University
of Glasgow

Bose, Neil. (1982) Hydrofoils: design of a wind propelled flying trimaran.
PhD thesis.

http://theses.gla.ac.uk/809/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.gla.ac.uk/
theses@gla.ac.uk
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be of a sufficient size to avoid the effects of surface

tension forces which would not- be présent on the full

scale. It has been suggested (175) that the minimum
hydrofoil Ehord length to avoid such effects can be taken
as 25mm. It can be seen that these:®' are conflicting
requirements, the first and third restrictions demanding a

large model and <the second a small model. The model was

built at one quarter full scale.

To enlarge upon the first point, the requirement 1is
for the influences of Reynolds number effects to be similar
on the model as on the full scale. With hydrofoils this 1is
a matter of monitoring the position of the
laminar/turbulent boundary layer transition so that flow
separations occur in the same regions on the model as on
the full scale . (159). With the NACA 1l6-series foil
séctions (these were used on the full scale craft),
operation at the design angie of incidence (zero degrees)
should " produce laminar flow up to the 60% chord point and

because of the favourable pressure gradient in this region,
this should prevail even for fairly high Reynolds numbers
and modest surface roughnesses. Variations from this ideal
angle of incidence or in surface roughness will cause wide
variations in the transition point and these variations can
be expected in the normal operation of a hydrofoil craft.
With the model tests undertaken here further complications

arose because the model 'folils were not of the same section

as the full scale foils.
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Methods of turbulence stimulation® were studied

(52,96,116 and 132), but it was realised that compared to
ship models and models of solids of revolution, the problem
faced heré of .attaching turbulence stimulators to model
hydrofoils of small chord lengths was somewhat different.
The most practical solution appeared to be offered by
attaching fine wires ahead of and parallel to the 1leading
edge of the hydrofoils but.even these would have confused
the situation to a certain extent by the addition of their
own parasitic drag to the system. Moreover it was not at
all clear that stimulators would have been a benefit in'
this case where the model was operating in the sub;critical
flow regime (Reynolds number = 10°) while the .full scale
craft operated in the transitional flow regime (Reynolds

number = 10®). The actual increase in Reynolds number from
the model to full scale was a factor of 8{ It was for

these reasons that it was decided -not to f£it turbulence

stimulators to the model. The calculations were carried
out separately for the model and the full scale craft and

in this way allowances were made both for the variations in
Reynolds number and in the type of foil section used. This

course of action, if it had any undesirable effect at all,

would have resulted in a slightly conservative estimate of
the drag values for the full scale craft which operated in

the transitional flow regime (fig. 3.3, chapter 3).
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The Model

The model which was constructed for these tests was a

one quarter scale model of the 5m long full size boat which

is described in detail in chapter 2. The hulls and cross
beams of this model were made from balsa wood. The hulls
were formed from 12mm thick planks of balsa wood which were

shaped to the appropriate waterplane contours, built up

sandwich fashion and faired off. The model was equipped

with a short mast, the top of which approximated with the

position of the centre of effort of the sails. This mast
was stayed by four wires to the bow and stern of each outer
hull. The model was towed from the top of this mast. The
overall length of the model was 1.25m, its mass was 5.2kg

and its maximum speed of just over 6.5m/sec corresponded to
a speed of approximately 13.0m/sec .(25 knots) for the full

scale craft. It is shown below the dynamometer in the

towing tank in figure 4.1.

The model foils were redesigned because of  the

difficulties involved in profiling small tapered hydrofoils
to NACA sections. Whereas NACA l6-series hydrofoil

sections were used on the full scale, the model foils were
either ogive or biogive in séction (either circular arc
upper surface and flat lower surface or circular arc both
sides) and they were made from solid aluminium alloy as
opposed to the ' unidirectional G.R.P. foils of the full
scale craft. In addition, élthough tapered foils were

employed on the full scale, all the hydrofoils on the model



Fig. 4.1

The Test Apparatus and Model
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were of constant chord length, 37.5mm. Detailed drawlngs
of the side and stern foils are shown in figures 4.2 and
4.3 respectively. Figure 4.4 shows experimental data for

various circular arc and circular arc affine foilil sections

(Gottingen profiles) which has been extracted from Riegels
(158). The ogive sections used on the model had a
thickness chord ratio of 0.1 and the data wused 1in the
calculations was based on the experimental curve for the

section Go 7K (i.e. o, = -6.2 degrees, Lift coefficient at

a,= 0° of 0.54).

i

The dimensions of this model foil system together with

various particulars of the foil sections and overall

geometry are given in the data file shown in figure 3.5

(chapter 3).

The Dynamometer and Test Rig

The problems of testing any wind propelled vehicle

arise from the need to carry out tests at various anales of
heel and vyaw. Furthermore an additional complication
arises because of the relationship between the side force
and the downward force from the sails when the craft heels
(fig 4.5). This shows up as an increment to the

displacement of the craft AW where

= tanf. = F_ sin®G.
AW Flat o h H n
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where 6. is the angle of heel, F

" 1s the heeling force from

H

the saills, and Flat and FV are the horizontal and vertical

components of ﬂﬂ . For a trimaran and 1in particular a

hydrofoil trimaran, the angles of heel are never very large

and in most cases this additonal displacement which arises
from the angle of heel ( AW) can be neglected. This

simplifies the test procedure.

Various methods have been used for the testing of
vacht forms 1in order to overcome these difficulties (5,48
and 52). All of these methods have involved the
construction of a specially designed dynamometer for the
measurément of the forces 1incident on the model. The
method used in this series of tests was similar 1n concept
to the apparatus used by Allan et al (5) and it consisted
of towing the model from a short mast, tﬁe top of which

coincided with the assumed centre of effort position of the

sails, and measuring the side force and drag at the top of
this mast. The mast was connected to the dynamometer Dby
means of a universal Joint. By setting the whole

apparatus, and hence the model to a predetermined angle of
yvaw, the heel angle was 1induced by this angle of yaw and
the motion of the model through the water. The model was
allowed complete freedom to heel and trim about the
universal joint at the top of the mast and the mass of the
moving parts of the dynamometer which were connected
directly to the model was counter-balanced by means of a

weight on a scale pan.
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A drawing of this dynamometer which was built for and
used 1in these tests 1s shown 1n figures 4.6 and 4.1. The
roilered guides which allowed the model freedom to heave
were 1ongﬂ enough to allow large variations in heights of
'flight of the model. All the moving parts were constructed
from aluminium alloy 1n an effort to keep the mass
connected to the model to a minimum. Force measurements
were made using stragetically placed strain gauges. In
particular the bar which was fastened to the model mast was
strain gauged at its top end to measure bending moment and
was calibrated in such a manner that the forces 1n two
horizontal and orthogonal directions could be found at the
position of the universal joint. For the special case
where angles of heel and yaw were zero the directions were

arranged to be specifically side force and drag, but when
angles of yaw were included some resolution of these forces
was necessary to obtain the explicit values of side force

and drag.

The orientation of the model during an experimental
run was measured by means of fine piano wires connected
through to linear displacement transducers (L.V.D.T.'s) at
four positions on the model, at bow and+stern, and port and
starboard. From these four positions values of heights of
flight, angle of heel, and angle of trim were readily

determined.
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Records

Signals from all the transducers and strain gauges

were recorded on a pen recorder tracing. A typical

printout is shown 1n figure 4.7 where the paper speed is 1
cm/sec. The recording shows acceleration from rest up to
the attainment of the steady state values, which were held
for only a few seconds, 7 seconds 1n the case of this run
at 5.12 m/sec. The readings from the port and starboard
linear displacement transducers have been omitted for the
sake of clarity. The recording has been stopped as the
carriage Dbrakes 'at the end of the tank, a 77 metre length
in total. These records were analysed and tabulated and

the results were plotted in graphical form.

Test Results - Hulls Only

A first series of tests was carried out on the model
without its foil system to ascertain the characteristics of

the hulls alone and hence the effects, beneficial or
otherwise of an added hydrofoil system. The results of
these.tests are shown 1in figures 4.8a,b,c and d. The drag
curve (fig. 4.8a) 1is not a smooth curve. The various
undulations occur because of wave 1interference effects
between the wave systems from the three hulls and because

of the different ballasting arrangements which were found

to be necessary at higher speeds.

Figures 4.8b,c and d are curves of the trim and height
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displacements at the bow and at the stern (the origin of
the coordinate system) of the model respectively, also
plétted against velocdity. As the speed of the mbdel was
increased, an angle of trim by the bow developed because of
the negative pitching couple which resulted from the height
of the tow wire which was positioned at the top of the
short mast. When this angle of trim became so severe that
the deck edge at the bow was 1in danger of becoming
immersed, the ballast of the model was shifted ¢to
counteract the effect and these shifts account for the
discontinuities. plotted in these figures. This was
equivalent to movements of the crew on the full scale. In

all two shifts of ballast were made, the second which made

speeds up to 3.8 m/sec possible would be explained on the

full scale by both crew sitting on the rear cross beam.

Test Results - Hulls and Foills

PSS B I

The foilborne tests can be split into two sections,

those incorporating angles of heel and yaw and those where
these angles were zero. To deal with the case where there
was no heel or yaw first, figure 4.9a is a plot of the drag
curve against velocity for a range of speeds from O to 7
m/sec. The fastest experimental run was made at almost 6.7
- m/sec, at which speed only about a second of steady state
conditions were obtalned, the majority of the tank length
being taken up for apceleration and braking. In fact, the
drag results of the fastest two runs are probably slightly

higher than would be achieved if a larger period of steady
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run conditions were obtained, there still being some small
quantity of acceleration force present. All the circled
points above 5.5 m/sec are results where there was a

certain amount of ventilation present on the model foils

and this too would add an increment to the drag over that
value: for the fully wetted flow : regime. A fuller
discussion of the ventilation experienced during these

tests is given later in this chapter.

Altogether about sixty runs were made for this part of
the exPériment in an effort to reduce the uncertainties
produced by the scatter of data. Figure 4.9a shows clearly
the drag hump as the model becomes foilborne at a little
over 2.5 m/sec. Also shown as a solid 1line is the drag
curve from the experimental runs made without the foil
system fitted. At the lower speeds while the model 1is

still hull-borne, the drag as would be expected 1is less

without foils, but the two curves cross Just after the

model takes off and the curve for the model without folls

increases more and more steeply.

Figures 4.9b,c and d are plots of the trim, and height
displacements at the bow and stern (the origin of the
coordinate system which is described in chapter 3) of the
model for the same experimental runs. The difference in
flight paths when ventilatioﬁ occurs on the main 1lifting
foils 1is clearly seen in figure 4.9c and d, the height of
flight being reduced by approximately 3.5 centimetres. The

trim curve (figure 4.9b) shows how the trim increases
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dramatically by 5 degrees at tak® off, but thereafter falls
steadily. A stable bow up trim is achieved throughout the
speed range where flight occurs. :Again the experimental
curves ‘fbr the %oil—less ‘model are also given - for
comparison purposes below the take off speed. These curves
emphasise the beneficial éffects of the foil system on the

orientation of the model even below the take off speed.

All of the graphs described show .a theoretical
prediction of the situations from the methods which are
deécribeq in detail in chapter 3 and in most cases +the
agreement Dbetween the experiment and theory is good. The
largest variation occurs in the trim prediction where the
absolute value of the peak in the experimental results is
not quite attained. (fig. 4.9b). This shows up also in
the height displacement curve fig. 4.94d, which over
predicts the heiéht of flight‘at the stern by approximately

one centimetre in the range of velocity from 3.0 to 4.5

m/sec. Since there is no allowance for the effects of

ventilation in the prediction method, the points where
ventilation occur fall well below the theoretical curves at
higher speeds (figs. 4.9,c and d) although at high speeds

where the foils are free from ventilation, the prediction
is very good. Similarly the drag prediction (fig. 4.9a)
agrees well with the data over the range from take off up
until the point where ventilation occurs. 1In this case

though the experimental data is above the theoretical

prediction indicating a greater value of drag when

ventilation 1is present.
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The test results which incorporated angles of heel and

yaw are presented in the next series of graphs. The manner

in which the tests were carried out meant that the results
were obtained over a range of heel and yAW'angles. To make
- sense of this spread of data, the results have been grouped
into three different ranges, categorised by their yaw
angle. The groups were, 0.0-2.0" degrees vyaw, 2.0-3.0

degrees yaw and 3.0-4.5 degrees yaw. The figure numbers

are given in table 4.1

Aloﬁgside each ,plotted experimentai point the
appropriate angle of heél is given except for some runs
where this information was unavailable. The theoretical
curves are also given, calculated at a mean angle of yaw
for the rangé as given in table 4.I, for heel angles of 0,4
and 8 degrees. (0,2,4 and 8 degrees for the Side force
results). For comparison purposes, the experimental curves

drawn as the best curve through the data for the zero heel
and yaw situation are éiven below the take off speed
(Expt.0° ). On the drag curves, the results from the
foil-iess model are also marked. Circled points mark
experiments where there was some measure of ventilation
present on the hydrofoils. Overall, there was a much

larger spread of experimental scatter 1in these results

compared to the results of the tests where the angles of

heel and yaw were zero.



