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PREFACE 

The work described in this Thesis was started as an attempt 

to analyse, in a General manner, the windward performance of sailing 

y a c h k ^ a t t & e a m e t i m e j W w a s i a t M u b d ^ p r o a w * a n w r e a c c m n A e 

a n d g p w e n a m e t b d o f t ^ O p t b m m W i n a ^ r d of 

a sailing yacht than that in use at the time which was based on the 

work of D.S.M. Davidson, published in his well known paper 'Some 

Experimental Studies of the Sailing Yacht* in 19^6. 

In the early stages of the analysis it was thought that 

the mdb lack data wras i n t ^ fielded s a i l a e r o g n u m a c s , awvefy 

little useful published work was available; wind tunnel experiments 

then being undertaken as part of the University's Yacht Besearch 

programme have to a large extent eased this problem, and some results 

from these experiments have been used in the work to estimate the 

performance of a yacht using the analysis developed in PART 1, 

A considerable number of yacht hulls had been tested in towing 

tanks, principally at the Davidson Laboratory in the U.S.A., and at 

the National Physical Laboratory and at Saunders Roe Division of 

Westlaad Aircraft Ltd. in the U .K. , so that a large amount of useful 

data was thought to be available for use in the analysis. It soon 

became evident khwever, that although a large amount of experimental 

data had been collected, it was for the most part shielded by security 



requirements ®f desigaers, and in any case did not give a sufficiently 

broad picture of the properties of sailing yacht hulls for use in a 

general analysis of the type being developed. 

The high cost of using commercial towing tanks made it necessary 

to design and construct a smaH towing tank facility at the University 

for use in experimental work with yacht hulls in order to obtain the 

data in the form required for the analysis. PART 2 is a description 

of the design, construction development and evaluation work necessary 

to bring this facility to a standard suitable for producing the 

required hull data, 

PART 3 describes sind studies the results of model tests made to 

obtain the data required for the performance analysis, together with 

some other experimental work undertaken as a start to the further 

understanding of the properties of sailing yacht hulls. 

This work could not have been undertaken without the constant 

encouragement and support of Prof. E.J. Richards, and the Pallisades 

Foundation who provided financial support. 

Staff of the Department of Aeronautics and Astronautics work-

shop erected the towing tank, for which lir.L, Dykes produced the 

detailed drawings; the Electronics were designed by Mr, G,A. Allcock 

and built by the staff of the Aero-Electronics workshop. 

The Author wishes place on record his deep indebtedness to 

Mr, T, Tanner, whose assistance and guidance proved of inestimable value. 
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PART 1 

THE PREDICTION OF SAILING YACHT PERFORMANCE 

CHAPTER 1; INTRODUCTION 

Before the publicat!on of K.S.M. Davidsons well—known paper 

* Some Experimental Studies of the Sailing Yacht* (Ref. 9) in 1936/ 

anomalies had been observed in the performance of sailing yachts 

*on the wind' and before the wind. Tank Test of yachts had 

been undertaken in an effort to assess performance, but re-

stricted to the upright condition with the hull making no leeway: 

both yachtsmen and experts were surprised to find that although 

the hull showing better capabilities in the condition equivalent 

to running free from the test results was actually preferable 

when on the run, it could well prove less reliable when 

sailing close-hauled* 

Most yachtsmen still agree that races are *won or lost on 

the windward leg*, so that this common reversal of predictions was 

worrying. Davidson therefore undertook tank tests in an attempt 

to determine the reasons for the ' anomaly* and after establishing 

a viable means of using small models in a model basin he showed 

that it was necessary to take into account the hulls characteristics 



when travelling with leeway and heel, as actually occxured when 

*on the wind*. He followed this by establishing the now accepted 

fact that a complete assessment of the yacht's performance can 

only be achieved by considering the balance of forces due to the 

effects of air and water on the sails and hull. 

By measuring the pertinent angles and velocities on a full 

size yacht sailing its best to windward and comparing them with 

the results of tank tests on a model hull of the same vessel, 

Davidson was able to determine the forces on the sails and hence 

the aerodynamic coefficients of the sails for optimum windward 

performance of that yacht. 

These*Gimcrack' Coefficients, named after the yacht to 

which they refer, were used by Davidson to assess the windward 

performance of other yachts. 

It is clear from the paper, that Davidson realised the 

limited application of the coefficients, and that the sailplan 

and cut might affect the values, Stevens Institute have continued 

to use the Gimcrack Coefficients, albeit in a modified form, in 

their routine predictions for the performance of sailing yachts. 

It would appear that this method of perfomance prediction 

is a means of comparing the performance of hulls following tank 

tests. Using the method, the Stevens Tank has accumulated 

great experience in assessing the capabilities of yachts and 

although the continued use of such a method cannot be said to 

promote actual understanding of sailing yacht behaviour, it's 

very continuance for some 30 years virtually unchanged isust 

lead to the belief that when carried out by experienced 

personnel, it produces the correct order of ccxnparison, which 



is confirmed by the performance of the actual yachts when racing. 

Certainly a great amount of work on full scale measurement and its 

comparison with tank results at Stevens following the original 

work did not lead to any appreciable change in the method. 

At about the same time that Davidson undertook his now 

classic work on yacht performance, Sir Richard Fairey, in connect-

ion with a challenge for the America*s Cup, was promoting research 

into sails in the wind tunnel at feiyes, Middlesex. Although a very 

great number of sail measurements were made and a vast amount of 

analysis of water and air conditions when racing undertaken, it is 

evident from the paper and results available that although the 

inter-relation between hull and sails was realised, it was not 

fully understood. 

Following the advent of the Yacht Research Council in 1963, 

work on yacht performance was recommenced in the United Kingdcm at 

the Ship Division of the lational Physical Laboratory, and at 

Saunders Roe Ltd. 

At the National Physical Laboratory, the windward performance 

of the 5.5 metre Yacht YEOMAN was measured and compared with the 

predicted ability as calculated from the results of tank tests 

using the Gimcrack procedure. Despite some doubts concerning the 

method of deciding when YEOMAN was sailing at 'best speed to 



windward', and the difference in results with different helmsmen, 

the large scatter in full scale results, and the difference 

possible in a model prediction curve when varying assumptions of 

hull flow state were used; the results of this work were 

declared to show that this method of prediction would give a 

reasonable estimate of a yacht's actual windward performance. 

(Ref. 13) 

following what was thought to be a proof of the Stevens 

procedure, work was put in hand at Saunders Roe Ltd. in Cowes, 

t o study the performance of a Dragon Class Yacht in an attempt t o 

produce better results from this class in the next Olympic Games. 

A wide range of tank test results were used with the aid of the 

Glmcrack analysis to give curves of 'Best windward perfonrtance' 

with the yacht under various conditions of weight and trim, 

(Refs. 1 & 2). 

P.V. NcKinnoa remarks in a letter now held in the yacht 

Research Council files at Southampton University, that a 

compariosn of the results of the N.P.L. and Saunders Roe 

experiments indicates that a Dragon was capable of a better Wind-

ward performance than a 5.5 metre, a known fallacy. A possible 

reason for this other than the inherent tolerance of the analysis 

IS that the two series of experiment* were undertaken in different 

tanks and that different flow states round the hulls were assumed. 
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Saunders Roe Ltd. have continued to use a revised and 

extended Gimcrack analysis to compare the windward performance of 

a number of sailing craft, and the technique must be assumed to 

give the correct order of ability due to its continued use; the 

simplicity and evident usefulness of Davidsons original work in 

assessing comparative performance when handled by experienced 

personnel at the same establishment must be considered the 

reason for its continued use by the Davidson Labratory and the 

intention of Saunders Roe Hd, (ref. 4) to continue with it. 

Despite this advantage in routine analysis of commercial 

hull tests, the Gimcrack method was evolved as a first stage in 

a much wider investigation; it takes no account of variations in 

the sail characteristics which must occur due to shape, planform 

and configuration, and setting angles, nor does it attempt to 

relate the hull and sail forces in other than a relatively crude 

manner. 

Several attempts have been made to improve the Gimcrack 

type of analysis while retaining the same general form, notably 

Barkla (Ref. 23^ and Crewe (Ref. 3). 

Tanner returned to the basic balance of hull and sail 

forces in an attempt to determine the true geometry and 

mechanics of sailing to windward. Simplifying the problem to one 



of a yacht sailing onJj in the upright condition, equivalent to a 

light displacement vessel held upright by the crew, he showed how 

the basic geometry of windward sailing allied with the results of 

wind tunnel sail tests and tank hull tests could be used to obtain 

a predicted curve giving the yacht's best speed to windward at any 

true wind condition. (Raf. 24,) 

As in the case of the Gimcrack analysis, this method of 

performance prediction resulted in a * boundary* curve giving 

the maximum possible speed to windward over the range of wind 

speeds; it might be expected that only when very carefully sailed 

and with optimum sail sheeting and helmsmanship would this perform-

ance actually reach the optimum boundary; the * setting-up' of the 

yacht's sailing geometry and mechanics when under way would still 

be entirely at the whim of the helmsman. 

In his work Tanner laid the foundation for a fresh and more 

basic approach to the problem of yacht performance analysis and 

prediction along lines which showed promise of considerable extension 

and generalisation. 

The work described in the following chapters uses a 

similar basic approach but is extended and generalised to give a 

wider application to both the practical yachtsman interested in 

setting up and sailing his craft at maximum efficiency, and for 

use in studies of the mechanics of windward sailing for sail 



propelled vessels. 

It is widely recognised that the heinsman is all important 

during windward sailing; it would be difficult if not impossible at 

this stage to deal mathematically with the technique and thinking of 

the helmsman, moreover, if racing, the presence and activity of 

other craft together with tactics becomes as important as obtain-

ing the maximum speed to windward of which the yacht is capable 

when sailing alone. From the practical sailor's point of view a 

method of analysis which uses the sailing geometry together with the 

mechanics of hull and sails in order to assist the helmsman in 

setting up his craft for optimum windward sailing is likely to 

prove Of value. Such analysis must give the helmsman the required 

information in terms of physical quantities which he can control 

and measure while sailing. 

If an analysis of windward sailing is to be of use in the 

study of performance, it must be possible to use basic character-

istics of the hull and sails to predict the perfoimance, and be suf-

ficiently general to allow its use in assessing the effects of 

changes in a single perameter. 
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CHAPTER 2: THE PEEFOBMANCE ANALYSIS 

2,1 Setting up the Problem 

A yacht will normally sail in water with tidal drift or 

other currents and waves, together with wind conditions which are 

unstable in velocity and direction. 

An analysis of the vessels performance under such 

conditions introduces a great complexity of variables and handling. 

It is true to say that underst^ding of the behaviour of powered 

ships in a seaway is not yet complete so that to introduce such 

complications together with the associated effects on sail 

characteristics, especially when the latter are allied with unstable 

airflow conditions must be considered impracticable at this stage 

when even the performance of the yacht in steady state is not 

fully understood and analysed. 

The problem as in the work of writers discussed previously, 

has therefore been set as that of calculating and analysing the 

performance for a yacht in a steady state of aailing. While this 

general solution %ay be applied to all points of sailing, it is 

used here to consider the vessels optimum windward perfomance 

in terms of the relevant variables which are chosen in order to 

allow direct use of results from model tests and reference to 

measurable particulars of the yacht. 



Windward performance is the ultimate goal of the analysis, 

due to the general agreement among racing yachtsmen that *races are 

won or lost on the windward leg', and that it is this area of sailing, 

the most difficult to solve, which has occupied the attention of 

many previous studies in the field of yacht performance. 

The analysis of a yacht *s performance involves study of the 

sailing geometry, the hull characteristics and the sail character-

istics, which must be chosen and combined to give the performance 

in terms of the requirements previously set out. 

2.2. The Geometry 

Consider a yacht sailing in steady conditions with velocity 

along a course making an angle X with the true wind, velocity 

Fig. 1 shows this situation for a vessel sailing so that is 

less than 90°. In this case the relative wind approaching the sails 

is V^, which makes an angle ̂  with the course. When X is less than 

90°, the yacht will have a * speed made &ood to windward' of 7 ^ and 
MG' 

it is this quantity which represents directly the windward ability 

of the yacht, 

A similar velocity diagram may be drawn for X greater than 90°. 

^ig. 2 shows a sailing vessel superimposed on the velocity 

diagram of Fig. 1. Due to the hull making leeway, the vessel's 



2.2. 

centreline is inclined at an angle X to windward of the course 5 the 

angle of leeway; the direction of the relative wind with the yacht's 

centreline is/9-X . 

If wind tunnel measurements of sail characteristics are to be 

used in analysing sailing yacht perfoimance, then the quantities used 

must be those applicable to tunnel experiments. 

A yacht while sailing may well operate under conditions where 

the true wind has a velocity gradient above the sea surface due to a 

boundaiy layer effect. A number of measurements have been made of 

this gradient and it has been shown to exist well out to sea where 

the wind travels over a large stretch of open water; measured 

gradients in these conditions have been shown to depend on the sea 

state but to vary widely under approximately similar conditions. 

In the presence of land, the question is more complicated and a 

number of experiments have indicated that no gradient exists. 

Attempts have been made in a wind tunnel to simulate the 

gradient by means of a wire mesh in order to, study its effects on 

sail characteristics; an alternative method might be to correct 

wind tunnel results in a uniform air stream for a gradient effect 

but in either case it is necessary to know the gradient in question. 

For the present analysis it is assumed that no gradient exista 

and wind tunnel results used are those applicable to a uniform air 

stream. 
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In the wind tunnel, the air velocity represents and the 

sail model is turned so that its centreline is at a known angle to 

the direction of i.e. X . The required components of sail 

force and associated moments may be measured using either direction 

of or the yacht's centreline as a principal axis, and from these 

measurements the relevant aerodynamic coefficients may be calculated. 

The aerodynamic forces and coefficients are likely to depend 

on ff-X , V^, the angle of heel 6 ,mastrake, the sail configuration 

and planform, the section shape of the sails and other factors due to 

the *cut', the sail cloth, and the setting angles of the sails in 

relation to one another and the vessels centreline. 

For one particular suit of sails, it may be assumed that the 

variables can be reduced to 0 , /S-X , mastrake and the sail 

setting angles, i.e. that the effects of sail cut and cloth are 

always the same for constant 0 , (3' S , mastrake and sail 

setting. 

The most common rig in use today is the sloop* in which case 

it is possible to define the sail setting in terms of the angles 

between the chord of each sail foot and the yacht's centreline; i.e. 

as Sp, and & ̂  fforesail amd mainsail respectively, see Fig. 3. 

In the case of other sail configurations, the number of sail 

sheeting angles necessary as variables will depend on the number 

of independent sails employed, i.e. the sail configuration, and the 

analysis may be extended to cover all possible conb in|fciona 
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It may be noted that all the variables now remaining may be 

set or measured directly on the yacht: the wind velocity, © the 

angle of heel, the direction of the relative wind to the centre-

line, the trim, and the angle between the foot of each sail and the 

centreline. 

In the model towing tank the model is run at speed Vg along 

a course at which the centreline is inclined at an angle of leeway 

X ; the hydrodynamic coefficients may be measured with respect to 

the course or the hull centreline as a principal axis. These 

characteristics might be expected to vaiy with X > 6 , trim, 

the hull shape, the hull weight and C.G. position and rudder angle. 

For a particular vessel these variables will be reduced to Vg, A , 

0 , all of which may be referred to and measured at the yacht. 

If a balance of sail and hull characteristics similar to but 

more extensive than that of Tanner (ref. 24) is to be made, a 

suitable set of axes must be chosen. Tanner and all other writers 

have used the vessel's course as one principal axis, enabling the 

relation of all results directly to the geometry and the setting up 

of a set of 'sea' axes with the x axis along the course, the y axis 

perpendicular to the course, and the z axis vertical. It has already 

been seen that if wind tunnel results are to be related directly to 

the yacht they must be connected with as (3 is not known until 

the analysis has been undertaken and the necessary X established. 

It is possible to refer the sail characteristics to the angle (3 , 

as in the case of Tanner, but this is arranged mathematically and does 
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not allow the acutal sail setting on the yacht to be derived for the 

performance found. It is therefore, a pre-requisite that one axis 

of the set should be along the vessel's centreline; this could lead 

to the use of a set of Body Axes with the x axis along the centre-

line, the 7 axis perpendicular to the centreline and the z axis 

perpendicalar to the xy plane, possibly along a 'vertical' mast. 

However, on considering a vessel heeled, the axes are inclined to 

the sea plane and lose a simple connection with the geometry. 

This suggests the use of a set of * Body-Sea* axes as shown 

in Fig. 4 with the axis along the centreline considered positive 

looking forward, the y axis perpendicular to the centreline 

considered positive looking down. As the xy plane is parallel to 

the Sea plane, a direct connection with the geometry is obtained while 

the physical quantities used for reference to the yacht are referred 

to the vessel's reference planes. 

The origin of such an axes system is best placed at some 

known and easily determined physical position on the yacht so 

that the moment characteristics may be related to the vessel during 

wind tunnel and tank experiments. A convenient location might be 

the point where the mast centreline passes through the deck 

centreline, or some similar position. 
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2.3 Breakdown of hydrodYiiamic and aerodynamic forces acting on 
tl̂ e 

The resultant aerodynamic forces on the yacht's sails may 

be broken down into three components parallel to the three 

reference axes, together with three associated moments referred 

to these axes, 

^he same is true for the hydrodynamic components. 

Fig. 5 illustrates how the force components and moments 

may be defined for a yacht using the system of Body-Sea axes 

developed earlier. In the figure, the static balance between 

the vessels weight and buoyancy has been omitted as this may be 

considered automatic and does not appear in the dynamic balance. 

Aerodynamic Cgmponents 

Fg. is the component, of sail force, along + Qx. 

Fy is the component, of sail force, along + Oy, 

Fg is the component, of sail force, along + Oz. 

is the moment, of sail force, about Qx tending to heel 

the vessel 

My is the moment, of sail force, about Oy tending to 

trim the vessel 'by the bow. 

is the moment, of sail force, about Oz tending to rotate 

the vessel on to the wind. 
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fiydrodynamic components 

is the component, of hull force, along - Ox, 

is the component, of hull force, along - Qjr. 

F^^ is the component, of hull force, along - 0%. 

is the moment, about Ox tedding, to right the vessel, 

is the moment, about O7 tending, to trim the vessel by 

the stern, 

is the moment, about Oz tending, to rotate the vessel 

off the wind. 

Although the static balance of weight and buoyancy is not in. 

eluded, the hull when underway and heeled will possess a certain 

righting mcanent which is included under 

2.4 Complete Balance Equations 

With the yacht in a steady sailing state, the complete 

dynamic balance conditions may be stated as foMows; 

" ^Xw & = 
= = ^Yw Mj = = «rw 

"2 = 
^Zw 

= «Zw 

These forces and moments may conveniently be expressed in 
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terms of non-dimensional coefficients as: 

Fj = p^.S.v/ 

Py = V * - /'A-^'Y ^ = h ' i ' /^'8.P.7/ 

Fg = C^.i. P^.S.V/ Hg = K^.i. ,O^.S.P.v/ 

^Iw ~ ''Iw'̂ ' ~ ^w'A.Q.Tg 

^Zw = °zwi- /*WA'?8* «Zw = fwA'Q'VgZ 

where C^, G^, Cg, K^, K^, K^, Ky^ are 

non-dimensional coefficients, the suffix ̂  referring to water 

quantities. 

In the above: 

is the air density 

S is a * characteristic* sail area. 

P is a 'characteristic* length for the sail pl% 

P \i is the water density 

A is a*characteristic* area for the hull. 
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Q. is a * characteristic* length for the hull. 

The choice of sail area to use for S in the expressions may-

be made from: * the total sail area, the sail area as obtained from a 

rating rule, or the plan form area excluding overlap. In comparing 

the characteristics of various sail pl-ns, a preference may be felt 

for one or other of the areas; probably if in connection with a rac-

ing yacht the rating area might be applicable, but for the present 

purpose any of the alternatives may be taken as 'characteristic*. 

In the work of later chapters, the total area has been used. 

The choice of A could be either a wetted surface or a profile 

areaj as both these areas are liable to alter with speed, leeway and 

heel, the applicable condition for measurement must be stated. In 

the work of later chapters, the wetted surface area in the static 

zero heel condition has been used. 

The characteristic lengths for sail plan and hull likewise pre-

sent a choice of possible quantities; possible values for P may be 

the mean chord for the sailplan, the foot length of the sailplan or 

the height of the sailplan; later work uses the height. Q may be 

taken as the mean chord of the wetted profile or the waterline length; 

as before, the condition for measurement must be given; later work 

takes Q as the waterline length in the static, zero h#el condition. 
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In coefficient form, the balance conditions of (l) may be written 

as: 

C j . i . 

Cj.-J". / " A - S - V = Gzw" '^ ' Y ^ j j . A . V g 

°z'i- ° Z w ' * -

K j . i . ^ ^ . S . P . v / = ^ y . A . Q . V g 

K y . i . p ^ . s . p . v / = ^ ^ . A . a . V g ' 

K g . i . K 2 „ . i . ^ y . A . Q . T g ' 

By rearranging each of these equations to give expressions for 
2 
. the complete balance equation becomes: 

°xw" °zw' 

Values of C^, Gj, C^, K^, K^, K^, K̂ -̂ , 

may be obtained for the sails and hull of a yacht under consideration, 

from wind tunnel and tank experiments at various values of 7„ and 7.: 
o A 



A,S,P, for any vessel may be set out as described previously5 

and are known for a particular air and water state. 

2.5 Simplified balance equations. 

The coefficients for one vessel will, however, vary due to 

the attitudes of sails and hull as discussed earlier, and a complete 

measurement of all the coefficients would require extremely 

sophisticated wind tuimel and tank instrumentation which has not as 

yet been fully developed. 

This fact together with the complexity of matching all the 

coefficient variations with the complete balance equation {3), and 

the geometry leads to the necessity of simplifying the balance condit-

ions to ensure that the balance is undertaken for the quantities that 

have greatest effect on the performance. 

It is generally agreed that the yacht's leeway^ and heel are 

important factors governing perfonnance* as the sideforce and 

resistance of the hull,aEi thesquivalent sail characteristics dictate 

largely the sailing speed which may vary widely with changes in them. 

From experience it is found that trim changes and displace-

ment changes are less important. The yawing * balance* of a yacht 

depends on the rudder application, the sail sheeting and fore and 

aft location of the sail plan, so that this can well be considered 

as a separate condition. 
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I"fc is considered that the following simplifications may now 

be assumed in a first analysis of the balance. 

(1) The vertical balance is affected by the vertical force 

from the sails, the vertical component of hydrodynamic force on the 

hall and changes in hull buoyancy, which may result in a change ot, 

waterline. The value of these quantities and an^ changes which may 

result in other characteristics have not as yet been studied so that 

the effect of this balance on the characteristics of sails and hull 

must be considered small and the balance omitted* 

(2) It is assumed that the yacht is perfectly * balanced* with 

the rudder angle locked so that this balance may be omitted. A study 

into whether it is desirable to have weather or lee helm as an aid to 

performance (Ref. 14) indicates that rudder application can have an 

effect on the performance, this can however be studied by consider-

ing the application as producing a different set of hull character-

istics and putting them through the simplified analysis, if desired. 

It is therefore assumed that the balance of may be 

omitted. 

(3) The yacht when sailing experiences moments from the 

sails, hull, and rudder, acting about Qy. Snail changes in trim are 

likely to have a negligible effect on the sail characteristics and 

only a small effect on hull characteristics. The variation of hull 
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characteristics with trim has not yet been studied in detail, but 

if the the effects are important, they may be taken into account by 

loading the model in a similar manner to the procedure for tank 

testing at Saunders Boe and the Davidson Laboratory (Ref. 10, 5), 

It is therefore assumed that the balance My = may be omitted 

for a simplified analysis. 

The complete equations for the simplified balance conditions, 

from (1) are now seen to be: 

~ ^Zw 

A = 

Or in coefficient form; 

^X*^* /^A*^*^*^A ~ ^w*^* —(6) 

The simultaneous solution of equations (4), (5), and 

(6) together with the geometry will give a balanced sailing cond-

ition and the performance at that sailing condition. 



(/k), (5), and (6) may be rearranged to give: 

^ ^ ^ = 5 : = l±i 

^k'\^ °x„ °Iw Q'^Zw 

Any combination of these may be used to calculate the balance: 

the following three conditions are covenient: 

& 

°rw 

& _ 

and as ' W 

/°A 

/ ' r V 

has a reasonably constant value of 835, then; 

Cy 8 3 5 . A . 
r = r (9) 
Tw S.V^ 

Equation (?) provides the balance of forces 

Equation (8) connects the balance of forces and mcsnents 

Equation (9) connects the balanced sailing conditions with the 

geometry. 
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To provide for a complete definition of the sailing condition for 

the geometry, one further geometric quantity is required, which may 

conveniently be ̂  . The solution of the balance equations must there-

fore allow for the emergence of ̂  . 

2&A Graphical Solution of Balanced Sailing Gond^ts^n 

Results of wind tupnel and tank experiments will show the 

appropriate coefficientŝ  in terms of the parameters affecting them, 

as graphs for which no simple expression is likely to be available. 

A graphical method of solution is therefore desirable and to reduce 

the complexity of such a solution, it is convenient to assume that 

sail characteristics are unaffected by the value of i.e. that 

Reynolds Number and effect of changes in on the sail shape and 

twist and flow through the material may be neglected. Data cover-

ing this is very limited and it will be possible to allow for 

changes in sail characteristics with 7^ later. 

If the sails are considered sheeted home in one position so 

that the value of and is constant, then the sail charact-

eristics for this sheeting position may, in order to be immediately-

applicable to the analysis, be expressed as curves showing values of 

Kj, Cy, and ^ - X , for varying J[ . Fig. 6 shows this for the 

sails of an class One Design yacht as calculated fron the data 
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contained in Ref. 28 extrapolated to 15° heel by the method out-

lined in App. 1 to this part at, = 5®, Sj, = 17i°. Similar 

graphs would show the sail characteristics for this sail sheeting at 

other heel angles. 

It is well known that the hull characteristics may vary 

widely with so that it is necessary here to have these for a num-

ber of course velocities. 

For the huLL, the characteristics at a particular angle of heel 

will appear similar to those in Fig, 7, as curves showing values of 

^w' ^w' ^ several values of Vg. The curves of Fig, 7 are 

taken from the results of experiments on a * Dragon* class hull 

described in Part 3, These tests were made at four different model 

velocities indicated in the figure and are commented on in Part 3, 

It is now possible to combine the sail and hull characteristics 

to obtain a balanced sailing state for the yacht. 

From Figs, 6 & 7, it is possible to determine^ vsilues of 

Gy ^Iw 

^Yw' for which ̂  and ̂ — are identical, at each value 

of V . e,g.: 
/ Y 

from Fig, ̂  at ̂  = 4, = 0.96, and = 0.337, 

from Fig. at ̂  = 4, = 0.0262, and = 0.0085, at a 

Full scale course velocity of 9.46 ft/sec. 
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Gy) obtained from the figures for a 

C G 
number of values for _Y and and set out as shown in Table 1 

°X °2w 

below: 

TABLE 1 

sail char acteristics hull oharaoteristics 
at Vg (f.s.) = 9 .46 

balance quantities 
at 7g (f.s.) = 9 .46 

Cy %% Clw Kxw 

°Yw 

P . E Y 

2.6 1.53 0.53 0.017 0.0092 90.2 89.5 

3.0 1.25 0.44 0.0198 0.0090 6 3 . 2 76.0 

3.5 1.07 0.38 0.023 0.0088 46.5 6 7 . 0 

4.0 0.96 0.337 0 . 0 2 6 2 0.0085 3 6 . 5 6 1 . 5 

4.5 0.87 0.030 0.0295 0.0082 29.5 57.0 

it is assumed in compiling the table that q = 1.55. 

Having tabulated the required quantities, they may be combined 

in order to satisfy equation 8 of the balance conditions; it will be 

noted that equation 7 has been satisfied already by taking values of 

Cy, Gj^, K^, at identical values of , equal to . 
°Xw 
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The final columns of Table 1 will therefore show 

- L l at each value of (equal to flji ). (in the table, ̂  

has been assumed equal to 1.55, the actual value for a DRA.GON as 

found in Chapter 4). 

Equation 8 is finally sqtisified when the last two columns 

show the same figure. Obviously in the case shown> this point lies 

Q 

between of 2.6 and 3.0, and the true value can be found as the 

crossing point for ourres of fz, and drawn to a base of °Yw '̂ •'Scw 

jr (equal to _ ^ ) as shown in Fig. 8, although the crossing point is 

Q 
nearly at the lower limit of as shown by the sail curves, the 

curves of Fig, 8 have been continued well beycmd to show their 

characteristic shapes. 

The crossing point is shovm riĵ ged and gives: fl =88.6 fl= 2.65 

Gy Cy 
It remains to satisfy equation 9 and this is achieved when: 

Vg _ Cj.S 

h J Ciw-A.835 
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As the balance has been established for a known value of Vg, 

then the condition set by equation 9 is met when: 

.A.835 

Assuming | for the DMGON is 0.556, (the value found in Chapter 4), 

then: 

V, = 9 . 4 6 . 

°Xv 

9.46 . 
WB8.6 

21.7 ^ 
/±Jj0 
/ 

It is now known that at an apparent wind velocity of 21.7 
sec* 

the yacht will sail at a heel angle of 15° with a course velocity of 

To enable the complete geometry to be specified, it is necessary 

to obtain the value of z 

Q 
Now, at the balance point, _Y = 2.65, and on referring to Fig.6 

C 
for the sails it is seen that at the value of _Y , = 32.4°^ 
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On referring to Fig. 7 for the hull, at ̂  = 2 .65, A = 3.70° 

^Xw 

therefore ̂  = 3 6 . 1 ° , 

The sailing condition for the yacht may now be specified: 

= 21-7 =9.46 ^ 36.1°, e = 15°, for , sail 

sheeting of = 5°, Sp = 17i°. 

, ^se of the geometry, the true wind velocity 7^ and the 

vessel*s spped to windward may be calculated: 

Frpm Fig. 1, it can be shown that ~ — — — 
A Gos# y 

VMS = 78' . 

again, from Fig. 1, it may be shown that: 

sin i = sin ̂  _ 

h +/Vof. 2. Vq.Gos/g 

so giving / , the remaining qnantity necessary for calculation of V 

and Tjjg. 

In the previous example, sin ̂  = sini^ 

//l + 0.19 - 0.87 X 0.808 

giving y = 57.8° 

that from the expressions above, Vj= 21.7 x Q*gfg = 15.5 ft/sec, 

\ q = 9.46 X 0.533 = 5.03 ft/sec 

= 2.97 knots. 
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^t7 ot Solution to Give Windward Performance for the 

The balanced sailing position for which 7^ and were found 

in the last section is unlikely to be the optimum speed to wind-

ward for the vessel at the particular with the chosen sail setting, 

As the hull and sail characteristics are available at three known 

heel angles, it is now possible to determine balance positions for 

each at each of the heel angles. The result is a series of curves 

as shown in Fig. 9 and the envelope of these curves will give the 

vessels optimum performance over the complete range of 7^ and heel 

for the particular sail sheeting considered. The curves shown in 

Fig. 9 were obtained during work connected with Chapter 4, using sail 

data and hull data given Appendices 1 & 2. 

Although the envelope curve in Fig. 9 represents the yacht's 

best windward performance with the particular sail setting consider-

ed, if these sheeting angles are changed, then a number of such curves 

may be plotted, and it is the envelope of these which will give the 

boundary curve showing the yacht's true optimum windward performance. 

Note on hull 

Daring model tests, the model is likely to be run at several 

course velocities covering the range likely to be applicable to the 

range of 7^ in which the vessel is designed to sail. At suay particular 
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heel angle, therefore, data may be required for a number of values 

of for each heel angle, it is possible to provide data in the 

form shown in Appendix 2 to this part, as curves of and 
IW AW 

against Vg for constant values of on one graph, and X against 

Vg on a second graph. This enables^&e coefficients 

and X to be read off for a series of at the required value 

of Vg. 



fig 1 velocity vector diagram 

fig 2 the g e o m e f - y 



fig 3 sail sheeting definitions 
yacht is upright 

+z 

fig 4 body sea axes 
yacht at heel 0° leeway/^' 
s tarboard tack. 
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CHAPTER 3; A PRACTICAL METHOD OF PREDICTING THE WTimWARn 
PERFORMANCE FROM MODEL TEST RESULTS. 

3.1 Summary of Method 

Tlie motliod. of predicbxng ttie windward, psrfonnanc© niâ  be 

summarised: 

1 • Select a sail sheeting position (particular values of 8^ & 

and for several heel angles covering the likely sailing range obtain 

the following sail characteristics and hull characteristics: 

(a) Curves of C^, ( ^ - ), K^, plotted to a base of fl, 

(b) Curves of / , and plotted to a base of Vg for 

c C 
a number of Yw values, with the range of _Y appropriate to the 

sail characteristics in (a) above. 

2m For the first heel angle, tabulate ^ and for 

G C 

values of _Y _ Yv at several course speeds (V„) over the 

°x~ °Xw 

possible range. 
3. Plot 2% ahd to a base of ^Y ( = fyw ) for each V . 

°lw °X ' 

4« Take the intersection of curves showing ̂  and ^'^X , the 
°Iw '^•^w 

balance positions for each V- and read off values of ^ and 
°Iu 

°X 



4^ 

5# Calculate from : 

6. Calculate /S~ ( ̂ - X ) + X , the values of the component 

angles being taken from the data of item (1) at the value of fl 

c 
and Yw. given by item ( 4 ) . 

°Xw 

?• Use geometry to obtain and Y^^ for each balance point 

from: 

% = Vg.cosX , and Vj = f 

/in/3 

(Where, 3in * = L . ^ . 2 _ 3. !s . oos/9) 

V ('V \ 

8. Plot 7^ to a base of for the heel angle 0 considered. 

9. Repeat operations (2) to (8) for each selected heel angle, so that 

a curve of to is obtained for each 9 . The envelope of these 

curves gives the optimum windward performance of the yacht with 

the values of and 6p chosen. 

10. Repeat items (l) to (9) to give envelope curves for a wide 

range of sail sheeting covering the values of and Sp in which 
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the optimum performance might be expected with the chosen sails. 

3.2 Example Solution 

In practice the calculation for each sheeting position 

chosen may be effected rapidly as demonstrated in the example 

below which gives the optimum performance curve at one sheeting 

position ( = 5°, ~ 20°) as shown in Fig. 9: 

Sail Data at Q = 7i^ is given in ̂ ig. 29, (-Appendix l), and 

the Hull Data at 0 = 7̂ -° is given in Fig. 37, (Appendix 2). 

From this data, Table 2 shown below may be compiled for a number of 

C P K 

course speeds; only sufficient values of _% and * X need be 

°Yw 

calculated to give good curves for determination of balance points. 
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NOTE. Sufficient values of and have been calculated 

^Iw ^'^Xw 

to give intersection point for curves in ̂ ig. 10. 

Curves of and as found in Table 2 are plotted 

°Yw 

for each Vg to give balance points as shown in ̂ ig. 10. 

The values of and for each balance point are now 

calculated, and it is simplest to set out the calculation in a stand-

ard form as illustrated in Fig. 11, which shows the procedure for 

= 6.74 ft/sec. 

When and have been calculated for each balance point, 

curves of against for © = can be plotted as in ̂ ig. 9. 

The remaining heel angles have been treated similarly and the en-

velope curve gives the yacht's optimum performance for sail sheeting 

6 M = 5°, 20°. 
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?i7.11 F .a V,: Ar%) v. _ AT 3ACH 3AIAM0S POSITI'. 
k.Y 1 " ' ' : 

M 
5°, Sy=7i°, 

V, 
( l / B a l a n c e ( = / = 3 7 # 

/ 

'X ' "Xw 

( 2 ) M o d e l V„ = "2 7 5 r u l l S c a l e 7 ^ = ^ c a l e F a c t o r , % 7%> = <o'74-
^ o 

= 3-9% 

(3 ) * 

( 4 ) X = 3 - 9 * • ' 

( 5 ) = ( / ^ ~ X ) , + A • = 2 7 - 9 s i n = 0 ' 4 6 9 , c o s ^ 

a t b a l a n c e = S l - o . J^y = 7 - 5 5 " . 
(6) . '̂Y 

- I ' y u 

(7) y83^. 3- = 21.55 (for Drs^on) 

7-, 
(«) V = S 21.55 = ^.zi.ss = 19-24 ri/sec 

A / ?- 5̂5̂  

9 ) 
Is = 

19.zy 
G-lCf. ^ = O • SS 

(10) s i n ir 
O- q 

/l + ( L i - zjj .cos/3 /' + o 5,i)'-o 7X o-Kv) 
V V. 7. ,••-•" ., 

/i n 

( 1 1 ) if - 4 ^ 3 * c o s y = 0 7 i / 

( 1 2 ) Vjjj, = V g . c o s y = = S - - o t f t / s e c . = 2 ? ? k n o t s . 

(13) = V^. , 13.(.3 - = eVO* >,0,^. 
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CMPTER 4: FEBFQHyLAi'iCE PREDICTION FOR A YACHT 

The practical method of predicting performance described 

in the previous chapter has been used to predict the optimum 

windward ability of a yacht having the hull characteristics 

obtained in Part 3, and detailed in Appendix 2, and sail charact-

eristics detailed in Appendix 1. 

The sail characteristics have been a:;sumed as applicable to 

a * Dragon* sail plan and physical quantities used in the cal-

culations are those for this class of ves:el: Sail Area (S) = 

286.2 sq.ft.. Mast height (P) = 32.4 ft. 

The Bill characteristics refer to the All-up-weight and C.G. 

location of the experiments described in Part 3> where the Water-

line Length (Q) was 20.85 ft,, the Wetted Area (A) was 159.2 sq. 

ft. 

p 

These gave the value of (^) used in the analysis as 1.55 and 

g as 0.556. 

Curves of optimum to were obtained in a sinilar 

manner to the example calculation given in the previous chapter at 

the following sail sheeting combinations which were available from 

the data of Ref. 28, with use of a wind tunnel test velocity 

= 20 ft. per sac; 



•5"o 

constant. Gp varying 0 jjTarying, constant 

5 de&8. , 20 degs. 5 degs.. 17̂ - degs. 

5 degs. , 17^ degs. 10 degs,. 17-J degs. 

5 degs. , 15 degs. 15 degs,. 17j- degs. 

5 degs. , 10 degs. 

5 degs. , 7^ degs. 

Tables of balanced sailing positions are given in Appendix 3, 

and envelope curves showing optimum performance at each of the above 

sheeting positions were drawn from these. These envelope curves are 

shown in Fig. 12, together with their boundary curve which gives the 

yacht's optimum windward performance for the sheeting variations used. 

It may be seen that at the lower end of the true wind velocity 

range, a sheeting of = 5° with between 15° and 17i° is suitable, 

while in the medium range of = 5°, Gp = 15° is preferable; at 

the higher true wind velocities however, the ideal value of 6^ falls 

to 10®. 

It is interesting to plot curves of against the sheeting 

angle of the foresail at various values of and these are shown 

in Fig. 13, for the mainsail constant at 5®. The advantage of 

tightening the foresail sheeting as the wind velocljby increases is 

clearly shown. 



A similar plot in Fig. 14. shows the effect of tightening 

the mainsail while the foresail is maintained at 8 ̂  = 17%°, 

the near optimum position for the low to medium rafige. It 

is unfortunate that the sail characteristics at lower values of 

S are not available as it seems likely from Fig, I4 that the 

windward performance could be improved by sheeting the mainsail 

harder, especially at the lower end of the range. 

The figures considered together show that the optimum wind-

ward performance of the yacht is controlled by the actual sheeting 

of the foresail and mainsail together with their sheeting relative 

to one another. If sail characteristics were available for a 

larger range of sheetings it is likely that a better performance 

would be found, but the limited sail data used in the calculations 

illustrate that the performance is very sensitive to mainsail 

sheeting, and perhaps less sensitive to foresail sheeting for this 

particular suit of sails. 

In the sail experiments of Ref. 28, the effect of foresail 

sheeting variation was restricted to a fixed mainsail angle of 5° 

and the effect of mainsail variation to a foresail angle of 

A complete study of the effects of sail sheeting appears to require 

a wider range of mainsail-foresail sheeting combinations. It would 
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then be possible to plot diagrams similar to those of Fig, 13 & 

14, but with several curves at each value of within the range 

considered. 

It must be noted here that the above results apply only to 

sails having the characteristics given in Ref• 28 for which no 

chord shapes are given, and that with sails of different cut the 

results may differ considerably. 

Comparison of the Predicted Optimum Windward Performance frcan Present 

Analysis with that from previous work 

It is possible to compare the predicted windward performance 

from Fig. 12 with that predicted for * Yeoman' (Ref. 13) and that 

resulting from the previous work with the * Dragon* model at Saunders 

Roe Ltd, (Ref. l); Fig. I5 shows this comparison in terms of 

and . 
T 

It may be seen that the Saunders Roe * Dragon* prediction 

indicates that a * Dragon* class yacht has a superior windward 

performance to a 5.5 Metre yacht, a situation with which experienced 

yachtsmen are likely to disagree; this was in fact the subject of 

P. V. Mackinnon*s letter to which reference was made in Chapter 1, 
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The prediction resulting from the present analysis shows the 

* Dragon' to have an inferior windward performance to the 5,5 Metre 

over most of the 7^ range. 

The curves of ^ V^, for * Yeoman' anci from Fig. 12, are seen 

to be similar in shape, coming to a maximum value of at a certain 

Vy, the maximum for the 'Dragon' being greater than fhat for the 

5.5 Metre and occurring at a larger 7^, indicative of the better 

'heavy weather' performance attributed to 'Dragons', 

If it may be assumed that the predicted curve for ' Yeoman(, which 

Ref, 13 shows to be the boundary curve of the performance points 

measured during trials, is correctly positioned, then the predicted 

curve for the 'assumed Dragon' of Fig, 12 appears to be reasonably 

positioned relative to it. 

It is shown in Part 3, Chapter 23, tha: the measured Lift 

Coefficients during the two series of experiments on the 'Dragon' hull 

are similar, but that the predicted full scale resistance coefficients 

differ considerably; the reasons for this difference are discussed in 

that Chapter, and it would appear that the lower full scale Resistance 

Coefficients resulting from the measurements, assumptions, and scaling 

adopted in the present work are responsible for the difference in 

windward performance appearing in Fig. 15, 
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Ĥi 
. |1( 1^11! H i ; ; : IJ;: I:: I - - ' I : : i ' ' : ' i'-11'! M ' i * i".! 1 i, 
Idi'j.4i.%!' 'AXoona^^3N,^\ anaj^ 

• i i p i i i i i i 

.11;i;iiH -I'&kaWi::: 
y;!:.!ii:n:;w:i 
• t; ' " i I } 



tilnTniriitHiii 

L_i ^ ; 4 T ' - * * -#L:l̂:t;:r:.iri!::' *j_- ̂ 4-r t"*'!" r r' ~"r * ? 
-y-f -••-*• »-4-. ' -• ; - f 4- - *- * 

TT̂  
4—*•* ^ y t •• »-
0-f; : lG 

t+lttt-1; t: :• 

IB 4 

p 

- rj ̂  '"1 {T .1 TitTi i" TFT t'M'Lff' 

^ i ^ : k: Hi-' <-{ 

'Tti..: :nU.rl.[t:: U 
1 :i T i + ? '" r' +TT 

r * t T *- T ' t-r t T " 

ttrrniUiph.:: 
h+-'-f-t-+1-I i t ' i-t-4 

iftflriffijp:: 
mrLnnrw;}: 

H1 r «il : 

I H i S i D M S ™ 

.iqjl •.U-Li:rrd-U' rfr̂  

piSi 
; •'-•t H •>;'•••-' i f-t 11' 
'-•• r:^L;:p1i.:pr - — - - - • • - •-• 4-4-4 

ft"* * r ; * ' 
f-T M̂-4 , : *u , . . . 

. v K , i—*-—* < 
> » ' . .» 4 f. « • .f. I -

• ' H • - t t '-fTT'-'-'-t-fVll 

T~t f *" 

# 

Htlfes-illljf 

-f- * i : +-LI ' - "i-f • rff-" : ^-r:4 * 1 *" ' 

"t-f • - - - —-• 1 > • I •" 4" i'"4"' ̂  ± ̂  r fT"' t •r-«-t • 

# # 
. 

f H l s 
-I •• w . • »-• , i - -v—f *- 4 L& * # # 

• • '• -r *-+-*-• *-f 4-r̂  
—'-••• ••H—̂ • -*-j-

} Ltturp 

iSiiil 
; :u-..^ 

: !.rn#i (J] ::.trrrr 
*- "-4 «. _ . • •-* " * 

i ilti i l i i 

' : ? f"? #i-r* * * 

• TT T'T ••••*»• 
' * t « • t i ̂  * '-t I » » '• • 
• T--̂  4 ' - , ^ • T f" T'T "***"' 

J.... • . 1 »-i J • » -» 1 ' * 

l l i S f 

-•igjiffRiaiiiir r i i l P W ' 

i i J 

T̂-T'71 ri4 ' ̂  * *J I 

h o iiiiliLtt 
nil 
ttiiiuHndilrU! 

i E S i l S 

# 
- • I j- • 4 t'l ' - —f *-*-< I ̂  T \ 

ffitinnj.nMnii.i-i 

ti fi-ii jojrtlTint-: 

.tt 

tiSSWr-'l 
bJlr* iritiliii; 

* 
ilHfujitlitl 

!n|i#|i|j:;: 

J '-*-f T~t—-1 T' *-f- • t'* T * • 
: j M-' . -r-: ' M rj f i ' 

-riji ;-̂  r i-'-l fiij t-' • • 
' 1 - -- "-t' 

f ̂  « • >••••••• »• . . •—4 * «--* » ̂  * * —' 
* I t'l't"* ^ 4 •• • * ' ' 
i::]|ii]i|Ui:.i',;j! 

d i i S ^ I 
•'-i-i:, T h4 i t ri iJ t 

: 0 

•-itlfl.r.llllfUl.jV 

' - f-i--

j|'!| 1 i ;: 

•^:iliffiii|. 

HutiHilHH;;-': 

Jili 
,^jfbessA>U 

;•.. . ' t- * ! 

jiipiiilS^ 
:;'tLrr!i'nn;zn̂  
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CHAPTER 5; THE ANALYSIS AS AN AID TO HmiSMEN 

To the helmsman of a yacht racing, a knowledge of the vessel's 

optimum performance to windward is valuable, but not sufficient in 

itself to allow him to gain maximum advantage from the analysis 

producing it; in addition he must be able to 'set up* the yacht to 

obtain 'optimum under any true wind conditions. 

To do this he must have a knowledge of the relevant parameters 

which allow him to satisfy the requirements of the geometry, together 

with the hull and sail characteristics in terms of quantities affect-

ing the yacht's capability which can be measured easily from on 

board while sailing, 

A knowledge of three of the relevant quanbiti®® will enable the 

geometry to be satisfied; at any the obtainable is known 

and the magnitude of one relevant angle will complete the require-

ments; \ is easily measured on board while sailing and at the 

particular values of and V^, is associated with a particular 

value of X , so satisfying the requirements. 

To ensure the sail/hull requirements are met it is necessary to 

know either the sail or hull attitude, or the characteristics, and 

this is achieved when the sail sheeting angles and are known. 

It is possible therefore for the helmsman to 'set up' his 

vessel to give optimum if he has a simple relative wind direct-

ion instrument and sail sheeting angle indicators. 
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It has already been seen that the necessary values of sail 

sheeting: and Sp, appear in, and are essential to the analysis 

and it remains to use a * reverse* process in order to arrive at 

( 1^—>v ) associated with *best for a number of values. 

In the performance prediction given in the previous chapter, 

the sail sheeting for ^best over the middle portion of the 

range was found to be = 5®, Gp = 15°; detailed results for 

balanced sailing positions are available at a heel angle of 15° 

which may be considered as appropriate to the middle range of V^,and 

reference to the tabulated results for = 5°, Gg, = 15° at 

15° heel contained in Appendix 3 allows the plotting of curves 

showing X , yS-X , and X against various values of 

course velocity V^, see Fig. I6a. 

Fig, l6b shows the envelope curve of optimum together with 

its component curves of against 7^ for various Vg at the heel 

angles considered. At 15° heel, the optimum value of 7^^ where the 

envelope curve touches the component curve for this heel angle is seen 

to be 8.90 ft/sec. occurring at a 7^ of 16.70 ft/sec. 

Returning to Fig. l6a, values of the other quantities may be 

obtained for this 7^^ and the relevant value of j3-X is seen to be 27.0°. 

7g, 7^, X 9 X at optimum 7̂ ^̂ ^ may be obtained in a similar 

manner if required and are shown in the Figure. 

In a similar manner the envelope curves for = 5°, Gp 17^ 

and = 5°, = 10°, may be used together with the appropriate 



data at 7̂ -° and heel from Appendix 3 to give values of all 

relevant quantities, in particular/S-X, for the lower and higher 

portions of the 7^ range. These results are shown in Fig. 17a & b 

and 18a & b. 

The values of and Gp to give optimum over the 

full range of may now be presented in tabular or graphical form 

to the helmsman. 

Fig, 19 shows the variation of Vg, and ^ for 

optimum over the range of 7^ appearing from the performance 

prediction of the previous chapter. While the true variation of the 

quantities is somewhat indeterminate due to data being available at 

only three heel angles, it appears likely that the angles have a 

linear variation, the required /S , , and K reducing as 

increases, while X increases with V^, 
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S7 

CmPTER 6: SAIL M P WLL PROPERTIES TO GIVE BEST WTNDUaRn 
PERFORMANCE 

Using the values of 7^, X , and 7^ obtained in the previous 

chapter, it is possible to use the hull data of Appendix 2 and 

obtain the values of and for optimum 7^^, see Fig. 20. 

Again due to data being available at only three angles of heel, the 

results are somewhat indeterminate, although it may be seen that 

with increasing true wind strength, as might be expected, the 

required and become greater due to the increased course veloc-

ity and leeway. 

If the hull characteristics are placed in tems of C, and G 
L D 

plotted against X , for the three values of 7^, and the optimum 

points inserted, the result is Fig. 21. 

In a similar manner it is possible to use the values of /?-X, and 

(7^ assumed to have no effect on characteristics) together with 

the data Appendix 1 to obtain and for optimum 7^^. Fig. 22 shows 

that the required G^ and G^ fall as 7^ increases, again as might be 

expected from the decrease in found in Fig. 19, It is interest-

ing to note that the variation of appears to be linear. 

In terms of G^ and G^ the pattern is shown in Fig. 23. 
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CHAPTER 7; ALLOWANCE FOR VARIATIONS OF SAIL M P HULL HHAMCTERISTIGS 
WITH .7 AND RUDDER ANGLE 

7.1 Effect of variation in sail characteristics with 

It has long been realised that the sail characteristics of the 

full scale yacht are likely to be dependent on the magnitude of V. 

but the lack of knowledge regarding sails and their properties, in 

particular the correct scaling process from model to full scale and the • 

change in properties with V^, led to the assumption in the analysis 

of Chapter 2, that th© sail characteristics did not vary with 

and also to the assumption that the sail coeffecients measured on the 

third scale model by Marchaj could be applied as they stand to the 

fuH scale yacht. 

Marchaj (Ref. 28) found a considerable variation could occur in 

the coeffecients with changes in the tunnel test velocity, but his 

work is insufficient to allow use of the results in a general 

manner. He measured the magnitude of the sail coeffecients at one 

sail sheeting combination, = 5° , 6^ = 20°, for tunnel 

velocities of 17.1, 20, and 30 ft/sec., the results plotted in the 

form required by the present analysis are given in Figs. 29, 33, 34, 

of Appendix No. 1. 

Using these results, envelope curves for this particular sail 

sheeting at the three test velocities were calculated and are shown 

in Fig, 24, from which it may be seen that considerable error in 



optimum 7^^ can result5 a comparison of Figures 12 and 24 shows 

that these variations in are of similar magnitude to those due 

to changes in foresail and mainsail sheeting, so illustrating the 

importance of further knowledge regarding the variation of sail 

characteristics with wind velocity. 

If the true characteristics for a wide range of wind velocity 

were known, it would be possible to obtain the envelope curves for 

at several values of V^, and hence 7^, for each sail sheeting 

position and so determine the corrected envelope curves for the 

appropriate values of over the range. When these corrected 

envelope curves are available the optimum windward performance 

boundary curve may be fitted and the reverse process undertaken to 

provide information required by the helmsman. 

7.2 Effect of rudder application 

The brief experiments described in Part. 3 to assess the effect 

of rudder application on the hull characteristics together with the 

data of Ref. 14, suggest that the optimum windward performance of a 

yacht may well be found with the use of a small amount of weather helm. 

Available data is insufficient to allow its use in the analysis 

for the hull under consideration but if the required information 

were available, the envelope curve for each sail sheeting position 

could be further corrected by the use of the hull characteristics 

at a number of rudder angles, and hence the optimum boundary curve and 



loO 

rudder condition obtained for any true wind velocity. 

This information would then be available to the designer whose 

task it would be to 'balance' the vessel to give the necessary heel 

angle at each true wind velocity, perhaps with the aid of tunnel and 

tank experiments. 
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CHAPTER 8: CONCLUSIONS AND R^COMm^DATIONS 

The performa nce anlaysis and methodof prediction for optimum 

windward ability appear to satisfy the initial requirements, i.e: 

(a) It uses basic characteristics of the sails and hull. 

(b) It is sufficiently general to allow its use in assessing the 

effects of changing a single parameter, using data expressed as hull 

and sail characteristics. 

^c) Permits the desired information for * setting up* the yacht to 

emerge. 

The simplifications introduced during the analysis became 

necessary due to the difficulty of handling the number of expressions 

involved in a complete solution, and due to the lack of data concern-

ing the quantities involved and the appropriate variation of hull and 

sail characteristics. Complete data will require more sophisticated 

tank and tunnel apparatus and experimental techniques, involving six 

component balances and a much larger range of variables including full 

coverage of trim (for hull and s lis) rudder, and depth of hull 

immersion. 

The analysis in its present form appears suitable for use with a 

digital computer and hence it should be possible to process the data 

from the complete model tests in terms of the complete balance 

equation (No, 3) in order to obtain the optimum boundary curve. 
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Using tiiG simplified, metiiod,̂  ttie l&bour involved in determining 

balance positions and the boundary curve is not excessive when carried 

out graphically by hand, but would become so if a further balance 

equation No* 3 were considered, so thit the use of a computer 

appears essential. 

It is recommended therefore that the required programming be 

carried out for the complete solution while allowing the processing of 

the simplified solution until the sophistication of tank and tunnel, 

together with the understanding of the scaling and effects of such 

variables as and rudder application is sufficient to allow the 

former*s use. 

The simplified anlaysis may be made more complete by taking into 

account the effects of changes in the wind tunnel test velocity V , 
A 

and rudder as suggested in the previous chapter. 

The model tests described in Part 3 were undertaken in order 

to provide data required for the analysis omitting the balance of the 

yacht in trim. lu carrying out such work for use with the perform-

ance prediction for an actual yacht, it would be possible to allow 

approximately for the downward force and trimming moment of the sails 

by applying the appropriate loading and moments to the hull under 

test, following the practice in connection with tank test work for 

Use with 'the Gimcrack' technique (Refs. 5 & 10). 
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It is interesting to note that it appears possible to ignore 

the balance of yawing moments in a first treatment and to consider 

them in a similar manner to that described in the last chapter. 

In fact this may have advantages as the correct balance of the 

yacht under the optimum conditions may be obtained frcm later model 

tests after the optimum rudder application for best has been 
Mu 

taken from the prediction. This balance is likely to vary with the 

True wind velocity and will only hold for windward work; balance for 

off the wind sailing, which has not been considered here, may be 

rather different so leading to a possible requirement for a means of 

altering the longitudinal location of the sailplan on the hull while 

under way. 

The quantitative accuracy of the analysis will depend almost 

wholly on the accuracy with which the full scale hull and sail 

c aracteristics and their variation will all the parameters can be 

predicted. It is essential therefore tiiat the necessary work is 

carried through to promote a fuller understanding of the problems 

involved in this area. Even when this has been achieved, only the 

quantitative performance of the yacht in steady conditions will 

result so that although the *best windward performance* boundary 

curve is probably very near the truth at the lower end of the 

ran^e, it is likely to become increasingly optimistic as increases 

due to the unsteady wind and sea states associated with higher tnue 

wind velocities. 
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The problems discussed above apply also to all other present 

methods of windward performance prediction, based on established 

techniques and the analysis described in this part is likely to be of 

considerably greater inherent accuracy and generalised use due to its 

more general nature and consideration of a greater number of para-

meters . 



APPENDIX NO. 1: SAIL DATA FOR USE IN CALCUMTTnKT.q 

Marchaj (fief. 28) has carried out experiments to determine the 

characteristics of the 'soft' sails of a 1/3 scale model of an U ' 

class yacht's sails. He measured the Lift and Drag and Heeling Moment 

for the terrylent sails in the upright condition over a wide range 

of sailsheetbg pwutima and (f-X ). Heeasoiwweunkl, 

one sheeting position, the same quantities at a heel angle of 20°, and 

for three different apparent wind velocities. 

The data contained in Ref, 28 is insufficient as it stands for 

direct application to the analysis of Part 1, in order to calculate 

the vessel's optimum windward performance; but by making certain 

assumptions and undertaking some manipulation a complete set of sail 

characteristics has been developed. 

From the data of Ref. 28 it was desired to obtain curves of 

Cy and at heel angles of 7i°, 15°, and 2li° for use with the hull 

characteristics obtained during the work described in Part 3. 

Ref. 29 reports a careful evaluation by the yacht research staff 

at the University of Southampton of some wind tunnel experiments 

made on a small model having a sloop rig and 'solid' metal sail*. It 

was considered at the time that little change in value of the 

coefficients occurred for the first 10° heel, and that beyond a heel 

angle of 20° they fell off rapidly. 
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In deriving sail characteristics from itef. 28, it has therefore 

been assumed that the coefficients at 7*0 heel may be taken as those 

obtained by liarchaj in the upright condition. 

From Marchaj's data, it was possible to calculate C^, Cy and 

Kjj for the vessel at 7*-° (assumed those at 0°), 

For the particular sail sheeting used ty Marchaj in the measure-

ments at 20° heel, a study of the results showed that for all values 

showed that for all values of (^-> ) used, the average value of 

the coefficients was approximately 0.85 of their values at 0° heel. 

% use of the above. Fig. 25 was produced to give an assumed 

cur^e to give values of coefficients at angles of I50 2li°. 

From the curve it has been assumed that at 15° heel each coefficient 

has 0.95 of its value at 0°, and that at 21*- heel, each coefficient 

has 0.82 of its value at 0°. 

sail data calculated from Ref. 28 using the assumptions detailed 

a W is presented in the form required for the perfo^e^ce analysis 

in Fig,. 26 to 34. Figs. 26, 27, 28, 29, 30, give the sail charact-

eristics for 7i° heel with maintained constant while varies 

from 7i« to 20°. Figs. 30, 31, 32, are for 7*° heel, remaining 

constant at 17*° while varies from 5° to 15°. 
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These have been given for © = only; at 15° heel for any 

Q 

particular value of _Y and ( /3-X ) the coefficients and 

are 0»95 of the graphed values. At 21"§"® heel for any particular 
Q 

^ and { ) the coefficients and are 0.82 of the graphed 

values, 

Rote: data of Figs. 26 to 32 inclusive all refer to a test wind 

velocity of 20 ft/sec. 
Figs. 29,33, 34, show characteristic* for three different 

apparent wind velocities in the wind tunnel. For C. = 50 
M ' 

Sp = 20®. Again the values refer to a heel angle of 7^0^ and 

at any particular value of ^ and (/3-\ ), the Gj and E at 15* 

and 21% heel will be 0,95 anS 0.82 respectively of the values 

graphed. 
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APPEI®IX NO, 2: HOLL DATA FOR USE IN THE PERFOHI-iMGE ANAT.v.qT.q • 

During the application of the- results of model test work 

described in Part 3, in the performance prediction of Part 1, it was 

found necessary to use values of between those at which tests 

were conducted. The results were therefore expressed as curves 

^ ' °Zw plotted against the course speed V„ at constant 
c • 

values of Yw . 
°Xw 

Figures 35, 36, 37 of this appendix show the hull characteristics 

in this form for heel angles of 7i», 15°, and 21*°. Vg for the model 

tests and for a full scale 'lUragon* yacht are shown. 
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APPENDIX NO. 3: TABLES OF DATA REFERRING TO BALANCED SAILING 
POSITIONS FOR COMBINATIONS OF FOHESAIL AND 
MAINSAIL SHEETING 
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PART 2. THE AUSTIN LAiiONT YACHT TEST TATDC 

D e s i g n , C o n s t r u c t i o n a n d A s s e s s m e n t 

CHAPTER 9 ; INTRODUCTION TO PART 2 

W h i l e e v i d e n c e e x i s t s t h a t e x p e r i m e n t s w e r e u n d e r t a k e n t o 

a s s e s s t h e r e s i s t a n c e o f s a i l i n g s h i p m o d e l s d u r i n g t h e m i d d l e o f t h e 

e i g h t e e n t h C e n t u r y , t h e a p p l i c a t i o n o f t h e s e r e s u l t s i n o r d e r t o 

d e t e r m i n e t h e r e s i s t a n c e o f a f u l l s i z e s h i p w a s n o t u n d e r s t o o d , a n d 

d u e t o t h e i r a p p a r e n t i n c o n s i s t e n c y , s u c h t e s t s came i n t o d i s r e p u t e 

a s a m e t h o d o f d e t e r m i n i n g t h e c a p a b i l i t i e s o f s h i p s w h i l e a t s e a . 

I t w a s n o t u n t i l a r o u n d 1 8 7 2 t h a t William F r o u d e w o r k i n g f o r t h e 

A d m i r a l t y a t h i s t a n k i n T o r q u a y s h o w e d t h a t t h e t o t a l r e s i s t a n c e 

could be divided into two parts, and followed this by achieving 

r e m a r k a b l e a g r e e m e n t b e t w e e n h i s p r e d i c t i o n s a n d r e s i s t a n c e s m e a s u r e d 

d u r i n g t o w i n g t r i a l s a t s e a . 

A l t h o u g h F r o u d e e s t a b l i s h e d a w o r k a b l e m e t h o d o f e x t r a p o l a t i n g 

m o d e l r e s u l t s , h e w a s t r o u b l e d d u r i n g h i s w o r k o n f r i c t i o n b y 

" p e r p l e x i n g a n o m a l i e s " , L a c k e n b y h a s s i n c e p r o v i d e d , i n a p a p e r 

r e a d b e f o r e t h e I n s t i t u t i o n o f N a v a l A r c h i t e c t s i n 1 9 3 7 , c o n v i n c i n g 

e v i d e n c e t h a t i n f a c t t h e s e " a n o m a l i e s " w e r e d u e t o t h e p r e s e n c e o f 

l a m i n a r f l o w . 



F r o u d e ' s o r i g i n a l h y p o t h e s i s s h o w e d t h a t r e a s o n a b l e p r e d i c t i o n s 

c o u l d b e made f r o m s m a l l m o d e l s , b u t i n l a t e r y e a r s i t w a s f o u n d 

i n c r e a s i n g l y i m p o s s i b l e t o o b t a i n r e p e a t a b l e r e s u l t s a t l o w R e y n o l d s 

N u m b e r s , a n d i t b e c a m e u s u a l t o a d o p t r e l a t i v e l y l a r g e m o d e l s , c o m p a r e d 

w i t h F r o u d e ' s w h i c h d i d n o t e x c e e d a b o u t 1 2 f t . i n l e n g t h . The 

a p p a r e n t u n r e l i a b i l i t y o f s m a l l m o d e l s w a s l a t e r r e a l i s e d a s b e i n g 

d u e t o t h e p e r s i s t e n c e o f l a m i n a r f l o w , w h i c h g a v e a d e c r e a s i n g d i s c r e p -

a n c y a s m o d e l s i z e a n d h e n c e l i e y n o l d s N o . w a s i n c r e a s e d . 

D a v i d s o n , a r o u n d 1 9 3 3 , (Ref. 9) s h o w e d t h a t r e l i a b l e a n d 

r e p e a t a b l e m e a s u r e m e n t s c o u l d b e made u s i n g s m a l l m o d e l s a t l o w s p e e d s , 

i f a m e a n s w a s p r o v i d e d t o s t i m u l a t e t h e b o u n d a r y l a y e r i n t o t u r b -

u l a n c e o v e r t h e m o d e l h u l l ; h i s work i s n o t a b l e b e c a u s e i t l e d t o t h e 

f i r s t u s e o f a t a n k t o m e a s u r e t h e f o r c e s o n small m o d e l s o f s a i l i n g 

y a c h t s ( s o m e 3 t o 3 . 5 f t . i n l e n g t h ) u n d e r c o n d i t i o n s o f l e e w a y a n d 

h e e l . 

W i t h t h e p i o n e e r w o r k o f D a v i d s o n a t t h e S t e v e n s I n s t i t u t e i n 

t h e t e s t i n g o f y a c h t m o d e l s , f o l l o w i n g D a v i d s o n * s b r e a k t h r o u g h , w h i c h 

m u s t n a v e g i v e n A m e r i c a n d e s i g n e r s c o n s i d e r a b l e a s s i s t a n c e i n t h e i r 

w o r k f o r I n t e r n a t i o n a l R e g a t t a s , n o p a r a l l e l i n v e s t i g a t i o n s w e r e 

u n d e r t a k e n i n G r e a t B r i t a i n u n t i l t h e f o r m a t i o n o f t h e I a c : i t R e s e a r c h 

C o u n c i l w h i c h i n s t i g a t e d t e s t s a t bo&h t h e N a t i o n a l P h y s i c a l L a b o r a t o r y 

d u r i n g t h e e a r l y 1 9 5 0 ' s , a n d a t S a u n d e r s R o e L t d . i n I 9 5 5 t o 1 9 5 6 . 

Work a t b o t h i n s t i t u t i o n s w a s u n d e r t a k e n u s i n g s m a l l m o d e l s ( W . L . l e n g t h s 

o f 5 f t . a n d 3^" f t . r e s p e c t i v e l y . ) 
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The a p p r o a c h and p h i l o s o p h y o f e x p e r l T n e n t e r s o n both s i d e s of 

the A t l a n t i c w a s e s s e n t i a l l y s i m i l a r , t h e a i m b e i n g to d e d u c e the 

f u l l - s c a l e c l o s e - h a u l e d p e r f o r m a n c e o f d i f f e r e n t s a i l i n g y a c h t s , a n d 

t e s t s w e r e t h e r e f o r e made i m u e r c o n d i t i o n s of s p e e d , l e e w a y a n d 

h e e l l i k e l y t o b e a p p r o p r i a t e for t h e f u l l - s i z e y a c h t s a i l i n g o v e r 

a w i d e r a n g e o f t r u e w i n d c o n d i t i o n s . 

Some a t t e m p t w a s made t o analyse t h e r e s u l t s further, b u t the 

s p r e a d of t h e v a r i o u s p a r a m e t e r s w a s t o o g r e a t t o permit a n y n o t a b l e 

s u c c e s s . 

I t b e c a m e a p p a r e n t i n 1 9 5 9 t h a t t e s t s on a h u l l c o v e r i n g i n 

d e t a i l a v e r y w i d e r a n g e b o t h o f s p e e d a n d m o d e l a t t i t u d e w i t h i n a n d 

o u t s i d e a n y p r e s u m e d s i l i n g v a l u e s w e r e d e s i r a b l e b o t h i n o r d e r t o 

a l l o w a n a l y s i s i n t e r m s o f a e r o d y n a m i c k n o w l e d g e a n d i n o r d e r t o 

p r o v i d e a m o r e g e n e r a l a n a l y s i s o f s a i l i n g y a c h t p e r f o r m a n c e on a l l 

p o i n t s o f s a i l i n g ; w i t h r e f e r e n c e t o t h e f o r m e r u s e , i t i s w o r t h n o t -

i n g t h a t i n h i s p a p e r ( R e f » 9 ) D a v i d s o n a n d s e v e r a l c o n t r i b u t o r s t o 

t h e d i s c u s s i o n h a d e s t a b l i s h e d s o m e r e l a t i o n s h i p b e t w e e n a y a c h t ' s 

h u l l a n d t h e a e r o p l a n e ' s w i n g , b u t n o w o r k o f a n y c o n s e q u e n c e h a d 

b e e n m a d e g e n e r a l l y a v a i l a b l e on t h i s c o r r e l a t i o n s i n c e t h a t o f 

r e f e r e n c e 9 . 

When f i m d s b e c a m e a v a i l a b l e , t h e U n i v e r s i t y of S o u t h a m p t o n , i n 

1 9 5 9 , p u t i n h a n d a t S o u n d e r s Roe L t d , some e x p e r i m e n t a l w o r k o n a 
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m o d e l o f a 5 0 f t , w a t e r l i s e k e t c h u s i n g v a r i o u s a p p e n d a g e s a s ' L i f t ' 

p r o d u c i n g d e v i c e s , f h e w o r k w a s p r i m a r i l y c o n c e r n e d w i t h e v a l u a t i n g 

t h e r e l a t i v e e f f i c i e n c y o f t h e v a r i o u s a p _ e n d a g e s f o r w i n d w a r d s a i l i n g 

u s i n g t h e e s t a b l i s h e d ' G i m c r a c k ' t e c h n i q u e p r o p o u n d e d b y D a v i d s o n , 

a n d a t t h a t s t a g e t h e r e w a s n o i n t e n t i o n o f u s i n g t h e r e s u l t s f o r 

m o r e g e n e r a l s t u d y , when l a t e r i n t h a t y e a r i t b e c a m e a p p a r e n t t h _t 

t h e w i d e r a p p r o a c h w a s e s s e n t i a l , i t w a s a l s o c l e a r t h a t t h e c o s t o f 

s u c h w o r k i n a G o m i a e r c i a l Tank w a s p r o h i b i t i v e w h e n a c c o u n o w a s t a k e n 

o f t h e f u n d s t h e n a v a i l a b l e , a n d l i k e l y t o b e a v a i l a b l e i n t h e f u t u r e , 

f o r r e s e a r c h work o n y a c h t s . 

borne a d d i t i o n a l w o r k w i t h t h e m o d e l a t S a u n d e r s Roe L t d . n a s 

i n s t i g a t e d a s a f i r s t s t e p , b u t i t w a s f e l t t h a t much $ o r e c o u l d b e 

a c h i e v e d f r o m a Tank a t t h e U n i v e r s i t y ; a c c o r d i n g l y a p r e l i m i n a r y 

d e s i g n s t u d y w a s u n d e r t a k e n i n o r d e r t o a s s e s s w h e t h e r s u c h a n u n d e r -

t a k i n g w a s a f i n a n c i a l a n d p r a c t i c a l p o s s i b i l i t y . 

Once i t w a s e s t a b l i s h e d t h a t a f a c i l i t y s u f f i c i e n t l y s o p h i s i t i c a c e d 

f o r t h e w o r k r e q u i r e d w a s p o s s i b l e , app r o v a l w a s g i v e n t o t h e p r o j e c t 

a n d a s u i t a b l e s i t e c h o s e n * P l a n n i n g a p p r o v a l w . s o b t a i n e d a t t h e 

end, o f 1 9 6 0 a n d t h e c o n s t r u c t i o n o f b o t h t h e e n c l o s i n g b u i l d i n g a n d 

t a n k s t r u c t u r e p r o c e e d e d d u r i n g t h e W i n t e r o f 196o-6i u n d e r d i f f i c u l t 

c o n d i t i o n s • The W a t e r w a y w a s f i l l e d i n t h e oummer o f 1 9 6 1 a n d t h e 

v a r i o u s s y s t e m s i . e . c a r r i a g e , d r i v e g e a r , b a l a n c e a n d a s s o c i a t e d 

a r r a n g e m e n t s e t c . w e r e in p o s i t i o n b y t h e e n d o f t h a t y e a r . 
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Development ajid prelir^ina^y evaluation of the tank and e q u i n -

ment proceeded during the last months of I96I, a^d the early months 

of 1962 . The facility was, i n r e a s o n a b l e working order by I-Iarch 1962 

and was officially opened by Dr. W. Cawood and named the Austin 

lamont Yacht Test Tank on March 30, 1962 during the Conference on 

lacnt D e s i g n and Research t.aen i n progress at the University, 

T h e preliminary e v a l u a t i o n was c o m p l e t e b y e a r l y J u n e , I 9 6 2 , 

a n d the f i r s t i t e m of Research work^ t h e m e a s u r e m e n t of h u l l 

c h a r a c t e r i s t i c s ( d e s c r i b e d in P a r t 3 ) was u n d e r t a k e n during t h e 

period June to August that year. 
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CHAPTER 10: PRELIMINARY DESIGN STUDY 

The majority of Towing Tanks are used both for Commerciali work, 

e.g. the routine prediction of full scale performance of ships, 

together with a certain amount of basic research when time and 

facilities allow. In recent years, research on sea-keeping and ship 

motion has resulted in the construction of large manoevering basins 

and whirling arm installations. 

Routine work includes resistance measurement, power experiments, 

and self-propulsion tests, for which the size of model required is 

governed more by the desirability of avoiding excessive scale effect 

from propellers and appendages, than fro i the question of Reynolds 

Number and lamin.ar How; hence models used in such tests must be of 

sufficient size, especially in the case of multi-screw ships, to avoid 

this trouble. The large model length leads to greater velocities being 

required and a oonBlderable length of tank to allow for acoeleaatioa, :* 

reasonable length and duration of steady run, and stopping; the large 

model section area entails a considerable water depth and cross section 

area to avoid excessive depth and blockage effect. 

Such facilities are extremely expemmive to provide and run; 

Ref. 17 gives the cost of the new Ship Hydrodynamics Laboratory of 

the National Physical Laboratory at Feltham, with a length of 

1300 ft., as some^ 2M, and the cost per day to a user as approximately 

k 300. (The initial cost includes all ancillary services, manoevering 

basin and water tumiel, although the cost per day is for the actual 



76 

tank alone). 

These figurear may be compared with the No, 2 tank at Saimders 

Roe Division of Westland Aircraft Ltd., 300 ft, in length, for which 

a daily charge for use of around A200 has been mentioned; the figure, 

for the original cost is not available. 

At this very early stage in the study, it was anticipated that 

a sum of about i«4,500 might be available for construction of a tank 

at the University, (this was later reduced to X3,500) so that it was 

apparent that if such a facility was to be a practical possibility , 

the physical size of the tank must be kept as small as practicable 

commensurate with providing equipment which would allow useful work 

to be undertaken; this conclusion was strengthened by the lack of 

space available. 

Model Size 

The dependence of waterway dimensions on model size has already 

been mentioned. Both ^avidson (Ref. 9) and Saunders Roe Division 

(ref. 1) used small models of between 3 ft. and 3& ft. waterline 

length in their early work, from which it has been possible to obtain 

much reliable and useful information, Ref. 4 indicates that Saunders 

Roe Div*n now use slightly larger models of between 5 ft, and 6 ft, 

W, L, length while Ref, 18 gives lengths of 3 ft, to 34" ft, as stiH 

being in use at the Davidson Laboratory. 
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Even with models of this size, effective stimulation of turb-

ulance is difficult at low speeds, ami the adoption of smaller models 

would exaggerate the problem and also lead to difficulty with wave-

making; at the lower speeds the wavemaking resistance of the model 

may not be proportional to that of the full size vessel dae to ripples, 

dependent on surface tension, becoming important; according to 

Ref, 19, the lower limit of velocity to contain any error due to 

this within 1^ has been set by Peabody at approx. 1 , 3 ft/sec. 

As the tank cross section area required depends largely on 

consideration of blockage and depth, if the waterway were designed to 

accommodate full vessels of 3 ft. waterline length, it would be 

possible to run larger models or yachts having finer form without any 

increase in blockage; this led to the range of waterline length for 

normal models being taken as between 3 ft, and 4- ft. 

In addition to reducing the first cost and space taken up, the 

adoption of the smallest possible model has the advantage of keeping 

manufacturing and modification costs for models to a minimum, and 

allowing their easy handling, although considerably more precise 

measurements are required from the balance arrangements than would 

be the case with larger models. 
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Waterway Length 

The effective length of waterway must be sufficient to allow a 

reasonable duration of steady run in order to permit measurements to 

oe taken, once the model has been accelerated from rest and achieved 

a steady state; at the far end of the run, the decelerating length 

must be such that the model comes to rest well before there is any 

likelihood of fouling any part of the tank or equipment. The minimum 

length to fulfil all these requirements will be related to the 

maximum model velocity available. 

While the maximum speed of a displacement yacht is probably 

equivalent to a speed/length ratio of I.4, the upper limit was 

set at = 1.5 to allow behavior at speeds normally above the 

maximum to be studied. With a 4 ft. model the maximum speed equivalent 

to this latter speed/length ratio is approximately 5 ft/sec. 

Ref, 17 enabled a reasonable duration of steady run to be 

assessed; in the design of the new Ship Hydrodynamics Laboratory, a 

minimum steady run at the maximum carriage speed was accepted at 

7 sees; on applying this to the proposal, using mazimum possible 

carriage speed of 5 ft/sec., then a miaimum length of steady run 

required is 35 ft. At more normal speeds and for models having a lower 

waterline length, the available run would of course be increased. 
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^he acceleration .available and possible is controlled by the 

carriage and propulsion system adopted. The maximum with a heavy 

manned carriage self-driven from on board appears from Ref. 17 and 

various papers in Oef. 20, to be about 3.5 ft/sec^, while for an 

unmanned carriage using a towrope drive, it may be increased to 

7 ft/sec.2, or even more (these latter figures are given as referring 

to the Saunders Boe Tanks). It also appears during various discuss-

lons contained in Ref. 20 that some difficulty could arise with the 

balance and associated arrangements if the acceleration was too rapid 

At this stage of the study an acceleration length of 10 ft, was 

allowed; requiring a stealy acceleration from rest of 1,25 ft/sec^ 

wnich was, therefore, seemingly well within the usual figures. 

If a length of 10 ft. is allowed for stopping, and a further 

10 ft. for obtaining steady conditions following the acceleration 

period, then the minimum length of waterway required may be computed: 

Leng th fcir 7 s e e s , steady run at 5 ft/sec. 35 ft. 

Acceleration distance at 1.25 ft/sec,% 10 ft. 

Length of run to achieve steady state 10 ft. 

Stopping Distance 

TOTAL 65 ft. 



If the top speed and model length were reduced to give a 

V///L of 1.4 for a 3 ft* waterline, with 10 sees, steady rmi, then the 

distances required for acceleration and stopping would be reduced, 

(assuming the acceleration remained 1.25 ft/sec^) leading to approz-

imately the same distance as the minimum requirement for waterway 

length. 10 sees, has been taken for the minimum time required for 

measurement in more usual tests, the 7 sees only being applicable to 

the highest speed runs. 

%terwav Gross Section Area. 

A typical model which might be run in the tank is that of a 

*Dragon' Glass yacht used for experiments described in Ref. 1, with 

a waterline length of approx. 3.5 ft, and a maximum cross-section 

area of some 20 sq. in. 

In Ref. 17, Allen gives the criterion, developed from work by 

Hughes, that in order to gain freedom from blockage effects, the 

tank cross-section area should be 250 times the maximum model cross-

section. This leads to a cross section area of some 34.7 sq. ft. 

being desirable for the proposal. 

It is often assumed that shallow water wavemaking effects may 

be neglected below a Froude Number (based on the water depth) of 

~ 0.5 (D is tank water depth), (Ref. 21). This criterion 

gives a minimum depth of approximately 3.2 ft. as being desirable. 
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The minimum over-all breadth and depth to fulfil these require-

ments will be gained using a rectangular tank cross-section. 

Carriage y Raj.ls and Drive System 

In general, two types of carriage are in use with towing tanks, 

manned and un-manned; the foimer is often employed with tanks, having 

large dimensions, when it would be i..possible to assess the model 

behavior from alongside the waterwaj'; the manned carriage also has 

the advantage that a simplified balance and recording ,y,tea «ay be 

practicable as operators are available on the carriage to make small 

adjustments during the run and to take readings from on board. 

The unmanned carriage has the advantage of lighter weight, re-

quiring less power from the drive gear, but although model behavior 

can be assessed adequately from alongside the waterway, all readings 

from the instrumentation must be recorded on the carriage or trans-

mitted to recording units at the control position. 

Power for towing the model and carriage may be provided by motors 

driving the main wheels, or through a tow-rope driven by motors 

alongside the waterway. The two systems lead to the use of heavy and 

light carriages respectively, and in either case acceleration rates 

above those considered desirable have been achieved (Eefs. 17 & go), 

and It is possible to arrange for control to be in the hands of oper-

ators on beiu?d« 



In addition, a system where the model is towed with a falling 

weight through a tow-rope is used in several small tanks, e . g . Port 

Steyne (Ref. 19); this appears to be an effective and simple method 

where models are run in the 'straight' condition and have reasonable 

directional stability, but would be impracticable in the case of a 

yacht model running with heel and leeway, where it is necessary to 

support and measure side-force. 

A manned carriage must be heavier and stronger, so requiring 

greater power and heavier supporting arrangements than the un-manned, 

considerations which lead to considerably greater initial and running 

costs. 

As the model behavior and carriage operation can be controlled 

adequately by an operator at a control position in the tank length, 

there was no reason to provide a manned carriage for the proposed 

facility. 

Either drive system is suitable for use with an un-manned 

carriage, but in order to keep down weight (so assisting rapid 

acceleration and deceleration together with less liklihood of damage 

if the braking system should fall), and obviate any possible danger 

du« to transmitting large voltages and powers in the presence of water, 

it was considered that a tow-rope system appeared the more suitable. 

A common means of accomplishing steady controlled carriage speed 

is to use a winch driven by the output from a D.G. motor-generator set, 

or other voltage controlled D.G. system. An alternative, used 
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successfully for a number of years by the Saunders Roe Division of 

Westland Aircraft Ltd., for low speed work in their No, 2 Tank, is 

to take the output from an A.G, synchronous motor through a number of 

gears giving pre-set ratios, to the towing winch. The winch R.P.M. 

and hence carriage speed depends on the gear ratio selected and 

fluctuates only with the mains frequency, although a disadvantage is 

that only the set gears and speeds are available, there being no 

means of achieving an infinite variation. 

The low cost and success of this arrangement at the Saunders 

Roe No. 2 Tank encouraged its use for the present project. 

With light carriages of the type considered, it is usual to 

adopt a mono-rail to support and guide the moving vehicle, wile 

heavy manned carriages use a two rail system. The more usual work 

undertaken by towing tanks does not necessitate the support and 

measurement of side-force, and hence the lateral and rolling 

stability provided by a mono-rail is sufficient. 

Although a twin rail arrangement requires greater accuracy in 

aerbting and lining up, it provides the considerable restraint against 

instability due to side force and roll, which appears desirable when 

working with yacht modelsj (this is confiamed from conversations 

with representatives of both the Davidson Laboratoiy and Saunders 

Roe Div., both of which use a mono-rail). 
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Consideration of the foregoing together with the available funds, 

led to the conclusion that a light, unmanned, carriage, carried by a 

twin rail system and driven by a synchronous motor %ia winch and tow-

rope was the most suitable for the proposed tank facility. 

Measurements RegnirA/j 

Mention has been made previously of the need to establish the 

full range of characteristics for yacht hulls in order to carry 

further the work on performance introduced in Part 1. 

In the early stages of the work in Part 1, it appeared necessary 

to measure the side force, resistance and heeling or stability moment 

at various course speeds and hull inclinations (heel and leeway), 

these being the principal characteristics affecting the performance. 

Other quantities of direct interest appei^red to be the yawing and 

trimming moments and vertical force component at the various speeds 

and inclinations. 

Due to the expense of providing bailee arrangements to measure 

all these quantities and the consideration in Part 1 of side force, 

resistance and stability or heeling moment only, it was felt desirable 

to concentrate at first on measuring these, adding to the equipment 

later when more advanced work was contemplated. 



Other Requirements 

The number of staff likely to be available for operating the 

tank and conducting experiments was likely to be limited, and it 
' • 

was therefore felt desirable to construct the facility for single-

handed working if possible. 

The minimijgt height, floor to ceiling, was set at approx. 10 ft, 

in or̂ .er to allow construction of the tank, rails and carriage 

structure above floor level. 

Adequate access to one side of the waterway was considered 

essential to permit model handling, alteration to the apparatus, and 

observation or photography of models while running. 

^t was assumed during this preliminary study that work in the 

tank would only concern displacement vessels; any other requirement 

e.g. fgst planning sail or powered hulls, would lead to greater 

dimensions, particularly length. The tank would therefore have 

limitations as to the type of work for which it was suited. 



c m p s m 11: THE SITE M P TAm BUILDING 

A plan of the site is shown in Fig. 3 8 together with a typical 

section. It will be seen that the actual floor area available for 

the waterway depended on the width between the existing reinforced 

concrete retaining wall for the earth bank behind the tunnel, and the 

concrete wind tunnel raft. Space above ground level was governed by 

the section shape of the wind tunnel casing which varies between 

circular and that shown. 

^ig. 39 shows the construction adopted which is a ccanbination of 

brickwork, asbestos sheeting and wood cladding, with aluminum roofing. 

Although sunlight promotes unwanted growth in the water, and as 

a result is not usually encouraged in tank buildings, the cramped 

passageway and wind tunnel supports which encroach on the available 

space made adequate lighting essential if movement was not to be 

dangerous. Natural lighting is by transparent roof lights and windows 

in the North wall, while artificial lighting is provided from 

fluorescent tubes spaced along the length, with additional lighting 

above the control and working positions. Additional artificial light-

ing is provided for the drive gear and by wandering leads in conjunct-

ion with plug boards. A 24O volt power supply is available from 

points at each end of the watermay and adjacent to the control position. 



?7 

Heating was considered essential to keep the building at a 

reasonable temperature, controllable, and constant within fine;limits; 

(a) to maintain the water at a sensibly constant temperature while 

force measurements are being made, (b) to ensure that the rails 

and supporting structure and balance arrangements do not change their 

calibration with temperature, (c) to avaid damp and condensation in 

the electronic equipment, and on the rails (to prevent rusting). 

%• a suitable disposition of heaters, the nominal temperature in the 

building may be maintained at within 1° of 60® F. 
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CHAPTER 12; GENERAL ARRANGEMENT OF THE TMK FACILITY 

Design of the layout and construction for the tank structure 

and systems (see Fig, 40) was controlled largely by: 

(a) Shape and cramped confines imposed by the courtyard and wind 

tunnel supporting structure, 

(b) Need for the Eastern half of the structure to be easily 

dismantleable in case of wind tunnel f#n damage. 

^c) Cost, 

The effect of these considerations on the design and construction 

of individual structures and systems will be discussed in later 

chapters; it will, however, be useful at this sta^e, to describe 

briefly and in general terms, the general arrangement of the facility 

as shown in Fig, 4,0. 

^y suitable positioning, it was possible to fit a waterway 

having a water cross section 8 ft. by 4 ft. with a parallel length 

of 64 ft. into the floor area; a further 24 ft. tapered length is 

available at the Western end. 

At early stages during the design and construction it was 

intended that the tapered section of the waterway should be used for 

model handling and acceleration, but due to difficulties discussed 

in Chapter 15 the direction of run was later changed to East-West, 

with the tapered portion used for deceleration and stopping. 



Beaches are provided along the Northern side and at each end 

* of the waterway. 

The method of construction adopted for the waterway^ described 

in Chapter 13, precluded use of rails mounted on the sides, and 

these are, therefore, carried on.longitudinals beneath gantries 

spaced at intervals along the waterway. The carriage, a simple 

structure using four main wheels, carries the balance and instrument-

ation and is driven from the drive gear through a winch drum and tow 

rope. 

Model handling and control is from the stage and control positions 

near the Eastern end of the waterway. 

The Control Position from which the model and carriage is 

managed and measurements recorded during runs is mounted on a plat-

form above floor level to provide adequate view of the whole water-

way. 

Models may be handled and adjustments made to carriage, balance 

and model between runs, from the stage built over the waterway at 

the East end, and reached by ladder from the floor. 

Drive gear is situated beneath the control platform, access to 

it being gained through a removable panel in the platfoim floor, so 

obviating any danger to personnel from the winch drum and chains; the 
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tow rope is taken from the winch drum of the drive gear, see Chapter 

14. 

A work bench and equipment storage cupboard is arranged to the 

west of the concrete plinth supporting the wind tunnel fan, and 

further storage is available inside and to the South of the main 

entrance, and adjacent to the South wall beyond the cupboard. 

Adequate space alongside the waterway is available from the 

main entrance to beyond the cupboard but further access is restrict-

ed by the wind tunnel supporting structure (see Fig, 59, app. 4). A 

dry walkway is available in the event of water leakage^ from duck 

boards on the concrete floor. 
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CiIAPTER 13. THE WATERWAY Rr AS^QClATmn •̂ TRTJr.TTTBff 

The WatfiTn.ray 

The necessity for providing a waterway which could easily be 

dismantled in the event of damage to the wind tunnel fan precluded 

use of the usual concrete or brick structure. An obvious alterna-

tive was to fabricate the structure free static water tank panels 

bolted together with sealant in the joints. These panels are manu-

factured in sections A ft. by , ft., so that the len,th and breadth 

of the tank was restricted to multiples of 4 ft. 

It was not possible to obtain a reasonable length of waterway 

12 ft. wide, but by reducing this dimension to 8 ft. i.e. two panels, 

a parallel run of 64 ft. was available, together with a further 

tapered length of 24 ft, 

tank depth of some 4, ft., the actual water depth available 

wo,uld be aoout 3 ft.-6in., which although sufficient to prevent the 

presence of the bottom influencing measurements to any great extent, 

would provide a cro.s section of some 28 sq.ft., which was like^^ to 

be -sufficient to prevent blockage effects becoming important es. 

pecially at the higher model speeds, (see Chapter 10). If the waoer 

depth was increased to 4 ft., then the section becomes 32 sq. ft. 

that suggested as desirable from Hef. 17 
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Having accepted that the water depth would be 4 ft, and the 

breadth 8 ft., it was possible to assess the effect of blockage on 

measured forces during experimental runs, on the basis that if the 

hull mo/ing in the tank is compared with the model moving at the 

same speed in unrestricted water, then a: any transverse plane in the 

length, there will be increased relative velocities because the water 

section area (A) will be reduced by the cross section of the model 

at that point. For small blockage the mean increase in velocity, dv, 

is given by: (from Ref. 6) 

^ = & 2 where a is the model cross 
A a - b.v~ sect. area. 

b is the tank breadth 
V is the nominal model 
velocity, 

and Emerson (Ref. 21) has shown that this may be applied to give the 

effective velocity increase over the complete hull if the area »a' 

is now taken as the average of the maziimum and prismatic areas for 

the model. 

In the case of the 'Dragon' model used to illustrate Chapter 10, 

tnis area amounted to some 16.5 sq. in. (0.115 sq. ft. ), so that 

with the hull running at a course velocity of 4.6 ft/sec. equivalent 

to a 7/ of about 1.25, 

~ 0.115 = 0.0043 
32 - 0.115 - 8 X 21.2 

32.2 
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Reference 1 indicates that at this value of VZ/T, the 

resistance coefficient varies approximately as Vel.^ , go that 

measured values for at this speed will be some i;g too great. 

î rom Ref. 9, side force varies approximately is Vel.^ so that 

the error here will be below 1^. 

Errors due to blockage will be considerably less at the lower 

model velocities used for much of the likely experimental work, so 

that the water section appeared sufficient to allow reasonable results 

being obtained, which could be corrected later if necessary; further, 

duB to the a sumptions involved if results are to be applied to full 

size vessels, (see Chapter 20), the error appeared reasonable. 

The figures given here apply to a yacht model having a relatively 

large beam/length ratio; in the case of finer yacht hulls and ship 

models having lower beam/length ratios, the effect of blockage will 

be reduced considerably. 

Detail* of the run length and times available for measurement 

at the various model velocities are included in the description of 

the driving gear, and towing arrangments (Chapter I4). 

Modem techniques in the construction of static water tanks 

involve the use of plastic panels, and the original intention was to 

take advantage of the negligible maintenance costs and simpler 
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erection proce ure of such material. When the available funds were 

reduced however, this became Impossible and an alternative was found, 

in the use of secondhand steel panels. 

The general arrangement of these and other waterway structure may 

be seen from Fig. 40, while the construction techniques involved in 

erection, fairing and making watertight are outlined in Appendix 4 

to this part. 

Arrangements w re made to empty the waterway by means of two 

valves; at the East end a two inch screw down valve discharges into an 

existing dram whicn also takes the drainage frota the immediate ground 

area outside the building; four inch valve at the West end is for use 

when rapid removal of the water is necessary; and discharges to the 

courtyard outside the Wast doors from where a natural fall takes 

water to a drain. In use, some flooding of the concrete area surround-

ing the wind tunnel occurs, and use of this v-alve should be restricted 

to emergencies. 

The Kails and Supporting StrnntnrA 

The importance of maintaining the carriage and balance in a 

steady state during its travel down the tank is emphasised in all 

references dealing with the construction of tawing tan- facilities 

(e.g. Refs. 4, 17, 20). 

Any departure of the rails from the horizontal, or from 

directional linearity, may promote variations in carriage speed, 
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changes in the balance geometrzero arroBs, and also introduce 

dynamic components into the force measurements. It was therefore 

important that the rail supporting structure should be stiff and that 

the rails be get accurately in both the vertical and horizontal 

planes. 

A normally accepted variation in vertical .and horizontal rail 

setting appeared from the references to be some ± 0,002 in., although 

in some cases care had been taken to achieve greater setting accuracy. 

Usually, with a twin rail carriage mounting system, the rails 

are carried on top of the reinforced concrete waterwiy sides, the 

carriage running in a similar fashion to a railway trudk, while mono-

, rails are supported from overhead with the carriage suspended 

beneath from wheels•running on the top surface of the rail. 

In the present case the construction and flexibility of the 

waterway made the usual arrangement impracticable, and overhead 

support of txie rails was necessary; this had the advantage that a 

clearer view of the model and balance was possible than would other-

wise have been the case. 

The construction of the carriage and its support by the rails, 

discussed in detail in Chapter 14, involved the use of 35 lb/yard 

railway line mounted on its side; this was achieved by supporting the 

line from deep longitudinal girders running beneath transverse beams 
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spaced at inteirvals along the waterway as shown in Fig, 4,0, In 

order to allow the main carriage rails to be of reasonable dia-

meter, and pass beneath the cross beams, it was necessary to make 

the girders twelve inches deep. Spacing of the cross beams was 

controlled by the necessity of keeping the moi;emeit of the carriage 

in vertical and horizontal directions to a minimum during its 

travel, and hence by the flexibility of che structure; the spacing 

of ohe beams had also to be sufficient for adequate visibility of and 

access to, the carriage and model. 

Although desirable to separate the support of rails from any 

contact with the building structure, in case of movement in the 

latter, it was impracticable to support all the beams at their North 

end by Uurighvg, because of the lack of space between the wall and 

waterway structure, so that the necessity of fixing them to the wall 

was accepted. At their South end, beams were supported easily by 

uprights adjacent to the waterway sides. 

The width apart of the rail mounting girders was controlled by 

the width of the carriage which had been set at 4 ft. (see next 

chapter) so that the layout of the rail structure was now established. 

A simplified calculation gave the minimum modulus required for the 

beams and uprights in order to allow a maximum of 0.0005 in. deflect-

ion in the longitudinal girders at any point of travel for the 
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carnage. For this calculation, it was assumed that the uprights and 

beams were freely pin-jointed at their ends, but held rigidly (welded) 

at their joints; joints between girders and beams were assumed pinned. 

In fact, cost and delivery problems precluded the use of new 

steel of the sizes resulting from the calculations, so that the 

final scantlings of uprights, beams and girders were governed by the 

size of second hand material available, and the actual modulus of the 

structure was far in excess of the calculated valves. 

The construction of the gantries from 9 in. by 4 in. I section 

steel, together with the erection and fairing of the 12 in. by 8 in. 

cnannel girders is described in Appendix 5 to this part. 

Rails are of 35 lb/yard railw y line mounted on its side with the 

head machined on all three faces to give smooth surfaces as majr be 

seen in Fig. 40. The machining, mounting and alignment of the rails 

is described in detail in Appendix 5 to this part. 
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CHAPTER 14.: THE CARRIAGE AND TOWING ARRMJGEi-IENTS 

Reasons leading to the choice of an un—manned carriage sup orted 

by twin rails and driven by a winch and towline have been outlined 

in Chapter 10. 

The Carriage 

The short length available for acceleration and stopping meant 

that the carriage should be light, yet strong enough to provide a 

steady platform for the carriage of any desired equipment; in part-

icular it was imperative that the carriage provide a stable platform 

for a balance during its run down the waterway. 

On the advice of Dr. Todd, at that time Superintendent of Ship 

Division at the N.P.L., the lengthwise whoelbase was determined by 

the distance between rail joints; Ref, 17, based on work for the 

design of the Ship hydrodynamics Laboratory at Felthsjn, srhowed that 

wheels should be spaced approximately i/3 the length of each rail 

section, in order that any disturbance at the joint should have the 

least effect on the centre of the length, at whigh balances weie 

likely to be placed. 

The breadth over running wheels had to be sufficient that the 

po-bible roll angle due to clearance between roll—steadying wheels 

and rail diQ not a^iect the balance geometry, or give zero errors; 

at the sarne time, the carriage structure should not foul an, part 
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0:. txie model handling or other arrangements. 

These requirements led to the construction of a permanent 

skeleton carriage with main running and stabilising wheels on which 

some 250 lb. of equipment could be carried. Dimensions between the 

four main running wheels are approximately 6 ft. by 4, ft, and the 

main structure is composed of four lengths of 3 in, by in. Dural-

umin channel secoion bracketed at the corners as shown in Fig. 4.1, in 

addiuion, two. intermediate transverse sections of the sa'ie size can 

be moved to the most co venient positions for the carriage of equip-

ment. As set up for supporting the two component yacht balance and 

associated arrangements, the beams and longitudinals are positioned 

as shown in Fig, .4-), A wheel assembly, consisting of running wheels 

and steadying wheels to prevent skew, pitch and roll is mounted on 

e-ach corner, the total depth of ti.e carriage being contained within 

the height of the rail supporting girders, and the pull from the tow 

rope is taken by a towing post carried on one of the oransverse beams 

stiffened by a part beam between the inner longitudinals. 

Satisfactory diameter and concentricity of the main running wheels, 

and a restriction of pitch, skew and roll is essential in order to 

prevent changes in the balance and model attitude while running, and 

the following figures were set as being reasonable: skew 0,005 deg,, 

pitch 0,005 deg,, roll 0.005 deg,; in fact it was found possible to 

betcer these in practice. 



loo 

Appendix 6 to this part describes the arrangement of the run-

ning and steadying wheels, and details the method adopted for setting 

up and aligning the carriage on the rails. 

Towing Arrangements 

Design of the Drive Gear was based on that which had proved 

reliable, despite its simplicity an., low cost, for low speed work in 

the No,2 Tank of the Saunders Roe Division. The system is based on 

the use of a standard -J- H, P. synchronous motor together with st̂ ind-

ard 4 speed motor-cycle and three cycle, 3 speed gearboxes to 

provide a series of fi ;ed gear ratios b tween the motor and winch 

drums from which an endless towing cable drives the carriage. 

As the synchronous motor runs at a constant 3000 R.P.K., it 

was necessary to provide a clutch in the system for smooth and 

controlled accelerati.Q of the model; a motor-cycle gearbox was 

particularly useful therefore as part of the gearing arrangements 

since it incorporates a clutch assembly. 

By suitable arrangement of the available g-.arboxes, together 

with the chain drives a%id sprocket sizes, it was possible to 

obtain a total of fourty constant gear ratios tb the winch drum, 

covering the de ired speed range of approximately 0.8 to 5,0 ft/sec. 

The endless cable is arranged so that the carriage can be 

damped at the desired position in its length and the model moved in 



either direction by the cable unwinding from one drum while winding 

onto the other, the model direction depending on the direction of 

rotation for the lotor. 

To tension the wire and provide damping against the carriage's 

tendency to surge, especially when accelerating through the clutch or 

when stopping, the wire is looped through a pulley aarrying a 15 lb. 

dead weight each side of the drive gear. 

Tr̂ e towing cable is 22g. piano wire, which while having 

sufficient strength to accommodate normal acceleration, running and 

stopping lo.ds, ac^s as a safety precaution in that if the carriage 

should become fouled during a run the cable bre'Jcs and so averts 

serious damage. 

A detailed description of the arrangerr.ent of the drive gear 

and cable will be found in Appendix 6 to this part. 

The drive gear assembly itself is mounted beneath the control 

platform which is some 18 ins. above floor level near the East end 

of the waterway as shown in Fig. 40, and access to the gear is 

through a removable panel in the platform floor. 

-̂ 11 controls except the gear lever for the ^-speed gearbox 

are taken to a console mounted on the control platform, and their 

layout can be seen froiii Fig. 4,2. 

The gearchange lever for the 4-speed motor-cycle gearbo:: is 

located beneath the steps to the control platform. 



Smooth clutch application is obtained by replacement of tha 

usual clutch lever foujid, on motor cycles by a screw thread device 

which provides a gradual pull or release to the clutch cable when 

turned b. means of a fiandle; in Fig. ^2, the operator has his hand 

on the clutch operating mechanism; clockwise mooion disengages and 

anti-clockwise motion engages the clutch. 

FORWAiiO, R E V a a n d STOP buttons to control the synchronous 

motor are mounted along the front ed^e of the left hand side of the 

console table, the STOP button lying proud of the surface for rapid 

idenoiiication in the event of emergency. 

Changing gear on the cycle gearboxes is effected b/ the usual 

cycle' method of l^ver and cable, the levers being mounted on brack-

ets situated at the front of the console table below the motor controls. 

It is important that the end fastenings of the cables are firmly 

located, and some difficulty was experienced in achieving this with 

the complicated, cable runs through the platform floor; special stif-

fen.ng to part of the floor and console structure was found necessary. 

Garri,age Speed? Stability and Measurement 

fluctuations of, and inaccuracies in measuring the models speed 

during Its run down the tank could lead to considerable error in the 

measurement of forces. 

^f tne measured speed is in error by a small amount dv from the 
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nominal speed v, then the force associated with the nominal speed (f; 

will be in error by dF; if :he fjrce varies as (Velocity)^ then 

E — 1 — ^ _ (v dv) i.e. dF - n.dv (approximately) 
F V 

As the resistance may vary as (Velocity)^ or even higher, 

accurate measurement and stability of speed during a run is extremely 

important. Ref. 17 and 20 indicate that the order of repeatability 

and accuracy of speed lies between 0,^% and 0.25^ for the various 

tanks concerned, fief. 25 gave a uniformity of speed i during 

the work at N.P.L. in the No, 2 Tanlc. 

Although the speed of the synchronous motor is likely to vary 

only with the mains suppl frequency, the remainder of ihe system is 

such that backlash and built in slackness could lead to considerable 

surging. In particular, a poor manipulation of the clutch is likely 

to promote large fluctuations which could persist durin part of the 

model run, A considerable effort was made t erefore, to detect and 

eliminate large speed fluctuations during the run and also to ens.-.re 

tiiat the repearability was brought to an acceptable level. 

The drive gear with its chain drives was found to require care-

ful setting to avoid flue uations in the drum revolutions. The 

revolutions were checked for stability by means of a stroboscope when 

in position, the necesf-ary tightening of chains being achieved by 

adjusting the mounting plates of the various components (Appendix 6). 
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achieve uniformity o,; drum revolutions, it was found necessary to 

have the chains tight, any slackness resulting immediately in variable 

drum H.P.M, 

The method Ol operating the clutch was found to have a direct 

significance on the fluctu tion of carriage speed; as the magnitude 

of the vertical movement of che damping weights o. the wire gives a 

good guide to whether the clutch is being engaged smoothly, after 

considerate practice, it was found possicle to operate the clutch 

so that only a comparatively small movement of the weights occurred. 

In order to study the uniformity of speed during the run, one 

of the carriages main running wheels was arranged as shown in Fig. ^3, 

Circular brass contact pl.tes were let into the surface near the 

circumference at intervals, and •'ji annular rin ? let in nearer 

the hub, Bach circular plate was joined electrically to the ring by 

wire recessed into the wheel surface; two spring loaded contacts were 

arranged, one to make contact with the various circular plates as 

the wheel was turned, the other bearing on the annular ring, and 

these contacts were joined through an 'Oscillomink* recorder and a 

9 volt dry battery, ^hen the wne^l was turned, and the recorder 

operating, pulses were recorded as the spring loaded contact passed 

over eacn plate in turn. By choosing the relevant paper speed on the 

recorder, the time taken for one revolution or part of a revolution 

coulo. be asceitained. ^ne uop record in ̂ ig« 4̂4- shows a typical 

length of trace as the wheel was turned through three revolutions. 
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The carriage wa.s now taken down the t^nk over a range of ^ear 

ratios between the minimum and maicimuin, so that the Lmiformity of run 

speed could be assesBSCi, By taking the tirne for each revolution 

(every 24 pulses on the trace) of the wheel, the graph of gieed 

variation during the run, the distance required to achieve steady 

conditions, and the stopping distance could be obtained. 

Before the check on drum revolutions, describe:: previously, was 

carried out, fluctuations of over -gfb from a nominal speed were found, 

but afterwards, these were brought within of the nominal over the 

complete speed range, a typical lengt of trace at uniform carriage 

velocity bein^ shown in Fig. This could be read to within 

tf->, which was the quoted accuracy in paper speed on bhe recorder. 

The uniformity was found to-exist if any of the pulses w s taken 

as starting point to measure the time for each revolution. 

By obtaining the time for e^ch revolution of the wheel during 

its passage down the rails, it was possible to build up a grap|i show-

ing the variation in,speed from start to stop. A typical variation 

is shown in Fig. 4.$ as the tin e per rev. against the number of 

revolutions completed, and the approximate corresponding run length. 

In this p rticulai- case, the clutch operation was moderately smooth 

only and the resulting speed fluctuations can be seen at the 

beginning 01 the run. These were soon Qamped however, to I'ive a 

smooth run before the motor was cut -it rev. 37. 



laCs 

The inset graph shows a magnified view of tiie uniform speed 

part of the run from rev. 8 to rev. 385 it may be seen that the speed 

variation is within # from a nominal value ezce;t at two points; 

similar jumps occurred at the majority or speeds, and were found 

to be due to slight misalignment of two rail lengths, the rails 

were realigned and checked (see Appendix 5) and in runs which followed, 

the variation was well within the ± +3 limit over the whole length. 

In tne case shown, the length of uniform run is 4.3.5 ft. (gee Fio-. 

and this was found to be maintained even at very high carriage speeds. 

Typical values of length required from start to steady run 

conditions are given in table 4 for various speeds within the range. •" 

Stopping distances required by the carriage after the motor w?.s 

out were also determined from the recorded traces by measuring the 

number of wheel revolutions f om power removal to rest, (see Fig, 44) 

and tyijical results are given in table 4, 

\ae high cost of recording equipment precluded its purchase 

for use with uhe facility at that time, so that measurement of 

carriage speed during "production Runs" was not possible by the pro-

cedure described above, 

A system basically similar to that used in a number of 

establishments was developed, by which the time taken by the carria*^ 

bo complete a known len th of steady run is measured r,c :ura:ely. 

The run was set at 42.5 ft. from the results of the e perlients de-

scribed previously, ind the time measured by means of a crystal 
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oscillator driving a Dekatron counter which read to six figures. This 

may be seen in Fig, 4.2 level with the operators left hand. This 

clock is started by a horizontal plate mounted on the c rriage which 

breaks a photo-electric relay, and stopped in a similar manner after 

the 42,5 ft, run. The second relay also cuts the power to the 

synchronous motor, and stops the carriage; if it should fail to 

operate, a further relay some three feet further on, will stop both 

the clock and the motor, but in this case the time will refer to a 

greater distance. To achieve a time over the normal 4-2,5 ft, run, 

which was within of the nominal, it was necessary for the maximum 

error in the placing of relays to be within 12 in. As the relays 

were placed by means of a steel cored tape, it may be assumed that 

they are correct to within 1/8 in. 

The counter is fed from a constant voltage transformer to 

obviate the effects of fluctuations in the mains voltagej however, 

if this voltage should fall appreciably, the counter will fail to 

operate correctly and adjustment must be made to the input setting 

to overcome this. 

In order that the elapsed time for a run may remain on display 

for recording during the return run, and to ensure that the carriage 

does not operate the Qiock during th^s time, a button switch is so 

arranged that the clock is only actuated by the carriage after it 

has been operated. It was found during the early runs using the 
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system, that the photo-electric relays sometl'i .s failed to operate, 

due to bulb failure or mis-alignment between bulb and element. The 

outoon switch is, therefore, connected into the motor circuit and the 

motor fails to operate for forward run if it is not depressed or if 

a relay is faulty, so acting as a direct safety aid which assists in 

^aulb tEacinj. Tnis "READY BUTTON" is situated on the console, 

jibove the FCRwaRD motor start button and may be seen in Fig, 42, 

T:je above procedure does not affect the return run 30 that the 

safety precaution is inoperative and although there is a photo-

electric relay to stop the carriage on its return run, care is 

necessary in case of malfunctioning. 

Comparison of the nominal mean speeds obtained using the timed 

run 01 42.5 ft., with the actual means from the recorded traces, 

showed agreement within about 0,1 over the whole range tested. 

The synchronous motor is liable to speed variation due to changes 

in the mains frequency :md test runs were made under various conditions 

of mains loa ing to ascertain the effect on frequency and hence 

carriage speed. Over a number of days the mains frequency and carriage 

speed for the tLiied run were measured and a fluctuation of 0,15;̂  in 

the latter; these measurements indicated that under normal conditions 

the likely error from nominal is likely to be within the limit. 
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At this stage a number of runs were made to assess the effect 

of the smootaness of clutch operation on the aver ge speed as timed 

over f't.j and so chec-c that a sufficient distance had been 

allowed for the speed to settle dovr̂  before the clock was started^. These 

tests showed that a variation of some 0.1,4 could result in the run 

time if the clutch was abused badly. 

•"•he results of the experiments described above indicated that 

the measured carriage speed could be considered, as within the limit 

of from a nominal value, and th it variations in speed along the 

run were within the same limit. All these tests were made without a 

model in position, and several runs using the 'Oscillomink' recorder 

v.lth a model, showed that the measured fluctuations were, lower, presum-

ably due to the da-ping effect of the models resistance on the 

carriage movement; there w .s no indication that the resistance of the 

model affected the carriage speed. It should be noted here that the 

fluctuations recorded were often below the limit of accuracy quoted 

for the recorders paper speed. 

During "production" runs it is therefore only necessary to 

ensure that the time recorded by the Dekatron,counter is within the 

limit of accuracy for the nominal speed at the selected gear ratio. 

Approximate speeds for the range of gear ratios are given in T^ble 5. 



Stopping thfi nq-rT-iao-o 

The available stopping' distances with a run length of 42.5 ft. 

are adequate to allow the carriage to come to a halt naturally, 

when the motor is out, from all speeds; if the first stopping relay 

fails to operate, then the second will normally out the power, but 

at top speed, great oare was found to be necessary, and if the first 

relay should fail to operate, use of the nanual stop button is ad-

visable. 

In the event of the tow rope breaking behind the carriage during 

a run, cutting the motor would have little effec ,, and an accident 

could occur. During six months frequent running, several wire 

breakages occurred for different reasons, but all in front of the 

carriage; no emergency stopping system was developed al th-t time. 

Available time nf Constant Snmed A m 

'i'he length of 42.5 ft, allows a recording time during the run 

in excess of that considered desirable from Chapter 10^ over most of 

the speed range, typical figures being given in Table 6. 
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balance specification was drawn up using the established quantities. 

Very little published information was available to give the 

range o± ±orces and momenta which might be expected on models of 

various Lypes. Ref. i gave some guide, although the mignitude of 

leew y and nence maximum forces achieved were less than was desir-

able if une de ign was to provide characteristics both within and 

outside the sailing range (i.e. up to sone 12° leeway). 

The figures of Kef. 1 had been re-analysed by Cra-c (Hef. 12) 

in a form irom which the maximum forcee to be expected could be read 

off i: mediately. 

8ide-For^e 

For the 'Dragon' model at 10° leeway (the maximum used), the 

Lift coe.ficient, was seen to be 0 . 1 $ , so trat at the maximum 

tank model speed of 5 ft/sec. with a 4 ft. waterline model, the 

sideforee was likely to be some 8.2 lb., while on a 3 ft. model it 

would be approximately 6 lb. As the range of leeway was lively to be 

higher (0° to 12°), for the design, it was concluded that the arrange-

ment should be made to measure side force up to 10 lb. maximum, 

(for a 4 ft. model at maximum speed and 10° leeway), with a more 

normal range oi 0 to 6 lb. to cover smaller models with a lowgr top 

speed. 



Ref. 1 showed that previous measurements have been quoted as 

within 0,005 lb., and this was set as the desirable accuracy for 

side force. 

Resistance 

Again from Ref. 12, it appeared that the maximum Drag Coefficient 

for the 'Dragon' model had been approximately 0.07, about half the 

maximum Lift coefficient; it was, therefore, desirable to allow for 

measurement up to 5 lb. maximum (for 4 ft. model at top speed and 10° 

leeway) with normal use tp to approximately 3 lb. Again, the accuracy 

in previous experiments was quoted as 0,005 lb. (Ref. i), 

Stability Mnment 

Due to the requirements of Part 1, it was desirable to measure 

the hull's available stability moment to oppose the over-turning 

moment from the sails while under way. This moment is equivalent 

to the actual hull stability while at speed, less the over-turning 

moment from the hull side force. It was necessary to set an axis 

about which to work, and following the line of Part 1, this long-

itudinal axis was to be arranged as desired in any particular case. 

Bo information was available to give the stability of a hull 

under way, and an attempt was made to approximate the moment by 

consideration of likely o/er-tuming moment on a scale model of the 

sails. 



Reference 24 was the only information available sivi-j any 

reliable information about sail forces, and this indicated that the 

maximum side force coefficient likel- from the sails was in the 

region of 1,5. This was applied to a 4 ft. Dragon model, assuming 

an axis pa sing through the intersection of mast and deck, and with 

relative wind scale velocity of I5 ft/sec; the centre of effort 

height was taken as one third the mast height (2 ft.), so that with 

a Sftil area of 9.9 sq.ft., the moment was some 8 lb. ft. On a 

3 ft. model this would be reduced to some 5 lb, ft. 

Heel Ano-lp 

From experience, it was known that usual heel angles for yachts 

lie between 0° to 30°, figures which were confirmed b/ Jfef. -13. %% 

case of requirements for greater transverse model inclinations, the 

range was set as 0° to 45°. From the little information available, 

(Hef.1 and 9) it appeared that the hull forces are relatively 

insensitive to changes in heel, so that an accuracy of ± 0.5 ° was 

likely to be sufficient. 

Ref. 9 showed that sideforce, and at large leeways, resistance 

IS extremel- sensitive to leeway, so that it wa: considered i~portant 

to set and measure leeway to c.he maximum possible accuracy. Ref. 1 

indicated that with the Dragon model, it had been possible to 

measure to witidn ± 0.1°, so that this was set ac a minirun require-

ment. 



Displacement 

The weight of the 3.5 ft. Dragon model wae, from Ref. 1, a 

maximum of 22 lb. which would be increased in the case of a 4 ft. 

model to around 35 lb. Allowing for models of heavier displacement 

gave an upper limit for model weight of 50 lb. 

Choice of Confi,'?uratinn 

The requirements outlined above were similar, largely, to 

tnose from which previous dynamometers at the Davidson Laboratory, 

National Physical Laboratoiy, and Saunders Hoe Division had been 

developed, except that in all -r^vious work, it had beon condidered 

necessary to measure the yawing moment, and to simulaite the vertical 

component of sail force. Each dynamometer used previously in work 

with yachts had been designed in connection with the direct calculation 

of comparative close-hauled performance using the Gimcvack or sim-

ilar coefficients, and involved applying a knom side force and 

vertical force to the model at a simulated centre of effort position, 

and hence determining the resulting angles of heel and leeway. 

Two different dynamometer configurations appeared, both 

fulfilling these requirements, 

Qroamoineter Configuration used in early work at N.P.L^ 

The model is towed from the top of a dummy mast at the assumed 

height for the designers centre of effort position, the mast bein^ 



attached by a universal joint to a vertical post which is free in 

vertical float and may be adjusted in yaw. Measurements of the 

resistance, side force and yawing moment are taken from the post. 

In use, a component of force (from the Gimorack assumptions), 

perpendicular to the mast is chosen, and the corresponding vertical 

component applied by loading the post; the model is now run up to 

speed and leeway adjusted until the correct side force corresponding 

to the chosen vertical component is measured; the hull is now in a 

stable, simulated sailing position, so that the resistance, leeway, 

heel angle, and yawing moment may be recorded. 

A full description of the construction and operation of this 

dynamometer will be found in Ref, 25. 

Dynamometer in use at the Davidson Laboratory 

lateral dynamometers near each end of the hull are used 

to provide a known side force equivalent ot a chosen sail force at 

right angles to the mast, while the vertical component is applied 

by ballast at the correct fore and aft position. The relative 

loada on each lateral dynamometer are used to determine the yawing 

moment, and resistance is measured on a sepcirate dynmaometer. As the 

side force is applied we..11 below the assumed centre of effort for the 

sails, a weight is arranged to have lateral travel across the hull 

for setting the an^le of heel required. 
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In use, the chosen side force and ve tical force are applied, 

the »jigle of leeway adjusted until the sideforoe produced by the 

huU balances that applied by the lateral dynamometers, and the 

transverse sliding weight positoned to .ive the required heel angle. 

Leew-y, heel, resistance, and yawin;- moment may now be recorded. 

As the carnage at the Davidson Laboratory is un-nanned, several 

runs are usually necessary before correct adjustment of heel and 

leeway is obtained. 

Ref.9 gives a description and p'otograph of the system, 

RyoamymeterM in tlafi nt the Saundsrs Roe Divlainn 

It is interesting to note that the H.P.L. dynaaiometer is 

used on a manned carriage, so that operators are available to make 

the necessa 7 adjustments and readings, while the Davidson Laboratoiy 

us0d an un-manned mono-rail system. 

The two dynamometers in current use at Saunders ^oe Division 

are on a manned carriage in So. 1 Tank and on an un-inanned carriage 

in No. 2 T^nk. 

Early work at Saunders Roe was carried out in the No. 1 Tank, 

following on that at N.P.L., so that the dynamometer is a slightlv 

modified version of that described previously. A full description 

of its construction and use will be found in Hef. 1 



The dynamometer used in the No, 2 Tanlc was developed to under-

take work for the Red Duster Syndicate, and follows, basically, the 

principles of that at the Davidson Laboratory. In detail, however, 

it is consi&erably improved, the balancing of side force from leeway 

with that applied, and the setting of heel, being achieved by self— 

setting servo motor systems using jockey weights. 

A full description will be found in Hef, 4 & 8, 

Other Previous Arrangements 

Reference 25 notes a balance constructed by a "̂ ir, Marshall of 

North Hayling". ' This was a five component balance to which the model 

was rigidly attached. 

Work by Kempf is mentioned in both Ref, 9 and 25; where the 

effect of wind force on the yacht was simulated by ap-lying forces 

at a centre of effort position by falling weights and pulleys. 

Work with the dynamometers described in detail has been 

commercial in character, go that use of the Gimcrack analysis was 

implicit since this was the only method available for aoplying model 

test results to the full scale yacht. Acceptance of this, in turn, 

meant that for such work to be a feasible proposition economically, 

the number of runs had to be kept to a minimum and the dynamometer 

systems ensure that the model was run near practical sailing of 
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sslf—propelled conditions in every run. 

In the case of the University Tank, exactly the opposite aims 

were proposed, so that rather than pre-selectin.; a sailing condition 

and then determining the yachts attitude and resistance, it was 

desirable to pre-set the attitude and measure directly the resulting 

forces and moments, 

Using the N.P.L. type of balance whether in its original or 

modified form, it would be impossible to obtain measurements of the 

type required although it could be set, after some modification, to 

measure under either system of axes. 

Again, while the Davidson Laboratory/Saunders Roe No. 2 

configuration might be used to give the necessary measurements over 

wide ranges of heel and leeway, by its very layout and use of separate 

resistance and lateral dynamometers, it woild be possible to measure 

quantities only with the Sea axes. 

In wind tunnel work, it is usual to keep the model rigidly 

a&tached to the balance, and measure the required quantities resulting 

from changes in attitude or shaie, in a manner similar to that 

proposed by the "Mr. Marshall of North Hayling". In the case of a 

yacht, or any other model in a towing tank, this would result in a s@b 

depth of immersion for the hull rather than constant displacement; 

while running, the model if free to mo e will usually change both its 
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attitude longitudinally and depth of iimnorsion, so that additional 

7iriables would be inbroduced requiring further measurements and 

making the interpretation of results difficult. An additional 

complication is likely to arise from the possibility of the model 

being swamped, the imposed forces causing it to break up and perhaps 

damage the dynamometer. In an answer to a question during the 

preliminary discussion to Ref. 3, Crago intimated that from his 

experience this was a likely possibility. 

If the model were free in heave and pitch however, then a tiree 

component balance having the model tied in heel and leeway would allow 

systematic variati n of parameters and measurement of all the desired 

quantities. 

An outline specification based on this last arrangement was now 

drawn up for the dynamometry: 

Summary of nntline specifications 

1. A three component balance is to be used, with the model con-

strained in heel and leeway, but free in pitch and heave. 

Quantities to be measured are ; Siae force and Resistance (components) 

at right angles) and Stability (ri;hting) Moment about a convenient 

axis. Arrangements to be such that eigher Course/Sea or 3ody/Sea axts 

may be used. 



2» Range and accuracy of various quantities to be: 

Side Force; 0 to 6 lb. normal use, 0 to 10 lb. maximum, within 

0.005 lb. 

Resistances 0 to 3 lb. normal use, 0 to 5 lb. maximum, within 

0.(X^ lb. 

Stability (Righting) Moment: 0 to 5 lb. ft. normal use, 

0 to 8 lb. ft. maximum, to within 0.01 lb. ft. 

Heel angle: 0 to 30° normal, 0 to 45° maximum, in either 

direction to within 0.5°. 

Leeway: Range 0 to 15° in either direction, preferably to 

greater sensitivity than 0.1°. 

3. Maximum model weight: 50 lb. 

•4* System must withstand the acceleration and deceleration imposed, 

and give stable readings some 3 sec. after steady run speed is reached. 

5» Measurements may be recorded on board the carriage for analysis 

between runs, or be transmitted to recording apparatus at the 

control position. 

The Balance Design 

The outline specification was submitted to several firms 

specialising in the manufacture of similar equipment. The only firm 

tender was from Saunders Roe Ltd., who submitted a scheme using a two 
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component balance to measure Side ^orce and Resistance, while the 

stability moment was ascertained by giving a known movement to a 

trans/erse sliding weight, and measuring the resultant her 1 when the 

hull was towed at the desired leeway. 

^ dls-graniiiiatic outline of their proposal for t:-e two component 

balance is contained in 46. It was proposed that force in the 

horizontal plane should be transferred to the dynamometer through a 

central tuoular post wnich had freedom to rise and fall, -ut was 

restricted in all other movement by rollers and guides. The force 

on this post was to be separated into the two desired components by 

two systems of swinging gates and trays which had freedom of motion 

only i : directions normal to one another. Movement of each force 

tray would have been restricted by a bell crank mechanism usin---; dead 

weights to counteract the major proportion of the forces, the remain-

ing locid being allowed to displace the tray, the movement of which 

was recorded by electrical means. Damping was to be provided for 

both compo.ents and the model leld fixed in yaw. 

he proposal was an extension of a standard type of dynamometer 

used for measuring ship model resistance. In t.is form, however, 

its complexity, large number of flexures, and size, was likely tc 

provide problems in altering the system of axes used, and in main-

taining and checking alignment and calibration especially as it was 
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"trsateQ hajrsiily during" the accGleraoion period with 

carriage speed oscillating considerabl . There was also a liklihood 

of some interaction between components. 

The type of equipment had been in use, alceit in a simplified 

form, in a number of establishments as a single component dj^n^mvmeter, 

so uhat tnere was a ^ood possibility that it could have be ii brought 

into U3e quickly; however, the cost of some jfl200 made its further 

consideration impossible. 

None of the other firms approached would undertake to offer a 

desig at a price near that of Saunders Roe, 50 th<t it was decided 

to design and construct a dyiiamometer to the requirements in the 

University workshops. 

To reduce the complexity and cost involved in designing and 

building a three component balance, the use of a sliding weight to 

provide heeling moment to the hull so that the resulting heel could 

be measured was accepted: this had the additional advantage that the 

moment was always applied, and heel measured, in the athwsrtships 

plane of the model which might not have been possible with a full 

throe component balance system. 

It) remained, therefore, to provide a two component balance 

measuring two force components at right angles with either axis 

system. The latter requirement meant that the system had to be 
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capable of arrangement in two ^̂ ays: (a) the balance axes 

corresponding to the carriage longitudinal .nd transverse ixes, 

while model leeway was adjusted relative to the balance; (b) the 

balance rotated to the required leeway in relation to the carriage 

axes, wnile the model centreline was held along the balance long-

itudinal .axis. 

It was obviously desirable for the actual force translating 

mechanism to be compact and simple so that these requirements co Id 

be satisfied. 

ilf. tnat time the N.P.L, had been usin?, for both steady 

state and oscillatory measur@me ts, a simple balance, extremely 

compact, in wnich the small relative movement of two horizontal plates 

held apart by stiff flexures was measured. 

Due to a resurgence of interest in yacht testing with the 

interest in the America's Cup by v irious syndicates, t:e Shin 

Hjidrod:mafflics Laboratory had made a preliminary investigation into the 

use of such a system for a y&@ht dynamometer. 

The elegant simplicity of the system encouraged its use for the 

dynamometer lor the University Tank, and a study was m,de leading bo 

the construction of the balance arrangements shown in Fig, 47, 43^ & 

49, md described below. 
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General Arrangement of Bal.qnca 

A vertical post is attached to the model at the de ired towing 

point by a universal joint allowing freedom in pitch and roll, but 

not in jaw. The axis of the portion of the universal joint allowing 

freedom in roll may be arranged to coincide with that about which 

the righting moment is to be measured. 

The post, the lower part of which ic cylindrical, and the upper 

part square in section, is located with respect to the lower force 

plate by two sets of bearings; the lower bearing is a linear ball 

busnin^ for verticl rnotion located by four webs from the underside 

of the lower force plate. ' The up er bearing consists of six §- inch 

ball races locating the square section of the post in yaw, but allow-

ing it to move vertically. These bearings are carried on webs 

attached to a plate which may rotate relative to the lower force 

plate to set the model leeway when Sea axes are used. This circular 

plate is graduated, and "ray be clamped within 0.1° with the aid of a 

vernier. 

The lower force plate is suspended and located relative to the 

intermediate force plate by four flexures having a substantial ratio 

of major to minor stiffness and with their major axes set in a 

transverse direction. 
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A.further four similar flexures, sdt with their major axes 

longitudinally, position trie intermediate force plate from the 

mounting plate. 

To allow the whole balance arrangement to be pivoted with 

respect bo the carriage and allow Body/Sea axes to be used, the 

mounting plate is carried on a rigid turntable from the carriage 

structure: its alignment may be set to within 0.1° by use of a scale 

and vernier on the turntable. 

Thus, resistance using either axis system is measured by the 

movement of the lower force plate relative to the intermediate force 

plate and side force by the relative movement of the intermediate 

force plate and mounting plate. 

In both cases, this displacement of some 0#020 in. maximum is 

measured by differential transformer linear pick-offs energised by a 

4.00 c/s oscillator. The pick-offs are set to measure the direct 

displacement between plates, and are positioned to minimise any effects 

resulting from rotation of the plates relative to one another due to 

yawing moment from the model. This, together with Lhe subfltantial 

ratio of major to minor stiffness for the flexures, virtually eliminates 

any mutual interference mechanically between the components. 

Measurement of heel angle due to the running speed and leeway, 

together with the movement of the sliding weight athwartships, is 

arranged by a rotary differential transformer pick-off energised by 
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a 400 c/s supply and mounted on the end of the roll sh^ft in t :e 

Universal joint connecting model to post. 

The maximum transverse movement of the sliding weight is 

restricted, if the weight is not to enter the water at large heel 

angles, to about 6 in,, so thac in orddr to obtain a transverse 

moment of lb, ft,, a weig t of 10 lb. would be required, while 

to give an accuracy 01 0.01 lb, ft,, -its movement must be measured to 

within approximately 0.015 in. which is just possible with a normal 

scale rule. In practice a suitable weight is chosen to rovide the 

range of heel angle required. 

Flexures 

Arrangement of the flexures and their and fastenings is shown 

in fig. 4.7. It was important that the end fastenings be made 

ef- cbivelj/ encastre to avoid sloppiness of the balance around the 

zero position, is only very small displacements between the force 

plates were being measured. 

The flexures, of E.N. 27 stee . (on advice from the National 

Physical Laboratory), were designed to give deflections between the 

respective force pl ates of approx, 0.01 ins. under the i.oads 

designated as 'normal' in the specification, and manufactured from 

5/3 in. hexagon bar. 

To obtain effective ebcastre end fastenings, the shanks were 

made a very tight push fit into holes drilled in the force plates 

and nuts arranged to pull tLe shoulders hard against the force plate 

surface. 
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The design and manufacture of the flexures is described in 

detail in Appendix 7. 

To avoid interaction between components it is essential that 

tne major axes of each flexure set should be exactly square to :he 

line of action for the force ccanpoment being measured. It was 

found convenient to set the flexures square by laying a short 

straight edge across each pair in turn, parallel to the major axes, 

and to adjust the flexures until faces married up with the 

straight edge. By use of two spanners, on the hexagon body and on 

the nut, the flexure could be adjusted and pulled ̂ own tight. 

Tightness was found to be extremely important if sloppiness about the 

zero is to be avoided. 

The Linear Pick-Offs 

These are Speery type IILP0/30 and their output characteristic 

is shown in î ig, 50. Output is linear up to a coce displacement 

of 0.020 in. from the null position, with a phase change of 180° at 

the null \oint which is with the core displaced some 0.030 in. from 

its mechanically full out position; the core is normally spring Idadec 

to the fully out position, and on the balance adjustment may be made 

to obtain the null by means of a screw on bhe abutting plate shown 

in Fig, 47. The eledtrical arrangements are discussed in t e follow-

in : section. 



, Z 2 ) 

Electronics 

I n t h e e a r l y s t a g e s o f t h e d e s i g n , i t w a s c o n s i d e r e d i m p r a c t -

i c a b l e t o f e e d a m a i n s s u p p l y a l o n g t h e t a n k t o t h e c a r r i a g e , d u e 

t o t h e p r e s e n c e o f w a t e r ; h e n c e , t h e o r i g i n a l c o n c e p t i o n w a s t o u s e 

t r a n s i s t o r i s e d c i r c u i t s s u p p l i e d f r o m b a t t e r i e s c a r r i e d o n t h e 

c a r r i a g e , a n d t o t a k e a l l r e a d i n g s f r o m t h e p i c k - o f f s t o a b a t t e r y 

o p e r a t e d p e n r e c o r d e r a l s o c - a r r i e d on t h e c a r r i a g e , t : e r e c o r d s b e i n g 

r e m o v e d a f t e r e a c h r u n . 

However, i t p r o v e d i ' p r a c t i c a b l e to obtain a s u i t a b l e battery 

o p e r a t e d p e n r e c o r d e r , .nd a l t h o u g h it was p r a c t i c a b l e to u s e a 

t r a n s i s t o r i s e d c o n v e r t e r from t h e battery i t 1 2 v o l t s d.c. to s u p p l y 

24.0 v o l t a t 5 0 c / a.c. a n d o p e r a t e a m a i n s r e c o r d e r , the a d d i t i o n a l 

weight of such a recorder (60 lb Minimum) together with tiat of the 

b a t t e r i e s and b a l a n c e , b r o u g h t the t o t a l l o a d i n excess o f t h e d e i g n 

f i g u r e s f o r the c a r r i a g e . 

The a l t e r n a t i v e w a s now t o u s e m a i n s o p e r a t e d e . fUlpment a t t h e 

c o n s o l e , a n d r e l a y b o t h t h e e n e r g i s i n g power imd o u t p u t f r o m t h e 

t r a n s d u c e r s down a c a b l e t o a n d from t h e c a r r i a g e . . T h r e e possible 

configurations emerged: 

1« To use mains operated OL^uip;ent on the c o n s o l e and ' p i p e ' i t 

to and from the carriage. This was a convenient method using 

established techniques, but involved the use of mains voltages in t^e 
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c a b l e c a r r i e d a b o v e w a t e r . 

2, To u s e a m a i n s o p e r a t e d transistor . o w e r supply w i t h t r a n s -

i s t o r i s e d u n i t s a t t h e c o n s o l e . T h i s , a g a i n , very c o n v e n i e n t 

and obvia:ed t h e supply of mains via t h e c a b l e , b u t i n v o l v e d un-

proved t r a n s i s t o r techniques. 

3. '^o u s e a b - t b e r y on t h e c a r r i a g e , a s o r i g i n a l l y i n t e n d e d , w i t h 

some t r n s i s t o r i s e d units, feeding o n l y results b a c k to t h e console 

via the cable. The battery weight could be accommodated on the 

c a r r i a g e a n d t h i s was t h e nearest configuration to thit f i r s t 

envisaged, but as it w^s necesary t o rig the cable arrangement to 

t h e c a r r i a g e , t h e r e s e e m e d n o point i n having the i n h e r e n t d e p e n d -

ence on b a t t e r y c h a r g i n g w i t h the a t t e n d a n t f r e q u e n t removal a n d 

replacement o f b a t t e r i e s . 

The use of alternative 2, meant that the danger of handling 

mains in the cable above witer was eliminated without the disadvant-

ages of method 3, so that this was the arrangement finally adopteJ. 

The electronic ar,angeinents involved are shown schematically 

in Fig, 51. At thi< stage of construction the cost of a mains 

recorder (approximately Jr300) was unacceptable and as an alternative 

it was decided to experiment with the use of dials to record the 

output from the pick offs, and hence the measured results. 



A stabilised power supply is taken to a transistorised 

oscillator unit from which 6,3 volts at 400c/s, stabilised within 

5^ both in amplitude and frequency, is taken via the cable to the 

carriage for energising the differential transformers. Outputs 

from the transducers are returned via the cable to amplifiers matched 

with the recording dials on which the measurements are displayed at 

the console. In each case, arrangements are made to adjust the zero 

and full scale setting of these dials. The three display units may-

be seen in Fig. 42 on the right hand side of the console face. Heel 

is shoirm by the single dial at the top, resistance at botoom left, 

and side force at bottom right; each unit may be switched and con-

trolled separately. 

Due to spring loading of the ^ick off cores, it was possible 

to arrange for the movement between force plates to displace them in 

either direction a out the null. In practice, it was found most 

suitable to arrange for the relative plate movement to act against 

the spring to avoid any slight hssitance in the measurements. In 

order to use the complete dial f.ce, and so gain maximum sensitivity 

in reading, the electronics were arranged to be non-phase sensitive, 

and produce a positive dial deflection for movement of the core in 

either direction from the null. Arrangement of the electronics in 

this manner had the additional advantage of reducing their complexity 



132. 

and cost, an extremely important con idera:ion at this stage in the 

c o n s t r u e o i o n . I f a t a n y t i m e i t w e r e d e s i r e d t o c a r r y o u t o s c i l l a t i n g 

f o r c e m e a s u r e m e n t , e . g . m o d e l s i n w a v e s , t h e n p h a s e s e n s i t i v i t y w o u l d 

b e e s s e n t i a l , a n d c o u l d b e a r r a n g e d by t h e a d d i t i o n o f a f u r t h e r 

e l e c t r o n i c u n i t . 

In p r a c t i c e , s o m e t r o u b l e d u e t o t h e s m - i l l maximum d e f l e c t i o n 

of flexures was experienced in the measurement of resistance, as the 

maximum d e f l e c t i o n of t h e s e h a d b e e n r e d u c e d to s o m e 0 , 0 0 5 i n , u n d e r 

maximum l o a d , a n d i t w a s f o u n d n e c e s s a r y t o j e t t h e c o r e some 0 . 0 0 5 

i n from t n e n u l l i n t h e d i r e c t i o n o f m o v e m e n t ^ t h i s i s d i s c u s s e d in 

m o r e d e t a i l i n t h e f o l l o w i n g c h a p t e r a n d i n R e f , 2 6 . 

Jide force and resictanoe display dials were arranged to give 

full scale deflection fur either 0.010 in. or 0.020 in, relative 

m o v e m e n t b e t w e e n force plates, d e p e n d i n g o i a m p l i f i c a t i o n , the 

required range being selected by switches beneath each dial. 

The h e e l u n i t w a s a r r a n g e d t o r e a d f r o n 0 ° t o 3 0 ° o v e r t h e 

d i a l l e n g t h , t h i s b e i n g t h e r a n g e w i t h i n w h i c h t h e p r a c t i c a l v a l u e s 

o f h e e l n i g h t b e e x p e c t e d t o l i e . 

A t w e l v e c h a n n e l c a b l e w a s a r r a n g e d t o r u n on a s t a n d a r d s t e e l 

c o r e d n y l o n c u r t a i n r a i l s u s p e n d e d b y i t s u s u a l h o u s e h o l d f i t t i n g s 

b e l o w the J a u t h e r n r a i l s u p p o r t i n g g i r d e r ; i t w a s e r e c t e d in 12 ft. 

lengths, adequate a l i g n m e n t o " butts being o b t a i n e d b y using support 
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f i t t i n g s a t t e e x t r e m e e n d s o f each l e n g t h . The c a b l e w a s l o o s e l y 

l a s h e d t o s t a n d a r d n y l o n r u n n e r s , a n d a t t h e s t a r t o f a r u n i s l o o p e d 

c l o s e l y a t t h e E a s t e r n e n d o f t h e r a i l ; d u r i n g t h e run, t h e c a b l e 

i s t o w e d f r o m a p o s t o n t h e carriage and c a r r i e d o n t h e r u n n e r s . 

J u n c t i o n b o x e s w e r e a r r a n g e d a t t h e c o n s o l e and on f e c a r r i a g e a s 

t e r m i n a l p o i n t s . 

At f i r s t , s o m e interference b e t w e e n c o m p o n e n t s w a s e x p e r i e n c e d , 

b u t b y t h e u s e o f a p p r o p r i a t e l y s h i e l d e d c a b l e , a l l e l e c t r i c a l 

i n t e r f e r e n c e w a s e l i m i n a t e d , 

Calibravion 

C a l i b r a t i o n o f t h e b a l a n c e f o r s i d e f o r c e a n d r e s i s t a n c e i m p l i e d 

t h e a p p l i c a t i o n o f known l o a d s a l o n g , a n d p e r p e n d i c u l a r t o , t h e c e n t r e -

l i n e b e t w e e n r a i l s a t t h e n o d e l a t t a c h m e n t p o s t . 

I t h a d b e e n i n t e n d e d t h a t t h e r u n d i r e c t i o n s h o u l d b e f r o ; n 

W e s t t o E a s t , s o a l l o w i n g t h e t a p e r e d p o r t i o n of t h e w a t e r w a y t o b e 

u s e d i n r u n n i n g u p t o s p e e d a n d obtaining s t a b l e m o d e l c o n d i t i o n s ; 

h o w e v e r , d u e t o t h e c r a m p e d c o n f i n e s a n d d i f f i c u l t a c c e s s t o t h e W e s t -

e r n e n d o f t h e t a n k , i t p r o v e d i m p o s s i b l e t o a r r a n g e f o r c o n v e n i e n t 

c a l i b r a t i o n o f t h e b a l a n c e a t t h e b e g i n n i n g o f a r u n . An a t t e m p t 

w a s made t o c a l i b r a t e a t t h e E a s t e r n e n d b e f o r e t h e m o d e l w a s r u n 

b a c k t o i t s s t a r t i n g p o s i t i o n , b u t t h i s r e s u l t e d b o t h i n a d o u b l i n g 

o f time b e t w e e n r u n s t o a l l o w f o r w a v e d i s s i p a t i o n , a n d i n a l i k l i -

h o o d o f d i f f i c u l t i e s i n b e i n g s u r e of t h e c a l i b r a t i o n f o r t h e a c t u a l 

r u n . 
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Resistance 

As the towing wire had.been arranged diredtly alo%g the centre-

line between rails, this g ve a reference line for tne application of 

r sistance calibration. A pulley was fixed at the centreline of the 

waterways Eastern end, a^d arranged to have transverse adjustment, 

facilitating accurate alignment of a cord from the model attachment 

post at the balance aad passing over the pulley to a freely hanging 

weight. After releasing the tow wire from the carrir./e post, plumb 

bobs may be used to align the cord longitudinally, une distance 

between model attachment post and pulley being sufficient to allow 

adequate longitudinal separation of the pT̂ imb bobs for alignment of 

the cord. In this manner, it was found possible uo align vhe cord 

within 1/32 in. from the bob support wires, so that the bobs 

should be at least 3 ft. apart in order to align the cord within 

0.05°. In practice, it was found possible to make adjustments at 

the carriage with it soroe ten feet from tne Eastern end of th© water-

way, so that the accuracy is considerably greater. 

With the calibration cord attached to the balance, tne latter 

may now be turned us in-' the top turntable so thau tne major ax-s of 

the resistance flexures are exactly perpendicular to the longitudinal 

tank axis, as indicated by l.ck of movement on tne side force dial 

indicator at the console on ipplic^tion oi load. A check on tnis 

method of alignment using a 6 ft. stratigt edge clamped along the 

balance centreline showed complete agreement. 
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Side Force 

Arrangements were made to apply a lo:.d at right angles to the 

rail centreline by me ns of a pulley attached to tne waterway top at 

the model handling platform, some 6 ft. from the Eastern end. A cord, 

passing over this pulley applies a load from a freely suspended 

weight to the model attachment post. The longitudinal position of the 

carriage may be arrange.! so that no ;movement of the resisuauce dial 

unit occurs w en side force is applied, the carriage being clamped 

in this position while calibration is effected. 

It was found necessary to ensure that the pulleys ran freely 

before undert king calibration, achieved bj frequent washing out and 

a very sparing application of light oil. 

Owing to the electronic adjustment available for the meter, 

full sC'.ile readings could be. employed down to a loid of 1.15 lb. 

For both side force and resistance, the meters were found to be 

non-linear, and typical calibrations are given in Figs. 52 & 53. In 

each case, the repeatability of readings were within a range of 

0,5% of full scale despite the small deflections of the resistance 

flexures. 

The calibration and sensitivity under running conditions is 

discussed further in the following chapter. 
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This unit was calibrated use of an accurate oliionioter laid 

on the partial deck of the moJel, it bein- assnra.d trat initially the 

model flo ted upright in the .ater. The ^eter is marked in decrees 

from l)° to 30° and a jam, non-linearity in evident as snown in /ij. 

54.. Repeatability was found to b.;. within 0.1° and governed by the 

accuracy of reading for the clinometer. 

SettincT of model in vaw and verti nal 

The model attachment post, and hence the hull, is held from 

movement in yaw by the top bearing arrange ont of ball races as shown 

in Fig. 47. Originally, on advice fr:m fJ.F.L., nylon rollers were 

used, but tests with a stiff ;late fasto.cd in pl.ee of a hull, 3: ow-

ed tha: considerable movement in yaw was likely despite th: rollers be-

ing a justed 30 hard against the shaft that vertical movement was 

also resisted. The nylon rollers were rcplaced by 1- m . ball races, 

and with these suitably adjusted, angular movement, as shown by the 

board, was restricted to 0.05° without undue restriction on vertical 

movement. 

The attachment post and hencs the model, is restricted in 

Tertica.1 movement .nly by friction in the linear ball bushing and the 

top bearing. Jt was found essential to keep these bearings dry and 

reasonably free from lubricant in order to give -inimum friction; the 

post included in t"e model weight, wa^ found to be free under a force 

of some 0.1 lb. 
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Measurement of Model L.G.G. and V.C.G. 

A coinnion iHGtlioj. ol setting the L, o,lt, and to the desired 

position in a model is to support it by a rod passing laterally 

through the hull at the C.G, location; weight is then distributed to 

give the correct all up weight and C.G, location as indicated by the 

® balancing perfectly about the rod when the latter is supported 

in bearings. 

An alternative method, which enabled the measurement of 7,C.G, 

position of an existing hull while also allowing its correct setting 

if desired, was evolved, based on th6 simple balance principle as 

shown in Fig. 55, 

The model is clamped to the supporting pi te at one end of the 

balance arm, which fflay be pivoted in several position over a length 

of some four inches. A pointer is fixed at the other end of this arm, 

reading agains: a scale, which allows the weight of the model to be 

balanced by weights added to a hangar. • 

Using this arrangement, it was found possible to measure the 

to within O.Op in., a v,;ilue w.lich could be checked by using 

alternative support positions for the balance arm. 

The L.C.G. was obtained by measuring the, proportion of weight 

at bow and stern in turn, on an ordinary balance while the other end 

was freely supported. 



fig46 two components balance proposed by sounders roe division. 
method of measuring resistance shown, sideforce measurement 
similar 
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Pig.48, View of bottom force plate of balance, and turntable allowing 
adjustment to leeway when c'ourse/sea axes are used. 



Pig.49' Arrangements for measuring transverse stability moment. 
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fig 55 arrangements for measuring 
model V CG. 
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CHAPTiiR 16: SyALUAriOK OF T ,1VK ffAr.TT.TTY 

Evaluation of the facility was undertaken over a period of sorae 

three months constant working, the principle objects being to 

determine the order of accuracy which might be expected in the 

various measurements, aBd to derive the most suitable methods of work-

ing and use of the equipment in order to obtain this accuracy while 

allowing a reasonable rapidity of working. 

The model used for this work was that of a Dragon class yacht, 

constructed by Saunders Roe Ltd, for work reported in Hef.l, It had 

been presented to the Univers.ty and used for several series of 

experiments in the Wind Tunnels, with the result that so.e mis-

handling, damage, and modification had taken place; this is considered 

more fully in Chapter 19 of Part 3; for the present purpose it had 

trie original varnish finish. 

The waterway and water 

The amplitude of travelling waves caused by the passage of the 

model down the waterway varies with speed, and while they were found 

to decay within some fi-ze to six minutes jfter a run at low speed, 

their decay tine after runs near the maximum velocity could last up 

to twenty minutes. In each case the decay times were assessed at 

first by observation of a small float on the water surface, it being 

assumed that the decay was complete when the float ceased to move due 

to the, passage of w ves. After some practice it was fou„<] this 
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procedure was not i'-perative, as an extremely good ^uide to the 

presence of even very small wavelets wa:: giyen by the reflection of 

overhead lights in the water. 

The installation of beaches brought wave decay ti es from 

tne highest model speeds down to approximately five minutes. 

The design of side beaches was based on those in the Saunders 

Roe No. 2 T^nk) which had proved satisfactory. One inch thick wood 

planks were arranged to be held at each end, and at their centres, by-

supports from the top of the Northern side of the waterw.y, allowing 

adjustment in inclination to the water surface. The most suitable 

inclination wa; found to be some 10° with the static waterline just 

above the lower dege of the beach; following Sauncers Roe practice, 

the beaches were placed along one side of the waterway only, waves 

reflecting from the Southern side being damped adequately due to the 

narrow waterway width. 

The necessity of providing end beaches was accepted, despite a 

slight reduction in run length of some 4 ft.; two inch slats were 

screwed aoross supporting members, a vee being worked to give 

additional model clearance at each end of the run. The structure 

is hinged on the waterway ends and arrangements made to fix the 

beaches over a wide range of angle if necessary; an angle of between 
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and 17̂ -° was found effective over the whole range of model 

speeds. 

The hull* s passage produces currents and circulation which 

appear in the surface as drift and a vortex. These were found 

to amount to some 2^ of the nominal velocity at high model speeds, 

but to decay within approximately five minutes. As the decay time 

was similar to that for the waves, the complication of using screens 

to assist decay was thought unnecessary. 

A fairly constant level of turbulence in the tank water was 

found to be desirable in order to assist stimulation and gain 

repeatable resultsj for this reason a constant time interval between 

runs is often used in model tanks and Ref.l8 indicates that at the 

Davidson Laboratory, each day begins with sevaral high speed runs 

before readings are taken, and a time interval of two minutes is used 

between runs; also, results are only acceptable if at least three runs 

at two miflttte intervals have been made. 

Experience with the University tank showed that such a rigid 

discipline is unnecessary, and that it is sufficient to disregard 

the first run each day, or after a time interval of half an hour or 

more, and use an interval between runs of six to seven minutes. In 

addition to providing ample time for wave and current decay, this 

interval allows anlaysis and plotting of results between each run. In 



p r a c t i c e , i t way f o u n d t h a t t h i s t i ^ e interval a l s o a l l o w e d 

3 u f C i c i e n t t i m e f o r t h e r e q u i r e d analysis and p l o t t i n g o f r e s u l t s 

b e t v / e n r u n s . 

Growth o f weed in t h e tank w a t e r , a n d a c c u m u l a t i o n o f dust o n 

the surface did not appear to be reflected in the measurements, 

u n t i l the l a t t e r h a d accum l a t e d considerable. The introduction of 

Sodium H y p o c h l o r i t e to a p r o p o r t i o n o f 1 in 12000 by volume at 

intervals of ap'Lroxiinately one month was found adequate to ke-p dotm 

the weed growth. A length of sacking or wood pulled along the surface 

from each side o f t h e waterway o n c e a week was f o u n d a d e q u a t e t o deal 

with d u s t ?nd o t h e r a c c u m u l a t e d d e b r i s on t h e s u r f a c e , providing the 

tank w a s in f a i r l y constant u s e during th-t t i m e . 

A r e a s o n a b l y u n i f o r m t e m p e r a t u r e o f t h e water w a s c o n s i d e r e d 

desirable so that excessive c h a n g e s of kinetic viscosity d i d n o t jive 

r i s e t o l a r g e c o r r e c t i o n s i n t h e m e a s u r e d r e s i s t a n c e . I t w a s f o i m d , 

u s i n g a n o r d i n a r y laboratory t h e r o m e m e t e r l o w e r e d i n t o the tank w a t e r 

at a number of stations and depths, that providing the tank was i n 

r e a s o n a b l y c o n s t a n t u s e , t h e d r i f t a n d c i r c u l a t i o n appeared a d v a n _ 

tageous in maintaining a uniform temperature over the volume. 

The Rails 

Although, no great difficulty was found in setting the milled 

rail butts fair, and later when running, the carriage wheels did not 

appear to b^ affected by passing over the butts, the arrangement 

c o u l d tend t o promote vibration i n t h e b a l > , n c e e s p e c i a l l y a s the 



longitudinal positions of joints correspond closely in both rails; 

the possibility could have been avoided by using angled butts between 

rail lengths, so allowing easier fairing of the joints and a more 

gradual transfer of wheels between lengths. 

Under the humid conditions present in the tank building, the 

rails were found prone to some lurface rusting, sufficient to affect 

the measurements slightly; this was cured b a thorough wire brushing 

and sparing application of a very light oil. No further trouble was 

experienced during the evaluation period or the time spent on the 

experimental work described in Part 3. 

In many tanks, it is the practice to carry wire brushes on the 

carriage to clean rails each day before making test runs (Ref. 20); 

this did not appear necessary, although a close v.atch should be kept on 

the rail surfaces. 

The methods of aligning the carriage longitudinally, described 

in Chapter 14, could lead to errors in the order of If more 

accurate alignment is required, this could well be achieved by use of a 

spacing bar between rails, using a central head to position the carriage 

centreline as marked on its end cross beams. 

As originally constructed, the carriage's main running wheels 

were fitted with self-aligning ball races. When setting up the arrange-

ments to assess speed fluctuations during a run, it was found necessary 

to replace the ball race of that wheel with a normal fixed race so that 
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the spring contact did not force the wheel off the rail. The 

self-aligning ball races allow wheels to turn about a vertical axis; 

while small discrepancies in wheel alignment are corrected b\̂  the 

oaariage weight at a very early stage in the run, if & %heel was 

accidentally knocked some way out of alignment, it wculd become de-

railed. This occurred on several occasions during the evaluation 

periOQ, resulting in a tow rope breakage on eac-1 occagi©n, so that it 

became standard practice to check wheel alignment after any adju t-

ments or work carried out where the wheels might have been moved 

accidentally. It could prove useful to replace the self-aligning 

races by normal races, providing this did not lead to any problems 

arising from slight inaccuracies in rail angular alignment. 

Although the speed variation during a run is within ± î % of the 

nominal, it may be observed that the tension/damping weights in 

the drive system are always in mot'on. It is also noticeable that 

the unsupported length of wire over the water oscillates transversely 

during a run, so indicating that there are o-cillabory forces 

present at the carriage of a higher frequency th.n thos- mei^ured by 

the wheel revolutions. It would also be desirable to damp out as far 

as possible the large oscillations in speed due to clutch plication 

at the start of a run, and so obtain a greater length of steady run 
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and reduce the promotion of longitudinal oscillations in the 

resistance flexures. Such damping could be applied either to the 

tension/damping weights or by a viscous piston/spring damper incor-

porated in the tow wire adjacent to and in front of the carriage. 

With the arrangement described in Chapter 14 if the second 

stopping relay fails to cut power from the motor, then only manual 

operation of the console STOP button will bring the carriage to a halt, 

^ime for the run is known accurately from the gear and speed selected, 

so that a careful watch on the Dek.itron counter could allow the oper-

ator to depress the emergency button in time. At low carriage 

speeds this may be satisfactory, as the operator has time to judge 

whether or not the photo-electric relay has functioned, either by 

direct observation or by reference to the counter; at high carriage 

speeds, however, the operator's reaction time would be too great to 

allow a reasonable ci ance of cutting tr.e motor before the model 

struck the waterway end. In practice, during a run the operator is 

watching and recording measurements on the meters and woald not 

notice immediately if the carriage had over-run. 

Further, if the tow rope should break behind the c rriage 

during the deceleration sequence, then cutting the power would be 

ineffective and an accident is inevitable. There is, therefore, an 
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immediate need for both a system to warn the operator that the 

carriage has passed the first relay, m d for an arrange ent to provide 

emergency braking, 

A wirning system might take the form of a large flashing red 

light situated between t/e meters on the console face to gain 

i"nnediate attention, and triggered by a trip switch situated just 

past the first stopping relay. It could then becone habitual to 

depress the STOP button directly the light began to flash. 

If this warning system were adopted, then an emergency braking 

arrangement wo:ld only be necessary due to failure on the part of an 

operator to depress the button, or if the tow wire broke behind the 

carriage. It woulJ have to be gradual in operation to prevent 

balance damage, but firm in order to stop the carriage and bredi the 

tow line if the motor failed to stop. Hydraulic or spring loaded 

piston buffers would be suitable, here, with perhaps the initial 

retardation being effected by b'-it̂ ee cord stretched between the rail 

supporting girders. 

It was found that in order to prevent distrubance of the model 

setting, and possible dai. age which running astern into waves 

initiated previously during the forward run, that it was advisable to 

restrict the model speed for the return run to 1,9 ft/sec, setting 1.333 
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fot the gears. The return stopping relay at the Eastern end of the 

tank was positioned to stop the model in a convenient position for 

adjustment and at the correct starting position when this gear 

setting is adopted. Ii ohe carriage is taken back at a higher speed, 

tnen use Oj. tne STOP button is es sential to prevent over running. 

The Balance and Associated Arran-e^ent^ 

Generally, the balance arrangements proved sufficiently robust 

to stand up to the rough handling which they might be expected to 

receive at ti es. During the evaluation period, the carriage was 

caugit up md stopped violently on several occasions, usually because 

of a wheel jumping the rails, but the b lince retained its geometry 

and calibration characteristics. 

Applied Moment arid Meaguremmnt nf 

During a run, tne model was found to taze up ?Ji entirely stable 

running attitude, and neel could be read easily to within a quarter 

of a degree. Experiments were made bo ascertain the limits of re^eat-

ability of heel angle when model sliding weight and meter setting were 

distrubed and then re-get; it was found that providing the meter was 

calibrated and set correctly, the measurements were repeitable within 

0.25°. This is some 0.08° of the maximum and was considered 

adequate from f e results of Part 3. 
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Preparation of hull characteristics ac described in Part 3, 

r e q u i r e d t h e m o d e l t o b e r i m a t p r e - s e t a n g l e s o f l e e w a y a n d h e e l , 

s o t h a t t n e a p p r o p r i a t e f - r c e c o m p o n e n t s c o u l d b e m e a s u r e d . This i n 

t u r n me :_nt t h a t t h e t r a n s v e r s e l o c a t i o n o f t h e s l i d i n ^ w e i g h t , w h i c h 

v a r i e s a c c o r d i n g t o h e e l , a n d leeway^ m u s t be s e t c o r r e c t l y b e f o r e each 

r u n . 

R a t h e r t h a n u s e t h e m e t h o d of ' t r i a l and e r r o r * w h i c h a p p e ' a r s 

to be adopbed at the Davidson Laboratory, (Ref. 22) it was found 

preferable to undertake a short series of runv in which the eliding 

weijht was moved p r o g r ssively, and the recultin^ heel an^le measured 

a t e a c h s p e e d a n d leeway, A t y p i c a l s e t of results i s shown i n F i 7 . $ 6 . 

The necessiry displacement of the slidinj weight from the centreline 

may t h e n b e read o f f t o g i v e t h e r e q u i r e d h e e l t t h e s p e e d and 

leeway under consideration. During these runs, it w.s found that the 

u s u a l f i v e o r s i x m i n u t e i n t e r v a l c o u l d ba h a l v e d w i t ' out introduction 

o f u n a c c e p t a b l e inaccuracies in m e a s u r e m e n t o f h e e l , 

Mea u r e - e n t of R e s i s t a n c e 

The f l e x u r e s m e a s u r i n g t h i s c o m p o n e n t w e r e somewh t h i c k e r t h a n 

originally intended, due t o machining difficulties, so that t h e i r 

d e f l e c t i o n u n d e r maximum l o a d was muc louer than o r i g i n a l l y intended. 

The design loads had been estimated by reference to results from 

previous tests using Sea asec; it had been intended to undertake the 



extensive series of experiments discussed in Part 3, using sea axes, and 

it had not been appreciated that the maiimum likely force would be so 

mucn lower iĥ in tne original design loads. As a result, the 

deflection of the flexures was around 0.00^ in. 

The electronics had been designed to measure the deflection of 

the differential transformer core from its null position, due to the 

application of forces; under these conditions, the zero of the meter 

at the console would be adjusted to coincide with the transducer n =11, 

and the meter maximum be adjusted to suit the desired range for 

calibration. 

In practice, it was found difficult to ensure the eiract setting 

of the transducer null to the meter zero, and any alight inaccuracy 

was exaggerated by the small range of movement for the transducer 

core, which used only a small section of its linear out put range. 

3y Oif-setting the core in the direction of movement due to applied 

force, t ie trouble was c red; an off-set between 0.00/.. in. an.d 0.005 

in, was adopted as standard practice, any slight difference in 

initial offset appe ..rin ; bo have no effect on the calibration, 

Tae arrangement to off-set the transducer core did, however, 

affect the electronic arrangements for setting the zero and scale 

mmximum, as adjustments to one affected the other. In practice, it 

soon became simple to nake the necessary adjustments more quick&y 

than it was possible to adjust the core null with meter zero. If the 
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electronics had been made phase sensitive, this procedure would not 

h a v e b e e n necessary. 

At t h e beginning of a r u n , t h e r e s i s t a n c e m e t e r was f o u n l t o 

f l u c t u a t e c o n s i d e r a b l y , due t o t h e c a r r i a g e o s c i l l a t i o n s d u r i n g 

clutch engagement; the measurement settled down in the last twenty 

f e e t of t i e d r u n , althoug-i a c e r t a i n amount of long - t e rm change i n 

r e a d i n g was a p p a r e n t , T n i s i s a co^nmon o c c u r r e n c e i n t a n k work , where 

t i i e r e s i s t a n c e is u s u a l l y m e a s u r e d on a r e c o r d e r , t h e t r a c e oscil-

lating i n v e r t i c a l p o s i t i o n on t h e p a p e r d u r i n g a r u n . When 

m e a s u r i n g i n this manner, i t i s a s i m p l e m a t t e r to o b t a i n an a c c u r a t e 

mean, b u t when u s i n g t h e m e t e r , i t became e s s e n t i a l t o ta lce t h e 

r e a d i n g a t a r o u n d t h e s m e c a r r i a g e p o s i t i o n f o r e v e r y r u n . In p r a c t -

i c e l i t t l e d i f f i c u l t y was e n c o u n t e r e d due t o t h i s . 

During work immediately fallowing that d e s c r i b e d in Part 3, 

G h a p l e o ( R e f . 2o ) e x p e r i e n c e d d i f f i c u l t i e s f r o m v i b r a t i o n s a p p a r e n t l y 

due t o t h e s m a l l d e f l e c t i o n s of t h e resistance f l e x u r e s , coup l : -d w i t h 

t h e n o n - p h a s e s e n s i t i v e e l e c t r o n i c s . He a t f i r s t u s e d t h e 

t r a n s d u c e r s w i t h t h e n u l l c o r r e s p o n d i n g to meter z e r o , b u t f o u n d 

t h e t h e i n a c c u r a c i e s d i s a p p e a r e d when t h e c r a n s d u c e r c o r e was off— 

s e : some 0 . 0 0 ' , i n . I n t h e e v a l u a t i o n work a n i e x p e r i a e p n t s of P a r t 3 , 

no t r o u b l e of t h i s n a t u r e was experienced, p r e s u m a b l y due "ge the 

transducer c o r e a l w a y s b e i n of f-set b e t w e e n 0.004 and 0,005 i - . 

The n e e d f o r t u r b u l e n c e s t i m u l a t i o n of t h e m d e l b o u n d a r y 

l a y e r , and a f u r t h e r i n v e s t i g a t i o n i n t o t h e m o s t s ^ i t b l e mu thod i s 

d i s c u s ed i n P a r t 3* The m d d e l , ^ a v i n g p r e v i o u s l y b e e n u s e d i n t h e 
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S a u n d e r s rfoa tank, ua e q u i p p e d i v i t b s t u d s t i m u l a t o r s , f o r t y f o u r of 

w h i c h u e r e employed p r o j e c t i n - l / l o i n , From t h e h i l l an^ ^ - - c o d 

DOr_ie 2 i n , a p a r t i n two l i n e s a mean d i s t a n c e of 3 , 2 i n . a b a f t t h e 

h n l l l e a in;- e d g e . T h i s a r r a n g e m e n t been d e c i d e d i n c o n s u l t ' t i o n 

w i t ' , t h e W.P.T. . , a n d i t s e f f e c t i v e n e s s e x a m i n e d by u s e o f i n k b l e a d s 

( R e f , l ) , i t b e i n g c o n c l u d e d t h a t t h e y f u n c t i o n e d s a i s f a o t o r i l y -

above a mode l v e l o c i t y of a p p r o x i r i a t e l y I . 4 f t / s e c . 

As s t i m u l a t i o n ' lad a p p e a r e d s a t i s f a c t o r y , t h e e x i s t i n g a r r a p g e -

m e n t w a s u s e d d u r i n g b o t h t h e e v a l . u a t i :n j i d e x p e r h \ e n t a l wor> o f 

r a r t 3 , wriere t h e n o d e l v e l o c i t y was n e v e r b e l o w 1 , 4 f t / s e c . 

•I'ltn t h e wind t u n - e l i n o p e r a t i o n , ' t was o b s e r v e d t h a t t h e 

t a - k w a t e r was i n a o t a t e of o o n s t ? j i t \ y i t a t i a n due t o t h e v i b r a t i o n , 

b u t t h i s was n o t f o u n d t o a f f e c t e i t h e r m a g i n t u d e o r r e p e a t a b i l i t y 

of t.h-. r ^ ^ l s t a n c ""'easure e n t s . 

I t w a s f o u n d t h a t f o r t h e m a j o r i t y o f m o d e l n e e d s , - e t e r 

c a l l - a t i o n u s i n g a r a n g e o f 1 , 1 6 l b , w -:; s u i t a b l e , a n d t h a t w i t h 

p r a c t i c e , t h e m e t e r c o u l d b e r e a d t ; ; w i t h i n o f t h e m a x i m , # , W i t h 

s p e e c i ^ u_j t o a b ^ u t 3 f t / s e c . a n a t t e m p t c o u l d b e m a d e t o r e a d w i t h i n 

0 , \ . o f t . i ie --:iximu]p, b u t a b o v e t h i s v e l o c i t y t h e m e t e r f l v c t u a t i o n s 

made s u c h a c c u r a c y i p o s s i b l e . 1;? o f t h e m a x i m i ® r e p r e s e n t s a 

s e n s i t i v i t y o f a p p r o x i m a t e l y 0 . 0 1 l b , w h i c h w a . c o n s i d e r e d 

a c c e p t a b l e f o r an o v e r - a l l : ; t u d y s i m i l a r t o t h a t p r o p o s e d a n d 
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d i s c u s c j e d i n P a r t 3 , e s p e c i a l l y w h e n a l l o w i n g f o r t h e v e r y s m a l l 

d e f l e c t i o n s o f t h e b a l a n c e f l e x u r e s a t l o w s p e e d s . F o r meter f u l l 

s c a l e r e a d i n g s r e r r e s e n t i n - l o a d s a b o v e I.I6 l b . , s e n s i t i v i t y w a s 

r e d u c e d p r o p o r t i o n a l l y . 

T o a v o i d s l o p p i n e s s a b o u t t h e z e r o , i t war, f o u n d e s s e n t i a l t h a t 

t h e f l e x u r e s e c u r i n g n u t s w e r e p u l l e d h a r d d o w n , a n y s l s g k n e s s 

r e s u l t i n g i m m e d i a t e l y i n s m a l l c h a n g e s o f z e r o b e t w e e n r u n e ; w h i c h 

a g a i n , w e r e e x a g g e r a t e d b y t h e v e r y l o w m e a n d e f l e c t i o n s b e i n g u s e d . 

S x p e r i m e n t s w e r e u n d e r t a k e n t o e s t a b l i s h : h e o r d e r o f r e p e a t -

a b i . i i u y a t t a i n a b l e w h e n t h e m o d e l w a s r e m o v e d a n d r e p l a c e d , a t y p i c a l 

s e t o f r e s u l t s f o r t h r e e r u n s b e i n g s h o w n i n F i g . 5 7 . P r o v i d i n g t h e 

m o d e l w a s very c a r e f u l l y r e - a l i g n e d u s i n g p l u m b b o b s f r o m t h e w i r e 

t o l u s c e n t r e l i n e a t bow a n d s t e r n , i t a p p e a r e d t h a t t h e m e a s u r e m e n t s 

c o u l d b e r e p e a t e d w i t h i n t h e l i m i t s t o w h i c h i t w a s p o s s i b l e t o r e a d 

t h e m e t e r ; a t t h i s s p e e d w i t h i n s o m e 0 . 0 0 5 l b . 

As a c h e c k o n t h e m e a s u r e m e n t o f r e s i s t a n c e , a f u l l c u r v e o f 

u p r i g h b r e s i s t a n c e a t z e r o l e e w a y w a s o b t a i n e d o v e r a w i d e r a n g e i n 

s p e e u a n d c o m p a r e d w i t h t h e r e s u l t s o b t a i n e d o n t h e s a m e m d d e l d u r i n g 

p r e v i o u s w o r x b y S a u n d e r s Roe D i v i s i o n . T h i s c o m p a r i s o n i s g & o w n i n 

f i g . 5 8 . The t e s t r e s u l t s w e r e p u t i n t h e f o r m o f t o t a l r e s i s t a n c e 

c o e f f i c i e n t s s c a l e d u p t o f u l l s c a l e u s i n g t h e m e t h o d d e t a i l e d i n 

C h a p t e r 2 2 , a s r e s u l t s f r o m t h e p r e v i o u s w o r k w e r e o n l y a v a i l a b l e i n 
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t h i s f o r m ( f r o m . R e f . 1 ) , 

T h e v e r t i c a l s e y a r a t i o n o f t h e c u r v e s i i d i s c u s s e d i n P a r t 3 , 

b u t i t may b e s e e n t h a t t h e y f o l l o w e s c e n t i a ^ l y t h e s a m e f o r g i , a n d 

t h a t b e f o r e w a v e ^ a k i n ^ b e c o m e s n o t i c e a b l e , t h e r e a u l t s f r o m t h e 

U n i v e r s i t y t a n k f o l l o w t h e a p p r o x i m t t e c u r v e o f s k i n f r i c t i o n c o e f -

f i c i e n t , i n d i c a t i n g t h a t t h e y t a k e t h e u s u a l f o r m a n d t h a t t u r b u l e n c e 

s t i m u l a t i o n w a s e f f e c t i v e . 

I t w a s c o n c l u d e d f r o m t h i s w o r k , t h a t t h e m e a s u r e d v a l u e s o f 

r e s i s t a n c e w e r e s a t i s f a c t o r y o v e r t h e r a n ^ e o f s p e e d c o n s i d e r e d . 

W h i l e f o r a g e n e r a l i n v e s t i g a t i o n , s i i r d l a r t o t h a t p r o p o s e d a n d 

d e s c r i b e d i n F a r t 3 , t h e o r d e r o f a c c u r a c y o b t a i n e d i s s u f f i c i e n t , 

f o r m o r e d e t a i l e d w o r k w h e r e t h e m e a n l e v e l o f r e s i s t a n c e i s r e q u i r e d 

w i t h g r e a t a c c u r a c y , t h e m e t e r f l u c t u a t i o n d u r i n g a r u n , a m o u n t i n g i n 

s o m e c a s e s t o o f t h e maximum, a n d t h e n e c e s s i t y f o r m i k i n g r e c o r d -

i n g s a t t h e s me c a r r i a g e p o s i t i o n i n e v e r y r u n c o ; l d n o t b e 

t o l e r a t e d , a n d i t a p p e a r s n e c e s s a r y t h a i , a r e c o r d e r b e p r o v i d e d f o r 

m e a s u r e m e n t o f r e s i s t a n c e . 

M e t e r v i b r a t i o n a s d i s t i n c t f r o m t h e l o n g t e r m f l u c t u a t i o n s 

m e n t i o n e d a b o v e , w a s f o u n d g e n e r a l l y t o b e s o m e 2% o f t h e m e t e r 

maximum e x c e p t a t l o w s p e e d s w h e n i t w a s much l e s s . I t w a s , h o w e v e r , 

n e c e s s a r y t o p r o v i d e e l e c t r i c a l d a m p i n g i n o r d e r t o a c h i e v e t h i s , a n d 

a n d i n t h e l i g h t o f d i f f i c u l t i e s f o u n d b y Cha l e o ( H e f . 2 6 ) , t h e r e i s 
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a n o 1 r / i o u 8 n e c e s i t y t o s u p p r e s s t h e y r o n o t i o n o f b a l a n c e v i b r a t i o n s 

a t t h e i r s o u r c e w h e r e p o s s i b l e . 

T h e p o s s i b l e d a m p i n g o f t o w r o p e o s c i l l a t i o n s h a s b e e n m e n t i o n e 

^ r e v i o u s l j . I n a d d i t i o n , t h e a c c e l e r a t i o n p h a s e o f t h e r u n w i t h i t s 

a s s o c i a t e d s u r g i n g may b e s e e n t o _ r e m o t e v i o l e n t o s c i l l a t i o n o f t h e 

r e s i s t a n c e f l e x u r e s , s o t h a t i m m e d i a t e g a i n w o u l d r e s u l t h e r e i f t h e 

l o w e r f o r c d p l a t e w e r e c l a m p e d s e c u r e l y d u r i n g t h i s p \ r t o f t h e r u n , 

p o s s i u l y b y a n e l e c t r o m a g n e t i c h e a d r e l e a s e d a u t o m a t i c a l l y b y t h e 

p h o t o - e l e c t r i c c e l l w h i c h i s u s e d t o s t a r t t h e t i m i n g c o u n t e r . 

The e f f e c t o f t h e s e i l e x u r e o s c i l l a t i o n s a t t h e m e t e r c o u l d b e 

l e s s e n e d b y d e c r e a s i n g t h e i r s t i f f n e s s t o a l l o w a maximum d e f l e c t i o n 

n e a r e r t h e o r i g i n a l d e s i g n f i g u r e o f 0 . 0 1 0 i n . a l t h o u g h d i f f i c u l t y i s 

l i K e l / t o a r i s e h e r e d u e t o m a c h i n i n g p r o b l e m s . I t m i g h t b e p o s s i b l e 

t o m a n u f a c t u r e f l e x u r e s f r o m EN27 s c e e l i n t h i n p l a t e f o r m , b u t p r o b -

l e m s a r e l i k e l y t o a r i s e i n o b t a i n i n g t h e t r u e m c a s t r e e n d f i x i n . -

w h i c h i s e s s e n t i a l i f t h e z e r o i s n o t t o w a n d e r . P o s s i b l e e n d 

f i x i n g s h a r e w o u l d b e e i t r i e r f i t t i n g t h e f l e x u r e i n t o f o r k e n d s w i t h 

a s i m i l a r c l a m p i n g a r r a n g e m e n t to t h a t e x i s t i n g , o r t o c l a m p e a c h e n d 

o f t n e f l e x u r e a g a i n s t a g r o u n d p o r t i o n o f t h e f o r c e p l a t e e d g e s . 

S i d e - F o r c e 

W i t h p r a c t i c e , i t w a s f o u n d p o s s i b l e t o r e a d t h e s i d e f o r c e t o 

w i t h i n 1/^ o f t h e f u l l s c a l e m e t e r d e f l e c t i o n a t a l l s r e e d p , w h i l e 



a t t h e l o w e r s p e e d s t h i s c o u l d b e r e d u c e d t o 0 . 5 P . U s i n g a f u l l 

s c a l e d e f l e c t i o n e q u i v a l e n t t o 5 , 2 5 l b , , w h i c h w:is a d e q u a t e f o r 

all e x c e p t v e r y h i g h m o d e l v e l o c i t i e s , t h i s r e s u l t e d i n a s e n s i t i v i t y 

i n f o r c e d e t e r m i n a t i o n o f a p p r o x i m a t e l y 0 . 0 0 5 l b . , r e d u c i n g t o 0 , 0 0 2 5 

l b . a t t h e l o w e r s p e e d s ( u p t o 3 f t . / s e c . ) 

The r e s u l t s o f e x p e r i m e n t s t o a s s e s s t h e r e p e a t a b i l i t y a f t e r 

d i s t u r b a n c e o f t h e m o d e l s e t t i n g a r e s h o w n i n F i g . 5 7 , w h i c h i n d i c a t e s 

t h a t i t i s p o s s i b l e , p r o v i d i n g t h e m o d e l i s c a r e f u l l y a l i g n e d t o 

b r i n g r e p e a t a b i l i t y t o t h e same o r d e r a s t h e m e t e r r e a d i n g s . 

• S h o r t t e r m o s c i l l a t i o n s o f t h e m e t e r w e r e f o u n d t o b e s o m e 

2% o f f u l l s c a l e d e f l e c t i o n g e n e r a l l y , r e d u c i n g t o s o m e 1% a t 

s p e e d s b e l o w a p p r o x i m a t e l y 3 f t . / s e c . 

Any r e d u c t i o n i n t h e p r o m o t i o n o f b a l a n c e v i b r a t i o n s b o t h b y 

d a r a p i n g i n t h e t o w i n g s y s t e m a n d b y f i r m l y c l a m p i n g t h e b a l a n c e 

d u r i n g t h e a c c e l e r a t i o n p h a s e o f t h e r u n y w o u l d n o d o u b t b e n e f i t 

t h e m e a s u r e m e n t o f s i d e f o r c e . 
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CHAPT3R 17: GENERAL CONCLUSIONS AND 3EC0MMENDA7I0NS 

I t appears f r o m t h e e v a l u a t i o n work d e s c r i b e d p r e v i o u s l y that 

the facility is at present suitable for undertaking work of a 

g e n e r a l n a t u r e , s i m i l a r t o that of P a r t 3, b u t r e q u i r e s s o m e 

d e v e l o p m e n t b e f o r e b e i n g a d e q u a t e f o r m o r e s p e c i a l i s e d a n d l o c a l i s e d 

s t u d i e s . 

I n p a r t i c u l a r , d a m p i n g m u s t b e p r o v i d e d t o r e d u c e t h e e f f e c t 

o f d r i v e g e a r v i b r a t i o n on t h e c a r r i age a n d t w o c o m p o n e n t b a l s i n c e , 

a n d a r r a n g e m e n t s s h o u l d b e made t o l o c k t h e bal ance i n d s o p r e v e n t 

v i o l e n t o s c i l l a t i o n s w h i c h may p e r s i s t o v e r p . r t o f t h e t i m e d r u n , 

r e s u l t i n g f r o m t h e a c c e l e r a t i o n p h a s e . 

A m o d i f i c a t i o n t o t h e f l e x u r e's m e a s u r i n g r e s i s t a n c e i s n e c e s s a r y 

to bring their maximum deflection under expected loads to the design 

f i g u r e o f 0.010 i n . a l t i i o u g i i i f S e a a x e s are t o b e u s e d , a s d i s t i n c t 

from t)he B o d y / S e a s y s t e m adopted for t h e work d e s c r i b e d , t h e ' 

maximum resistance is likely to twice the maximum found here. 

It w a s f o u n d n e c e s s a r y a n d c o n v e n i e n t t o adopt a f a i r l y r i g i d 

discipline in oper&ting the facility in order to achieve the levels 

of accuracy and repeatability detailed previously, while allowing 

a reasonable rapidity of working. The procedure adopted is set out 

^ a p p e n d i x 8 , 



S't. 

For the model used in the present work, turbulence stimulation 

was oy means o^ s t u d s , ?. method which was apparently satisfactory 

from Rb.:. 1 and is adopted widely in Tank work. The Davidson Labor-

atory (Ref. 13) however, follow the procedure, originated by Davidson, 

of u s i n j sand s t r i p s n e a r %he -odels bow. Various methods, all of 

which r . uiro sone c o r r c t i n f o r the additional resistance of the 

stimulators, are available and It would appear desirable to undertalce 

a detailed investigation in order to determine the most suitable 

meohod far u s e with yacht models . 
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Appendix Li Erection of Waterway Structure 

The general arrangement of the waterway structure is shown 

in Fig, 40, while Figs. 59 and 60 illustrate the methods of building 

and fairing. 

Static water tank panels were bolted together and stood on the 

existing concrete courtyard floor to form the sides and ends of the 

waterway; three inch angle bar was used to form the comers and 

channel beam of 8 ins. by 4. ins., bolted round the upper edge (Fig. 60) 

both to bring the available water depth up to 4 ft., and to aid in 

stiffening and fairing the upper edge of the structure, Watertight-

ness was obtained by the use of yam and butumastic sealant in gTl 

joints. 

Due to the slight fall built into the floor for courtyard 

drainage, each end of the structure was lower than the centre, so that 

when filled with water, the freeboard at centre was some one to one 

and a half inches greater than at the ends. 

Some difficulty was experienced in fairing the structure due 

to deformation in the flanges of each panel; at their base, pa&els 

forming the waterway sides were maintained the desired distaince apart 

by tie bars at 4 ft. intervals pulling the panels onto wodd struts 

laid on the concrete floor. Sides were faired]ongitudinally by 

means of a piano wire stretched between the centre of each end, and 
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held in position by wood spacing pieces which butted against the 

wind tunnel raft and the retaining wall. At this stage, the upper 

edges of each side were kept at a constant spread by wood spacing 

pieces. The tie bars and struts can be seen in Pig. 59. 

Whfen the structure was properly aligned and positioned, alter-

nate panels were dogged down by short lengths of angle and rag 

bolts; struts were now welded to panels and bolted into the floor or 

to the concrete retaining wall at algernate panels to stiffen the 

structure. 

The tank was made watertight at the base after erection of the 

rail gantries in two stages as illustrated in Fig, 61; first, the 

panels were lifted approximately half an inch from the floor by 

easing the dogs, and a thin waterproof mixture of one part cement to 

four parts sand worked in beneath the bottom flanges and to a depth of 

about two inches between temporary boarding; the dogs were now 

tightened. Before this mixture was hard, the boarding was removed and 

a thick waterproofed mix of one part cement to two of sand and four of 

aggregate laid inside and outside the panels. Inside the waterway, 

the floor was levelled off above the tie bars and wood struts which 

remained in place; because of the fall in the floor, the depth of 

concrete was greatest at each end of the waterway. 

Outside the waterway, the floor was laid level with the top of 

the wind tunnel raft to ensure a level floor area. It was accepted 
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that in the event of dismantling being necessaiy this floor would 

have to be chipped away to obtain access to the panel bases. 

The existing water supply to the cooling system for the wind 

tunnel passed through the tank building, and although useful for 

general purposes, the supply w:i3 insufficient for filling the water-

way within a reasonable time* A suitable alternative, which avoided 

the expense of providing a permanent line having only rare use, was 

found in the fire hose situated in the basement of Tizard 

Building; when this was led through an office on this floor, it proved 

possible to provide a supply which would fill the tank in twelve 

hours. 

Following a thorough treatment with a wire brush and rust 

remover, the steel surfaces of the waterway were given one coat of al-

uminum primer and two coats of white anti-corrosive paint. 

Once valves for emptying the tank were installed, and the 

concrete hard, the waterway was slowly filled, any leaks at the joints 

being controlled by systematic tightening of the securing bolts. At 

first the water apparently found its way through the sealing at floor 

level and covered the floor outside the waterway to a depth of over 

i inch; at the same time the level of water in the tank fell by 

approximately 3/4 inch per day. After ten days the joint tightened 

up and flooding gradually reduced in quantity until some eight weeks 
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after filling, the complete floor area was dry and the drop in water 

level reducedto about 1/8 inch per week, a value which remained 

nearly constant throughout the first year of operation, and it is 

assumed to be due largely to evaporation with some seepage through 

the concrete base. 

Duckboards were construgted to provide a dry walkway over the 

concete floor of the main movement area, especially in case of water 

accumulation. 

When the supporting struts were arranged at the waterway sides 

and the wooden spacing pieces removed, the centre of each side wall 

had been allowed to bow some 1/4'inch inwards so that when the tank 

filled the water pressure would push the structure back to its correct 

width. With 4 ft# water depth the sides moved outwards some 5/16 ins. 

so causing an outward set of 1/16 inch. 



r 

Pig.59. View of tank building looking West "before East wall and 
roof were erected. 



Pig.60. Illustrates the construction and fairing of waterway. 



fig 61 watert ight seal at base of panels 
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Appendix 5: Erection of the Ralls and Snpporting Structure. 

The construction of the gantries from 9 inch, by 4. inch. 

section may be seen in Fig, 62; uprights were welded at their base to 

twelve inch square, 3/8 inch steel plates rag-bolted to the floor, 

plumbed vertical. Beams rested on, and were welded to, the top of the 

uprights and short lengths of angle rag-bolted to the retaining wall 

(in some cases, the cross beams were concreted into the 9 inch brick-

work above the retaining wall). It had been intended to use fixing 

plates similar to those of the uprights with four bolts, but as the 

reinforcement was closely meshed and near the surface of the retaining 

wall, great difficulty was experienced in making the necessary holes 

for bolts and it was decided to use the alternative means of support, 

(Fig. 62 shows the arrangement,) 

When the cross beams had been welded to the uprights, the 

structure was levelled with the ad of a * dumpy' level, packing being 

inserted as necessary. Due to the difficulty of arranging holes in 

the concrete wall, a variation of i inch was accepted in the heights 

of the cross beams along the waterway. 

The longitudinal girders were erected in lengths of approxi-

mately 24 ft,, joined when in position by butt straps; before being 

placed in position,the lengths wtore drilled as necessary to take the 

rail mounting and setting bolts. 
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Fairing longitudinally was from a piano wire stretched along 

the centreline between end gantries, and fairing vertically by 'dumpy* 

level, packing being placed where necessary between cross beams and 

girders when bolting. Bolts were used for all connections to facil-

itate dismantling and re-alignment if necessary. Although nominally, 

the girders were set 54 ins. apart, due to latent distortion it was 

possible to align each girder only to within i i inch from this. 

Vertical setting was within i 1/32 inch. Both these values are with-

in the range of adjustment allowed in the rail setting arrangements. 

The Rails 

Rails are of 35 lb/yard railway line mounted on its side with 

the head machined on all three faces to give smooth surfaces, as may 

be seen in Fig. 63. 

To avoid vibration and heavy wheel wear, it was essential to 

obtain as true and smooth a running surface as possible and the rail 

head was machined carefully, first with a plane to remove the outer 

layers and give surfaces at right angles, then, after normalising, 

finely ground. Some difficulty was experienced in finding a firm 

willing to undertake and guarantee the result; finally a local fim 

agreed to do the work but could only handle the rail in lengths of 

4 ft.-6 ins. 
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The problems iavolved in machining, mounting and aligning such 

short lengths had to be accepted, and it was hoped that the cross 

section shape and body of material would prevent excessive distortion 

while working, checks on random lengths of rail after delivery showed 

the 'spring* over each length had been kept well under 0.001 inch, 

in both horizontal auid vertical directions. Butts were milled 

square. 

The method of mounting and adjusting the rail lengths is shown 

in Fig. 635 each length is held by two short lengths of screwed rod, 

screwed into tapped holes in the vertical base and held by lock nuts, 

near each end and at mid-length. Horizontal and angular setting may 

be adjusted by the nuts where the screwed rod passes through the 

girder web. The holes in the girder web are over-size to allow the 

screwed rod an adjustment of i 1/8 inch both vertically and long-

itudinally. Vertical adjustment ia arranged at each setting position 

by bolts through the web of the rail section supported from angle 

brackets bolted to the girderj horizontal adjustment is allowed by the 

elongated hole in this bracket. 

Alignment of the rails in the horizontal plane was achieved by 

use of two piano wires stretched lengthwise, from which the rail lengths 

were set by slip gauges, A hook gauge mounted on a specially 

designed clamp was used to set the height of each rail length above 
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the water, and angular alignment achieved by use of an accurate 

spirit level and straight edge. 

The mounting of rails was commenced by setting one length 

horizontally and vertically by meajas of the slip and hook gauges, the 

top face being adjusted horizontally by use of the spirit level. The 

next length of rail was now butted against that already in #lace with 

surfaces fair, and the free end aligned with slip and hook gauges, 

together with the spirit level and straight edge. Both complete 

rails were erected in this manner, then checked for separation by a 

spacing bar and slip gauges and for horizontal upper surfaces 

laying the straight edge transversly across both. 

At the first attempt, when the rail lengths were being mounted 

and the Technicians inexperienced, the accuracy of alignment was 

about t 0.004. to 0.005 ins., but this was considerably improved as 

the operators became used to the procedure. 

Experiments indicated that experienced Technicians could align 

the lengths to within & 0.001 ins. in the horizontal plane by using 

the slip gauges and piano wire and to within the same tolerance in the 

vertical plane using hook gauges. 

Measurements on the rails some six months after the initial 

setting indicated misalignment of some lengths, the maximum being a 

of 0.003 ins. below the nominal level. There were no indications 
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whether the fall was due to movement of the supporting structure or 

the rail mounting arrangements; these faults were corrected and a 

check after a further three months indicated no further changes. 
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Fig.62. Arrangement of gantries for rail support, 
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Appendix 6; Carriage Alignment and Tovlng Arrangements 

Details of each wheel assembly are shown in Fig. 64. ^hile 

the main running wheels should have a large diameter in order to 

reduce vibration effect of rail joints and rusting, they had to pass 

beneath the supporting gantry cross beams and this led to a maximum 

diameter of 7 ins. to allow for clear^ce. The wheels are carried on 

an eccentric shaft, by a spacing piece, from a mounting block attached 

to the carriage structure and have self aligning ball races in case 

of slight innacuracies in rail setting. The height of the carriage 

structure in relation to each wheel can be adjusted, to facilitate 

levelling the platform, by means of the eccentric shaft. 

Skewing of the carriage is prevented by guide wheels at each 

corner running on the vertical rail faces; alignment of the carriage 

longitudinally is arranged by adjusting the projection of these wheels 

from the carriage structure (see Fig. 64). A clearance between the 

wheels and the rail face of 0.002 ins. was found sufficient to 

provide a free run without excessive skewing, so allowing a possible 

change in alignment for the model in yaw of some 0.003 degs. 

Roll and pitch is prevented by guide wheels on each corner 

running on the bottom rail faces. These are carried on mounting 

blocks as shown in Fig. 64 and may be adjusted to the desired vertical 
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position by meanp of eccentric shafts, ^hen placing or removing the 

carriage, the wheels may be swung clear by slackening the securing 

screw between the mounting block and carriage, A clearance of 0.002inH. 

between wheel and rail face was found desirable to obtain completely 

free running. 

All wheels were constructed of Jabroc with a nominal concent-

ricity of 0.005 ins; tests of the main running wheels after delivery 

showed that this nad been obtained, and the running clearances 

detailed above indicate that under the worst combination of tolerances, 

the total errors of wheels and rail amount to less than 0.002 ins. 

between running and roll/pitch steadying wheels. 



Arrangement of Drive Gear and Towing Cable 

A Diagrammatic view of the Drive Gear layout is given in Fig. 65. 

The output from the A.E.I, synchronous motor is taken via a 

reduction gear to the four speed motor-cycle gearbox/alutch assembly; 

the reduction gear is required here to bring the input R.P.M. at the 

clutch to near the usual value met with in motor cycles. This 

clutch/gearbox (a 1952 model manufactured by Associated Motor Cycles 

Ltd, ) has input/output ratios between shafts of 2.65, 1.70, 1.308, 1.0. 

From its output spocket, the drive is led to three 3-speed cycle 

gearboxes (Sturmey Archer type A.S.C.) mounted in series, each 

having ratios of 0.75 0.9 and 1.0, output to input between shafts; 

and hence to the spocket on the winch drum shaft. 

The two winch drums were manufactured from 6 in. diameter mild 

steel and keyed to a 2 inch diameter shaft carried in ball races. 

Each drum was designed to carry approximately 95 ft. of towing cable, 

more than sufficient for the travel of the carriage during each run. 

The arrangement is such that while the cable winds o^ to one drum, 

exerting a pull on the carriage, it unwinds from the other, the 

direction of motion of the carriage depending on the direction of 

rotation of the motor. A uniform feed of cable to and from the 

winch drums is obtained by the cable running in helical grooves cut 

into the drum surfaces. 



From one drum, the cable is led, as shown diagrammatically 

in Fig. 66, over a 6 inch pulley mounted on a self-aligning ball 

race to allow correct feeding to and from the drum, along inside the 

channel section of the waterway top edge, and so over 2 inch diameter 

pulleys to the underside of the gantry cross beam at one end on the 

centre line of waterway, down the tank to a similar pulley on the 

other end cross beam, and so back over a second large pulley to the 

other drum. To tension the wire and provide damping against the 

tendency to surge, especially when accelerating through the clutch 

or stopping, on each side of the drive gear the wire is looped througr 

a pulley which carries a freely hanging weight of fifteen pounds. 

At the carriage, the cable passes through two clamping plates 

at the top of the towing post which enable rapid connection and 

disconnection. 

When first erected, the cable of 22g piano wire was arranged in 

one continuous length between the winch drums, but in the event of 

breakage, replacement of the complete cable was necessary; in 

practice it was found to sttap at or near its attachment to the towing 

post in nearly all cases of breakage, presumably due to the weakening 

effect of the clamping plate edges; to obviate the need to replace the 

complete length of cable, a short length of piano wire of smaller 

gauge was placed between the two lengths paesiag over the winch 



From one dnm, the cable is led, as shown diagranimatically 

in Fig, 66, over a 6 inch pulley mounted on a self-aligning ball 

race to allow correct feeding to and from the drum, along inside the 

channel section of the waterway top edge, and so over 2 inch diameter 

pulleys to the underside of the gantry cross beam at one end on the 

centre line of waterway, down the tank to a similar pulley on the 

other end cross beam, and so back over a second large pulley to the 

other drum. To tension the wire and provide damping against the 

tendency to surge, especially when accelerating through the clutch 

or stopping, on each side of the drive gear the wire is looped through 

a pulley which carries a freely hanging weight of fifteen pounds. 

At the carriage, the cable passes through two clamping plates 

at the top of the towing post which enable rapid connection and 

disconnection. 

When first erected, the cable of 22g piano wire was arranged in 

one continuous length between the winch drums, but in the event of 

breakage, replacement of the complete cable was necessary; in 

practice it was found to sttap at or near its attachment to the towing 

post in nearly all cases of breakage, presumably due to the weakening 

effect of the clamping plate edges; to obviate the need to replace the 

complete length of cable, a short length of piano wire of smmller 

gauge vras placed between the two lengths paesiag over the winch 
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drums, and connected to them by rigging screws. This arrangement 

has the additional advantages that cable tension can now be adjusted 

by the rigging screws, and that the position of the carriage on the 

towrope was immediately" obvious after any period of separation. 

To prevent injuyy from the wire while running, guard plates are 

fitted over all exposed parts of the wire in the main working areas. 

Positioning and Aliening the Garriaee 

To place or remove the carriage, the four horizontal steadying 

wheels should be wound inward to give maximum clesirance from the rails, 

and the four vertical steadying wheels swung inward by slackening the 

screws between their mounting blocks and the carriage. The carriage 

with the four main running wheels in position, may now be lifted 

slantwise to pass between the rails and then lowered down to its 

correct position. At this stage it is adviseable to align the 

carriage longitudinally, by adjusting the horizontal steadying wheels, 

to ensure that any travel dows not cause the main wheels to jump 

the rails. 

As the tiowlng wire is set at the centre of the rail width within 

approximately 1/32 ins. at each end pulley, the carriage may be set 

along this axis by suspending plumb bobs from the two carriage end 

beams. It was found possible to align the carriage to within I/64. ias. 

at each end by this method which could lead to a maximum error of 

0.025°. 



The height of the main running wheels may now be set to make 

the carriage platform level, or at any small angle required, by 

reference to an accurate spirit level or by use of the hook gauges 

set at each side and each end of the carriage structure in turn. 

The spirit level will give sufficient accuracy (l min,) for normal 

work, but by use of hook gauges, the maximum difference in height 

of the sides could be set within 0.004 ins. (giving a maximum error 

in roll angle of 0.005®), and the maximum difference in height of the 

ends to the same accuracy, giving a possible error in pitch of 0.003°-

The vertical steadying wheels can now be set to the required 

clearance by use of the ecdentric shafts and the carria-e tew rope 

connected by means of the clamping plates on the t-ow post. 

As a check on the accuracy of rail alignment and its effect on 

the stability of the carriage platform, the error in level, pitch 

and roll for 2 ft. intervals of travel down the waterway was assessed 

by mounting the hook gauges at each side and each end in turn. It 

was found that the maximum change in height at any gauge was within 

the limits of reading for the gauge i.e. 0.001 ins. 
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Appendix 7 

Design and Manufacture of Balance Flexures 

The arrangement of the balance flexures is shown in Fig. 47; 

each flexure was designed to be machined from solid bar steel with 

the end fastenings made encastre. 

The design problem therefore became that shown in Fig. 67a, of 

a beam length 's', under a side force 'W which displaces its ends a 

distance 'a* while under a tension *?*. 

The deflection 'a* is the relative movement of the two force 

plates considered, which is measured by the linear pick-offs, and the 

tension 'P* is due to the weight of that part of the balance below the 

flexure considered. 

The problem amj be simplified to that in Fig. 67b, viz. two 

cantilevers having length t = g/2 under the loads W and P. 

Using the usual methods, it can be shown that the deflection 

at the free end of each cantilever is given by; 

g = 

SO that for the complete flexure, 

a ' ( s - 2 7 ^ ••!-) 

If the tension P is reduced to zero, then the expression for the 
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cantilever can be shown as reducing to 

the usual expression for a cantilever having a weight W at its 

free endj this will be seen to aid. the calculation of flexure dijB~ 

ensions. 

The required second moment of area for the flexure cross sections 

was calculated give deflections between respective force plates 

of 0.010 ins, under the loads designated as 'normal' in the specific-

ation. (6lbs. for side force and 31bs. for resistance). The method 

of calculation is illustrated for the case of the Side force flexures. 

These had to give a deflection (a in the expression) under a 

load (w) of 6 lbs. In their case the wejĝ ht of tiie balance supported 

by the four flexures was approx. 50 lb., so tha: P = 50/4 lbs. 

's' was set at 6 ins. to provide a convenient layout for the balance 

system, E being taken as 30 X 10 Ib/sq. in. 

Using the expression, it is difficult to obtain I the required 

second moment of area in terms of the remaining quantities, but 

reference to the simplified case of the cultilever without tension-

load, indicates that a reasonable value for I is 0.003 in'̂  (for four 

flexures.) 

Using this value in the ccjnplete expression, gives a deflection 

of 0.0096 ins. so that for normal calculations, it would be sufficient 
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to consider the flexures as double cantilevers, giving the second 

moment of area I = 

This simplified expression was used to calculate the particulars 

for both side force and resistance flexures, and gave; 

I, side force = 0.003 in^ for a total of four flexures. 

I, resistance = 0.00015 in"̂  for a total of four flexures. 

It was also necessary to choose the ratio of thickness to breadth 

for flexures.to obviate any poisson ratio effect due to application 

of loads at right angles to those being measured, but as the linear 

pick-offs measure the actual deflection between plates, any cross 

coupling due to deflections about the minor axis is obviated. 

With 5/8 ins. hexagonal bar, the thickness of each flexure to 

give a deflection of 0.010 ins. under normal loads was approx. 0*12ias. 

for side force, and 0.095 ins., for resistance. 

JSxperience at the N.P.L. indicated the use of steel to B.S.S. 

EN27 (S96) for manufacture of flexures in order to gain repeatability 

and absence of hydterisis effects about the zero. 

Considerable difficulty was experienced in obtaining steel to 

this specification; it was finally purchased from Folland Aircraft 

Ltd., first as half inch bar, and later as 5/8 inch hexagonal bar. 

Due to its hardness, great difficulty was encountered in 



machining the flexures from bar; it was found that normal mill 

tool cutting edges were not sufficiently strong and soon became 

chipped; problems also arose in preventing 'spring* while machining 

the long straight section, a situation exaggerated by the difficulty 

of holding round bar on the machine bed. The use of hexagonal bar 

obviated this last trouble, and from experience it was found that 

the machining process illustrated in Fig. 68 reduced 'spring' to 

a minimum. 

Despite this approach, it was extremely difficult to machine the 

flexures below 0.12 ins., and after several attempts it was considered 

adviseable to accept resistance flexures having thickness of some 

0.105 inches in order to achieve four of uniform dimensions. This 

reduced the maximum deflection between resistance force plates zinder 

normal loads, but was accepted for the preliminary model tests which 

were to follow. 
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APPENDIX 8 

Operating Procedure for Toyiny T|n)<; 

1. The following discipline should be observed regarding run 

timing: 

(a) Ignore the first run of the day, which should be made at 

a speed of around 4- ft/sec. 

(b) Allow six minutes between runs and keep to this frequency. 

(c) If a time interval of over half an hour should occur 

between runs, the first run afterwaads hould be made at about 

4, ft/sec. and the results ignored. 

2. The heel unit and two dimensional balance should be calibrated 

before starting a series of runs as follows: 

(a) Disconnect towing wire from the carriage clamp and ensure 

that it is free to lie centrally along the tank centre line. Move 

the carriage so that the model attachment post is some eight feet 

from the Eastern end of the Waterway, and secure by use of wedges 

beneath one wheel, 

(b) Apply the resistance calibrating weight by hooking the 

cord round the post, ensuring the pnlley runs freely. The cord may 

be checked for alignment by use of plumb bobs suspended from the 

tow wire J these should hang in the water to damp movement, and be 

spaced some 6 ft. apart. Cord level may be checked from the water 
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surface by use of a normal saale, ensure there is no movement of the 

Side force meter when the calibrating weight is applied. If move-

ment occurs, then the balance must be rotated so that the resistance 

flexures are correctly aligned as shown by the side force meter 

remaining static when weight is applied. 

(c) Remove calibrating weight, arrange the required offset for 

the resistance transducer core (0.004 to 0.005 ins.), and zero the 

meter. 

(d) Set the meter maximum scale reading by applying the 

necessary calibrating weight. This is likely to alter the zero 

setting of the meter, but several adjustments of zero and full scale 

will bring both to their correct settings. 

(e) Remove the resistance calibrating weight and run the 

carriage back so that the model attachment post is square to the 

pulley for side force calibration which is situated on the waterway 

side at the model handling platform. 

(f) When the carriage is seen by eye to be nearly at its 

correct position, apply the side force calibrating weight by hooking 

the cord round the model attachment post. The carriage may now be 

positioned by means of wedges until the application of weight results 

in no movement of the resistance dial. 

(g) Remove the weight and set the meter aero. Set the maximum 
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scale and zero as described for resistance. 

(h) Remove all calibrating weights and wedges, reconnect 

towing wire to carriage and the model is ready for running, 

NOTE: (1) It may be advisable to check model alignment periodically, 

(2) Calibration should be checked roughly, to ensure its 

stability, after approximately every six runs. Providing sharp 

changes in temperature have not affected the electronics, no variation 

will be found. This rough check need not be so concise, it is usually 

sufficient to position the carriage opposite the side force pulley 

and apply resistance calibrating load there also. I^^dication that 

a check in calibration is needed will be found in small changes of 

meter zero that fail to disappear when a small displacement is given 

to the lower force plate and then removed. 

(3) The electronics should be allowed at least ninety minutes 

to warm up and stabilise their temperature before use. 

3. Run Procedure 

(a) Check that the carriage is free from all wedges, clamps 

on rail, tools projecting from platform etc. and that all calibrating 

weights have been removed. Also check that travelling «able is free 

on its runners, V 

(b) Withdraw clutch approx 3i complete turns of the handle from 

its fmlly in position; on no account mugt it be wound out more than 
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4 turns as this may result in cable breakage or the clutch mechaniSiB 

jajnming inside the gearbox. 

(c) Press 'READY* button, check operation (denoted by small 

click). 

(d) Press 'FORWARD' motor start button; if the motor fails to 

start, this may be due to failure of the READY button to function, 

or because one of the photo-electric relays is not operating 

correctly. The latter are set to 'fail safe' and a bulb may have 

burnt out or be mis-aligned with respect to its light sensitive 

element. 

(e) Select gear required; although it will be found possible 

to seledt the cycle gears without the motor running it is not 

advise able and may cause mis-alignment of the gear wires. It is 

usually not possible to select the motor-cycle gears with motor 

stationary. 

(f) Ensure the waterway is clear, then engage the clutch 

smoothly, allowing it to slip when the model first begins to move. 

It is essential that while achieving a rapid run-up to speed, the 

clutch is handled delicately and smoothly, as the quality of model 

measurements is dependent on this. 

(g) When the carriage reaches the start of the timed run, the 

photo-electric relay switches on the Dekatron counter; at the end 
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of tne timed run, the counter is switched off by a further relay; if 

this fails to operate, a second some three feet further on will shut 

off the counter and the motor. As the time for the run is known 

closely, indication of failure in the first end stop is given by the 

run time over-running on the counter; if this occurs, the console 

STOP button should be depressed immediately. 

(h) When the run is completed, withdraw the clutch, press the 

motor REVERSE button, select gear 1,333 and engage the clutch smoothly 

to make the return run. An end stop relay at the Eastern end of the 

waterway will halt the carriage from this speed at the required 

position for adjustment and the following forward run. 

If a model is connected to the carri^^e, it should normally not 

be run back at a speed in excess of the gaar setting quoted, as the 

model leeway angle may change as it passes sternwards through waves. 

If at any time the carriage is run back at greater speed, then the 

console STOP button must be used as the end stop is positioned to cater 

for low speeds only. 

(j) the end of the return run, withdraw clutch and prepare 

for the following forward run. It will be found that the six minute 

interval is sufficient to allow the check calibration to be made if 

required, 

(k) At the end of a period of running; 

(a) Leave clutch wound in. 
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(b) Leave motor cycle gear box in neutral, cycle gear-

boxes in top gear. 

(c) Switch off electronics unless further work is 

contemplated. Adequate warming up time must be allowed for the 

electronics to avoid small changes in meter setting during early 

runs of a series. 

(d) Switch off building lights but NOT heaters. 



APPENDIX Q 

Ligt of Drawings giving Details of Towing Tgnk 

Drawing Number Title 

Drive Unit for Towing Tank Winch Structure 

2 General Arrangement of Tank Structure 

3 Testing Tank Carriage (G.A.) 

4 Carriage Bogie Unit 

5 G.A. Two Component Balance 

6 Balance Details (3 sheets) 

7 Mounting Brackets for Drive Components 
(2 sheets) 

S Drive Components 

9 Balance Flexure 

Support and Adjustment Arrangements 

Alignment Jig. (Rail Clamp) 

12 Rail Alignment Unit (Hook Gauge) 

13 Control Console 

14 Turntable G.A. (Balance) 

15 Turntable Top Plate 

16 Turntable Backing Plate 

17 Turntable Mounting Plate 



18 Towing Bracket for Carriage 

19 Universal Joint Details (Balance) 

20 Mounting of Diffeirential Transformer Pick-Offs. 
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CaiPTSR 18: IHTRODPGTTnn 

Since the early work of DavlcSon (s^f. 9) which established 

the basic concept of splitting the total hydrpd^aamic force on the 

yacht's hull into thr e components as an aid to study, very little 

published data has been made available from which the hydrodynamic 

characteristics of a hull could be established over a wide ranre of 

conditions, both within and outside the sailing envelope. 

By far ths most part of experimental work on hulls has been, the 

r • suit of routine commercial testin-- for various designers or for 

tne Yacht Research Council, at the Davidson Laboratory, the -National 

Physical Laboratory and the Saunders See Division of Westland Aircraft 

Ltd; the number- of runs -nd coverage of conditions in each case his 

been too restricted to allow their use in more general work. 

The surge back to popularity of Twelve Metre Yachts resulted in 

the Sau-iders Roe Division undertaking an extensive programme o: tank 

tests on a variety of these models for the Red Duster Sjudioate; 

unfortunately due to the cost and the heavy competition for the 

itoerica's Cup, the results are unlikely to be r» ,de generally available 

in the near future, although .some data believed to come from this work 

has been included by Crewe (Ref. I5) in a very recent parer read 



before the Bcyal Ins t i tu t ion of Maval Architects. 

H,M. Barkla has recently undertaken a series of model exper-

iments at the Davidson Laboratory, the results of which are not 

available although he is believed to have studied a series of 

models using the established Gimcrack Technique to establish their 

variation in perfonnance with changes in hull proportion. It ia not 

known Whether the results give a sufficient coverage to enable more 

general characteristics to emerge. 

The lack of information concerning the hydrodynamic character-

istics of sailing yachts of normal size has hampered the development 

Of a more generalised analysis of performance than that originally 

established by Davidson, and now used in a modified form during 

routine tank testing and comparative performance prediction. 
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CHAPTER 19; OBJECT AMD LAYOUT OF FlYPF.mjDSNTS 

19.1 Object of Experlmentm 

Existing results of model tests are unsuitable for use in a 

general manner with the performance analysis of Part 1,, and the 

primary purpose of the present work was to obtain a typical set of 

'hull characteristics' in the form required for the analysis, by 

measurement of the relevant quantities. 

In addition, further model tests were made to determine 

various properties of the model. 

The object of the experiments may therefore be summarised as: 

(1) To obtain and examine a set of hull characteristics as required 

for the performance analysis of Part 1, extrapolated to a full scale 

yacht at one A.U,W. and C.G. location. 

(2) To study the upright, zero leeway, resistance and its variation 

with course velocity. 

(3) To compare the measurements made during these experiments with 

those obtained during previous work with the same model, 

U ) To study the hull's transverse stability under static and 

dynamic conditions. 

(5) A br ie f series of experiments to determine the e f fec t on the h u l l 

properties of changes in : All-tJp-Weight (depth of h u l l immersion), 
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G*G. location, rudder application. 

(6) To investigate the variation in hull wetted area wit-h course 

velocity, leeway, and heel; the wetted surface of the model and 

full size yacht is of importance when determining the skin friction 

resistance during the scaling up process frcan model to ship, 

discussed in Chapter 20; with a yacht it might be expected to vary 

considerably with speed and hull attitude and this investigation 

was undertaken to provide a preliminary assessment of these changes, 

19.2 Layout of Experimental 

Range of variables 

A yacht may work under conditions which vary widely in terms 

of true wind velocity and sea conditions, and any comprehensive 

series of model tests must cover as much of this range as practicable. 

The course velocity may vary from practically zero to a maximum 

set only by the ability of the vessel to sail, and these two extremes 

are difficult to simulate in experimental work. 

At the lower end of the velocity scale, the model used in a 

small tank is subject to axi unknown flow state in the boundary layer 

as the stimulation of turbulence is usually ineffective at the low 

Reynolds Numbers involved; results are likely therefore to be 

meaningless and impossible to extrapolate to a full size vessel if 



required. In the case of the model used in these tests it was 

found that the minimum course velocity to give repeat able results 

with effective turbulence stimulation was around 1,54. ft/sec. (see 

Chapter 16, Part 2, describing tank evaluation.) 

At the higher speeds, an actual yacht is likely to be work-

ing in high and confused sea conditions, so that results from 

tests in smooth water are unlikely to apply. With the present state 

of knowledge, however, the understanding of smooth water preformance 

is far from complete, and work on this must be advanced before per-

formance under more complicated circumstances is attempted. 

In practice, the maximum speed-length ratio (V//X) attained by 

displacement yachts is agreed to be around 1.4, and this set a 

nominal upper limit of course velocity for the runs. 

The attitude adopted when sailing depends on a combination of 

the sailing geometry, hydrodynamic properties and aerodynamic prop-

erties of the yacht. 

Leeway may vary from 0® when running to a maximum believed to 

be around 6® to 10® when close-hauled, depending on the type of yacht; 

Ref. 13 gives a maximum of about 6° obtained during full scale per-

formance trials of the 5.5 metre yacht * Yeoman IV'. A range of leeway 

between 0° and 12® was therefore adopted for the tests. 



Heel while sailing may vary from zero while on the run or a 

broad reach to a maximum depending on the vessel's stability and the 

overturning couple from hull and sails. The maximum usually adopted 

in tank tests ia 30°, but in the case of the model used in the 

experiments attainable heel was restricted to about 22®; above this 

angle, the deck edge became immersed and the model shipped water. 

Conversation with owners and experience while sailing the type of 

craft suggests that this is likely to be near the maximum heel in 

practice, while Refs. 1. & 12 indicate that the maximum heel angle 

achieved in previous work wioh the model in tests simulating actual 

s iling conditions was around 19°, 

Details of the range of course velocities, A.U."'., C.G. location, 

model attitude, and measurements made will be found in the description 

of each series of experiments given in Chapters 21 to 26. 

A description of the balance and associated arrangements for 

measuring the required quantities will be found in Part 2} they were 

deteloped in conjunction with the same model so that details of 

measurement, accuracy, and geometry apply to these experiments. 

Flexibility of the balance design enabled measurement of the 

hydrodynamic force components using either 'Sea' «eB or 'Body-Sea' 

axes; as the present work was designed to obtain infomation of use 

in the performance analysis and to establish the hull characteristics, 

force components were measured using the 'Body-Sea' system of axes. 



i9o 

/ 

Hull characteristics used in the work of Part 1 to evaluate 

the performance analysis were required in terms of the full scale 

yacht, and the expansion of results from model to full scale is 

discussed in Chapter 20. Applicable results from the experiments 

were scaled up in a simple manner to provide this data, an account 

of the scaling used in each case is given in Chapters 21 and 22, 

19,3 The Model 

Immediately available was the model used in work to evaluate 

the use and capabilities of the tank, described in Part 2. 

Manufactured originally by the Saunders Roe Division of Westland 

Aircraft ltd., and used by them in work for the Yacht Research 

Council, the model was nominally a one-sixth scale hull of a Dragon 

Class One Design yacht. Particulars of this hull and the previous 

series of tests will be found in Ref. 1. The model had been 

presented to the University by Saunders Roe Division for use during 

wind tunnel work, and some modification and damage had occurred. Due 

to its age, the various modifications, damage, poor storage, and use, 

some distortion was evident, so that doubt must exist whether in fact 

it represented the hull of a »Dragon* during these experiments; 

Crago (Ref.4) gives a life of one year for a model before re-cutting 



may be advisable, and this model was some seven years old at the 

time of Use, 

For the present experiments, the model should therefore be 

considered as merely a 'typical' hull for use in obtaining a 

'typical' set of onaracteristics and their variation with the 

various parameters involved. 

The original surface finish was varnish, but this had deter-

iorated badly, and the hull was re-finished in while enamel paint to 

give a good surface which would also provide a reasonable background 

for the photographic work required during the wetted surface 

investigation. 

Details of the model mounting and arrangement will be found in 

Part 2. 

19.6 Sequence of 

To satisfy the objects stated previously with a minimum number 

of test runs, the following sequence of experiments was adopted: 

(1) Measurement of the hull's transverse stability under both static 

and dynamic conditions at one A.U.W. and C.^ location, designated the 

'Standard' condition, and the effect on stability of changing the V.C.G, 

(2) Measurement of the hydrodynamic force components and F 



18 2. 

associated with the hull in the 'standard' condition over a wide 

range of course velocity and hull inclination. 

(3) A study of the upright resistance. 

(4) A brief series of experiments to study the effect of variation 

in A.U.W., L.C.G, location, and Rudder Application, 

(5) A series of runs to determine the variation in wetted surface 

with model velocity, and hull inclination. 

The results of these experiments have been used, as detai led 

below, to sat is fy the objects of the work set out in section 19: 

(a) Results from ( l ) & (2) were used to deteisda. and examine the 

typ ica l hu l l characteristics required for use with Part 1, see 

Chapter 21. 

(b) Results from (3.) have been used in Chapter 22 to study,the 

hull's upright resistance. 

(c) Results from (2) and (3) have been used in Chapter 23 to 

compare the results of these experiments wit those obtained during 

previous work with the model at Saunders Roe Division, and available 

data on other hull forms. 

(d) A study of the h u l l ' s transverse s t a b i l i t y i s made i n Chapter 24 

using results from (l). 

(e) The ef fect of L.C.G. posit ion, and A.U.W. on the close 



93 

performance and upright resistance is studied in Chapter 25 using 

results from (4.). 

(f) Rudder Application and its effect on the vessels perfomaance 

is discussed in Chapter 25, using results from ( 4 ) . 

(g) The Variation in wetted surface is studied in Chapter 26, using 

results frcm ( 5 ) . 

In all, these experiments occupied fourteen weeks, and a total 

of some three hundred and thirty six 'useful» runs were made (as 

distinct from runs made to set up the model, and check runs*) 

Check runs were made of approximately 25^ of the points to ensure 

correct and repeatable results were obtained from the tank. In future 

worl̂  these ch#ok runs would not be necessary as the agreement was 

found to be excellent; they were used here as a precaution during 

the first scale 'production* operation of the Facility. 
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CHAPTER 20: EXPANSION OF MODEL TRST sy-̂ rjLTs TO A FTTT.f scALR yahht 

I t i s often neoessaiy, especial ly during the routine tank 

test ing of yacht hul ls for performance pradic. ion, to scale up the 

results fo r applied moment and hydrodyr.amic force to a f u l l size 

vessel, 

D n t i l the present series of tests , the force components have 

been measured using a system of 'Sea' azes, and were the quanti t ies 

Side Force and Resistance, equivalent to aerodynamic L i f t md Drag, 

quired fo r the f u l l scale performance prediction using established 

methods developed from the work of Davidson. 

n g . 69 shows the side force and resistance i n plan view using 

the established Course/sea axes, 

UvogQDV^JwMig Fogce CLoMPokJE^^rs iw l4ogi-z.Oh/tal.dfgaj 
PuAwe VviTw 'Ssft'A^sg " ~ 
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The scaling—up of these force components and moments has 

necessitated the usual assumptions and scaling methods used in the 

extrapolation of tank tests on ship models. In fact it is not yet 

established whether the traditional method of scaling up resistance 

is permissible with yacht forms. 

Resistance 

The most difficult component of force to expand is the 

resistance, and the usual techniques dictate the method of tank 

testing. 

It is well known that the resistance of a ship is a function of 

Froude Number, Reynolds Number and Form. 

i'*' ^total ~ F(Fr,Re,fom) 

The direct use of this in scaling up model results is impossible, 

however, as the xull size Froude and Reynolds Numbers cannot both be 

satisfied at the same time on the model scale. In practice, the 

Froude Number is maintained constant, and the model run at the same 

required for the ship; there axe two main reasons for this; 

the correct Reynolds Number would lead to extremely large model 

velocities, impossible to attain, also the friction resistance due to 

Reynolds Number is more easily approximated than would be the portioa 

of resistance controlled by Froude Number. 

As originally proposed by William Froude, it is taken as a first 
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assumption that the total resistance can be split into two,parts, one 

controlled by Reynolds No. (Friction Resistance), and one by Froude 

Ho. (Residuary resistance). 

^total ~ is residuary resistance 

Hp is friction Resistance. 

Where R^ Tor a ship is made up of both form and wave—making 

resistance. 

In the case of a yacht, when the hull is making leeway and 

producing Lift, the induced resistance is considerable and must be 

included under the heading of foiro resistance, which will therefore 

change with leeway. 

The friction resistance is approximated for both model and 

ship by the use of coefficients at the respective Reynolds No., taken 

for an equivalent flat plate. 

ŵ hen scaling up, the estimated friction coefficient of the 

model is subtracted from the total coefficient to give the residuary 

coefficient: 

*" ̂ F (estimate for model) 

Cj. for the ship is now estimated from the established data and 

added to giving the total resistance coefficient for the full 

size ship. To this coeificient may be added a roughness allowance 

for the full size vessel, which varies according to the practice of 

the the establishment undertaking the tests, and according to the 
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f r i c t i o n data being used. The various formulations, each of which 

claim to give the true var iat ion of f r i c t i o n coeff icient with 

Reynolds No. give d i f fe rent values and much of the roughness 

coef f ic ient may be used to ' i ron out' the differences, according to 

the experience of each tank. 

I t has been recognised for many years that although model 

experiment tanks have a wealth of experience i n applying th is type of 

extrapolation, and much feed-back data from t r i a l s to assist in making 

a very close approximation, the method is not ent i re ly sat isfactory. 

Basically, the resistance should not be separated into the two com-

ponents, but as this is necessary to permit scaling up, then there 

must be cross-coupling ef fects between the two parts; in par t icular 

the f r i c t i o n resistance i s dependent of hu l l curvature as i t acts 

tangent ia l ly at every point and also on the loca l veloci t ies which 

are not constant over the surface due t o the pressure f i e l d ; s imi lar ly , 

the form resistance w i l l be affected by the boundary layer and hence 

Reynolds No, 

The d i f f i c u l t i e s of scaling up are mult ip l ied i n the case of a 

yacht because of i t s unsymmetrloal t rave l along the course, the pressure 

d is t r ibut ion is complex and unsymmetrical, result ing in a non-uniform 

wave formation on each side of the hul l , a large fonn or induced 

resistance, a wetted surface which may vary considerably, a var iat ion 



i n the wetted length, and a considerable var iat ion in loca l veloci ty 

over the hu l l surface. The position is further confused by part of 

the resistanee acting along the centre- l ine (pr incipal ly f r i c t i o n ) 

and part along the course. 

I t would be fortunate therefore, i f the same methods which 

have proved satisfactory for large-ship work could be applied un-

changed for yachts. 

Of great importance during the tests is the state of flow in 

the boundary layer . In order to gain repeatable results and to 

calculate the f r i c t i o n resistance for both model and ship, i t i s 

necessary,to know the flow stace in both the i r boundary layers. 

On the model scale, i t i s uaual to make the boundary layer f u l l y 

turbulent by means of stimulatory as i t would be impracticable to 

maintain laminar flow over the whole wetted surface. 

In the case of a ship, i t i s assumed that the boundary layer i s 

f u l l y turbulent, which must be a very close approximation to the 

t ruth , especially under a l l but dead calm sea conditions. 

Whereas the prime concern i n ship testing w i l l be to obtain 

accurate predictions around the upper region of speed, with a yacht 

whose speed range w i l l v^ry from zero to a maximum controlled by the 

design and sai l ing conditions, the whole range is important. 
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A f u l l size yacht is of a length and a form which could lead 

to the flow being largely laminar, especial ly on the pressure side 

when making leeway at low speeds when the water w i l l be reasonably 

s t i l l . At high speeds i t may be that the natural turbulence from 

the distrubed free-water conditions causes a completely turbulent 

boundary layer , but th is is not confirmed as / e t . 

I n addition therefore, to the other problems peculiar to 

yachts, the computation of fu l l -sca le f r i c t i o n resistance i s com-

pl icated by this uncertainty; i t must also be queried whether the 

separation points ajid forms are similar for model and yacht. 

Although there are many problems in the use of established 

procedures with yachts, there is the advantage that for many c ra f t , 

the i r length is such that i t is only marginally greater than models 

used i n the larger tank®. Correlation over the model range is wel l 

established, so that here is one factor supporting use of the method. 

Despite the lack of understanding in the situation, the method 

is used by tanks when predicting f u l l scale performance; unfortunately 

andy feed-back from f u l l scale yacht t r i a l s to confirm th is prediction 

i s expensive, d i f f i c u l t and infrequent. The main claim t h accuracy 

l i e s i n the fact that yacht designers have found i t pays them bo have 

the i r designs tested, the result ing improvements being we l l wo%%& while. 

(Ref. 4 ) . 
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Side Force 

The expansion to full—go&le of side force measured perpendicular 

to the course is met with primarily in yachts, and no work on i t is 

a /a i lab le . 

As the skin f r i c t i o n on the hul l acts, along the body and not 

the course, ana the full—scale coeff icient is smaller than that on 

the model scale, the fu l l -sca le side force w i l l be reduced by a small 

amount as shown in Fig. 70. 

I t appears to be assumed in comir.ercial work that the effect of 

Reynolds No. is unimpartant, and that the coefficients at comparable 

speeds are ident ical for model and yachtj ( r e f . $ ) . 

F\G.70. ScAL£ Effect osi Lift [siogfoace.) 

L\<=-T 
ToT^u rgte.T. {gesitr. fPuLL Scftug) 

ScALg CFPSCT 

CoMPoWEWT op ScALg 

Totau Fr̂ ct- l?eiisr. 
kaoo 

effect oki sioe porce. 

Bodv/Sea Axes 

When using these axes, the two horizontal components of force 

are measured para l l e l and perpendicular to the yachts centre-l ine. 
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the X axis being the centre- l ine and the X - I plane p a r a l l e l to the 

sea ( f i g . 71) 

Part of the force (equivalent to f r i c t i o n resistance) acts 

along the axis (C.L. ) and part along the course. The scaling position 

i s no clearer than with the established axes, and there seems no 

reason to believe that the t rad i t iona l method of extrapolation should 

prove any less r e l i a b l e . 

F\&.7 I . Fot̂Cff COVIPO»jemts 

\kj mottlz. ol4tau fega) puamg whskj 

û iisjG BoDv/SgA AXES. v* x < 

gesistaklc.g(fyvo) 

^ A*\s 

s\0eforc£(fyvsj) 

The expansion of to f u l l scale is not complicated by skin 

f r i c t i o n scale e f f ec t , the component being largely due to the pressure 

distr ibut ion over the hu l l surface. Although i t i s unl ike ly that 

Reynolds No. ef fects are ent i re ly missing, without fur ther knowledge 

i t appears necessary to assume that is independent of Reynolds No. 

for scaling purposes. 

S tab i l i t y Moment 

The moment acutal ly required during experiments, for the 

purpose of Part 1, i s that necessary to heel the yacht to a certain 
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angle. As such, i t involves the movement of a weight through a 

known distance, so that no complications arise in the scaling to 

f u l l size. The question of s t a b i l i t y under dynamic conditions is 

considered at greater length in Chapter 24. 
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CHAPTER 21! HULL CHAR/iCTERIJTIGS FOR USE WITH THS PERFQRMMCE 
ANALYSIS OF PART 1 

I n i t s basic form, the analysis of Part 1 requires hu l l 

characteristics as curves of ^Xw ^ plotted against 

q 
for a number of values of Vq at several angles of heel. 

g%w 

This cal led for F^^, F^^ and to be measured at a 

part icular combination of # , A , and In practice, the model 

was set at the required heel angle with the model t rave l l ing at the 

part icular course veloci ty F^^ and F^^ were measured d i rect ly 

and the position of the sl iding weight gave the models restoring 

moment and could now be calculated and hence 

curves drawn of and X against _Yg for various constant 
°xw 

values of 6 and 

In these experiments the posit ion of the s l id ing weight to 

give the desired heel angle a each combination of h and was 

interpolated from the results of runs to give the s t a b i l i t y inform-

ation required for Chapter 24 and which had been carr ied out previous-

l y , and rechecked. 

During the experiments, F^^ and F^^ were measured at the fol low-

ing combinations of VgS 1*90 f t /sec. (V/yL= 0.602), 2 . 9 7 f t /sec (V// l 

= 0.904) 
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3 . 8 6 f t / s e c . ( V / / l = 1 . 2 2 ) , 4 . 5 5 f t / s e c . ( v / / l = I . 4 4 ) 

Heel, 5 :0®, 15°, 21^° (maximum restricted by immersion of 

deck edge) 

Leeway: 0°, 3°, 6°, 9°, 12°. 

% e value of the sliding weight necessary to provide 21-̂ ° 

heel led to the model being over the scale A.U.W. for a 'Dragon' 

class yacht and the particulars of the model condition during test 

i.e. 'Standard Condition' were; 

Standard Mndel Condition, 

Model "̂ 11 Up Weight. 24.89 lb. 

(equivalent to a f u l l size displacement of 5380 lbs. i . e . 

approx. 48 cwts) 

Sl iding weight 6.33 l b . 

V.C.G. 1.74 ins. below datum 

L.C.G. 29.3 ins. forward of 

datum 

(datum for C.G. location is height of deck at side amidships and 

extreme A/E. of 

mill). 

Freeboard forward 3.5/8 ins. 

Aft. 2.5/8 ins. 

Maximum draught, static 8.7/16 ins. 
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Pivot of Universal Joint 2 ins below datum 

31#2 ins forward of datum. 

The standard condition is i l l u s t r a t e d in Fig. 72. 

Experimental Results for And F^^ and scaling to F u l l Size. 

The values of F^^ and F^^ are recorded in Table 7 and these were 

placed in coeff ic ient form at the model scale from: 

C = ^Iw 
Iw ^ p ^ where p = waver density at 60®F. 

A = s ta t ic upright wetted 
P _ Fy surface in f t . • 
^xw " ^ 

V = Model Course velocity 
i n f t / s e c . 

In the l i g h t of discussion contained i n Chapter 20, i t was 

assumed that for the model and f u l l scale are ident ica l and these 

are shown in Table 8. 

The scaling of from model to f u l l size hgis been discussed 

in Chapter 20; due to the complexity of the problem and to the fact 

that the f u l l scale values are required only for use in demonstsating 

the perfoimance analysis of Part 1, rather than for the prediction 

of performance for an actual yacht, the following procedure and 

assumptions were adopted: 

(a) The Schoenherr f r i c t i o n formulation has been used to determine 

model and yacht f r i c t i o n resistance coef f ic ient , th is data being that 
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used by the Davidson Laboratory; in the United Kingdom i t is more 

usual to use the I .T .T .C . correlat ion l i n e as the Schoenherr values 

are said to be somewhat low at Reynolds Numbers i n the small model 

sphere. There is no reason why, for the present purpose, any one 

l i n e should be preferred, and Schoenherr was used owing to the data 

being available immediately. 

(b) In computing the f r i c t i o n resistance, the h u l l wetted surface 

area has been assumed constant, and equal to the upright s tat ic 

value of 4..4,3 f t (see Chapter 26), This is the usual assumption made 

by Saunders Roe Divn. in the i r work with yachta (Refs. 4 & 5) and 

simpli f ies the scaling procedure considerably. 

(c) The wetted length for computation of Reynolds Number has been 

taken as that in the s ta t ic upright condition, equal to 3.4S f t . I n 

fac t the wetted length altered appreciably, being considerably 

increased at high speeds when the wave pro f i l e moved up the s tem 

overhang. This assumption i a used by Saunders Roe Division in the 

form of a mean chord; (Eefs. 4 & 5)* 

(d) The laminar flow d e f i c i t from the smooth turbulent condition 

because of the area i n f ront of the stud turbulence stimulators 
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has been assumed equal to the increase i n resistance from the stim-

ulators. This is not s t r i c t l y correct, but sat isfactory for the 

present purpose; according to Crago (Ref, 4) the "two pract ica l ly 

cancel" and th is assumption obviated a tedious calculat ion, 

(e) Turbulent flow has been assumed to exist over the hu l l of the 

equivalent f u l l size yacht, a normal assumption in th is type of work. 

The f u l l scale i s therefore calculated "rom: 

( f u l l scale) = (model scale) - Cj, (model) + ( f u l l scale) 

where is the f r i c t i o n coeff ic ient from the Schoenherr formulation 

at the respective Beynolds Number. 

(0_ ( f u l l scale) - CL (model) ) i s constant for one model 
( ^ ^ ) 

veloci ty with the assumptions detai led above. 

The calculation of ( f u l l scale) i s shown in Table 10, the values 

being given also in Table 8 . Values of on the model scale are 

given i n Table 9, 

Experimental Values of and scaling to f u l l size 

The moment required for the h u l l characterist ics i s equal 

to the applied moment due to transverse movement of the gl iding 

weight from the hu l l centrel ine, 

i . e . = W.x.coa^ I b . f t . where x is in feet and 
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i s distance of s l id ing wt, 
from centrel ine. 

W is s l id ing weight in lbs. 

is angle of heel. 

which reduces to = ^* | ' ' .x .cos0 where x is in inches. 

Values of for the combinations of Vg ^ 6 and X are shown 

i n Table 11, in eveiy case at 0° leeway the sl iding weight was found 

to be in the posit ion required in the s ta t ic condition to heel the 

model to the appropriate heel angle, 

'•̂ 'he applied moment coeff ic ient was calculated from: 

P where: V is the model course 
I". ^ .A,Q.V ve l . i n f t / s e c . 

fO i s the density of tank 
water at 60°F 

A is the s ta t ic upright 
wetted surface area. 

Q is the stat ic iqprlght 
waterline length. 

'•'•he values of A and Q used were those suggested in Part 1. 

^Xw test points i a shown i n Table 11 at the model 

scale. The scaling of th is coeff ic ient to the f u l l scale yacht has 

been discussed i n Chapter 20, I t is assumed here that K„ for model 
AW 

and yacht are ident ica l at comparable speeds and the reform are those 

of Table 11. 

The huH characteristics 

Using the values of 0^^ and obtained fo r the various 
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combinations ofO, X , and Vg, for a f u l l scale yacht having the 

dimensions of a * DragonI, i t was possible to construct the hu l l 

characteristics i n the form required by Part 1; i . e . as curves of 
q 

X f and plotted against Yw for each ve loc i ty and angle 

A 1 °xw 
of heel. 

Figures 73, 74, 75, show these f o r heel angles of 15° 

and The upright condition was not considered as i t i s not a 

true pract ical poss ib i l i ty for windward sai l ing. 

When plotted to a base of Yw , the general layout of curves 

at each angle of heel i s s imi lar , although some v e r t i c a l displace-

ment on the plot is evident. Very noticeable in ^ige. 73, 74, 75 i s 

the l inear var ia t ion of with Yv and the v e r t i c a l separation 
aw p 

^xw 

of these curves with course ve loci ty , which are evident at a l l angles 

of heel. 
q 

At a par t icular angle of heel and for a f ixed value of __Yw , 

^xw 

Cv is seen to f i r s t f a l l and then increases so that whem i t is 
Yw 

plotted to a base of velocity, a family of curvec appears;. Fig, 76 

at (9 = 15°, The same arrangement occurs at other heel angles. On 

p lot t ing the leeway and in a similar manner, fur ther famil ies 

appear, see Fig. 76; i t may be noted here than on using the data 
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from these experiments i n the work of Part 1, hu l l characterist ics 

charted in th is manner were found to be desirable as they enable the 

calculations to be performed at ve loc i t ies other than those used i n 

the test work without interpolat ion. A f u l l set of h u l l character-

i s t i c s for the model as used in the performance analysis wi l l , be 

found in Appendix 2, Part 1, 

'̂he var ia t ion of the quantit ies , and with heel 

angle at constant f l w is shown i n Figs. 77, 78 , 79, for = 6.0, 

q 
a similar plot occurs at other values of Yv . 

A study of the f igures shows that the ef fect of heel is similar 

at each model veloci ty tested except at 2.97 f t / s e c . model scalej 

th is at f i r s t led to some doubt concerning the v a l i d i t y of the 

experimental results at that ve loc i ty , but check runs indicated the 

var ia t ion is correct so i t may wel l be that a complicated pressure 

distr ibut ion exists around the hu l l at th is speed, equivalent to 

V / - / X = 0.904, with interact ion between the wave formations. 

I t w i l l be seen from H g s . 73, 74, 75, that the l ines of X 

have quite a small curvature so i t might be expected that i f the 

component quantit ies of the hu l l characteristics are plotted using 

X as base, essent ia l ly the same variat ions w i l l occur. F ig . 80 

showB a typ ica l set of 0^^ curves plot ted i n th is manner fo r a model 



veloci ty of 1#90 f t /sec* while the heel angle increases i n stages 

from 0® to 2 1 ^ . Within the close hauled region of X some 

reduction of occurs as heel i # increased but th is tendency was 

found to be reversed at the highest ve loc i t ies . I n a l l cases. 
' iw 

was found to be zero at zero hu l l incidence, and i t s var ia t ion with 

to be non-l inear, the curves showing increasing slope as leeway 

increases. 

With the heel angle held constant while the course veloci ty 

var ies, ^ig« 81 shows some increase in as the speed increases; 

th is was found to be more pronounced at the larger heel angles but 

no f i n i t e pattern emerged. 

The var ia t ion of with model incidence X is seen from 

Fig. 82 to be complex i n terms of ve loci ty and heel; at the lower 

speeds, f a l l s as leeway i s increased, probably due to the wave-

making and froffl component of resistance acting along the course; this 

e f fect i s reduced as the veloci ty increases u n t i l at the highest 

veloci ty tends to r ise as leeway i s increased, f a l l i n g of f again 

around the usual maximum X attained while sai l ing (7° to 8 ° ) , th is 

might wel l be due to the greatly increased wetted surface and hence 

skin f r i c t i o n at the higher ve loc i t ies . 

When i s plotted against leeway, the var ia t ion again appears 

l inear for constant Vg as shown in Fig. 83; apparrently the arooii 
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scatter i n values permits this to appear when i s plotted 

against ei ther Ŷw or X as base despite the non-linear var iat ion 

Xq 
with Yv noted previously. °Xw 

A l inear relat ionship independent of leeway appears between 

and heel, the slope of which decreases markedly as speed increases 

(Fig. 84 shows th is for A= 3®), while the var iat ion of with 

model velocity is i l l u s t r a t e d i n Fig. 85. 
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CHAPTER 22: UPRIGHT RESISTANCE 

The upright, zero leeway, resistance (F^^) of the hull was 

measured over a speed range between 1.54 ft/sec. and 4,55 ft/sec. 

model scale ( v / / l ) from 0.489 to 1 .44) at the »standard* weight 

and G.G. location. A similar curve is available from the tank eval-

uation work of Part 2 at an A.U.W. of 18.31 lb. with the C.G. at 

2.76 ins. below datum and 30.2 ins. from the A,E, 

Fig. 86 shows the measured resistance of the model at both 

values of A.U.W, and it may be seen that they follow the normal 

pattern for change in resistance with speed. As the L.C.G. and hence 

trim of the model at 18.31 lb. A.U.W, varied from that at the stand-

ard condition, the curves do not represent a direct measure of change 

in resistance with displacement between the weights; this is 

considered in more detail in Chapter 25. 

Referring to the results from the experiments C^^ is equivalent 

to C^, the Total Resistance Coefficient, so that: 

Cm = Resistance^ 
i. p 

where C^ is the friction 

^T ^F ^R resistance coefft. 
C^ is the residuary 

resistance coefft. 

In order to assess the full scale resistance coefficient for 

the hull when applied to a * Dragon* class yacht, the same assumptions 
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have been used as in the general series of tests for close-hauled 

characteristics discussed in Chapter 4, i.e.: 

(1) Schoenherr Friction Formulation 

(2) B i l l wetted surface assumed constant at the upright, 

static value of 4,4.3 sq.ft. 

(3) The wetted length for comput&tion of Reynolds No. has 

been taken as the waterline length for the static, upright 

condition. 

(4) No correction has been made for the stimulator penalty 

or the laminar d e f i c i t ; the f u l l scale boundary layer has 

been assumed f u l l y turbulent. 

The full scale is therefore: 

(full scale) = (model) - (model) + Cp(full 

Scale) 

Table 12 gives the data and calculation of full scale co-

efficients for both conditions of A.U.W. and Fig. 87 shows for 

model and full scale yacht plotted against V/7"l, 

The uppermost curve in Fig. 87 shows for ihe model at the 

standard condition and it may be seen that at low speeds it follows 

the curve of friction coefficient at the model scale, with a 'hump' 

around V//l 0.8 before beginning to rise sharply at around V/Tl 1.0. 
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When allowance is made for the friction scale effect, for 

the full size yacht is that shown; the level of the curves on the 

plot can be considered as approximate only, due to the simple method 

of model to ship extrapolation. 

Curves for model and yacht are also shown for the lower A.U.W, 

of 18.31 Ibe model scale, and as expected fall below those at the 

standard weight. Slight differences between the curve shape might 

be expected due to the difference in L.G. G, location. 

The results of further experiments to assess the effect of 

changing A.U.W. and L.C»G» location are discussed in Chapter 25 and 

the results for upright resistance are compared with previous work 

using the same model and with tests on other hull forms, in Chapter 23. 
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Close Hauled Hull CharaatArlatin^ 

PreTious sxpariaental work in oonneetion with yacht hmip has 

expressed the results in terms of Lift and Crag, using Sea axes. 

Besttlts from the present work have therefore been placed in terms of 

and Cg to allow comparison with previous work on the same and other 

hulls and to provide a clearer picture of the effect of heel, vel-

ocity and leeway to emerge in the light of similarity between the 

yacht keel and the aerofoil, 

A consideration of the Sea and Body/Sea systems of axes shows 

that: -

"L ~ - Cj.^.SinX 

As the scale- effect in extrapolation from model to full size 

has been assumed to vary only with velocity, either model or full 

soae values could be used to show the effect of heel and leeway; 

here, the values refer to the model scale. 

L i f t 

The variation of with heel, leeway and model course velocity 

may be seen in Fig. 88, the use of separate plots for each velocity 
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avoids confusion due to superlaposition of curves covering the 

ranges of heel and leeway. 

The variation of with leeway in the range considered is 

similar at all speeds, being a curve of increasing slope, although 

there is some tendency towards linearity as X increases. The 

overall slope of the curves does however change with heel, increasing 

as heel decreases at the lower speeds but showing more variation 

at higher speeds. 

Fig. 89 shows curves of plotted against heel for each 

model velocity used during the experiments and three leeway angles 

covering the range within which the hull might expect to cerate 

during windward sailing; at the lower velocities, falls as heel 

increases, the effect being greater as leeway increases. At the 

higher speeds, experimental points are less fair although C appears 

first to rise and then to fall as heel increases. 

Fig. 89 shows also that generally rises as the course 

velocity is increased. 

Comparison of test with previous results for the model 

Values of from the original tests at the Saunders fioe Div. 

are given in Bef. 12 and shown here in Fig. 90. They appear to 

follow a more linear distribution than in the present experiments. 

Previous work was undertaken for the prediction of performance 



by the 'Glfflcrack' technique and followed the usual practice in such 

experiments by measuring only at values of speed, leeway and heel 

near likely full scale sailing conditions. The Saunders Hoe values 

shown in Elg. 90 are for a full scale speed of 3 knots and the 

appropriate spread of heel angle is shown by the square brackets. 

The reason for this apparent linear distribution appears when 

comparison is made with results from the present work. The nearest 

full scale speed to 3 knots in the present tests used a model 

velocity of 1.90 ft/sec. and choice of a sutiable scale for 0^ 

leads to the curves from Fig. 88 being superimposed on the Salders 

Boe points. The two scales for are necessary due to the different 

speed, and areas used in deriving coefficients and also take into 

account any scaling problems. 

It is seen that the curves from Big, 38 at 7i», 150 and 21^° 

pass through the equivalent areas of heel in tte Saunders Boe 

results, confirming that the reason for apparent linearity of the 

latter is the combination of heel and leeway resulting from the 

test philosopi^. 

The comparison made here also demonstrates reasonable agreement 

between the two series of experiments and tanks in terms of Cj.. 

.%8ttlts Lr|,th other 

In his original work (Ref. 9 , Fig. 15) Davidson gives curves 

of against X for the Six-metre yacht 'Jill' over a wide range 

of leeway extending beyond zero, and for two heel angles; these show 
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an angle of leeway for zero lift well beyond zero at both angles of 

heel, indicating that the hull produces considerable lift due to its 

assy^etrical form when heeled; the same figure shows that the Lift 

Taries linearly with heel but the slope of the curve reduces as heel 

increases. 

In the present tests, there was no indication that the No-Lift 

leeway angle was beyond zero, and a series of runs made with the 

model set at 20® heel and leeway angles each side of zero confirmed 

that the Lift curve passed through the Origin; also the Lift curve 

is seen to be nOn-linear. It was however, found that the Lift curve 

slope reduced as heel increased at the two lower velocitites. 

Crewe (Bef. 3 , Fig. 15) shows curves of No^Lift Coefficient 

against an effective leeway angle taken from an assumed No-Lift 

value obtained by producing measured values bacicwards to the axis; it 

is unfortunate here that the number of vest points is very great 

without indication being given of the velocities and heel angles to 

which they refer; the variation is diown as linear, but scatter is of 

the same type as in the ? Dragon* tests discussed earlier, and it may 

well be that a re-analysis would show a distribution vaiying with 

speed and heel. 

In a more recent paper (Ref. 15, Fig. 4 ) Crewe shows values of 

Lift Force against leeway at various course velocities, sealed for 
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the full size yacht. Although no experimental points are shown and 

the same velocity appears for only two consecutive curves at a time, 

the variation is non-linear and gives No-Lift angles beyond zero at 

the higher angles of he^l. The values are said to be typical of a 

'large fin keeled yacht*; presumably a Twelve Metre. 

In Ref. 11, Tanner shows results of his tank tests on the hull 

of an International ten Square Metre Class Canoe; this is a different 

type of hull and Lift producing mechanism, having a high aspect ratio 

centreboard; he found that the Lift curve is a straight line passing 

through the origin at all speeds; only the upright condition was 

considered, this being the attitude in which the hull normally works. 

In considering the differences between the No-Lift angles at 

large heel angles found in the present experiments and those from the 

work discussed above, it is interesting to note the differences 

between the hull types involved, the 6-metre and 12 metre being fine 

craft where the keel faired into the bottom of the hull and the canoe 

has a centreboard projecting out of the hull; it may be possible to 

compare tke canoe directly with an aerofoil plus end plate, and the 

fine craft with a low aspect ratio aerofoil piercing the surface 

while the dragon might be considered as a low aspect ratio aerofoil 

with some end plate effect. 

Results from a typical Commercial tank test are contained in 

Bef. 5> the ranges of speed, leeway and heel tested are taken to 
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provide data for use in a »Gimcrack» type full scale performance 

prediction, and as such do not permit a true analysis of the hull 

characteristics; the scatter and restricted ranges could well lead 

to erroneous interprets.tion, iin attempt could be made to extend 

the results from the test ranges by extrapolation using either a 

straight line variation of Lift Force found by Davidson for the 

6-Metre with a No-Lift angle beyond zero, or reference to the 

slope of the curves from the present work; considerable difference 

would be found in the hull characteristics using each method and ia 

this case it is essential to have more test points over a greater 

spread of leeway at each heel angle and speed before considering 

further analysis. 

Drag Coefficient 

figure 91 illustrates the variation of with heel, leeway 

and course velocity, and it is seen that the curves follow almost 

exactly a square law. Fig. 92 compares the curve of Cj^ for 0° heel 

at a model course velocity of 1.90 ft/sec. with a curve of C ^ X \ 
c D * 

Some of the experimental curves at other values of velocity and heel 

show a better fit and some a slightly worse fit, although in 

several cases rotation is necessary to achieve agreement. 

The principal effect of heel is seen to be a rotation of the 

^D ̂  ^ clockwise as heel increases and in some cases there is 

also a small vertical displacement* 



Due to the differences in technique used for the two series of 

experiments i t i s impracticable to compare results of the present 

work with the Saunders fioe results under conditions of heel, and 

leeway, but some comparison between the predicted upright, zero 

leeway, resistance is possible and this i s included in Section 23.2 

which follows. 

Plot of Cg ~ 

If the Lift Coefficient varied linearly with leeway and the 

Drag Coefficient followed a square law, the plotted against 

would produce a straight line at each speed and heel, the slope of 

which is likely to vary. Results from the present experiments are 

plotted in this manner in Fig, 93 from which it can be seen that 

the variation is non-linear, showing considerable curvature at low 

leeway, a result to be expected following the non-linearity of Lift 

Coefficient with leeway. The vertical position of the curves on the 

plot will vary with speed in the same manner as the component 

quantities. 

Ref. 5 indicates that the assumption of linearity for this 

curve is used to fair tank test data during routine work, and in 

Ref. 15, Fig. 17, linearity is assumed although the scatter of points 

is such that the variation could well be non-linear and there are in^ 

2 
dications that at low values of Cy the curves turn over in a 
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similar maimer as those found from the present work. 

It therefore appears dangerous to assume linearity for 

plotted against for a particular hull especially one of 

'traditional keel yacht* shape, without adequate experimental 

proof. 

23.2 Upright ResistanGe 

Ref, 1 gives predicted resistance curves for a Dragon at a 

full scale displacement of 43 cwts. and 39 cwts., and these are 

reproduced in Fig. 94a. According to the text of Hef. 1, these 

values were obtained by use of the Sctodenherr Friction Line corrected 

for stimulator drag but not for the laminar area forward of the 

stimulators; no figures are given for the model scale so that 

comparison is possible only on the basis of predicted curves and 

those from the present work, as discussed in Chapter 22, which are 

for the 'standard' condition equivalent to a full scale displace-

ment of 48 cwts. and at 18.31 lbs. model A.U.W. equal to a full 

scale displacement of 35.4 cwts., also shown in Fig. 94a. 

It is clear immediately that the shape of these predicted curves 

from both series of experiments is similar, indicating general 

agreement between the series, but that they differ in level on the 

plot. 
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difference in level may be explained by consideration of 

the following: 

(a) The upper curve from the present series is for an A.U.W. gome 

5 cwts, grater that the upper curve from the Saunders Roe results; a 

difference of 4- cwts, in the latter series gives a difference in 

of approx 0.0002, so that there may well be a difference of 0.00025 

in levels due to this. 

(b) In the present tests the stimulator penalty has been assumed 

equal to the laminar deficit, while previously no correction was 

made for the laminar deficit; which from the text of Hef. 1 could 

raise the curves by between 0.0004 and 0.0006, assuming a fully 

turbulent boundary layer on the yacht. 

(c) Blocka-e effects have been ignored in the present work and the 

model resistance is likely to be high due to this. 

(d) Comment has already been made concerning the condition of the 

model and its surface at the time of the present work and this could 

affect the level of the curves. 

It must therefore be considered gratifying that the curves are 

eseentially identical in shape, and surprising that the difference in 

level is relatively small when the above factors are considered. 

Tî ere does not seem any reason to doubt the results obtained from the 
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present experiments, although a true correlation is desirable and 

could be obtained by running the same model in both tanks and 

correcting to a st^dard condition. 

Comparison between Drafror̂  and other 

5'ig* 94h shows against V/J L for the dragon and two other 

hulls. 

Eef. 10 gives results for the model of an International One 

Design Glass yacht which was of similar size to the model used in 

the present series (L.W.L. of 3.226 ft.) so that comparison may be 

made between this curve and that for the Dragon, 

Ref. 5 gives the predicted full scale resistance curve for a 

fairly shallow draught sketch having an L.W.L. of 50 ft. from a 

1/12 scale model; the shape of this curve may be compared with that 

for the Dragon for which the full scale predictions frtm both series 

of tests are included. 

Curves of friction coefficient for model and full scale have 

been omitted due to the difference in Reynolds No, and scale of 

the craft involved. 

Fig, 94b indicates that the Dragon form is more successful tham 

that of the other two vessels in prolonging an increase in wave 

making resistance when in the upright, zero leeway condition. 
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COPTER 24: TRANSVERSE STABILITY 

Experiments were undertaken to establish the model's transverse 

stability under both static and dynamic conditions; the term 'dynamic' 

here referring to the model in motion rather than the normally 

accepted dynamical Stability used in Naval Architecture. 

(a) To measure the hull's statical and dynamic stability at one 

A.U.W, and C.G. location. 

(b) To establish whether the stability under dynamic conditions is 

equivalent to the statical stability; to investigate the relationship 

between the hydrodynamic overturning moment on the hull and the 

hydrodynamic side force, hence to determine the depth for the centre 

of pressure for the side force, and compare this with the Centre of 

Lateral Resistance used by designers. 

(c) To investigate the effect of changes in the F.C.G, location. 

24.1 Experiments to measumthe hull's stability under static and 

dynamic conditions at the Standard Condition 

in these tests, che sliding weight of 6.33 lbs was moved trans-

versely to various positions, the angle of heel being read off for 

each point; a range of 0® to 21^° was covered, the sliding weight 

being moved in two inch steps from the centreline. 



2.2.7 

^ Fig, 95 shows the hull*s statical stability in terms both of 

the distance of the sliding weight from the centreline and of the 

Afplied moment given by: 

= 6.33.x.G08& lb. ft. 

where x is the distance of the sliding weight from the centreline 

(model upright). 

Stability under dynamic ccmHitinnn 

The hull was run at the desired condition of speed and leeway 

the sliding weight being moved in intervals of two inches, and the 

resulting heel angle measured. In addition the position of the 

sliding weight to maintain the model upright was obtained for each 

condition of speed and leewaĵ . 

Model velocities used were; I.90, 2.97, 3.86, and 4.55 ft/sec., 

and the leeway was increased from zero to 12® in 3° steps. 

Figs. 96 to 99 show the measurements from tests in terms of 

the sliding weight position and resulting heel angle. 

Force measurements, described in Chap&er 21, were made at 

four heel angles: 0°, 7i®, 15°, and 21 so that in order to allow 

further analjisis of the stability, it was necessary to calculate the 

Applied Moment M^^ on the hull at each condition of speed and leeway 

for these four inclinations. 



In each case the applied moment was found from: 

M - 6.33>x.Co3e lb.ft. 
Xw 12 

by reading the positions of the sliding weight to maintain the four 

heel angles under each condition of course velocity and leeway frcaa 

Figs. 90 to 93. 

The values of these moments are shown in Table 11, 

^ , 2 Comparigon of statical and dvn^mig stability, and relationship 

between applied moment and F 
' xw 

^ w moment required to maintain the yacht at a certain 

heel angle, and does not represent the hull's stability under 

dynamic conditions, although a simple relationship does exist between 

these quantities. 

If, for a heel angle © , the yacht's dynamic stability is 

and the hydrodynamic overturning moment is M^, then: 

M, =. M*, + M, 

or ~ **%w * ^Yw*^ 

where h is the depth of action of below the pivot. is 

usually assumed by designers to act at the geometric centroid of the 

underwater hull profile: the C.L.R, 



^ze> 

In standard commercial performance tests using hull measurements 

and assumed sail coefficients of the 'extended Gimcrack type', and 

also in more basic performance studies it is often assumed that F„ 
xw 

acts at a fixed distance below the waterline. (ref.3) 

Crewe (Ref. l) gives some measure of justification for this use 

in Ref. 3 by using assumed sail coefficients, but it has never been 

verified by an extensive series of experiments similar to those 

described here. 

Also, it is generally assumed that the yacht's stability under 

dynamic conditions is equivalent to the statical stability at the 

relevant heel; this also has never been investigated previously. 

If this were true, then the previous equation may be re-written 

as: 

^Yw 

where Mg is the statical stability at the heel angle considered. 

By plotting against however, the assumption is 

unnecessary, while its validity can be checked and the depth of action 

for obtained. 

Fig. 100 shows this plot for the various model velocities and 

heel angles considered, the result being a series of straight lines, 

the slope of which increases with heel, while velocity does not 

appear to cause any appreciable departure from the linear variation. 



230 

If the original equation is re-written as: 

then is the intercept of each line on the axis and h is the 

slope of each line. 

The statical stability is marked in Fig. 100, and it may be 

seen that the dynamic stability is in each case slightly greater 

than the equivalent statical stability, the difference increasing with 

heel; h increases with heel, particularly at the larger heel angles. 

When the inodel is heeled, a hydrodynamic overturning moment is 

provided hy both the horizontal and vertical components of the total 

hydrodynamic force, the relative magnitude^ of that from the vertical 

component increasing with heel. 

Davidson (Ref. 9) assumed that the total component of hydro-

dynamic force in the travsverse plane acts at right angles to the 

yacht's centreline plane, and this has been maintained by many writers. 

If this were true, then it is equivalent to __Yw , and h should now 
Cos® 

be measured at 8° to the upright. 

Fig. 101 shows the value of ĥ  = h.Cose , where h is taken 

from Fig. 100; h-is now the depth of action of flw from the pivot 
Cos© 

point measured down the centre-line plane. 
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If the assumption were correct, the value of at all heel 

angles should be the same, but in fact this is not so. Indications 

are that the component, in the transverse plane, of the total 

hydrodynamic force does not act at right angles to the yacht's 

centreline plane; and this is further confirmed by the results of 

force measurements discussed in Chapter 21, where should vary 

by a Cosine law with heel if the assumption were correct, but was not 

found to be so, 

Comi^ipo^ between ĝ id the designers assumed depth for C.L.R. 

The shape of the underwater profile and the standard waterline 

for the experiments is shown in Fig. 102, the depth of the designer's 

C.L.R. below the waterline is equivalent to the depth of the centroid 

of this profile. 

Two methods of calculation were used to determine this depth: 

(a) Use of Simpsons First Rule with nine ordinates. 

(b) Splitting the area into a number of rectangles and triangles. 

Due to the discontinuity of the profile curve, it was felt that 

the Simpsons Rule method might give an erroneous result, but 

remarkable agreement was obtained between the two methods, giving 

a mean value for the depth of C.L.R. as 3.14 ins. The detailed 

Calculations are shown in Tables 13 % 14 which should be studied in 

conjunction with Fig, 102. 
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For the hull upright, the experimental results for ĥ  may be 

compared directly with the depth above. It is seen that the 

experiments gave the depth of action for as 3.33 ins, below 

the pivot point. In this standard condition, the pivot was O.4I inso 

above the waterline so that the depth of action is 2.92 ins. below 

the waterline, some 0.2 ins. above the designer's assumed G.L.R, 

The maximimi draught of the hull is seme 8.4.2 ins. and on 

placing both depths in teims of a percentage of this, the difference 

between them is about 2^. 

There appears good reason to believe therefore, that, certainly 

as a first approximation, the force component Fj^ may be assumed to 

act at or very near to the geometric centroid of the hull below water 

profile, equivalent to the 'designer's C.L.R.» 

Change in Location of the V.G.G-̂  >̂,nd resulting effect on 

Stability 

103 shows a yacht having an A.U.W. of W, with an upright 

waterline w-1, heeled through an angle O to a waterline w^-w^. The 

centre of buoyancy has moved from B to (static condition). 

If the vertical location of the yacht's C.G. is G^, then the 

restoring couple tending to bring the yacht towards the upright is 

W.G;|Ẑ , and if the vessel is to be maintained at heel, then an 



overturning moment of = W.G^Z^ must be applied. 

With the hull stationary in still water, if the G.G. is 

raised to Gg the the restoring couple will support only a decreased 

overturning momenc = G^Z^, and the restoring moment is reduced 

by; 

M. 
S " "2 ~ ~ GgZg) = W.G^Gg. Tan8 

3^. there is a linear relationship between the movement of C.G. and 

the available restoring moment. 

When the yacht is making way, the inherent restoring moment 

(as distin*^ from the nett moment when the overturning effect of the 

side force is taken into account) will alter due to the effect of 

the pressure distribution on the waterline and underwater fom, 

these effects becoming more important as velocity, heel, and leew^ 

increase. 

It is assumed normally in standard yacht testing (Refs, 4 & 8) 

that change in inherent stability due to pressure variation is negli-

gible and that the same relationship holds between the V",G,G. and 

restoring moment as with the hull stationary. 

A short series of ecperiments was undertaken to assess whether 

this assumption is satisfactory. 

By altering the height of the sliding weight and its supporting 

structure, the V.C.G. of the hull was arranged in three vertical 



positions: 0.91, 1.3, and 1.61 ins. below the datum level, and the 

restoring moment measured for both static and dynamic conditions. 

Before these.runs were undertaken, the model had been 

modified for the rudder tests described in Chapter 25j a new rudder 

was fitted together with tiller and securing arrangements, resulting 

in an increase of model weight to 25.23 lb. with L.C.G. 29.1 ins. 

from the after end. 

Statical Stability 

With the model stationary, the sliding weight was moved athwart-

ships in two inch increments from the centreline, and the resulting 

angle of heel measured, with the V.C.G. at each of the three locations. 

Figs. 104a and 104b show the result; the restoring moment (equal 

to the applied moment ) varies linearly with the height of the V.C.G. 

(Fig. 104b) as would be expected from theory, the variation being 

given by; 

Change in Moment = Tan<5 

Stability Under Wav 

A number of runs were made with the model at the three V.C.G. 

positions to assess the effect on stability at three velocities: 

1.90, 2.97, and 3.86 ft/sec., while leeway was maintained at 3° and 

6°. 

With the hull fixed at one value of leeway, the sliding weight 



was moved in two inch increments, and the resulting heel angle 

measured for each speed and V.C.G. Besults in terms of applied 

moment (equal to restoring moment) and heel are given in Fig. 105. 

Assessment of the results under dynamic conditions is com-

plicated by the overturning effect of this will, however, be 

indentical for all V.C.G, locations at one value of heel and leeway, 

and in Fig. 106 the applied moment required to maintain the hull at 

15° heel for leeway of 3° and 6° is plotted against 7. C.G. for each 

speed. The effect of including the hydrodjmamic overturning moment 

would be to displace curves vertically on the plot without altering 

their shape. 

It may be seen that the variation of festering moment with 

V.C.G. is no longer linear, the aurvature increasing with speed, and 

showing the same trends at both leeway angles used during the test 

runs. 

The increase in inherent stability resulting from a fall in 

V.C.G. from 0.91 to 1.3 ins. below datum is greater than that from 

statical considerations, (W.G^G^. TanS = 2.625 lb. ins) while the 

increase for a further 0.39 ins fall in V.C.G. is less than that 

under static conditions. 

It must therefore be questionable whether the assumption that 

inherent stability under way when making leeway and heel is identical 
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with the statical stability, can be considered sufficiently 

accurate for normal use. 
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CHAPTER 25: A SHORT INVESTIGATION TO ASSESS THE EFFECT OF L.C.G. 

LOCATION. A.n.W. AND RUDJER APPLICATION ON HULL 

CHARACTERISTICS. 

Properties of the hull in a simple form as required for the 

performance analysis of Part 1 have been discussed in Chapter 21, 

with the hull at one >standard' condition of A.U.W. and C.G. 

location, and with the rudder locked amidships. It was considered 

desirable therefore to determine how any departure from this 

condition might affect the vessel's performance. 

A complete investigatioh would require a very considerable 

amount of experimental work and analysis as the full hull character-

istics would have to be obtained in a form similar to those of 

Chapter 21, for each change in condition; several short series of 

experiments were therefore devised, using representative values of 

model velocity, leeway and heel for closehauled sailing; spot 

measurements were made also for the upright, zero leeway case refer-

ring to a vessel 'on the run'. 

^̂ ĝ 'ect on Model Characteristics of variation in 

A short series of experiments was performed to measure the 

changes in upright resistance, hydrodynamic force components while 

sailing close-hauled, and stability, due to changes in L.C.G. 

location. 

The model was maintained at the standard A.U.W. of 24.89 lb. 



throughout, with the V.C.G. at 1.74 ins. below datum. 

changing the longitudinal position of the 6.33 lb. sliding 

weight and its supporting structure, the model L.C.G. wae aoved for-

ward and aft as shown in Pig. 107; this figure also shows the 

associated trims and static waterlines. i Measurements with the model 

at Standard L.C.G. acted as confirmation of thoje from the more 

extensive series described in Chapter 21. 

Upright Resistance 

Buns were made with the model at each L.C.G. for velocities of 

1.9, 2.97, and 3.86 ft/sec. Results are shown in Fig. log, from 

which it can be seen that when the model is trimmed by the stern, 

there is considerable increase in resistance over that at level trim, 

the likely cause being the increased immersion of the long after 

overhang, especially at higher speeds. This agrees with the original 

Saunders Roe experiments (Fig.11^ Ref. l). 

With the model trimmed by the head, it was noticeable that the 

wave profile was less prone to creep up the overhang as speed 

increased, and this is reflected in Fig. 108 where the resistance 

shows less tendency to increase, and at higher speeds appears to 

fall slightly below that at level trim. 

From these results it appears reasonable to conclude that at 

the higher speeds (higher wind velocities) some trim is beneficial 

while on the nun, if it can be tolerated from the general sea-keeping 

of the yacht. 
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ClOBe-hauled Characterlstif^ 

Hons were made at course velocities of 1.9, and 2.97 ft/sec., at 

each C.G. location, with the model maintained at 10® heel and 4.̂ ° 

leeway to represent a close-hauled sailing condition. 

Measurements of and are shown in Pig. 109; at a model 

velocity of 1.9 ft/sec, an increase in appears when trim by the 

bow is applied, but this is less evident in the case of trim by the 

stern, F^^ appears to remain essentially constant. 

At 2.97 ft/sec, an increase in F^^ is obtained with trim by 

the stem; F^^ increases when the vessel is brought out of level 

trim, the effect being more pronounced in the case of astern trim. 

While the increase in F^^ with trim by the head is likely to be 

associated with the increased side—force, the increase resulting from 

trim by the stern is again likely to be due to immersion of the over-

hang, and is considerable despite the reduction in side-force and 

hence induced drag. 

In terms of Lift and Drag, the characteristics are given in 

Fig. 110, and follow the same trends as the curves of F anH F 
Yw ^ Zw* 

It may be concluded from the curves of Fig. n o that at 1.9 ft/ 

sec., trim by the head appears advantageous as the available L^ft of 

the hull is increased while Drag remains constant; at the same time, 

trim by the stern would not seem to effect the performance 
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detrimentally. 

At the higher speed, trim by the stern is an obvious disad-

vantage, the available Lift decreasing while the Drag increases; there 

appears to be no disadvantage in trim by the head however, both 

Lift and Drag lying above the Values for level trim. 

Stability 

The transverse movement of the sliding weight to produce heel 

angles of 5° and 10° is shown in Fig. ill for various L.C.G. 

locations. Experiments were made under static and dynamic conditions 

at the two velocities, the hull being maintained at leeway. 

The statical stability is seen to be less when trimmed than 

when level (from Fig. 111), 

Measurements forihe sideforoe 7^^ a$ 10° heel have been given 

previously; reference to these allows some discussion concerning the 

stability under dynamic conditions: the applied moment necessary to 

heel the yacht to 10° while underway is seen to fall sharply with 

trim by the head; this will be due partly to the lower statical 

stability and partly to the increased It might be expected 

that the dynamic stability would be increased as the hull is trimmed 

by the stem, especially at higher speeds, where the wide overhang 

becomes immersed; this is evident at the lower test velocity, but 

at 2.97 ft/sec., the stability shows a considerable decrease despite 

the reduced 
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^he results of these experiments indicate that under certain 

conditions especially when running, some increase in performance 

might be achieved by adjustments to the trim. When close-hauled, 

although some increase in the hydrodynamic efficiency of the hull 

seems possible, it would be at the expense of stability, so that 

more work is required before any definite conclusions are possible. 

A more extensive investigation could well prove useful, and indicate 

areas within the performance envelope where adjustment to the trim 

could be advantageous. 

25.2 Effect or̂  Model Characteristics of Variation in A.U.W. 

It is to be expected that the hydrodynamic force components 

would increase as the A.U.W, and displacement increases; a brief 

investigation was undertaken to confirm this and assess the changes 

for a range in A.U.W, from the * standard'to a * Light* condition. 

(Bare hull A.U.*. 18.12 lb.) 

Huns were made with the model at A.U.W.'s of 24.89 (standard), 

21.56, and 19.56 lb. The variation in A.U.W. was effected by changing 

the sliding weight, which was also shifted longitudinally as necessary 

to maintain the model at its'standard* L,C.G, of 29*3 ins. from the 

A#E* . 

Measurements were taken of the upright resistance and close-

hauled characteristics at 4^0 leeway and 5° heel; this heel was the 
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maximum achievable with the smallest sliding weight (l lb.) used. 

The results at standard A.U.W, served as a further check on the over-

all results and accuracy of measurement from the tank. 

Model Course velocities of 1.9, 2.97, and ft/sec. were 

used to.provide a reasonable coverage of speed. 

nprleh^ Resistance 

Results from the runs are shown in Fig. 112, the resistance 

decreasing as the A.U.W, is reduced^ in addition to the experimental 

points, the upright resistance curve at 18.31 lb. given in a previous 

sedtion is also included. Some disparity in spacing appears between 

the latter curve and the series of curves from the present experiments; 

this is due to the difference in L.C.G. at the low weight, which would 

cause trim hy the head and hence a reduction in resistance at higher 

speeds as shown by Fig. 108 (see Section 25.1). 

Glose-Hauled C^^T^ateristjog 

^ig* 113 shows the results in terns of F^^ and F^^ and Fig. 114 

in terms of Lift and Drag for the hull, which show similar variations. 

Generally, both Lift and Drag appear to vary linearly with 

A.U.W., the difference being more pronounced at the higher velocities. 

There is no indication that the forces are in direct proportion 

to A.U.^., and a complete performance analysis using data for each model 

weight would be necessary to determine the changes in windward 

performance. 
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With a yacht under way, especially when close-hauled, it is 

often necessary to apply a certain amount of helm to 'balance* the 

vessel and maintain a desired course. 

Usually, a small amount of 'weather' helm is considered 

desirable yachtsmen to ensure the yacht will tack readily and be 

undei? control5 weather helm may be defined as the rudder angle to 

leeward (or tiller angle to windward) necessary to prevent a vessel 

turning into the wind, or alteanatively as the the torque on the rud-

der under these circumstances; usually the rudder will require torque 

even when central, and as it is the angle which determines the 

hydrodynamic characteristics, the angular definition will be used 

here. This application of rudder will alter the characteristics of 

the hull and usually the yacht's performance. 

Published data on the effect of rudders is available from work 

at the Davidson Laboratory (Ref. U ) which is concerned with the 

effect of rudder application on 'balance' and the rudder angle 

desirable to maintain balance with minimum resistance for particular 

yachts; this indicates that a #mall amount (1° to 2°) of weather heLn 

is desirable. 

The tests at Davidson Laboratory were made with hull side force 

and heel maintained constant, the case for a yacht sailing steadily 

to windward, and are not in a form suitable to show the variation of 
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hydrodynamio characteristics as the rudder angle is varied. 

A short series of experiments was therefore undertaken with 

the 'Dragon' hull to determine the variation of and and 
xw Xw 

hence Lift and Drag, with rudder angle. 

The rudder fitted to the hull is of conventional pattern, 

situated at the after end of the keel and in its wake5 due to rake 

in the forward edge (hinge line), rudder movement will produce a 

trimming moment in addition to a yawing moment. 

It must be considered doubtful if the flow state around the 

rudder on the model scale bears a direct relationship to that full 

size, due to the possibilities of differences in the flow separation, 

and this may have an effect on the results and their expansion to 

full scale. 

^or these experiments a new rudder was manufactured and fitted 

to the huH as a replacement for that existing, which had become 

damaged; arrangements were made to hinge the rudder, and the stock 

passed through th# hull, via a gland, to a tiller which enabled the 

rudder angle to be varied and secured up to 20° each side of the cen-

tral position. 

As a result of these alterations, A.O.W. for the experiments 

was 23*23 lb., with V.C.G. 1.69 ins. below datum and L.C.G. 29.1 ins, 

from the A.E. 
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Buns were made with the model upright at zero leeway and, in 

a condition to simulate close-hauled sailing, with 10° heel and 

44"° leeway; and were measured in each case at velocities of 

1.9, and 2.97 ft/gee. while the rudder was moved in two steps from 

0° to 20®. 

Results for the upright condition are shown in Fig. 115, and 

in this case F^^ and F^^ were equivalent to Lift and Drag* 

When the rudder is moved from its central position, the chord 

shape of the immersed hull is changed and the whole hull is set at 

axi effective angle of incidence; the effect of both these factors 

will become greater as the rudder angle is increased, so that Lift 

and Drag would be expected to grow M t h increasing rudder angle. 

Fig. 115 shows that although the curves are similar to those when 

leeway is varied, see Chapter 21, with rudder locked, the Drag curve 

does not appear to follow a parabolic form. 

In the close-hauled case, Fig. 1l6 shows the results for F^ 

aiid F^^; here the rudder is likely to suffer less from the flow 

differences between model and full scale, and Fig. 117 indicates 

that Lift increases with weather helm and decreases with lee helm, 

as might be expected from considerations of the changing chord shape 

and incidence of the modified hull f orm. 



The Drag turve now follows parabolic form with minimum Drag 

occurring at some angle of lee helm which appears to increase with 

speed. 

The slope of the Lift curve around the position of zero rud-

der angle is indeterminate, due to the small number of experimental 

points, but the variation in hull chord shape and incidence could 

lead to a change of curvature at this point without a noticeable 

change in the Drag curve. 

Minimum Drag occurs therefore with lee helm, the angle neces-

sary increasing with speed; at the same time however, the Lift is 

reduced and this state is unlikely to be of use in practice; also a 

yacht sailing close-hauled with large lee helm could be dangerous to 

sail and tack especially at the higher true wind velocities, where 

large lee helm would be required. 

In practice, a yacht will sail close-hauled with a certain Lift 

Force required for the hull; if this Lift can be maintained while Drag 

is reduced, then imporved performance will result. The Davidson 

Laboratory work of Ref. H which utilised this fact by running tests 

at constant Lift, found that minimum Drag occurred under these 

circumstances with small weather helm. 

It appesurs therefore, that the increased Lift of the hull from 

this weather helm more than outweighs the increase in Drag, and that 
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the hull does not operate most efficiently at the condition of minimum 

Drag. 

Although the experiments described here give a general idea of 

the effect of rudder application on the hull characteristics, more 

extensive work is necessary to determine in detail the changes to be 

expected over a wide range of hull attitude* Such work would make 

possible a full assessment of the effect of conventional rudders. 
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;.; nĵ trr̂ ttUf; 
* -•-|-t-'»t-4-^* *••»-• 
''' ' r? I H " 
• i * — < ¥ r * I • 

"t t r In '~!-<-f 1 -*•••-

•prrto 
I . t. I. J , j., .^. f 1, 
44ii ini-.i;!. - f" 
&:Tnri:: i.;r:: 
.i-̂  J . . f4-4- ^ « i-' 
' ' * 1 t". •• • 

i i l i 

liiii 
pLUi{".\;;!Wr 
'' 1- i 

I B S l i i P ; 

i I S s 

• l i l l i i 

, ̂  i.,.!.I . * ̂  .j I 

' ' ' ' I i ' ) J I 1 i 

- ^ *_4 
• • * • • i •-'• j. y. j • - • 

f I 4 ' * 

;tt U'rijy'iix'I'A' 
•• t »•' r-f t • r ' ' ' • -1 • • 4 ' 4-*-f 
4 t T ; ' 4 ^ ^ 4 t ' * ' ' i f 

l-itt-::};i!|:':-:!. 

w'' .. i ^ ^ 

1) W9(*y XK̂ IS/̂  

111 

: , ; j f = : ; , . * i.. . : . f 4̂  

j.; - *-
j I:; I: .1 lihrUir:; f "-4 I i 

il;i!,'flnlS!;Ei: 

j i i f S f S i 
I!rt:j3;tn HiJif 
|.. , j $ * t I * ^ ' « f 4 .4.4- • , 

Xit.OiPLLi:.* 
'•* • • +',• ^ *-

\,. 1lij-o * !-] 1 f' 

LNr;t̂ i:nrt.rri 

H;!-!i!;M:j!]̂ i: 
M_& . , ; 4 4 i . I * ( * I I . I 

;[• iHi H:: H:j 

t j 1 i . ^ t * . 

I: ;;i 

l i i l B 
j f ' I f * 1 # f * ; ' ' 4 « # 

i i l i i 



t "m-f - f f t t * -? ' * *-f 
# # g 

£&SS;i£5ijMfF 

*SH 
E l l -

m 
f:tS 

l i p l 
''"" fi rM- • • - • ! • 1 •-" • ' ' > . , . } ._1 

44 
•+?-r|-;-i r 

' m i 

:t;v;:;;;,::L:;Hi: 

:ff.-;.t,-i.t[;:;Ti-;,;i,! 

# # 4 -

mfefeftHSl®'; 
ffl 

tt 1 ; * ' t : - p ' 1.1̂  

i | | i f i : 
ri; i}-i •-• 

iiliplriliii! 

l l i i f l f l # # # # 
{art 1 

!.t 

i i l i i i i i i g 

' t 'it.-1-?̂ ' 

r ' ; : i- ? *', 1 ; : f : 4 

arHfm 

W m ' S S L s 

n?4rp:; rfj 

; t M M 7 *-* * T - * * 
jg 'p 'it- - +-*-t 4 *T+i • 

!#;|rnr,nti:; * r T̂ ,-IJ4:i:,-; -;: 
EnLITit'lffii:-

# # 1 

m s " 
l-nW::-:;*'.; 

mr::. 

, ivies AT A 

trVAlun AT-'/̂ k W. 
OC 

r:rn'' t : ^ 4 . 
' i * ! ' 1 T ' « * i * * 

- t4 .: ; j- f - 1 ! . : . L 
(j;: H::: li! n 

;iiJi-!:'J:t 

M o d s l ' fM t.uoc.iTy 



f y * * -* t •4-« - j t-» 
. *.**., » -4 i *. j—i 4 

1 ! "H 1-f H % tf-f -f 
» • •- t - f ^ -r-'* 

r* "* » * I « T * r 

• - • *—• > • *-»- * ̂  f "f~t -*•••-« t 
- * f-f * *- * 4'̂  * 

f i'll i '"1̂  (i" j"i"if * ?tf + 

j.|.., 

r- "• tt-f-' H 
•"j-— •»' •-»'-? 4-*-f * •-• -* * » * f * 
t f ; - f ̂  * f-t ' * ' 
' " * t'i'i r? i *" . *-:*"% r-f-t 
• • t • -f f • r r ' ' T * f - 1 

t f-j-t 1 : : ' ' , » . ' . i m m-

--rrt:n:;U 

LLrrLitf r : t ' '" *'*'• 

i-KT:l!" 

:: :n: H 

T;;1#U: i 
tj-' t' '' • rixt-rri;:' kf :nj niL 

"'" 4* 4i»........ .̂ .. .. 1̂..̂ , 

r f--' * rt' 'ir: r'* f f * 

p ) : : ri u ; i-r;::: = i-:::: 
rr;.t::i N;.i U:!: Vtl r: 

^ i* * . 1^,.. "+ : ) * H f f'7 i f ? "r-t ' • • 1 ; • i- ' m-j : 

tfh4f i • f f-Mt 

.{;Hiiii.4]i 

I- r f •)•}• i-' ' • 

8 ! 

inlSf ffitftiif 

! tl; i}:!;: 

::: 

:>;ij;i;::::nr: 
i4 + 1 ' * + i4 t •4r* *+««*) . 

i'U:: 

* 



r •-»-•• t f I - + - ^ 4 - * • ^ ^ <r -^-&- f -
*•» • » f *"* -» f * • • •• » 
•* 4- p-y ^ -f-t—4 • »-••-- »..^f.. » » -

i r Ii? { TT: rrr̂i 4̂:. 

:U :: 

• • "' 'f* *—t •*"t' * ---* • ' • • T" T ' *• 

f t " f • » . » » . , . _ , y. .. 
-+-f t '--+ — • i '* 
. 4—; ^"f t f"' * M I ' t • t •• • r 4- ̂ 4 • • T 4-1 *• • •--• 1 -+-•—̂  »-4-+- ••—• -J -» • • * »• fc. j-

rrr+-)t-r"r . m" •'• ~ ' t t 

"t * ' t*" • 1 > f - • •• • » +-+ ( • 

f * *- f »• ' «- ; ••'• i 

"t -r-' ^ * 1 •-1"f"'i*'t""' - t-' 
f h-f 1̂-. ' 

# # 
-tT r+ T't'r • •" f-t-t • - • • • 

4 * f " f * 
' T-f-r #"t"* ' ' 

,.i;jir% Lrtxtit ûilr̂Cu; 
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CHAPTER 26: WETTED SURPACR ARRA 

When use is siade of the standard Froude conception of 

separating friction and wave making resistance in order to allow 

model test results to be scaled up to full size, the friction Drag 

is estimated for both model and 'ship' from established data giving 

the friction coefficient at vaiying Reynolds No., for planks. 

It is necessary to know the wetted area of the hull with 

reasonable accuracy in order to establish a tolerably correct pre-

diction of full scale resistance. 

In the more usual case of a ship, the wetted surface is 

likely to vary slightly due to the pressure field round the model 

producing waves; this effect varies with speed, the waves taking the 

same form on each side of the ship. 

î ith a yacht model, two other factors will affect the pressure 

distribution around the hull, so influencing to a large extent the wave 

formation: leeway and heel, both of which tend to the production of 

wave forms having a non-symmetrical pattern on each side of the ship, 

the unequal pressure distribution providing Lift to conteract side-

force from the sails. The effect will tend to promote a difference 

in the wetted area under varying conditions of velocity, leeway and 

heel. 

The experiments described here were designed to determine the 

order of any changes in the total wetted surface of the hull under 
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different conditions and also to establish the order of importance of 

the three quantities velocity, leeway, heel in affecting the wetted 

surface area. 

Determination of Change in Wetted Surface Area 

The outer hull surface of the Dragon model was divided into 

equally spaced strips as shown in the various photographs, by means 

of 1/8 inch wide lengths of waterproof plastic adhesive tape. 

Because of the complex curvature of the hull aurface and the 

shape at the end overhangs, these strips were not horizontal except 

at one datum waterline, but when looking at the model in profile 

appeared to close up towards the ends of the hull. 

The datum horizontal waterline for the strips was that shown 

on the official drawings of the Dragon Class. In fact the upright 

waterline for the tests was deeper than this, being that used also for 

the measurement of hydrodynamic characteristics, so that when floating 

in the standard condition, the waterline cut several of the equi-

distant tape lines above the datum as shown in Pig. 118. 

The hull surface above and below the datum waterline was 

expanded in terms of the equi-distant tape lines and the stations 

shown on the Official Drawings. This expansion is shown in Fig. 119 

where it will be seen that the equi-distant lines have been maintained 

horizontal, the distance between them representing ̂  inch. The station 
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lines are parallel over the amidships regiom where the hull curvature 

is relatively small, but become distorted towards bow and stern 

where curvature is considerable. 

The longitudinal distance between stations was measured on the 

model along each line of tape to give the expansion, which represents 

one side of the hull surface from the deck line to the approximate 

line where the hull merges into the keel, so covering the complete 

variation of waterline obtained. 

No. 4. tape line on Fig. 119 represents the topmost full length 

line on the model in Fig. 118. 

Photographs of both the windward and leeward sides of the hull 

were taken for each speed, l««way and heel considered, to show the 

actual waterline resulting from the wave formation in each condition. 

% transferring the shape of this waterline to the surface 

expansion chart and comparing it with the upright static waterline, 

the change in wetted surface area in the condition considered could be 

found for both windward and leeward sides of the hull, 

yig.IZO shows this procedure applied to the model heeled at 

10° and stationary; the photographs for this condition are given in 

h g . 121. 

The red curve lying for the main part just beneath No. 3 tape 

line is the waterline in the upright static condition, and is the 



datum from which the area changes are meagured. 

The upper black curve represents the leeward waterline at 10° 

heel which, as would be expected, lies nearer the deck edge than the 

red datum line, so indicating an increase in wetted surface for this 

Side o f t h e h u l l . 

•̂ he windward waterline is shown by the lower black curve; 

being below the original datum line, it indicates a lower wetted 

area for this side of the hull. 

Decrease in wetted area to windward is given by the area lying 

between the red line and lower black line, while the increase in wetted 

area to leeward is given by that area between the upper black line 

and the red datum. The leeward surface has been taken as positive and 

the windward surface as negative, the nett increase or decrease being 

g ven by the difference between the two areas* 

Z r e a s f p r Y l n r Wptmrl ines t o Ehrpqnsion Ch^r t 

The following method was adopted for transferring the water-

line shape from photographs to the chart: 

Originals of the photographs were enlarged so that in all prints the 

model appeared at a standard length of eleven inches. By placing a 

transparent sheet, on which station lines were drawn to the same 

» er the print it was possible to determine the shape of the 

waterline on the expansion chart in terms of the stations and tape 

lines. In practice it proved most satisfactory to take each station 
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in turn and plot the actual position of the waterline by reference to 

the tape lines. 

The method was quite satisfactory except at the extreme after 

end where in some cases a little difficulty was experienced in judging 

the waterline endings, due to lack of contrast in the photographs5 

because of this small errors are likely in the waterline shapes at the 

after end. 

Coverage of Tests 

A total of fifty six photographs were taken covering the 

following combinations of speed, leeway and heel: 

Telocity: 0 , 1 .9 , 2 .97, 3.86 ft/sec (V//LS 0, 0 .6 , 0 .94 , 1 .22) 

Leeway: 0°, 5°, 10°. 

Heel: 0°, 10°, 20°. (heel was restricted by immersion of deck edge) 

Calculation of Area from Chart 

The change in wetted surface as plotted on the charts was 

found by use of Simpsons Rules, the number of ordinates being chosen 

to cover each area adequately. This was found to give satisfactory 

results. 

Result?^ 

The increase or decrease in wetted surface area with speed, 

leeway and heel are given in Table 15 for each side of the hull 

separately and together with the nett over-all variation. 



The Static Condit-f̂ on 

In this condition the watted area would be expected to vaiy 

only slightly with heel due to the hull section shape; aiiy increase 

in wetted surface to leeward being balanced by a corresponding 

decrease to windward. 

This is confirmed, the variation being some 1,4.% of the total 

wetted area of 639 ins. in the upright static state (The calculation 

of this static upright area is given later). 

J U n d e r w a y C o n d i t i n n ' 

Sffe^t of Leey^y 

At speed, the pressure distribution around the hull will 

cause surface waves to be set up, which change the shape of the wetted 

area. In the upright, zero leeway, position this wave formation would 

be similar to that for a normal ship, but when the yacht is sailing 

heeled and making leeway, the pressure distribution will change, 

pressure increasing to leeward and decreasing to windward. The effect 

this pressure change will be to modify the normal 'ship style' 

"aves, especially over the amidship, section where the keel is of 

Particular importance, so that the surface is raised to leeward and 

lowered to windward, the effect varying with leeway at any particular 

angle of heel. 

Observat ion of t h e model running i n t h e tank i n d i c a t e d t h a t 
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t h i s o c c u r r e d as may be s e e n i n t h e s e r i e s o f p h o t o g r a p h s . ( F i g . 1 1 2 ) . 

T h i s f i g u r e shows t h e m o d e l a t a c o u r s e v e l o c i t y o f 2 . 9 7 f t / s e c . 

w h i c h i s c o n v e n i e n t l y n e a r t h e speed w i t h one wave l e n g t h i n t h e h u l l 

l e n g t h , 80 e n a b l i n g any change i n w a t e r l i n e due t o p r e s s u r e v a r i a t i o n 

t o be seen e a s i l y . 

B o t h t h e w i n d w a r d a n d l e e w a r d s i d e o f t h e h u l l a r e shown a t 

1 0 ° h e e l i n t h e s t i l l c o n d i t i o n a n d a t s p e e d w i t h l e e w a y s o f 0® and 

1 0 ° 

T a k i n g t h e l e e w a r d s i d e f i r s t , t h e change i n w a t e r l i n e w i t h 

s p e e d i s seen f r o m p h o t o g r a p h s 17 and 2 5 ; a t speed , t h e wave f o r m a t i o n 

has c r e s t s n e a r t h e f o r w a r d a n d a f t e r ends o f t h e h u l l w i t h a t r o u g h 

b e t w e e n . On r e f e r r i n g t o p h o t o , 29 i t c a n be seen t h a t a t 1 0 ° l e e w a y 

t h e w a t e r l e v e l i s h i g h e r n e a r a m i d s h i p s so r e d u c i n g t h e t r o u g h a n d i n d i -

c a t i n g a r i s e i n p r e s s u r e . 

P h o t o s . 1 8 , 26 a n d 30 f o r t h e w i n d w a r d s i d e show t h a t t h e t r o u g h 

a m i d s h i p s i s deepened , i n d i c a t i n g a f a l l i n p r e s s u r e t o w i n d w a r d 

o f t h e h u l l . 

E f f e c t o f H e e l 

As t h e h e e l i n c r e a s e s , t h e w e t t e d s u r f a c e t o l e e w a r d w i l l 

i n c r e a s e due t o d e e p e r i m m e r s i o n , a n d t h a t on t h e w i n d w a r d s i d e w i l l 

d e c r e a s e . The change w i l l depend on t h e h u l l s e d t i o n shape a n d 
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form at each speed and leeway. There will also be some change due 

to the pressure distribution round the hull when the waterline shape 

becomes more assymmetrieal as the heel increases. 

Fig. 123 shows this effect at a speed of 3.86 ft/sec. and a 

leeway of 5°. 

Effeet of Course VeloQitv 

At low values of V//IL, there will be more than one wavelength 

ia the hull length, until at around 7/WlI between 0.8 and 0.9, one 

wavelength will exist; above this speed there will always be less 

than one wavelength in the hull length. 

This is confirmed by ovservations during the experiments and 

is illustrated by Fig. 124 î hieh shows the wave formation as the 

speed is increased in the upright, zero leeway, case. 

The wave profile, as discussed previously, will be modified by 

heel aad leeway, the effect of which may be considered as superimposed 

on the general wave system. 

Niagrlcal Qf Speed. Leeway and Heel for Windward and 

Sides of ^T>ir 
IA/ 

Increase in Wetted Surface to 

Fig« 125 shows the effect of speed, leeway and heel, indicating 

that the most important factor affecting the reduction in wetted 

emrfaee vhlle under way is heel. The area appears to reduce linearly 
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as heel increases, to approximately 100 in below the upright static 

value, a reduction of some 15^ in the total wetted area. 

Both course velocity and leeway appear to have relatively 

little effect, the maximum spread in results at any heel angle being 

only some 7$ of the total, even outside the region 0° to 6° leeway. 

Increase in Wetted Surface to Leeward 

Fig. 126 shows the effect of speed, leeway and heel on the 

leeward wetted area, indicating that the increase is more variable 

and of greater magnitude than the windward decrease. 

The greatest increase is due to heel, but this is only linear 

at low speeds. The maximum effect of heel is approximately 11^ between 

10° and 20® heel at zero leeway, course speed 3.86 ft/sec. 

Speed causes the greatest variation at high and low angles of 

heel, the effect being smaller at medium heel (around 10°)* The 

maximum increase due to speed is 50 sq. ins. (8 % of static upright 

area). 

Leeway has the least e f f e c t especially at low speeds between 

0° to 6°, a normal sailing range. The maximum increase in wetted 

surface is some 3 ^ for a 5° change in leeway. 

Over-All Numerical Effect 

As might be expected, on combining the results for windward 

and leeward sides of the hull as shown in Fig*. 125 and 126, the 
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over-all effect is entirely variable, see Fig. 127. 

Generally^ the wetted surface increases with leeway over the 

whole speed range for low and high heel, while remaining relatively 

constant, decreasing slightly, at moderate heel (around 10°). % e 

maximum variation is at 3,86 ft/sec* and amounts to some of the 

static upright area. 

^Aile the wetted area is least at moderate heel angles, it 

increases with both high and low values of heel. The maximum 

variation occurring at 10° leeway and 3.86 ft/sec. and being some 8% 

of the static upright area for a 10° alteration in heel. 

Fig. 127 indicates that the total wetted area falls as the 

speed increases up to about 0.6 V/ with low and moderate heel, but 

tends to remain constant, or increase, at large heel angles. 

Above V/z/X of 0.6 however, the total wetted surface increases 

rapidly as the wave profile creeps up the large ovehang aft, the effect 

being less noticeable at moderate t h a n at small or large heel angles. 

At a course velocity of 3.86 ft/sec., the wave profile lies 

near the top or the stem so that very little increase is possible 

here, and it is to be expected that all the curves will tend to turn 

over similarly to those for 10° heel. Indeed as the wetted surface 

amidships may decrease due to an enlarging hollow, the total wetted 

area could decrease at very high speeds, this is supported by the 
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shape of the curves for 10° heel. 

The maximum variation in wetted surface due to velocity occurred 

at zero heel and 10° leeway, being some 62 sq, ins. over the speed 

range of the experiments, equivalent to nearly 10^ of the static 

upright area. 

The over-all variation in wetted surface area amounted to some 

11^ of the static upright value (70 sq, ins.) 

The most important factor affecting the total wetted area, 

within normal conditions expected while sailing, is speed; heel is 

also important, while leeway is less so. 

Variation on the full scale vessel will be similar at comparable 

speeds. 

Ejg-̂ fim̂ te of Static Wetted Surface in Upright. Standard. Condition 

This was calculated by the method of half girths which were 

taken from the Official Plans of the Dragon Class at each station. The 

girths were put through a Simpsons Rule calculation using the First 

Rule; the effect of longitudinal curvature in the hull surface bring 

taken into account by each half girth being multiplied by Cot 4 , 

where is the average inclination of the waterlines at the 

appropriate station. 

The calculation is shown in Table l6, resulting in a wetted 

surface area for the standard model condition during the experiments 

of 639 sq, ins. or 4.43 sq, ft. 
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The wetted surface at each test condition was then estimated 

by reference to Table 15. (set out in Table 17). 

In order that the wetted surface can be read off simply in 

any desired condition, the curves for each speed are drawn separately 

as shown in Figs, 128 to 130. 

The use of axes intersecting at 45® gives a better spread of 

results and enables curves of greater curvature to be drawn with a 

more likely distribution when only three points are available, than 

would the uaual 90° axeg. 



F i g , l l 8 « A r r a n g e m e n t o f p l a s t i c a d h e s i v e s t r i p s j a n d s t i l l w a t e r l i n e 
f o r w e t t e d s u r f a c e e x p e r i m e n t s . 



fig 119 hull surface expansion chart. 
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fig 120 waterlines on leeward and windward sides of hull, 
heel 1 0 ° , model vel. OFT/SEC. 
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P h o t o N o . 1 7 . L e e w a r d s i d e . 

P h o t o N o . 1 8 . W i n d w a r d s i d e . 

P i g . l 2 1 » M o d e l s . t a t i c , h e e l e d 10 



P h o t o N o . 1 7 . L e e w a r d s i d e . V / / L z e r o . 

P h o t o No . 2 5 . L e e w ' i r d s i d e , V//L 0 . 9 4 ? ^ 5 ^ * 

P h o t o N o . 2 9 . L e e w a r d s i d e . V / /L O.94, A = 10°. 

F i g . 1 2 2 . e f f e c t o f l e e w a y o n w a t o r l i n e . 



P h o t o N o . 1 8 . W i n d w a r d s i d e . V//L z e r o . 

P h o t o N o . 2 6 , W i n d w a r d s i d e . 1 / J h O . 9 4 , \ - 5 ° , 

P h o t o No , 30, W i n d w a r d s i d e . V//L O . 9 4 . \ - 1 0 ° , 

F i g . 1 2 2 . e f i ' e c t o f l e e w a y o n w a t e r l i n e . 



P h o t o N o . 1 3 . L e e w a r d s i d e , V//L 1 . 4 4 , ' 0 ° 

P h o t o N o .33' L e e w a r d s i d e , V//L 1.44> ^ ' 10° 

P h o t o N o . 5 3 . L e e w a r d s i d e , v / f L 1 . 4 4 , ® ' 2 0 ° 

F i g . 1 2 3 * E f f e c t o f h e e l o n v / a t e r l i n e . 



P h o t o N o . 1 4 . W i n d w a r d s i d e V/7L 1.44, ^" 0°. 

P h o t o N o . 3 4 , W i n d w a r d s i d e . V//L 1.4^? ® * 10°. 

P h o t o No .54* W i n d w a r d s i d e . V//L 1.44? ^ ' 20° 

F i g . 1 2 3 . E f f e c t o f h e e l o n w a t e r l i n e . 



P h o t o N o .2 M o d e l u p r i g h t , V//L 0.6, z e r o l e e w a y . 

P h o t o N o . 7 . M o d e l u p r i g h t , V /V l 0 . 9 4 , z e r o l e e w a y . 

P h o t o N o .12. M o d e l u p r i g h t , V//L 1.44. z e r o l e e w a y . 

F i g . 1 2 4 . E f f e c t o f s p e e d on w a t e r l i n e . 
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CHAPTER. 27; GENERAL CONCLUSIONS AND RECOMMENDATIONS 

The results of experiments described in the previous chapters 

have provided an over-all picture of the hull's hydrodynamic and 

stability characteristics, and demonstrated their variation with 

various factors under direct or indirect control of the designer and 

helmsman. 

The limited comparison possible between the experimental 

results and previous work on the same model at Saunders -̂ oe Divn. 

showed general agreement, no obvious discrepancy appearing. It would 

be extremely useful however, to establish a correlation between 

measurements from both the Saundefs Roe and University tanks, and this 

could be achieved by undertaking experiments on one particular hull 

in both tanks a& identical model velocities, inclinations, A.U.W,, 

and C.G. location. Such work should also allow an assessment of the 

blockage effects in the University Tank which will be more pronounced 

than at Saunders Roe. 

Although a clear picture emerges of the variation in hydro-

dynamic force components with leeway, their change with heel and 

course velocity is more irregular, a situation which is hardly sur-

prising when consideration is taken of ths superimposition and com-

bination of the pressure fields round the hull, due to velocity, heel 

and leeway. 



1(=) 

In "the light/ of experiments on this hull and the discussions 

which followed, it appears that caution should be observed in any 

assumption concerning the variation of Lift coefficient with leeway, 

heel and velocity, and that it is inadvisable to assume linearity for 

2 
the curve of ^ . 

The experimental results, when compared with the samll amount 

of other available published data, indicate that apparent linearity 

of the Lift curve from results of routine commercial tank tests may 

be due to assumed sailing conditions in which the values of leeway 

and heel vary with speed. 

Gomparieon of the present results with those of Davidson's 

original paper (Bef, 9) show that the Lift curve may be linear or 

curvilinear, so that it is apparent that for any yacht hull tank 

tested, a number of test runs should be made to establish the shupe 

2 

of curves for C^, G^, and G^ ^ before any assumptions are 

made. As the present experiments indicate a similar variation with 

leeway for these quantities over a wide range of heel and speed, it 

is probable that the same pattern would occur wilh other hulls, and 

that only a small number of extra runs would be required at one 

speed and heel, measuring Lift and Drag over the range of leeway 

used in the present work. 
2 

In particular, the use of assumed linearity for G^ G 
D 



in order to fair experimental results must be questionable, unless 

an experiment on the lines described has proved the variation, 

Marchaj (Ref# 16) has shown from wind tunnel measurements that 

the :centre of effort* for the sails is very near that normally 

assumed hj designers: a geometric centroid of sail area. The present 

experiments indicate that the depth for the 'centre of pressure' of 

the hull is also very close to the designer's assumed 'centre of 

lateral resistance'. Surprisingly, the depth of action for as 

found, lies slightly above the geometric centroid^ suggesting that 

the hull, as distinct from the fin, plays a large part in producing 

Lift; the opposite indication appears however, from the fact that the 

'Dragon' hull does not appear to develop lift due to heel at zero 

leeway. 

There is a need for further, more detailed work to study the 

hydrodynamic overturning moment on the hull. 

Inherent stability while under way is seen to differ from that 

expected due to hydrostatic considerationsj results indicate that 

more attention ±ould be given to this during routine experiments for 

performance prediction; this is a further area of study where more 

detailed work is desirable. 

The experiments of H.M. Barkla at ehe Davidson Laboratory are 

reported to have been an attempt to assess the variation in perform-

ance with hull shape in terras of length beam and depth, using sail 
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coefficients of the 'Gimcrack' type. 

In fact, the performance of any particular hull can only be 

analysed fully by combining the hull characteristics with those of 

the particular sail plan, in a similar manner to the work of Part 1; 

in this way the effect of different sail plans and cuts, together with 

different hull and fin shapes may be obtained. The measurement of hull 

characteristics should now be expended to craft of other forms and 

hull/ fin combinations. 

It can be envisaged that at some future date, designers will 

have access to charts determing the hydrodynamic and stability char-

acteristics for hulls of varying properties, which can be used with 

similar charts for sail plans in order to find the correct combination 

for a particular yacht. Naturally, the results of the various 

possible combinations would have to be assessed in conjunction with 

other requirements for a particular vessel, e.g. sea-keeping, 

capacity, use, so that the need for skilled and experienced designers 

is still apparent. 

The production of such charts for the hull requires a consider-

able amount of experimental work on the model scale to measure the 

characteristics of a wide range of hull proportions and forms, 

similar to that reported to have been undertaken by Barkla, but on a 

far wider basis. 

Once results on the model scale are available from which 

charts of hull characteristics could be prepared, there remains the 



problem of applying the figures to a full size yacht. This problem 

has been discussed briefly in Chapter 20 and in the light of this, 

there is an obvious and urgent need for further work on the scaling 

of force components using both the Sea and Body/Sea axes systems. 

The traditional method of extrapolating resistance has been 

developed to such an extent in 'large ship* work, that it can be used 

to provide a reasonably accurate predictionj in this field a consid-

erable amount of research is being undertaken in hydrodynamic estab-

lishments throughout the World, so that the basic work necessary 

regarding resistance and its components is in progress. 

The application of these methods to yacht forms and sizes 

requires investigation, as does the expansion of Lift from model to 

full scale. Concurrently, the scaling effects on F„ and should 
xw aW 

emerge. 

Feed back from large ships is principally, because of their 

size, from data obtained during speed trials, although various experi-

ments have been undertaken by either towing or using jet propulsion; 

e.g. Refs. 6 & 7. 

In the case of yachts, the size is such that full scale runs 

could be made in one of the large tanks now available, e.g. The Ship 

Hydrodynamics Laboratory at Feltham, for a vessel the sise of a 

'Dragon'. Here under controlled conditions, accurate measurement is 



possible of the full scale resistance and Lift, and a survey of the 

boundary layer flow state could be obtained under both calji and 

distrubed sea states. 

From the discussion of Chapter 20, it is considered that the 

boundary layer investigation is certainly as important as force 

measurements, and the use of 'Hot film' turbulence detectors would 

enable accurate measurement of laminar and turbulent areas to be 

obtained. 

A problem difficult to overcome in such experiments is caused 

by the Isirge Lift developed by a yacht hull; as tank carriages and 

associated apparatus are usually designed for measuring forces 

acting along the tank length, they are not equipped to support or 

measure large lift forces. It might prove more acceptable to use a 

whirling arm support, so that the major part of the Lift is in the 

radial direction. 

If it proved impossible to run the hull in a tank, a boundary 

layer investigation could be undertaken on a yacht, while sailing, by 

means of turbulence detection probes. Although such work would present 

more problems than in the controlled conditions of a laboratory, the 

results should enable a reduction in one uncertainty during the scal-

ing operation. 

Other methods of measuring the full scale hull forces have been 

discussed by Crago in Ref. B; the only direct method being that of 



towing a full size hull, which is considered impracticable. Other 

methods involved the use of measured sail forces from which the 

hull components could be deduced, or the calculation of hull fordes 

from full scale sailing trieils. The latter method was used by 

Davidson (Ref, 9) and with the 12-Metre yacht 'Norsaga' for which the 

data has not been published. 

This method of approaching the problem may provide useful 

data for applying hull measurements in the comparison of full scale 

performance for commercial work; whether it can be used to aonfirm 

the actual full scale hull forces is doubtful, due to the number of 

assumptions and steps in the calculations necessary to reduce the 

data. 

A first study of wetted surface variation is given in Chapter 26; 

this is another region where the difficulty in scaling for yachts 

could be reduced by further study on the model scale. 
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