 a

CL lift coefficient = L/l p y2 S
Cy drag coefficient = D/| p V2 S
Cy s:.de-force coefficient = Y/l p V2 S
CM pitching-moment coefficient = M/1 p v2 Sa 
CM zero-lift pitching-moment coefficient
Cft rolling moment coefficient = l/l p 7l Ss
Cn yawing moment coefficient = n/| p Vz Sb
o focus of ellipse, local chord size m
D drag force N
g acceleration due to gravity ms"
h manometric height m

height of model above tunnel centre-line m 
height of rectangular wind-tunnel m 

k ratio of 3 1 to n
L lift force N

(ix)



t rolling moment Nm 
M pitching moment Nm
w yawing momi it Nm
p static pressure Pa
R gas constant
SO roll criterion = C^/C^
v radius of milling cutter mm
5 wing area m2
e semi-span of wing m
s' semi-span of trailing vortices m
7 absolute temperature °K
V free -stream velocity ms""1
w width of rectangular wind-tunnel m
« Cartesian co-ordinate
Y side-force N
y Cartesian co-ordinate
s Cartesian co-ordinate

a local incidence from zero lift degrees
r circulation mz s™1
6 wind-tunnel interference factor 

induced drag factor
n elliptical co-ordinate
6 spanwise variable
k wind-tunnel interference factor
A skew angle degrees

(x)



y parameter in lifting-line theory
I elliptical co-ordinate

aileron differential, deg, positive if in a direction 
to cause positive Cfc 

P air density kg m"8
Pu density of water kg m~s
i|) stream function

COMPUTER OUTPUT NOTATION

CD drag coefficient
CL lift coefficient
CPM pitching moment coefficient 
CRM rolling moment coefficient 
CSF side-force coefficient 
CYM yawing moment coefficient

(xi)



CHAPTER 1
INTRODUCTION

Ecological considerations have recently shifted the emphasis 
in research and development from very high speed overland 
supersonic flight, to the transonic and low supersonic regime. 
By suitable monitoring of meteorological conditions, an air­
craft may fly at speeds up to fifty per cent fester than 
present subsonic transports, without creating a sonic boom 
on the ground.

In order to decide on a transonic configuration, the NASA 
recently contracted the Boeing Commercial Airplane Company 
to undertake a comparative study of five different config­
urations (Ku 75). The configurations examined were an 
arrow-wing, a variable geometry arrow-wing, a delta wing, a 
twin-fu;elage skew wing, and a single-fuselage skew wing. 
Figure 1.1 overleaf shows a comparison of the drag coeffic­
ients for the cruise condition, and figure 1.2 compares the 
take off gross masses for the configurations, all designed 
for che same payload, range, cruise speed and altitude.

Clearly, the single-fuselage skew wing had the lowest gross 
mass, and since it had the lowest drag, had the lowest fuel 
consumption of the five configurations examined. The study 
also showed the single-fuselage skew wing to be the most 
quiet configuration, bettering FAR part 36 by IS EPNdB.

First conceived in the early post-war years, when the advan­
tages of sweepback became evident, the skew wing aircraft 
does not have the bilateral symmetry found in conventional 
aircraft and birds. However, the comparative study for 
the NASA showed the aerodynamic advantages to outweigh the
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intuitive objections to this lack of symmetry.

In early research on the skew wing configuration, some con­
trol difficulties were encountered, particularly in the 
ineffectiveness of the ailerons at high skew angles. The 
purpose of this investigation, was to examine the effect­
iveness of floating-tip ailerons on a skew wing configura­
tion, and thus to determine whether an overall iriprovement 
in performance was possible.

It must be noted that for the purposes of this dissertation, 
the term "skew wing" refers to "slewed wing","oblique wing", 
"yawed wing", and "skewed wing". The term "floating-tip 
aileron" refers to "floating wing-tip aileron".



CHAPTER • 2

REVIEW OF PREVIOUS- WORK

Since, to the author's knowledge, floating-tip ailerons have 
not been used on either a skewed, or sweptback configuration 
before, this Chapter is divided into two sections. One 
deals with previous work on the skew-wing configuration, the 
other with floating-tip ailerons.

Well established theoretical and experimental techniques 
used in this work will not be reviewed here, but will be ref­
erenced in appropriate sections of the text.

2,1 THE SKEW-WING CONFIGURATION

The work carried out for this dissertation was not chiefly 
concerned with drag minimisation using a skew-wing configur­
ation. IXe theory of drag minimisation using a skew-wing is 
therefore not quoted in this section; a resum6 of the devel­
opments is given. The reader is referred to the references 
for a fuller theoretical background.

Although various sources claim to have proposed a skew-wing 
configuration, (Sc 75), the first published work on this con­
cept appears to be that of Campbell and Drake in 1946 (CD 46). 
They tested a model in the Langley free-flight wind-tunnel, 
and found that for skew angles of up to 40°, no serious con­
trol difficulties were encountered. Some pitch/roll coupl­
ing was observed in their static force tests, but this was 
not encountered in free flight. Evidently, the change of 
longitudinal lift distribution produced by deflecting the 
ailerons was almost immediately cancelled by the rolling mot­



ion of the model. The wing in effect simply followed the 
helix angle defined by an effective twist associated with 
aileron deflection, with no significant change in lift dis­
tribution. At a skew angle of 60°, however, aileron effect­
iveness was unsatisfactorily weak.

The first authoritive theoretical work on drag minimisation 
appears to be that of Jones (Jo SI, Jo 52). Basically, he 
showed that an elliptic planform, with elliptic spanwise 
variation of thickness/chord ratio, satisfied the conditions 
for minimum drag. Furthermore, he showed that yawing the 
wing at an angle to the flow further reduced this minimum

Smith (Sm 61) further extended the theory for a skew-wing of 
given volume, and showed that at a Mach number of two, lift/ 
drag ratios were:

'very much the same for skewed elliptic wings and 
for slender delta-like wings'.

In a paper in 1972, Jones (Jo 72b) summarised these result::

'for any area bounded by two streamlines and two 
characteristic lines, the distribution of lift 
and volume yeilding the minimum pressure drag 
(i.e. wave drag and vortex drag) places all the 
elements of lift and volume near a diagonal lift­
ing line. Such a diagonal line may be thought of 
as the limiting configuration of a narrow elliptic 
wing [as illustrated in Fig. 2.1]. Minimum drag 
occurs when the surface loading of the ellipse is 
constant and when the projected cross-sectional 
area is that of a Sears-Haack body'.



FIGURE 2.1: Optimum Distribution of Lift and Volume within
Area ABCD

Graham, Jones and Boltz (GJ 73) performed wind-tunnel experi­
ments on a skew-wing-body configuration, and found that reas­
onably high lift/drag ratios were possible in the transonic 
and low supersonic regions. Figure 2.2 shows the values 
obtained. The envelope over these curves shows the lift/drag 
ratios which may be obtained by continually varying skew 
angle as Mach number increases.

At high skew angle and large angles of attack, they found 
that premature tip-stall occurred on the downstream wing-tip. 
This behaviour may be compared with the premature tip-stall 
encountered with sweptback wings; causing the aircraft to 
pitch nose-up and stall completely. Tip-stall of the skew- 
wing causes lift to bo lost on the downstream wing, and will 
result in a rolling motion.
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FIGURE 2.2: Lift/drag ratios for a skew-wing-body combinat­
ion at various skew angles

Interest in a transonic transport aircraft increased in the 
early 1970's, in the search for a faster, but boomless air­
craft. For the case of an aircraft at an altitude of the 
order of 10 000 metres, it is possible to fly in the trans­
onic region fat about Mach 1,2, depending on local wind con­
ditions) without a shock wave being transmitted to ground 
level. This is due to the increasing temperature causing 
a decrease in Mach number with decreasing altitude, so that 
the shock wave degenerates to a sound wave before reaching 
ground level (Jo 72a).

Kulfan at al (Ku 73, Ku 74) conducted a comparative study 
of five transonic configurations, the results of which are 
summarised in ref SD 75. They found that overall, the 
single-fuselage skew-wing was the most promising configure-



However, two problem areas were suspected at first. With the 
wing in the skewed position, downwash from the forward wing- 
tip decreased the forward wing's effective angle of attack. 
This resulted in a spanwise shift of centre of lift towards 
the aft-swept wing; and a rolling moment resulted. Secondly, 
with the use of a moderately high aspect ratio, it was feared 
that aeroelastic effects might cause some difficulties.

However, it was found that upward bending of the wing-tips 
created a dihedral, which in fact tended to move the spanwise 
centre of lift back towards the centre-line of the aircraft. 
Furthermore, wing flexibility was introduced to a six-degree 
freedom stability analysis, and it was found that rigid-wing 
divergent responses to an elevator pulse became convergent.

With careful aeroelastic design, therefore, it may be possi­
ble to overcome some of the inherent aerodynamic difficulties 
of the skew-wing configuration.

2.2 FLOATING-TIP AILERONS

In the early 1930's, the HACA performed a set of systematic 
tests, comparing various lateral control devices, particular­
ly at high angles of attack. Floating-tip ailerons were 
first tested in 1932 (WH 32) by Weick and Harris, on rectan­
gular planform wings. Generally, it was found that they 
resulted in reasonable roll control, especially in post-stall 
conditions, where conventional ailerons failed almost complet­
ely. No appreciable adverse yawing moments were found, but 
large favourable yawing moments were generated. However, 
floating-tip ailerons were found to have an adverse effect 
on aircraft performance; presumably due to an increase in 
trailing vortex drag.

Weick and Harris (WH 33) extended their tests to tapered wings, 
and found that floating-tip ailerons on tapered wings gave



better roll performance than on rectangular wings. It is sugg­
ested that this was due to higher local loading on the smaller 
chord on the tapered wing. They again noticed adverse effects 
on performance - a decrease in lift/drag ratio. Their tests 
included multiple floating-tip ailerons, but it was concluded 
that their performance was not as good as single, full-chord 
floating-tip ailerons.

Bamber (Ba 34) investigated the performance of floating-tip 
ailerons as an aircraft control during spinning, in 1934. He 
found that very large rolling and yawing moments were generat­
ed in a direction opposing the spin, if no aileron different­
ial was applied. Yawing and tolling moments were also computed, 
assuming that each aileron was an isolated aerofoil, and that 
no aileron-wing interference was present. There was consider­
able discrepancy between experimental and theoretical values; 
computed values being far larger than measured values. Bamber 
attributed this discrepancy to wing-aileron interference.

Sould and Gracey (SG 37) performed a series of flight tests, 
using a Fairchild 22 monoplane aircraft, fitted with conven­
tional, and then floating-tip, ailerons on a tapered wing, 
in 1937. They considered the floating-tip ailerons to be 
unsatisfactory, since their rolling action was approximately 
half that for conventional ailerons. They commented that 
since the stick forces on floating-tip ailerons were relat­
ively small, their area could have been considerably increased, 
giving an increased effectiveness, before the stick forces 
approached those of conventional ailerons. However, this 
increase in area would necessitate an increase in wing-span, 
and therefore weight.

Overall results from previous work thus show that floating- 
tip ailerons are very effective in post-stall and spin cond­
itions. Their effectiveness in the more normal flight regime 
is, however, not as good as that of conventional ailerons.
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CHAPTER 3

USE OF L IF T IN G -L IN E  THEORY FOR F LO A T IN G -T IP  AILERONS

Bamber (Ba 34) attempted prediction of floating-tip aileron 
performance by assuming each aileron to be an isolated 
aerofoil, and no wing/aileron interference to be present.
He found considerable discrepancy between predicted and 
experimental aileron performance.

It was decided to investigate the use of the "Monoplane 
Equation", based on a lifting-line model, to predict the 
performance of floating-tip ailerons. It was hoped that 
this method, taking into account local changes in wing 
incidence and aerofoil section, would prove more accurate 
than that used by Bamber.

Due to the symmetry of the lifting-line model, the invest­
igation was limited to prediction of aileron performance 
for the unskewed case.

3.1 THE LIFTING-LINE IDEALISATION ANP THE MONOPLANE 
EQUATION

The simplest three-dimensional wing theory is that based 
on the concept of the lifting-line (proposed by Prandtl in 
1921), where the wing is replaced by a straight line at 
the chordwise position of aerodynamic centre. The lift 
developed is due to a spanwise "bound vortex" about this 
straight line.

The bound vortex sheds a continuous trailing vortex sheet; 
the local strength of which depends on the local strength 
of lift on the wing (see figure 3.1 overleaf).
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FIGURE 3.1: The Lifting-Line Idealisation

The trailing vortices are assumed not to roll up behind the 
wing, but remain parallel and continue to infinity down­
stream.

The derivation of the Monoplane Equation based on this 
lifting=15ne model may be found in most aerodynamics texts 
(HB 70), and will not be repeated here.

The Monoplane Equation as used in this dissertation is as 
follows:

E Ar ein n9 (ny + s£n8) = u a ain 0  (3.1)
a C

where u =  f3.2)

and the lift distribution is given in terms of the circula­
tion by the Fourier Series:



3-3

T * 4s V I kn (3.3)

where the spanwise variable 6 is defined by

The method of solution is to evaluate (3-1) for as many 
values of 6 between 0 and ir (but not at 6 = 0 or tt, as 
this leads to 0 = 0 for zero loading at the tips) as coeff­
icients An are required.

Having determined-the coefficients, the lift, trailing 
vortex drag, and rolling and yawing moments are given by 
(HB 70):

lift: CL = ir.A;.A^ (3.5)

trailing vortex drag:

(3.6)

where 6 - ^  £ (Sn - 1) A
2̂n-l

rolling moment:

(3.7)

yawing moment:

nl3 i2n * \  A»*l (3.8)



3.2 SOLUTION OF THE MONOPLANE EQUATION FOR FLOATING-TIP 
AILERONS WITH NO INCIDENCE DIFFERENTIAL

The usual method of solution of the Monoplane Equation is 
to set-up equation (3.1) for as many equally-epaeed defin­
ition points along the wing as coefficients are required.

The following matrix equation ensues:

sinQi (Ui+ain8 i)*8iM29i(2vi+sim6i)+...+s£nn0 i(npi+e£rt0i) 
sin0 2(P4+etM02)+ain20 2(2U2+sin02)+ ...+fl4nn0 2(MP2+ei«0 2)

8-ZK0 (p +8in0 l+ai^O (2p +8<n0 ) + ... +ainnB (n\i +8in& )

Pi a: sin i 
Pz ctz sin '

an sin 0M

............................   . (3.9)

where subscript n denotes value at the nth definition point.

the matrix equation is then solved for the coefficients A^ 
by the normal matrix methods.



For the case of floating-tip ailerons, all of the geometric 
and aerodynamic parameters are known, except for the aileron 
geometric incidence. As the name "floating-tip" implies, 
the ailerons are free to float at some stable angle of 
incidence, referred to as the "floating angle". Since 
the ailerons are situated in the upwash field generated by 
the wing, their floating-angle will depend on the wing lift 
distribution, and hence wing incidence.

A second factor contributing to floating-angle, is the 
zero-lift pitching-moment coefficient of the aileron aero­
foil section. As may be seen from figure 3.2 below, a 
pitching moment condition has to be satisfied. For equil­
ibrium, there must be no nett pitching-moment abcut the 
pitching axis.

FIGURE 3.2: Aileron Pitching-Moment Equilibrium

The pitching-moment equilibrium may be separated into three

(i) ailerons having a cambered aerofoil section without 
incidence differential. Since there is no incidence 
differential, these ailerons will float at an

equal &  opposite 

/  pitching moi

pitching moment
 J  from  left

... aileron

' ' ' V  j s .  /  pitching moment 
from  right 

aileron



3.6

incidence giving zero pitching-moment. This will 
occur at aileron incidences giving negative nett 
aileron lift, since the stable CM - curve has 
negative slope, and, for a cambered aerofoil inter­
sects the axis at a negative value. (Further 
discussion on aileron stability may be found in 
Chapter 6).

(ii) ailerons having a symmetrical aerofoil section with­
out incidence differential. Since there is no inci­
dence differential, these ailerons will also float 
at an incidence giving zero pitching-moment.
However, this will occur at an aileron incidence 
giving zero nett lift across the aileron; since the 
Cm - C^ curve for a symmetric section passes through 
the origin.

(iii) ailerons of both types (i) and (ii) above, but with 
incidence differential. Th:■ case is dealt with in 
section 3.3 of this chapter.

As mentioned before, the usual method of solution of the 
Monoplane Equation is to set-up equation (3.1) for n equally- 
spaced definition points. Since the step change at the 
wing/aileron interface is a severe change of parameters in 
so short a spanwise distance, it was decided not to use 
equally-spaced definition points all along the wing and 
aileron, but rather equally-spaced definition points all 
along the wing, and equally-spaced points on the aileron. 
Figure 3.3 overleaf shows the definition point system used.

A computer programme was written using this definition 
point system to set-up and solve the Monoplane Equation.
From figure 3.3 it may be seer that there are three vari­
ables affecting the definition point system:
(i) ratio of na to ny
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FIGURE 3.3: The Definition Point System

(ii) distance from first definition point y i to the 
aileron tip.

(iii) distance "FACT".

(i) The ratio of n to «u was varied for an aileron
differential of 30°; figure overleaf shows how 
the resulting rolling moment coefficient was affected.
The lift distribution was plotted out for each case, 
and a value of na to ratio was obtained which gave 
a reasonably smooth lift distribution while reason­
able rolling moments were obtained. At first it 
appeared that keeping a constant ratio of na to 
resulted in a constant rolling moment, but some 
change (0,6%) occurred for large values of ; this
presumably being due to round-off error accumulating
from solving large matrix equations (111 by 111).
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(ii) The distance from the first definition point to the 
aileron tip was varied,for a wing at positive inci­
dence, fitted with ailerons at negative incidence. 
From examination of the resulting lift distributions, 
a distance was chosen which gave the smoothest 
reasonable distribution, especially at the aileron 
tip. Figure 3.5 shows that as the distance from
the first definition point to the aileron tip 
increases, so the "spike" at the aileron tip becomes 
less severe. This "spike" is discussed further in 
Chapter 6.

(iii) The distance "FACT" from the wing/aileron interface 
to the first wing definition point was varied, and 
the resulting induced drag factor 6 and lift distri­
butions were examined. It was found that there was 
a reasonably large variation in 6 for varying FACT: 
figure 3.6 overleaf shows this. FACT was varied 
until the resulting 6 matched experimentally obtained 
values (these are discussed in Chapter 6). Figure
3.6 also shows the sensitivity of the lift-curve 
slope to variations in p ĈT.

Once the distribution of definition points had been opti­
mised in (i), (ii) and (iii) above, the computer programme 
was modified to determine the aileron floating-angle, the 
criterion for floating being zero nett lift integrated 
across the symmetrical aerofoil section ailerons.

The method used was that of false position (Ge 70). The 
method and computer programme are described in detail in 
Appendix D.3, and a listing of the programme is given. 
Experimental and theoretical values of floating angles are 
compared and discussed in Chapter 6.
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FIGURE 3.6: Effect of FACT on Drag and' Li'ft-Curve Slope 
for in at 3 mm from Aileroft' Tip
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3.3 SOLUTION OF THE MONOPLANE EQUATION FOR FLOATING-TIP 
AILERONS WITH INCIDENCE DIFFERENTIAL

The solution of the Monoplane Equation for the case of floating- 
tip ailerons with incidence differential, differs only from 
the case of section 3.2 by the definition of aileron floating

Assuming that the pitching-moment/incidence curve for an 
aileron is antisymmetric about the C^ = 0 point, the incid­
ence differential will be divided exactly between the two 
ailerons. One aileron will have a floating-angle equal to 
that for the no-differential case pZwe half of the differ­
ential ; the other minua half of the differential. (Note 
that these incidences are measured from the zero-lift line 
of the aerofoil section). Each ailt-ron thus produces a 
pitching-moment which is equal in size and opposite in 
direction, to that produced by the opposing ailerons.

The computer programme was run for aileron differentials, 
and results of rolling and yawing moment and lift obtained.
These results are compared with experimental results and 
discussed in Chapter 6.



CHAPTER ti
WIND-TUNNEL BOUNDARY-INDUCED INTERFERENCE

The presence of boundaries in a wind-tunnel produces an 
alteration in the dovmwash across a model, which causes 
optimistic values for lift ai.a drag to be obtained. This 
upwash velocity effect is dependent on the position of 
the model in the tunnel, and allowance must be made for 
it when analysing wind-tunnel test results.

The change in incidence due to upwash is usually expressed 
in the form (Po 54 ii)

where 6 = interference parameter
S - model wing area 
C * tunnel cross-section area 

= lift coefficient

the change in induced drag is then

The force and moment coefficients obtained from wind-tunnel 
tests are plotted against corrected incidence. Drag coeff­
icients, however, are corrected and then plotted against 
corrected incidence, since the effect of upwash on induced 
drag is non-linear (as may be seen from equation 4.2).

• (4.1)

- f-ci, - '-gcw (4.2)



4.1 INTERFERENCE FOR THE UNSKEWED ('SYMMETRICAL'} CASE

In this section, the two-dimensional method of Sanuki and 
Tani (ST 32), for the determination of upwash velocities 
for an elliptic cross-section wind-tunnel is reviewed.

The wing system is replaced in the tunnel by an equivalent 
horseshoe vortex system, the trailing vortices having a 
span of 2 s'. Figure 4.1 below shows the tunnel/wing 
system.

FIGURE 4.1; The Tunnel/Wing System

The fluid motion in the region is considered to consist of 
two parts; on<’ due to the vortices, the other due to the 
existence of the tunnel wall. The stream function is 
written as the sum of two parts

* = * iN ................................ (4.3)

where i}ii is due to the vortices
and ift2 is due to the wall.



Introducing elliptical co-ordinates in the form

s = x * iy = C coeh (£ + tn) . (4.4)

where C is a real constant, Sanuki and Tani show that the 
resulting interference factor is

(S’, n') are the co-ordinates of the vortex

and the ellipse E = is the tunnel boundary."

The first problem was to determine the value of E for the 
University of the Witwatersrand wind-tunnel. Milne- 
Thompson (MT 68) shows that for an ellipse of semi-major 
and semi-minor axes of a and b respectively,

and that lines of constant £ form confocal ellipses of focii 
(+ C, e>), where C is the real constant in equation (4.4),

ooah* («£') cos2 (nn')

(4.5)

n=2,eue« n ainh (n£o) Binhz («£') 3inz (nn')

(4.6)

(4.7)

= a 2 - b 2 (4.8)

Secondly, the determination of £' and n' was by considera­
tion of the ellipse passing through (S', &), having semi- 
major and semi-minor axes of a ' and b ' respectively, con-



foe with the ellipse 5 » 5̂ .

Hence (72 = a2 - d2 = (a ')2 " (S')2 ................(4.9)

Now, for the ellipse of semi-major and minor axes a ' and b '

TfTF  1 («')' - c! " 1  t4-10)

solving:

(a>y = (gQ2 + ft* * cz ± 2 - 4~ĉ TsM'T

O '): .  (g,): _ p:
..................................  ■ (4.11)

the value of £' follows from equation (4.7) 

namely, £' = 1 t»(gr *

and H' = ^rcoe  (4.12)

from (4.11) it may be seen that there are four possible 
roots. Calculation for the values used revealed two imag­
inary roots, and one giving a ’ less than C; thus leaving 
one acceptable value.

The mathematics described here was — vorporated into a com­
puter programme, DAVBI.IP, which is listed and further des­
cribed in Appendix D.l. Values of interference parameter 
for various sized wings at varying height in the wind- 
tunnel are presented in figure 4.2 overleaf.

Reference to published data tor ellipcir cross-section wind- 
tunnels of axis ratio 1 : show the values obtained for
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the University wind-tunnel, (axis ratio 2:3) to be reason-

4.2 INTERFERENCE FOR TH5 SKEWED CASE

Since no literature was available for wind-tunnel inter­
ference for a swept or yawed wing in an elliptic section 
wind-tunnel, it was decided to interpolate values for a 
rectangular section wind-tunnel.

A ratio of interference factors for elliptic and rectang­
ular wind-tunnels was calculated for the unskewed wing, 
and it was assumed that the same ratio held fcr the skewed 
case. The interference factors for the rectangular sec­
tion wind-tunnel were calculated using the method of Katz- 
off and Hannah (KH 48). This method is reviewed briefly

The loading on the wing is approximated by a distribution 
of point concentrations of lift on the quarter-chord line 
of the wing, as indicated in figure 4.3 below.

o  o

FIGURE 4.3: Replacement of Wing by Point Concentrations of
Lift



Associated with each lift concentration is a horseshoe vor­
tex of zero span, extending to infinity downstream of the 
wing, (Katzoff and Hannah refer to these horseshoe vortices 
as doublet lines, since the field of a zero-span horseshoe 
vortex is equivalent to that of a line of source-sink 
doublets).

Figure 4.4 below shows the image system for one doublet 
line located in the horizontal plane of symmetry of a rect­
angular wind-tunnel.

. "

----------------^ ----------------------------------T -
l 1r®

e wind- ® 
tunnel 0

B i - .

«
" # n i
“ 6

e . .

FIGURE 4.4: Images of a Doublet in a Rectangular Wind-

The doublet in the tunnel is indicated by a double circle, 
its nearest lateral image by a double square. The doublets 
are represented by plus or minus signs according to whether 
they are the same as or the reverse of the doublet in the



tunnel. The system of doublets is composed of two super­
imposed 2U by h rectangular arrays of doublets. One array, 
indicated by circles is considered to be centred at the 
original doublet (double circle) in the tunnel; the other 
array is considered to be centred at the nearest horizontal 
image (double square).

The interference field is thus made up of two parts:

(a) the field of a complete rectangular array having its 
centre at the double square, and

(b) the field of a complete rectangular array having its 
centre at the double circle, with the field of the 
centre doublet omitted (since it represents the lift­
ing element itself and is thus not part of the inter­
ference field).

Katzoff and Hannah showed that it was therefore possible 
to determine the interference field using two "contour" 
charts of upwash velocity; viz one representing the field 
due to (b) above, and one representing the flow due to a 
single doublet (since (a) above is equivalent to (b) above 
plus the flow due to a single doublet). This procedure 
must of course be repeated for each point concentration of 
lift.

The procedure used is as follows:

(i) the lift was assumed to be concentrated at four 
points, equally spaced along the wing at the quarter- 
chord. The lift was assumed to be distributed ellip- 
tically for the purpose of calculation of point lift 
concentration strength.

(ii) using the contour charts in Ref KH 46, the upwash 
angle was determined at three equi-distant points 
on the three-quarter chord line of the wing, as 
suggested in this reference.



(iii) an arithmetic mean of the upwash angle was taken, 
and an interference parameter calculated.

Assuming that the change in interference due to skew for 
the elliptic tunnel is the same as that for the rectangu­
lar tunnel, an equivalent interference parameter was cal­
culated for the elliptic tunnel. Figure 4.5 overleaf shows 
the effect of skew on interference parameter. A secondary 
assumption may also be seen from figure 4.5; i.e. that the 
change in interference due to vertical displacement from 
the tunnel centreline is the same for the skewed as the 
non-skewed condition. Clearly, the validity of this 
assumption depends on the skew angle; and it is certainly 
questionable at large skew angles. However, no other 
method of determination of interference for an elliptic 
section wind-tunnel could be found.

Figure 4.5 shows that as the skew angle increases, so does 
the tunnel-induced interference. At first sight it appears 
that the reverse should hold, since the wing moves further 
from the boundary of the wind-tunnel as the skew angle 
increases. Examination of the contour charts provided in 
Ref KH 48, shows that the upwash contours are extremely 
three-dimensional, and depend greatly on stream-wise position.
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CHAPTER 5

THE WIND-TUNNEL MODELS

The experimental work carried out for this dissertation con­
sisted of testing a skew-wing/body combination, fitted with 
floating-tip ailerons (Model No. 1), and a two-dimensional 
model of the wing/aileron interface (Model No. 2). Model 
No. 1 was to determine the effectiveness of floating-tip 
ailerons on a skew-wing configuration, while Model No. 2 
resulted from the theoretical investigations in Chapter 3, 
and was to determine the spanwise lift distribution across 
the wing/aileron interface.

All experimental work was carried out in the 600 x 900 mm 
elliptic cross-section, low-speed wind-tunnel facility, of 
the School of Mechanical Engineering. This is fully des­
cribed in references Cl 72, Do 66, Si 58, Sm 73 and Appen­
dix A. The reader is referred to Appendix G for detailed 
manufacturing drawings of both models.

5.1 DESIGN OP WIND-TUNNEL MODEL NO. 1

The requirements for this model may be summarised as follows:

(i) a skew-wing of reasonably high Aspect Ratio
(ii) floating-tip ailerons joined through the wing by an 

aileron tie-rod.
(iii) accuracy and ease of manufacture
(iv) as high a Reynolds Number as possible.

The size of the model was constrained by the size of the 
wind-tunnel working section; blockage and interference eff­



ects to be kept as small as possible.

5.1.1 Main' Wing and Ailerons

For ease of manufacture, it was decided to use a wing of 
rectangular planform. This meant that since the wing was 
not twisted, and had the same aerofoil section at all span- 
wise positions, straight cuts could be made in a spanwise 
direction. The wing could therefore be machined in a mill­
ing machine, without necessitating the use of a complex 
numerically-controlled machine, or tedious point-to-point 
machining. The drag optimisation provided by an elliptic 
planform has been well proven (GJ 73), so that the use of 
an elliptic planform was not justified in terms of added 
manufacturing complications. Performance of the ailerons 
would be measured by non-dimensional coefficients, so that 
comparisons with other planforms would be possible.

The aerofoil section chosen for the wing was a Clark Y;
11,7 per cent thick. This section has several advantages, 
namely, good performance at Reynolds Numbers down to 
ISO 000, (Po 54i) and a flat bottom for approximately 
eighty per cent of the chord (from approximately twenty per 
cent chord to the trailing edge). Also, much of the prev­
ious work carried out u. floating-tip ailerons used a Clark 
Y section on the main wing (WH 32, WH 33), enabling compar­
isons to be made with their work.

It was found in previous work (CD 46) that skewing the wing 
caused a rolling moment to be developed, lifting the aft- 
swept wing. In order to counteract this, Campell and Drake 
(CD 46) placed their skew axis at forty pur cent of the 
chord, at mid-span, so that the forward-swept wing had a 
greater area than the aft-swept wing. It was for this rea­
son that it was decided to also place the skew axis of the



present model at forty per cent of the mid-span chord.

Symmetrical aerofoil section ailerons were to be used first, 
and Clark Y section ailerons at a later stage. The use of 
floating-tip ailerons dictates that when an incidence diff­
erential is applied to the ailerons, one aileron develops 
"negative lift" or downward thrust. The use of a symmetric 
aerofoil section on the ailerons ensured that the downward 
thrust provided by one aileron was always equal in size and 
opposite in direction to that provided by the other aileron, 
at zero skew. Considering the premature stall of a cambered 
aerofoil section at negative incidence, this is not always 
true of cambered sections; since the aileron providing down­
ward thrust may stall at negative incidence before the 
other aileron stalls at positive incidence.

Previous work (WH 32, WH 33) showed that aileron flutter 
could be avoided by placing the rotation axis of the ailer­
ons at seventeen per cent of the chord. This criterion was 
adopted for Model No. 1.

In order to balance the ailerons statically about their rot­
ation axis, they were of composite construction; an alumin­
ium front and balsa rear section. They were attached to an 
aileron tie-rod through the wing, by means of grubscrews in 
the aluminium front section.

Wind-tunnel working-section dimensions necessitated the use 
of as small a model as possible, although in the interests 
of accuracy and Reynolds Number, the model had to be as 
large as possible. A compromise was reached and the follow­
ing dimensions were chosen for the complete wing:

span : 492 mm
chord : 56 mm
aspect ratio : 8,79
aileron span : 45 mm (18,271 of wing semi-span).



5.1.2 Wing' Support (or Body]

Graham, Jones and Boltz (GJ 73) mounted their wing on an area- 
ruled Sears-Haack body, which in turn was sting-mounted in 
their wind-tunnel. This facilitated skewing the wing with­
out necessitating its removal from the tunnel. For conven­
ience, it was decided to use a scaled-down version of this 
Sears-Haack body in the present investigations. Aspect 
ratios being approximately the same, the body was scaled- 
down by the ratio of the wing-spans, thus keeping the area 
ruling approximately valid.

Tho wing was mounted on a "saddle" on the body; its flat 
bottom surface resting on the flat top surface of the 
saddle. A pin pressed into the wing fitted into a hole in 
the saddle, perpendicular to its surface. A grubsctew in 
the body locked the pin in position.

Location of the wing at various skew angles was by means of 
a small pin in the top surface of the saddle, locating in 
holes drilled into the undersurface of the wing, at ten 
degree intervals. This allowed positive, accurate location 
of the wing at skew angles from zero degrees to sixty deg­
rees, in steps of ten degrees.

Figure 5.1 overleaf shows the method of attachment of the 
wing to the body.

5.1.3 Sting-Mount and Fairing

It was decided to mount the wind-tunnel model in the wind- 
turnel in the same way as Graham, Jones and Boltz (GJ 73), 
viz, a sting-mount. An extension to the Sears-Haack body 
was mounted on two struts, shielded from the tunnel flow 
by a fairing.



holes in underside 
o f w ing

m ild  steel pin 
pressed into w ing

locating pin

grubscrew

FIGURE 5.1: "Exploded" View of Wing-Body Attachment

For rigidity, the front strut was of reasonably large dia­
meter. The rear strut providing the incidence change, was 
of lighter construction. Pivoting in the pitching plane 
was about the attachment point in the front mounting strut.

Due to tunnel blockage effects, it was necessary to keep 
the fairing size as small as possible. The final cross- 
section selected consisted of two flat sides, joined at 
the front by an elliptical curve. At the rear, a smooth 
curve joined each of the flat sides to the opposite sides 
of a triangle, closing at the trailing edge. Figure 5.2 
overleaf shows the assembled sting-mount and fairing.

The fairing was not used at incidence to the flow, so the 
bad stall characteristics of an aerofoil section of this 
shape did not present any problem. A true symmetrical



triangular

pa ra lle l 
/  section

pivoting

FIGURE 5.2; Assembled Sti/iR-Moanf ' Vaii'ing

aerofoil section was considered, but disregarded due to the 
excessive thickness required to enshroud the struts.

The sting-mount protruded from a hole in the front of the 
fairing, permitting angles of incidence from ten degrees 
negative to twenty degrees positive. Two stay wires atta­
ched to the sides of the fairing prevented any sidewavs; 
movement which would cause it to touch the st:lng support.



5.1.4 Generation of Co-'or'dina’t’e's' for' the' Wing' Surface

In order to jut the wing profile, it was decided to use a 
radius cutter in a milling machine. To minimise the "crests” 
between cuts, it was necessary that as large a radius as 
possible be used (see Figure 5.3 below).

f in a l surface 
required

centre o f  radius 
o f cutter

c re s t' /  
be tw een successive cuts

FIGURE 5.3: Use of Radius Cutter in Milling Aerofoil
Profile

It was necessary to provide the x-y co-ordinates of the 
centre of the radius of the cutter to the machinist, there­
by generating the x-y co-ordinates of the aerofoil.

Several attempts were made to 'it a polynomial through the 
x-y co-ordinates of the Clark Y aerofoil found in ref Re 61. 
It was found that the best fit was provided by three poly­
nomials of order ten; one to the curved portion of the bott­
om surface, one to the front section of the top surface 
(zero to five per cent chord), and one to the remainder of 
the top surface. These curves were fitted using a standard 
computer package programme called "FITT". The slopes of 
the three curves at their points of intersection were checked



for matching, and found to be within one degree. The worst 
error in fitting the curves to the e-y co-ordinates was 
less than a tenth of one per cent.

Figure 5.4 below shows the co-ordinate system used.

FIGURE 5.4: Co-ordinate System used in Generating x-y
Co-ordinates of Cutter Centre

, y^) * co-ordinates of nth point on aerofoil surface
(a , y ) ■= co-ordinates of nth point of cutter correspond-

” ” ing to , yn) on the aerofoil surface
= slope of aerofoil surface at (»M, yn) 

t * maximum thickness of aerofoil
r = radius of cutter

-1
6 “ arctan { 3^j 1



El. is negative

yn defined by 10th order polynomial

: where are coefficients of polynomial

The mathematics described here was incorporated into a com­
puter programme to generate , yQ ) given O n, y j .

5.2 CONSTRUCTION OF WIND-TUNNEL MODEL NO.l

5.2.1 Construction of the Wing

One of the problems faced in constructing the wing was the 
method of obtaining a spanwise hole down the wing, to take 
the aileron tie rod. This was solved by constructing the 
wing in two sections; an upper and lower section, each 
having a semi-circular section groove down its length.
The aileron tie rod was placed in its "teflon" bearings in 
this groove, and the two sections epoxied and rivetted to­
gether. Figure 5.5 overleaf shows an exploded view of the 
wing assembly.

The material chosen for the wing was an aluminium alloy 
B51S, chosen for its strength/weight ratio, and ease of 
machining with a good surface finish.
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FIGURE 5.5: "Exploded" View of Wing before Final Surface
Machining

The wing/bo-’y attachment pin was turned from silver steel 
and pressed o a reamed hole in the wing.

The wing assembly was then clamped to the bed of the mill­
ing machine and machined to final maximum thickness using 
a fly-cutter. The aerofoil surface was nhen cut using a 
radius cutter (o.d. * 32,55 mm; cutting radius = 11,113 mm 
a r in Figure 5.2). The reference zero in the y-direction 
was set when the cutter just touched the surface of the 
unprofiled wing; in the a-direction when the cutter just 
touched the front surface (see Figure 5.2). Movements in 
the x and y-dire;tions were measured by two dial gauges, 
each having a least coui.c of 0,01 mm.



The curved front portion of the bottom surface was machined 
first, the wing was then turned over and clamped with its 
flat bottom section on the machine bed: hence the advantage 
of a Clark Y section. In order to prevent deformation of 
the thin trailing edge when cutting towards it on the top 
surface, it was decided to begin cutting at the trailing 
edge, and cut towards the leading edge. After machining 
the surface had "crests" between cuts, and "troughs" which 
were at the required final size. It was then a relatively 
simple matter to rub the "crests" down to the "troughs" 
with emery paper. The wing was then cut to final span 
size, and polished to a mirror finish.

The offcuts from the wing were placed in a profile projec­
tor (Hilger and Watts TT 777), and compared with a suitably 
scaled-up drawing. Figure 5.6 overleaf shows a comparison 
between a true Clark Y and the actual wing. The discrep­
ancy between true Clark Y and the actual wing was within 
0,7 per cent.

5.2.2 Construction of Ailerons

The first stage in aileron construction was to machine the 
aluminium front sections, complete with hole for the tie- 
rod, and threade • le for the grubscrew. The balsa rear 
sections were the. _ aed on with an epoxy cement.

A template of the NACA 0012 section was cut roughly to 
size, then finished accurately by checking against a scaled- 
up drawing in the profile projector. The ailerons were 
then filed down by hand until they approximately fitted 
the template. They were then sealed with several coats of 
model aircraft dope to prevent shrinkage and warping, and 
sanded down to fit the template as accurately as possible.





A covering surface of "Solarfiljn" was applied, to ensure 
a good, uniform surface finish.

The accuracy of the ailerons was not as good as that of the 
main wing; being approximately two per cent.

5.2.3 Sear's-Haack Body and Sting-Mount

Graham, Jones and Boltz (GJ 73) give values of body diameter, 
at distances from their wing attachment point. As stated 
before in section 5.1.2, these dimensions were scaled down 
for the present body.

The body was turned from aluminium bar, using dial gauges 
for radius and distance measurements. Since the sting-mount 
would be useful for other work in the wind-tunnel, the Sears- 
Haack body was not permanently fixed to it; but merely by 
means of a tapered pin in a reamed hole.

The sting-mount was turned from mild steel stock, as were 
the front and rear support struts.

5.2.4 Fairing

For ease of setting-up, the fairing was constructed from 
transparent "Perspex" sheet. This enabled clearance between 
the sting-mount, struts and fairing to be easily checked by 
visual observation.

A wooden former was shaped by hand, and the "Perspex" sheet 
heated in an oil-bath. The soft sheet was then wrapped 
around the former, clamped in position and left to cool.
The former was tlr>n removed, and the trailing edge glued 
together. A botvu . support flange (also "Perspex") and



stay-wire clamps were then glued to the fairing. Figure
5.7 below shows the method of forming the "Perspex" fairing.

wooden former

/  "Perspex"

glued at 
tra ilin g  edge

FIGURE 5.7: Forming of Fairing

A "Perspex" top section was made to fit the fairing, 
was attached by eight brass screws. This top sectio 
to be removable for assembly and disassembly of the 
mount support and struts.

5.3 TESTING OF WIND-TUNNEL MODEL NO. 1

Before any testing was carried out, the wind-tunnel, 
wind-tunnel balance were first calibrated. Details 
calibrations may be found in Appendix B.



5.3.1 Initial Set-Up and Corrections

In order to align the ailerons, so that they were at the 
same incidence, the completed wing was placed bottom sur­
face down on two parallel bars on a steel flat surface 
table. Two smaller parallel bars were inserted under the 
ailerons, and they were rotated about their floating axis 
until their trailing edges rested on these bars. The 
ailerons were then locked in position on the aileron tie 
rod by means of the small grubscrews in the aileron alum­
inium front sections (see Figure 5.8 below).

/ I
f lo t  surface

aileron

parallel bars s faileron

parallel bar

FIGURE 5.8: Aileron' Alignment



5.16 - l

j
The Sears-Haack body was then placed in the wind-tunnel,
supported by the two struts enshrouded by the fairing. The i
side force, and yawing and rolling moment components of the t

balance were then zeroed, and the tunnel run up to operating !
speed. The Sears-Haack body was then rotated in the yaw 1
direction until no side force was present. The yawing and 
rolling moments were checked for zero and found to be
within the sensitivity of the microvoltmeter output of the &
balance. These zeros were checked for a range of incidences 
from approximately 10° below the horizontal to approximately 
20° above.

The wing, complete with aligned ailerons was placed in pos­
ition on the Sears-Haack body, at zero skew. All compon­
ents of the balance were zeroed, as was the manometer. The 
atmospheric pressure was measured and recorded. The tunnel 
was run up to operating speed, and values of the six forces 
and moments recordod for incidences from zero lift to stall 
in steps of 0 5 degrees. Also recorded were tunnel initial 
temperature and starting pitot-pressure. Photographs of 
the ailerons were taken at the beginning of the test (zero 
lift), at 6,5° incidence and just before the stall.

The test was repeated after the tunnel had been allowed to 
cool down, and it was found that the results were within 
0,51, except towards the non-linear stall region.

1
Curves were fitted through the side-force and yawing and 1
rolling moment data, so that these forces and moments, 
caused by imperfections in manufacture, would be subtracted 
when processing data.

5.3.2 Testing in the Skewed Position, ahd with Aileron 
Differential

The model was tested for increasing skew angle up to 60° in



steps of 10° using the procedure described in section 5.3.1. 
However, readings were taken at incidence increments of one 
degree; and photographs at zero lift, mid-range, and upper

The wing was then removed from the Sears-Haack body, and 
again placed on two parallel bars on a steel flat surface 
table. The two smaller parallel bars were again placed 
under the aileron trailing edges, however, a steel block, 
machined to the correct dimensions was placed on the bar 
under one of the ailerons, thus creating an incidence diff­
erential. The ailerons were then locked in position by the 
grubscrews as before.

With the ailerons set at an incidence differential, testing 
was continued for varying skew angle.

The ran0/3 of tests run is as follows: -

Incidences from zero lift incidence to stall, 19° above 
zero lift, or serious flutter; which ever occurred first; 
for aileron differentials of + 5°, + 10°, + 15°; and skew 
angles of 0° to 60° in 10° increments.

Figure 5.9 overleaf shows wind-tunnel Model No. 1 mounted 
in position on the balance in the wind-tunnel. The wing 
has been skewed left wing forward for clarity; the model 
was tested with the lift wing skewed back.

The experimental results are presented in Appendix F.l.

5.4 DESIGN- Of WIND-TUNNEL MODEL NO'.' 2

Arising from the theoretical work described in Chapter 3, 
various queries arose regarding the continuity of the press-
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ure distribution across a step change in wing incidence. 
In the case of the interface between the \ ing-tip and the 
floating-tip aileron, there is not only a step change in 
incidence, but also a gap through which flow may occur 
(see Figure 5.10 below).

possible f lo w  
through gap

step change in 
incidence

FIGURE 5.10: The Wing/Aileron Interface

It was decided to investigate the pressure distribution
across such an interface, in order to determine qualitat­
ively the validity of the theoretical prediction.

The requirements for this model may be summarised as follows:

(i) a variable step change in incidence with no gap 
sealing.

(ii) the model should span the complete working section of 
wind-tunnel; keeping the flow two-dimensional at the 
"tips", the only cross-flow being in the region of the 
interface gap.

(iii) pressure tappings provided for spanwise pressure



distribution measurement.

The aerofoil section chosen was again Clark Y, also for 
ease of manufacture, and good behaviour at low Reynolds 
Numbers. The incidence pivot was at seventeen per cent 
of chord, as in Model No. 1.

Thirty-four spanwise pressure tappings were made in the 
upper surface of the wing at 30 per cent chord; this pos­
ition providing the maximum sensitivity of local lift co­
efficient to pressure for the Clark Y profile.

Since the working section of the wind-tunnel is elliptic, 
the model was supported by two vertical flat plates, 
bolted to the top and bottom flanges. Slots were provide-1 
in these end-plates to allow changes of incidence. The 
wing-tip/end-plate interfaces were sealed by two sealing 
plates. The arrangement is shown in Figure 5.11 below.

FIGUT S.-11: Arrangement of Model No'. 2 in Wind-Tunnel

The original "Perspex" working-section side panels were re­
placed with "masonite" side panels; holes were cut in these



for rubber manometer tubes to pass through. The fine nylon 
pressure tapping tubes were connected to the rubber mano­
meter tubes via complete hypodermic needles set in an alum­
inium bracket.

5. 5 'CONSTRUCTION OF WFiD-TUNNEL MODEL "NO. 2

The method of construction used was very similar to that 
of Model No. 1. Again it was constructed in two halves, 
with a spanwise hole at the pivoting axis to take the press­
ure tubes and a stiffening rod. The pressure tappings were 
constructed by cementing short sections of 0,25 nun I.D. 
hypodermic needle into pre-drilled holes in the upper wing 
half. 0,5 mm I.D, nylon tubing was then cemented to the 
hypodermic needles and cemented along the soanwise pivoting 
axis groove.

When all the pressure tappings had been connect. . nylon 
tubes, the upper and lower halves of each wing were cemented 
and rivetted together. The aerofoil section was machined in 
the same manner as Model No. 1. There was no danger of burrs 
blocking the pressure tappings, since they were at the posi­
tion of maximum thickness, and were thus not machined.
During machining, they were sealed with a strip of masking 
tape to ensure that no shavings caused any blockages.
Figures 5.12 and 5.13 overleaf show the model before assembly 
and in the milling machine respectively.

5.6 TESTING OF WIND-TUNNEL MODEL NO. 2

The model was placed in position in the wind-tunnel and the 
laser incidence measuring system calibrated (see Appendix 
B for details of this system).

Figures 5.14 and 5.15 overleaf show the experimental appar­
atus, and a view of Model No.2 in the wind-tunnel, respectively.



right wing

FIGURE 5.12: Model No. 2 before Assembly

GRAFEfWSTADEN,

FIGURl; 5.13: Model No. 2 in Milling Machine
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It was decided to test Model No. 2 at the same Reynolds Num­
ber as Model No. 1, thus ensuring similar flow conditions.

The model was set at ten degrees incidence from the zero 
lift angle on both wings, and the tunnel run up to the re- ■ 
quired velocity for Reynolds Number matching. The levels 
of water in the multi-tube manometer were allowed to settle 
to steady values, and readings of height were recorded. 
Values of local lift coefficient were calculated, and it 
was found that there was a slight, approximately linear 
increase in local lift coefficient from the left wing to 
the right, spanwise across the model. This was attributed 
to swirl in the wind-tunnel, and results were modified 
accordingly (see Chapter 6 and Appendix C).

The test was repeated for incidences of 0°; 2,5°; 5,0° and 
7,5° on both wings. Tests were then run with incidence 
differential. The incidence on one wing was kept constant 
at ten degrees (this being termed the re'erence incidence), 
and pressure distributions were recorded for incidences of 
the other wing of 7,5°; 5,0°; 2,5° and 0°. The roles of 
the wings were then reversed, and further tests run. This 
process was repeated for baseline incidences of 7,5°; 5,0° 
and 2,5°.

The experimental results are presented in Appendix F.2



CHAPTER 6

DISCUSSION OF RESULTS

The experimental results obtained from the wind-tunnel 
tests carried out on the two wind-tunnel, models, and the 
theoretical results obtained from the lifting-line wing 
model, are discussed in this chapter. Experimental 
results for both wind-tunnel models are presented in Appen­
dix F.

6.1 DISCUSSION OP EXPERIMENTAL RESULTS : WIND-TUNNEL 
MODEL NO. 1

8.1.1 Lift (Figures P.l, F.7, P.13, F.19, F.25, P .31 and P.37)

The lift coefficient/incidence curves essentially consist
of three regions:

(i) the low incidence region, where the graph is rather 
curved. This was presumably due to friction between 
the aileron and wing - especially at high skew 
angles, where stagnation pressure on the aileron tip 
caused reasonably large frictional forces. When 
running the wind-tunnel tests, it was found that 
the ailerons remained essentially still, relative 
to the wing, as the wing incidence was increased 
from zero li-Et, until they suddenly jerked to a new 
position. This stop/start behaviour continued until 
about four degrees incidence from zero lift, when, 
due to larger incidence and floating angles, there 
was little contact area between the wing-tip and 
the aileron. Thereafter, the aileron behaviour 
was quite smooth, with very little stop/start jerking.
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(ii) the mid-range incidence region where the graph is 
essentially straight: this being the region where 
the aileron behaviour was smooth, and the wing 
aerodynamic behaviour linear.

(ill) the high-incidence stall region, where the usual
non-linear aerodynamic effects are prominent. Some 
high-frequency aileron oscillations were observed 
near the stall, especially at high skew angles.
These oscillations are further discussed in section
6.4.2 of this chapter.

Since skewing the wing reduced the velocity normal to the 
leading-edge by a factor of cosine of the skew angle, it 
was expected that the lift-curve slope would change lin­
early with skew angle. Figure 6.1 below shows this to be 
essentially true. At high skew angles, fuselage effects 
became prominent, and some deviation from the ideal straight 
line is visible.

cosine A

FIGURE 6.1: Effect of Skew on Lift-Curve Slope
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There was no apparent effect of aileron differential on the 
lift/incidence curve, leakage effects presumably being

6.1.2 Drag (Figures F.2, F.8, F.19, P.20, F.26, P . 32, P.38)

The effect of skew angle on drag, coefficient was not found 
to be marked - being essentially an effect on induced drag 
at high incidence. The data points obtained from wind- 
tunnel tests were not joined in the drag coefficient graphs, 
since there was little to differentiate one curve from
another. However, figure 6.2 ove.leaf, a plot of drag co­
efficient against lift coefficient squared, shows clearly 
the changes in induced drag.

Assuming: CD = CQ^ + II c£ . . . . .  (6.1)

then a plot of Cg versus Cg should be linear, its slope 
having the value (1 + 6)/?rd̂ . It is clear from figure 6.2 
that the slopes of the graphs increase with skew angle, 
but also that the non-linearity increases with skew angle. 
Since the aspect ratio of the wing decreased by a factor
of coeaA, the "spread" of the graphs appears reasonable.
No attempt has been made to determine the slopes of the 
curves, due to their non-linearity at skew angles above 
20°. It is suggested that at large skew angles, the 
induced drag parameter 6 is no longer a constant, but de­
pendent on lift coefficient. This might have been due to 
cross-flow between the wing and aileron being enhanced by 
the spanwise component of free-stream velocity. The 
eftect of such a lift-depondent induced drag parameter 
would be non-linearity of the CD versus C£ graph.

A second effect of skew angle visible in figure 6.2 is the 
increase in lift-independent drag CQ . This was attributed
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to pressure drag on the bluff aileron tip increasing as 
skew angle increased. Some pressure drag could have been 
acting on the exposed wing-tip as well as the aileron tip 
(see figure 6.3 below).

pressure drag 
on aileron tip

pressure drag 
on exposed w ing -tip

FIGURE 6.3: Increase in Pressure Drag on Wing and Aileron
with Skew Angle

Figure 6.4 overleaf is a plot of Cg versus for zero skew 
angle, and varying aileron differential. There appears to 
be little change in slope between the no-differential and 
negative differential graphs, but some discrepancy in slope 
when a positive differentia.', was applied. This discrepancy 
appears to be consistent; a similar plot for aileron differ­
ential of ten degrees showed the same effect. It is sugg­
ested that the effect is due to swirl in the wind-tunnel, 
increasing the cross-flow effect in one direction, and 
hindering it in" the other.

Figure 6.4 also shows that the lift independent drag, CD , 
increased with increased differential, this being due to® 
increased frontal area of the ailerons at higher differen­
tial angles.
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6.1.3 Side-Force (Figin ■. F.3, F.9, F.15, F.21, F.27, P .33

and F.39)

If the forces pcting in the plane perpendicular to the lift 
vector, (ie, and side-force) are considered to have a
resultant a'" •—.al to the leading edge of the wing,
(see figure ‘ ,„j.o w ) then the side-force should increase
with skew anB.ud, reaching a maximum at 45°.

D - drag 

Y  - side force 

R -  res jltan t

FIGURE 6.5

It may be seen from the side-force/incidence curvcs that 
skewing the wing in fact causes a side-force to be devel­
oped, which reaches a maximum at skew angles between 40° 
and 50°. The experimental data of Graham, Jones and Boltz 
(GJ 73) shows the same effect.

Aileron differential was found to have very little effect 
on side-force. The side-force coefficients were an order 
of magnitude smaller than the drag coefficients, which, 
in turn were a further order of magnitude smaller than 
the lift coefficients.



6.1.4 Pitching Moment (Figures F.4, P.10, F.16, F.22, F.28,
F.39 and F.40)

Of all the experimental results obtained, these were found 
to have the most scatter. This was attributed to the stop/ 
start behaviour of the ailerons. The general trends 
observed were reasonably clear however.

The first of these was the change of the slope of the pitch- 
ing-moment/incidence curves with skew angle. This implies 
movement of the total model aerodynamic centre from behind 
the pivot point (about which the moments were taken) to in 
front of the pivot point, as skew angle increased. However, 
this is contrary to previously published results (GJ 73).
The apparent movement of aerodynamic centre was not very 
great, however, and may be attributed to the assumptions 
used in calculating the pitching-moment; especially assuming 
drag to act at the 401 chord pivot point.

The other trend noticed from the pitching-moment data was 
the roll/pitch cross coupling. Application of aileron 
differential caused a pitching-moment to be developed as 
well as a rolling moment (comparefigures F.34 and F.40 with 
figure F.4). This was merely a function of the asymmetric 
geometry, as may be seen from figure 6.6 below.

pitching

rolling
moment

FIGURE 6.6: Pitch/Roll Cross-Coupling



6.1.5 Polling Moment (Figures F.5, F.11, F.17, P.23, F.29,
F.35 and F.41)

It was found that at small skew angles, the rolling moments 
generated by the floating~tip ailerons were essentially 
independent of incidence. At higher skew angles two effects 
were felt : viz

(i) The leading aileron/wing friction prevented the lead­
ing aileron from true "floating" at low wing incid­
ences. The trailing aileron, being attached to the 
leading aileron by the aileron tie rod, was limited 
to the movement allowed by the torsional flexibility 
of the tie-rod. Thus, at low wing incidences, there 
was some incidence-dependence of rolling moment.
After the leading aileron had freed itself, the 
curves were found to be essentially flat.'

(ii) At large skew angles, a large proportion of the 
trailing floating-tip aileron was situated in the 
wake of the wing, at high incidences. This caused 
some non-linearity of the rolling moment/incidence 
graphs.

Figure 6.7 overleaf shows the effects of skew angle on ail­
eron performance. Two distinct effects may be seen - the 
first being the change in slope of the graphs. As the skew 
angle increased, so the effectiveness of the ailerons in 
roll decreased - more and more being contributed to pitch­
ing moment. The second effect of skew angle is the rolling 
moment developed by skewing the win^ (ie, the vertical 
shift of the curves as skew angle increases). This was due 
to the spanwise shift of centre of pressure from the wing 
centre-line towards the downstream wing-tip, and was 
noticed in previous research (CD 46, GJ 73). At skew angles 
of 50° and 60°, the effect appears to be in the opposite 
direction. This is in fact due to extrapolation of the
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rolling moment/incidence curves to an incidence correspond­
ing to a lift coefficient of 0,6 (refer to figure F.5 in 
Appendix F). The non-linearity of the 50° and 60° skew 
angle curves in figure 6.7 are due to the same extrapola­
tion - however, the trends indicated are useful.

A good measure of aileron effectiveness is the Roll Crit­
erion. It is a measure of the ability of the ailerons to 
produce a rolling moment by modifying the spanwise wing 
lift distribution. Weick and Harris (WH 32) found that 
floating-tip ailerons p'-ovided a much better value of Roll 
Criterion, at all incidences, than conventional ailerons.
The performance improvement was particularly marked at high 
angles of attack near the stall. Figure 6.8 overleaf shows 
the effect of skew angle on the roll performance of floating- 
tip ailerons, for an aileron differential of 15° positive. 
Since, for a rectangular planform monoplane wing:

Roll Criterion = “ TT' (hH 32)

and the rolling moments are essentially independent of 
incidence, the expected curves were rectangular hyperbolae. 
Figure 6.8 shows this to be essentially true. The critical 
Roll Criterion at a value of 0,075, was found by the NACA 
to represent satisfactory control conditions. Figure 6.8 
shows that aileron effectiveness decreases with skew angle, 
more and more being contributed to pitching moment. In 
the low incidence cruise regime, aileron effectiveness is 
seen to be satisfactory.

Figure 6.9 is a similar graph to figure 6.8, for an aileron 
differential of 15° negative. The dashed line shows the 
curve for 10° skew, and 15° positive differential, which 
is above that for 15° negative differential. It would 
therefore appear that there is some asymmetry in the 
behaviour of the ailerons. This asymmetry was attributed
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to swirl in the wind-tunnel, increasing the effect of the 
ailerons in one direction, and opposing their effect in the 
other. The curve for 60° skew is irregular, this being due 
to the aileron/wing friction discussed earlier.

Figure 6.10 below compares the performance of floating-tip 
and conventional ailerons, in the unskewed position, and 
at a skew angle of 40°. The performance of the floating- 
tip ailerons is superior in both cases.

wing with conventional derons

wing with floetlng-tip

le ft
stick

to ta l aileron deflection 

o r  differential (deg)

right
stick

FIGURE 6.10: Comparison of Static Force-Tests of Conven­
tional and Floating-Tip Ailerons: « 0,6



6.1.6 Yawing Moment (Figures p.*, F.12, F.18, P.24, P.30,
F.36 and P.42]

Skewing the wing was found to create a yawing moment, which 
increased with increasing skew angle. Figure 6.11 shows 
this effect at a lift coefficient of 0,6. ' The effect of 
aileron differential may also be seen from figure 6.11. 
Although the data is rather scattered, due to extrapolation 
as in the rolling moment data, the trend is for favourable 
yawing moments to be developed, since the slopes of the 
curves are essentially positive.

6.2 DISCUSSION OF EXPERIMENTAL RESULTS : WIND-TUNNEL 
MODEL NO. 2

6.2.1 Baseline Lift Distributivas

On evaluating the lift distribution across the wings with 
no incidence differential, it was found that instead of 
true two-dimensional conditions, there was a linear varia­
tion of local lift coefficient, due to swirl in the wind- 
tunnel. This was corrected for by using the mean value of 
the readings at pressure-tappings equidistant fro:n the 
centre-line. Since the readings from some pres sure-tappings 
were disregarded due to leaks or blockages, this "smoothing" 
process was not used at some positions on the model. Figure 
6.12 overleaf shows the lift distributions across the model, 
for the no-differential tests. The straight lines fitted 
to the data are arithmetic means of the data points, and 
represent what will be referred to as the "Baseline Values". 
The data as corrected appears reasonable, save for those 
points which could not be "smoothed".
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6.2.2 Lift Curve of the Section

Figure 6.13 overleaf shows a comparison between the lift 
curve of the section as published in reference Re 61, and 
the values obtained from the tests described in section 
6.2.1. The figure shows good correlation at low incidences 
- the zero-lift incidences coinciding almost exactly. At 
mid-range incidences, the experimental values obtained 
appear rather high. This effect was also noticed, although 
to a greater extent, when comparing experimental results 
of Model No. 1 with theoretical predictions (see section 
6.3.2). The discrepancy between the values from reference 
Re 61 and present experimentation is seen to decrease at 
the high incidence range. This effect was also noticed 
when comparing experiment and theory. It is suggested 
that the effect is due to the discrepancy in leading edge 
radii between the true Clark Y section, and the' actual 
wing section.

6.2.3 Lift Distributions with Incidence Differential

All lift distributions were found to be smooth and contin­
uous , (figures F.43 to F.46), although the effects of the 
incidence discontinuity were found to propagate further 
spanwise than was expected.

Before the tests were run, it was presumed that the span- 
wise propagation of the incidence differential effects 
would depend only on the magnitude o:" the incidence diff­
erential, and not on the absolute incidence of either wing. 
Figure 6.14 overleaf shows this presumption to be incorrect, 
and that there wae in fact dependence on absolute incidence.

A second trend visible from figure 6.14 is that the span- 
wise propagation of differential effects is non-linear for 
the 7J° reference cases; and almost linear for the 10° 
reference case.
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difference 
between q 
C ( a t 210 
mm from 
interface 
&  baseline

0,05

o f spanwise 
propagation 
o f  differential 
effects)

7.52,5 5
incidence differential

FIGURE 6.14: Effect of Incidence Differential on Span-
wise Lift fliftribution

The above effects imply rather radical departure from what 
intuitively should have been linear behaviour. The non- 
linearity is of the order of five percent, which is above 
the experimental error of two percent.



6.3 THEORETICAL RESULTS

6.3.1 Lift Distribution

Examination of figure 6.15 overleaf shows that a reasonably 
smooth lift distribution was predicted; save for the "spike 
at the aileron tips. From equation (3.4), it may be seen 
that as the aileron tip is approached, 8 becomes very small 
and so sin tid in equation (3.9) also becomes very small.
It is suggested that the lift distribution "spikes" are due 
to manipulation of the matrix equation containing these 
very small values. The size of these values was increased 
by moving the first definition point away from the aileron 
tips, and the "spikes" became less severe. However, the 
wing definition suffered, and a "wavy" lift distribution 
resulted. An optimum was reached, and figure 6.15 repre­
sents this lift distribution.

6.3.2 The Lift/Incidence Curve

Figure 6.16 on page 6.23 compares the theoretical predic­
tions with experimental results. The dashed line through 
the experimental results at mid-range incidences, shows 
correlation of lift-curve slopes to be quite satisfactory: 
a discrepancy of three per cent was found between experi­
mental and theoretical results. The curvature of the ex­
perimental graph might have been due to the smaller lead­
ing edge radius used on the aerofoil section, at low 
Reynolds Numbers, (see figure 5.6).

The reference zero for both curves is the zero-lift cond­
ition, which, for the theoretical model, implies zero 
wing lift alone. Experimentally, zero lift implies zero 
nett lift; the negative fuselage 3ift was compensated by 
an equal wing lift. Due to friction, it is possible that
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the ailerons were not free-floating, and provided some 
further negative lift. At higher incidences, the fuselage 
provided some positive lift. These effects perhaps caused 
the discrepancies in the experimental lift curve.

6.3.3 Induced Drag

The method of optimisation of the definition point system, 
described in Chapter 3, used correlation between theoreti­
cal and experimental induced drag factors. It was found 
that the induced drag factor was extremely dependent on 
the definition point system (see figure 3.6).

6.3.4 Rolling Moment

Figure 6.17 overleaf compares theoretical rolling moment 
predictions with experimental results, for zero skew 
angle. The results appear very satisfactory at an aileron 
differential of 5°; sc ter becoming worse at an aileron 
differential of 10° ana 15°. (The scatter has been dis­
cussed in section 6.LS of this chapter.)

6.3.5 Floating Angles

Figure 6.18 (page 26) compares theoretically predicted 
floating angles with experimental results. At the zero 
lift angle, it may be seen that the ailerons have a con­
siderable negative floating angle.

This may be due to combination of two causes;

(i) the wing generating lift, which is opposed by the 
negative fuselage lift, discussed in section 6.3.1.
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floating incidence from lift (deg)

-12

FIGURE 6.18

This wing lift produces an upwash field at the ailer­
ons - hence the negative floating angle. And

(ii) aileron/wing friction.

However, the change in floating angle with wing incidence 
appears to correlate quite well at low wing incidences.
This discrepancy at very high incidences may be due to 
stall effects.

Since the overall correlation was unsatisfactory, no further 
results were analysed.



6,4 GENERAL

6.4,1 Criteria for Static Stability of Floating-Tip Ailerons

Assuming that the ailerons are statically balanced about 
their pivot point (ie, the aileron centre of gravity is on 
the pivot point] , then the following criteria are useful:

(i) The slope of the pitching moment/lift coefficient 
curve of the aileron alone should be negative. This 
is for gust response of the ailerons; a perturbation 
from a stable floating-angle results in a stabilising 
moment being generated. This may be achieved by 
placing the pivot point of the ailerons ahead of the 
aerodynamic centre (hence the recommendation of a 
seventeen per cent chord pivot point by references
WH 32 and WH 33).

(ii) The magnitude of the slope of the aileron pitching 
moment/lift coefficient curve depends on how far 
ahead of the aerodynamic centre the pivot point is 
placed. Aeroelastic and dynamic stability consid­
erations might dictate the choice of a slope.

If a cambered aerofoil section is used, then to counter­
act the zero-lift pitching moment, an out-of-balance moment 
should be created, so that the curve passes through the 
origin (see figure 6.19 overleaf).

This means that the floating-tip aileron having a cambered 
aerofoil section does not . pply a downward force on the 
wing: although some weight penalty might be paid in creating 
the out-of-balance moment.

Statically balanced floating-tip ailerons having a cambered 
Clark Y aerofoil section were tested, and it was found that 
they fluttered excessively. It is presumed that the inter-
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FIGURE 6.19

section between the C^/C^ curve and the axis was at a 
large negative lift coefficient; so large that 'the aileron 
stalled, and its incidence increased by a weather vane 
action. The pitching moment was again developed, stall 
occurred, and the cycle repeated itself.

6.4.2 Aileron Oscillations

Table F.l in Appendix F lists all the occasions when, at 
high incidence, high frequency oscillations of the NACA 
0012 ailerons occurred. These are not referred to as 
flutter, since flutter is an aeroelastic effect, and it 
appears that these aileron oscillations were not due to 
aeroelastic effects. It is suggested that they were due 
to the effect of the wake of the wing on the downstream 
aileron, since the oscillations were only observed at large 
skew angles and at large incidences just below the stall.



6.4.3 Flow at the Wing/Aileron Interface

A flow visualisation technique was used to examine the flow 
at the interface of Model No. 2. Neutrally buoyant, helium- 
filled soap bubbles, of 2 mm diameter, were introduced into 
the wind-tunnel flow, upstream of the model, and the bubble 
paths photographed. Figure 6.20 below shows the resulting 
flow pattern. As may be seen, there is no marked vorticity, 
although some rotation of the flow may be seen. This was 
expected from the smooth pressure distribution on Model No. 2.

FIGURE 6.20: Visualisation of the Flow about the Wing/
Aileron Interface Model



CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

It is useful here to repeat the objective in undertaking 
this research programme:

"investigate the use of floating-tip ailerons on skew wing 
aircraft, to determine whether an overall improvement in 
performance is possible".

Bearing this objective in mind, the following conclusions 
were drawn from the discussion on experimental and theore­
tical results.

7.1 ROLL PERFORMANCE

Static tests shows the roll performance of floating-tip 
ailerons to be very good in the Ion incidence cruise regime, 
at skew angles up to 60°. In the unskewed position, prev­
ious research (Ba 34) showed good performance in the post­
stall regime. Skewing the wing up to 20° caused little 
difficulty in terms of high incidence performance. Abvvv* 
skew angles of 20°, at high incidence, aileron oscillations 
were caused by wing wake effects on the downstream aileron.

The roll performance of floating-tip ailerons was quite well 
predicted by simple lifting-line theory.

7.2 CROSS-COUPLING EFFECTS

There were no adverse yawing moments generated by aileron 
application, trends were for favourable moments to be gen­
erated.
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The asymmetric geometry of the skew wing aircraft caused 
pitching moments to be generated by aileron application. 
These pitching moments would have to be corrected for by 
a suitable coupled aileron/elevator system in a complete 
aircraft.

7.3 DRAG EFFECTS

The skewed elliptic wing has been shown to be an optimum 
in terms of trailing vortex and wave drag, due to the 
elliptic distributions of lift and thickness (Jo 51, Jo 52). 
The use of floating-tip ailerons resulted in a very non- 
elliptic lift distribution, thus increasing the trailing 
vortex drag from the optimum 6 = 0  for an elliptic lift 
distribution.

A secondary drag effect was the increase in pressure drag 
with skew angle, due to stagnation pressure effects on the 
exposed forward-swept wing tip.

It is felt that the improvement in roll perfoi,nance must 
be carefully weighed against the detramentul effect on 
lift/drag ratio and hence overall aircraft "efficiency", 
before it is decided whether floating-tip ailerons result 
in an improvement in overall aircraft performance.

7.4 SUGGESTIONS FOR FURTHE'. RilSEARCH

The author believes that there are three principal areas 
in which further research would be of value:

(i) the transonic case - evaluation of the effect of 
the aileron/wing interface on wave drag in the 
skewed position.
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(ii) the dynamic behaviour of floating-tip ailerons - 
evaluation of the effectiveness of floating-tip 
ailerons on a free-flight aircraft model.

(iii) theoretical predictions - use of lifting-surface 
theory (vortex lattic method) for prediction of 
skew wing, and floating-tip aileron, performance.
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APPENDIX A

DETAILED DESCRIPTION OF APPARATUS

A.l THE' WIND-TUNNEL

The wind-tuunel is described in detail in references Cl 72,
Do 66, Si 58 and Sm 73. A general description is given in 
this section.

The wind-tunnel is of the closed-circuit type, having a 
pseudo-elliptic cross-sectior. Working section dimensions

minor axis or height : 609,6 mm
major axis or width : 914,4 ram
length : 600,0 mm

The airflow is driven by a fan powered by a 30 kW D.C. motor. 
Motor control is by a Plastelec thyristor control system. 
Figure A.l overleaf shows a schematic view of the wind-tunnel.

The velocity of the airflow in the working section may be 
varied from approximately 10 m/s to 75 m/s; although at the 
higher velocities, tunnel beating effects become prominent, 
and correction has to be made for these.

A.2 VELOCITY MEASUREMENT

The velocity in the wind-tunnel working section was measured 
using a standard pitot-tube/manometer arrangement. The 
pitot-tube head protruded approximately ISO mm into the tun­
nel, keeping well clear of the boundary layer. Dold et al 
(Do 66] found that the velocity profile in the working sec-





tion was essentially flat at the speeds used for testing 
Model No. 1; the boundary layer being approximately 100 mm 
thick. The pitot-tube was placed approximately 500 mm up­
stream of the model, so that its wake would not affect the 
airflow over the model to any great extent.

The position of the pitot-tube ensured measurement of "free- 
stream velocity", essentially unaffected by the presence of 
the model.

Pitot-tube : Airflow Developments
1,30 mm dia stagnation pressure

Manometer : Betz-type projection manometer 
v. Essen Delft 6750 
least count 0,01 inches of water.'

A.3 TEMPERATURE MEASUREMENT

The temperature of the airflow was measured using a stand­
ard 1 tory mercury thermometer, protruding from the tun­
nel wall into the flow. This thermos?,eter actually measured 
stagnation temperature, but since the velocities were relat­
ively low, no correction was made to obtain true static 
temperature.

Thermometer : standard mercury-in-glass 
least count 1,0°C.

A.4 STATIC PRESSURE MEASUREMENT

The wind-tunnel working section is provided with a slot, 
ensuring that static pressure in the tunnel is the same as 
ambient atmospheric pressure. The atmospheric pressure



tion was essentially flat at the speeds used for testing 
Model No. 1; the "boundary layer being approximately 100 mm 
thick. The pitot-tube was placed approximately 500 mm up­
stream of the model, so that its wake would not affect the 
airflow over the model to any great extent.

The position of the pitot-tube ensured measurement of "free- 
stream velocity", essentially unaffected by the presence of 
the model.

Pitot-tube : Airflow Developments
1,30 mm dia stagnation pressure 
orifice.

Manometer : Betz-type projection manometer 
v. Essen Delft 6750 
least count 0,01 inches of water."

A.3 TEMPERATURE MEASUREMENT

The temperature of the airflow was measured using a stand­
ard laboratory mercury thermometer, protruding from the tun­
nel wal" into the flow. This thermometer actually measured 
stagnation temperature, but since the velocities were relat­
ively low, no correction was made to J'tain true static 
temperature.

Thermometer : standard mercury-in-glass 
least count 1,0°C.

A.4 STATIC PRESSURE MEASUREMENT

The wind-tunnel working section is provided with a slot, 
ensuring that static pressure in the tunnel is the same as 
amb’ent atmospheric pressure. The atmospheric pressure



was measured using a standard Fortin barometer, previously 
calibrated by the National Physical Research Laboratory.

Barometer : Gallenkamp and Co. Ltd. No. 1110 
least count 0,01 mm Hg 
accuracy _+ 0,1 mm Hg,

A.5 THE WIND-TUNNEL BALANCE

The wind-tunnel balance is an Aerolab Pyramidal Strain 
Gauge balance, designed to support a model in the wind-
tunnel, adjust its angle of attack over a +30 degree range,
adjust its angle of yaw over a 360 degree range, and separ­
ate and measure the six force and moment components which 
determine the resultant force exerted by the airflow on the 
model. The angular position of the model in yaW and angle 
of attack is indicated on Veeder Root counters to the near­
est tenth of a degree.

The components are separated mechanically and measured 
through individual load cells; readout is accomplished 
through appropriate electrical equipment.

The hi sic linkage may be termed a pyramidal (or virtual cen­
tre) linkage. The central spider which carries the model 
support is supported on four diagonal struts which, if ex­
tended, would meet at a point known as the "balance centre". 
Since any movement of this central spider must occur as a
rotation about the balance centre, moments are measured sim­
ply by a vertical or horizontal force, multiplied by its 
distance to the balance centre. This multiplication is of 
course effected in the linkage.

The load cells are equipped with strain gauge bridges com­
posed of four active 120 ohm gauges. The bridges are ener­



gised by D.C. supplied by separate stabilised power supplies 
for each component. A wiring diagram for the power and con­
trol unit is presented in Figure A.2 overleaf.

Readout is by a Doric Digital Microvoltmeter, having a least 
count of one microvolt. Sensitivity is limited by electric­
al noise to +; 2 microvolts. Values cf sensitivity for each 
of the force and moment components is s^ven in Appendix B.

A.6 MEASUREMENT OF FLOATING-ANGLE OP THE AILERONS

It was obviously impossible to measure the floating angle of 
the ailerons directly in the wind-tunnel. Various indirect 
methods were considered, including a travelling microscope. 
Finally, it was decided to use a photographic method, this 
having the added advantage of creating a permanent record. 
The camera used was an Exa lib, fitted with a Zeiss 2,8/50 
lens. A film with a reasonably high ASA rating of 400 was 
used, enabling reasonable depth of field with one photo­
graphic flood light, and a shutter speed of l/60th sec.

The developed negatives were projected in the projection rig 
described in Ref Ga 75, giving x and y co-ordinates of the 
trailing edge of the aileron, trailing edge of the wing, and 
floating-axis of the aileron.

A.7 MULTI-TUBE MANOMETER

In order to determine the pressure distribution of Model No. 
2, use was made f a multi-tube manometer. It consists of 
a bank of thirty-six tubes, connected to a common reservoir. 
The bank of tubes may be tilted at angles of 0° to 70° to 
the vertical. For the purposes of the tests, the bank was 
tilted at 60° to the vertical, effectively doubling the sen-
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sitivity of the tubes.

Manometer least count = 0,05 inches water
(graduations of 0,1 inch, at 60° to 
the vertical)

A.8 MEASUREMENT OP ANGLE OF ATTACK [INCIDENCE] OF MODEL 
NO. 2

Since Model No. 2 was not mounted on the wind-tunnel balance, 
incidence could not be measured directly on the balance's 
Veeder Root counter. Movements of a reflected laser beam 
were used to measure, and set-up. Model No. 2 at various inc­
idences. The calibration of this arrangement is given in 
Appendix B. Figure A.3 below shows a schematic view of the 
system.

le ft w ing

/V \
right w ing /

\  \  beams pass thrc
\  \  w ind-tunnel floo r

calib ra ted  
graduations on 
w ind-tunnel floo r

/  splitter

under funnel

FIGURE A. 3: Schematic View of incid'ence-MeasUrl’ng System Of
Model No. 2



Laser : Spectra-Physics Stablite
Model 124A Helium-Neon Laser

Power source : Spectra-Physics 25S Exiter

Beam splitter : from T.S.I. Laser-Doppler System.



APPEfiMX B 

CALIBRATIONS

B.l WIND-TUNNEL TEMPERATURE AND PITOT-PRESSURE/TIME CALI­
BRATION

It was found that when the wind-tunnel was used for extended 
periods at high speeds, its temperature rose, due to frict­
ional and stagnation effects. The dynamic head of the air­
flow decreased due to the increase in temperature. It was 
therefore decided to calibrate the curve of these changes 
in parameters with time. This meant that it was only nec­
essary to record the values of these parameters at the 
beginning of each test, and to record the duration of the 
test, instead of having to record the values at discrete 
time 'Titervals.

The wind-tunnel was run up to operating speed, and values 
of temperature and pitot-pressurp recorded for time inter­
vals of three minutes. When twel 'j minutes had elapsed, 
further vgi" vere recorded at ten minute intervals, until
the temp d pitot-pressure of the wind-tunnel had
stabilis test was repeated on the following day,
when the ambii . temperature was five degrees Celcius 
lower, and it was found that the change in wind-tunnel 
stable temperature and pitot-pressure was negligible.

Due to the exponential nature of these parameter changes, 
exponential curves were fitted to the data points. The 
curves are shown overleaf in figures B.l and B.2.
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FIGURE B.l: Curve fit to Calibration Data: Wind-Tunnel
Temperature vs Time

(-0,045 O'

50

FIGURE B.2: Curve fit to Calibration Data: Wind-Tunnel
Pitot-Head vs Time



B.2 WIND-TUNNEL BALANCE CALIBRATION

Before any tests were carried out in the wind-tunnel, it 
was decided to replace the load cells on the lift, side- 
force and drag components on the wind-tunnel balance, 
with more sensitive cells. After this replacement, the 
balance was aligned as recommended in the operating man­
ual. The position of the resolving centre was determined 
by the use of fittings supplied with the balance. These 
consisted of four pointed rods, which were clamped to the 
spider struts, and met at the resolving centre. The 
alignment was checked by mounting a vertical cylindrical 
aluminium bar on the balance and running the wind-tunnel 
through its complete speed range. The balance provided 
an output of drag component and pitching-moment; but lift, 
side-force, rolling and yawing moments were essentially 
zero. The alignment was further checked during calibra-

Supplied with the balance was a calibration "tee", a "t" 
shaped bar having grooves at one-inch intervals. This was 
mounted on the balance using the fittings supplied. Stout 
cord was attached to the "tee", and passed over a 250 mm 
diameter pulley to a large scale pan. The apparatus is 
shown overleaf in figure B.3,

Standard masses were placed in the scale pan, and the 
pulley was moved until only lift and pitching-moment reg­
istered on the balance output voltmeter. The cord was 
checked with an accurate spirit level, and found to be 
vertical. This ensured that the three forces were orth­
ogonal and aligned with the airflow direction in the tun­
nel. Moment cross-coupling was not checked for, since 
measurement of moments depended on the orthogonality of 
the three forces only.



•pulley on 

ball bearingscalibration

to balance

FIGURE B.3: The Balance Calibration Apparatus

Readings of the three forces and the three moments were 
then recorded, for varying masses in the scale pan, at vary­
ing positions on the "tee". The true moments were calcul­
ated (since moments were not applied at the resolving centre), 
and figures B.4 to B.9 represent the results. Data points 
are not shown for the unloading condition, since there was 
no observable hysterisis on any of the components.

Table B.l contains all the relevant data for the wind- 
tunnel balance.

TABLE B.l: THE 600 x 900 SUBSONIC WIND-TUNNEL BALANCE

Load Cell Sensitivities:

Lift ,04 yV.lbf'1 63,39 yV.N"1
Drag 302 ,56 yV.lbf"1 68,01 yV.N"1
Side-force 389 ,68 yV.lbf-1 87,59 yV.N"1
Pitching Moment 25,35 uV.(lbf in)"1 22* ,33 pV.(Nm)"
Rolling Moment 31,51 UV. (Ibf in)"1 278 ,85 yV.(Nm)"
Yawing Moment 44,72 yV.(lb£ in)"1 395 ,75 pV. (Nm)"
Position of Resolving Centre = 385,64 mm from mounting flange.



Positive direction of components as registered on voltmeter:
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B.3 CALIBRATION OF MODEL NO. 1

When Model No. 1 was first tested in the wind-tunnel, it was 
found that there were some side-force, yawing and rolling 
moment components present due to machining imperfections. 
These forces and moments had to be corrected for when eva­
luating wind-tunnel data. Figures fa.10 to B.12 below and 
overleaf show the data points obtained from the first wind- 
tunnel test, and the fitted curves.

0,005

l i f t  (deg)incidence from

FIGURE B.10: Side-Force Calibration

incidence from  zero lif t

-0,01

-0,02

-opal
FIGURE 3.11: Rolling Moment Calibration



incidence from zero lift (deg)

0,015

FIGURE B.12: Yawing Moment Calibration

B.4 CALIBRATION OF THE INCIDENCE MEASURING SYSTEM OF MODEL

Model No. 2 was first assembled in the wind-tunnel. The 
bottom flat faces of the wings were set parallel to the 
wind-tunnel floor by the use of a vernier height gauge.
This position was at eight degrees incidence from zero (six 
degrees from tero lift line to the chord line, and two 
degrees further to the bottom surface).

The laser was set up as in Appendix A, and the position of 
the reflected beams marked on the wind-tunnel floor. By 
lowering the trailing edges by a measured amount, the inci­
dence of the wings were calibrated from zero lift (trailing 
edges eight degrees up fr reference), to ten degrees inci­
dence (trailing edge down d / two degrees), in steps oi 2,5 
degrees. At each incidence, vhe position of the reflected 
laser beams were marked on the wind-tunnel floor.



APPENDIX C
METHOD OF CALCULATION OF RESULTS

This appendix serves to explain the methods by which tt-j 
results were calculated from raw experimental data. The 
computer programme referred to is listed in Appendix D.

C.l MODEL NO. 1

The results for Model No. 1 are presented in the form of 
non-dimensional coefficients. Parameters common to all 
coefficients are density, velocity and wing area. Density 
was calculated using the ideal gas law, correcting temper­
ature for heating effects. Velocity was calculated assuming 
10 0 per cent conversion of dynamic head in the wind-tunnel 
to manometric height. Allowance was made for the change in 
pitot-pressure with time.

Forces and moments were converted to S.I. units using the 
calibration factors from Appendix B. The moments were 
corrected for displacement from the balance resolving centre, 
by assuming that the drag, side-force and lift vectors acted 
at the 40 per cent chord pivot point of the model (see 
figure C.l overleaf).
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incidence pivot point

balance resolving centre

FIGURE C.1: Corrections for Displacement from Balance
Resolving Centre

from figure C.l:

I = 242,19 oos 4>2 
d = 80,95 + 242,19 H n

the corrected moments are:

Mc = M - L.Z - D.d
1,. - & - Y.d ............................ (C.l)
nc = n - Y.2

The coefficients were then calculated, and incidence and drag 
coefficient were corrected for boundary-induced interference 
(as described in Chapter Four). The results were calculated 
using the computer programme DAVEXP, whose logic follows 
that described here.



C.2 MODEL NO, 2

Reference Re 61 gives pressure coefficient curves for vary­
ing lift coefficients, for the Clark Y aerofoil. Since the 
wind-tunnel tests on Model No. 2 were in the low-speed 
range, the velocity remained constant during each test. It 
was therefore possible to plot lift coefficient against 
suction pressure, from the curves of pressure coefficient 
in reference Re 61, for the test velocity and the 30 per 
cent chord position of the pressure tappings. Figure C.2 
below is such a plot.

C,'L

FIGURE C.2: Variation of Suction with Lift Coefficient for
the 301 Upper Surface Chord Position of the 
Clark Y Aerofoil (taken from data presented 
in reference Re 61)

Suction readings were thus readily converted to local lift 
coefficients.



APPENDIX D
COMPUTER PROGRAMMES

D.l DAVELIP

This programme evaluated the boundary-induced interference 
factor for the elliptic cross-section wind-tunnel of the 
University of the Witwatersrand. Essentially, there are 
four stages to the programme:

(i) convert x-y co-ordinates to elliptical co-ordinates.

(ii) sum series of odd terms for the interference on the 
wind-tunnel axis (see equation 4.6).

(iii) sum series of even terms for the interference off 
the wind-tunnel axis.

(iv) output.

Bach series was judged to have converged when a term was 
smaller than 0,00001.
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D. 2 DAVEXP

This programme, used to calculate wind-tunnel results from 
raw data, has been described in Appendix C. The programme 
is listed overleaf for reference.
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D.3 DAVSPAN

The floating angles of the ailerons, and the wing performance 
were predicted, using solutions to the Monoplane Equation, 
by this programme. The floating angles of the ailerons were 
determined by solving

|(lift across symmetrical aerofoil section) = 0  „ . (D.l)
aileron

using the method of false position (Ge 70). Generally, the 
solution to

y = fix) = 0  (D.2)

is sought.

Two "firi»t guesses" at solutions are made; (an , y\) and 
(am, yz) such that

2/z > 0  yi < 0 and X2 > (see figure D.l below)

Y

FIGURE D.l



D. 14

The point where the straight line between («i, yi) and 
(a!2 , i/a) crosses the e-axis is used as the x-value of the 
next approximation to the solution. For the floating angle 
case, y is the integrated life across the aileron, and $ is 
the floating angle.

The programme logic is represented in the flow chart below.

[~Sta7t~[

Initialise Values

Set-up Definition - Point System

Define incidences of the Wing and Aileron 
(first guesses at floating angle)

Set-up Monoplane Equation (3.9)

Solve for Pourier Coefficients 
using IBM subroutine DGELG

i
Integrate lift across aileron 
(analytically)

-Yes---- ^

New approximation to Evaluate wing lift,
Floating Angle 5, etc

Output



D. IS

In order to reduce round-off errors, the programme was 
written for double length, eight character words (double 
precision).

It was found that the first intercept on the a-axis proved 
to be the solution to (D.2), within the specified tolerance 
of 0,001: i.e. the lift across the aileron was a linear 
function of aileron incidence.
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APPENDIX E

ERROR ANALYSIS

The accuracy of the observations is limited by the accuracy 
of the measuring instruments used. This appendix lists the 
probable errors in the various parameters, and an estimation 
of the final accuracy of the non-dimensional coefficients is

As an example, consider the lift coefficient err-vr. Ths 
lift coefficient is given by:

In partial differential form, the error due to errors in 
other parameters may be written as:

Now the error in density dp depends on the error in static 
pressure and temperature measurement,

Using the Ideal Gas Law:

„ ,  f (E.3)

(B.4)

(assuming no error in R).



Since velocity was measured using a pitot-tube/manometer 
system1.

iP r  - p gh

2p,,
-z- 9h  (B.S)

.....
(assuming no b t t o t  in py and y) 

hence (E.2) becomes:

dCh B’ |isir|‘<IL + ‘dp +
4 | - ^ | {| i r  -dl> + | S - | d?!}

(5.7)

Table E.l overleaf lists the values of the errors and Table
E .2  lists the values of the differentials in equation (B.7), 
at the highest values of the respective parameters.



TABLE E.l

Parameter Reading
Error

Instrument
Error

Total

0,05 N 0,08 N 0,13 N
0,015 N 0,035 N 0,05 N
0,035 N 0,055 N 0,09 N
0,013 Nm 0,068 Nm 0,081 Nm

I 0,011 Nm 0,05 Nm 0,061 Nm
n 0,008 Nm 0,03 Nm 0,038 Nm

0,1 K 0,1 K 0,2 K
1,33 Pa 13,3 Pa 14,6 Pa

P p and T 1,04x10"" kg m"4
h SxlO'5 m H2 0 2xlO’3 m Hi 0 2,05 mm Hz 0
s l,6xl0“e m2 - 1,6xl0-8 m2

TABLE E.2

0,021 per N % 4 Pa r 1

-0,975 per kg m'3 r 43 leg ms“!

-0,0003 per m2 s 2 3V2
3fi 05x10" ms 2

-33,32 per m2 4 16x10' 5 kg m 3 Pa 1

Substituting these values into equation (B.7) yields

<fCL = 2 ,73x10"' + 2,3x10"" + 1,26x10"* + 5,33xl0‘2 = 1,56x10"* 
L p 7Z S



this is the error at CL = 1.

Percentage error = 1,561.

As may be seen, this error is primarily due to the error in 
velocity squared, which is common to all non-dimensional 
coefficients. The other errors are at least an order of 
magnitude smaller. It may therefore be said that all co­
efficients have a maximum error of 2t.



APPENDIX F
EXPERIMENTAL RESULTS

This appendix contains all the calculated experimental 
results for the wind-tunnel models. The raw data is not 
presented here, but is on file in the School of Mechani­
cal Engineering for reference.

F.l EXPERIMENTAL RESULTS : WIND-TUNNEL MODEL NO. 1

These results are presented in seven sets of : lift, drag, 
side-force, pitching moment, rolling moment and yawing 
moment coefficients versus incidence from zero lift, at 
varying skew angles; each set for constant aileron diff­
erential .
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P.2 EXPERIMENTAL RESULTS : WIND-TUNNEL MODEL NO. 2
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TABLE P.l NACA 0012 Aileron Oscillations

Skew Angle (deg)
o 10 20 30 40 SO 60

0 ** **
5 * * ** **

* *• ** **
15 * ** ** **

* * ** **
* ** ** ** **
* ** ** ** **

* mild aileron oscillations at high incidence 
** severe " " " " "



PART
N O

DESCRIPTION N O
OFF

MATERIAL

1 W IN G 1 B51S

2 S -H  BODY 1 ALUMINIUM

3 M O U N TIN G  PIN 1 MILD STEEL

4 SADDLE 1 ALUMINIUM

5 AILERON 2 AL ./BALSA

6 LOCATING PIN 1 SILVER STEEL

7 BUSH 5 'TEFLON'

8 TIE-ROD ! SILVER STEEL

SECTIONAL VIEW  

FULL SIZE

MODEL N O  1 

GENERAL ASSEMBLY 

DRWG N O  S W I-1 /7 4



X
ELAN 
FULL SIZE

MODEL NO I

GENERAL ASSY CONT’D

d r w g  n o  s w i- 2 /7 4



SECTION O N  
S-VH ®  SADDLE

©  SEARS-HAACK

all dimensions in mm

MODEL N O  1 

DETAILS

DRWG N O  S W 1-3 /74

"mid steel

SECTION O N  

A-A



drill &  
tap M 2%>'teflon'
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aluminium
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0012

45

©  AILERON

LOCATING PIN

56

all dimensions in

MODEL N O  1
22J-W |

®  W IN G  
]/5  FULL SIZE

DETAILS

DRWG N O  SW 1-4/Z4



INTERFACE DETAIL 

FULL SIZE
 indicates nylon tubing

PART N O DESCRIPTION N O  OFF MATERIAL

RIGHT W IN G 1 B51S ALLOY

2 LEFT 1

3 CENTRE PIN 1 M .S .

4 SEALING PLATE 2 ALUMINIUM

5 W IN G  BUSH 2

6 LOCATING BUSH 2 M .S .

7 TENSION ROD 2 SILVER STEEL

8 ROD SUPPORT 2 BRASS

MODEL NO 2

GENERAL ASSEMBLY
DRWG NO SW 2-1/75



W IN G -T IP  DETAIL 

FULL SIZE

MODEL N O  2 
GENERAL ASSY. 
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ClearanceM)R

100

110R

4 . .S E A U N G  PLATE

60

a -

drill &  tap  
6  B5F 

3 . CENTRE M N

30

Section on A  A

5 . W IN G  BUSH

all dimensions in mm 
holes marked x denote 4mm <t>

MODEL N O  2 

DETAILS

D R W G  N O  S W 2 -3 /7 56 .  LOCATING BUSH
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DRWG N O  S W 2 -4 /7 5
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