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A variable camber aerofoil and a miniature boundary layer traverse 

unit have been designed and built to investigate the nature of flow 

around two-dimensional, highly cambered, sail-like aerofoil sections 

with circular masts. Data has been obtained in the form of static 

pressure distributions and boundary layer velocity profiles over 

representative ranges of Reynolds number, camber ratio, incidence 

angle, mast diameter/chord ratio and mast angle for both 

NACA a = 0.8 and NACA 63 mean-line camber distributions. All 

flow regimes present have been identified and related to the salient 

model and flow parameters. 

Using knowledge gained from the experimental results, a new 

partially separated flow theory was developed based on a discretized 

vortex/source panel technique. Comparison between experimental 

and theoretically predicted static pressure distributions showed 

excellent agreement. 
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0.1 Introduction 

There has for many years been a constant desire amongst 

racing yachtsmen to obtain ever more improved performance from 

both hull and sail rigs, but since the recent rapid increase in 

fuel prices renewed interest has also begun to be shown in the use 

of wind power to either assist, or fully replace, conventional engines 

on commercial vessels. 

Previous development in sail rig design has largely been of an 

empirical nature with changes and improvements being based on a 

combination of trial and error plus experience. 

Such methods, although valuable, are time-consuming, very 

expensive and provide no guarantee of achieving an overall optimum 

in design. 

The approach most likely to lead to efficient high performance 

sailing rigs is mathematical modelling, since by employing computation 

techniques, it would be possible to assess the merits of a large 

number of design variants in a relatively short time, without it 

becoming necessary to construct many expensive prototypes. 

However to create the necessary comprehensive mathematical model 

would be a formidable task, since it would require a complete 

understanding of all the aspects of the problem, such as aero-elastic 

properties of the cloth sails, rig elastic properties, 3D unsteady 

flow influences, sail/hull interactions, separated flow effects, 

atmospheric turbulence and velocity gradient etc. 

A complete solution to this overall problem was beyond the 

scope of the present work, however an attempt has been made to mare 

fully understand just one aspect of the problem, that of mast/sail 

partially separated flow. 
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Whenever conventional cloth sails are used, some form of 

mechanical support is always required to hold them in place and to 

transmit the aerodynamic forces to the boat hull. This support 

can take several forms but the most common are masts and forestay/ 

luff groove systems, for mainsails and foresails respectively. 

Such mechanical supports inevitably act as leading edge obstructions 

to the incident apparent wind, and result in complex partially separated 

flows. These flow separations are in addition to the high degree of 

trailing edge separation that results from the very thin, highly 

cambered section shapes characteristic of modern sails. 

This unique situation of a substantial leading edge obstruction 

ahead of an unusually thin, highly cambered aerofoil, results in 

aerodynamics which are quite different to those normally encountered 

around conventional aircraft wings for which virtually all predictive 

theories have been developed. 

Prior to this study virtually no work had been published 

concerning the fundamental flows present around typical mast/ 

sail combinations, and certainly insufficient data was available 

upon which to base any new partially separated flow theory. 

In view of the lack of fundamental research in this area the 

present work considers only 2D flows and masts of circular cross 

section. 

Part A of this report describes the detailed design and 

calibration of the experimental equipment used to obtain a 

comprehensive body of data relating to the aerodynamics of typical 

mast/sail combinations. Some emphasis has been placed on this 

design aspect of the work because of its complexity and in view of 

the relatively large amount of project time that had to be devoted 

to this. 



Part B gives details of the experimental procedures adopted 

together with the analysis of the results obtained. 

Finally Part C describes a new partially separated flow theory 

based on the fundamental knowledge gained from the experimental study. 
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PART A 

EXPERIMENTAL DESIGN AND CALIBRATION 
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0.2 Previous Experimental Work 

Previous invesCigaCions of separated flow around typical 

mast/sail combinations have been largely confined to qualitative 

observations only. In most of these cases some form of flow 

visualization technique, principally wool tufts, has been employed 

which has enabled areas of reversed or disturbed flow to be identified 

on either model or full size sail rigs. 

Although valuable in emphasizing the scale of the separation 

problem, qualitative observations alone do little to describe the 

fundamental flow physics involved, nor do they help in the development 

of a predictive theory, for this the measurement of relevant 

physical quantities is essential. 

The static pressure distribution across a full size sail has 

been carried out for the yacht 'Papoose' whilst actually at sea 

as reported by Marchaj (1). However, only one spanwise station 

was studied in this experiment, whilst the apparent wind speed and 

direction were both ildefined. In addition the interference caused 

by the lengths of pressure tubing used might well have been significant 

in the 'Papoose' results since the shape of any sail is dependent 

on the pressures acting simultaneously on both surfaces. 

As regards reliable scientific data relating to flow around 

sails, only two papers are known to have been published to date. 

The first of these due to Milgram (2) provides 2D section data 

for a range of thin, highly cambered sail-like aerofoil sections, 

however no mast effects were included in these experimental results. 

To determine these effects, Milgram (3) has more recently performed 

a further series of experiments on sail-like aerofoils, but this 

time various size circular and elliptical masts were included. In 

carrying out this study Milgram had at his disposal the pressurised 



water tunnel at MIT, with this facility it was possible to obtain 

realistic full size Reynolds numbers whilst using a model chord 

of only 0.229m. 

Although Milgram's work was well performed and presented, 

and supplied data in an area previously untouched, it was apparent 

that it had a number of short-comings. 

Firstly only one type of sail shape was investigated namely 

the NACA a = 0.8 mean-line (see Abbot and von. Doenhoff (4)). 

This ie not Che only shape Chat is or can be used for sails, nor 

is IC by any means cerCain ChaC the NACA a = 0.8 represents the 

optimum sail shape, especially in view of the separated flow 

regimes thought to be present. It was clear from this that any 

further CesC programme would have to include more than one sail 

shape. 

Secondly, having decided to investigate just the NACA a = 0.8 

sail shape, Milgram carried out tests at only two different settings 

of camber ratio (CR = 12% and 15%). Milgram's results show Chat 

camber ratio can have a significant effect on mast/sail aerodynamics, 

but with only two values of camber ratio tested it was impossible 

to identify any detailed trends or make any firm conclusions. 

Again in view of this it was clear that any further study 

would require a much wider range of camber ratios to be covered. 

Finally, the water tunnel models used by Milgram were 

attached to dynamometers located at the tunnel walls, this 

arrangement provided data only in the form of force and moment 

coefficients. Such data, although valuable in performance 

prediction calculations, provides little information regarding the 

type and extents of the fundamental flow regimes present, this 

being essential if a predictive theory is to be developed. Data 
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in the form of static pressure distributions plus boundary layer 

velocity profiles would have provided the fundamental Information 

required whilst still enabling force and moment coefficients to be 

readily deduced. 

0.3 General Apparatus Form and Dimensions 

Following the observations made regarding the previous work 

in the field it was clear at the commencement of this study that any 

new experimental programme would have to include more than one sail 

shape together with a wide range of camber ratios, these being in 

addition to an appropriate spread of other relevant variables such 

as mast size, incidence angle, Reynolds number etc. Finally any 

new experiments would have to produce data of a more fundamental 

nature such as static pressure distributions plus boundary layer 

velocity profiles. 

With these general requirements in mind a detailed design and 

development programme was embarked upon to create an experimental 

apparatus capable of accurately simulating flows over typical mast/ 

sail geometries, and able to supply scientific data in the required 

form. 

The first thing considered when designing this experimental 

apparatus was the permanent test facilities required. In the present 

case where a study of fluid dynamics was to be undertaken it was 

essential to have the use of a wind or water tunnel in order to provide 

the necessary free stream flow conditions. The basic test facility 

available for this purpose was the 7' x 5' working section wind tunnel 

at Southampton University. 

The use of this tunnel immediately imposed some basic dimensions 

on the apparatus to be designed. Since, as mentioned in the 

'Introduction', it was intended to concentrate on 2D flow conditions 



only, it followed that any aerofoil models constructed to simulate 

various sail forms would each have to be made to fit across the 

tunnel working section with the minimum gap possible at the walls. 

This being essential to prevent tip flow migrations between upper 

and lower surfaces of the aerofoil. Because of this it was clear 

that any aerofoil models would have to have a span of approx. 

7' (2.1 m) or 5' (1.52 m) depending on whether these models 

were to be mounted in the tunnel horizontally or vertically. In 

the case of the Southampton University tunnel the balance system 

was installed directly above the working section, its presence there 

would have made any model end fixings on the tunnel ceiling difficult. 

In addition, the boundary layer traverse system discussed later in 

this report would not have been compatible with operation on a 

vertical surface. These two considerations together precluded the 

use of vertically orientated aerofoil models and hence established 

that any models constructed would have to span the 7' horizontal 

width of the tunnel. 

Full size sails operate at Reynolds numbers based on local chord 

of between 200 000 and 2000 000. The approximate maximum air 

velocity attainable in the tunnel working section was 40 m/s, so in 

order to achieve representative Reynolds numbers in the tunnel it 

was readily calculated (using the definition given in the nomenclature) 

that any aerofoil models should have a chord length of around 0.7 m. 

Having established the basic dimensions required for the 

aerofoil models, it then became clear, using data from reference (2) 

and standard relationships, that the lift generated by such models 

would far exceed the maximum allowable load that could be handled 

by the wind tunnel balance system (400 Ibf). Reducing the model 

size would have been impossible if 2D flow and the necessary 

Reynolds numbers were to have been preserved. As a result the wind 

tunnel balance could not be used for either force measurement or 

for model suspension in the working section. This situation reinforced 

the earlier decision to obtain data in the form of static pressure 



distributions, since these would in fact provide the only means 

of establishing force coefficients without the use of the balance 

system. 

As for supporting the aerofoil models in the working section, 

a choice had to be made between tensioned wires or a rigid slender 

frame-work. The detailed design chosen for this support system is 

described in Chapter 2, but as regards general requirements it was 

clear that any support system would have to hold an aerofoil model 

stably in the centre of the working section where any blockage 

effects would be minimized, and provide facilities for readily 

adjusting such variables as incidence angle, camber ratio etc. 

Finally to complete the general apparatus arrangement some 

means of collecting accurate boundary layer data had to be devised, 

together with an appropriate system for holding and adjusting 

a number of different size mast sections at the leading edge of the 

aerofoil models. These two systems are described in detail in 

Chapter 3 and section 2.6 respectively. 



- 1 0 -

CHAPTER 1 

MODEL AEROFOIL DESIGN 

1.1 Concept of the Variable Camber Aerofoil 

The most important part of the experimental apparatus was 

undoubtedly the 2D aerofoil sections required to simulate typical 

sail flow conditions. A real sail is of course constructed from 

woven cloth, this however was not a suitable material from which 

to build the wind tunnel models because of its low rigidity and 

therefore inability to maintain any given aerofoil shape without 

distortion across a 7' span when under aerodynamic loading. In 

addition it would be extremely difficult to obtain pressure 

distributions across both sides of a single piece of cloth because 

of the tube or wire accommodation problem. 

Milgram (3) constructed his aerofoil models from bronze plate, 

one aerofoil for each camber ratio tested. However since Milgram 

had at his disposal the MIT pressurized water tunnel facility, his 

models were relatively small (0.506 m span x 0.229 m chord), also 

only two camber ratios were tested in this work with no attempt 

made to install pressure tappings in these aerofoils. 

For the experimental programme presented here it was intended 

to test more than one aerofoil form each over a large range of camber 

ratios, further to this, pressure measurement facilities were also 

necessary for each case. With the model size required in the present 

test programme being 7' span x 0.7 m (2.3') chord it was clear that 

a bronze type of aerofoil construction would have been prohibitively 

expensive. Indeed it would have been very expensive to construct 

a large number of aerofoils of this size, each with a complex pressure 

tapping layout, out of any material including wood or GRP. It 

therefore became clear at this stage in the project that the way ahead 
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was to construct just one aerofoil, but one with the ability to take up 

any of the required shapes or indeed any that might need to be 

tested in future. Such a model could be regarded as a 'variable 

camber' aerofoil. 

This 'variable camber' aerofoil had to be sufficiently flexible 

in a chordwise sense to take up any required shape, but as rigid as 

possible in the spanwise direction in order to maintain dimensional 

stability across the tunnel, even at very low cambers when the 

contribution of curvature to rigidity was at a minimum. In addition 

the aerofoil had to be as thin as possible in order to closely 

simulate sail flow conditions, whilst being sufficiently thick to 

accommodate the necessary pressure tapping tubes. 

1.2 Aerofoil Design Evolution 

The first and most obvious design considered for the thin, 

variable camber aerofoil was a single piece of flexible sheet material 

such as metal, plastic or plywood. Although simple this type of 

construction was found to be unsuitable for the following reasons. 

Firstly a single sheet of material would have been equally flexible 

in all directions, such that at low cambers significant deflections 

would undoubtedly have occurred across the aerofoil span when under 

aerodynamic loads. Secondly a single thin sheet of material would 

not have been able to house the necessary pressure tubes without 

seriously weakening the aerofoil structure. Increasing the sheet 

thickness would have relieved both of the previously mentioned 

problems but only at the cost of increasing the chordwlse stiffness 

which would have made the representation of high curvature aerofoil 

shapes impossible, as well as creating severe restoring moments 

at the restraints. 

It was clear therefore that some form of laminate construction 

with unidirectional properties would have to be adopted. One method 
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of obtaining high rigidity in the spanwise direction whilst 

preserving chordwise flexibility was to use some form of independent 

spanwise running stiffening elements sandwiched between two surface 

skins. A simple form of this concept is shown in figure (2a). In 

this case the stiffening elements have been shown as metal rods, some 

of which being hollow tubes to carry pressure information. Although 

this design satisfied the necessary rigidity requirements it can be 

seen from figure (2b) that the lower compression surface skin would 

have been prone to buckling if highly cambered aerofoil sections were 

attempted, whilst the upper surface skin would have had to cope with 

severe stretching. The final design had therefore to overcome 

these problems together with other considerations such as choice 

and availability of materials, ease of construction and maintenance, 

reliable installation of pressure tappings etc. 

1.3 The Spanwise Stiffening Elements 

The first refinement that was made to improve the initial 

laminate design concept was to adopt rectangular section spanwise 

stiffening elements instead of circular ones. There were a number of 

benefits in this change, firstly by using rectangular elements it was 

possible for a given aerofoil thickness to increase the spanwise 

stiffness, or alteratively the aerofoil thickness could be reduced 

for the same stiffness. The extent of this thickness reduction 

was simply estimated to be in the order of 16% by equating the second 

moment of area expressions for a circular section of diameter d 

and that for a rectangular section of width d and thickness t. 

This thickness reduction for the same spanwise stiffness enabled the 

aerofoil model to more closely simulate the very thin nature of real 

sails. 

Another very important advantage of using rectangular elements 

is demonstrated in figure (3). With the elements initially packed 

hard together it can be seen that with the aerofoil deflected into a 
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cambered form the neutral axis, or plane of zero strain, is forced 

to occur along the extreme lower surface because of the way in which 

the lower corners of the elements bear upon each other. This 

design effectively eliminated the problem of the lower surface compression 

skin with its tendency to buckle and hence disrupt the essential smooth 

aerodynamic surface. 

Finally a further advantage of using rectangular elements was 

that they afforded a series of flat surfaces upon which to affix the 

skin materials. It was felt that adhesive bonding would be the only 

satisfactory way of attaching the skin materials because screw 

fastening or riveting would inevitably have left flow disturbing 

surface irregularities, and would also have interfered with any 

internal run of tapping tubes. 

By performing straightforward design calculations it was 

quickly demonstrated that it was not possible, with any available 

element material, for the aerofoil at low or zero camber to maintain 

its dimensional stability across the entire 7' tunnel width whilst under 

aerodynamic loading without being of an unacceptable thickness 

( > 20 mm). It was essential to keep the aerofoil design as thin 

as possible, not just to closely simulate real sails, but also in 

order to minimize the length increase that would be suffered by any 

upper surface skin when in a highly cambered form. In order therefore 

to adopt a sufficiently thin aerofoil it was necessary to support 

it at four spanwise positions instead of just at the two tunnel walls. 

The intermediate case with three support locations was ruled out 

on the grounds that flow interference would result at the centre 

of the working section where, because of minimum wall interference 

at that point, all data would normally be taken. The detailed form 

of the support structure is described in Chapter 2. By using 

four support positions it was found that negligible deflections 

(< 1 mm) could be obtained over the resulting three unsupported 

minor spans with an aerofoil thickness of only 5 mm. 
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In the final design the material used for the stiffening 

elements was aluminium alloy, this was chosen because of its good 

corrosion resistance, relatively low cost, availability in a variety 

of extruded cross-sectional shapes and because of its high stiffness 

to weight ratio, this being important for ease of transportation 

in and out of the tunnel. 

When in the tunnel the aerofoil self-weight and aerodynamic 

loads were made to some extent self cancelling by ensuring that the 

convex aerofoil surface faced upwards, this helped in reducing 

spanwise deflections to the low level previously stated. This 

technique could not have been used had the option of vertically 

mounting the aerofoil been adopted. 

The cross-sectional shape chosen for the stiffening elements 

is shown in figure (4a), the central slot in the otherwise essentially 

rectangular elements was used to carry pressure tapping tubes, the 

details of which are given in section 1.5. The effect of this slot 

on the bending stiffness was negligible since the majority of stresses 

were carried by the extreme upper and lower surfaces of the extrusions. 

These stiffening elements were available as standard extrusions and 

were delivered as flat 7' lengths thus avoiding any need for joints. 

Forty extruded stiffening elements were used to make up the 

complete 'variable camber' aerofoil. Although this type of aerofoil 

construction produced an aerofoil shape that was built up from a 

series of elemental straight line segments, it was felt that by 

employing such a large number of elements any difference between the 

best attainable segmented shape and the required smooth aerofoil form 

would have been aerodynamically insignificant. 

Specially shaped wider stiffening elements were machined 

for the leading and trailing edges of the aerofoil. Figure (4b and c) 

shows the cross'sectional shapes of these edge elements. The trailing 
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edge element was constructed from aluminium alloy an^ incorporated 

a 2 degree taper over % of its 50 mm width. The leading edge 

element was made from steel to cope with any pressure loading 

peaks, and was of a stepped form to allow the fitting of a variety 

of nose shapes or any luff-groove system simulations. For the test 

programme described in this report the nose form used was semi-

circular with a radius of half the aerofoil thickness (2.5 mm). 

1.4 The Aerofoil Skin Materials and their Attachment 

The choice of lower skin material was crucial because it was 

through this that all the aerodynamic loads had to be carried 

before being taken out by the supports. 

When bonded to the bottom surfaces of all the stiffening 

elements, this lower surface skin had to cope with a curious and 

high stress deflection form. With the aerofoil in a cambered mode the 

lower skin took the form of a series of straight lines with changes 

of local slope occurring only along lines corresponding to the 

boundaries between adjacent elements. 

It was clear that no conventional sheet material such as metal 

or thin plywood could possibly cope with the local stresses that the 

deflection shape would produce without delaminating, suffering 

permanent deformation or developing very large restoring moments. 

Very thin plastic sheet material would probably have been able to 

overcome these problems, but with the small thickness necessary this 

type of skin material would have been subject to tearing or stretching 

when loaded. 

The material finally chosen for this skin was woven polyester 

sail-cloth, this was thin, had good strength and tear resistance 

properties, provided a good keying surface for bonding, and was 

resistant to UV light and humidity degradations. Most importantly 
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the woven nature of the material enabled it to cope with the 

aforementioned sudden local slope changes of the deflection shape 

without sustaining damage or developing any significant restoring 

moments. 

The requirements of the upper surface skin were quite different 

to those involved in the lower surface case. Referring back to 

figure (3b) it can be seen that the extreme upper surfaces of the 

stiffening elements would tend to move apart if the aerofoil was 

deflected into a cambered shape. Any skin material bonded to the 

element upper surfaces therefore had to cope with very extensive 

stretching. The severity of this stretching was dependent not only 

on camber, but also on the width of the bonded portion on each element. 

By using only a short bonded portion, the.length of unbonded skin 

material free to cope with the stretch would have been increased and 

hence strain values kept low. However with such short bonded portions 

the tendency for delamination was increased, further, because the 

upper surface akin was on the 'suction' side of the aerofoil these 

large lengths of unbonded skin might have tended to be drawn away 

from the stiffening elements, resulting in the creation of flow 

disrupting surface irregularities. It was therefore decided for the 

final design to adopt the opposite case, where the skin was bonded 

over the maximum width possible, this avoided the problems of skin 

lifting and delamination. The penalty for this, of course, was 

very high strains in the skin material when cambered. The only 

skin material that was capable of coping with such high strains 

was thin rubber sheet. The material finally chosen was 1/100" 

thick Neoprene-Latex rubber in a sheet form sufficiently large to 

cover the aerofoil upper surface without any joins. This very thip 

sheet was chosen to minimize restoring moments. The latex structure 

easily handled the high strains involved without suffering permanent 

deformation, and the Neoprene component protected the latex from 

UV degradation and perishing. 

The adhesive used for both skins was standard epoxy resin. 

Sample tests showed that the bond strengths obtained with this adhesive 
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were more than adequate. Epoxy was also a well established adhesive 

with its ageing and chemical resistance properties well known. 

Some of the more modern adhesive types such as the cyanoacrylates 

(super glues) have long-term ageing properties, are very dependant 

on UV light and humidity, and are highly Influenced by joint preparation 

and handling. Such modern adhesivea also had an unknown long-term 

performance with such unique adherends as polyester cloth or rubber 

onto aluminium. 

Prior to bonding, the aluminium stiffening elements were 

abraded and degreased. The relatively long curing tim^ of epoxy 

also gave adequate opportunity for even spreading of the adhesive 

and final positioning of the skins. 

A better adhesive might possibly have been that recently 

produced by Permabond Ltd., this includes rubber particles in 

suspension that give excellent impact resistance. More importantly, 

however, is the ability of this adhesive to give exceptionally high 

strength with little or no joint preparation. The adhesive was not 

used for the aerofoil because of its cost which was approximately 

100 times that of epoxy. 

1.5 Static Pressure Tapping Design and Installation 

The successful installation of static pressure tappings into 

the aerofoil was crucial to the whole data acquisition method, 

since without these only qualitative results in the form of flow 

visualisation information would have been possible. 

Since nothing had been previously published regarding the 

nature of flows around mast/sail geometries, such as separation 

locations, reattachment positions or base pressures, it was felt 

that the maximum possible number of tappings should be installed in 

order to fully describe any points of interest without ambiguity. 
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It was decided therefore to place one upper and one lower 

surface pressure tapping in each stiffening element used to make 

up the aerofoil chord (i.e. at a 20 mm chordwise pitch), and to 

repeat this at three spanwise locations. In addition the leading and 

trailing edge stiffening elements were each fitted with 5 upper 

and 5 lower surface pressure tappings at a finer pitch of 5 mm, 

again this was repeated at the same three spanwise locations. 

These close groups of tappings were installed especially to identify 

any sudden pressure changes that might have occurred behind the mast 

or near the extreme trailing edge. 

The final pressure tapping layout therefore consisted of 3 upper 

and 3 lower surface rows, each containing 40 individual tapping 

points. These chordwise rows of tappings were repeated at the various 

spanwise locations for three main reasons. Firstly by comparing 

pressures for the same chordwise position but obtained at different 

spanwise locations, it could be confirmed that 2D flow conditions 

were actually being achieved over the model in the tunnel. Secondly 

when under 2D flow conditions 3 individual tappings were simultaneously 

measuring the same pressure, this provided a means of ensuring a full 

set of chordwise data even if some tappings became blocked. Finally, 

it was felt that in future the aerofoil might be used for 3D flow 

tests by introducing a spanwise variation of camber or incidence 

angle, under such conditions pressure measurements would be required 

in both chordwise and spanwise directions. 

At the mid-span position only, additional upper and lower surface 

pressure tappings were installed into the nose element, this was 

don^ to detect any rapid pressure changes Chat might have occurred 

on the aerofoil surface directly adjacent to the mast. 

Having ruled out alternatives such as electrical pressure 

sensitive pads on the grounds of expense, the only viable method 

of extracting pressure information from the aerofoil was by using 
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pressure carrying tubes connected to tapping holes drilled into the 

aerofoil surfaces. 

Two different designs were used on the aerofoil for the 

installation of the tapping tubes, one method for the majority 

of tappings which were fitted into the stiffening elements, and 

another method for those installed into the leading and trailing 

edge elements. 

The use of metal hypodermic tubing was preferred because of 

its good dimensional stability, bonding properties and resistance to 

collapse, especially when drilling radial holes through the tube wall. 

However since approximately 170 m of tubing was required for the 

complete aerofoil it was found that metal tubing was prohibitively 

expensive. In view of this the material finally chosen for the 

pressure tubing was silicone rubber of 1 mm diameter bore. This 

material was available relatively cheaply in economic lengths 

(leaving little waste when cut to length) and in a variety of colours, 

it also had excellent resistance to chemicals including epoxy and good 

ageing properties. Silicone rubber was adopted rather than plastic 

tubing because of its good long-term sealing properties when stretched 

over a metal connector. Many plastics (i.e. P.V.C.) hcnre time-dependant 

properties that allow a plastic tube to relax its grip on a metal 

connector over a period of time and thus give rise to pressure leaks. 

It was a simple job to feed the pressure tubing into the slots 

in the stiffening elements and glue and seal them in place with epoxy, 

provided that this was carried out prior to the attachment of the 

skins, but problems were encountered when it became necessary to 

connect these tubes to surface tapping holes. With tubing of such 

small dimensions it was found to be almost impossible to drill the 

necessary 0.5 mm diameter tapping holes through the stiffener wall 

plus the sealing epoxy and then successfully penetrate into the 

small bore of the pressure tubing, without misalignments resulting 
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in the drill completely missing the tube. On those occasions when 

the tapping drill was found to be correctly aligned, it failed 

to cleanly penetrate the rubber walls of the tube, resulting in 

tube wall collapse and ripping. Fortunately these problems were 

discovered early in the design process during tests on sample 

materials. Further tests of this type eventually ensured that a 

more reliable pressure tapping connection method was perfected 

before any work began on the final aerofoil. 

The final connection method devised had to both prevent tube 

collapse when drilled, and guarantee a reliable pressure tight joint 

between the pressure tubes and surface tapping holes despite any 

small drill misalignments. To solve the aforementioned problems a 

number of special metal connectors were designed and built, the 

construction details of these is shown in figure (5). Each connector 

consisted of a short length of small bore brass tube fitted centrally 

into one end of a much larger diameter metal tube, this having 

firstly been compressed down to a thickness equal to that of the 

central slot in the stiffening elements. By sealing the ends of 

the compressed tube with epoxy the final design took the form of 

a flat hollow chamber with a small protruding neck tube, similar 

in appearance to a miniature bottle. These connectors could be 

pushed onto the ends of the rubber pressure tubes and sealed 

in place in the stiffener slots with epoxy. Being brass these 

connectors did not collapse when drilled, and because of their 

increased width over that of the tubing alone, they were easily 

located and penetrated by the tapping drill. 

Chue (5) states that the effect of a hollow chamber below 

a surface pressure tapping is only likely to introduce an error 

in measured static pressure of approximately 1%, this was 

considered as negligible. 
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As stated previously each stiffening element was required 

to accommodate 3 upper and 3 lower surface tappings at various 

spanwise locations. It was therefore necessary for the central 

slot along the length of each extruded element to carry 6 lengths 

of tubing. Because of the limited space available in these slots 

it was decided to adopt a layout of tubes whereby a maximum of 

only 3 tubes would be adjacent to each other at any spanwise 

position. Simply this meant that 3 tubes would be fed into each 

central element slot from both extreme spanwise ends. Figure (6a) 

shows how the pressure tubes with their connectors were placed 

in each element, sealed and glued in position, and then routed to the 

surface with the tapping drill. Figure (6b) describes the run of 

tubes within each element with the identification colours used for 

each upper and lower surface spanwise station. 

It will be noted that the spanwise locations for upper and 

lower surface rows of tappings were slightly different, this was 

partly because with the slot width available it would not have been 

possible to accommodate more than one brass tapping connector at 

any particular spanwise position, and partly to be compatible 

with a boundary layer traverse unit which will be discussed in 

Chapter 3. 

The leading and trailing edge elements, unlike the other stiffening 

elements, were not available as extrusions and therefore they had to 

be machined from rectangular section stock material into the tapered 

and stepped cross-sections required. It was not possible with the 

workshop equipment available to machine accurately these cross-

sectional shapes over continuous 7' (2.1 m) lengths, so it was decided 

to adopt a jointed design for these elements instead. These edge 

elements were therefore constructed from 3 identical sub-span 

components placed end to end, plus two short end pieces. The assembly 

for the trailing edge is shown in figure (7), that for the leading 

edge was very similar. 
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Because of the large number of tappings required in each edge 

element assembly (30), it was felt that the same method of 

installation as used before would have been unsuitable because of 

the need to machine a very deep central slot in each element 

component. Such slots would have seriously weakened the element 

structure, so as an alternative approach it was decided to install 

the pressure tapping tubes into shallow 2 mm grooves milled into the 

upper and lower surfaces of the elements. Having cut these grooves 

in the required groups of 5 at a 5 mm pitch, the rubber tapping tubes 

were laid into the grooves and routed out of the lower aerofoil surface 

through ports at the joints where the leading or trailing edge element 

components were fixed together. These joint locations were also 

designed to coincide with the support positions necessary to maintain 

spanwise dimensional stability of the aerofoil at low cambers. 

With the rubber pressure tubes in the grooves lying flush with the 

aerofoil surfaces it was possible to complete the pressure tappings 

by firstly pushing a short length of small bore brass tube onto the 

ends of the rubber tubes. These tube ends were then glued and sealed 

in place in the grooves with epoxy resin. Since the small brass tubes 

were visible through the epoxy adhesive and only approximately 0.5 mm 

below the surface, it was a simple job to penetrate the adhesive 

and enter the bore of the brass tubes with a small tapping drill. 

Figure (7) also shows the layout of tapping tubes as used on the 

trailing edge element component assembly. That for the leading edge 

assembly was very similar. 

1.6 Aerofoil Assembly Sequence 

In order to successfully build the variable camber aerofoil 

it was necessary to follow a strict assembly sequence. Special 

care had to be taken in ensuring that all the pressure tappings 

were kept clear even when attaching the skin materials with adhesive. 

Having installed all the pressure tubes into the stiffening 

elements as described in the previous section, all the pressure 
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tapping holes were then covered over with small squares of clear 

adhesive tape to prevent the holes becoming blocked by adhesive 

when attaching the skins. The skin materials were then cut to the 

required sizes and all the stiffening elements assembled together 

on a flat table, lower surface upwards. Epoxy adhesive was then 

spread evenly over all the elements and the cloth skin manoeuvred 

into position before being pushed flat to exclude trapped pockets 

of air. 

Once the adhesive had set, the tapping holes, which were 

easily visible through the white cloth skin and the clear tape, 

were unblocked using a combination of a small drill and hot pin. 

The whole assembly was then carefully turned over and adhesive 

applied to the upper surface of the elements. The rubber skin 

was then manoeuvred into position and pressed down as before. 

This time however due to the highly elastic nature of this upper 

skin it was found to be impossible to remove all trapped air pockets, 

those that remained were however sufficiently small to be regarded 

as aerodynamically insignificant. 

Because the upper surface skin material was black, the tapping 

holes could not be seen underneath but the thin nature of the rubber 

made it possible to make out the minute surface irregularities made 

by the squares of clear tape beneath. By probing with a small pin 

in the general area of these surface irregularities it was possible 

to find and clear virtually all the upper surface tapping holes. 

Of a total of 240 tappings installed anly 3 were found to be unserviceable 

due to blockages, and none of these were on the central upper or lower 

surface rows of tappings. 

The laminate construction used for the final variable camber 

aerofoil design is shown in figure (8). 
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CHAPTER 2 

SUPPORT STRUCTURE DESIGN.FOR AEROFOIL AND 

2.1 Introduction 

Having designed a variable camber aerofoil it was then necessary 

to develop some form of structure with which to support it. This 

structure had to satisfy the following design criteria. 

(a) The structure had to hold the aerofoil steady in 

the centre of the tunnel working section without 

allowing any bending or torsional vibrations. 

(b) The structure had to support the aerofoil sufficiently 

to ensure dimensional stability across the entire span 

even at low values of camber ratio. 

(c) The structure had to provide some means of adjusting 

the aerodynamic incidence angle simply and efficiently. 

(d) The structure had to afford a rapid method of setting 

and maintaining the camber distribution and ratio of 

the aerofoil. 

(e) The structure had to produce the minimum possible 

aerodynamic interference or blockage effects. 

(f) The initial installation and setting up time of 

the support structure had to be minimized to make 

best use of the limited tunnel time available for 

testing. 
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As mentioned previously it was necessary to support the 

aerofoil at four spanwise locations in order to ensure mid-span 

deflections of < 1 mm with the 5 mm thick aerofoil set at low 

camber. The use of wires to support the aerofoil at these positions 

would certainly have minimized any blockage or flow interference 

effects, but these would not have been able to provide the necessary 

rigidity to prevent vibrations. Additional diagonal wires might 

possibly have improved the support rigidity but only at the expense 

of increased flow disturbance and greater tunnel set-up time. 

It was decided therefore to support the aerofoil with a form 

of rigid space-frame, made as narrow as possible and bolted to the 

floor of the tunnel working section. 

2.2 Method of Setting and Maintaining the Camber Distribution 

It was clear from the nature of its laminate construction that 

the aerofoil would not remain in any selected cambered shape unless 

constrained to do so. Therefore before any detailed form of space-

frame support could be developed it was necessary to establish some 

method of setting, resetting and maintaining the camber distribution 

of the aerofoil. 

Another important feature of the aerofoil was that it was a 

constant camber length device and not one with a constant chord 

length i.e. when the camber ratio of the aerofoil was increased 

so the chord length of the aerofoil was reduced. It was necessary 

therefore, with the aerofoil leading edge held rigidly, for the 

support structure to cope with a degree of chordwise movement of 

the trailing edge. 

One simple method considered for setting and maintaining 

the required camber shape employed pre-shaped wooden or plastic 

pattern plates. By using section data, such as that given in 
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Abbott (4), the chord length for any camber distribution could be 

calculated from the known camber length (0.7 m) and required 

camber ratio. Having obtained by this method the value of chord 

length that the aerofoil would take up when deflected into any 

required shape, the section data could then be used to determine 

the true XY co-ordinates of the aerofoil contour. With such 

co-ordinates it would have been possible to cut from board material 

a set of 4 supporting pattern plates.each with the required aerofoil 

shape along the upper edge. When pushed hard against the aerofoil 

lower surface these pattern plates would have forced the aerofoil 

to adopt their shape and therefore duplicate the required aerofoil 

cambered form. This simple technique for setting the aerofoil camber 

distribution is shown in figure (9). 

The disadvantage of this method was that it would have required 

a large number of individual pattern plates, i.e. for 2 aerofoil 

shapes each at 5 settings of camber ratio a total of 40 pattern 

plates would have been necessary. Also if during testing in the 

wind tunnel it became necessary to investigate an unexpected 

intermediate setting of camber ratio, a whole new set of pattern 

plates would have been necessary at short notice. Production of 

these would have been dependent on the availability of materials, 

cutting equipment and workshop personnel. 

For the final design this concept of pattern plates was used, 

but instead of cutting from board material many individual plates, 

it was decided to use infinitely adjustable pattern plates. These 

adjustable pattern plates were mechanically more complex than the 

simple idea of shaped board material, but with just one set of 4 

adjustable plates it was possible to obtain virtually any aerofoil 

shape or camber ratio. Two sets of adjustable pattern plates were 

actually produced since this allowed the aerofoil to be in the 

tunnel under test at one shape, whilst the second set of patterns 

was adjusted ready for the next required shape change. 
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The final design chosen for the adjustable pattern plates was 

referred to as a 'camber-cassette', this is shown in figure (10). 

This design consisted of a length of channel-section steel through 

the base of which had been machined a central slot. Into this 

channel could be placed up to 20 close fitting threaded rectangular 

blocks which could be moved along the channel to any required 

position. Through each threaded block could be fitted a threaded 

screw-jack, the central slot in the channel-section allowing any 

amount of these to protrude through the lower surface. By rotating 

each screw-jack its length above the upper surface of the threaded 

block could be varied. 

A computer program was written which, by using data obtained 

from reference (4), could determine the chord length that would be 

adopted by the aerofoil for any required shape, and then produce a 

corresponding table of screw-jack height (Y') versus threaded block 

position (X') for the camber-cassettes. With the screw-jacks adjusted 

to the correct heights and the threaded blocks moved along the channel 

section to the required positions as indicated by the computer data, 

it was then possible to lock each camber-cassette assembly together 

by fitting nuts onto the protruding parts of the screw-jacks below 

the channel section. 

By machining a number of screw-jacks of various lengths it was 

possible to assemble a set of camber-cassettes for typical aerofoil 

shapes with camber ratios ranging from 0 to 20%. In each case 

the screw-jacks used were selected to produce the required camber 

distribution with the minimum amount protruding below the channel 

section. It will be shown in section 2.4 that this was important 

Co ensure compatability with the overall support frame design when 

at high incidence. 
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2.3 Method of Aerofoil to Support Frame Attachment 

Having developed a camber adjustment system it then became 

necessary to devise a means of holding the screw-jacks in each 

camber-cassette securely against the aerofoil lower surface. 

Figure (11) shows the principle of the system adopted for this. 

This system basically consisted of 4 inverted steel channel-section 

members, again each with a central slot machined along the length, 

but this time with internal dimensions equal to the external size 

of the camber-cassettes. This meant that a camber-cassette could 

fit tightly inside each inverted channel-section member. 

The aerofoil, pivoted about its extreme edges, was suspended 

above these inverted channel-section members, with accommodation 

for trailing edge chordwise movement via a threaded adjuster at 

the end of each member. 

To set the aerofoil shape from an initial zero camber 

condition as in figure (12a), the threaded adjusters were first 

used to move the leading and trailing edges of the aerofoil closer 

together until they were just under the required chord length 

apart as in figure (12b). The preset camber-cassettes could then 

be pushed up into the inverted channel-section members from below, 

with the screw-jacks protruding through the central slots 

i.e. figure (12c) and (12d). The camber-cassettes could be 

clamped securely in position using a number of nuts screwed down 

from the top ends of the screw-jacks, as shown in figure (12e). 

The required aerofoil shape could finally be achieved simply by 

using the threaded adjusters to move the leading and trailing edges 

of the aerofoil apart again. The effect of this was to force the 

aerofoil down onto the 4 rows of screw-jacks protruding from the 

camber-cassettes, and hence cause the aerofoil to adopt a corresponding 

profile, i.e. figure (12f). 
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A number of refinements to this system were however necessary 

before the design was finalised and built. The first of these 

refinements involved the leading and trailing edge pivot designs. 

Since the aerofoil trailing edge was tapered it was felt that there 

was insufficient body of solid material in this area to attach a 

conventional type of pivot. Similarly the presence of a removable 

nose element at the aerofoil leading edge would have made the 

installation of a conventional pivot in this area equally difficult. 

The method of aerofoil attachment finally chosen as an alternative 

to conventional pivots involved parallelogram linkages. The geometry 

of these linkages was arranged so that the extreme leading and 

trailing edges of the aerofoil remained in exactly the same location 

in space no matter what aerofoil shape was adopted. These linkages 

therefore stimulated exactly the effect of the required pivots yet 

allowed the necessary attachments to be made away from the leading 

and trailing edges where sufficient anchoring material was available. 

The linkage details are shown in figure (13) for the aerofoil trailing 

edge. 

A further refinement that was made to the design was to 

attach a 30 mm wide (32 BG) spring steel strip between the leading 

and trailing edge linkages. This provided additional support to 

the aerofoil between adjacent screw-jacks and helped to produce 

a much smoother aerofoil shape. The spring steel strip also provided 

a hard surface for the screw-jacks to bear upon, thus preventing 

damage to the thin aluminium stiffening elements. 

When under aerodynamic loading there was a danger that the 

aerofoil might, by suffering slight stretching, have been sucked 

away from the screw-jacks, resulting in a small change in aerofoil 

shape. To prevent this the aerofoil was attached at various chord-

wise positions to the tensioned spring steel strip by a series of 

clips fixed to the aerofoil lower surface. Details of these attachment 
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clips are shown in figure (14). A total of 30 clips were fitted 

to the aerofoil above each of the 4 support positions. These 

successfully eliminated all problems of aerofoil shape distortion 

due to aerodynamic l i f t i n g . 

2.4 Method of Incidence Angle Variation 

Having designed a mechanical assembly for se t t i ng and maintaining 

any required camber d i s t r i bu t i on , i t was then necessary to incorporate 

th is in to a fur ther system for adjust ing the aerodynamic incidence 

angle of the aerofoil. 

This system had to rotate the whole of the aerofoil and its 

camber setting assembly relative to the tunnel center-line, preferably 

without the aid of non-standard engineering components such as curved 

guide rails or circular arc racking. 

After some consideration it was decided to adopt a design which 

incorporated a single straight lead-screw plus two moving frame-

work members, one of these being the camber setting assembly 

discussed previously. The line diagram in figure (15) shows the design 

principle. The component geometry finally chosen enabled the incidence 

angle of the aerofoil to be varied between -5° and +25°. 

It will be discussed later in section 2.6 how the mast 

sections used in the experiments were attached to the tunnel walls 

and not in any way to the aerofoil support structure. In order 

therefore, for the leading edge of the aerofoil to remain butted 

up against the rear of each mast, no matter what incidence angle 

selected, i t was essent ial for the incidence angle var ia t ion to 

take place about a centre of rotation located at the extreme 

aerofoil leading edge. That is to say that the aerofoil leading edge 

had to remain at exactly the same location in the wind tunnel at 

all times. 
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Fig(15) Incidence Variation Principle 
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It has already been explained why it was not possible to place 

a pivot along the aerofoil leading edge, so as before a parallelogram 

linkage system was adopted. 

Two independant parallelogram linkages were therefore required 

at the aerofoil leading edge at each support position, one to keep 

the leading edge at the same location during adjustments of camber 

distribution (or camber ratio), and another to maintain the leading 

edge position throughout changes in incidence angle. The final 

leading edge attachment assembly was therefore quite complex, 

this is shown in figure (16). 

The lead-screws used for incidence angle adjustment had Jg" 

BSW threads and were supported at their ends by bearing housings 

each containing 2, single row, radial, ball race bearings. A 

locking device was also fitted to each lead-screw so that the entire 

system could be securely clamped at each required incidence setting. 

2.5 Overall Aerofoil Support Frame Structure 

Although provision had to be made for adjusting and maintaining 

both aerofoil shape and incidence angle, the primary function of the 

support structure was to hold the aerofoil stably in the centre 

of the tunnel working section when under aerodynamic loading. 

To achieve this a space-frame of slender structural members was 

added to the previously described camber setting and incidence 

variation systems so that they extended down to the tunnel floor. 

The inner two of the four supports were extended with 

space-frames consisting of 30 imn square steel tubing, this was 

used rather than aluminium alloy so as to provide the maximum 

possible rigidity with the least member width, this being important 

to minimize blockage effects. This space-frame design was computer 

optimised so that it could be assembled from a number of identical 
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Fig (18) Shortened Support Frame 
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PLATE 1 - TRAILING EDGE VIEW OF AEROFOIL 

Note : (1) Rubber Upper Surface Skin with Slight 

Irregularities due to Trapped Air During 

Assembly. 

(ii) 'Mouse' Traversing Unit. 

(iii) Run of 'Mouse' Control Cables through 

the Tunnel Roof. 

(iv) Segmented 'Mouse' Tracks. 

(v) Length and Positioning of Probe Arm. 
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PLATE 2 - COMPLETE SYSTEM VIEWED THROUGH THE TUNNEL WINDOW 

Note : (i) 'mast' Wall Fixing. 

( i i ) Camber Cassettes. 

(iii) Support Frames-

(Iv) Stiffening Elements with Emerging 

Tapping Tubes. 

(v) Instrumentation (including Control Box). 
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length component tubes, and finally the design was fully 'stressed' 

Co confirm that i t could cope wi th a l l l i k e l y loading cases. 

The complete design of these inner two support frames is shown in 

figure (17). 

With the outer two support positions it was not possible to 

extend the space-frames to the tunnel floor directly because of 

the presence of sloping light housings. It was therefore decided 

to adopt a shortened version of the previous design for these 

supports. This is shown in figure (18). 

All the 4 support structures were finally held securely in 

their respective spanwise locations by a frame-work that was designed 

to fit snugly across the tunnel floor and over the light housings. 

This made the entire aerofoil and support frame system into one 

integral assembly, allowing extremely quick installation into the 

tunnel with excellent positional repeatability. 

The overall support frame structure is shown in figure (19) 

and in Plate (1) and (2). 

2.6 Mast Design and Attachment Method 

A large variety of mast cross-sectional shapes are currently 

avai lable, but because of the lack of fundamental research in the 

area of mast/sail flow separations it was decided to concentrate 

on circular sections only. 

Three different size masts were tested these having diameters 

of 110.5 mm, 68 mm and 28.5 mm. The larger two of these were 

commercially available in grey polypropylene material as gutter 

or drain-piping. The smallest mast was made of aluminium alloy 

since in plastic this diameter would not have had sufficient 

rigidity to remain horizontal over the 7' tunnel width when only 

supported at the walls. 
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Each mast was fitted with 10 equally spaced pressure 

tappings around the circumference at the mid-span position. 

In order to set each mast to any required angle relative 

to the aerofoil chord line ( (p as defined in figure (1)), it was 

necessary to devise a mast support system. Not only did this support 

system have to provide the necessary angular movement of the mast 

about a centre of rotation located at the extreme aerofoil leading 

edge, but it also had to be capable of securely holding masts of 

any size or cross-sectional shape. Finally the support system 

had to permit changes of mast to be made rapidly in order to ensure 

the most effective use of the limited tunnel time available. 

As part of the support system finally adopted, each mast had 

a 3 mm wide x 25 mm deep slot cut across the diameter at each end. 

These slots allowed each mast to be easily slipped on or off of 

specially designed mast support ledges which were fitted to opposite 

walls of the tunnel working section. The details of these mast 

support ledge units are shown in figure (20). Air pressure 

alone kept each mast hard up against the aerofoil leading edge 

without any other locking mechanism being necessary. 

With this support design any mast could be replaced with another 

in a matter of minutes simply by sliding the masts on or off of the 

support ledges. 

The double pivoted screw adjusters shown in figure (20) allowed 

any required mast angle to be set easily in conjunction with an 

inclinometer that could be rested on the protruding forward portion 

of the ledges. 

Note : The aerofoil and support structure were built by the 

Southampton University Engineering Faculty workshops 
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from a complete suite of design drawings prepared 

by the author of this thesis. These drawings 

are available for reference purposes in a separate 

volume which can be considered as forming A^^endix V 

of this thesis. 
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CHAPTER 3 

BOUNDARY LAYER TRAVERSE SYSTEM DESIGN 

3.1 Introduction 

In addition to static pressure distributions, it was felt that 

experimental data in the form of boundary layer velocity profiles would 

prove invaluable when attempting to understand the fundamental flow 

regimes present around typical mast/sail geometries. 

Several velocity profiles obtained at various chordwise positions 

would help identify locations of transition, separation and reattachment, 

as well as provide surface displacement estimates, skin friction 

information and thickness parameter variations. 

It was however by no means a simple task to obtain this type of 

boundary layer data, since to define each velocity profile with 

sufficient accuracy to yield meaningful values of the thickness 

parameters, it was necessary to obtain a very large number of 

individual velocity readings. Furthermore the majority of these 

velocity readings had to be obtained very close to the aerofoil surface 

where the changes in velocity with height were very rapid. 

In the case of the highly cambered aerofoils tested, the region 

of rapid velocity change took place within approximately the first 

3 mm above the local aerofoil surface. At least 10 data points were 

required to define such a region, which suggested a positional 

accuracy for any measuring probe used of better than — 0.05 mm. 

The total boundary layer thicknesses observed over the highly 

cambered aerofoils were found to be relatively large at around 5% 

of the chord length (35 mm approx.). The velocity measuring probe 

used to collect this data had therefore to be placed above the 

aerofoil surface with high positional accuracy, but also be capable 
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of operating over a relatively large height range. 

Precision boundary layer data of this type is usually provided 

by Bcm^ form of traversing mechanism, f i t t e d above Che tunnel working 

section, which is capable of manoeuvring a measuring probe on the end 

of a slender yet rigid arm to any required location. The linear 

motions involved are often achieved using motorized carriages 

(incorporating anti-backlash worm drives, position transducers 

and feed-back circuits) running on precision tracks. Some systems 

cater for probe rotations in addition to these linear motions, 

such systems are however much more complex and expensive. 

Unfortunately no traverse system of any description was available 

for the Southampton University 7' x 5' wind tunnel, and it was clear 

that the design and installation of a precision system of the type 

previously described would have involved major work on the tunnel, 

and incurred equipment costs far beyond the limited resources 

available for the present work. 

An overhead type of traverse system would, in any case, have 

run into difficulties when used with highly cambered aerofoil sections, 

unless capable of remotely pitching the probe through large angles. 

To accurately measure velocity, the probe used had to be 

aligned as closely as possible to the local flow, this involved 

orientating the probe parallel to the local aerofoil surface when 

measuring within the attached boundary layers. In some cases 

the angle between the local aerofoil surface and the undisturbed 

free stream flow was as high as 50°, which would have been beyond 

the range of most pitchable traverse systems, and would certainly 

have ruled out the use of a cheaper non-pitchable traverse system 

in conjunction with the best available pitch insensitive probe. 

Another major disadvantage with overhead traverse systems, 

is that they are only capable of providing boundary layer data over 
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one surface of an aerofoil model unless it is possible to turn the 

model over in the tunnel. 

3.2 Possible Alternative Measuring Systems 

Having ruled out the installation of a traverse system above, 

or indeed anywhere around the outside of the tunnel working section, 

the only remaining alternative was to affix a measuring device to the 

aerofoil itself. This concept immediately solved the problem of 

probe alignment with the flow, since any system attached to the 

aerofoil surface would automatically stand normal to the local surface 

at the point where it was located. 

One simple device that was considered for measuring boundary 

layer profiles in this way involved using a miniature comb of total 

pressure head tubes. A comb of this type would be made up from a 

large number of small diameter hypodermic tubes, positioned one above 

the other in a single plane, and held together with silver solder or 

epoxy. Each tube could then be bent through 90° to form a support 

stem, and to allow the pressure information to be routed down onto 

the aerofoil surface from where plastic tubing could run to measuring 

manometer banks. 

To obtain a range of velocity profiles across the aerofoil 

chord, the comb would be moved to different locations, perhaps 

even to pre-installed sockets on the aerofoil surface. Alternatively 

a whole set of such combs could be constructed and fitted across the 

aerofoil chord, possibly along a diagonal line to avoid mutual down-

stream interference. 

This type of system, despite its obvious merits such as simple 

robust construction, ease of operation and low flow interference, 

does however have a number of serious disadvantages. The major problem 

was that with combs the minimum separation between adjacent measuring 
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points will be equal to the diameter of the tubes used in construction. 

For a comb to have supplied the necessary 10 data points within a 3 mm 

distance above the aerofoil surface would therefore have required tubes 

for its construction of only 0.3 mm O/D. Such tube, even if available, 

would not have been sufficiently robust, would have suffered from very 

low pressure response speeds, and would have been dogged by blockages 

due to airborne dust particles etc. 

A further problem with the comb system of velocity profile measurement 

was that the individual tubes would detect only total pressure, which 

meant that traverses would only have been possible at locations adjacent 

to surface static pressure tappings, since both types of pressure are 

necessary to determine flow velocity. 

The method chosen for overcoming these problems was to use just 

a single measuring probe rather than a comb, but one which was capable 

of recording both static and total pressure, and fitted with a means 

of being traversed normal to the local aerofoil surface with the 

required positional accuracy. 

Such a concept is not new, Pankhurst and Bryer (6) describe a 

device of this type which was developed by the Douglas Aircraft 

Company (7) in 1955 to obtain boundary layer data over slender 

bodies. This system which was referred to as a boundary layer 

'mouse' is shown in Figure (21). 

For the present work it was decided to adopt this 'mouse' 

concept but to develop it to a much more advanced state, capable 

of very accurate yeL more flexible operation, by incorporating 

DMmy extra modes of movement plus electronic control systems. 

Special attention was also paid to both the selection of modern 

materials and component miniaturization. 
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Fig(21) Origind 1955 'Mouse' Design as given in Ref.6 
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3.3 Basic 'Mouse' Design Requirements 

Before the 'mouse' could be designed i t was necessary to establish 

all the functions that it would be required to perform. 

Most importantly the 'mouse' had to be able to remotely move 

a measuring probe along a line normal to the local aerofoil surface, 

over a linear range of at least 35 mm. Obviously related to this 

motion was the additional requirement for the final 'mouse' design 

to incorporate a system for both monitoring and Instantaneously 

displaying the measuring probe height above Che loca l aero fo i l surface 

+ 
to a positional accuracy of better than — 0.05 mm. 

In order to avoid the need to switch off the wind tunnel and 

enter the working section each time that a boundary layer traverse 

was required at a different chordwise location, it was decided 

to also provide a remotely-controlled chordwise motion system for the 

'mouse'. In connection with this was the need to devise systems 

both for securely attaching the 'mouse' to the aerofoil, and for 

steering it along the required chordwise path. This attachment system, 

like all the functions of the 'mouse', had to be made to operate over 

the aerofoil lower surface as well as on top. 

Since measurements were to be made through and near partially 

separated flow regimes, a system had to be included in the 'mouse' 

design for remotely turning the probe through 180° so that reversed 

flow velocities could be accurately measured. 

It was also essential to install all the 'mouse' systems inside 

an aerodynamically shaped casing so as to reduce flow interference 

effects, but despite this casing it was expected that some small flow 

disturbance would still result from the presence of the 'mouse' body. 

The 'mouse' design therefore involved the use of an arm, attached at one 
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end to the vertical motion system and with the measuring probe fitted 

to the other end. This arm had to be long enough to keep the probe 

as far away from the 'mouse' body as possible, whilst being sufficiently 

rigid to maintain probe positional accuracy. 

The final system required for inclusion in the 'mouse' was a 

housing containing pressure transducers with which to convert those 

pressures observed by the probe into electrical signals. Placing these 

transducers in the 'mouse', rather than outside the wind tunnel, was 

intended to reduce the lengths of pressure tubing required, and 

therefore increase response speeds. 

3.4 'Mouse' Individual System Descriptions 

3.4.1 General Structure 

For the basic 'mouse' structure it was decided to adopt a chassis 

or skeletal design, onto which could be fitted all the necessary systems. 

This type of layout was intended to enable essential maintenance or 

component replacements to be carried out without the need to dismantle 

the entire 'mouse' assembly. This advantage would have been lost if 

the alternative approach had been used where individual components 

also act as structural members, here of course the advantage would 

have been in weight saving. 

The material chosen for this chassis structure was brass. This 

material was non-magnetic and therefore would not have acted as a path 

for any magnetic fields created by solenoids or motors. Fields of 

this kind if carried near to the electronic circuits may well have 

caused interference problems. Brass also had better corrosion resistance 

properties than steel, and being a good electrical conductor it was 

possible to use the 'mouse' chassis as a -ve earth connection. Heat 

conduction and dissipation properties were also good with brass which 
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reduced temperature drift problems with the electronics and helped 

prevent solenoid overheating. 

Finally brass was chosen for the basic 'mouse' structure because 

of its good machinability, this made it an excellent material from 

which to produce the required miniature components, especially those 

that involved very small screw threads. 

In addition to brass, the chassis also incorporated a substantial 

amount of perspex. This material was used for some of the larger 

l i g h t l y loaded components in order to save weight. Perspex was chosen 

in preference to other plastic materials because of its excellent 

machinability and resistance to both UV light and the lubricating 

oils used on the 'mouses' moving parts. The transparent nature of 

perspex made it useful from the maintenance point of view, since worn 

or damaged components could be seen without dismantling the 'mouse'. 

3.4.2 Casing Design 

In order to minimize any flow disturbances due to the presence 

of the 'mouse' in the wind tunnel, it was necessary to make the 'mouse' 

as small as possible, and to enclose all the systems inside a suitable 

aerodynamically shaped casing. 

This casing shape had to be symmetrical since in regions of 

reversed flow the air-stream approached the 'mouse' from the down-

stream direction. To simplify the design calculations it was decided 

to adopt a 'Rankine Oval' casing shape since the potential flow was 

easily described in 2-dimensions by a source and sink in a uniform 

stream. A 3-dimensional design calculation was not necessary since the 

measuring probe was operated well below the top of the 'mouse' where 

tip effects were insignificant. 

The casing design calculations performed were necessary to determine 

the optimum combination of oval slenderness ratio (major diameter/ 
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minor diameter), and distance away from the casing required for the 

probe. 

Figure (22) shows a chart based on the equations developed 

in Appendix I from the theory due to Glauert (8) for flow around 

Rankine Ovals. This chart shows how the ratio of observed velocity 

in the flow field to the undisturbed velocity, changes with slenderness 

ratio and distance away from the oval along the line of the minor 

diameter. In the final design the probe nose was positioned on 

this minor diameter line so that, when rotated for reversed flow 

measurement, the probe would maintain its chordwise location. This 

was not possible with the forward projecting probe design used on 

the original 1955 'mouse' shown in figure (21). 

The rather surprising conclusion arrived at from figure (22) 

was that for velocity measurements made in the flow field at distances 

greater than z/b = 4, it was better to use an oval of low slenderness 

(i.e. approaching a circle). In the light of this it was decided to 

use a 2:1 (70 mm x 35 mm) Rankine Oval casing shape (a/b = 2) for the 

'mouse', this exploited the low slenderness advantage, yet for a given 

minor diameter it provided more internal space than a circular casing 

for the installation of the various 'mouse' systems. 

Figure (22) shows that for a 2:1 Rankine Oval casing shape, 

an error in velocity measurement of only 2% could be expected due to 

the 'mouse' body, provided that the probe was placed 5 minor diameters 

(z/b = 10) away. 

As a simple design method no account was taken of any flow 

separations from the rear of the oval casings. It was however felt 

that further mathematical modelling would probably not have provided 

sufficient additional design information to justify the extra work 

required. 
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The casing material chosen was transparent plastic card. This 

was thick enough to protect the 'mouse' systems from minor impacts, 

and its transparent nature allowed potential faults to be continually 

monitored without the need to remove any of the casing. 

3.4.3 Mouse to Aerofoil Attachment Method 

It was necessary to ensure that the 'mouse' was always securely 

attached to the aerofoil in order to prevent it being swept down 

the wind tunnel by the force of the oncoming air stream. The attach-

ment method chosen also had to allow for the required chordwise 

motion of the 'mouse'. 

The system finally adopted was of a two part design, this 

consisted of tracks laid across the aerofoil surfaces, working in 

conjunction with a track follower device fitted to the underside 

of the 'mouse' body. 

Each of these tracks was made up from a row of short elements 

cut from a length of extruded aluminium alloy having a dovetail 

cross-section. One of these track elements was bonded with epoxy 

adhesive to the aerofoil surfaces directly above (or below for 

lower surface tracks) each stiffening element. 

A clearance was allowed between adjacent track elements to 

accommodate their relative movement when the aerofoil camber was 

varied. Three tracks of this type were laid across the upper and 

lower aerofoil surfaces, their positions and construction are shown 

in Figure (23). 

The track follower had to provide low friction running along 

these tracks, whilst also being able to cope with the camber related 

variable clearances between the track elements. 
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Fig (24) Track Follower Design 
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,The track follower design is shown in figure (24), this 

consisted of a base-plate onto which was fitted two conical wheels 

and two stepped wheels, the latter being positioned close to the 

leading and trailing edges of the base-plate. The function of the 

stepped wheels was to jump the clearance gaps between adjacent track 

elements, and also to keep the base-plate aligned with the track 

whether moving forwards or backwards. The steps on these wheels 

prevented them from lifting vertically out of the dovetail track. 

The stepped wheels were designed to deal with alignment side forces 

only, and not with the high aerodynamic forces on the 'mouse' attempting 

to pull it away from the surface. 

The high aerodynamic forces on the 'mouse' were passed through 

to the track, and eventually into the support frames, by the two 

conical wheels on the base-plate. These conical wheels were designed 

to run along the inside faces of the dovetail slot in the track 

elements. Low friction running was achieved, even under heavy 

loading, by the use of miniature 0/D ball-race bearings set inside 

each conical wheel. 

Finally the follower base-plate was attached to the underside 

of the 'mouse' through a central pivot containing a further ball-race 

bearing. This arrangement allowed small rotations of the follower 

relative to the 'mouse' itself, and therefore catered for any slight 

misalignments between adjacent track elements. 

Figure (25) shows the location of the track follower together 

with all the other systems involved in the final 'mouse' design. 

The upper surface tracks are also clearly visible in Plate (1). 

3.4.4 Chordwise Motion System 

To propel the 'mouse' across the aerofoil surfaces it was 

decided to employ a small electric motor, driving through a reduction 
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gear chain to a set of rubber drive-wheels resting against the upper 

or lower skin materials. 

Including the whole of this propulsion system within the 'mouse' 

made it completely self-contained, and therefore independent of any 

periphery equipment apart from a power supply. This would not have 

been the case with an alternative Bourdon cable/external motor type 

of drive system, which would also have been subject to cable internal 

twist and hence problems of poor response speed and positional accuracy. 

The electric motor used, like all those installed in the 'mouse', 

was of a 12v d.c. permanent magnet type manufactured by Scalectrix and 

fitted with replaceable brushes. These motors and any spare parts 

were readily available locally, making repairs in the event of a 

breakdown simple and quick. More powerful motors of similar size 

were available using advanced selenium/cobalt magnets, however these 

were about 10 times more expensive and could not be bought locally. 

To produce maximum torque it was necessary to operate the chord-

wise drive motor at between 6000 and 7000 rpm. The gear-chain was 

therefore necessary to produce low rotational speed at the rubber 

drive-wheels whilst retaining the maximum motor torque. High output 

torque was essential since it was necessary for the motor to drive 

the 'mouse' up the sloping surfaces of highly cambered aerofoils 

at moderate incidence. In addition this motion had to possible 

against the air flow in the wind tunnel working section. The 

low rotational speed at the drive-wheels also helped in accurate 

positioning of the 'mouse' along the aerofoil surface. 

The transmission gear-chain used included a high reduction 

worm and wheel combination, together with a number of nylon plane 

gears. The final drive was carried through crown gears fitted to 

the two rear rubber wheels. The total reduction achieved was 1:180, 

giving an output speed at the drive wheels of approx. 30 rpm (or 
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reductions were possible simply by decreasing the supply voltage 

slightly. The inclusion of a worm and wheel in the gear-chain 

acted as a brake, since these are non-reversible. 

In order to ensure Che best possible grip between the rubber 

drive-wheels and the aerofoil surfaces, the 'mouse' was fitted with a 

special compression spring on each wheel. These springs forced the 

wheels down onto the aerofoil, whether operating on the upper or 

lower surface, by reacting the forces through the track follower 

guW dotm into the aerofoil via the track. This arrangement meant 

that there had to be relative movement between the drive wheels and 

the motor, this was accommodated in the transmission system by permitting 

axial movement between two of the plane gears. 

Figure (26a) shows the chordwise motion system in detail, and 

figure (25) again shows its position relative to the rest of the 'mouse'. 

The two undriven wheels at the front of the 'mouse' were given 

a simple steering capability, this enabled the 'mouse' to easily cope 

with any slight curves or misalignments in the tracks. The steering 

movement was controlled by a low friction PTFE guide arm running along 

the track, this turned both front wheels via a simple parallelogram 

linkage arrangement. Figure (26b) shows this steering mechanism 

together with the previously described compression spring system. 

To minimize losses due to friction in the transmission system, 

a total of 14 miniature ball race bearings were used, this included 

2 in each of the 4 alloy wheel hubs. In one location a special ball 

race bearing was used which measured only 4 mm OD x 1 mm Bore. 

All the drive wheels were fitted onto independent stub axles, 

since space had to be left underneath the 'mouse' for clearance over 

the tracks. 
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Fig(26a) 'Mouse' Chordwise Motion System 

Fig(26b) 'Mouse' Steering Mechanism 
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3.4.5 Vertical Traverse Notion System 

This was arguably the most important system in the entire 'mouse', 

As well as being able to move a measuring probe to any required 

location above the aerofoil surface with a positional accuracy of 
"h 

better than — 0.05 mm, it also had to cope with being the most used 

of all the 'mouse' systems. 

It was vital that this system function perfectly over extended 

periods, with reliability and repeatability, despite frequent direction 

changes and the need to stop and restart at each measuring position. 

The system had to achieve this reliability despite the buffeting 

caused by the turbulent flow behind the masts, and also be capable 

of working satisfactorily upside down on the aerofoil lower surface. 

In principle the design adopted was similar to that used in the 

1955 system, in that the drive was supplied via a reduction gear-box 

to a leadscrew. This leadscrew rotation then produced linear motion 

of a threaded carriage running in a precision guide. 

In the present design the main drive was again supplied by a 

12v dc motor inside the 'mouse' casing. The Bourdon cable/external 

motor system employed in the 1955 system was not used because of 

cable twist, high power absorption in the cable, and the need for 

frequent cable lubrication and maintenance. 

The gear-box required had to transmit power from the motor to 

the leadscrew, whilst also producing a significant speed reduction. 

9 gears were used in the gear-box, arranged in a planetary form 

between two brass plates. Like all the 'mouse' systems, this gear-

box had to be extremely small (20 mm x 40 mm x 8 mm) to reduce the 

overall 'mouse' dimensions and therefore minimize flow interference 

effects. the gears used were obtained from several sources including 
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an old clock and a food mixer. 

The final speed reduction achieved with the gear-box was 1000:1. 

The resulting low output speed at the leadscrew, although excellent 

for accurate probe positioning, did however mean waiting a long time 

after the completion of a vertical traverse for the probe to be 

returned to its start position at the aerofoil surface. It was 

therefore decided to include a remote gear-change capability into 

the vertical motion transmission system. 

This gear-change capability was achieved by allowing one 

of the drive pinions to be swung between two different spur gears. 

One of these gears was at the beginning of the gear-chain, whilst the 

other was much nearer to the output end of the gear-chain. Swinging 

the drive pinion between these two gears resulted in a number of the 

reduction gears being excluded from the chain and the output speed 

was thereby increased. 

This 'crash' gear-box design required no clutch since special 

springs were fitted to absorb the impact loads and promote rapid 

meshing without damage. The reduction obtained when in the high 

speed mode was 13:1. 

The remote gear-change activation within the 'mouse' was 

provided by a miniature 12v (5W) solenoid. This activation system 

was deliberately designed so that the high output speed was selected 

with the solenoid energised, springs then returned the gear-box to 

its low speed mode when the solenoid was switched off. This ensured 

that most time was spent during operation with the solenoid switched 

off, the use of a high-power/small size/intermittent operation 

solenoid was therefore possible, and overheating problems were minimized 

The high current passing through the solenoid was handled with specially 

requested polyester winding insulation and PTFE covered power leads. 

The final drive between the gear-box and leadscrew included 

a sub-miniature universal joint of only 4 mm diameter x 10 mm length, 



•77 

Vertical Drive 
Gear-Box 

Vertical 
Drive Motor 

Rotatmn 
Locking Solenoid 

Conical - Ended 
Plunger 

Rotation 
Spur Gear 

Fig (27) Vertical Traverse Motion System 



78-

this was intended to deal with any slight misalignments in the 

transmission layout. The leadscrew was constructed from a 65 ram 

length of 4 BA brass studding, and was mounted between 2 miniature 

ball race bearings. 

The carriage was made from lightweight aluminium alloy and was 

driven by leadscrew between 2 precision guide rails. Backlash 

was eliminated, and sliding contact maintained with the guides, by 

using adjustable low friction PTFE runners. 

Finally a small micro-switch was installed to automatically 

switch off the drive motor when the carriage reached the end of the 

leadscrew. 

Figure (27) shows the vertical traverse motion system, and 

figure (25) again shows its location within the 'mouse'. 

3.4.6 Arm Design for Measuring Probe Support 

As mentioned previously, it was necessary for the measuring 

probe to be held at a suitable distance away from the 'mouse' body, 

in order to avoid errors in velocity readings due to interference 

from the 'mouse' casing. The measuring probe was therefore fitted 

to the end of an arm, which was in turn attached to the carriage of 

the vertical traverse motion system. 

The arm was made 220 mm long (approx. 12 x casing minor radius) 

and assembled from light-weight aluminium alloy tube. The design 

was carefully chosen so as to maximize the bending stiffness in the 

vertical plane, this ensured probe positional accuracy above the 

aerofoil surface despite the relatively large unsupported length 

involved. 

The arm structural members, being hollow, were able to carry 

the pressure tubes from the probe to the 'mouse' body internally, this 
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minimized aerodynamic drag forces on the arm and protected the fine 

tubes from accidental damage. 

A universal type of fitting was placed at the end of the arm so 

that a variety of different probes could be used. This fitting was 

however designed to be more than just a means of securely holding a 

measuring probe, it also included two very sensitive electrical switches. 

One of these switches was designed to disconnect the vertical drive 

motor when the probe touched the aerofoil surface, whilst the other 

had to both zero the height monitoring system (discussed in 

Section 3.4.7) and indicate the precise moment of the probe leaving 

the surface at the beginning of a vertical traverse. 

The arm attached to the 'mouse' can be seen in Plate (1), and 

the details of the probe fixing and electrical switches can be seen 

in Plate (3). 

The sequence of switching that took place, just prior to a 

vertical traverse is shown in Figure (28). When a vertical traverse 

was required the probe and arm were firstly lifted clear of the 

aerofoil surface, and then the 'mouse' was driven to the necessary 

chordwise location. The probe was then driven at low speed down 

towards the aerofoil surface. Figure (28a). On reaching the surface 

the probe was forced to rotate about a pivot as the arm continued to 

decend. As a consequence of this rotation the contact switch 'A' 

was disconnected, this acted as an instruction to a height monitoring 

system (Section 3.4.7) telling it to reset to zero, Figure (28b). 

Continued arm descent resulted in further rotation until finally 

switch 'B' was opened, this disconnected the drive motor from the 

power supply and prevented further arm motion, Figure (28c). 

To commence the vertical traverse, the power supply polarity to 

the motor was reversed, switch 'B' in this case was overridden by 

a diode which allowed the arm to ascend. Despite this upward motion 
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PLATE 3 - PROBE FIXING AND ELECTRICAL SWITCHES 

Note : (i) Yaw Probe Design. 

(ii) Run of Pressure Tubes, 

(iii) Electrical Switches. 
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of the arm, the probe nose remained in contact with the aerofoil 

surface by rotating back under the action of a small return spring. 

After a certain amount of return rotation, the switch 'B' became 

restored to its closed position, this of course had no effect when 

in this ascending mode, (Figure 2Bd). Following further arm ascent, 

with the probe nose still remaining in contact with the aerofoil 

surface, the switch 'A' finally became closed. The physical act 

of this switch contact prevented any further rotation, and immediately 

allowed the probe nose to lift away from the surface, Figure (28e). 

With the closing of switch 'A' an instruction was instantaneously 

sent to the height monitoring system to commence operation from its 

zeroed state. 

This probe fixing design, with its built-in switches, therefore 

automatically enabled accurate zero probe height conditions to be 

established at the beginning of any required traverse. 

3.4.7 Probe Height Measuring System (Optical Pulser) 

To accurately measure the height of the measuring probe above 

the aerofoil surface, use was made of the known pitch of the lead-

screw. The leadscrew used had a 4 BA thread which gave a vertical 

carriage movement of 0.66 mm per revolution. To obtain the required 

accurate height information it was therefore necessary to monitor 

the angular displacement of the leadscrew. this was achieved by 

placing a 20 imn diameter slotted circular disc on top of the leadscrew 

above the gear-box. The slots, numbering 30 in all, were cut 3 mm 

deep radially into the disc circumference. When rotating with the 

leadscrew, the disc edge was made to pass between a matched infra-

red light source and phototransistor, placed in an ambient light 

excluding housing. 

An electrical pulse was produced by the phototransistor each 

time that infra-red light was able to reach it from the light source. 
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30 of these pulses were therefore produced during every full 

revolution of the leadscrew, since the leadscrew pitch was 0.66 mm 

each electrical pulse represented 0.022 mm of probe vertical movement. 

The electrical pulses produced by the phototransistor were fed 

into a 'Schmitt trigger' circuit which converted the raw pulses 

into a clear 5v square wave form. These were then suitable to be 

transmitted away from the 'mouse' via screened cable to an electronic 

control box where they were counted and displayed (all the electronic 

circuits involved are described in section 3.5). 

An integrated circuit was available containing six inverting 

Schmitt triggers in a package size of only 19 mm x 6 nm. In addition 

to the use previously described, a Schmitt trigger circuit was also 

employed in producing a 5v square pulse to reset the counter when the 

arm switch 'A' was opened. 

The Schmitt trigger package, plus additional resistors and 

electrical noise absorptive capacitors, were soldered into a specially 

etched printed circuit board (pcb) to save space in the 'mouse' and 

avoid loose wiring. 

To avoid the production of erroneous pulses within the circuits 

due to the alternating magnetic field around the nearby vertical 

traverse motor, special screening was provided. This involved 

encasing the motor with an alloy of high magnetic permeability. 

For cooling purposes a mesh form of this material was used so as 

to permit normal air circulation around the motor. 

3.4.8 180° Probe Rotation System 

Since the 'mouse' was to be used in the presence of partially 

separated flows, it was thought likely that measurements within 

reversed flow regions would be required. Because the measuring 

probe had always to be aligned with the local flow, a 180° rotation 
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of the probe was necessary when within these reversed flow regions. 

The lower part of the 'mouse' had to remain in secure contact 

with the aerofoil surface and track, so the 'mouse' was designed so 

that just its upper section was free to rotate. this rotatable 

'mouse' upper section contained the vertical traverse motion system, 

including the leadscrew, carriage and arm. The probe nose was 

initially positioned on the casing minor center-line, so by rotating 

the 'mouse' upper section relative to its base, the probe could be 

reversed in direction whilst maintaining its chordwise location. 

The remote drive for the rotation system was again a 12v dc 

permanent magnet motor, this was placed in the lower section of the 

'mouse' adjacent to the chordwise drive motor. As with the other 

systems, the transmission was via a reduction gear-chain, in this 

case containing a 60:1 worm and wheel together with 5 nylon plane 

gears. The last gear in the transmission chain was fixed to the 

'mouse' upper body which was in turn attached to the lower section 

via a low friction pivot. Incorporated within the system were 

two sub-miniature micro-switches, these switched off the drive 

motor once the required 180° rotation had been completed. 

Fitted into the 'mouse' upper section was an additional very 

small solenoid with a sprung, conical-ended plunger. Normally 

this solenoid was de-energised with the plunger resting in a conical 

seating hole in the 'mouse' lower section. On activation of the 

rotation drive motor, the solenoid was automatically energised 

and the conical-ended plunger withdrawn from the seating. Once the 

required rotation had been achieved, one of the micro-switches was 

operated which, as well as stopping the drive motor, also disconnected 

the solenoid. With the solenoid de-energised the plunger was 

forced down, by the return spring, into the conical seating again. 

The effect of the plunger entering the conical seating after each 

180° rotation, was to pull the 'mouse' upper section accurately in 
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line with its non-rotatable lower section, this then guaranteed 

correct probe positioning. Once correctly aligned in this way, 

the plunger acted as a locking pin by preventing any further unwanted 

rotations. 

Figure (29) shows details of the 180° rotation system, and 

figure (25) shows its relative position in the 'mouse'. 

3.5 'Mouse' Electronic Circuits 

Excluding the power supplies, the electronics involved were 

housed in just two locations, these being the 'mouse' itself and 

within a specially constructed control-box which was kept outside 

the wind tunnel. See Plate (4). 

All connecting wires between the two sets of circuits were 

incorporated within lengths of miniature, screened, multicore cable. 

These entered the 'mouse' through two independent sets of sockets, 

one was placed on top of the 'mouse' and accepted cables entering 

through the tunnel roof, and the other was fitted to the 'mouse' 

underside and took a cable fed from the aerofoil trailing edge. 

This cable arrangement minimized flow interference whilst completing 

all the necessary connections without the need to have wires running 

through the rotation pivot. 

All the electronic circuits used are given in the series of 

diagrams that make up figure (30). These circuits could be placed 

under the following general headings : 

(a) Regulators - Circuits for providing very stable 

supply voltages for the logic systems. 

(b) Motor Stops - Circuits for switching off the drive 

motors when the required motion 

extremities were reached, whilst still 

permitting reverse movement. 



PLATE 4 - 'MOUSE' CONTROL BOX 

Note : (i) Layout of Control Switches 

(ii) Digital Probe Position Display 

(iii) Internal p.c.b.'s and Wiring Loom 
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(c) Optical Pulser Circuit for producing clean 

square pulses from the interruption 

of a light beam. 

(d) Counter Circuits for counting and displaying 

pulses, either up or down depending 

on the drive motor direction. 

(e) Reset logic Circuits for zeroing the counter, 

either manually at any time, or 

automatically when the probe touched 

Che aerofoil surface. 

3.6 Summary of Mouse Capabilities and Dimensions 

The final 'mouse' design was capable of remotely moving a measuring 

probe to any desired point above the local aerofoil surface within a 

0-35 mm range, and with a positional accuracy of — 0.022 mm. Two 

general speed ranges could be selected for this vertical motion system, 

with finer speed settings possible within each range by varying the 

supply voltage. 

The exact position of the probe above the aerofoil surface was 

measured and then displayed in LED's on a control box, this gave the 

correct position information whether the probe was ascending or 

descending. This height monitoring system was designed to establish 

its own datum by automatically zeroing at the aerofoil surface. 

Chordwise motion was also possible over both the aerofoil 

upper and lower surfaces, with the 'mouse' always securely held down 

by a dovetail track. A steering capability was also included 

to cope with track misalignments. 

The 'mouse' was also capable of correctly aligning the probe 

with the local air-stream when within reversed flow regions, this was 
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possible by incorporating a 180° probe rotation system. 

The 'mouse' overall dimensions were only 150mm tall x 70 mm 

wide, yet it contained a leadscrew and carriage assembly, 3 motors, 

2 solenoids, 3 miniature gear-boxes and an optical pulsar unit 

with its associated electronics. All this was in addition to the 

main chassis, motor magnetic screening material, a complete wiring 

loom, various electrical sockets, 3 micro-switches, a track follower 

assembly, 4 wheels and a number of linkages. 

To reduce friction, and hence make best use of the limited 

output powers from the motors, a total of 26 individual miniature ball-

race bearings were used throughout the 'mouse'. 

The 'mouse' was assembled using a large number of small brass 

screws, all between 8 and 12 BA. These enabled all or any part of the 

'mouse' to be dismantled for maintenance purposes, no permanent joints 

were used in the 'mouse' construction. 

Plates (5) and (6) show details of the fully assembled 'mouse'. 

Note : The entire 'mouse' was designed and built personally by the 

author of this report using his own EMCO UNIMAT 3 modellers machine 

center, which was purchased specifically for the purpose. In 

addition, the electronic circuits were also assembled personally 

by the author without workshop assistance. 
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PLATE 5 - FRONT VIEW OF 'MOUSE' 

Note : (i) Electronics p.c.b. 

(ii) Front Steering Linkage 

(iii) Pressure Transducer Housing 

(iv) Zeroing Valve 

(v) Rubber Wheels 

(vi) 180° Rotation System Drive Motor 

(vii) Locking Solenoid 
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PLATE 6 - REAR VIEW OF 'MOUSE' 

Note : (i) Gear Change Solenoid 

(ii) Upper Electrical Connectors 

(iii) Chordwise Motion Drive Gearing 
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CHAPTER 4 

PROBE AND PRESSURE TRANSDUCER SELECTION 

AND CALIBRATION 

4.1 Probe Selection 

The design of measuring probe chosen for determining the 

velocity profiles was of vital importance since it was this that 

governed the overall extent and quality of data obtained, not the 

'mouse' which was only present to ensure accurate positioning. 

Since it was necessary to determine values of velocity at 

very precise points above the aerofoil surface, a pressure probe 

had to be used. Other devices, such as hot-wires or miniature flexure 

probes, cannot generally be made as small as hypodermic tubing 

and so tend to measure over regions of the flow rather than at 

specific points. Hot-wires record velocity directly and are 

therefore unable to supply valuable total and static pressure 

information. 

There were however a bewildering number of pressure measuring 

probe designs available, each developed for a specific set of 

requirements. Such types included spherical, hemi-spherical, conical, 

pyramid and wedge probes as well as those assembled from combinations 

of open-ended tube. Construction details of these various probe types, 

together with their applications, are given by Chue (5) and Bryer 

and Pankhurst (6). 

In order to obtain data of the highest possible accuracy it was 

essential that the probe chosen for the present work had characteristics 

best suited to the flow conditions it was to encounter. Seetharam (9), 

in his experimental investigation of partially stalled aerofoils, used 



- 1 0 2 -

3 separate probes. These included a 5-tube pitot probe for use in 

the outer flow field where the flow orientation and static pressures 

were unknown; a flattened probe for use close to the aerofoil where 

the flow orientation was parallel to the surface, where the static 

pressure could be obtained from a surface tapping, and where the 

probe dimensions normal to the surface had to be small; and a cylindrical 

probe for use in reversed flow regions where stem interference had 

to be minimized. 

To avoid time-consuming probe changes it was decided for the 

present test programme to use just a single probe, but on^ capable 

of operating successfully in all the flow regimes encountered. 

Because of the limited traverse capabilities of the 'mouse', 

all measurements were confined to within a relatively small region 

above the aerofoil surfaces. For this region, the local flow was 

always approximately parallel to the aerofoil surface. The flow did 

tend to lose this parallelism when close to separation regions, 

but since the boundary layers always separated tangentially, the 

angle between the local flow and the aerofoil surface remained 

relatively small for some distance downstream of the separation 

point. Therefore since the 'mouse' ensured that all traverses 

were performed normal to the local surface, any probe chosen did not 

require any pitch measuring capability, provided that it was 

4 -

relatively insensitive to pitch over a range of approximately — 12°. 

It was decided that any probe type chosen would have to be 

able to measure static pressure as well as total pressure. This would 

then allow traverses to be performed at locations with no adjacent 

surface pressure tapping. In any case it was by no means certain 

that the static pressure remained constant through the entire boundary 

layer, especially when measuring velocity profiles close to separation 

points. 
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Since measurements were required very close to the aerofoil 

surface it was obviously necessary to choose a probe with very small 

dimensions normal to the surface. 

The final requirement for the probe was that it should be 

relatively easy to construct and calibrate so that replacement probes 

could be produced at short notice if required. 

Having identified all the necessary requirements for the 

measuring probe, it was possible to choose a suitable design. 

After much consideration the probe form finally adopted was 

a modified 3-tube version of the 'Conrad probe'. This consisted 

basically of 3 small hypodermic tubes arranged such that they were 

unidirectional and coplanar. The end of the center tube was then 

cut square whilst the outer two tubes were chamfered off at an angle. 

Several types of probes could be constructed in this manner 

simply by orientating the outer tubes differently about their polar 

axes. One such probe developed by Yajnik (10), had the outer tubes 

arranged so that one chamfered end faced upwards and the other 

downwards Figure (31a). This probe was ideally suited to pitch 

measurements as well as for determining total and static pressure. 

Similarly Raghava (11) designed a probe where the outer tube 

chamfers were arranged in a curious 45° axial orientation as shown 

in Figure (31b). This probe type was capable of measuring both 

yaw and pitch angles in the flow field, as well as total and static 

pressures. 

These two probe designs were however both asymetric, and as 

such were much more suited to applications where a 'null' technique 

could be used, as opposed to an alternative 'calibration' method. 

The 'null' technique involves mechanically orientating the probe 



- 1 0 4 -

(a) Pitch Probe 

(b) Combination Probe 

(c) Yaw Probe 

Fig( 31 ) 3-Tube Conrad Probe Nose Forms 
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until the outer two tubes read the same pressure. When this is 

achieved the probe is assumed to be aligned with the local flow. 

Total pressure can then be read directly from the centre tube, 

and the flow angles can be deduced from the mechanical movement 

required in the nulling process. Alternatively the 'calibration' 

method works by keeping the probe fixed in just one direction, and 

deduces the required flow parameters from the pressure differences 

between the 3 tubes used in conjunction with a set of pre-determined 

calibration graphs, 

Obviously the 'null' technique could not be used with the 

'mouse' since no facilities were included that could remotely 

orientate the probe to the required alignment position. Therefore 

the chosen probe design had to be compatible with the 'calibration' 

method of usage. 

The final probe design adopted was that shown in Figure (31c). 

This is known as a 'yaw-probe' because of its ability to accurately 

determine flow yaw angle in addition to total and static pressures. 

The symmetrical form of this probe made it ideally suited to the 

required 'calibration' method. As described by Rajaratnam (12), 

this type of probe can also be used as a 'Preston tube' to measure 

skin friction, and even for obtaining turbulence data as detailed 

by Jezdinsky (13). 

4.2 Probe Construction and Dimensions 

To create a probe that could gather data as close as possible 

to the aerofoil surface, it was decided to use very small diameter 

tubing in construction. The probe was therefore built from 3 lengths 

of 0.8 mm OD/0.5 mm bore stainless steel hypodermic tubing. The 

3 tubes were attached together in the required form using silver 

solder. Using a precision grinding jig, specially produced for the 

purpose, the necessary chamfers were machined across the ends of the 
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outer two tubes whilst the centre tube was cut square. The final 

probe nose-form had to be perfectly symmetrical, without either of 

the chamfers encroaching on the center tube. It was felt that this 

requirement could not easily have been met if smaller tube had been 

used. 

The chamfer angle chosen was 45°, and the silver solder 

was hand finished to produce smooth surfaces. These two features 

were essential for producing the necessary pitch insensitivity 

without any serious loss of total and static pressure measuring 

capability. The merits of various chamfer angles and the effect of 

having smooth probe surfaces are discussed in Bryer and Pankhurst (6). 

Following the work of Dudziniski (14) consideration was also 

given to including internal bevels on the tube ends to further extend 

the range of pitch insensitivity, however this was not done for fear 

of also reducing the pressure reading sensitivity. 

Thought was also given to flattening the nose of the probe so 

that it could operate even lower in the boundary layers. However, 

no reference to a flat nosed yaw-probe could be found in the literature, 

so it was by no means certain that the flattened probe would have 

retained the known useful features of the standard version. It will 

be shown later, by the results obtained, that the standard version of 

the probe proved to be quite adequate for the boundary layers 

encountered. Possibly a flattened yaw-probe would be necessary if 

operating within very thin boundary layers. The probe details can 

be clearly seen in Plate (3). 

4.3 Probe Calibration 

Since the yaw-probe was not to be used in conjunction with a 

'null' technique, it was necessary to produce a series of calibration 

graphs, these were obtained by exposing the probe to known flow 
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velocities with the probe set at precise angles relative to the free-

stream. 

These calibration velocities were supplied by a small 6" x 6" 

working section wind tunnel, but before this could be used to calibrate 

the yaw-probe it was necessary to devise a means of accurately measuring 

the air velocity at the center of the working section where the yaw-

probe was to be placed. 

To achieve this, the tunnel was calibrated by comparing readings 

from a pitot-static tube placed at the center of the working section, 

with the static pressure head difference produced across the tunnel 

entry contraction. The results of this tunnel calibration are shown 

in Figure (32). 

With this calibration graph it was possible to remove the pitot-

static tube from the working section, and replace it with the yaw-probe. 

The velocity (or dynamic pressure head) seen by the yaw-probe could 

then be deduced from the entry contraction static pressure head 

difference. 

The yaw-probe calibration procedure used was that described by 

Rajaratnam (12) and Abdul Khader (15). 

Based on the tube numbering system shown, the pressure seen by 

each of the 3 tubes comprising the probe could be described by the 

following equations. 
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= P + K _ A p 4.1 
1 s i 

Pg = Pg + K g A p 4.2 

Pg = P + K g A p 4.3 

where , Kg and are calibration factors. 

P is the static pressure 

and A p is the dynamic pressure. 

The calibration factors K , and are functions of yaw 

angle (6) only. To determine the nature of these relationships 

the equations 4.1, 4.2 and 4.3 can be re-written in terms of 

pressure heads h = PA)|̂  S 

h - h 

4.4 

4 • ^-5 

h - h 

% • 

Equations 4.4, 4.5 and 4.6 are general in form, however for the 

specific calibration tunnel used they could be further re-written using 

the relationship derived in Figure (32), i.e. 

Ah = h - h = 1.18 (h. - h_) 
i s A J3 
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h - h 

" 1.18(hA-hg) 4.7 

^2 " hg 

" l.lBCha-hn) 4-8 

*S l^lSChA-hg) 4.9 

where (h^ - h ) is the static pressure head difference across the tunnel 

inlet contraction. 

By placing a sensitive tilting-tube-manometer across the tunnel 

inlet contraction, the head difference (h^ - h ) was obtained directly. 

Similarly, a further tilting-tube-manometer was placed between a wall 

static pressure tapping fitted to the working section opposite the 

probe nose, and any one of the 3 tubes comprising the probe. This 

enabled the quantities (h - h ), (h„ - h ) and (hg - h ) to be read 
1 s / s J s 

directly. By combining these pressure differences in the manner 

suggested by equations 4.7, 4.8 and 4.9, values of K , and 

were obtained with the probe set at various yaw angles relative to 

the free-stream. The zero yaw angle condition was identified by 

(h - h^) = 0. 

To guarantee accurate settings of yaw angle, a special jig was 

built. This was designed to hold, not only the probe, but also the 

entire support arm so that any interference effects from this arm were 

included in the calibration process. The jig also made sure that the 

probe was positioned at the center of the tunnel, and that the center 
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of rotation in yaw took place about the probe nose. Figure (33) 

shows details of the jig design, and Plate (7) shows it in place 

around the calibration tunnel. 

Figure (34) presents the values of K , and obtained by the 

calibration method over a range of yaw angles 0 to 40°. Each set of 

readings was repeated at 3 different tunnel speeds in order to 

demonstrate the independence of the calibration factors on air velocity. 

The calibration graphs show this velocity independence will except 

possibly with K at yaw angles greater than 20°, here the data produced 

at the 3 tunnel speeds can be seen to diverge slightly. Fortunately 

the probe in practice was operated at yaw angles well below this angle. 

The final stage in the calibration process was to determine the 

relationship between a 'combined calibration factor' K , and the flow 

yaw angle. 

From equations 4.2 and 4.3 

P - Pg = (K^ - Kg) Ap 4.10 

Similarly from 4.1 and 4.2 

- Pg = (K^ - Kg) AP 4.11 

The 'combined calibration factor' was defined as : 

P] - ^2 ^3 " ^2 

Using the values of K , K^ and K^ obtained from Figure (34) 

at various settings of yaw angle, a final graph of K^ vs 8 could be 

produced. This is shown in Figure (35). 
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PLATE 7 - PROBE CALIBRATION SET-UP 

Note : (i) Tilting-Tube Manometers 

(ii) Tunnel Contraction 

(iii) Probe Calibration Jig 




