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FREFACE

The work described in this Thesis was started as an attempt
to analyse, in a General manner, the windward rerformance of sailing
yachts; at the same time it was intended to produce a more accurate
and general method of predicting the Optimum Windward Performance 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 1936,

In the very early stages of the analysis it was thought that
the main lack of data was in the field of sail aerodynamics, as very
little useful published work was available; wind tunnel experiments
then being undertaken as part of the University's Yacht Research

programme have to a large extent eased this problem, and some resulis
from these experiments have becn used in the work to estimate the
performance of a yacht Using the analysis developed in PART 1.

4 congiderable 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
destland Aircraft Ltd, in the U.K., 80 that a large amount of useful
data was thought 'to be available for use in the analysis. It soon
became evident hbwever, that although a large amount of experimental

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



requiremerts of desigmers, 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 small 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 and studies the results of model tests made to
obtain the data required for the performance analysis, together with
~some oﬁher 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 Frof. E.J. Richards, and the Pallisades
Foundation who provided financial support.

Staff of the Depmrtment of Aeronamtics and Astronautics work-
shop erected the towing tank, for which Mr,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. Ténner, whose assistance and guidance proved of inestimable value.
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PART 1
THE PREDICTION OF SATILING YACHT PERFORMANCE

CHAPTER 1: INTRODUCTION

Before the publication of K.S.M. Davidsons well-known paper
'Some Experimental Studies’of the Sailing Yaeht! (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-
stricteq 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 characteristies



when ‘travelling with leeway and heel, as actually occurred when
ton 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 optimm windward
performance of that yacht.

_ These!Gimerack' Coefficients, named after the yacht to
which they refer, were used by Davidson to assess the windward
performence of other yachis.

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 Gimecrack Coefficients, albeit in a modified form, in
their routine predictions for the performance of sailing yachts,

It would appear that this method of performance prediction
is a means of comparing the performance of hulls following tank
tests. Using the methéd, the Stevens Tgank 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 must
lead to the belief that when carried out by experienced
personnel, it produces the correct order of comparisoﬁ, 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 flayes, 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 Kingdom at
the Ship Division of the National 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 Gimecrack 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
rcasonable estimate of a yacht's actual windward performance.
(Ref. 13)

Following what was thought to be a proof of the Sfevens
procedure, work was put in hand at Saunders Roe Ltd. in Cowes,
to study the performance of a Dragon Class Yacht in an attempt to
produce better resulté from this class in the next Olympic Games.,
A wide range of tank test results were used with the aid of the
Gimerack analysis to give curves of 'Best windwarg i)erf ormance!
with tae yacht under various conditions of welght ang tfim,
(Refs. 1 & 2).,

P.V. McKinnog remarks in a letter now held in the yacht
Research Council files aﬁ Southampton University, that a
compariosn of the results of the N.P.L. and Saunders Roe
experiments indicates that g 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 serieg of experiment® were uadertaken in different

tanks and that different flow states round the hulls were assumed,
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Saunders Roe itd. have continued to use a revised and
extended Gimcrack analysis to compare the windward performance of
a number of sailing craff, and the technique must be assumed to
give the correct order of ability due to its continued use; the
simplicity and evident usefulmess of Davidsons origimal work in
assessging comparative performance when handled by experienced
personnel at the same establishment must be considered ﬁhe_
reason for its continued ﬁse by'the Davidson Labratory and the
intention of Saunders Roe Ltd, (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 variatidns in
the sail characteristics which must occur due to shape, plenform
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 Gimecrack
type of analysis while retaining the same general form, notably
Barkla (Ref. 23/ and Crewe (Ref. 3J.

Tanner reburned 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 only in the upright condition, equivalent to g
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.v(RBf-‘24)

As in the case of the Gimerack 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 thig 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 helmsmén. |

In his work Tanner laid the foundation for a fresh and more
basic approach to the problem of yacht performance sanalysis 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 mechanies of windward salling for sail



propelled vessels.

It is widely recognised that the helmsman ig 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 viey a
method of analysis which uses the salling geometry together with the
mechanics of hull and sails in order to assist the helmsman in
setting up his cfaft for optimum windward sailing ig likely to
prove of value, Such analysis must give the helmsmgn 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 basgie character-
istics of the hull and éails to predict the performance, 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: TIHE PERFORMANCE ANALYSIS
2.1 Setting up the Problem

A yacht will normally sail in water with tidal drift or
oﬁher 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 complexit& of variables and handling,
It is true to say that understanding of the behaviour oprowered
ships in a seaway is not yet complete so that to introduce such
complications together with the associated effects on sail
characterlstics, especially when the latter are allled with unstable
alrflow 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 yey be applied to all points of sailing, it is
used here to consider the vessels optimum windward performance
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,
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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 fieid 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: bo give the performance

in terms of the requirements previously set out.

2 The Geomet
Consider a yacht sailing in steady conditions with velocity

Vg along & course making an angle ¥ with the true wind, velocity

S
Voe Fige. 1 shows this situation for a vessel sailing so that ! is

T
less than 90°., In this case the relative wind approaching the sails
is V,, which makes an angle 8 with the course. When ¥ is less than
90°, the yacht will have a 'speed made §ood to windward' of Vo end
it is this quantity which represents directly the windward ability
of the yacht,
A similer velocity diagram may be drawn for ¥ greater than 90°,
Fig. 2 shows a sailing vessel superimposed on the velocity

diagram of Fig, 1. Due to the hull making leeway, the vessel's
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centreline is inclined at an angle A to windward of the course; the
angle of leeway; the direction of the relative wind with the yacht's |
centreline is@-X .

If wind tunnel measurements of sail characteristics are to be
used in snalysing sailing yacht performance, then the quﬁntities used
must be those applicable to tunnel expefiménts.

A yacht while sailing may well operate under conditions where
the true wind has a velocity gradient above £he sea surface due to a
Abounda:y layer effect. A ﬁumber of measurements haﬁe 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 approximstely similar conditions,

In the presence of land, the question is more complicated and a
number of 'xperiﬁents have indicated that no gradient exists.

Attempts have been made in a wind tunnel to simulate the
gradient by means of ﬁ wire mesh in order to: study its effects on
sail characteristics; an alternative method mizht be to correct
wind-tunnel results in a uniform air stiream 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 représents VA and the
sail model is turned so that its centreline is at a known angle to
the direction of VA: i.e. 2-» . The required components of sail
force and associated moments may be measured using either direction
of VA or the yacht's centreline as a principal axis, and from these
measurements the relevant aerodynamic coefficients may be calculated.

The aerodynajnic forces and coefficients are likely to depend
‘on -B~)\ ’ VA’ 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 Vys 6, B>, mastr&e end the sail
setting angles, i.e, that the effects of sail cut and cloth.are
always the same for constant Uy e, @-X , mastrake and éail
" setting,

The most commonyrig in use today is the sloop; in which case
it is possible to define the sail setiing in terms of the angles
between the chord of eaci sail foot and the yacht's centreline; i.e.
as § pe and 8M for forésall and msinseil respectively, sce 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 extendeyd to cover all possible combindtions
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It may be noted that all the variables now remaining may be
set or measured directly Qﬁ the yacht: VA the wind vvelocity, 6 the
angle of heel, B-M 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 ﬁank the model is run at speed VS along
a course at which the centreline is inclined at an angle of leeway

A ; the hydrodynamic coefficients may be measured with respect to
the course or the hull centreline as & principal axis, These
characteristics might be expected to vary wii;:h Vgs AN, 8 , trim,
the hull shape, the hull weight and C.G. position and rudder angle,
For a particular vessel these variables will be reduced to Ve, A,

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

If a balance of sail and hull characteristics sigilar to but
more extensive than that of Tanner (ref. 24) is to be ﬁade; a
suitable set of axes must be chosen. Tanner and all othe: writers
have used the vessel;s course as one principal axis, enabling the
relation of all results directly to the'geometny and the getting 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 #-M as 3 is not known until
the analysis has been undertaken and the necessary A established.
It is possible to refer the sail characteristics to the angle @,

as in the case of Tanner, but this is arranged mathematically and doeg



not allow the acutal sail setting on the yacht bo 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 y axis r~erpendicular 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 g 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 direect connection with the gecmetry is obtained while
the physical quantities used for reference to the yacht are referred
to the vessel's reference planes.

The origin of sucﬁ 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.



Breakdown of hydro amic and aerodynamic forces acting on

the yacht,
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 axcs,

The 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 buoyanéy has been omitted as this may be

considered automatic and does not appear in the dynamic,balaﬂce.

Aerodynamic Cogponents

Fx is the component, of sail force, along + Ox.

F, 1is the component, of sail force, along + Oy.

Y

Fz is the component, of sail force, along + Oz,

M, is the moment, of sail force, about Ox tending to heel
the vessel
M& is the moment, of sail force, about Oy tending to

trim the vessel by the bow.

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

the vegsel on to the wind,

26



Hydrodynamic components

FXw
FYQ
FZw
M
My

the stern.

MZw

is the component, of hull force,
is the component, of hull force,
is the component, of hull force,
is the moment, about Ox tedding,

is the moment, about Oy tending,

is the moment, about Oz tending,

off the wind.
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along - Ox,
along - Oy,
along - Oz,
to right the vessel.

to trim the vessel by

to rotate the vessel

Although the static balance of weight and buoyancy is not ine

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

righting moment which is included under wa.

2.4 _Complete Balance Equations

With the yacht in a steady sailing state, the complete

dynamic balance conditions may be stated as foilows:

x

Fy

F
2

These

Few My
F

Yw MY
¥ o | M

= M
= My
Mo

forces and moments may conveniently be expressed in



terns

e
"

b=
|

Yw

VA™

Where CX, GY, CZ’ CXw’ CYw’ czw, KX’ KY, Kz, KXW, I<Yw’ szo am

of non-dimensional coefficients as:

Gy pA.s.vAz M= Kb P 5.P.7,%
Cyodn pye8.7,7 My o= Kb foyeS.P.V, 2
Cpode £ye8.7,2 M, = Kb p,.8.R.7,°
Oy oo LT My = Kpode PphQv’
Gy, - PW.A,VSZ oM, = . PW.A.Q.VSZ
O PyrheTg® My, = Kb Pphiavy

(1)

non-dimensional coefficients, the suffix referring to water

quantities.

In the above:

fDA is the air density

S is a 'characteristic' sail area.

P is a 'characteristic' length for the sail ple
P W  is the water density

A is a'characteristic! area for the hull,

2%



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 rulé, or the plan form area excluding overlap, In comparing
the characteristies of varioué sail pl:ns, a prefefence may be felt
for one or othef of the areas; probably if in connection with a rac-
ing yacht the rating area might be applicable, but for the present
ypurpose 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
area; 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 fool 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 heel condition,
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In coefficient form, the balance conditions of (1) may be written

as:

2  _ 1 2
cx.%. PA.S.VA = Gy efe /OW.A.VS
| 2 _ , 2
CY.-%.. PAOS.VA - CYW.E. (0 WOA.VS
1 2 1 2
CZ .’g- PA. SQVA - Czwoé‘. P w.A.VS
3. p,.5.5.7,7 = ! 2377
KX. . Ac ek o A K'XW.Q-.PW. s ‘ge S
Fe ,-8.P.V,2 = 3 A2V 2
KY . Ac el e A KYW. .ch elge S

1 2 _ 2
Kzogo (OAOS.P.VA — sz.%—. F W.A.Q.VS

By rearranging each of these equations to give expressions for

T A : ,
ST WS o e complete balance equation becomes:

2
pAOSQVA

. 2

S 0% % By Ry  RE _FpAT

3

Crw  Cyy Oz UKy, Ky QK £,.8.7,

(3)

Values of CX’ Gy, CZ’ CXw’ Cyw’ Czw’ Kx’ KY’ Kz’ KXw’ KZw

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

_from wind tunnel and tank experiments at various values of VS and VA:



A,S,P,q, for any vessel may be set out as desecribed previously;

”

Py end [, are known for a particulsr air and water state.

2a5  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
sophistica‘;;ed wind tunnel 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 underté.ken for the quantities that
have greatest effect on the performance. |

It is generally agreed that the yacht's leeﬁay‘ and heel are
important factors governing performances as the sidéforce and
resistance of the hull,sd theequivalent sail characterigtics dictate
largely the sailing speed which may vary widely with changes in them,

From expei'ience 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,

3
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It 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
hull and changes in hull buoyancy, which may result in a change o£v
waterline. The value of these quantities and ang changes which may
result in other characteristics have not as yet been studied so that
the effect of this Balaneé 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 rudaer 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 charascter-
istics and putting them through the simplified analysis, if desired,
It is therefore assumed that the balance of MZ = Miw may be
omitted.,

(3) The yacht when sailing experiences moments from the
salls, hull, and rudder, acting about Oy. Small 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 Roe and the Davidson Laboratory (Ref. 10, 5).
It is therefore assumed that the balance Mi = Miw may be omitted
for a simplified analysis.

The complete equations for the simplified balance conditions,
from (1) are now seen to be:

FX = FXW

FY = | FYw

% My

i

Or in coefficient form:

Cpede £)e8V,2 = Gy AT —(4)
Cpode P8V = ok /JW.A.VSZ ———C )
Ky-%. ,oA.s.P.vA2 = Kb PuATE e (6)

The simultaneous solution of equatioms (4), (5), and
(6) together with the geometry will give a balanced sailing cond-

ition and the performance at that sailing condition.
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(4), (5), and (6) may be rearranged to give:

2 4

A P Vg ) Cy _ Cy _ P.Ky
2

S. P A’VA CXw CYw Q'KXw

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

the following three conditions are covenient:

C
EC-Y- = M (7)
X Xw
G g 6
CYw Q'KX
2
Sy ) A. Pw.vs
5 =
Yw , 2
S. pA.vA
and as P W has a reasonably constant value of 835, then:
P
c 835.4.V.2
o Vs (9)
ch S‘VA2

Equation (7) provides the balance of forces
Equation (8) connects the balance of forces and moments

Equation (9) connects the balanced sailing conditions with the

geometry,
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To provide for a complete definition of the sziling condition for
the geometry, one further geometric quantity is required, which may
conveniently be 8. The solution of the balance equations must there-

fore allow for the emergence of g .

2:6_ Graphical Solution of Balanged Sailing Condition

Results of wihd tunnel and tank experiments will show the
appropriate coefficientgin terms of the parameters affecting them,
ag 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 V,, i.e. that
Reynolds Number and effect of changes in VA on the sail shape and
twist and flow through the material maj be neglected, Datg cover-
ing this is very limited and it will be possible to allow for
changes ip sail characteristics with VA‘later.

If the sails are consid-red sheeted home in oné 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
Kg» Cys and  @-\ , for varying gl . TFig, 6 shows this for the

sails of an 'X' class One Design yaght as calculated from the data
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contained in Ref, 28 extrapolated to 15° heel by the method out-
lined in App. 1 to thispart at, §, = 5% §; = 174°, Sinilar
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 VS’ 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
Ky Oy and A Tor several values of Vqe The curves of Fig, 7 aré~
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 values of Cy>

. c. C
N 4 v .
CYw’ KX and KXw for which CX and CXw are identical, at each value
of VS. €eZe? ? c

0
from Fig. 5, at 5= = 4, Oy = 0.96, and K, = 0,337
X

A4 c
; w - _- -
from Fig, ?; at Eiw = 4, Cy, = 0.0262, and Kyo = 0.0085, at a
Full scale course velocity of 9.46 ft/sec,



CY’ CYw’ KX’ KXw’ may be obtained from the figures for a
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number of values for EZ and EIE and set out as shown in Table 1
C G
X v
below:
TABLE 1
Cy sail characteristics hull characteristics | balance quantities
o at Vg (fos.) = 9.46 | at Vg (£us.) = 9.46
£
Sy Oy B v | K & [P
, CXw CYw Q.KIW
2.6 1.53 0.53 0.017 [0.0092 90.2 [89.5
3.0 1425 0,44 0.019810.0090 63.2 [76.0
3.5 1,07 0.38 0.023 10,0088 4645 167.0
4.0 | 0.9 0,337 0.0262}0. 0085 36.5 [61.5
be5 0.87 0.030 0.029510,0082 29.5 157.0
P

it is assumed in compiling the table that 5 = 1.5

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

. . c
CY’ CYw’ Ky, KXw at identical values of _Y , equal to

Cx

r .

ch




The final columns of Table 1 will therefore show E_Y_

G
Yw
. P.K c C ' P
and L at each value of Y (equal to _Yw ). (in the table, =
2 C C <
'KXw X Xw

has been assumed equal to 1.55, the actual value for a DRAGON as
found in Chapter 4).

Equation 8 is finally satisified when the last two columms
show the same figure., Obviously in the case shown, this point lies

between _(_:_Y_ of 2.6 and 3.0, and the true value can be found as the

O

crossing point for curves of Ci and P'KX drawn to a base of

Oy IEy,
%Y (equal to ’tu) as shown in Fig. 8, although the crossing point is

Cx cXw _ ,

nearly at the lower limit of EE as shown by the sail curves, the
. Cy

curves of Fig. 8 have been continued well beyond to show their

characteristic shapes.

The crossing point is shown rimged and gives: &I_ = 88,6, _C_Y= 2.65

‘ C C
It remains to satisfy equation 9 and this is ach¥gved when: £

Vs _ %S
VA CYW.A.SBS
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As the balance has been established for a known value of VS’

then the condition set by equation 9 is met when:

o= v CYW'A'835
A S CY'S

Assuning § for the DRAGON is 0,556, {the value found in Chapter 4),

then:

V. = 9.46. _l.iié_cé_ﬂi

oA
CYw
= ‘9.46.&'55-
88,6
= 217 8

t.

v

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

£t
9446 L=

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

to obtain the value of 3 :
C

<

= 2,65, and on referring to Fig,6

% value of By, B-\ = 32,40,
C

X

Now, at the balance point,

l

B0

for the sails it is seen that at t
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On referring to Fig. 7 for the hull, at Ezg = 2,65, A= 3.70°
CXw
therefore B = 36.1°.

The sailing condition for the yacht may now be specified:

- - £t 8- - |
= e v =g B B = 36.1°, @=15°, for a sail

sheeting of §, = 5°, SF = 174°,
By use of the geométry, the true wind velocity VT and the

vessel's spped to windward VMG may be calculated:

From Fig. 1, it can be shown that VT = VA . (S}?sl f
and Vvg = Vge Cos &

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

sin ¥ = _gin @
f +(E)2- 2. VgeCos 8
Vs ¥

so giving ¥, the remsining qnantity necessary for calculation of Vo

and VMG'

In the previous exemple, sin¥ = ging
| A1 + 0,19 - 0.87 x 0.808

giving ¥ = 57,80

80 that from the expressions above, VT= 21,7 x 8:'822—3 15.5 ft/sec.

Vg = 9446 X 0.533 = 5,03 ft/sec

2. 97 knOtS »
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The balanced sailing position for which Vp and V. were found
in the last séction is unlikely to be the optimum speed to wind-
ward for the vessel at the particular VT with the chosen sail setting,
As the hull and sail charactqristics are available at three known

heel angles, it is now possible to determine balance positions for
each VS 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 pérformance over the complete range of VT 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 windwafd performance with the particular sail setting congsider-
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

boundarj curve showing the yacht's true optimum windward performance,

Note on hull data

During model tests, the model is likely to be run at several
course velocities covering the range likely to be applicable to the

range of VT in which the vessel is designed to sail, At any particular
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heel angle, therefore, data may be required for a number of values
of VS for each heel angle, it is possible to provide data in the

form shown in Appendix 2 to this part, as curves of C!w and wa

against Vg for constant values of EY_g on one graph, and A against

G
X .
VS on a second graph., This enables ¥he coefficients ch R wa,

and )\ to be read off for a series of _Clg at the required value
c,

Xw

Of VS.
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fig1 velocity vector diagram

fig 2 the geometry



fig 3 sail sheeting definitions
yacht is uprignt

Z Axis

+Z

fig 4 body sea axes
yacht at heel 8, leeway A
starboard tack.
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CHAPTER 3: A PRACTICAL METHOD OF PREDICTING THE WINDWARD
PERFORMANCE FROM MODEL TEST RESULTS.

3.1 Summary of Method

The method of predicting the windward performance may be

summarised:

1. Select a sail sheeting position (particular values of SF & SM)
and for several heél angles covering the likely sailing i'ange obtain
the following sail characteristics and hull characteristics:

(a) Curves of Cys ( - ), Ky, plotted to a base of EI.
‘ C’X
(b) Curves of CYw’ A, and KXw plotted to a base of VS for
a number of El_v_z values, with the range of 91 appropriate to the
C C
A% X

sail characteristics in (a) above.

2, For the first heel angle, tabulate EX_ " and P_J_{_}_(_ for
. Cyw Q'KXW
values of Y _ ,C_Y_g at several course speeds (VS) over the
C C
X Xw

possible range.

3. Plot ﬁ and P'KX to a base of C_Y, (= EYg ) for each VS'

CYw Q'KXW ' ' CXw |
R . .. G P.K
4o Take the intersection of curves showing “Y and X , the
CYw Q’KXW
balance positions for each VS and read off values of EX_ and
G

Yw
C
X .
Oy



5. Calculate VA from :
835.4,C

A S S.C

Yw

6. Calculate 8= (gB-» ) + N\ , the values of the component

angles being taken from the data of item (1) at the valwe of °Y
C
X
and Cvw given by item (4).

Xw

[@]

7. Use geometry to obtain VT and VMG for each balance point

from: ’
Vg = Vgecos¥ , and Vg Ve Sin ¥
gin B
(vhere, sin¥ = +§Y_§}2 - 2.7 . cosf3)
7y vy

8. Plot V_ to a base of V for the heel angle 8 considered.

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

a curve of VT to V. is obtained for each 8., The envelope of these

MG
curves gives the optimum windward performance of the yacht with

the ¥alues of SM and SF chosen,

10. Repeat items (1) to (9) to give envelope curves for a wide

range of sail sheeting covering the values of S}I and SF‘ in which



the optimum performance might be expected with the chosen sails.

3.2 FExample Solution

In praétice the calculation for each sheeting position
chosen may ve effected rapidly as demonstrated in the example
below which gives the optimum performance curve at one sheeting
position ( SM = 59, SF = 20°) as shown in Fig, 9:

Sail Date at ©= 73° is given in fig, 29, (Appendix 1), and
the Hull Data at © = 74° is given in Fig, 37, (Appendix 2).

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

course speeds; only sufficient values of EI and P'KX need be
CYw Bl

calculated to give good curves for determination of balance points,
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NOTE, Sufficient values of EX and P'KX have been czlculated
CYW Q.wa
to give intersection point for curves in Fig, 10,
Curves of El and P'KX as found in Table 2 are plotted
CYw Q’KXH

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

The values of VT and VMG 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

Vg = 6.74.ft/sec.

When Vi, and VMG have been calculated for each balance point,
curves of V, against V. for © =74° can be plotted as in fig. 9.

The remaining heel angles have been treated similarly and the en—
velope curve gives the yachtfs optimum performance for sail sheeting

§, = 5% 5 =200

4%
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ACHAPTER 4s PERFORMA:CE 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 gacht 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-
culationsbare ﬁhose for this class of ves:el: Sail Area (S) =
286,2 8q.ft., Mast height (P) = 32.4 ft.

The Hull 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 (&) was 159.2 sa.
ft.

These gave the value of (%) used in the analysis as 1.55 and
% as 0.556.

Curves of optimum VMG to VT were obtained in a gimilar
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 scei

49



SM constant, gF varying 8Mvarying, gF constant
5 degs. , 20 degs. 5 degs., 17% degs.
5 degs. , 174 degs. 10 degs., 174 degs.
5 degs. , - 15 degs. 15 degs., 174 degs.
5 degs. ’ 10 degs.

5 degs. , 7% degs.

Tables‘of balanced sailing positions are given in Appendix 3,
and envelope eurves 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 opbimum windward performance for the sheeting variations used.

It may be seen £hat at the lower end of the true wind velocity
range, a sheeting of SM = 5% with SF between 15° and 174° is suitable,
while in the medium range of VT‘SM = 50, SF = 15° 1is preferable; at

the higher true wind velocities however, the ideal value of SF falls

to 10°,
It is interesting to plot curves of VﬁG against the sheeting
angle of the foresail at various values of Vp and these are shown

in Fig. 13, for the mainsail constant at 5°, The advantage of
tightening the foresail sheeting as the wind velocity increases is

clearly shown.



A similar plot im Fig. 14 shows the effect of tightening
the mainsail while the foresail is maintained at &y = 173°,
the near optimum position for the low to medium VT range. It
is unfortunate that the sail characteristics at lower values of

S M are not available as it seems likely from Fig., 14 that the
windward performance could be improved by sheeting the mainsail
harder, especially at the lower end of the VT range.

The figures considered together show that the optimum wind-
ward perfsrnance 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 ﬁainsail
sheeting, and perhaps less sensitive to foresail sheeting for this
particular suit of séils.

- 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 173°.
A complete study of the effects of sail sheeting appears to require

a wider range of mainsail-foresail sheeting combinations. It would

S



then be possible to plot diagrams similar to those of Fig, 13 &
14, but with several curves at each value of VT within the range
considered.

It must be noted here that the above results aprly 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.

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. 1); Fig. 15 shows this comparison in terms of o

and V, |
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,

52
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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 VT range,

The curves of Vg 7~ Vs for 'Yeoman' and from Fig. 12, are seen

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

Vp

5.5 Metre and occurring at a larger VT’ indicative of the better

s the maximum VEG for the 'Dragon' béing greater than fhat for the

'heavy weabher' performance attributed to 'Dragons!',

If‘it may be assumed that the rredieted curve for 'Yeoman{, which
Ref, 13 shows to be the boundary curve of the performance points
measured during trials, is correctly positioned, then the prediciéd
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 experimenis 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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CHAPTER 5: THE ANATYSIS AS AN AID TO HEIMSMEN

To the helmsman of a yacht racing, a knowledge of the vessel's
optimum performance to windward is valuable, but not sufiicient in
itself to allow him to gain maximum advantaze from the analysis
producing it; in addition he must be able to 'set up' the yacht to
obtain 'optimum VMG‘ 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 quentiti®®will enable the
geometry to be satisfied; at any VT the obtainable VMG is known
_and the magnitude of one relevant angle will complete the require-
ments; ﬁ“-\ is easily measured on board while sailing and at the
particular values of Vyg and Vg, is associated with a partiéular
value of A, so satisfying the requirements.

To ensure the sail/hull réquirements 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 B-M are known,

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

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

ion instrument and sail sheeting angle indicators.



It has already been secn that the necessary values of sail
sheeting: %M and SF appear in, and are essential to the analysis
and it remains to use a 'reverse' process in order to afrive at

- : 3 3 1
(@~N ) associated with 'best Y

In the performance prediction given in the previous chapter,

! for a number of VT values,

the sail sheeting for 'best'VMG' over the middle portion of the VT
range was found to be SM = 59, SF = 15°; detailed results for
balanced sailing positions are availaLble at a heel angle of 15°
which may be considered as appropriate to the middle range of VT' and
reference to the tabulated results for SM = 59, gF = 15° at
15° heel contained in Appendix 3 allows the plotting of curves
showing Vs, V) ¥, g->» ., and M\ against various values of
course velocity Vg, see Fig. 16a.,

Fig., 16b shows the envelope curve of optimum V. together with
its component curves of VMG against VT for various VS at the heel

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

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

to be 8,90 ft/sec. occurring at a V‘I‘ of 16.70 ft/seé. :

Returning to Fig. 16a, values of the other quantities may be

S5

obtained for this Vi, and the relevant value of B-h is seen to be 27.0°,

Ve Vs A, and ¥ at optimum V., may be obtained in a similar
manner if required and are shown in the Figure.
In a similar manner the envelope curves for SM = 59, SF 174°

and SM = 50, §. = 10° may be used together with the appropriate

F



data at 74° and 213° heel from Appendix 3 to give values of all
relevant quantities, in particular @-N\, for the lower and higher
portions of the VT range., These results are shown in Fig, 17a & b
and 18a & b.

The values of f-) SM and SF to give optimum Vyg over the
full range of VT may now be presented in tabular or graphical form
to the helmsmah.

Fig., 19 shows the variation of V), Vg, B-};A, B, and ¥ for
optimum VMG over the range of VT 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 B, ﬁ-\ , and ¥ reducing as Vo

increases, while A increases with VT.

1%
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CHAPTER 6: SAIL AND HULL PROPERTIES TO GIVE BEST WINDWARD
PERFORMANCE

Using the values of V, A, and Vp obtained in the previous
chapter, it is possible to use the hull data of Appendix 2 and
obtain the values of GYw and CXw for optimum Mg» See Fig. 20,
Agaih due to data being availéble ét 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 CYw and CXw become greater due to the increased course veloc-
ity and leewsy.

If the hull characteristics are placed in terms of CL and GD
plotted against ) » for the three values of VT, and the optimum
points inserted, the result is Fig., 21.

In a similar manner it is possible to use ‘the values of -\, and
VT (VA assumed to have no effect on characteristics) together with
the data Appendix 1 to obtain Cy and Cy for optimum Vyge Fig. 22 shows
that the required GY ana Cy fall as V; increases, again as might be
expected from the decrease in @-» found in Fig, 19, It is interest-

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

In terms of Cr, and Cj the pattern is shown in Fig, 23,
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CHAPTER 7: ALLOWANCE FOR VARTATIONS OF SATL AND HULL CHARACTERISTICS

WITH.VA AND RUDDER ANGLE

7.1 Effect of variation in gail characteristics with VA
It has long been realised that the sail characteristics of the

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

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

particular the correct scaling process from model to full scale and the -
change in propertiesm with VA’ led to the assumption in the analysis

of Chapter 2, that the sail characteristics did not vary with VA’
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
full scale yacht,

Marchaj (Ref. 28) found a considerable variation could eccur in
the coeffecients with changes in the tunnel test velbcity, 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, SM = 5°, SF = 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



s9

optimum YMG can result; a comparisop of Figures 12 and 24 shows
that these variations in VMG are of similar magnitude to those due
tovchanges in foresail and mainsail sheeting, so illustrating the
importance of fufther 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
Vg at se&eral values of V., and hence Vyo for each sail sheeting
position and so determine the corrected envelope curves for the
appropriate values of VA over the VT range., When these corrected
envelope curves are available the optimum windward performance
boundary curve may be fitted and the reverse process undertsken to
provide information required by the helmsman.

7.2 Effect of yudder application

The brief experiments described in Part. 3 to assess the effect
»of rudder ap:lication 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 avallable, 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



60

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:COM/IENDATIONS

The performa-ce anlaysis and methodof'predietion_for optimum
windward ability appear to satisfy the initial requireménts, 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 aifficulty 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 éppropriate variation of hull and
sail characteristics. Complete data will require more sophisticated
tank and tunnel apparatus and expérimental technigues, involving six
component balances and a much larger range of variables including full
| coverage of trim (for hull and s-ils) rudder, and depth of hull
inmersion,

The analysis in its present form appears suitable for use with a
digital computer and hence it should be possible to precess the data
from the complete modél tests in terms of the complete balance

equation (No, 3) in order to obtain the optimum Vyyq boundary curve,
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Using the simplified method, the labour involved in determining
balance positions and the boundary curve ignot excessive when carried
out graphically by hand, but would become so if a further balance
of equation No. 3 were considered, so thit the use of a compﬁter
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 sophissication of tank and tunnel,
together with the understanding of the scaling and effects of such
variables as VA and rudder application is sufficient to gllow 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 VA,
and rudder as suggested in the previous chapter,

The model tests described in Part 3 were undertaken in order
to provide déta required for the analysis omitting the balance of the
yacht in trim. In carvying out such work fér 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 Gimerack! iechnique (Refs. 5 & 10).
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It is interesting to note that it appears rossible 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 baiance of the

yacht under the optimum conditions may be obtained from later model
tests after the optimum rudder application for best VMG has been ‘
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 thé 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
¢ aracteristics and their variation will all the parameters can be
predicted, It is essential therefore that 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
quantitétive 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 Vi
ran_e, it is likely to become increasingly 0ptimistic as VT increases

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

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 deseribed in this part is likely to be of
considerebly ;reater 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 CALCUBATIOHS
path Jalh FOR USE TN CALCUBATIONS
Marchaj (Ref. 28) has carried out experiments to determine the

characteristics of the 'soft! sails of a 1/3 scale model of an "X
class yacht's sails, He measured the Lift and Drag and Heeling Moment
for the terrylen$ sails in the upright condition over a wide range

of sail sheeting positions and (8-} ). He also measured, for
oe.gheeting position, the same quantities at a heel angle of 206, and
for three different apparent wind velocitics.

The data contained in Ref, 28 is insufficient as it stands for
direct application to the analysis of Part 1, in order to caleculate
the vessel's optimum windward performance; but by making certain
assumptions and undertaking some manipulation a complete set of sail
characteristics has been developea.

From the data of Ref., 28 it was desired to obtain curves of Cy,
Cy and Ky at heel angles of 74°, 15°, and 213° for use with the hull
characteristies obtained during the work described in Part 3.

Ref, 29 reports a careful evaluation by the yacht research stafrf
at the University of Southampton of some wind tunnel experiments
made on a small model having a sloop rig and 'solid' metal sails., It
was comsidered 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 Ref, 28, it has therefore
been assumed that the coefficients at 74° heel may be taken as those
obtained by Marchaj in the upright condition,

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

K

x for the vessel at 74°  (assumed those at 0°),

For the particular sgil sheeting used by Marchaj in the measure-
ments at 20° heel, a study of the results showed that for all values
showed that for all values of (B~X ) used, the average value of
the coefficients was approximately 0,85 of their values at 0° heel,

By use of the above, Fig, 25 was produced to give an assumedi
curve to gife values of coefficienﬁs at angles of 15° gng 2140,

From the curve it has been assumed that at 15° heel each coeflicient i
has 0,95 of its value at 0°, and that at 213° heel, each coefficient
has 0.82 of itg Value at 0°,

Sail data caleulated from Ref, 28 using the assumptions detalled
above is presented in the form required for the performance analy51s
in Figs. 26 to 34. Figs. 26, 27, 28, 29, 30, give the sail characte
eristics for 74° heel with SM maintained constant while Sf varies
from 74° to 20°, Figs, 30, 31, 32, are for 74° heel, SF remaining

constant at 174° while § varies from 5° to 15,
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These have becn given for 6 = 740 only; at 15° heel for any

particular value of ﬁ and (B-N ) the coefficients Ky and Cy
‘ C
X

are 0,95 of the graphed values. At 213° heel for any particular
% and (pB-X ) the coefficients Ky and Cy are 0,82 of the graphed
vglueé. | |
Note: data of Figs, 26 to 32 inclusivev all refer to a test wind
velocity of 20 ft/sec.
Figs. 29,33, 34, show characteristicm for three different

apparent wind velocities in the wind tunnel, For SM = 59,

SF = 20°, Again the values refer to a hecl angle of 74°, and
at any particular value of CY and (@-) ), the Cy and Ky at 15°
and 21R heel will be 0,95 an§ 0.82 respectlvely of the values

graphed.,
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APPENDIX NO. 2: HULL DATA FOR USE IN THE PERFOR@AECE ANALYSIS

During the application of the results of model test work
described in Part'3, in the performance predietion of Part 1, it was
found necessary to use valmes of VS between those at which tests
were conducted. The results were therefore expressed as curves
of A R GYw and KXw plotted against the course speed VS at constant

values of CYw .
c
Xw

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

in this form for heel angles of 74°, 15°, and 21%°. V4 for the model

tests and for a full scale 'Dragon' yacht are shown,
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APPENDIX NO, 3:

TABL:S OF DATA REFERRING TO BALANCED SAILING

POSITIONS FOR COMBINATIONS OF FOXESAIL AND
MATNSATL, SHEETING
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PART 2. THE AUSTIN LAIONT YACHT TEST TANK

Design, Construction and issessment

CHAPTER 9Q: INTRODUCTION TC PART 2

While evidence existg that experiments were undertaken to
assess the resistance of sailing ship models during the middle of the
eightzenth Century, the application of these results in order to
determine the resistance of a full size ship was not understood, and
due to their apparent incomsistency, such tests came into disrepute
as a method of determining the capabilities of ships while at sea.

It was not until around 1872 that William Froude working for the
Admiralty at his tank in Torquay showed that the total resistance
could be divided into two parts, and foliowed this by achieving
remarkable agreement betwesn his predictions and resistances measured
during towing trials at sea.

Although Froude established a workable method of exprapclating
model resutts, he was troubled during his work on friction by
"perplexing anomalies"; Lackenby has since provided, in a paper
read before the I stitution of Waval architects iIn 1937, convincing

evidence that in fact these "anomalies" were due to the presence of

laminar flow,.
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Froude's orizinal hypothesis showed that reasonable predictions
could be made Ton small models, but in iater years it was found
inereasingly ivpossible to obtain r.peatable results at low Reynolds
Numbers, and it became usual to adopt relatively large models, compared
with froude's which did not exceed atout 12 ft. in length. The
apparent unreliability of small models was later realised as being
due to the persistence of laminar flow, which gave a decreasing discrep-
ancy as model size and hencé feynolds No., was increased.

Davidson, around 1933, (Ref. 9) whowed that reliable and
repeatable measurements could be made using small models at low speeds,
if a means was provided to stimulate the boundary layer into turb-
ulance over the model hull; his work is notable because it led to the
first use of a tank to measure the forces on smmll models of sailing
yachts (some 3 to 3.5 ft, in length) under conditions of lzeway and
heel,

With the pioneer work of Davidson at the Stevens Institute in
the testing of yacht models, following Davidsontg breakthrough, which
must have given American designers considerable assistance in their
work for International Regattas, no parallel investigations were
undertaken in Great Britain until the formation of the Yac..t Research
Council which instigated tests at boih the National Fhysical Laboratory
during the early 1950's, and at Saunders Roe Ltd, in 1955 to 1956.

Work at both institubions was undert.ken using sm:11 models (W.L. lengths

of 5 ft. and 3% ft, respectively.)
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The approach and vhilosonhy of experimentsrs on both sides of
the Atlantic was essentially gimilar, the aim being to deduce the
full-gcale close-hauled performance of different sailing yachts, and
tests were therefore made under ccnditions of cpe=d, leeway and
heel likely to be ap ropriate for the full-size yacht sailing over
a wide range of true wind conditions,

Some attempt was made to analyse the results further, but the
spreac of the various parameters was too zreat 1o permit any notable
success,

It became apparent in 1959 that tests on a2 null coverinz in
detail a very wide ranse both of spe~d and model attitude within and
éﬁtside any vresuned s iling yvalues were desirable hoth in order to
allow analysis in terms of aerodyn-mic knowledse and in order to
provide a more general anélysis of s=iling yacht nerformance on 21l
points of sailing; with reference to the former use, it is worth not-
ing that in his paper (Ref. 9) Davidson and several contributors to
the discussion had established some relationship between a yacht's
hull and the aeroplane's wing, but no work of any consejuence had
been made generally available on this correlation since that of
reference 9,

When funds became available, the University of Southampton, in

1959, put in hand at Sounders Roe Ltd. some experimental work on a
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model of a 50 ft. waterlime ketch using various ap.endages as 'L@ft'
producing devices. <+the work was primarily concerned with evaluating
the relative efficiency of the various ap endages for windward sailing
using the established 'Gimcrack' technique propounded by Davidson,

énd at that stage there was no intenticn of using the resuits for
more general study. when later in that year it became apparent th .t
the wider approach was esgential, it was also clear that the cost of
such work in a Jomrereial Tank was prohibitive when accoun. wus taken
of the funds then availiasble, and likely t0 be available in the fubure,
for research work on yachts.

Some additional work with the mudel at Saunders Roe Ltd. was
instigated as a first step, but it was felt that much more could be
achieved from a Tank at the University; accordingly a vreliminary
design study wus undertaken in order to assess wiether such an under-
taking was a financial and practicsl possiitdlity.

Once it was established th.t a facility sufficiently sophisiticazed
for the work required was ;ossible, ap roval was given to the project
and a suitable site chosen, Flanning approval w.s obtained at the
end of 1960 and the construction of both the enclosing building and
tank structure proceeded during the #inter of 1960-61 under difficult
conditions. The Waterway was filled in the Summer of 1961 and the
various systems i.,e. carriage, drive gear, balznce and associated

arrangements etc. were in position by the end of that year.
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- Development and preliminary evaluaetion of the tank and eguir-
ment rroceeded durins the last months of 1961, ard the early months
of 1962, The facility wes, in reasonable working order by Harch 1962
and was officially onened by Dr. W, Cawood and named the Austin
Lamont Yacht Test Tank on March 30, 1962 during the Conference on
Yacht Design and Research tihen in progress at the University,

The preliminary evaluation was complete by early June, 1962,
and the first item of Rese-rch work, the measurement of hull
characteristics (described in Part 3) was undertaken during the

period June to August that year,



CHAPTER 10: [PRELIMINARY DESIGN STUDY

The majority of Towing Tanks are used both for Commercial 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, researeh on sea-keeping and ship
motion has resulted in the construction of large manocevering basins
and whirling arm installations.

Routine work includes resistance measurement, power experiments,
and sélf-propuision 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: the question of Reyﬁolds
Number and laminar Ilow; 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
rejuired and a congiderable length of tank to allm;r for acceleration, a
reasonable length and duration of steady run, and stopping; the large
model section area entails & considergble water depth and cross section
area 1o 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 Labofatory of

the National Physical Laboratory at Feltham, with a length of

1300 ft., as some & M, and the cost per day to a user as approximately
4300, (The initial cost includes all ancillary services, manoevering

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



76

tank alone).

These figures may be compared wit: the No, 2 tank at Saunders
Roe Division of Westland Aireraft Ltd,, 300 ft. in length, for which
a daily charge for use of around 200 has been mentioned; the figure.
for the Qriginal cost is not available,

At this very early stage in the study, it was anticipated that
a sum of about &4,500 might be available for coﬁstruction of a tank
at the University, (this was later reduced to £3,500) 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 wés strengthened by the lack of
space available,
Model Size

The dependénce of waterway dimensions on model size has already
been mentioned., Both Pavidson (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 possiﬁle to obtain
much reliable and useful information. Ref. 4 indicates that Szaunders
Roe Div'n now use slightly larger models of between 5 ft. and 6 ft,
W. L. length whiie Ref, 18 gives lengths of 3 ft. to 3k ft. as still

being in use at the Davidson Laboratory.
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Bven with models.of this size, effective stimulation of turb-
ulance is difficult at low speeds, and the adoption of smaller models
would exaggerate the problem and also le&d 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 dwe 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 17 has been set by Peabody ai 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 ywould be
possible to run larger models or yéchts 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 poscible model has the advantage of keeping
manufacturing and modification costs for models to g 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 musi be sufficient to allow a
reasonable duration of steady run in order to permit measurements to
be 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 reguiremenﬁs will be related to the
maximum model velocity available,

While the maximum speed of a diéplacement.yacht is probably
equivalent to a speed/length ratio (%/i) of 1;4, the upper limit was
set at %?1 = 1.5 %o allow behavior at speeds normally above the
maximum to be studied. With a 4 ft. model the maximm s:eed equivalent
to this latter spe=d/length ratio is approximately 5 ft/sec.

Ref. 17 enabled a reasonable duratibn of steady run to be
.assessed; in the design of the neﬁ Ship Hydrodynamics Laboratory, a
ninimum steady run at the maximum carriage speed was accepted at
7 secs; on applying this to the proposal, using maximum possible
carriage speed of 5 ft/sec., then a mimimum 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,



The 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 papérs in Ref. 20, to be about 3.5 ft/secz, while for an
unmanned carriage using g towrope drive, it may be increased to
7 ft/sec.z, or even more (th;se latter figures are given as referring
to the Saunders Roe Tanks), It also appears during various discuss~
ions 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; reuiring a steayy acceleration from rest of 1.25 £t/sec?
which was, therefore, seemingly ugll within the usual figures,

If a length of 10 ft. is allowed for stopping, and a further
10 £+, for obtaining steady conditions foliowing the acceleration

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

Length for 7 secs. steady run at 5 ft/sec. 35 ft.
Acceleration distance at 1.25 ft/éec-z 10 ft.
Length of run to achieve steady state : 10 ft.
'Stopping Distance ' - 10 £,

TOTAL 65 £t,
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If the top speed and model length were reduced to give a
V/~fi of 1.4 for a 3 ft, waterline, with 10 secs. steady run, then the
distances required for acceleration and stopping would be reduced,
(assuming the acceleration remained 1.25 ft/secz) leading to approx-
imately the same distance as the minimum requirement for waterway
length, 10 secs. has been taken for the minimum time required for
measurement in more usual tests, the 7 secs only being applicable to
the highest speed runs.
Waterway Crogs Section Area

A typical model which might be run in the tank is that of a
"Dragon! Claés 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 1s often assumed that shallow water wavemaking effects may
be neglected below a Froude Number (based on the water depth) of
Fy=V//e0= 0.5 (D is tank water depth), (Ref, 21). This criﬁerion

gives a minimum depth of approximately 3.2 ft. as being desirable,

go



The minimum over-all breadth ~nd depth to fulfil these require-

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

Cgrriage, Rails and Drive Svstem

In general, ﬁwo types of carriage are in use with towing tanks,
manned and un-manned; the former is often employed with tanks, having
large dimensions, when it would be impossible to assess the model
behavior from alongside the waterway; the manned cafriage also has
the advantape that a simplified balance and recording pysten may be
practicable ag operators are available on the carriage to make small
adgustments during the run and to take readings from on board,

The unmanned carrlage has the advantage of lighter weight, re-
quiring less power from the drive gear, but although model behav1or
can be assessed adequately from- alongsidd the waterway, all readings
from the instrumentation must be recorded on the carriage or trang-
mitted to recording units at the control position,

Power for towing the model and carriage may be provided by mobors
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 achleved (Refs. 17 & 20),
and it ig possible to arrange for control to be in the hands of oper-

ators on bogrd,
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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. Fort
Steyne (Ref. 19); this appears’to be an effective and simpie 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 ig necessary to
suprort and measure side-force,

A manned carriage must be heavier and étronger, 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 thé propoged
facility.,

Fither 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 fail), and obviate any possible danger
dug to transmitting large voltages and powers in the presence of water,
it was considered that s tow-rope system appeared the more suitable.

A comnon means of accomplishing steady controlled carriage speed
1s to use a winch driven by the output from a D.C. motor-generator set,

or other voltaze controlled D.C, system. An alternative, used



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.C., synchronous motor throush 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 wvariation,

The low cost and success of this arrangement at the Saunders
Roe No. 2 Tank encouragzed 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 movihg vehicle, w ile
heavy manned carriages use a two rail gystem. The more usual work
undertaken by towing tanks does not necessitate the support and
measurement of side-forde, and hence the lateral and rolling
stability provided by a mono-rail is sufficient.

Although a $win rail arrangement requires greater accuracy in
setbing and lining up, it provides the considerable restraint against
instability due to side force and rdll, which appears desirable when
working with yacht models; (this is confimmed from conversations
with representatives of both the Davidson Laboratory and Saunders

Roe Div,, both of which use a mono-rail),
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Consideration of the foregoihg together with the available funds,
led to the conclusion that a light, unmanneéd, carriage, carried by a
twin rail system and driven by a synchronous motor wia winch and tow-
rope was the most suitable for the proposed tank'facility;
Measurements Required

Mention has been made previously of the neea 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 measuré the side force, resistance and heeling or stability moment
at various course speeds and hull inclinations -(heel ang leeway),
these being the principal characteristics affecting the performance.
Other quantities of direct interest appegred to be the yawing and
trimming moments and vertical foree component at the various.speeds
and inclinations,

Due to the expensge of providing balance arrangements to measure
all these quantities and the considevation in Part 1 of side force,
registance and stability or heeling moment only, it waé‘felt desirable
to concentrate at first on measuring these, adding to the equipment

later when more advanced work was contemplated.
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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 desir;ble to construc% the facility for single-
handed working if poésible.

The miniﬁu@ height, floor to ceiling, was set at approx. 10 ft.
in order to allow construction of the ténk,'rails and carriage
structure above fléor level,

Adequate access to one side of the Qaterway was considered
essential to permit model handling, alteration to the apparatus, and
observation or rhotography of models while running,

It was assumed duriné this preliminary study that work in the
tank would only conoern‘displzcément vessels; any other requiremenﬁ
e.g. fast planning sail or powered hulls, would lead to sreater

dimensions, particularly length, The tank would therefore have

limitations as to the type of work for which it was suited.
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CHAPTER 11: THE SITE AND TANK BUILDIN
| A plan of the site is shown ih Fig. 38 together with a typical
section, It will be seen that the actual floor area available for
the watefway depended on the width between the existing reinforced
concrete retaining wall for the earth bank behind the tunnel, and the
conceete 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.

Fig. 39 shows the construction adopted which ig a combination of
brickwork, asbestos sheeting and wood cladding, with aluminum roofing.

Although sunlight prombtes unwanted growth in the water, and as
a result is not usually encouraged in tank buildings, the cramped
passageway and wind tunnel suprorts 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 240 volt power supply is available from

points at each end of the watermay and adjacent to the céntrol position,
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Heating was considered essential to keep the buildinv at a
reasonable temperature, controllable, and constant within fine’ limits;
(a) to maintein 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 aveid damp and condensation in
the electronic equipment, and on the rails (to prevent rustlng)

By a suitable disposition of heaters, the nominal temperature in the

building may be maintained at within 1° of 60° F,
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site plan
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fig 39 towing tank building.
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CHAPTER 12: GENERAL ARRANGEMFNT OF THE TANK FACILITY

‘Design of the layout and construction for the tank s:iructure
and systems (see Fig. 40) was controlled largely by:
(a) Shape and cramped confines imposed by the courtyard and wind
tunhel supporting struecture,
(b) Need for the Eastern half of the structure to be easily
dismantleable in case of wind tunnel fgn damage. ‘

(¢) Cost.

The effect of these considerations on the de:ign and construction
of individual structiures and symtems will be discussed in later
chapters; it will, however, be useful at this sta:e, to deseribe
briefly and in general terms, the general arrangement of the facility
as shown in Fig, 40,

“y suitable positioning, it was possible to fit a waferway
having a water cross section 8 ft. by 4 ft. with a parallel length
of 64 ft. into the floor area; a further 2, ft. tapered length is
available at the Western end.

Af early stages during the design and construction it was
intended that the tapered section of the waterway should be used for
mode! 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.



2

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 wincﬁ drum snd 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-
WaYe

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 pla:iform floor, so

obviating any danger to personnel from the winch drum and chains; the



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 conerete 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 stmucture (see Fig, 59, app. 4). A
dry walkway is available in the event of water leakage, from duck

boards on the conerete floor.
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fig 40 general .arcangement of . tank. Tacility.
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CHAPTER 13: TUE WATERWAY & ASSOCIATED STRUCTURE

The Waterwgz

The nece331ty 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 from static water tank panels
bolted together with sealant in the joints. These panels are manu-
factured in sections 4 £, by 4 ft., so that the lensth and breadth
of the tank was restricted to multiples of 4 ft.

It was not bossible to obtain a reasonable lenzgth of waterway
12 £t. wide, but by reducing this dimension to 8 ft., i.e. two panels,
a parallel run of 6/ ft. was available, together with a further
tapered length of 2 ft,

With a tank depth of some 4 ft., the actual water depth available
would be about 3 ft.-6in., which although sufficient to Prevent the
Présence of the bottom 1nfluenclnu measuremen’s to any great extent,
would provide a crocs seation of some 28 8q.ft., which was likely to
be insufficient to prevent blockage effects becoming important es~
pecially at the higher model speeds, {see Chapter 10).  If the water
depth was increased to 4 ft., then the section becomes 32 sq. ft.

odel gsection area
giving the ratio of tank section area as 231, slightly less than

that suggested ag desirable from Ref, 17
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Having accepted that the water depth would be 4 ft. and the
breadth 8 ft., it was possible to .sscss the effect of blockage on
measured forces during experimental runs, on the basls that if the
hull moving 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
ssction area (A) will be reduced by the cross section of ‘the model

at that point. For small blockage the mean in:rease in velocity, dv,

is given by: (from Ref, 6)

v _ . a 5 where a is the model cross
v A - a < by 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 ~ive the
effective velocity increase over the complete hull if the are- ta!
is now taken as the average of the maximum and prismatic areas for
the model,
In the case of the 'Dragon' model used to illustrate Chapter 10,
this 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 V/ /L of about 1.25,

dv = Qe 115 = 0.0043

32 - 0,115 -~ 8 x 21,2
32.2
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Reference 1 indicates that at this value of v/ /1, the
resistance coefficient CXw varies approvimately ag Vel.3 , S0 that
measured values for CXw at this speed will be some 15 too great.

From Ref, 9, side force varies approximately is Vel.2 so that
the error here will be below 1%,

Errors due t6 blockage will »e considefably 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,
due to the aésumptions involved if results are to be applied to full
size vessels, (see Chapter 20), the error apreared rsasonable,

The figurcs 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 effeét of blockage will
be reduced considerably.

Details of the run‘length and times available for measurement
at the various model velocities are included in the despription of
the driving gear and towing,arrangménts (Chapter 14).

Modern techniques in the construction of static water tanks
involve the use of plastie panéls, and the original intention was to

take advantaze 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 altern-tive was found.
in the use of secondhand steel panels.,

The zencral arrangement of these and other watervay structure may
be seen from Fig; 40, while the construction technigues involved in
erection, fairing and making watertizht are outlined in Aprendix 4
to this part,

Arrangements w-re made to empty the wat erway by means of two
valves; at the East end a two inch screw down valve discharges into an
existing draln which also takes the drainage from the immediate ground
area outside the balldlno- 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 West doors from where = natural fal] takes
water to a drain, In use, some flooding of the concrete area surround-
ing the wind tunnel occurs, and use of this valve should be restricted

to emergencies,

The Rails and Sup-orting Structure

The importance of maintaining the carriage and balance in a
steady state during its travel down the tank is emphssised in all
references dealing with the construction of towing tan facilities
(eeg. Refs. 4, 17, 20).

Any departure of the rails from the ‘orizontal, or from

directional linearity, may promote variat:i-ns in carriage speed,
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changes in the balance geometr:, zero errops, 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 accmrately in both the vertical and norizontal
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 aciieve greater setting accuracy,

Usually, with a twin rail carria~e mounting system, the rails
are carried oz top of the reinforced conc-ete waterw.y sides, the
carriage running in a similar fashion to a railway truck, 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
watervay made the usmal arrangement impracticable, and overhead
support of the rails wag necessary; this had the advantaze that a
clearer view of the model and bzlance was rossible 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 1b/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 intervals along the waterway as shown in Fig, 40. In

order to allow the main carriage rails to be of reasonable dia-
meter, and pass beneath the cross besms, it was necessary to make

the girders twelve inches deep. Spacing of the cross beams was
controlled by the necessity of kesping the mowemert o>f the carriage

in vertical and horizontal directions to a minimun during its

travel, and hence by the flexibility ol che structure; the spacing

of the 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 suprort all the beams at their llorth
end by uprights, 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 carriase which had been set at 4 £t. (see next
chapter) so that the layout of the rail structure was now established.

4 simplifiied 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



carriage, 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, wost 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 secoad hand material available, and the actual modulus of the
structure was far in excess of the calculated valves,

The consfruction of the gantries fram 9 in, by 4 in, T section
steel, together with the erection ang fairing of the 12 in. by 8 in.
channel girders is described in Appendix 5 to this part.

Rails are of 35 1b/yard railw-y line mounted on its side with the
head machined on all three faces to give smooth surfa es as may be
seen in Fig. 40. The machining, mounting and alignment of the rails

is deseribed in detail in Appendix 5 to this part,
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CHAPTLR 14: THE CARCIAGE AND TOWING ARRANGEMENTS

Reasons leading to the choice of an un-manned carriage sup_ orted
by twin rails and driven by a winch and towline have becn outlined
in Chapter 10.

The Carriaze

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 bhalance during its run down the watervay.

On the advice of Dr. Todd, at that time Superintendent of Ship
Division at the N.P.L., the lengthwise wh.elbase was determined by
the distance between rall joints; Ref. 17, based on work for tre
design of the Ship Hydrodynamics Laboratory at Feltham, whowed that
wheels should be spaced approxizately 4/3 the length of each rail
séction, in order that any disturbance at the Jjoint should have the
least effect on the centre of the length, at whigh balances we.e
likely to be placed.

The breadth over running wheels had to be suffizient that the
ro:zible roll angle due to c¢lcarince between roll-steadying wheels
and rail did not a’fect the balance geometry, or give gzero errors;

at the saue time, the carriage structure should not foul an - part
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07 the model handling or other arrangements,

These requirements led to the construction of a rerma-ent
skeleton carriase with main running and stabilising wheels on which
some 250 1b, of ejuipment could be cgrried. Dimensions betwesn the
four main running wheels are appro:imately 6 £t by 4 £t. and the
main structure is composed of four lengths of 3 in, by 1% in. Dural-
umin channel section bracketed at the corners ag shown in Fiz, 41, In
addition, tﬁo.intermediate transverse sections of the sge size cax
be moved to the wost co venient positions for the carriage of eguip-
ment, As set up for supporting the two component yacht balance and
associated arran jements, the heams and longitudinals are positioned
as shown in Fig.'41. A whesl assembly, consisting of running wheels
and steadying wheels to prevent skew, pitch and roll is mounted on
each corner, the totai depth of tie carriase bein: containeg within
the height of the rail supgorting girders, and the pull from the tow
rope is taken by a towing post carried on one of the cransverse beams
stiffened by a part beam between the inner lonzitudinals.

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 r:asonable: skew 0,005 deg.,
piteh C.005 deg., roll 0,005 deg.; in fact it was found possible to

betier these in practice.



Appendix 6 to this part describes the arrangemen: of the run-
ning and stead: ing wheels, and details the method adopted for setting
up and aligning the carviace on the rails.

Towine Arrancements

Design of the Drive Gear was based on that which had -roved
reliable, despite its sim>licity an. low cost, for low spesd work in
the No,2 Tank of the Baunders Roe Division. The system is based on
the use of a standard % . P, synchronous motor together with gt-ni-
ard 4 speed motor-cycle and three cycle, 3 speel gzearboxes 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 umotor runs at = constant 3000 R,P.V,, it
was necessary to ;rovide a clutca in the system {for smooth and
controlled acceleratizn of the model; a motor-cycle searbo: was
particula~ly useful therefore as nart of the gearine arrangoments
since it incor orates a clutch assembly.

By suitable arrangesent of the svailable z-arboxes, tozether
with the chain drives and 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

clamped at the degire: position in its length and the nodel moved in

[slo}
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either direction by the cable unwinding from one drum while winding
onto the other, the model dircction depending on the direction of
rotation for the notor.

To tension the wire and provide damping s;ainst the carrisge's
tendency to surge, especially when accelerating throush the clutch or
when stop:ing, the wire is loo;ed throuzh a pulley eerrying a 15 1b,
dead weizht eaci side of the drive gear.

The towing eable is 22g, piano wire, which while hiving
sufficient strenzth to accommod:te normal accelsration, running and
stopring lo.ds, acus as a safety precaution in that if tﬁe carriage
should become fouled during a run the cable breks and so averts
serious damaze.

A detailed description of the arrange-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 soze 18 ins. above floor level near the East end
of the waterwgy as shown in Fig. 40, and access to the gear is
throush a removable panel in the platform floor,

A1l controls excert the gear lesver for the‘4-speed gearbox
are taken to a console mounted on the control rlatform, and their
layout can be seen from Fiz. 42,

The gearchange lever for the 4-specd motor-cycle gearbo: is

located beneath the steps to the control platform,
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Smooth cluteh application is obtained by replacement of the
usual clutech lever found on motor cycles by a screw thread device
which provides 2 gradual pull or release to the clutch cable when
turned b means of a Handle; in Fig. 42, thé operator has his hand
on the clutch operating mechanism; clockwise mocion disengages and
anti-clockwise motion enzazes the clubch.

FORWA®RD, REVE SE and STOP *mittons to control the synchronous
motor are mounted along the front ed e of the left hand side of the
console table, the STOP button lyinz proud of the surface for rapid
identification in the event o 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 fasteninzs ol the cables are firmly
located, and some difficulty was experienced in achievinz this with
the complicated cable runs through the platform floor; special stif-
fen'ng to part of the floor and console structure was found neczssary.

Carrisve Speed: Stability and iieasurement

Fluctuations of, and inaccur..cies in measuring the models speed
during its run down the tank could lead to considerable error in the
measurement of forces.

If the 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 aominal speed (&)
. . . s A o Y !
wil' be in error by df; if <he Z.res varies s (Veloeity)' then

F_+ 4F (v _+ av)” “i.e. dF = n.dv (apvroximately)

As the resistance may vary as (Velocity)5 or sven higher,
accurate measursment and stability of speed during a run is svtremely
important., Ref. 17 and 20 indicate that the order of repeat ability
and accuracy of speed lies between 0.1% and 0.25% for the various
tanks concerned, Ref. 25 7.ve a uniformity of speed + %% during
the work at N.P.L, in the No, 2 Tank.

Although the speed of the synchr.nous motor is likely to vary
only with the mains surpl = fraquency, the remainder of the system is
sucn that backlash and built in slackness could lead to -onsiderable
surzying., 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 effert was made t erefore, to Jeteet and
eliminate large speed fluctuztions durin. the run and alco to ens.re
that the repearability was brougit to an scceptabie level,

The drive gear with its chain drives was found to r.guire care-
ful settinz to avoid fluc uations in the drum revolutions. The
revolutions were cnhecked for stability by meins of a stroboscope when
in position, the necesrary tightenin  of chains being achieved by

adjusting the mounting piates of the various com-onents (Ap;endix 6).
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Yo achieve unisormity o drum revolutions, it was found necessary to
have the chains tight, any slackness resulting immediately in variable
drum f?-. 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 -he damping welzhth o the wire zivesa
good guide to whether the clutch is being engaged smoothly, after
considera’le practice, it was found possite to operate the clutch
so that only a com: arativels small movement of the weights occurred.

In order to study the uniformity of s-ecd durinz the run, one
of the carriages main running wheels was arranged as shown in fig. 42,
Circular brass contact pl.tes wereKlet into the surface near the
circumlerence at 15° intervals, and ~n anaular rin- let in nearer
the hub, Bach circul.r plate waz joined electrically to the rinz by
wire recessed into the wheel surface; two spring loaded contacts were
arranged, ons to make contact with the various circul:r plates as
the wheel was turned, the other bearin; on the annular ring, and
these contacts wsre joined throuszh an 'Oscillomink' recorder and a
9 volt dry battery., When the whezl was turned, .and the recorder
operating, pulses were recorded as the sprins louded contact passed
over each plate in turn., By choosing the relevant paper speed on the
recorder, the time taken for one revolution or part of a revoluiion
could be ascertained. The top record in iz, 44 shows = tyrical

lenzth of trace as the wreel was turned throu-h t'.re. revolutions.



The carriaze was now taken down the tank over a range of gen
ratios between the minimum and maximum, so that the uniformity of run

speed could be asseszed., B takins

7
o [

the time Tor each revolution
(every 2/, rulses on the irace) of the wheel, the graph of speed
variation during the run, the distance rejuired to achieve steady
conditions, and the stopping distance could be obtained.

Before the check on drum revolutions, desc.ibs previously, wa
carried out, flucturtions of over &% from a nozinal speed were found,
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but afterwards, these were brouzht within - the nominal orver the

complete speed range, a typical lenst of trace ab uniform carriaze
velocity bein: shown in Tig. 44. This could be read to within

3%, which was the quoted zccuracy in ﬁaper speed on Lhe rscorder.

Tre »niformity was found to.crist if any of the »ulses w s taken

as starting point to measure the time Ior each revilution,

By obtaininz the time Cfor e.ch revolution of the wheel during
its passage down the rails, it was p-ssible to build up 2 grapi show-
ing the varistion n, speed from start to stops A typical variation
is shown in Fig. 45 as the ti;e rer rev, agairst the number of
revolutions comwpleted, and the approximate corresponain: run length,
In this p rticular case, the clutch operation wzs moderately smooth
only and the resulting speed fluctuations can be seen at the

beginning of the run. These were soon dampec however, to zive a

smooth run before the motor was cut =t rev. 37,



The inset graph shows a megnified view of the uniform speed
rart of the run from rev, 8 to rev, 28; it may be seen that the sreed
variation is within i% from a nominal value exce 't at two soints;
similar jumps ocourred at the majdrity o speeds, and were found
to be due to slig t migalisnment of “wo rail lenz . hs. the rails
were realigned and checked (see Appendix 5) and in runs which Followed,
the variation wag well within the * 4 1izit over the whole lenzt ;

In the case shown, the length of uniform run 1s 43.5 ft. (sec Fis, 45)
and this was found to be maintaineg even at very hizh carriage sreeds.,
Typical values of len-th required from start to steady run

conditions are given in table 4 for various speeds within the range,

Sto;ping distances requircd by the carriage after the motor was
cut were also determined from the recorded traces by measuring the
number of wheel revclutions ¢ om power removal to rest. (see Fig, 44)
and ty:ical results are given in table 4.

‘he hizh cost of recording equirment precluded its Furchase
for use with She facility at that time, so that measurerent o
carriage speed during "production Runs" was not rossible by the pro-
cedure described above,

A system basically similar to that used in a number of
establishments was developed, by which t:e time taken by the carriage
to complete a known len th of steady run is measured ac:uraely.

The run was set at 42.5 £t. from the rasults of the e rericents de-

seribad previously, and the time meusured by memns of 1 erystal

o6
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oscillator driving a Dekatron counter which resd to six figures. This
may be seen in Fig, 42 level with the operators left hand., This
clock is started by a Lorizontal plate mounted on the ¢ rriage which
breaks a photo-electric relay, and storped in a similar manner after
the 42.5 ft. run., The second relay also cuts the power to the
-synchronous motor, and stogs the carrizge; if it shoul. fail to
operate, a further relay some three feet further on, will stop both
‘the clock and the motur, but in this case the time will refer to a
sreater distance. To achleve a time over the normal 42,5 It. run,
which waé within %% of the noxzinal, it was necessary for the maximun
error in the placing of relays to be within 1% in. As the relays
were -l-ced by means of a stecl 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 mairs voltaze; however,
if this voltage ghould fall appreciably, the counter will fail to
operate correctly and adjustment must be made to the inpul setting
to overcome this,

In order that the elarscd time for a run may remain on display
for recording during the return run, and to ensure that the carriage
does not operage the elock during this time, a button switch is so

arranged that the clock is only zctuated by the carriase after it

has been operated. It was found durin: the early runs using the
) )
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system, that the photo-electric relays someti- g failed to operate,
due to bulb failure or mis-alisnment betwesn bulb and eienent, The
button switch is, therefore, connected into the motor circuit and the
motor fails to operate for orward run if it is not derressed or if
a relar is faulty, so scting as a direct safety aid whieh assists in
Tault tpacin:, This "RIADY BUTTON" is situated on the console,

above the FORWARD motor start “utton and may be seen in Fig, 42,

. :

The above procedure does not affect the return run zo that the
safety preéaution is inoperative and althoush there is 2 photo-
electric relay to ctop the carriage on its return run, care is
recessary in cace oy malfunctioninz.

Comparison of the nominal mean specds obtained usinz tae timed
run of 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 :nd test runs were made under various conditions
of mains loa’ing to ascertain the effect on frequency and hence
carriaze specd. Over a number of days the mains fr&quency and carriage
speed for the tined run were measured and a Tluctuation of 0,153 in
the latter; these measurements indicaced 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 smoot nesz of clutch oper tion on the aver ge speed as timed
over 42.5 ft., and 50 check that a sufficient distance had been
allowed for the speed to settle dov~ before the clock was starte.. These
tests showed that a variation of some 0.1% could result in the run
time if the clutch was abused badly.

the results of “he experiments describe@ above indicated that
the measured carri:te speed could be considere. as within the limit
of ©' 4% from a nominal velme, and th 4 variations in speed «lon - the
rvn were within the smme limit, 411 these testz were made without a
model in position, and several runs using the 'Oscillomink' recorder
with a model, s owed that the messured fluctuztiong were. lower, presua-
ably due to the da-pin: effect of the models resistance on the
carriaze movement; there w-.s no indication that t-2 resistance of the
model affected the carriaze speed. It should be noted here that the
fluctuations recorded were oi'ten 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
1imit of accuracy for the nominal speed at the selected gear ratio.

Approrvimate speeds for the range of gear ratios are given in Tgble 5,



Stovping the Carriace

Thé available stopring distances with a rup length of 42.5 ft,
are adeguate to allow the carriage to come to g halt naturally,
when the motor is cut, from all spéeds; if the first stopping relay
fails to operate, then the second will normally cut the power, but
at top speed, great care was‘found to be necéssarj, and if the first
relay should fail to operaie, use of the wanual stop button is ad-
visable,

In the event of the tow ropelbreaking behind the carriage during
a run, cutting the motor would have little effec., and an accident
could occur, Juring six months “requent running, several wire
breakazes occurred for different reasons, but all in front of the
carriage; no emergency stoprin- sysvem was -evelomed al thot time,
Available Time of Congtant sSpeed Rup

The length of 42.5 ft. allows a recording time during the run
in excess of that considered desirable from Chapier 10y over most of

the speed range, typical figurcs being given in Table 6.
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Fig.42. Towing Tank control console.



Fig.44. Portion of record from Oscillomink recorder, taken
during ftests to determine fluctuations in carriage speed.



TasLe 4. DisTadce RsguirEd By CARRIAGE To

Acrieve STeady Run AND Te STor.

GEAR CARRIAGE DisTANcE Regaon.| DisTAance Read,
SPEED To ACHIEYE —_
RaTio _ , L‘JMFO(&'M SPEeD To STof
- FT/sEC ST e
|.222 1.38 12 2.4
1.333 |- 90 12 25
2.333 . 2:978 le 32
3.332 348 19 38
4.332 4. .08 22 4 .25




TasLe S, AprproxIMATE C ARRIAGE SPeEED For Gear SeTTING.

FiRsT NumgeR GIvES BEmR SELECTED ow M[c Box. THREE Nomsees
FoLLowide PamT Give GeaRY ow Cycue Boxss,

e.g. .1l Means M/c Boxiw LowEsT GEAR, AL Cycie Boxss /1w LewEsT GeAm,
GEAR CARringe GEeaR | 'cﬂRRIﬂGE GEAR CaRriace

SETTING Speed Setnne S Peed Sernue SPEED

Fr/Sec Fr/ssc Fr/sec.

lo 0-803 2.132 2.0\0 3.332 2.4%0
lsl12 096 2.222 2.16] '3.333 3.%60
Lh3 l-lo2 2.133 2230 || 4. 2.130
1.122 118 2.322 2404 || 4.112 2.780
132 1.2%3 2.332 2:675 4.113 2 84S
1.222 1.382 2.333 2.975 4122 3.065
|.133 1.429 3. 163 4132 3415
1.322 l.S40 3.12 |-956» 44222 3.b80
1. 323 I. 7210 3.113 2175 4133 3200
1.333 l.9o) 2.122 2.3s0 4.322 4.090
2.1 . 1280 "3.132 2.605 | 4.332 | 4 sS0O
2.h2 l.500 3.222 2+.820 4.333 5,070
2.13 1 668 3.133 2900
2122 1900 | 3.322 3140




TasLe 6.

E’scoem..ng. TiMe AvaiLagLe Durive

Ruw. - TypicaL SPesps 1w Rawge.

1

GEAR Sepeep | TiMg Fora2:s’
SELgeTED FT/sec. Ruw
S&es .
Lo 0%63 s3
|.322 .64 276
2.132 2:010 212
2.332 2:675 159
3.322 314 |35
3.333 3.86 o
4.332 455 © 4
4 .333 5.07 8.5




balance specification was drawn up using the established gquantities.

Very little published informa .ion was availalle to give the
range oi' forces and moment: which might be exrected on models of
various tyyes. Ref, 1 zave some zuide, althouzh the ngnitude of
lecw y and hence maxizum Forces ~ezizved weve less thun was desir-
able if the de izn was to rrovide characteristics both ithin and
outside the sailing range (i.e. up to some 120 lecway),

The figurss of Ref, 1 had been re-analysed by Cra-c (Ref. 12)
in a form From which ths maximum Corces to be ¢xpected could be read
off i mediately. ‘

Side-Force

For the 'Drazon' model at 10° lesway (the maximum used), the
Lift coe Ticient, CL was seen to be 0,15, so t at at the maximum
tank model speed of 5 ft/sec. with a 4 £h. waterline model, the
sideforee was likely to be some 3,2 lb., while on a 3 ft. model it
would be ap roximately 6 1b, As the range of letway was 1i:ely to be
higher (0° to 129), ror the desizn, it was concluded that the arrange-
ment should be made to measure side force up to 10 1t, naximun,

(for a 4 ft. model at maximum speed and 10° leeway), witi a more

normal range of 0 to 6 1b, to cover smaller models with a lowsr top

speed,
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Ref. 1 showed that previous measurements have been quoted as
within 0,005 1b., 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 eoefficient; it was, therefore, desirable to allow for
measurement up to 5 lb. maximum (for 4 ft. model at top spezd and 10°
leeway) with normal use #p to approximately 3 1b. Again, the accuracy
in pre¥ious experiments was quoted as 0,005 1b. (Ref. 1).

Stability Moment

Due to the requirements of FPart 1, 1t 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,

No information was available to give the stebility of a hull
under way, and an attempt was made to approximate the moment by
considera-ion of likely over-turning moment on a scile model of the

sailg,
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Reference 24 was the only informasion available zivi.; any
reliable information about g:i] forces, and this indicated that the
maximum side firce 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‘sinz throu:h the intersection of mast ang degk, ang with
relative wind scale velocity of 15 ft/sec; the centre of efiort
height wss taken as one third the mast heizht (2 ft.), so that with
a sgll area of 9,9 sq.ft., the moment was some 8 1b. £t, On a
3 ft. model this would be reduced to some 5 1b, ft,

Heel Anzle

From experience, it was kiown vhat usual heel angles for yachts
lie between 0° to 30°, figures which were confirmed D7 Ref, 13.« In
case of re4uirement5 for sreater transverse model inclinations, the
ranze was set as 2° to 45°, From the little informati-p available,
(Ref.1 and 9) it apreared that the hull forces are raelatively
insensitive to changes in heel, so that an accuricy of ¢ 05 © was
likely to be sufficicnt, |

Ref. 9 showed that sideforce, and at large leeways, resistance
is cxtremel - senﬁitive to leeway, so that it wa: considered inportant
to set and measure leeway to che maximum possible accuracy., Ref, 1
indicated that with the Dragon model, it had been possible to
measure to within + Te1°, so that this waz set a- a mini-un require-

ment.



Displacement agnd Model Weiszht

The weight of the 3.5 ft. Dragon médel was, from Ref. 1, a
maximum of 22 1b, which would he increased in the case of g 4 £t.
model to around 35 1b, Allowing for models of heavier displacement
gave an upper limit for model w-izht of 50 1b.

Choice of Confisuration

The rejuirements outlined above were similar, largely, to
those from which previous dynamemeters at the Javidson Laboratory,
National Physical Laborabory, and Saunders Hoe Division had been
developed, except that in all Srovious work, it had be:n congidered
necessary to measure the yawing moment, and to sirmulate the vertical
component of sail force, SHach dynamometer used pPreviously in work
with yachts had been designed is connection with the dirsct calculation
of comparative close-hauled per.ormance using the Gimerack or sim-
ilar coefficients, and involved applyin- 2 known side force and
vertical force to the model at a simulated centre of effort position,
and hence determining the resulting ancles of heel and leewsy.

Two different dynamometer configufations appedred, both
fulfilling these r:quirem:nts,

Dynamometer Configuration used in early work at N.P, L,

The model is towed frum the top of a dummy mast at the assumed

height for the designers centre of effort position, the mast being
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attached by a universal joint to a vertical rost 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 Gimerack 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 fhat 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.

ometer in uge at the Davidson Laboraco

Lhe lateral dynamometcrs 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 aprlied
by ballast at the correct fore and aft position. The relative
loada on cach lateral dynamometer are used to determine the yawing
moment, and resistance is measured on a separate dynmasmeter. As the
side force is applied well below the a.sumed centre of effort for the
sails, a wel:ht is arraiszed to have lateral travel :ucross the hull

for set ing the an:le of heel required,



In use, the chosen side Torce and ve ticsl force are applied,
the angle of leeway adjusted until the sideforce produc:d by tre
hull balances that applied by the lateral dynamometers, and the
transverse sliding weicht positoned to wive the required heel angle,
Leew-y, heel, resistance, and yawin- moment may now be recorded,

As the carriage at the Davidson Laboratory is Un-menned, several
Tuns are usually nucessary before correct adjustment of heel ang
leeway is obtained,

Ref.9 gives a descrirtion ang protozrarh of the system,

nggmogetegg in Uge at the Saunders Roe Division

It is interesting to note that the N.P,L, dynamometer is

used on a manned carriage, so that operators are available to maie
the necessa'y adjustments amd readings, while the Davidson Laboratory
used an un-manned mono=rail system,

The two dynamometers in current use at Saunders foe Division
are on a manned carviage in No, 1 Tank and on an un-manned 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 g slightly
modified version of that described previously, A full description

of its construction and use will be found in Ref, 1

7



The dynamometer used in the Mo, 2 Tank was developed to under-
take work for the Red Duster Syndic:te, and foliows, basically, the
principles of that at the Davidson Laboratory. In detail, hovever,
it is consicerably improved, the balancing of side force from leeway
with that aprlied, and the settins of heel, being achieved by self-
setting servo motor systems using jockey weizhts,

A full description will he found in Ref. 4 & 8.

Other Frevious Arrangements

Reference 25 notes a balance cOnstructéd by a "dr, Marshall of
North Haylinz". This was 2 five component balince to which the model
was rizidly attached.

Work by Kempf is mentioned in both Ref. 9 and 253 where the
eflect of wind force on the yacht was sirulated by ap-lying forces
at a centre of effort position by fallin- weishts and pulleys.

Work with the dynamomet:rs described in detail has been
commercial in character, so that use of the Gimerack analysis was
implicit since this was the only method available for applying 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 op
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self-propelied 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 tq‘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 Zive the necessary measurements over
wide rangeé of heel and leeway, by its very layout and vse of separate
resistance and lateral dynamometers, it wo.1ld be possible to measure
quantities only with the Sea axes,

In wind tunnel work, it is usual to keep the model rigidly
attached to the balance, and measure the required uantities resulting
from changes in attitude or sha: e, in a manner similar to that
proposed by the "Mr, Marshall of North Hayling", 1In the case of a
yacht, or any other model in g5 towing tank, this would result in a set
depfh of immersion for the hull rather than constant displacement;

while runninz, the model if free to mo e will usually change both its
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attitude longitudinally and depth of immcrsion, so that additional
7.riables would be introduced requiring further measurements and
making the interpretation of results difficult, An additional
complication is likely to arise from :he prossibility of the model
being swamped, the irposes forces causing it to break up and perhaps
damage the dynamometer. In an aﬁswer 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 t ree
component balance having the model tied in heel and leeway would allow
systematic variati n of parameters and measurement of all tﬁe desired
quantities,

An outline specification based on this last arrangement was now
drawn up for the dynamometry:

Sugmary of outline gpecifications

1. A three component balance is to be used, with the model con-
strained in heel and leeway, but free in pitch and heave.

Juantities to be measured are ; Side force and Resistance (components)
at right angles) and Stability (ri-hting) Moment about a convenient
axis. Arrangements to be such that eicher Course/Sea or Body/Sea axcs

may be used,
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26 Range and accuracy of various quantities to be:
Side Force: 0 to 6 1b. normal use, O to 10 1b, maximum, within
0.005 1b. | | |
Resistance: 0 to 3 1b. normal use, O to 5 1b, maximum, within
0.005 1b, | |
Stability (Righting) Moment: O to 5 1b, ft. normal use,
0 to & 1b, ft. maximum, to within C.01 1b, ft.
Heel angle: 0 to 305 normal, O to 45° maximum, in either
direction to within 0,5°,
Leeway: Range O to 15° in either direction, preferably to
greater sensitivity than 0.1°,
3.  Maximum model weight: 50 1b,
Lo 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 transnitted 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



component balance to measurc Side Force and Resistance, while the
stabllity moment was ascertained by ziving a known movement to a
transvérse slidin: weight, and measuring the resultant he.l when the
hull was towed at the desired leeway.

A diagrammatic outline of their pronosal for t:e two component
balance is contained in Fig. 46. It was proposed thit force in the
horizontal plane should be transferred to the dynanometer throush a
central tubular post which had freedom to risc =nd fall, wut was
restricted in all other movement by réllers and guides. The force
on this post was to be separated into the two desired comzonents by
two systems of swinging gates and tra ays waleh had freedom of motion
only i.: directions normal to one ancther, lovement of each force
tray would have been restricted by a bell crank mechanism usinz dead
weights to counteract the maJor proportion of the foreces, the remain-
ing load belng allowed to displace the tray, the movement of which
was recorded by electrical means., Damring was to be provided for
both compo. ents and the model -eld fixed in FaWe

“the proposal was an extension of s standard type of dynamometer
used for measurinz shiv model resistznce, In t is form, however,
its complexity, large number of Tlexures, and size, was likely tc
provide problems in altering the svster of axes used, and in main-

taining and chec:ing alignment and calibration es’ecially as it was

2%
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likely to be treated harshly durin: the acceleration pveriod with
carriage speed oseillating considerabl . There was also = 1liklihood
of some interaction betwecn components.

The tyne of equiyment :ad heen in use, al?eiﬁ in a simplified
form, in a number of establishments as a sinzle component dynam meter,
so that there was a zood pussibility that it coald have be n brought
into wse quickly; however, ire cost of some £ 1200 made its further
consideration impossible,

None of the other firms ap:roached would undertake to offer a
desig at = price near that of Saunders Roe, :0 thit it was decided
to design and construct a dyhamometer to the reqrirements in the
University workshops.

To reduce the complexity and cost involved in desizninz and
building a three component balance, the use of a slidins weight to
rrovide heeliny moment to the hull go that *the resultin- hecl ecould
be measured was accepted; this had the additional «dvantaze that the
moment was always applied, and he-l measured; in the athwartships
plane of the model which might nct have been possible witl, a full
thrse 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 rcquirement meant that the syster had to be
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capable of arrangement in two ways: (a) the balance axes
corresponding to the carrizge lonzitudinal snd transverse 1xes;
while model leawayywas adjusted relative to the balance; (b) the
balance rotated to the required leeway in relabion to tre carriage
axes, while the model centreline was held alonz the balance long~-
itudinal axis, .

It was obviously desirable for the actual force translatin:
mechanism to be compact and si-ple so that “hese r,quireménts co 14
be satisfied,

Ay that time the N.P,L. had been usinz, for both steady
state and oscillatory measureme ts, a simple balarce, extremely
compact, in which the small relative movement of two hérizontal plates
held apart by stiff flexures was measured,

Due to a resurgence of interest in yaent testinz with the
interest in the #merica's Cup by v .rious syndicatcs, t.e Shin
Bgdrodmamics Laboratory had made a preliminary investigation into the
use of such a system for a yeent d nanometer,

The elegant simplicity of the system encouraged its use for the
dynamomster for the University Tank, and = study was m-de leadinz fo

the construction of the balsne: arranzements shown in Fiz. 47, 43, &

49, :nd described below,



General Arranzement of Balance

A vertical nost is attached to the model at the de ired towing
print by a universal joint allowin- freedom in Titeh and roll, but
not in yaw, The axis of the portion of the universal joint allowing
freedom in roll may be arranzed to colneide with that about uhich
the righting moment is to be measured.

The post, the lower tart of wiich i eylindrical and the uprer
part square in section, is located with resvect to tie lower force
plate by two sets of bearings: the louwer bearin~ iz 2 linear ball
bushinz for vertic.l motion located by four webs from the underside

o

of the lower force ylate, ' The up er bea in- concizts of gix ach

W
e

ball races locating the square section of the rost in vaw, but allow-
ing it to move vertically., These bearings zre carried on webs
attached to a olate which may rotate relative to the lower force
plate to set the model leeway when Sea axes are uséd. This circular
plate is oraduated, and ray be clamped within 2.1° with the aid of a
vernier,

The lower force plate is suspended and located relative to the

ntermediate force plate by four flexures havinz a substaatial ratio

e

of major to minor stiffness and with their major axes set in a

transverse dirvection.

125
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A further four similar flexures, sdt with their major axes
longitudinally, position the intermediate force plate from the
mounting plate.

To allow the whole balance arrangement to be pivoted with
respect to the carriage and allow Body/Sea axes to be used, the
mountinz plate is carried on a rigid turntable from the carriage
structure: its alignment may be get o within 0,1° by use of a scale
and vernier on :the turnbable.

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 lineusr pick-oifs energiscd by a
400 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 ome another due to
yawing moment from the model, This, torcether with the subgtantial
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 energiged by
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a 400 ¢/s supply and mounted on the end of the roll sa:ft in t e
Universal joint coni.ctinz model to post.

The maximum transverse movement of the slidins weicht is
restricted, if the weisht is not to enter tie witer at large heel
angles, to about 6 in., so that in orddr to obtain a transverze
moment of 5 1b, ft., a weic't of 10 1b, would be required, wiile
to give an accuracy of 0,01 1lb, ft.,.its movement must be measured to
within approximatel 0,015 iﬂ. which is just rossible with a normal
scale rule. In practice a suitable weight is chosen to ~rovide the
range of heel angsle required,

Flexures

erangement of the flexures and their end fastenihgs is shown
in Kig. 47. It was i-portant that the end fastenings be made
ef ctively encastre to avoid sloppiness of the balance around the
zero position, s only very small displacements between tie force
slates were being méasured,

The flexures, of E.N, 27 stee (on advice from the National
Fhysical Laboratory), were desizned to zive deflections between the
respective force pl.tes of approx, 0.01 ins. umder the oads
designated as 'normal' in the specification, and manufactured from
5/8 in, hexagon bar,

To obtain effective ehcastre end fastenings, the shanks were
made a very tight push fit into holes drilied in the force rlates
and nuts arranzed to pull tie shoulders hard against the force plate

surface,



j2¢

The design and manufa ture of the flexures is .esc-ibsd in
detail in Appendix 7.

To avoid inter.ction between components it is essential that
the major axes of each flexure set should be ex.ctly square to :he
line of action for the force compoment beinz measurec. It was
found convenient to set the flexures square by layins a short
straight edge across each pair in turn, parallel to the major axes,
and to adjust the Ilexures until che faces married up with the
straig:t edge. By use of two spanners, on the hexagon body and on
the nut, the flexure could be adjusted and pulled down tight,
Tightness was found to be extremely important if sloppiness about the
zero is to be avoided.

The Linea -0ff

These are Speery type 11LP0/30 and their output characteristic
is shown in Fig. 50, Output is linear up to a core 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 Iéaded
- to the fully out position, and on the balance adjustment»may be made
to obtain the null by means of u screw on che abuttinz plite shown
in Fig, 47. The eledtrical arran-ements are discuised in t e folliow-

in: section,
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Electronics

In the early siages of tie desizn, it was considered impract-
icable to feed a mains supply along the tank to the carriage, due
to the vresence of water; hence, the orizinal concertion wir %o use
transistorised circults supplied Trom batteries carried on the
carri-ze, and to take all readings from the pick-offs to a battery
operated pen recorder also carried on the carriaze, t'e records being
removed after ench run.

However, it proved i practicable to obtain a suitable battery
opefated pen regorder, nd althou:sh it was nracticable to use a
transiétorised converter from the battery 1t 12 volts d.c. Lo sup-ly
240 volt at 50¢/ a.c. and operate a maiﬁs recorder, the additional
weioht of such a recorder (60 1b iHinimun) tozesher with it of the
batteries and balance, brought the total load in excess =f the e ign
figurcs for the carriage,

The alternative was now to use mains operaied e uirment at the
console, =nd relay hoth the enérgising power =nd outnut from the
transducers down a cable to and “rom the carrisge, Three nos:ible .
.confi‘urations emerged:

1. To use mains opersted ciuisert on the console and 'nipe! it

to and from the carriage. This was a convenient method nsing

established techniques, but involved the use of mains volia-ec in the

'



cable carried above water.

2. To use a mains operated t“énsistor cower supply with trans-
istorised units at the console., Thisg, again, w-. very convenient
and obvia.ed the supply of mains viz the cable, but involved un-
proved transistor technigues,

3. To uge a b ttery on the carriace, as originally intended, with
sone tr msistorised units, feedin;; onlyresults back to the console
via the cable. The battery weight could be accom odated on the
carriaze and this was “he nearest configuration to thit first
envisazed, but as it w:e neces ary o rig the cable arrangenent to
the carrizze, there ssomed no point in having the inherent denend-
ence on battery charginz with the attendant frequent removal and
replacement of batteries,

The use of alternative 2, meant that the dancer of handling
mains in the cable above w-ter was eliwinated without the disadvant-
ages of method 3, so that this was the arran_erent finally adopte.,

The electronic ar angements involved are shown schematically
in Fig. 51. At this stage of construction the cost of a mains
recorder (aprroximately $300) was unacceptable and as an alternative

it was decided to experiment with the uze of dinls to record the

output from tiae pick of’s, and hence the measured results.

i30



A stabilised power supnly is taken to a transistorised
oscillator unit from which 6.3 volts abt 400c/s, stabilisel within
5% both in amplitude and frequencr, is taken via thé cable to the
carriage for energising the differenti~l transformers. Outputs
from the transducers arc returned via the cable to ampl fiers matched
witn the recording dials on which the measurements are displayed at
the consoie. In each case, arrangements are made to adjust the zero
and full scale settinz of these dials. The three display units may
be sesn in Fig., 42 on the right hand side of the console face. Heel
1s shown by the sinzle .ial at the top, resistance at botiom left,
and side force at bottom right; each unit may bz switched and con-
trolled separately.

Due to spring loading of the .ick off cores, it was possible
to arrange for the movement between force rlates to displace them in
either _irection a out the null., In practice, it was found mo=t
suitable to arranze for the relative plate movement to act against
the spring to avoid any slight hesitance in the me.surements. In
order to uge the complete dial f:ce, and s0 gain maximum seansitivity
in reading, the electronics were arranged to be n§n~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

13)
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and cost, an extremely Mportant con idera-ion at this stage in the
construction. If at any time it were desired to carry out oscillating
force measurement, e.g. models in waves, then phase sensitivity would
be essential, and could be arranzed by the addition of a further
electrenic unit,

In practice, some trouble due to the smill maximum deflection
of flexures was eXperienced in the measurement of resistance, as the
maximum deflection of these had been reduced to some ©.005 in. under
maximum load, and it was found necessary to cet the core some 0.005
in from the null in the direction of movements this is discussed in
more detail in the followin: chapter and in Ref, 26,

Side force and resigtance display dials were arranged to give
full scale deflection f.r eiticr 0,010 in. or 0,020 in. relative
movement between:force lates, deiendinz o amplification, the
required range veing sclected by switches beneath ench dial,

The heel unit was arranged to read frot 0° to 30° over the -
dial length, this being the fange within which the practical values
of heel izht be expected to lie.

A twelve channel cable was arranged to run on a ssandard steel
cored nylon curtain rail susrended by its usual household fittings
below the Seuthern rail supporting girder; it was erected in 12 ft,

lengths, adequate alisnment o butts beinz obtainegd oy using sunyort
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fitoings at t-e extreme ends of eacn length, The cable was loosely
lashed to standard nylon rurners, and at the start of a run is looped
closely at the Eastern end of the rail; during the run, the cable
is towed from a post on the carriaze and carried on the runrers,
Junction boxes were arranged at the console and »n t e carrviage as
terminal points.

At first, some interferenc- bHetueen components wis experienced,
but by the use of gppropriately shielded cable, all electrical
interference was eliminated.

Gilibrasion

Calibratizn of the balance for side Torce and resistance implied
the application of known loads alonz, and perpendicular to, the centre-
line between rails at the nodel attachwent po:zt.

It had been intended that the run direction should be froax
West to Fagzt, so allowing the tapered portion of the waterway to be
used in running up to =pecd and ontainins stable model cond tions;
nhowever, due to the cram;ed nonfines and diffiecult access to the West-
ern end of the tank, it vproved impo-sible to arranze for convenient
calibration of the balance at the beginninz of a run. A4n attempt
vas made to calibrate at the Eastern end before tre model was run
back to its starting pogition, but this resulted both in a doubling
of tire betwein puns to allow for wave diszipation, and in a 1ikli-
hood of difficulties in being sure of the calibration for the actual

run,
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Registance

As the towing wire had been arranged direatly alo g the centre-
1ine between rails, this g ve a relerence line for tne .»nlication of
v sistance calibration. A pulley was fixed at the centreline of thre
waterways Lastern end, and arranged to have transverse adjustment,
facilitating ~ccurate alijnment of a cord from the midel attachment
post at the balance and cassing over the pulley to a freely hanzing
weight., After releasing the tow wire from the carrinve post, plumb
bobg may be used to align the cord lonzitudinally, the distance
netween model attachment post and pulley beinz sufiicient to allow
adequate lonsitudinal separation of the ~"umb bobs for alignment of
the cord. In this manner, it was found possible to align the cord
within 1/32 in. from the bob support wires, O that the bobs
should be at least 3 ft. apart in order to 2lign the cord within

0.05°, In practice, it was found possible to make adjustuents at
the carriage with it sore ten feet from the Eastern end of the water-
w2y, so that the accuracy 1is considerably greater.

With the calibration cord attached to the balance, the latter
may now be turn-d usine the to turntable so that the msjor ax:s of
the r-sistance flexures are exactly perpendicular to the longitudinal
tank axis, as indicated by 1 .ck of movement on the side force dial
indicator at the console on -pplication of load, A check on this
method of alirnment using a 6 ft. stratigh edge clamped alony the

balance centreline showed comple®e agrecrent.
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Side Force
Arrangements were mode to apply a lo:d at right angles to the
rail centreline b~ me-ns of a pulley attached to the waberway top at

the model andlinc platform, some 5 ft. from the Bister: end. A cord,

passing over this pulley apilies a load Jrom a freely suspended

=

weizht to the model attachment post. Tre lonzitudinal position of the
carriage may be arrvange. so Liat no novein rent of the resistance dial
unit ocecurs w en side force is applied, the carriage being clamped

in this position while calibration is effected.

It wag found necescary to ensurc that the rulle o ran freely
before undert king calibration, achieved b, frejuent washing out and
a very sparing ap lication of lizht oil,

Owing to the electronic adjustment available for the meter,
full sc.le readings could bo employed down to a load of 1,15 1b.

For both side force and resistance, te neters were found to be
non-linear, and typical calibrations arc ziven in Figs. 52 & 53, In
each case, the repeat bility of readinzs wers 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 Toliowing chapter,



This unit was calibrateq 7 use of an accurate clinometer laid

on the partial deck of the mode’, it bein~ nzgum=d tiat initially the

The neter ed in de;

-
L

]

i

model floted uprisht in %he water, marh rees

from Q° to 30° and ajain, non-linearity is evident as = own in Mgz,

54. Repeat-bility was found %o He within 0,1° and governed by the

the ometer.

accuracy of readin- for

Settine of model in vaw and vertical Treedon

The model attachment rost, and hence the hull, is held from

ES
%]

movement in yaow by the to- bearins arra-ge ent of ball races as siown

in Fize 47. Orizinally, on advice fr-nm F.F.L., nylon rollers were

used, but tests with a stiff rlate Foatsind in “lice of a hull, s ow-

ed tha. considerable movement in Javwwag likely des-ite th- rollers be~

inz a justed so hard atainst the shaft that vertical movement was

1

also resisted. The nylon rollers were rsrlaced by 5 in. ball races,
and with these suitably adjusted, anzular moverent, as shown by the

.

Ei

board, was restricted to N.05° without undue restriction on vertical

movement,

The attachment post and hencs the model is restrictes in
2

vertical movement only by friction in the linear ball bushin-~ snd the

top bearins., It was found e-cer tlll to kean theze bearinzs dry ang
S 1 K} J

1lve

.

reasonably free from lubricant in order to o “inimum frietson

.o

post included in the model welohs, wag found 0 be frec under 3

of some 0,1 1b.,

136
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Meagsurement of Model L.C,G. and V,C.G.

.A comnon methoi of setting the L,C.G. and V.Y.G. to the désired
position in a model isto suppoft it by a rod passing laterally
tarough the hull at the C.G.ylocation; weilght is then distributed to
give the correct all up weisht and CeGe location as indicated by the
hull's balancing perfectly about the rod when the latter is suprorted
in bearings.,

An alternative method, which enabled the measuremnent of T.CuGe
position of an existing hull while also allowing its eorrect setting
if desired, was evolved, based on the simple balance priseiple as
shown in Fig. 55,

The model is clamped to the suﬁporting plite at one end of the
balance arm, which may be pivoted in several pozition over a lengtp
of some four inches. A pointer is fixed at the other end of this arm,
reading agains. a scale, which :1lows the welznt of the model to be
balanced by weights added to a hangar.

Using this arrangement, it was found possiﬁle to measure the
V.C,G. to within 0.05 in., a v.lue wiich could be checked by using
alternative support positions for fhe balance arm,

The L.C.G. was obtained by mezsuring the proportion of weight
at bow and stern in turn, on an ordinary bal.nce while the other end

was Breely supiorted.
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fig 46. two components baiance proposed by saunders roe division.
| method of measuring resistance shown. sndeforce measurement
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similar.
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Fig.48., View of bottom force plate of balance, and turntable allowi
adjustment to leeway when course/sea axes are used,
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CHAPTZR 16: EVALUATION OF TNK FACTLITY

Ev;,,luation. of the facility was undertaken over a period of sone
three months constant working, the principle objects being to
determine the order of accuracy waich might be expected in tre
varioug measurements, and to derive the most suitable methods of work-
ing and use of the equirment in order to obtain this accuracy while
allowing a reasonable rapidity of workiﬁg.

The model used for this work was that of a Dragon class yacht,
constructed by Saunders Roe Ltd, for work reported in Ref,1, It had
been pr:sented to the Univers ty and used for several series of
eXperiments in the Wind Tunnels, with the result that so.e mig-
handling, damage, and modification had taken place; this is considered
more fully in Chapter 19 of Part 3; for the present éu;pose it had
the original virnish finish,

The amplitude of travellin: waves caused by the passage of tie
model down the waterway varies with specd, and while they were foung
to decay within some five to six minutes ifter a run at low speed,
treir decay tiie 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 comrlete when the float'ceased to move due

to the rassage of w ves. After sone pructice it was found this

13¢
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procedure wa:s not i-perative, as an extremely 7ood zuide to the
presence of even very small wavelets wo- given by the rcflechion of
overhead lights in the water,

The installation of beaches brouzht wave decay ties from
the highest model speeds down to approximatzly 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 thelr centres, by
supports from the top of the Northern side of the waﬂerWyy, 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; followins Sauncers Roe nractice,
the beaches were placed alonz one side of the waterway only, waves
reflecting from the Southern side beinz damped adequately due to the
narrow waterw:y width.

The necessity of providing end beaches was accepted, despite a
slizht reduction in run length of some 4 ft.; two inch slats were
screwed gzqross 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 afgle if Necessary; an angle of beiyeen



124° and 173° 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, Thege 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 scrcens
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 results; for this reason a constant time‘interval between
runs is often used in model tanks and Ref,18 indicates that at the
Davidson Laboratory, each day beginsg with several 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 mimgite intervals have been made.

Experience with the University tank showed that such a rigid
discipiine 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 deca;, this -

interval allows anlaysis and plotting of results between each run., In
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rractice, it wa:z found toat thisg tize interval also z2llowed
suficient time for the resuired anal sis an” plotting of results

betwe -n runs,

(@]
3

Growth of weed in the tank water, and accumul-ition of dust

i~y

+he csurface did not appear to be reflected in the mesacurements,

m

atter had accun-:lated considerakle. The introduection ~f

=
)

pﬂtil the
Sodium Hypochlorite to a prorortion of 1 in 12000 by volume at
intervals of ap;roximately one month was Tound adeguate to ke r down
the weed growth. 4 length of sacking or wood pulled along the surface
from each side of the waterway onse - week was found zdequate to deal

1

with dust -nd other accumuleted debris on the surface, rroviding the

tank was in fairly constant use during thst time.

2
A reasonably uniform temperature of the water was considered
desirable go that excessive changes of kinetic vigeOsity did not  ive
rise to larze corrections in the meagured resistance, It was found,
using an ordirary l=zboratory theromemeter lower:d into the tank water

at a number of stations and depths, that providing the tank was in

reasonably constant use, the drift and circul:tion ap-eared advan_

tagcous in maintaining avuniforé temerature over the volune.
The Rails

Athough, no zreat difficulty was found in setting the milled
rail butts fair, and later when running, the carriaze wl.eels dil not
arvear to b affected by passing over the butts, the arranzeuent

could tend to promote vibration in the balince es-ecizlly as the



longitudinal positions of joints correspond closely in toth rails;
the possibility could have been avoided by using =nzled butts between
rail lensths, so allowing easier fairing of the jolnts 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 furface rusting, sufficient to affect
the measurements slightly; this was cured b, a thorough wire brushing
and sparing arplication of a very lisht 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 hefore makinz test runs (Ref., 20);
this did not appear necessary, althoush a close wabtch should be kept on
the rail surfaces.

The methods of =ligning the carriage longitudinally, described
in Chapter 14, could lcad 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, vsing a central head to position the carriace
centreline as marked on its end cross beams.

As originally constructed, the carriage's main running wheels
were fitted with self-alignin ball races. When cetting up the arranze-
ments to assess speed fluctuations during a run, it was found necessary

to replace the ball race of that wheel with a normal fix.d race so that
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1

the sprinz contact did not foree the wheel off the rail. The
self-aligning ball races allow wheels to turn about a vertical axis;
while small discrepancies in wheel aligiment are corrected by the
carriage wel:ht at a very early stage in tne run, if a yheel was
accidentally knocked some way out of alignment, it wo.ld become de-
railed. This eecurred on several occasions during t'e evaluation
period, resulting in a tow rope breakace on eac: occagien, so that it
beceme standard practice to check wheel alirnment after any adju- t-
ments or work carried out where the wheels mizht have been noved
accidentally, It could prove useful to replace the self-aligning
races by normal races, providing tiis did not lead to any problems
arising from slight inaccuracies in rail ansular alignment,

Althoush the speed variation during a run is within + 7% of the
nominal, it may be observed that the tension/dampins weights in
the drive system are always in motion. It is 21so noticeable that
the unsupported length of wire over the water oscillates transversely
durinz a run, so indicating that there are ozcillsiory forces
present at the carriage of a hisher frequency th n tho:- neszured. by
the wheel revolutions., It would also be desir.ble to damr out as f{ar
as possible the large oscillations in speed due to clutch a’plieation

at the start of a2 run, and so obt:in a creater length of steady run
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and reduce the ~romotion of longitudinal oscillations in the
resistance flexures. Such damping could be ap lied either to the
tension/dampin- weiziits or by a viseous riston/srring damper incor-
rorated in the tow wire adjacent to and in front of the carriage,

With the arrangement described in Chapter 14 if the second
stopring relay fails to cut power from the motor, then only‘manual
operation of the coisole STOP button will brinz the carriaze to a halt.
Yime for the run is known accurately from the gear and s-eed selected,
80 that a careful watch on the Dekitron counter could allow the oper-
ator to depress the emergency button in time, At low carriage
spceds this may be satigfactory, as the operator has time to judze
wnetler or not the photo-electric relay haz functioned, eitnher by
direct observation or by reference to the cougter; at hish carriage
speeds, however, tne operator's renction time would be too great to
allow a re:sonable clance of cutting te motor before the model
struck the waterway end. In practice, durinz a run t-e onerator is
watching and record’ng measurements on the meters and world not
notice immeliately if the carria-e had over-run,

Further, if the tow rope should break behind the ¢ rriaze

durinz the deceleration sequence, then cuttin-« tre power woild be
Z ’ P

*
-~

ineffective and an accident is inevitable, There is, therefore, an
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irmediate need for both a system to warn tie operabor that the
carriage has passed the first relay, wnd for an arranze ent to provide
emergency braking,

A warning system mizht take t-e form of a large flashing red

o

lisht sitvaced between ie weters on the corscle fice to zain
immediate attenti-n, and triggered h a trip switch situated just
cast the first stopring relay, It could then becone nabitual to
depress the STOF button dirccetly the lizht began to flash.

If this warninz system were asdopted, 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
carriaze., It woull have to be zradual in operation to prevent
balance damage, tut firm in order to stoé the carriage and bre:k the
tow line if the motor failed to stop. Hydraulic or sprinz loaded
piston buffers would be suitable here, with perhars the initial
retardation bein: effectod "y bingee cord stretehed between the rail
sup;ortinz girders.

It was found that in order to pre&ent distrubance of the model
setlinz, and possible daiage which running astern into waves
initiated previously during the forward ruvn, trat 1t was advisable to

restrict the model speed for the return run to 1.9 ft/cec, settinzg 1.

0
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fof the gears. The return stopping relay at the Eastern end of the
tank was positioned to stop the model in a comvenient position for

adjustment and at the correct starting position when this gear
setting is adopted. I the carriage is taken back at s hizher speed,
then use of the STOP bution is es:ential o prevent over runnine,

The Balange and A:sociated Arran -ements

Generally, the balance arran-emen:s proved sufficiently robust

to stand up to the rouzh handling which trhey mizht be expected to

v

=N

receive at ti.es. Durins the evaluation reriod, the c-rriars was

(

caugiat up «nd stopped violently on several occasions, usuzlly because
of a wheel jumpinz the rails, but the b linecs retained its ceometry
and calibration characteristics.

Applied Moment, and lMeasurement of /Heel

During a run, the model was found to t-e up 2n entirely stable
running attitude, and neel could be read easily to within a qﬁarter
of a dezres, Experiments were made 50 ascertoin the Timits of repeat~
ability of heel anglé when model slidinz weizht and meter setting were
distrubed and then re-get; i% was found that providin: the meter wns
calibrated and set correctly, the measureenis were rene table within
0.25° This is some 0,08° of the wmaximum and was considered

aiequate from t.e results of Part 3,

l4b
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Preparation of hull craractoristics ac deséribed in Part 3,

o

rejuired the model to be run at prre-set angles of lecway and heel,
g0 that trhe ap;roprizmte frrce components could be measured, This in
turn me nt that the transverse loecation of the slidin_ weizht, which
varies accordinz to and leeuay, must be set corrzctly bafore each
run,

Rathor than use the method of 'trial and error! which appears

to be adopted at the Davidson Laboratory, (Ref. 22) it wus found

welight was moved progr ssivelr, :nd the reculting heel znsle measured

n Pi~r, 56,

o

Ul
(%}
e
O
=
%]
=

at each specd and leeuay, A typical set of results i
The necess ry dis;plaeement of the slidinz weight from the centreline
may then be re-d off to zive the reguired heel t the sreed and
leeway under consideration, Duriny these runs, it w 3 found thét the
usual five or six minute interval could bz halved wit out iniroduction
of unacceptable inaccuracies in measure-ent of heel,

.

Mea ure::nt of Resistance

The flexureé measuring this component were somew .+ thiecker than
originélly intended, due to machiningz difficulties, zo tha: their
deflecsion under maximum load was mue” lover than ori-inally intended.

The desizn loads had been estimated by réference o results from

previous tests using Sea ases; it had been intended to undertake the



A 4‘%

extensive series of experiments discussed in Tart 3, using sea axes, and

it had not besn appreciated that the mudimum likely Force would be so
much lower than the original desion loads., As a result, the muwimus
deflection of the flexures wag around 0,CCY in, |
The electponics had been designed to measure the deflection of
the differential transformer core from its null nosition, due to the

applicaiion of forces; under these conditions, the zero of the meter

at the console woirld be adjusted to coincidé with the transducer n1l,

and the meter maximum be adjusted to suit the desired rance for
calibration,

In practice, it was found difficult to ensure the evact setting
of the transducer aull to the meter zero, and any alizht inaccuracy
was exag-erated by the small ranse of movement For the transducer
cors, which used only a small seetion of its linear out put rangze,
By off-settinz the core in the dirsction of movement due to applied
force, the trouble was ¢ red; an off-set between 0.00/. in, an’ 0,205
in, was adopted as standard practice, any sliznt difference in
initial offset appe :rin - to have no effect on the calibration,

The arranzement to off-set‘the transducer core did, however,

affect the electronic arvangements for setting tre zero ang scale

iy

maximum, as adjustments to one affected the other. In practice, it
soon became simple to nake the necessary adjustments more guickby

than it was possible to adjust the core null with meter zero, If the



electronics had been made rhese sensitive, this rrocedure would not
have been necessary,

At the begziniing of a run, the resistance meter was foun. to
fluctuate considerably, due to the carriagze oscillations during
clutch enzagement; the measurement settled down in the last twenty
feet of ti ed run, althouz~ a certain amount of long-term chanze in
readinz was apraren~, This is a common occurrence in tank work, where
the resistance is usually measured on a recorder, the trace oscil-
lating in vertical position on the paner during a run. when
measuring in this manner, it is a simple matter to obtain an accurate
mean, but when using the meter, it became essential to take the
reading at around the sime carriage rosition for every run. In pract-
ice little difficulty was encountered due to this,

During work immediately f£:1lowinz that described in Pa t 32,
Chapleo (Ref. 2%) experienced difficulties from vribrations ap-arently
due to the small deflectioﬁs of the resistance flexur:s, coupl.d with
the non-phase sensitive electronics., He at first used the
transducers with the null correspondin~ to meter zero, but found
the the inaccuracies disappeared .when the transducer core was off-
se. some 0.00" in. In the evaluation work and experienis of Part 3,
no trouhle of this nature was experienced, presumabiy due $o the
transducer core always be'n' oif-set be*ween 0,004 and 0.005 i-.,

The need for turbulence stimulation of the = dsl houndary

+

layer, and a further investigation into the most gn

% ble m-thod ie

[&)
D

m

]

digeue 2d in Part 3. The =ddel, "avinz previously besn nsed ir the
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rod profectiag 1/1% in,  From the hall st saeel
soe 2 in, apart in two lines - mean distance of 3.2 in. ahaf

w1l lealin~ ed:ze, This arrangement “4 becn decided in consultotion

O]

with the W,P,T,, and its effictiveness examined hy uge of ink bleads

(Re?.1), 1% beins concluded thnt they functioned sa'isfactorily

above a model velocity of arrroxinatels 1.4 ft/zec.
As stimulation had mrpeared satigfactory, the existine arvange-
nent was used durinz hoth the evalinti n uns experirental worl of

T owag never heloy 1,4 f£+/sec.

~

4

art 3, where the model welocit

IS
Fr

With the wind tun-el in operation, 't was obs.rved that the

tatk water was in o state of conshant oibation due to the vibration,

but this was not fond to affect -ither magintude or rereat~ ility

.

of th- rssistane easure: ents.

o

It waeg found that Tor ihe rajority of rmodel “oeeds, ~oter

cali ration ugin-~ a rance of 1,15 1b, w o sulsable, and that with

praet ice, the meter could be read t-. within 1% of the naximuy, With

speeds up to about 3 ft/sec. an atiempt could be made to rezd within

L -

0% of the maximum, but above thisg velocity the meter flretuations

made such necuricy L pogsible. 17 of the maximum rerr sents a
sensitivity of approximately 0,01 1b. which wa: co. ¢cicdered

acceptable for an over-all -tudy sizilar to that rroposed and
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discuszed in Fart 3, especially when allowing for the verv small
deflections of the balsnce flexures a: low tpeeds. For meter full
scale readins rerresentin- loads ahove 1.156 1b., sensitivity was
reduced prorortionally,

To avoid sloppiness about the zero, it won found ersential that
the flexure securing nuts mere rulled hard down, any slagkness
o
ER

resultine

e irmediately in small chan-es of z-ro hetwsen runsy which
agaizn, were exaggerated by the very low mean deflections bheinz used.
Experiments were undertalken to establish ‘he order of repegt-
ability attainable when the model was renoved and rerlaced, a trpical
set of results for tiree runs beinz shown in ¥ize 57. FProviding the
model was very carefully re-alizned using plumb bobs from the wire
to its centreline at bow and stern, it apreared that the measurements
could be repeated within tre limits to which it wa possible to read
the meter; at this speed within some 0.005 1b,

As a check on the measurewent of resistance, a full curve of
upright resistance at zero leevay was obtained over a wide ranze in
speed nnd compared with the results obtained on the same mddel during
previous work by Saunders Row Division, This comparison is giown in
Fig. 58. The test results were rut in the forn of tota® resistance

coefficients scaled up to full scale using the methos detailed in

Crapter 22, as results from the ~revious work were only available in



this form (from Ref. 1). .

The vertical seraration of the curves i- di-cussed in Part 3,
but it may be seen that they follow escentia’ ly the same form, and
that before wave -wakin~ beecomes noticeable, the repults from the
University tank follow the ap;roxin..e curve of skin friction coef-
fieient, indi:ating that they take the usual form and that turbulence
stimulation was effective,

It was concluded from this work, that the measured values of
resistance were satisfactory over the ranze of speed considered.

While for a general investigation, siwilar to that yronosed and
described in Fart 3, the order of acouracy obtained 's sufficient,
for more detailed work whers the mean level of resistance ig reguired
with great accurrcy, the meter fluctuation during a run, amounting in
some cases to 2% of the maximum, and the necessity for making record-
inzs at the s me carriaze nosition ia évery run co:1d not be
tolerated, =nd it aprears neces-ary tha’ a recorder be provided for
megsurement of resistance.

Meter vibration as distinet from tﬁf lons term fluctuztions
mentioned above, was found :enerally to be some 27 of the meter
maximum exce:t at low speeds when it was mueh less, It was, 1owever,
necessary to provide electrical dampins ir ovder to achieve this, and

‘and in the licht of difficulties found by Cha leo (RQef. 26), there is
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an opvious neces ity to suppress the rronotion of balance vibrations
at their source where possible. | .

The possible dampins of tow roe ogscillstions hias been mentioned
creviously., 1In addizion, the acceleration Phase of the run with its
associited sur-ing may be secn to .rcmote violent oscillation of the
resistance flexures, so that immediate gain would r.sult here if the
lover forcd plate were clamred securely during this part of the run,
possibly by an electro warnetic head released aztomaticaliy by the
photo-electric cell wiich is used to start the timin: counter.

The effect of these flexure oscillabions at the meter could be
lessened by decreasing their stiffness to allow & maximum deflection
nearer the original desirn fizure of 0.710 in. although difficulty is
1i:el- to arise here due to machininz problems, It might be possible
to manufacture flexures from EN27 s:eel in tiin vlate form, but =rob-
lems are likely to arise in obtainin: the trueesastre end fixin:-
which is essential il the zero is not to wander.  TFoszible end
fixings here would be eitier fitting the flexure into fork ende with.
a similar clamping arrangement bo that existing, or to clamp each end
of the flexure against a ground portion of the force ;late e.ges,
Side-Force

With practice, it was found possible to read the side force to
b -

within 1% of the full scale m:ter deflection at all sreedg, while



154

at the lower speeds this could be reduced to 0.5%. Using a full
scale deflection equivalent to 5.25 ib., which wxs sdeguate for

all except very high model velocities, this resulted in a sensitivity
in force determination of approximately 0,005 lb., reducing to 0.0025
1b. at the lower speeds (up to 3 ft./sec.)

The results of experiments to assess the repeitability after
disturbance of the model settinz are shown in Fig. 57, which indicates
that it is possible, providing the model is carefully alizned to
bring repeatability to the same order as the meter readin:s.

- Short term oscillations of the meter were found to be some
2% of full scale deflection generélly, reducing to some 1% at
speeds below approximately 3 ft./sec.

Any reduction in the prcmotion of balance vibrations both by
dariping in the towinz system and by firmly clamping the balance
during the acceleration phase of the run; would no doubt benefit

the measurement of side force.
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CHAPTER 17:  GENERAL CONCLUSIONS AN RECOMBNDA /TONS

It appears from the ev#luation work described rreviously that
the facility is at present sultable for undertakinz work of a
general nature, similar to ﬁhat of Fart 3, but rejuires some
development before being adequate for more speéialised and localised
studies, |

In partlcular, damping must be provided to reduce the effect
of drive gear vibration.on the carripge and two comyonent bélance,
and arrongements should be made to lock the bal nce and so srevent
violent oscillationz which may persist over ;.rt of the timed run,
resulting from the acceleration rhase.

A.modification to fhe Tlexures measuring resistance is necessary
to bring their maximum deflection under expected loads to the design
figure of 0.010 in. although if Sea axes are to be used, as distinet
from the Body/Sea system adopted for the work described, the
Mmaximum resistance is likely to twice the maximum found here,

It was found necessary and convenient to adopt a fairly rigid
diseinline in opergiing the facility in order to .chieve the levels
of accuraéy and repeatability detailed rreviously, while allowing
& Treasonable rapidity of working. The procedure adOpﬁed is set out

in Appendix 8,



For the model used in the present work, turbulence stirmulation
was by means ol studs, = method which was arparently satisfactory
from Re.'y 1 and is adopted widely in Tank work., The Davidson Labor-
atory (Rer, 18) however, ol ow the procedure, orizinated by Davidson,
of usin’ sand stri’s near vhe 2.dels bow. Various nethods, all of

which ro uire sose corr cti n for the additional resistsnce of the
stimulators, are awailable and % would appear desirsble to undertake
a detailed investig.t.on in orier to deternine the mo:t suitable

mechod for use with yacht models.



Appen s Erection of Wate S’ tu

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
waterwa;; three 1inch angle bar was used to form the corners and
channel beam of & 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 yarn and butumastic sealant in all
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, papels
forming the waterway sides were maintained bhe desired distanée apart
by tie bars at 4 ft. intervels pulling the panels onto wodd struts
laid on the concrete floor. Sides were faired]ongitudinally by

mesns of a piano wire stretched between the centre of each end, and



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 struks can be seen in Fig. 59.

Whéen the structure was properly aligned and posiiioned, alter-
nate panels were dogged down by short lengths of angle and rag
bolts; struts Vere now welded to panels and bolted into the floor or
to the concrete retaining wall at algernate panels to gtiffen the
structure.

The tank was made watertight at the base ifter erection of the
rail gantries in two stages as illustrated in Fig. 61; first, the
penels were 1ifted 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



that in the event of dismantling being necessary this floor would
have to be chipped away to ébtain acc:ss 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 pﬁrposes, the supply wis insufficient for filling the water=-
way within a reasonable time. A sultable alternative, which avoided
the expense qf providing a permanent line having only rare use, was
found in the fire hose situated in the basement of $he Tizard
Building; when this was led through an office on this floor,‘it proved
poséible 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 Waterﬁay 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 tihe waterway to a depth of over
1 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



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 evaperation 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 arrahged at the waterway sides
and the wooden spacing pieces re-ofed, the centre of each side wall
had been allowed to bow scme 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.



Fig.59. View of tank building
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. fig 61 watertight seal at base of panels.
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Appen s Erection of the 1s and Sypporting Structure.

The construction of the gantries from 9 ingch. by 4 inch. 'I!
section may be seen in Fig, 62; uprights were welded at their base to
twelve inch square, 3/8 inch steecl 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.
(Fige 62 shows the arrangement. )

When the cross beams had been welded to the uprights, the
structure was levelled with the @d of a 'dumpy' level, packing being
inserted as necessary. Due to the diffieulty of arranging holes in
the concrete wall, a variation of 7 inch was accepted in the heights
of the cross beams along the waterway.

The lopgitudinal girders were erected in lengths of approxi-
mately 24 ft., joined when in position by butt straps; before being
placed in position,the lengths whre drilled as nemessary to take the

rail mounting and setting bolts,



Fairing longitudinally was from a piano wire siretched along
the centreline between end gantries, and fairing vertically by 'dumpy’
level, packing being placed wheré 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 + % inch from this.
Vertical setting was within * 1/32 inech., Both these values are with-

in the range of adjustment allowed in the rail setting arrangements,

The Railg

Rails are of 35 1lb/yard railway line mounted on its side wiﬁh
the head maciiined 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 possiblé and the rail
head was machined carefully, first with a plane to remove the outer
layers and give gsurfaces 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 firm
agreed to do the work but could only handle the rail in lengths of

4 ft.-é ins.

| b2
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The problems imvolved 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 and vertical directions. Butts were milled
square,

The method of mounting and adjusting the rail lengths is shown
in Fig. 63; 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 thrbugh'the
girder web, The holes in the girder web are over-size to allow the
screwed rod an adjustment of = 1/8 inch both vertically and long-
itudinally, Vertical adjustment im arranged at each setting position
by bolts through the web of the rail section supported from angle
brackets bolted to the girder; horizontal adjustment is allowed by the
elongated hole in this bracket,

Alignment of the rails in the horizontalvplane 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 aslignment achieved by use of an accurate
sptrit level and‘straight edge.

The mounting of rails was commenced by setting one length
horizontally and vertically by means 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 place with
surfaces fair, and the free end aligned with slip and hook gauges,
together with the spirit level and straight edge. Both compiste
rails were erected in this maﬁner, then checked for.separation by a
spacing bar and slip gauges . and for horizontal upper surfaces by
laying the straight edge trangversly acrossrboth.

At the first attempt, when the rail lengths were being mounted
and the Techniecimns inexperienced, the accuracy of alignment was
about + 0,004 to 0.005 ins., but this was considerably improved as
the operators became‘used #o the procedure.

Experiments indicated that experiemced Technicians could align
the lengths to within * 0,001 ins. in the horizontal piane 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
sbtting indicated misalignment of some lengths, the maximum being a

of 0,003 ing, below the nominal lével. There were no indiecations



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.



Fig.62. Arrangement of gantries for rail support.
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Appendix 6: Carriage Alicnment and Towing 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 cleargnce., The wheels are carried on
an eecentric 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 strgcture (see Fig. 64). A clearance between the
wheels and the rail face of 0,008 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 adjustéd to the desired vertical

bk
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position by means of eccentric shafts. When 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 0.002ins.
between wheel and rail face was found desirable to obtain completely
free running,

All wheels were constructed of Jabroec with a nominal concent-
ricity of 0,005 ins; tests of the main running wheels after delivery
showed that this had been obtained, and the runningvclearances
detailed above indicate tiat 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.
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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/elutch assembly;
the reduction gear is required here to bring the input R.P,M. at the
cluteh to near the usual value met with in motor cycles., This
cluteh/gearbox (a 1952 model manufactured by Associated Motor Cyeles
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 A4.5.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, dismeter 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 eaech 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
rotagion 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.
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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 dismeter
pulleys to the underside of the gantry .eross 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 dampiﬁg against the
tendency to surge, especially when accelerating through the clutch
or stopping, on each side of the drive gear the wire is looped througn
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 cahle of 22g piano wire was arranged in
one continuous length between the winch drums, but in the évent of
breakage, replacement of the complete cable was necessary; in
practice it was found to smap 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 was placed between the two lengths passing over the winch



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
chaﬁnel section of the waterway top edge, and so over 2 inch diameter
pulleys to the underside of the gantry ecross 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 dampiﬁg againgt the
tendency to surge, especially when accelerating through the cluteh
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 carriége, the cable passss through two clamping plates
at the top of the towing post which enable rapid connection and
disconnection,

When first‘erected, the cahle of 22g piano wire was arranged in
one continuous length between the winch drums, but in the évent of
breakage, replacement of the complete cable was necessary; in
practice it was found to smap 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 was placed between the two lengths passing 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 runaing, guard plates are
fitted over all exposed parts of the wire in the main working areas.

Positioning and Aligning the Carriage
To place or remove the carriage, the four horizontal steadying

3

wheels should be wound inward to give maximum clearance 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 Tifted

slantwise to pass between the rails and then lowered down to its
correct pogition. At this stage it is adviseable toalign the
carriage lonsitudinally, by adjusting the horizontal steadying wheels,
to ensure that any travel dows not cause the‘main wheels to jump

the rails.

As the towing wire is set at the centre of the rail width within
approximately 1/32 ins. at each end pulley, the carriage may be set
alqng this amis by suspending plumb bobs from the two: carriage end
beams, It was found possible to alignlﬁhe carriage to within 1/6/4 ims.
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 (1 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 siialts and.the carria:e tew rope
connected by means of the clanping plates on the tow 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 waterwgy'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,



fig 64 detail of carriage wheel assembly

-

S 0 .
BALL L MAIW
ENUIIIENTNNSSSSY  winest
F o f—
ADIUSTMENT Ec_:c_s.u'ta\c SHAaST \ '
| ) S
Race R I I IR Y Leerwot
o0 ;
MounTtiue

BlLock

M. RunninG WHEEL

BRracxker

CARRIAGE

) Loewmegt
3"x 117"

QAN

1 MounTinG Forx

5 | §

RalL / O O

\-L iy :
ORIZonTAL STEADYInG WHEGL

UERTicAL : LocknuTts

STEADYin G Wheer @]7\@ 4

W%ﬂﬁ

:\
Eccentric Suaer

| l

, 24 Bl

' : MouNTImG b BLock
E i FLAT FoR ADJIUSTMENT

A
I\




"NOIgNT | NuHD o)
LHSWISArDY Moy 0L 751709 MmO DPMIGTeK Jog S30H 43 LvoNog

ALTM SB1vg 3sVg No G=lNnopy SNX0ggvao 11y 310N

‘HL33) 0 130333 L00l0Q W'y coog S016\ SAONOINOMS d'fi g/

H133)| Si/op BVIFD Moudnazy

IS S1 9 13X0¥45 L0dl0Q
H133| o+t 43x02ds L0dN|
3m£m$< X0 IYID /HolanD 374 3olo|n

Hi33] &1 13M%34g 10e10(Q  IONWHS uc\m..u\\
M33) 2] 13Wo¥dg LodnN| :
S3x08dVIH u.@ﬁUl\

Hi35] 02 1350845102100 \ 4
HLZZ1gl 13003<g 10dN| P ( .

TAVIZ 13NNYHS NO
31V 'SW 8¢ 'A3Q

"

MoSNoOm ©)
FT8vH 9~Uv23dQ RAATD

vy vy

NT 13vWs,2

H133] o

1330343 WNM

370sNo 01)
: S898V7) SoNwNo 3van
W ‘SWA HONI

Q 9'swn3g M

‘Holld 2t "3/ "aug

FA2OBAS MOMM °) 89 ush
HaLld .m\ml.o_f .f.m;i..f.‘_.:a}...m.u\ronaJu '9S P °) Yorepy

SINIT Nwe 5

1 X08IVIDO'STY qIIAS-§ ITHowy AawygaLrg
O ‘gog| ‘oLl ‘s9e :@ﬁwa\ HOLATD QI 3[W "ssy 30N zS6|
S3WBBYIS ¥od Souvy 109100/ 10dN|

(Aluo D1IDUWWDUBDIP) uDab oAlup JO JusWSBUDJJD Go b1}

Of ‘60°SLO

FOVIBUYS o




et

Lok

|
*S1uswsBubnyup | /
9[qud> BuiMO}l JO 1NOAD| dIDbWWDUBDIp gg By W 13 70g 9 T

Qq
!

BUIMN OMVI4 S0 NOY
NOILVAZT] aN3g

777 B A L IWE LT

]'l:---__._____

=  sasmind
T wysg

/A«.m?/ NOISNR) /9 NidWYQ
vlz:am_ _xu...:\,)

NOI] VA3
eSS \
—o

£

j
nnnnnnnnnnnnn < .VAT”:|||||-|:nnuuun:-u-u.inun!.n
SMIFTS INII Y ‘ :<um| ..mMoluuu.va.i
NI




A

Appendix 7
Degign M acture of B e Flexure

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
& beam length 's', under a side force 'W' whieh displaces its ends a
dista.née 'a! while under a tension 'P!,

The deflection 'a' is the relative momement 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 amy be simplified to that in Fig, 6é7b, viz. two
cantilevers having length L= s/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:

§ = ¥ (¢-[FanfFY

so that for the complete flexurs,
o - %‘ (G-ZJ%vtqthE%-%)

If the tension P is reduced to zero, then the expression for the
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cantilever can be shown as reducing to
g = W
3€eT

the usual expression for g cantilever having a weight W at its
free end; this will be seen to aid the calculatiog of flexure dim-
ensions,

The required second moment of area for the flexure cross seections
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 6-1bs. In their cése the weight of tiae balance supported
by the four flexures was approx. 50 1lb., so tha: P = 50/4 lbs.
's' was set at 6 ins, to prévide a convenient layout for the balance
system, E being taken as 30 X ‘lO6 1b/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 simplifiad case of the cultilever without tension-
load, indicaies thit a reasonable %alue for I is 0,003 in% (for four
flexures. )

Using this value in the complete 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

3
s
moment of area I = 2Ee

This simplified expression was used to calculate the particulars

for both side force and resistance flexures, and gave:

I, side forece = 0,003 in% for a total of four flexures.

0.00015 in* for a total of four flexures.

I, resistance

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 betwsen 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 normsl loads was approx. 0.12158.
" for side force, and 0.095 ins., for resistance.

Experience at the N.P.L, indicated the use of steel to B.S.S.
EN27 (896) for menufacture of flexures in order to gain repeatability
end absence éf hydterisis effects about the zZero,

Considerablevdifficulty was experienced in obtaining steel to
this specification; it was finally purchased from Folland Aireraft
Ltd,, first as half inch bar, and later as 5/8 inch hexagonal bar.

Due to its hardness, great difficulty was encountered in
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machining thé flexures from bar; it was found that normal mill

tool cutting edges were not sufficiently strong and soon became
chipped; problems also arose in proventing '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,

Deapite this approach, it was extremely difficult to machine the
flexures below 0,12 ins., and after several attempts it was considered
adviseable to accept resistanca-flexurés having thickness of some
0,105 inches in order to achieve four of uniform dimensions. This
reduced the maximum deflection between resistance force plates mnder

normal loads. but was accepted for the préliminary model tests which

were to follow,



fig 67 calculation of flexure size -
assumptions and definitions.
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APPENDIX 8

Operating Procedure for Towing Tgnk

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 keeﬁ to this frequency.

(¢) If a time interval of over half an hour should occur
between runs, the first run afterwaads hould be made at about
4 f£t/sec. and the results ignored.

2, The heel unit and two dimensional balance should be calibr#ted
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 pulley runs freely., The cord may
be checked for alignment by use of plumb bobs suspended from the
tow wire; these should hang in the water to damp movement, and be

spaced some 6 ft. apart. Cord level may be checked from the water

176
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surface by use of a normal scale, ensure there is no movement of the
Side force meter when the calibrating weight is applied. If move-
ment occurs, then the balanee must be rotated so that the registance
flexures are correctly aligned as shown by the side force meter
remaining static when weizht is applied. |

(¢) 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 adjustménts 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 éttachment post is square to the
~ pulley for side force calibration which is situated on the waterway
side at the model nandling 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 pdst. The carriage may now be
ppsitioned by memns of wedgés until the application of weight results
in no movement of the resistance dial.

(g) Remove the weight and set the meter zero. Set the maximum
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scale and zero as described for resistance.

(h) Remove all calib?ating weights and wedges, reconnect
towing wire to carriage and the model is ready for running.
NOTE: (1) It may be advisable to check model alignuent periodically,

(2) Calibration should be checked roughly, to ensure its
stability, gfter approximately every six runs, Providing sharp
changes in temperature have not affected the electronics, né 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. Igdication that
a check in calibration is needed will be found in small changes of
meter zero that fail to disappear when a small displacemeht is given
to the lower force plaie and then removed.

(3) The electronics should be allowed at least ninety ﬁgnutes
to warm up and stabilise their temperature before use,
3., BRun Procedure

(a) Check that the carriage is free from all wedges, clamps
on rail, tools projecting from platform etc. gnd that all calibrating
weights have been removed. Also check that travelling eable is free
on its runners, .

(b) Wibhdraw clutch approx 3% comp.ete turns of the handle from

its fally in position; on no account mugt it be wound out more than



4 turns as this may result in cable breakage or the clutch mechanism
jamming inside the gearbox,

(¢) Press 'READY' button, check operation (denoted by small
elick).

(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 sénsitive
element,

(e) Select gear required; although it will be found possible
to seledt the cycle gears without the mobor running it is not
adviseable 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 cleﬁr, then engage the clutch
smoothly, allowing it to slip when the model first begins to move.
It is escential thét while achieving a rapid run-upto speed, the
clutch is handled delicately and smootnly, 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 tre 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 thé 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 fun 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 followiﬁg forward run,

If a modei is connected to the carri.ge, it should normzlly not
be run back at a speed in exéess of the gear setting quoted, as the
model leeway angle may change as it passes sternwards through waves.
If at any time the carriage is run “ack a: grexter speed, then the
console STOP bﬁtton must be used as the end stop is positioned to'cater
for low speeds only. |

(j) At the end of the return run, withdr.w 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 funning:

(a) Leave clutech wound in.
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(b) Leave motor cycle gear box in neutral, cycle gear-
boxes in top gear.

(¢) Switch off electronics unless further woik 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) Switeh off building lights but NOT heaters.
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APPENDIX 9
List of Drawings giving Details of Towing Tgpk
Drawing Number Title
AE/TT/1 Drive Unit for Towing Tgnk Winch Structure

2 General Arrangement of Tank Structure

3 Testing Tank Carriage (G.A.)

4 Carriage Bogie Unit

5 GeAs Two Component Baiance

6 Balance Detailg (3 sheets)

7 Mounting Brackets for Drive Components

(2 sheets)

8 Drive Components

9 Balance Flexure

10 Rail Support and Adjustment Arrangements

11 Rail Alignment Jig, (Rail Clamp)

12 Rail Alignment Unit (Hook Gauge)

13 Control Console

14 Turntable G.A, (Balance)

15 Turntable Top Plate

16 Turntable Bycking Plate

17 Turntable Mounting Plate
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19
20

Towing Bracket for Carriage
Universal Joint Details (Balance)

Mounting of Diffemential Transformer Pick-Offs.
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PART 3,  MOLEL XU RTUAITS

CHAPTER 18: INTRODUCTION

.

Since the early work of Davicson (Ref, 9) which established
the basic concept of splitting the total hrdrodymamic 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 establizhed over 2 wide ran-e of
conditions, both within and outside the sailing envelope,

By far - most part of experimental work on hulls has been the
rosult of routine commercial testing for various designers or for

t the Davidson Laboratory, the National

93

the Yacht Research Couneil,
Physical Laboratory and the Saunders Roe Division of Westland Aircraft
Lta; the number of runs -nd coverage of conditions in each case h-s
been too restricted fo allow their use in more general work,

The surze back to popularity of Twelve etre Yachts resulted in
the Saunders Roe Division undertakin: an extensive prosramme o ﬁaﬁk
tests on a variety of these models for the Red Dust.r Syndicate;
‘unfortunately due to the cost and “-e hecvy competition for “he
America's Cup, the results are inlikely to be m.de sencrally availatle
in the near future, althouzh some data believed to come from this work

has been included by Crewe (Ref. 15) in o Very recent oover read



before the Royal Institution of Naval 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 serieg of
models Wsing the establisheq Gimerack Technique to establish their
variation in performance with changes in hull proportion, It ig not
known whether the results give a sufficient coverage to engble more
general characteristics to emerge,

The lack of information concerning the hydrodynamic character-
istics of sailing yachts of normal 8ize 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,



CHAPTER 19: OBJECT AND LAYOUT OF EXFERIMENTS

Object o iment

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 quantitics,

In addition, further ﬁodel 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 AJU.W, and C.G. location.
(2) To study the upright, zero leeway, resistance and its variation
with course veloeity. |
(3) To compare the measurements made during these experiments with
those obtained during previous work with the same model,
(4) To study the hull's transverse stability under static ahd
dynamic conditions,
(5) A brief series of experiments to determine the effert on the hull

properties of changes in: All-Up-Weight.(depth of hull immersion),

130
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.G, ldcation, rudder application.

(6) To investigate the variation in hull wetted area with 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 from model to shir,
“discussed in Chapter 20; with a vacht it might be expected to vary
considerably with speed and hull attitude and this investigation

was undertaken to provide g preliminary assessment of these changes,

19.2  Layvout of Experimental Work
Range of variables

A yacht may work under conditions which vary widely in tefms
of true wind velocity and sea copditions, 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 é
small tank is subject to an unknown flow state in the boundary layer
as the stimulaiion of turbulence is usually ineffective at the low
Reynolds Numbers involwed; results are likely therefore to be

meaningless and impossible to extrapolate to a full sige vegsel if
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required. In the case of the model used in theée tests it was
found that the minimum course velocity to give repeatable results
with effective turbulence stimulation was around 1,54 ft/sec. (see
Chapter 16, Part 2, deseribing 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 specd-length ratio (V/J{ L) at.-ained by
displacement yachts is agreed to be around 1.4, and this set a
nominal upper limit of course veiocity 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 be.ieveqd 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 1V', A range of lecway

between 0° and 12° was therefore adopted for the tests,



Heel while sailing may vary from zero while on the run or g
broad reach to a maximum depending on the vessel's stability and the
overturning couple from hull snd sails, The moximum usually adopted
in tank tests im 30°, but in the case of the model used in the
experiments attainable heel was restricted to about 22°; above thig
angle, the deck edge became immersed and the model shipped water,
Conversacion with owners and expeérience while sailing the type of
craft suggeste that this is likely to be near the maximum heel in
practice, while Refs, 1, & 12 inaicate that the maximum heel angle
achieved in previous work wiih the model in tests simulating actual
s-1ling 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
deweloped in conjunctioﬁ with the same model so that details of
measurement, accuracy, and geometry apply to thege experimentg,

Flexibility of the balance design enabled measurement of the
hydrodynamic force components using either 'Sea' axes or' 'Body-Sea'
axes; s the present work was designed to obtain information of use
in the performance analysis and to est:blish the hull characteristics,

force components were measured using the 'Body-Sea! system of axes.

1$9
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/
Mull 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, #n account,

of the scaling used in each case is given in Chapters 21 ang 22,

19,3 The Model

Immediately available was the model uéed 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 demage had ocecurred, 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 thege expepiments;

Crago (Ref.4) gives a life of ome year for a model before re-cutting
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may be advisable, and this model wags some scven 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
"typieal' set of characteristics and their variation with the
various parameters involved,

The orizinal surface finish was varnish, but this had detepr-
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 duriﬁg the wetted surface
investigation,

Details of the model mounting and arrangement will be found in

Part 2.

Sequence of i

To satisfy the objeets stated previously with a minimum number
of test runs, the following seéquence of experiments was adopted:
(1) Measurement of the hull's transverse stabilit, under both static
and dynemic conditions at one A.U,W, and C,Y, location, designated the
'Standard' condition, and the effect on stability of changing the V,C.G,

(2) Measurement of the hydrodynamic force components F, and Fy
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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 getted surface
with model velocity, and hull inclination,

The results of these experiments havebbeen used, as detailed
below, to satisfy the objects of the work set out in section 19:
(a) Results from (1) & (2) were used to determirie and examine the
typical hull characteristics required for use with Fart 1, see
Chapter 21.
(b) Results from (3.) have been used in Chapter 22 to study  the
hull's upright resistance, |
(¢) Results from (2) ang (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, ang available
data on other hull forms,
(@) A study of the hull's transverse stability is made in Chapter 24
using results from (1),

(e) The effect of L.C.G, position, and A,U.W, on the close hauled



performance and upright resistance is studied in Chapter 25 using
results from (4).

(f) Rudder Application and its effect on the vessels perfonménce

is discussed in Chapter 25, using results from (4).

(g) The variation in wetted surfa.e is studied in Chapter 26, using
results from (5).

In all, these experiments occupied fourteen weeks, and a total
of some three hundred and thirty six 'useful' runs were made (as
distinet 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
work, these chéck 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 Tacility.



CHAPTER 20: EXPANSION OF MODEL TEST RUSULTS TO A FULL SCALE YACHT

It is often hecessary, especially during the routine tank
testing of yacht hulls for performance predic:ion, to geale up the
results for applied moment and hydrodyramic force to g full size
vessel,

Until the present series of tests, the forcé components have
been measured using g system of !'Seg! axes, and were the quantitieg
Side Force and Resistance, equivalent to acrodynamic Lift :nd Drag,
required for the full seale performance vrediction using established
methods developed from the work of Davidson,

Fig, 69 shows the side force and resistance in plan view using
the established Course/sea axes,

Fic. 69 HvoroovuaMic Force ComPonsNTs 1w HorizonTAL(SEA)
Prewe Witw 'SER' Axgs,

RESIsTANCE (DRAG)

Siverorce(Lier)
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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.

Registance

The most difficult ecomponent of force to expand is the
resistance, and the usual techniques dictate the method of tank
testing,

It is well known that the_resiétance of a ship is a function of
Froude Number, Reynolds Number and Form.

i.e. B otey = F(Fr,Re,form)

The direct use of this in scaling up model results is impossible,
however, as the full size Froude and Reynolds Numbers cannot both be
satisfied at the same time on the model scale., In practice, tie
Froude Number is maintained constant, and the model run at the same
E/JGE required for the ship; there are 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 tne portiom
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
No. (Residuary resistance).
i.e. Rtotal = RF + RR. RR is residuary resistance
RF is friction gesistance.
Where RR for 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 form 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.

When scaling up, the estimated friction eocefficient of the
model is subtracted from the total coefficient to give the residuary
coefficient:

ie. Op = Cp = Cp (estimate for model)

CF for the ship is now estimated from the established data and
added to Oy giving the total resistance coefricient for the Pull
size ship. To this coefficient 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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friction data being used. The various formulations, each of which
claim to give the true variation of friction coefricisnt with
Beynolds No. give different values and much of the roughness
céefficient may be used to 'iron out' the differences, according to
the experience of each tank,

| It has been recogﬁised for many years that although model
experiment tanks have a wealth of experience in applying this type 6f
extrapolation, and much feed-back data from trials to assish in making
a very close approximation, the method is not éntirely satisfactory.,
Basically, the resistancs should not be éeparated into the two com-~
ponents, but as this is hecessary to permit scaling up, then there
must be cross—coupling effects between the two parts; in particular
the friction resistance is dependent of hull eurvature as it acts
tangentially at every point and also on the local veloeities which
are not constant over the surface due to the pressure field; similarly,
the form resistance will be affected by the boundary layer and hence
Reynolds No,

The difficulties of scaling up are multiplied in the case of a
Yyacht because of its unsymmetrical travel along the course, the pressure
distribution is complex and upsymmetrical, resulting in a non-uniform
wave formation on each side of the hull, a large form or induced

resistance, a wetted surface which may vary considerably, a variation



in the weﬁted length, and a considerable variation in local velocity
over the hull surface. The position is further §onfused by part of
the resistanee acting alonz the centre-line (principally friction)
and part along the course,

It would be fortunate therefore, if the same methods which
have proved satisfactory for large-ship work could be applied un-
Ichangeé for yachts,

Of great importance during the tests is the state of flow in
the boundary layer. In order tq gain repeatable results and to
calgulate the friction resistance for Loth model and ship, it is

necessary.to know the flow stace in both their boundary layers.

On the model scale, it is usual to make the boundary layer fully

turbulent by means of stimulatorg as it would be impracticable to
maintain laminar flow over the whole wetted surface.

In the case of a ship, it is assumed that the boundary layer is
fully turbulent, which must be a very close approximation to the
truth, expecially under all but dead calm sea conditions,

Whereas the prime concern in ship testing will be to obtain
accurate predictions around the upper region of speed, with a yacht
whose speced range will v.ry from zero to & maximum controlled by the

design and sailing conditions, the whole range is important,

198
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A full size yacht is of a length and a form which could lead
tothe flow being largely laminar, especially on the pressure gide
when making leeway at low speeds wien the water will be reasonably
still., At high speeds it may be that the natural turbulence from
the distrubed Irce-water conditions causes a completely turbulent
boundary layer, but this is not confirmed as yet.

In addition therefore, to the other proulems peculiar to
yachts, the computation of full-scale friction resistance is com-
plicated by this uncertainty; it must also be queried whether the
separation points and 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 craft,
their length is such that it is only marginally greater than models
used in the larger tanks. Correlation over the model range is well
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 predieting full scale performance; unfortunately
andy feed-back from full scale yacht trials to confirm this prediction
is expensive, difficult and infrequent. The main claim th accuracy
lies in the fact that yacht designers have found it pays them to have

their designs tested, the resulting improvements being well woprgh while,

(Ref. 4).



Side Force

The expansion to full-scale of gide force measured perpendicular
to the course is met with primarily in yachts, and no work on it is
available,

As the skin friction on the hull acts along the body and not
the course, and the full-scale coefficient is smaller than that on
the model scale, the full-scale side force will be reduced by a small
amount as shown in Fig, 70,

It appears to be assumed in comrercial work that the effect of
Reynolds No, is unimpertant, and that the coefficients at comparable

speeds are identieal for model and yacht; (ref.5).

Fi6.70. ScaLe Errect on LiFT [ Sipe Fores)

Ly
‘ ToTau FRicT. ReEsisT. (FuLL Sepck)

Scare ErFeser

CourRse
AXS

CoMporenT oF ScaLe
EFFECT od SiDE FoRrcE.

ToTaL FRiCT. ResisT.
MoDEL,

Body/Se
When using these axes, the two horizontal components of force

are measured parallel and perpendicular to the yachts centre-line,
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the X axis being the centre-line and the X-Y plane parallel to the
sea (fig. 71)

Part of the force Fy_ (equivalent to friction resistance) acts
along the axis (C.L.) and part along the course. The sculing position
is no clearer than with the established axes, and there seems no
reason to believe that the traditional method of extrapolation should

prove any les:s reliable,

Fi1e.71. HYoroabyNAmic Forcls COMPINERTS
W HomizonTaL GEA) PLANE WHEW

Using Dobv/sea AXES.

=~ | Resistance (Fxw)
-

Soererce (Fyy)

The expansion of FYw to full scale is not complicated by skin
friction scale effect, the component being largely due to the pressure
distribution over the hull surface. Although it is unlikely that
Reypolds No, effects are entirely missing, without further knowledge
it appears necessary to agsume that FYw is independent of Reynolds No.
for scaling purposes.

Stability Moment

The moment acutally required during experiments, for the

purpose of Part 1, is that necessary to heel the yacht to a certain
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angle, As gsuch, it involves the movement of a weight through a
known distance, so that no complications arise in the scaling to
full size. The question of stability under dynamic conditions is

considered at greater length in Chapter 24.
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CHAPTER 21: HULL CHARACTERISTICS FOR USE WITH THE PERFORMANCE

A ————

ANALYSIS OF PART 1
In its basic form, the analysis of Part 1 reguires hull

characterisiics as curves of CYw’ wa and A plotted against

0
du for a number of values of VS at several a.gles of heel.

C

w This called for FYw’ FXw and wa to be measured at a
particular combination of 8 , A , and Vi, In practice, the model
was get at the required heel angle with the model travelling at the
particular course velocity VS‘ qu and FYw were measured directly
and the position of the sliding weight gave the models restoring

moment wa. CYw’ CXw and KXw could now be caleulated and hence

, and A\ against _G_Y_g for various constant

curves drawn of CYw’ KX -
Xw

W

values of 6 and Vge

In these experiments the position of the sliding weight to
give the desired heel angle a each combination of A and Vg was
interpolated from the results of runs to give the stability inform-
ation required for Chapter 24 and wiaich had been carried out previous-
ly, and rechecked.

During the experiments, FXw and FYw were measured at the follow-

ing combinations of Vg  1.90 ft/sec. (V/{C= 0©.602), 2.97 £t/sec (v//L
= 0.904)



3.86 £t/sec. (V/[L = 1.22), 4.55 ft/sec. (VL = 1.44)
Heel, 8 :0°, 74°, 15°, 213° (maximum restricted by immersion of
deck edge)
Leswgy: 0°, 3°, 6°, 9°, 12°,

Lhe value of the sliding weight necessary to provide 214°
heel led to the model being over the scale 4,U.W, for a 'Dragon'
class yacht and'the prarticulars of the model condition during test
i.e, 'Standard Condition' were:

Standard YMadel CGondition,

Model #11 Up Weight, 24.89 1b,

(equivalent to a full size displacement of 5380 1lbs. i.e.

approx. 48 cwts)

Sliding weight 6.33 1b,
VOC.G. ’ 1.74 inS. belOV 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
Hull).,
Freeboard forward 3.5/8 ins. »
Aft. 2.5/8 ins.

Maximum draught, static 8.7/16 ins.

Loa



Pivot of Universal Joint 2 ins below datum
31,2 ins forward of datum.
The standard condition ig illustrated in Fig. 72.

Expérimental Results for FX

.

w And FYw and scaling to Full Size,

The values of wa and FYw arc recorded in Table 7 and thése were

placed in coefficient form at the model scale from:

_F
Cyy = yﬁ; i where @ = water demsity at 60°F,
A = gtatic upright Eetted
C. = FXv : ' surface in ft. “.

WL T v

Model Course velocity
in ft/sec.

In the light of discussion contained in Chapter 20, it was
assumed that Cy for the model and full scale are identical and these
are shown in Taple 8.

The scaling of Cy,, from model £o full size has been discussed
in Chapter 20; due to the complexity of the prgblem and to the fact
that the full scale values are required only for use in demonst;ating
the performance analysis of Part 1, rather than for the prediction
of performance for an actual yacht, the fullowing procedure and
assumptions were adopted:

(a) The Schoenherr friction formulation has been used to determine

model and yacht friction resistance coefficient, this data being that
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used by the Davidson Laboratory; in the United Kingdom it is more
usual to use the I.T,T,C, correlation line as the Schoenherr values
"are said to be somewhat low at Reynolds Numbers in the sm:ll model
sphere., There is né reason why, for the present purpose, any one
line should be preferred, and Schoenherr was used owing to the data '
being available immediately.
(B In computing the frietion resistance, the hull.wetted surface -
ares has been assumed constant, and equal to the upright static
value of 4«43 ft2 (see Chapter 26). - This'is the usual assumption made
by Saunders Roe Divn. in their work with yachte {Refs. 4 & 5) and
simplifies the scaling procedure considerably.
(¢c) The wetted length for cdmputation of Reynolds Number has becn

teken as that in the static urright condition, equal to‘3;48 ft. In
fact the wetted length altergé appreciably, being considerébly
increased at high épeeds when tﬁe wave profile moved up the Stgrn
overhang. This assumption i used by Saunders Roe Division in the
form of a mean chord; (Refs. 4 & 5).

(d) The laminar flow defiéit from the‘smooth turbulent condition

because of the area in front of the stud turbulence stimulators
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has been assumed equal to the increase in resistance from the stim-
ulators. This is not stfictly correct, but satisfactory for the
present purpose; according to Crago (Ref, 4) the "two practically
’canéel” and this assumption obviated a tedious calculation.
(e) Turbulent flow has been assumed to exist over the hull of the
equivalent full size yacht, a normal assumption in this type of work.
The full scale CXw‘is therefore calculated ‘rom:

c (full scale) =C (model scale) - Cp (model) + Cp (full scale)

Xw Xw
where Cp is the friction coefficient from the Schoenherr formulation
at the regpective ReynoldS'Number.

EOF (full secale) - Gy (model) g is constant for one model

velocity with the assumptions detailed above,
The calculation of Cy. (full scale) is shown in Table 10, the values
being given also in Table 8, Values of CXw on the model scale are

given in Table 9.

Experimental Values of Mkw-gnd sealing to full size

The moment MXW required for the hull characteristics is equal
to the applied moment due to transverse mcvement of the sliding
weight from the hull centreline,

ioeo MXW = woxocoﬂe Ibofto where x is in feet alld



20%

is distance of sliding wt.
from centreline,

W is sliding weight in lbs.
is angle of heel,

which reduces to wa = é?%z.x.cose where x is in inches.

Values of My for the combinations of Vq,8and A are shown
in Table 11, in every case at 0° leeway the sliding weight was found
to be in the position required in the static condition to heel the
model to the appropriate heel angle,

‘he ap; lied moment coefficient Ky,, was calculated from:

1

K, = 'y

X 4" SR 5 where: V is the model course
* /O vo Q.V

vel., in ft/sec.
is the density of tank
water at 60°F
A is the static upright
wetted surface area,
Q is the stautic upright
waterline length,.

The values of A and Q used were those suggested in Part 1.

KXw

scale. The scaling of this coefficient to the full scale yacht has

for the test points im shown in Table 11 at the model

been discussed in Chapter 20, It is assumed here that wa‘for model
and yacht are identical at comparable speeds and thereforé are those
of Tgble 11,

The sti

Using the values of CIw’ ch and wa(obtained for the various
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combinations of €, A, and Vg, for a full scale yacht having the
dimensions of a 'Dragon', it was possible to construct the hull

characteristics in the form rejuired by Part 1; i,e. as curves of

Cyyy? A » and Ky plotted against EX! for each velocity and angle
‘ C
of heel, Xv

Figures 73, 74, 75, show these for heel angles of 74°, 15°
and 21%°, The upright condition was not considered as it is not a
true practical possibility for windward sailing.

When plotted to a base of EX! , the general layout of curves
CXw
at each angle of heel is similar, although some vertical displace-

ment on the plot is evident. Very noticeable in ‘ige. 73, 74, 75 is

the linear variation of KXw with CYw and the vertical separation
, C
Xw

of these curves with course velocity, which are evident at all angles

of heel.
At a particular angle of heel and for a fixed value of EX! ’
CXW
CYw is seen to first f£all and then increases so that when it is

plotted to é basc of velocity, a family of curvec appears;. Fig. 76
at & = 15°, The smme arrangement occurs at other heel angles. On
plotting the leeway and KXw in a similar manner, further families

appear, see Fig., 76; it may be noted hers than on using the data
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from these experiments in the work of Part 1, hull characteristics
charted in this manner were found to be desirabie as they enable the
calculations to be performed at velocities other than those used in
the test work without interpolation. A full set of hull character-
istics for the model as used in the performance analysis will be
found in Appendix 2, Part 1. |

‘he variation of the quantities Cyys N\ , and Ky, With heel

angle at constent Ty 1is shown in Figs. 77, 78, 79, for ‘¥ = 6.0,

Cxw | Cxu

(@]

¥ .

Xw
A study of the figures shows that the effect of heel is gimilar

a similar plot occurs at other values of

Q

at each model velocity tested except at 2,97 ft/sec. model scals;
this at first led to some doubt concerning the validity of the
experimental results at that’veloéity, but check runs indicated the
variation is correct so it may well be that a complicated pressure
distribution exists around the hull at this speed, equivalent to
V/dri = 0,904, with interaction between the wave formations.

It will be seen from Bigs. 73, 74, 75, that the lines of )\
have quite a small curvature so it might be expected that if the
component quantities of the hull cﬁaracteristics are plotfed using

A as base, essentially the same variations will occur. Fig, 80

shows a typical set of CYw curves plotted in this manner for a model
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velocity of 1.90 ft/sec. while the heel angle increases in stages
from 0° to 214°, Within the close hauled region of A\ some
reduction of CYw occurs as heel iB increased but this tendency was
found to be rewersed at the highest velocities. In all cases, CYw
was found to be zero at zero hull incidence, and its variation with
ch to be non-linear, the curves showing increasing slope as leeway
increases,

With the heel angle held constant while the course velocity
varies, Fig, 81 shows some increase in Oy, @8 the speed increases;
this was found to be more pronounced at the larger heel angles but
no finite pattern emerged,

The variation of Cy,, With model incidence A is seen from
Fig. 82 bo be complex in terms of velocity and heel; at the lower
speeds, ch falls as leeway is increased, probably due. to the wave-
making and from component of resistance acting aiong the course; this
effect is reduced as the velocity increases until at the highest
velocity CXw tends to rise as leeway is increased, falling off again
around the usuel maximm A attained while sailing (7° to 8°), this
might well be due to the greatly increased wetted surface and hence
skin friction at the higher velocities,

When KXw is plotted against leeway, the variation again appears

linear for constant Vy as shown in Fig, 83; apparrently the small
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scatter in values permits this to appear when wa is plotted

against either EXE or M\ as base despite the non-linear variation
O '
- ... G
of A\ with Jw noted previously.
C
Iw
A linear relationship independent of leeway appears between
KXw and heel, the slope of which decreases markedly as speed increases
(Fig. 84 shows this for A= 3°), while the variation of Ky, with

model velocity is illustrated in Fig. 85.
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CHAPTER 22: UPRIGHT RESISTANCE

The upright, zero leeway, resistance (wa) of the hull was
measured over a speed rancze between 1.5 ft/sec. and 4.55 ft/sec.
model scale (V/(f) from 0.489 to 1.44) at the 'standard' weight
and C.G. location. A similar curve is available from the tank eval-
uation work of Part 2 at an A.U.W, of 18.31 1b. with the C.G. at
2.76 ins, below datum and 30.2 ins, from the A,E,

Fig. 86 shous th? measured resistance of the model at both
values of A.U,W, and it may be secn 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 1lb. 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 CXw is equivalent

to CT, the Total Resistance Coefficient, so that:

C Resistance
T 5—. P .A.V2

and Cp = Cp + Cp

H

where CF is the friection

resistance coefft,
CR 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) Hull wetted surface assumed constant at the upright,
static value of 4.43 sq.ft.
(3) The wetted length for comput&tion of Reynolds No, has
been taken as the waterline length for the statie, upright
condition,
(4) No correction has been made for the stimulator penalty
or the laminar deficit; the full secale boundary layer has

been assumed fully turbulent,

The full scale CT is therefore:

Cp (full scale) = Cp (model) - Cp (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 shous cT for
model and full scale yacht plotted against V/,/ L,

The  uppermost curve in Fig, 87 shous CT for the 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//L 1.0.



When allowance is made for the friction scale efféct, CT 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 extrapolatio:,

Curves for model and yacht are also shown for the lower A.U,W.
of 18.31 1b, model scale, and as expected fall beiow those at .the
standard weight. Slight differences between the curve shape might
be expected due to the difference in L.C. G. locat ion,

The ;esulté of further experiments i{o assess the effect of
changing A,U.W, and L.C.G, location are discussed in Chapter 25 and
the results fér upright resistance are compared with' previous work

using the same model and with tésts on eother hull forms.in Chapter 23,



o

H ’

Llas

£

Mogee :?ENSTNC

02|

1 - f

2

"1 MooeL

NeLae Ty FT.f

.....

,,,,




f,g 87 CT for mOde"":C

% L

m.a AUN)

Fucl Sleace $ww FQ\cTw'J ng




N8 = My M2b 3 Avdy,
4305586 = W 596.0= 2y 1395 €bp = (V) w32y aslian '$969= 27/,
MY 8713 Neiliano 5 TBVarvig
©9:9 | Ello-e| g2lo.0|0Z-/L| %66 0| sn0.0 £gi0D| £88] g1, 229 €99-2| S181| l61-4| o|.5) | shh,| SS: > |
: — m
565 |/9/90.0| 81600-0| 0/.79 0L5:0| €2.900| 3800.0|0.2; SEN0| 695 1| 90/.72( 099! s22-b 6L | 2o%") &
2951 05990.0| /800.9/09:55| osh.o| 9900.0] 02500.0 687152591009 |05, 5| gasi [dssb| o). €21 | 98 ¢
4!. —
(oS | (9500.0| g/00.0 OP-S»| o55.0| 285%.9| S$H/00.0 123 | 96%.0] [$9:)(9//.2 €P1| Lobp| §£0.9) -1 | e%-¢
SS5:¥ | 225%.0| $6900.0| 0/ .9¢ S52:9| HS00.0| Ji00.0| £-2 9080 | 9282] 6-971 YosH| 06| [ge-0 hi-s
. ! |
[t | #1590/ 5g900.0| $8-25( s22-0| ¢s90.0| 200.0 34| 920 800 | | 2hg2| 2.02(| LbeH! LS8 | P60l Le2
60 Y| co52.0| s/@00.0| 0962 002-0| §£S00.0 Solas.0| [.hg ot«.o_,_ Glll [s¢g.2| 0 b1 ! bes b -8 | Seg.0] 28-2
— T :
L& ¢ | 505900.0|08900.0 0S92 o8l.0| €sv0.0| [loo.p H.og Siz-v| 3N | s0g.2| 6 Lo} 3ha-H 89-/ | 8h8.0 (92
82:¢ | 118 90:0| 50¢00.0 ©S.8l| °51.0 | Ss00.0| £/00.0 £'12| sS1.0| 9§31 | 662 Llg | si18H 2Hh9 | 61L-0 $2-2
-2 | $1590.0|50/00.0 [ €%.5) | S60.0 SSeoo( fHiow-o| .91 | a0 L1 | 99 5| g9 |Dleh 9IS | bog.0 °6-|
E2L[(E590.0 [ 85L90°0| 28.8 | s90.0 | ¢S00.0 dlo0-0 [ 2.01 | 30.0 | 390.7 AR £:29 mu_.m_m?v egh-o| Ho.|
‘59 | 90w ..mJ ‘$'d | 2300m Lo _
stony| 1o 1~ | MY | 15153 15| 1o [M7] usissy| coix | goux | o “aghad ke Y Wsia
13q0y RELTI ‘8 o - 2
2 123443 100N | df — JSRCTEF
A ™M Q' "$871g-8) MoLigMey  Qyyanyig (25| 3D | sy 3D | naeen| A 2200
"SLNSwi3ss% 3 FONGISISSY 1HO3d()  Wor] Wivg 2[ 378v)



216

CHAPTER 23: RESULTS OF PRESENT WORK COMPARED WITH PREVIOUS TESTS
USING THE SAME MODEL AND ALSO WITH OTHER HELL FORMS
’ Cloge Hguled H Ch terigtics

Previous experimental work in connection with yacht hulls has
expressed the results in terms of Lift and Drag, using Sea axes.
Besults from the present work have therefore been placed in terms of
CL and CD to allow comparigon 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,

Q
1]

Coue Com A = Gy e5in )‘,

Q
H

D Cy,eSin A + CXw‘ Cos A

As the scale effect in -extrapolation from model 1".0 full size
has been assumed to \}ary only with velocity, either model or full
scale values could be used to show the effect of heel and leeway;
here, the values refer to the model scale.

Lift Coefficient
The variation of CL with heel, leeway and model course velocity

may be scen in Fig, 88, the use of separate plots for each velocity
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avolds confusion due to superimpogition of curves covering the
ranges of heel and leeway,

The variation of'CL with leeway in the range éonsidered is
similar at all speeds, being a curve of increasing slope, although
there is some tendency towards linearity as )\ increases. The
overall slope of the curves does ﬁowéver change with heel, increasing
as heel decreases at the lower speeds but shéwing more variation
at higher speeds.

Fig. 89 shows curves of C;, 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 operate
during windward sailing; at the lower velocities, Ci falls as heel
increases, the effect being greater as leeway increases, At the
higher speeds, experimental points are less fair although CL appears
first to rise and then to fall as heel increases,

Fig. 89 shows also that CL generally rises as the course
velocity is increased.

Comparisbﬁ of test CL with previous results for the model

Values of CL from the original tests at the Saunders Roe Div,
are given in Ref. 12 and shown here in Fig. 90. They appear to
follow a more linear distribution than in the present experiments.,

Previous work was undertsken for the prediction of performance
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by the 'Gimerack' technique and followed the usual practice in such
experiments by measuring only at values of speed, leeway and heel
near likely full scale sailing cohditions. The Saunders Roe values
shown in Fig, 90 are for a full scale speéd 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 & sutlable scale for cp
leads to the curves from Fig, 88.being superimposed on the Saunders
Roe points, The two scales for C, are necessary due to the different
speedw and areas used in deriving coefficients and also take into
account any scaling problems.

It is seen that the curves frop Big. 88 at 73°, 15° and 2130
pass through the equivalent areas of heel in tle Saunders Roe
results, confirming that the reason for apparent linearity of the
latter 1s the combination of heel and leeway resulting from the
test philésophy.

The comparison made here also demonstrates reasonable agreement
between the two geries of experiments and tanks in terms of CL‘

t th o 0

In his original work (Ref, 9, Fig. 15) Davidson gives curves

of CL against N\ 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 1ift well beyond zero at both angles of
heel, indicating that the hull produces considerable 1ift due to its
assymetrical form when heeled; the same figure shows that the Lift
varies linearly with heel but the slope of the curve reduces as heel
increases.

In the present tests, there was no indlcatlon 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 Lhowever, found that the Lift eurve
slope reduced as heel ipcreased at the two lower velocitites.

Crewe (Ref, 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 bacikwards to the axis; it
is unfortunate heré that the number of .est points is very great
without indication being given of the velocities and heel angles to
which they refer; the variation is sown as linear, but scatter ig of
the same type as in the 'Dragon' tests discussed earlier, and it may
well Le that a re-analysis would show a distribution varying 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, scaled for
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the full size yacht. Although no experimental points are shown gnd
the same velocity appearsvfor only two consecutive curves at a time,
the variation is non-linear and gives No-Lift angles beyond zero at
the higher angles of heél. The values are said to be typical of a
'large fin kecled yacht'; presumably a Twelve Metre,

In Ref, 11, Tanner shows results of his tank tests on the hull
of an Internaiional ten Square Metre Class Canoe; this is a different
type of mill 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 uppight 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‘prbjecting out of the hull; it may be possible to
compare’tﬁe 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 congidered as a low aspect ratio aerofoil
with some end plate effect,

Results from a typical Commercial tank test are conteined in

Ref. 5; the ranges of specd, leeway and hecl tested are taken to



22|

provide data for use in a 'Gimerack' 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 interpretation. A4n 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 by reference to the
slope of the curves from the present work; considerable difference
would be found in the hull characteristics using each method and im
this case it is essential to have more test points over a greater
spread of leceway at each heel angle and speed before cénsidefing
further analysis.
Drag Coefficient

Figure 91 11lustrates the variation of Cp 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 CD for 0° heel
at a model course veiocity of 1.90 ft/sec. with a cupve of CDC* A 2;
Some of.tée 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
CDfNJ N\ curve clockwise as heel increases and in some cases there is

also a small vettical displacement,



Due to the differences in technique used for the two series of
experiments it is impracticable to compare results of the present
work with the Saunders Roe results under conditions of heel, and
leeway, but some comparison between the predicted upright, zero
lécway, resistance is possible and this is included in Section 23.2
which follows.

2
Plot of CD ~ CL

If the Lift Coefficient varied linearly with leeway and the
Drag Coefficient followed a square law, the CD plotted against CL2
would produce a straight line at each speed and heel, the slope of
which is likely to vary. Resulis from the present experiments are
plotted in this manner in Fig. 93 from whiéh it can be seen that
the variation is non-linear, showing considerable curvature at low
lecway, 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 witﬁ 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 thé scatter of points

is such that the variation could well be non-lineasr snd there are in-

dications that at low values of CY2 the curves turn over in a

22
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similar manner as those found from the present work,

It therefore appears dangerous to assume linearity for CD
plotted against CLz for a particular hull especially one of
'traditional keel yacht'® shape, without adequate experimental

proof,

23,2 Upright Resistance

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 Ref. 1, these
values were obtained by use of the Sdhmhmherr Eriction Line corrected
for stimulator drag but not for the laminaf area forQard of the
stimulators; no figures are given for the model scale so that
compar:son 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'ﬁcopdition equivalent to a full scale displace-
ment of 48Icwts. and at 18.31 1bs. model A.U.W, equal to a full
scale displacement of 35.4 cwts., also siown in Fig. 94a.

It is clear immediately that the shape of these predicted curves
from both geries of experiments is similar, indicating general
agreement between the series, but that they differ in level on the

plot.



g This difference in level may be explained by consideration of

the following: .
(a) The upper curve from the present series is fof an A.U,W, some
5 cwis, grater that the upper curve from the Saunders Roe results; a
difference of 4 cwbs. in the latter series gives a difference in CT
of approx 0.0002, so that there may wéll be a difference of 0,00025
in levels due to this,
(b) 1In the present tests the stimulator penalty has been assumed
-equal to the laminar defieit, while previously no correction was
made for the laminar deficit; which from the text of Ref. 1 could
raise the curves by between 0,0004 and 0.0006, assuming a fully
turbulent boundary layer on the yacht, ) o
(¢) Blocka:e effects have been ignored in the present work and the
model resistance is likely to be high due to thig.
(d) Comment has already been made concerning the condition of the
model and its surfécg at the time of the present work and this could
affect thgrlevel 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,

There does not seem any reason to doubt the results obtained from the

A
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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 standard condition, |

C igog b n o) 1 and other fo .

Fig. 94b shows Cp against V//_i for the dragon and two other
hulls.

Ref. 10 gives results for the model of an International One
Design Class 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 s
1/12 scale model; the shape of this curve may be compared with that
for the Dragon for which the full scale prediétions from both series
of tests are included.

Curves of frictionecefficient for model and full 8cale have
been omitted due to fhe difference in Reynolds No. and scale of
the eraft involved.

Fig. 94b indicates that the Dragon form is more successful tham
that of the other two vessels in prolonging an increase in waye

making resistance when in the upright, zero leeway condition.
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GgAPTER 24: TRANSVERSE STABILITY

Experiments were undertaken to establish the model's transverse
stability under both static and dynamic conditioné; 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
AU 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'wiﬁh the Centre of
Lateral Resistance ﬁsed by designers,

(¢) To investigate the effect of changes in the ¥.C.G. location,

24.1 Experiments to measum the hull's stability under static and
dynamjc conditions at the Standard Condition

Statical Stability

In these tests, the sliding weight of 6,33 1lbs was moved trans-
versely to various positions, the angle of heel being read off for
each point; a range of 0° to 211° was covered, the slidihg weight

being moved in two inch steps from the centreline.



Fig. 95 shows the hull's statical stability in terms both of

[
the distance of the sliding weight from the centreline -nd of the

Arplied moment given by:

- 6¢33.x.0086 1b.ft.
MXW 12

where x is the distance of the sliding weight from the cantreline
(model upright).
Stability under dynamic conditiong

The hull was run at the desired condition of speed and leeway
the sliding weight being ioved 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 leeway.

Model velocities used were: 1.90, 2.97, 3.86, and 4.55 ft/sec.,
and the leeway was increased ffom 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 Chapter 21, were made at
four heel angles: 0°, 74°, 15°, and 214° so that in order to allow
further analwysis of the stability, it was necessary to calculate the
Applied Moment My on the hull at each condition of speed and leeway

for these four inclinations,

227
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In each case the applied moment was found from:
= é’_}lox.cosa lbofto

MXw 12
by reading the positions of the sliding weight to maintain the four
heel angles under each condition of course velocity and leeway from
Figs. 90 'bO 930

The values of these moments are shown in Table 11

2ie2 Comparison of statical and dynamic gtgbility, and relationship

between applied moment and FYw

¢

Mﬁw is the 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 relaﬁionship dées exist between
these quantities,

If, for a heel angle ©® , the yacht's dynamic stability is MD

and the hydrodynamic overturning moment is Mﬁ’ then:

Mb = MXV * Mb

or My = My, * Fyeh
where h is the depth of action of FYw below the pivot, wa is

usually assumed by designers to act at the geometric centroid of the

underwater hull profile: the C,L.R,



Iﬁ standard commercial performance tests using hull measurements
and assumed sail coerficients of the 'extended Gimerack type'!', and
also in more basicAperformance studies it is often assumed that FYw
acts at a fixed distance below the wateriine., (ref.3)

Crewe (Ref. 1) gives some measure of justificationvfor 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 aséumed that the yacht's stability under
dynamic conditions is equivalent to the statical stability at the
relevant heei; this also has never becn investigated previously,

If this were true, then the previous equation may be re-written

as:
Mg - M
sz

h =

where MS is the statical stability at the heel angle congidered,

By plotting MX& against FYw however, the assumption is
unnecessary, while its validity can be checked and the depth of actionm
for FYV obtained.

Fig, 100 shows this plot for the various model velocities and
heel angles considered, the result being a serieg of straight lines,
the slope of which increases with heel, while velocity does not

appear to cause any appreciable departure from the linear variation.

229
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If the original equation is re-written as:

Y% - % - FYw'h

thenle is the intercept of each line on the wa 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 model is heeled, a hydrodynamic overturning moment is
provided by both the horizontal and vertical components of the total
hydrodynamic force, the relative ma nitude-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 EZ! , and h should now
Cos®

be measured at 8° to the upright.
Fig. 101 shows the value of h1 = h.Cos® , where h is taken

from Fig. 100; h is nov the depth of action of 'Yy from the pivot
‘ Cos®

point measured down the centre-line plane,
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If the assumption were correct, the value of h1 at all heel
angles should be the same, but in fact this is not so, Indications
are that the cOmpopent, in the transverse plane, of the total
hydrodynamic force does not act at rigit angles to the yacht's
centreline plane; and this is further confirmed by the results of
force measurements discussed in Chapter 21, whe?e FYw should vary
by a Cosine law with hcel if the ascumption were correct, but was not
found to be so.

Comrarigpon between h, and the designers assumed depth for CoeloRy

The shape of the underwater profile and the standard waterline
‘ for the experiments is shown in Fig. 102, the depth of the deéigner's
CeLeR, 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 zive an erroneous result, but
remarkable agreement wus 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,



For the hull upright, the experimental results for h may be

1
compared directly with the depth above. It is seen that the
experiments gave the depth of éction for FYw as 3.33 ins, below

the pivot point. in this standard condition, the pivot was 0.41 ins.
above the waterline so that the depth of aetion is 2.92 ins. below
the waterline, some 0.2 ins, above the designer's assumed C.L.R.

The maximum draught of the hull is some 8¢42 ins. and on
placing both depths in teims of a percentage of this, the difference
between them is about 23%,

There appears good reason to believe therefore, that, certainly
as a first approximation, the force component FYw 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,'

2he3 Change in Iocation of the V.C.G, and resulting effect on

Stability

Fig. 103 shows a yacht having an A.U.W, of W, with an upright

waterline w-l, heeled through an angle © +to a waterline w. -w The

1 71°
centre of buoyancy has moved from B to B1 (static conditicn),
If the vertical location of the yacht's C.G, ig G1, then the
restoring couple tending to bring the yacht towards the upright is

W.G1Z1, and if the vessel is to be maintained at 6° heel, then an

232
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overturning moment of M1 = W.G1Z1 must be applied,

With the hull stationary in still water, if the C,G. is
raised to 62 the the restoring couple will support only a decreased
overturning moment M2 = G222, and the restoring moment is reduced

M- M, = Wz, - Gp2,) = W.G,G,ye Tan®

ie. there is a linear relationship between the movement of CeGe and
the available restoring moment,

When the yacht is making way, the inherent restoring moment
(as distinst 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 waterlipe and underwater form,
these effects becoming more important as velocity, heel, and leeway
inerease.

It is assumed normelly in standard yacht testing (Refs. 4&8)
‘that change in inherent stability due to pressure variation ig negli-
gible and that the same relationship holds betwecn the V.CuG, and
restoring moment as with the hull stationary,

A short scries of experiments was ujdertaken to assess whether
this acsumption 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 vertiecal
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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 25; a new rudder
was fitted together with tiller ang Securing arrangements, resulting
in an increase of model weight to 25,23 1b, 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 loecations,

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 = W.G1G2. Tan®

Stability Under Way

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° ang
6°,

With the hull fixed at one value of leeway, the sliding weight
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was moved in two inch increments, and the'fesulting heel angle
measured for each speed and V,C,G. Results in terms of applied
moment (equal to restoring moment) ang heel are given in Fig, 105,

Assessment of the results under dynamic conditions is com-
plicated by the overturning effect of FYw; this will, however, be
~ indentical for all V,C.G. locations at ‘one value of heel and lewway,
and in Fig, 106 the applied moment required to maintain the hull at
15° heel for leeway of 3° and 6° ig plotted against V., C,G, for each
speed. The effect of including the hydrodynamic overturning moment
would be to displuce curves vertically on the plot without altering
fheir shape,

It may be seen that the variation of Pestoring moment with
V.C.G, is no longer linear, the Burvature 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,CeG. from 0,91 to 1;3 ins, below datum is greater than that fronm
statical considerations, (W.G1G « Tan® = 2,625 1b, 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 agsumption that

inherent stability under wasy when making leeway and heel is identical
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with the statieal stability, can be considered sufficiently

accurate for normal use,
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fig103 effect of change in V.C.G. on
statical stability, theory.
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CHArTER 25: A SHORT INVESTIGATION TQ ASSESS THE EFFECT OF L.C.G.

LOCATION, A.U.W. 4ND RUDJUER 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; severél short series of
experiments were therefore devised, using representative values of
model velociiy, 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',

25,1 Effect on Model Chargcteristicsg of variation in L,C,G,

A short series of experiments was performed to measure the
ehanges 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 1b.
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throughout, with the V,C.G. at 1.7 ins. below datum.

By changing the longitudinal position of the 6.33 1b. sliding
weight and its supoorting structure, the model L.C.G. was moved for—
vard and aft as shown in Fig. 107; this figure also shows the
associated trims and static waterlines, lleasurements with the model
at Standard L.C.G. acted as confirmation of those from the more
extensive series described in Chapter 21, |
Upright Resistance

Rung 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 iﬁ Fig, 108, 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, expecially at higher speeds. This agrees with the original
Saunders Roe experiments (Fig.11, Ref. 1).

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 atAhigher 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 mun, if it can be tolerated from the general sea-keeping

of the yacht.
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~hauled Characteristic
Runs were made at course velocities of 1.9, and 2.97 ft/sec., at
.each C.G, locafion, with the model maintéined at 10° heel and 44°
leeway to represent a closezhauled sailing condition,

Measurements of £, and FXw are shown in Fig, 109; at a model

Yw
velocity of 1.9 ft/see, an increase in FYw appears wnen trim by the
bow is applied, but this is less evident in the case of trim by the
stern, wa appears to remain essentially constant,

At 2.97 ft/sec., an increase in Fy., 1s obtained with trim by
the stern; wa 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 wa with trim by the head is likely to be
assoclated 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—fgrce and
hence induced drag.

In terms of Lift snd Drag, the characteristics are given in
Fig. 110, and follow the same trends as the curves of FYw and F 0

It may be concluded from the curves of Fig. 110 that at 1.9 £t/
sec., trim by the hea& appears advantageous as the available Lift of

the hull is increased while Drag remains constant; at the same tine,

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
appéars 1o be no disadvantage in trim by the head however, both
Lift and Drag lying above the ¥alues for level trim,

Stability

The transverse movement of the sliding weight to produce heel
angles of 5° and 10° is shown in Fig, 111 for various L.C.G,
‘locations. Experiments were made under static and dynamic conditions
.at the two veleeities, the hull being maintained at 43° leeway,

The statical stability is seen to be less when trimmed than
when level (fram Fig, 111),

Measurements for the sideforce Ikaay 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 fhe increased F - It might be expgcted
that the dynamic stability would be increazed as the hull is trimmed
by the stern, especially at higher speeds, where the wide overhang
becomes immersed; this is evident at.the lover test velocity, but
at 2.97 ft/sec., the stability shows g considerable ddcrease despite

the reduced FYw'



The 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 conclusiong 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,

on Mo Characteristics of Vgri tion 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.%, 18,13 1b,)

Runs were made with the model at A.U.W.'s of 24.89 (standard),
21,56, and 19.56 1b, The variation in A.U.W, vas effected by changing
the sliding weight, which was also shifted 1ongitudinaily as hecessary
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%° leeway and 5° heel; this heel was the
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maximum achievable with the smallest sliding weight (1 1b.) used.
The rosults at standerd A.U.W, served as a further check on the oyver-
all results and accur.cy of measurement from the tank,
Model Course velocities of 1.9, 2.97, and 2.86 ft/sec. were
used to.provide a reasonable coverage of speed,
Upright 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
poinﬁs, the upright resistance curve at 18,31 1b, given in a previous
sedtlon is also included. Some disparity in spacing appemrs 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 by the head and hence a reduction in resistance at higher
speeds as shown by Fig, 108 (see Section 25.1).
Cloge-Hau C terig ‘
Fig. 113 shows the results in terns of sz and wa and Fig, 114
in terms of Lift ané 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 velocitkes.
There is no indication that the forces are in ‘direct proportion
to A.U.wo, 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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Rudder Application, and jts Effect o 11l Chgracteristi

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 by yachtsmen to ensure the yacht will tack readily and be
under control; weather helm mgy be defined as the rudder angle to
leeward (or tiller angle to windward) necessary to prevent a vessel
turning into the wind, or altemnatively 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
bydrodynamic 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., 14) 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 gmgll amount (1° to 2°) of weather helm
is desirable.

The tests at Davidson Laboratory were made with hull side force
and heel maintained constant, the cage for a ymcht sailing steadily

to windward, and are not in a form suitable to show the variation of



hydrodynamic characteristics as the rudder angle is varied.

A ghort series of experiments was therefore undertaken with
the 'Dragon' hull to determine the variation of FYw and FXw’ and
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 wake; due to rake
in the forward edge (hinge line), rudder movement will produce a
triming 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 sepapation,
and this may have an effect on the results and their expansion to
full scale,

For these experiments a new rudder was manufactured and fitted
to the hull g5 g replacement for that existing, which had become
damaged; arrangements were made to hinge the rudder, and the stock
passed through the huil, 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.U.W, for the experiments
was 23.23 1b., with V,C.G. 1.69 ins. below datum and L.C.G, 29.1 ins.

from the A.E.
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Runs were made with the model upright at zero leeway and, in
a condition to simulate close~hauled sailing, with 10° heel and
4A° leeway; FYw and FXw were measured in each case at velocities of
1.9, and 2.97 ft/asc. 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 FYw and wa were equivalent to Lift and Drage.

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
an 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 with 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. 116 shows the results for Py
and FXw; 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 form.



The Drag surve 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 inereasing 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.

24b

In practice, a yacht will sail clowe-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. 14 which utilised this fact by running tests
at constant Lift, found that minimum Drag oc:urred under these

circumstances with small weather helm,

It appears 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 degcribed here give a general idea of
the effect of rudder arplication 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 ceonventional rudders.
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CHAPTER 26: WETTED SURFACE AREA

When use is made 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 estabilshed data giving
the friction coeffieient at varying 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 effeect varies with speed, the waves taking the
same form on each side of the ship.

With 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 veloéity, leewsy and
heel, |

The experiments deseribed 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 aléo to establish fhe order of importance of
the three quantities velocity, leeway, heel in affecting the wetted
surface area.

Determination of Change ip WétteQ‘Surfgce Areg

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 adheéive tape.

Because of the complex curvature of the hull surface 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 offieial drawings of the Dragon Clags. 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 Fig, 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.whére 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
oné 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 leevard sides of the hull
were teken for each speed, leeway and heel considered, to show the
actual waterline resulting from the wave formation in each condition,

By 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 huil.

Fig.120 shows this procedure applied to the model heeled at
10° and stationary; the photographs for this condition are given in
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
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datuﬁ 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 of the hull,

the 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 Qindward is given by the area lying
between the red line and lower black line, while the increase in wetted
ares to leeward is given by that area betwéen 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
glven by the difference between the two areas.

Iransferring Waterlines to Expansion Chart

The following method was adopted for transférring 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
scale, over the print it was possible to determine the shape of the
waterline on the eXxpansion chart in terms of the stations and tape

linés. 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 gome cases a little difficulty was experienced in judging
the waterline endings, due to lack of contrast in the photographs;
because of this small errors are likely in the waterline shapes at the
after end,

Covergge of Testg

A total of fifty six photographs were taken covering the

following combinations of speed, leeway and heel:

Velocity: 0, 1.9, 2,97, 3.86 ft/sec (V/[L: 0, 0.6, 0.9%, 1.22)

Lesway: 0°, 5°, 10°,

Heel: 0°, 10°, 20°, (heel was restricted by immersion of deck édge)
Calculation of Ares 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 wag found to give satisfactory

results,
Resultg

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 Condition

In this condition the wetted area would be expected to vary
only slightly with heel due to the hull section shape; any 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 ecaleulation
of this static upright ares is given later),

!Undervay Condition'
Effect of Leeway

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
of this pressure change will be to modify the normal 'ship style!
waves, especially over the amidship section where the keel ig of
Particular importance, so that the surface is raised to leeward and
lowereqd to windward, the effect varyin: with leeway at any particular

angle of heey,

Observation of the model running in the tank indicated that
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this occurred as may be seen in the series of photographs. (Fig. 112).

This figure shows the model at a course velocity of 2,97 ft/sec.
which is conveniently near the speed with one wave lengtih in the hull
length, s enabling any change in waterline due to pressure variation
to be seen easily.

Both the windward and leeward side of the hull are shown at
10° heel in the still condition and at speed with leeways of 0° and
10°

Taking the leeward side first, the change in waterline with
speed is seen from photographs 17 and 25; at speed, the wave formation
has crests near the foruard and after ends of the hull with a trough
between, On referring to photo. 29 it can be seen that at 10° leeway
the water level is higher near mmidships so reducing the trough and indi-
cating a rise in pressure,

Photos, 18, 26 and 30 for the windward side show that the trough
amidships is deepened, indicating a fall in pressure to windward
of the hull,
Effeet of Heel

As the heel increases, the wetted surface to leeward will
increase due to deeper immersion, and that on the windward side will

decrease. The change will depend on the hull sedtion shape and
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form at each speed and leeway. There will also be some change due
to the pressure distribution .rou.nd the hull when the waterline shape
becomes more assymmetrical as the heel increages.
. Fig; 123 shows this effect at a speed of :3.86 ft/sec. and a
leeway of 5°,
Effect of Cm'e' Velocity
| At low values of V/ fi, there will be more than one wavelength
in the hull length, until at around V/{L betwéén 0.8 and»0.9, one
waveleﬁgth 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 which shows the wave formation as the
speed is inereased in the upright, vzero leeway, case,
The wave profile, as discussed previously, will be modified by
heel and leeway, the effect of wﬁigh rﬁay be considered as superimposed

on the general wave system,

Watted S _to

Fig. 125 shows the effect of speed, leeway and heel, indicating
that the most important factor affedting the reduction in wetted

surfage while under way is heel, The area appears to reduce linearly



as heel increases, to ap;roximately 100 in2 below the upright static
value, a reduction of some 153% 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 2% of the total, even outside the region 0° to 6° leeway.
Ipcrease in Wetted Surface %o Leewszrd

Fig. 126 shows the effect of speed, leeway and heel on the
leeward wetted area, indicating that the increase is more varlable
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, curse 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).

Leewgy has the least effect especially at low speeds between
0° to 6°, a normal sailing range. The maximum increase in wetted

surface is some 33% for a 5° change in leeway.

Over-All Nugerical Effect
As might be expected, on combining the results for windward

and leeward sides of the hull as shown in Figs. 125 and 126, the



over-all effect is entirely variable, see Fig. 127.

Generally, the wetted surface increases with leevway oﬁer the
whole speed range for low and high heel, while remaining relatively
constant, decreasing slightly, at moderate heel (around 10°)., lhe
meximum variation is at 3,86 ft/sec. and mmounts to some 63% of the
static upright area.

dnile 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 E//fi with low and moderate heel, but
tends tc remain constant, or increase, at large heel angles. |

Above V/4 L 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 than at small or large heel angles,

At a course velocity of 3.86 ft/sec., the wave profile lies
near the top or the stern so that very little increase is possible
here, and it is to be expected that all the curves will tend to tura
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 Gecrease at very high specds, this is supported by the



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.

Egtimgte of Static Wetted Surface in Upright, Standard, Conditjon

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 Q is the average inclination of the waterlines at the
appropriate station,

The calculation is shown in Table 16, resulting in a wetted
surface area for the standard model condition durinz the experiments

of 639 sq. ins., or 4..3 sq. ft.



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 umual 90° gxes,



Fig.118, Arrangement of plastic adhesive strips, and still waterline
for wetted surface experiments.



fig 119 hul| surface expansion chart.
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Photo No.18. Windward side.

X o}
Me.121. Model static, heeled 107,



}‘hOtO Nvoo 17. L("‘-W'-lI“’l Si’:lﬂo TY[/‘/-IJ Zero,

Photo No. 25. Leeward side, V/{L 0.94, X = 5°,

Photo No.29. Leeward side. V/fi 0.94, X * 102.

Fig,122, effect of leeway on waterline.



Photo No.18. Windward side. V/[i Zero,

" 0
Photo No.26. Windward side. V/JL 0.94, X < 5°,

Photo No. 30. Windward side. V/J/L 0.94. X = 10°,

Pig.122. efect of leeway on waterline.
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Photo No.54. Windward side. V/JL 1.44, ©° 20

Fig.123., Effect of heel on waterline.



Photo No.2 lodel upright, V/»f-i 0.6, zero leeway.

Photo No.7. bNodel upright, V/JL 0.94, zero leeway.

Photo No.12. Model upright, V/{L 1.44. zero leeway.

Pig.124. Effect of speed on waterline.
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CHAPTER 27: GENERAL CONCLUSIONS AND RECOMMENDATIONS

The results of expariments describéd 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 Hoe DPivn,
showed general agreement, no obvious discrepancy appearing. It would
be exﬁremely 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 at identical model velocities, iﬁclinations, A.ﬁ.w,,
and C.G, location. Such work should also allow an assessment of the
blockage effeects in the University Tank which will be more pronounced

than at Saunders Hoe,

-

Although a clear picture emérges 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 ié taken of thevsuperimposition and com=

bination of the pressure fields round the hull, due to velocity, heel

and leeway,
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In the light of expgriments on this hull and the discussions
which followed, it appears that oaution should be obgserved in any
assumption concerning the variation of Lift coefficient with leewsy,
heel and veldcity, and that it is inadvisable to assume linearity for
the curve of G ~~ CL2’

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 tiae values of lecwsy
and heel vary with speed. |

Comparigon of the preseﬁt results with those of Davidson's
original paper (Ref. 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 shape
of curves for CL, CD, and CL2 ~ CD’ before any assumptions are
made. As the present experiments indicate & similar variation with
leeway for these quantities over a wide range of heel and speed, it
is probable that the same pattern would occur with 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.

In particular, the use of assumed linearity for CL2 ~ CD
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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 by 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 depvth of action for wa’ 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 indiecation appears howeﬁer, from the fact that the
'Dragon' hull does not appear to develop 1ift due to heel at zZero
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 considerations; results indicate that
more attention should 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-

ande with hull shape in terms of length beam and depth, using sail
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coefficients of the 'Gimerack! 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
hu}l/ 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
gimilar charts for sail plans in order to find the correct combination
for a particular yacht. Naturally, the results of the various
possible combinations #ould have to be assessed in conjunction with
othe? 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
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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 t raditional 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 prediction; in this field a consid-
erable amount of research is being undertaken in hydrodynamic estab-
lishments throughout the World, so that the basic work hecessary
regarding resistance and its components is in progress.,

The application of these methods to yacht forms and sizes
requires investication, as does the expansion of Lift from model to
full scale. Concurrently, the scaling effects on Fy, and Fy  should
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 uging 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
Hydrodynemics Laboratory at Feltham, for a vessel the size of a

'Dragon!, Here under controlled conditions, accurate measurement is
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possible of the full scale resistance and Lift, and a survey of the
boundary layer flow state could be obtained under both calm 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 large 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 tiat 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. 8; the only direct method being that of
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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 trials. 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
performahce for commercial work; whether it can be used to monfirm
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 smrface variation is given in Chapter 26;
this is another region where the difficulty im scaling for yachts

could be reduced by further study on the model scale,
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