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SUMMARY

Ageneral survey is made of all the factors where true dynanic
gimilarity cannot be achieved in nodel tests of seaplane hulls and the
likely effects on test results are discussed with reference to towing
tank nodel s and medium Size research aireraft,

In resistance tests the correction for Reynolds Nunber effects
requires more investigation and the artificial production of a turbul ent
boundary layer is the nost |ikely means of achieving the required
Luprovemens in 3 ccurr CY.

Pressure, effects are |ikely to affect the break avay of flow

at smal | disoontinuities such as extreme fairings wWith resultant errors
in both gtabality and resistance test results. — Mere accurate and

systematic full scale data than at present available is needed before
methods of allowing for this can be satisfactorily devel oped
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I, INTRODUCTION

The wel | known practi ce of testing models of aircrar't and ships has
| ong been an accepted technique in research and developient works, |t gexrves
the purpose of wnroviding data on which theoretical anal ysis can be guided and
checked end of answering inmediate practical problens, where theory cannct
be readily applied.

The success of nodel tests depends on the achievenent of true dynanic
simxlarity between nodel and full scale conditions, or when this is inpossible,
on ua'ting accurate corrections either during the tests or to the results
obtained, There are generally several parameters vhere the correct scale
val ue canaot be achieved and the purpose of this report is to discuss these
factors in connection with the hydrodynamic testing of seaplane hulls and
floaks, «both with reference to nodel tank tests and to the use of gmall alr-
craf't to provide data for the design and devel opnent of |arger ones.

A consi derabl e amount of work has been done on tlws subject in the
past, but a further review appears to be necessary because the changes now
taking place in the design of seaplanes have altered the relative importance
of different factors. For exanple the fairing of steps to reduce air drag
has increased the inportance of yactors affecting the separation ol flow at
relotively awall step disceatinuiiies.

Current British seapl ane research is limited mainly to nodel scale
work and this survey is intended to form a guide to the further devel opnent
of nodel testing technigues and t 0 indicate the 1tems noOSt requiring attentim
when further full scale or nediumscale work i s planned, (Medium scale
refers to sizes such as woul d be used for a special research aircraft),

2¢ DINALC SIMLARITY

Table | gives two sets of scaling factors applicable to
hydrodynamic tests of seaplane hulls and floats, which give the conditions of
dynamic simlarity, the farst based on the asmu%n_tion that gravity 1s an
imsortant factor i.e. that the Froude nunber, V&¥gh { = a2)‘is mai nt ai ned
constant and the second ignoring gravity but introducing an arbitary velocity
scaleo(z). The second systemis used for testing in the hi h speed planing
regi on, where experinmental evidence show the f'orces and Ilow conditions
(excluding spray formation) to be independent of Froude nunber, and the scale
of velocity is dictated by the maximw: testin, speeds obtainable with the
apparatus available. (This systemis not geaerally apmlicable to stability
tests where conplete nodels with wing and toilplane are used as the [ift
conditions will not be correct).

The second systemis also applicable where two aircraft of difierent
sizes are Involved, such as a medium scal e research aircraft and a full scale
progect, In such cases the aerodynamic characteristics can very rarely be
made t0 correspond exactI%, and the relation between total 1if't aad forvard
speed will not generally be that required for true hydroGynamic corresponience,
In this case, the scale of velocity (z) will be estimated from representative
velocities such as the unstick specd (assuming the same attitude at both
scales)s

In both systenms, the factor of density is fixed by the necessity
of using water and air as the two fluids in the test set up (no towing tank
vhere this does not apply is lmown to exist), I n both systems, t he condi~
tiong already referred to above effectively control the scales of all other
paraneters if truly saimilar conditions are to be achieved, Exami nation of
Table I w11 show that sone factors are also governed by immediate practica
conditions and the optinmumscales are not achieved, e,g, atnospheric pressure,
kinematic viscosity, surface tension, and, in sone cases, radius of cyrations

In the remcander of this report the first scaling systemis used
but the second can be apnlied with only small changes to the forrmlae,
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3+ REYNOLDS NIUMBER

Asis well kmown, dimensional snalysis of the factors governing
the flow of a viscous flui d show that for similarity of conditions the

Reynol ds Number (RN x TLE’—-)mv.xs‘c be constant.  From Table | it is seen that

V i s proportional n3 and L i S proportional tO n. Hence if Reyuolds
Nunber be constant y nust bc mroportional to n32 but where the same fluid

is usg%at all scales y is constant and hence Reynol ds Number iS proportional
to n in actual tests.

3.1. REYNOLDS MNumber effect on skin friction 1orces

The usual, approach to this problemin resistance tests on both
seapl anes and ship nmodels is based on the formla

Dyt = (Dy = Df) m + D! (2)

where n =the ratio of linear dinensions at two scal es

Dt = total drag

at one scale
Df = friction drag

Dt' = total drag
at the second scale
Dp? = friction drag |

i.e., the pressure drag (total drag - friction drag) is scaled up sinply, but
the actual value of the friction drag at each scal e must be cal cul at ed
i ndependently by the I-elation

P
De! = L@ Opt S (v)

where v = mean velocity over the wetted surface

Cp = the appropriate total skin friction coefficient
S = the wetted area.

This approach has been adopted in ship testing in the last fen
years, and is found to beredatively accurate but has not been widely applied
in seaplanc tests until recently (Reference 1) for the follow ng practical
reasons.

3.1 «%e Wetted Areas

One reason is the difficulty of measuring the wetted area accurately.
At one tine this was virtually inpossible, but the use of the water flow
i ndi cator (Reference 2) enabl es the wetted areas and the relative areas of
laminar and turbulent flow to be indicated readily though testing becomes
somewhat | abori ous.

An underwater photographic method is used quite successfully in the

N,A.CsAs tank at Langley Field, but this does not give any data on the state
of turbul ence. Where the nature of the boundary |ayer is reliably known,

t he phot ographi c method gives all the required data and is nuch | ess | aborious
and {ime consum ng than the R.4¢E, indicator method,

Where S IS measured sa‘tisfacgorily, it is, of course, converted from
onescale to another in the ratio of n+~.

34 a2 Mean Velocity

A further difficulty is the evaluation of v It has been the
practice to use the free streamvelocity, both an evaluating the
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Reynol ds Nunber (Paragraph 3.1.3)and in expression (b). It is, however,
known that the pressures on the nlaning bottom are al nost universally above
atmospheric and it 1s therefore inpossible for the actual velocity, at aay
point, to be as nuch as the free stream velocity.

An approxi mate mean velocity may e cal culated as fol | ows
(Reference 3)

Iet p = mean pressure on the wetted surface mnus atnospheric pressure
v = mean velocity at the wetted surface
Ve free gtream velocity
A 3 load on water
S = wetted area
f = deadrise angl e
a m forebody keel angle relative to undisturbed water surface.
Fr omBernouilli

P +3povi=1pV2

A

P S coB fHceos a

_ 28 |4
whence the mean vel ocity v {: y2 (5 cos scos a)p }3 (e)

This is eagy to evaluate for a sinple vee bottom and a reasonable estinmate
shoul d be possible for the nore conplex case off a warped f'orebody and wetted
afterbody, provided the geonetry of the wetted areas is measured reasonably
accurately, expression (c) being replaced by

2 2A 1
v.—_{v " SE8cos & coaa‘)ﬁ*f% (c")

where 4t and a' are local val ues and 33 an elementarywetted area,

For this purpose, the wetted area required does not ancluds the

spray region, as the pressure in this is not appreciably different from

at mospheric, and its contribution to drag 1g doubtful, The importance of
this correction is greatest at high attitudes where the arag is large and
hence its neasurenment nost importants  Brief cal cul ations based on the data
of Reference 1 show that v/V may be of the order of 80 to 85% in some cases
and, as expression (b) involves v2, errors of up to 35karise if the correc=-
tion is, ignored.  To convert to any other scale, the value of v is scaled up

aston? i.e. $pv2Sis scaled up as n? and therefore

Dp! =3 Cp! (@)
Dp v Cp

It is, however, necessary to eval uate %p\rsz to permt the val ues
of Dp and (Dt = Df) to be found.

The use of a mean velocity is by no means accurate, as the pressure
distribution on the planing bottom varies very appreciably from the stagnation
line (where the velocity will be a mninum, to the trailing edge vhers the
velocity will be nearly equal to the free streamvelocity in many cases, It
is, however, considered inpracticable and of little value to attenpt to
estimate the velocity distribution nore accurately as its effect on the
boundary layer conditions are not sufficiently understood to enable nore
detailed information to be applied.
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3el1s3s  Skin Friction Coefficient

The major factor affectin: the accuracy of expressioa (b) 1s the
accuracy with which the akin friction coefficient, Cf, is knowm for each
scales Huch work has been done on the relationship between Tf and
Reynol ds ifwaber for both laiinai and turbulent flow, the former having
been extensively analysed theowretically, and the latter, which does not
lend itself to mathematical treatnent very readily, has been the subject o
many experunentalinvestigations and the enpirical results obtained are
widely used.  (Figure 1)}e

Receat work at I,P,L. (Reference k) in widch the actual drag of flat
pl at es and pontoons has been neasured, shows the relation Letiesn turbul ent
skin friction and Reynol ds Ifumber to be more conpl ex than is sur_ested by the
Schoenherr |ine which is very widely used in ship tank testing techniques,

The principal difference suggested by the 1t4PeLe work i s that
there is an effect due to the length/beam ratio of the wetted area of the
model, though the origin of this is not explored. Thi s influence has al so
been confirnmed by the work in Reference 5where the Cp val ues were obtained
by the pitet traverse wethod in the boundary |ayer near the side of the nodel
and in the wake behind the nodel (Reference 6).

For the seapl ane planing bottomthe problemis far too conpl ex
to attenpt to apply the corrections for variation of Iength/beam ratio
owing to the fact that the available data is based on rectangul ar wetted
areas whi ch have no resemblance to the seapl ane case. The use ol the
Schoenherr |ine woul d appear to be quite justifiable to obtain answers
within reasonable limts and it is in fact the present day basis of extra-
polation used in ship tests, while inprovenents in the accuracy of seaplane
resi stance measurements to that at present achieved in shaip tanks woul d
be a very considerable step forward from the present position, Ref erence 7,
which is the full scale/nodel scale correlation over a large ranze of scal es
obtained on a special ship, the "Lucy Ashton", is a good exanple of
contemporary Shi p work,

On the assunption that the Schoenheri: line for turbulent flow and
the Blasius |ine for laminar flow are sufficiently accurate for use, the
problem then arises of the position of transition from lamnar to turbulent
flowand the selection of the correct Cf value between the |am nar aad
turbulent val ues. The gize o nodel used in the R & towi ng tank
generally gives results in the region of Reynolds Nunmbers between 10> and
5X 109N which region traasition al nost always occurs in such a way that
appreci abl e areas of both lanminar end turbul ent flow exist, (asswig the
smooth model surface generally obtained with phenoglaze i s used),

(Reforence 1 )o

In Reference 1, where the cur.ent British techaique is outlined, it
has been assuned that a Reynol ds Nunber onwhich accurate comparisons with the
flat plate data may be based, is obtained by .easuriu, @ mean wetted |ength
(weighted for area) parallel to the eely The free streamvelocity V is used
instead of the mean velocity v (expressions ¢ and e'), aad it has been
assumed that the point of transition in any stream line bears a sinple
relation to the Reynol ds Humber,i.e. & Cp/RN |ine was drawn (Figure 1) between
the laminar and turbulent lines to cover the transition region. It 1S, how-
ever, well known that the point of transition in any boundary layer system
depends on several factors besides Reynol ds Ifumber, the principal ones being
surface roughiess and | ocal pressure gradient, while others suoh as mean
pressure may have secondary effects.

The surface obtained on nost models is very smooth, and it is not
l'ikely that such roughness as does exist, has any seriouseffect.

The pressure gradient has, however, a considerable effect and in
aerofoil work it is found that, with a smooth surface and reasonabl e nose
radius, transition very rarely occurs in the area of high negative pressure
gradient inmediately behind the leading edge, but is very rapid where the
positive pressure gradient occurss
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In the case of the seaplane planing bottom nost of the water enters
the boundary | ayer at the stagnation line, where the maxi.um pressure occurs,
and flows entirely in a negative pressure gradrent while it the boundary laye,
| ayer, until 1t eventually |eaves the systemat the step or chine. The
magni tude of the pressure Gadient varies considerably with the attitude and
speed of the nmodel, and so its effect on the Reynolds Nunber at which
transition occurs will vary consrderably irom one test to anot her,

The use in Reference 4 of a sinple line for the Co/RN relationship
in the transition region suggests that such a sinple line existS but it
should be remenbered that practically all the tests leading to this were done
at one attitude only on a simple vee wedge. Mre exhaustive tests carried
out in the R.AeE. tank on sinple wedges, though not published, showthis to

be inpracticable, These results have, however, only been plotted with
Reynol ds jfumbers and Cf val ues cal cul ated from the mean wetted |ength and free
stream velocity. A re-analysis of these points with the corrections referred

to above, may give nore consistent results, but this is not considered likely
as the scatter is so large.

A further source of error is that the direction of £low 1s not in
fact parallel to the keel. A recent brief test (not previously reported),
with silk tufts on a perspex nodel, in which the direction of flow was noted
visually by the position of the tufts, showed that the flow was in fact,
inclined at an angle away from the keel, the angle being of' a simlar order
to the keel attitude of the nodel. This i S al so shown in Figure 5of
Reference 8, though it is aot cormented on by the authors,

A selection of illustrations of earlier vee wedge results using
turbul ence indicator methods (Reference 2) are reproduced in Figure 2. In
these the black areas show the wetted edges, stagnation lines and regions of
turbulent flow while white areas are regions of laminar flow (or the unwetted
region ahead of the wetted edge). Examination of these exanples shows that
laminar flow persists at the |ceel over the vhole wetted length innearly all
cases, where turbulence is not artificially enforced, and in one case,
laminar fl ow appears to have been re-established behind a region of enforced
turbulent flow It is concluded fromthese observations that fresh water
(water not previously affected by boundaxry |ayer conditions), enters the
boundary | ayer at the keel of the nodel along its whole | ength behind the
stagnaiion line and produces a laminar flow area along each side of the keel,
This effect till, of course, be rreater at hisher attitudes and. will acquire
nore inportance where long wetted [ engths are involved, unless the boundary
* layer conditions are controlled by sone neans.

Anal ysis of the conditions controlling the relative areas of
laminar and turbulent flow would require a detailed znowledge of the direction
ol flow, the effect of pressure gradients and the rate of spread of turbul ence
across the streaniines.

It is considered that the analysis of this problemis too conplex
to be practicable and the obvious solution is that used zn nmany ship tanks
in recent years, i.e. to produce turbulence over the whole of the wetted
area so that reference may always be made to one Cf/RN l'i ne,

Inthecorresponding ful | scale case sone areas of laminar flow
will exi st at the stagnation line and at the keel, but owing to the relatively
| arge Reynolds Nunbers tramsition will be alnpost inmmediate, and practically
the whole wetted area will be covered by turbulent flow.

Ta ship <ank pnttice, turbulence-is often produced by nmeans of
athinwre stretched around the ship near to the bow, but this caanot be
used on seapl ane nodel s éue to the novenment of the forward wetted edge and
hence the necessity of re-psitioning the wire for every test.

A technique in use by the Stevens Institute of Technolo
(Hoboken, New Jersey) is to tow thin struts in the water shead of %Vhe nmodel ,

SO that the eddying and turbul ent wake of the strut provides the water from
which the nodel boundary layer is fo.med and turbul ence is assured, Thi s
method is, however, open to sorne question, as energy is being provided to
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the boundary layer of the model by means of the strut, and nol as a result

of friction at the model surface, hence the relationship betwsen Reynolds
Number and ihe total skin friction may not be exactly the same as when transi-
tion is produced in the boundary layer itself. Another possible small error
from this nethod is that the strut will impart some forward velocity to the
water near the model (with a corresponding rearward velocity at each side).

Tn the NehoCelde towings lank at Langley Field, no steps are taken

to produce turbulence, but the flow .s often found to be turbulent, even when
very smooth models are iested at relatively low Reynolds Numbers (Reference 8).
The reason for this is not known here, but it may be connected with the short
tume between tests {this tank is rcoted for a rapid running rouline), or small
amplilude, relatively high frequency, vibration of {the model supporting struce
ture, This is seen in Figure 3 of Reference 8, to be of a type where minoxr
vibrations would be difficult to prevent,

The method which would appear most practicable for use in the ReAcEs
tank is similar to the ship mebthod in Lhat the turbulence producer is secured
to the model and not towed in front of it. As the flow is in general back-
vexd and outward from the keol,a lme of o suitable rough Materisld placed alongthe keel
and & short distance on exther side surgests itself. Whilst the flow outward
from the keel does not cover the complete planing bottom, turbulence spreads
sideways across the streamlines and 1t is lilely that practically the whole
wetted surface aft of +the stagnation linse could be made turbulent in this
manners

It mav prove necessary to add a further strip of turbulence producer,
parallel to the keel, part way towards the chine, which would siimulate
turbulence in any areas not affected by the keel strip, and would alsc ensure
turbulence in the spray area., The exact nature of the roughness and its
orientation will require some development work in the tank, but it is feli
that a simple method which is easy to apply should not be diffacult to find,

3.2¢ Reynolds Number effect on spray

Considerable importance is generally attached to the shape of spray
formation of a seaplane, as it is essential to avoid serious damage to
propellers, wings, tailplane etc., and to avoid any large amount of weter
being taken into engine air intakes. Tests %o inveatipgante this spray
formation are normally carried out on the longitudinal stability models bty
photographing the actual spray and measuring up the photographs by reference
to a grid painted on the side of the models

There is a considerable difference in the appearance of the spray
between model tests and full scale aircraft, In ihe model case, the blister
spray is normally an unbroken sheet of water while the forward spray sometimes
tends to break up into relatively large dropse The corresponding full scale
case generally consists almost entirely of drops much smaller relatively
speaking than any drops occuring in the medel tests.

The local Revnolds Number in the flow area from which the spray
originates (based on a representative distance between the keel and the chine
and a vel%city of the same order as lhe frec stream velocity) is of the order
of 3 x 10° or leas in medel %tests, and resulis in mainly laminar flow
regardless of the pressure gradiente The corresponding Reynolds Number for
an aircraft of only 40,000 1bs Weight is of the order of 108 at which value
turbulent flow invariebly results. The spray is a relatively thin sheet
of water and probably cons.sts almost entirely of water originating from the
boundary layer in contact with the planing surfaces It is therefore likely
to break up into small drops much more readily when this boundary layer is
turbulent than on sthe model scale where it is assumed to be leminar, It is
often considered that the difference between full scale and model scale spray
form is due to surface tension, bubt the effect of surface tension is such that
any element of water takes up a shape in which it has ihe minimum surface
area, This would tend to retainthe water in a sheet when this sheet is
thick (i.ee in the full scale case), and to break up into drops when the sheet
is thin (model case).
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It is noted in Reference 3that production of wvery slight turbulcnce
(by means of a thin strut ahead of the nodel), transformed the spray and
wake froma typical model fromthe nommel model condition to give a very
striking resenbl ance to the full scale case,

A brief reference is made in the Appendi x of Reference 9 to tests
done in the Stevens Institute tank, where a wetting agent was added to the
water to reduce the surface iension to about % of the normal val ue. This
agai N transformed the SEray to gave the appearance of full scale conditions.
No further devaals of these tests can be traced and it is possible that other
influences were involved and .he validity of either of these two cases cannot
be established without more data ihan is available.

The effects on the spray envelope of this difference between node
and full scale are in general found to be uninportant as the overall form
is practically the same in each case. (One possible effect of the state of
turbul ence on the spray formation woul d occur if the chines were appreciably
round, as it is likely that turbul ence would reduce tne effect of surface
tension in cauging the flow to stick round the curve, so tests at node
scale where turbulent flow exists woul d give a closer resenblance to the full
scal e case than otherwises This 1s dascussed | ater (Paragraph 5).

In all configurations of conventional seaplanes on which data is
avail abl e, the chines in the arca affecling sgray formation are relatively
sharp and no scale effect on sticking has yet been noted. It is, however,
important that the chines of a model should be as sharp as possible even
t hough the exact scaled down radius of curvature fromthe full scale case
may be inpossible to achieve. The desired effect is often achieved by the
addition of thin metal strips projecting very slightly through the chine
at an angle of between 100°and 420°to the model planing bottom

he ATMOSPHERIC PRESSUEE

It will be noted from T Table 1that pressures are soaled in the ratio
of (n) for true dynamc simlarity, but of necessity, atnospheric pressure is
nearly constant and, as all known towng tanks are open to the atnosphere,
model tests have to be carried out at atmospheric pressure. The princi pal
effect of this will be in the behaviour of water flow ng round any curved
surface to which it is adhering as a result of suctions, The magnitude of
suction required to cause this adhercnee may be such that at model scale
the pressure wll be reduced below atnospheric by a noderate amount, whereas
to obtain the same effect at a larger scale the scaled up suction would
require to be more than one atnosphere which is clearly inPossibIe. The
result xa that where the flow breaks away at the large scale, sticking may
occur in model tests wath quite drastic effects on the resulting flow pattern
down~stream fromthe point in question, as well as on the force over the
particul ar areae

Even if the absolute pressure does not fall to zero, cavitation wll
occur if it approaches the vapour pressure of the water and again the full
suction will not be achieved and break away w1ll probably occur. Cavi tation
will occasionally occur 1n model tests and is bhelreved to do so where hydro=
foils are concerned, but ii is not common on conventional seaplanes, and in
any case the pressure at which it occurs will be 1he same at all stiles, and
not at ihe correctly scaled val ue. These effects are nost likely to occur
in tests on conventional seaplanes where there is flow ﬁast a highly faired
step and where the water tends to flow up the side of the aircraft or round
the counter during yaw ng tests, (directional stability work),

The sticking at nodel scale may be prevented by placing "breaker
strips" (Reference 2) *cross the direction of flowin the ares. concerned,
These are thin wedge shaped strips placed SO that the waier flows up a
gradual slope and ihen |eaves the striﬁ in a way resenbling that over a
verrshallow step.  The flowis thus held a short distance fromthe origina
surface and air is allowed to enter the gap and destroy suctions which woul d
have resulted in sticking. Model tests can, therefore, give two extrenme
cases i e, Where the paximum siickaing occurs and where no sticking occurse
Tt IS, however, not impossible lor sticking to affect tic flow seriously at
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full geele, particularly Where the step is highly faired and also i n yawing
tests (Reference 10 i s an exanple where %his i s believed to be the case),

The probl em now resol ves izgelfinto one of establishing the degree
of sticking which is likely to occur at full scale, and attempting to
interpolate between the two extreme cases available in the nodel tanke No
exact method of doinz this has been suggested, and he judgement of the
operator in placing the breaker strips for tank test is a controlling factor.

It woul d appear on first exam nation that model testing shoul d be
done with no breaker strips, presenting the nost pessinmistic cass (sticking
is very rarely advant ageouss and so ensuring that a full scale aireraft would
be betier, but this woul d often result an quite acceptable fairings being
abandoned wich resultant | 0SS from the aerodynamic point Of views

5.  SURFACE TENSION

Any assessment of the effects of surface tens.on Zs made difficult
by the fact Lunt as far as can be found no serious theoretical or experimental
work has been done on .he effects of surface tension, in connection with the
motion of a body at or near the free surface of a |iquid, Di mensi onal
analysis of She paraneters affecting flow where surface tension is assuned
to po Significant, results in the conclusion that, for exactly equival ent
condivions, as well as Reynol ds Nuiber and Froude Nunber requiring to be

kept constant, the surface tension nun—-lg (where y is the surface

L
tensi on havain: the dinensions of force per %nit | ength) shoul d be constant.
To achieve this the value of the surface tension requires %o be reduced for
the nodel scale in yhe propertion of n®, but as the same fluid 1s used at
both scales, the same surfacc tension is constant.

An aitempt has been made to reduce the surface tension in a tow ng
tank and very borief reference is made to this in Referenes 9= In this
case a reduction of % was made, but for a nodel scale of 4/20 a reduction
of 1 to 400 is required.  As these tests were linited to a value of ¥ it
is assumed that further reduction was noi practicable and it suggests that a
method of reducing surface tension to the correct value would be very
difficudt to find.

Any scal e effects which result fromsurface tension may al so
be influenced by the Reynolds Numer effects, as it 1g difficult to belicve
that surface tension would have as nuch influence where the flowis
turbulent, as where it is laminar, Unless, therefore, nodel tests are mde
W t h turbulence producers futted, surface tension mav have sone influence
apart from the possible ¢ffect on spny form (referred to in Paragraph 3.2.).
Thexe is no definite evidence of any serious effects occurang ia Seapl ane
or ship tanks, but it is possible, however, that, with step fazirings having
small angl es of discostinuity, surface tension mav prevent break away at nodel
scale, where its .nfluance would be negligible et full scale. The
significance of {his IS not yet known because the refined fairings now
consadered practicable for seaplanes have not received much aitentiom in past
model vank wor k.

The work nost relevant to this is that carried out full scale on a
Sunderland V with a faired ventilated step and reported in Reference {1.
It is also planned to test a scale nodel of this aircraft in the R.AE,
towing tank for stability and spray charncterisitics. Thigz WII give an
indication of any difference between model and full scale governing t4a
break away at a refined step though it will not, of course, wvield positive
ovidence as to whether such diffcerences as may occur amdue co surface
t ensi on. It is very unlikely shaw surface tension would produce any effects
of consequence at any gsecale lilelv to be used for actual flying aircraft.

6o DI SCUSSI ON OF §43ILITT TESTS

The stabilaty of a seapl ane g dependent on whether or
not all forces and moments acting on it in any particular condition forma

stable system  The individual forces and the manner of their variation are
not evaluated in ke course of g stability test, though some of themare
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moasured during resistance testing. It is, therefore, necessary that all
relevant factors arc correctly represented during the test as no correction
to the conclusions is possible.

6.1 Model

Al parts of the modél affecting stability are easily nade
accurately geometrically simlar at any scale (see Reference 2 for construc=
tional methods) and the all up weight Is adjusted to the correci scale value.
Some difficulty is experienced in obtaining the correct radius of gyration
in wooden models, but a rceceni investigation (Reference 12) has shown such
errors as do occur t0 be uninportanta

6.2, The Aerodynam c Forces

The aerodynam c forces and noments arc caxefully nmeasured and
adjusted before stability testing is commenced. It is not necessary in
anv_particular test for the wing »nd tail to be identical to the full scale
project, provided their [ift and pitching noment characteristics aro
correct. This general |y results in {he uge of leading cdge slats etes, as
the nodel scal e Ra:molds Nunbers am very low conpared with full sale. No
difficulty is however generally encowntercd in producing a reasonably good
represeniation of full scale conditions (Refercnce 2)s

6634 Planing Forces

No knowledge Of any scale cffects directly affecting the planing
forces ON a seaplanc £i)oot t om exi sts except wher: t he shape of +the water
surface i S involved.  This occurs in connection with afterbody planing if
scalc effects produce sticking on a step fairing so affecting the flow
down-stream (sce Paragraph 4).  In an oxtrome case, this can result in a
complete failure 1O broak amaY nodel secale Which dees not occur at ful
scale, Break awny Can he enforced b the use of a small breaksr strip or
an artificial inereasc of the step size, but the question of whether or not
break away will occur at full scale nust first be established, and it does
not appear that this can be done satisfactorily by tank tests al one.

Some full scale work has been done on oxtreme Step fairings, tho

| atest boing reported in Reference 14, but the corresponding nodel has yet
%o Da sested.

Tank tests hawve been done on the Princess flying boat (Reference 13),
With a faired step and 4he full scale aircraft appears to have satisfactory
stabilitr characteristics in sheltered water operation, This result leads to
the conclusion that with the step discontinuity used sticking occurs neither
at model nor full scales There is, howewver, no evidence that the effect
woul d have been the same »t both scales if the discontinuity had been
reduced in scveriive AS far as is known, no other tank tests associated
with tho corresponding full scale tests have been conpleted with extrene
fairings and the subject appears to require considerable investigation

I't is probable ghat fanal devel opnent of the step formand fairing
may have to be carried out at much Iarger scal e than towing tank nodel s.
If 2t 1S %hen found that the required discontinuity to produce break away is
appraciably smaller at full scale than model scale, it will be nocessary to
test tank models with breaker strips at the step after the actual step design
has becn evol ved from previous full scal e know edge.

6ole Priction FOrces

It has been pointed out earlier that friction forces are not in
goneral correctly represented at rmodel scale, but that subsequent corrections
arc possible where 4he forces themselves arc the object of {he test, This
IS, however, not possible in stability tests.  Tho actual drag conponent
of the friction forces becomes uninportant as the stability medel i s attached
to the carriage of the tank, and its forward nmovenent is controlled by the
mass and power of the carriage, those being very nuch greater than the mass
and power involved in tho nodel. As the line of action of the friction
forces is considerably bel ow the C.Gs 0of the model (at which point the nodel
is pivoted), an error in the pitching noment rosults, | therefore the
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friction forces are not correctly represented due to the wong skin friction
coefficient the pitching moment and its manmer Of variation are not correctly
represent ed. This will obviously affect both the trim curves and stability
limits obtlained In any test.

The trim curves themselves are often dism ssed as of secondary
importance, but they have considerable significance in assessing the
acceptability of any stability limts, and also in the selection of the |oad
on water and attitude ranges to be used for resistance tests on the
appropriate nodel ofthesanme aircraft. In some oases, where laminar and
transitional flow cover appreciable proportions of the model wetted surface,
the resultant total Cp val ue may beapproximtely equal to the corresponding
full scale Cf value, & the turbulent C value at hi%h Reynol ds Number falls
to the same order as the lamnar flow value at nuch 1ower Reynolds
Nunber.  (Figure 1)s

_ The only form of boundary layer control which appears to be
practicable in model tests, is to make the whol e boundary layer fully
turbulent. ~ This would result in Cp values very nuch higher than in the
corresponding full scale case, and is obviously not applicable, but in
general any Cs value below the fully turbulent case woul d require selective
turbul ence S|nﬁ|ap|on over part of the wetted area, and the ponBIeX|ty of
this would make its application to stability testing inpracticable

Sinple calculations bas:d on the data of Reference 4 show that an
error of 50% in the value of Cf will give an error in the pitohing noment
equi val ent to movenment of the C4Ge by about 0.03 beamg in the worst case,
which occurs at or a little above the hump Speed.  Examination of Figure 1
suggests that errors of more than 50% in Cp are unlikely to ocecur and the
effect on stability limts and trim curves iS not likely to be serious,

6e5¢ TSt Conditions

A further scale effect not referred to earlier is the difference
between the conpletely cal mno windcondition of the seaplane tank, and the

actual water and wind conditions encountered at full scale. Even if
perfectly calmconditions existed full seale the change of attitude of the

aircraft during a take-off run results in its arriving at any particul ar
point with sone angular velocity which does not occurinthe carefully
controlled tank tests or, af it is allowed to occur, che angular velocity
Is incorrect as the time history of the take-off is wongly represented dus
to the rapid acceleration of the carriage.

The technique used in the NpAsCele towing tank is to test at
constant speed with hoth increasing and decreasing attitudes produced by
steady movement of the nodel elevator. Difficulties are obviously to

be encountered in the selection of the rate of elevator movement and no
further allowance for sea conditions can be made by this nethod.

Full scale conditions usually involve at least a small chop
or swell on the water surface, and where open sea operation is contenplated,
Veif large long swells are bound to he encountered. It is possible to test
model s W th various wave systems in “he Lowing tank, but this becomes
extremely laborious and only particular cases of wave | ength and height may
be tested, whereas infinite variations of these may be encountered in actual
sea conditions.

The technigue i n t he R.ALE, -ank has been yo subject the model
to a considerabl e instantaneous nose down pitching moments The difficulty
however, is to establish the desirable magnitude of the disturbaneces This
is normal Iy defined as the change in attitude produced at the instant of
di sturbance.

_ Reference 14 gives an account of some recent work on the subj eot
done in connection with the high length/beamratio nodels being tested in
acurrent research programme, It is found in each case that an increase

in the magnitude of disturbance has an increasing effect on the stability
limts until a certain critical disturbance is reached. Thi's  disturbance
is very large, but further increases of disturbance produced no further effect
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on slability whatever. The critical disturbance 1s however different at
various conditions of speed, attitude, ele, The conclusion reached in
Reference 13is that standardisation between various nodel tests ean only

be achieved if -his maximumcritical disturbance is used in all cases,

This wouwld appear to be representative of the worst possible sea conditions,
and 1: i s belleved Lo cover anr combi nati on of length and hei ght of swell

etc. The nodel test, however, is bound to be pessimstic in that it

assunes no wind, whereas |large swells are normally associated with at least a
moderate wind which generally has a relieving effect, provided the short chop
produced by the wind i S not excessive,

Furthermore, the established technique of ianding on water with a
#%nge 31611 is Lo alight along the crests so the worst conditions are avoided
u scal e.

6. 6. Model Scale/Full Scale Data

Exanpl es of model and full scale limts extracted from References

15, 16 and 17 are reproduced in Figures 3and &« In b?uq t hese cases, the
di Sturbances were limitzd to arbitrary values @n general [ess than the

maxi mum critical v:lues) and the full scale lints are obtained in relatively
calm water.

The deterioration of nodel stability wth disturbance is clearly
seen, and Figure 3 shows that a 5° disturbance affects the whole of both
upper and lowsr linmts, whereas an increase to 7@ produces further
deterioration in one region only, and negligible effect elsewnere. On first
exam nation, none of ihe nodel stabilii; linits show any direct connection
with the corresponding full scale 1imitss A general difference in attitude
of both limts is noted in the review of previous model and full scale tests

an Reference 48, and occurs in every known case where comparason has been made.
This difference fn attitude aHeMSr%mh trim curves ma gaMHTyllmt&

and in every case the attitudes are higher in the model tests. This maybe
due to the error in pitching moments, due to skin friotion forces referred

to above, and suggests that the Cy value in nost model tests is |ower than in
the corresponding full scale case, though, as stated above, available data
indicates {his effect to be too small to produce the discrepancies shown.

I'f an allowance is made for the difference in angle in examning Figures 3

and 4, the full scale limts would appear to fall between the undisturbed

and disturbed cases

The foregoing factors suggest that comparison between nodels nay
be made quite reliably fromlongitudinal stability lamics, obtained eiiher
with or wachout applied disturbance, depending whether the full scale
aircraft is requured for sheltered water or open sea operation. This will
permt Lhe selection of the best of a series of nodels, but prediction
of exact full scale stability characteristics is very difficult and much
depends on the experience and judgement of the person making the assessnent.
It is gsomewhat uUnfortunate that of nore recent seaplanes, with fazed ster,
very €W have been tested at both nodel and full secale, The current fu
scale tests on che Princess flying boat should help a great deal, as
comprenensive model tests were carried out previously, but detailed
investigation of any serious scale effects which are found, may prove
i mpracticabl e. A special research aircraft used in conjunction with node
tests, would, however, prove much more fruitful in this matter, as
nodi fications could be made nuch more readily both modeland full scale,
and the necessary instrunentation for the plotiing of wetted areas,
pressures, forces etc., could be provided.

6«7« Directional Stability Tests

The remarks in sections 61 t0 646 have referred Co |ongitudina
slebility tests but nost of themare also relevant to directional stability
tests W th sane change in relative inportance

The method of performng these tests is described in Reference 14

and differs in principle fromlongitudinal stability tests in that the nodel
is not left free I N waw but is constrained am® the sense of the yawing

momen? i N any position is noted by the observer controlling the model.
(21380) 1



Any errors in the moments of inertia in yaw, however large, are
thereforeof no consequence and the resultants of whe various steady forces
and moments are the only relevans factors.

The nature of +¢he results ot direction3l stability tests and
cbservation Of the associated flow conditions indicate ‘hat the magor
influence is that due to water sticking to the sideofthe after-body and
the rear part of the fuselaze which occurs in the higher s»eed range when
the nodel is vawed a certain amount.

The preceding remarks i n sections 4and 6.3. arc relevant to
this case, and sugrest ihat {he suctions which result are likely to be
disproporiionately | arge at model scales, The addition of breaker strips
(Reference 14) to destro; these sactions results in the conplete elimination
of  he corresponding instability. Another case is therefore encountered
where two extremes may be tested in ihe model wank With the actual full
scal e use Lring i n between,

The scal e effect described i3, however, onl+ important in relation
to the magnitude of the vawing momenis and, as any directional instability is
unaccestable 2. Jhe hicher speeds, the angle or yaw at which the effect
occurs i s of major importances

This an;le of aw must depend nrimarily on the shape of the
trough left in {he wake of the forebody and, provided tests are carried
oui at the correct Froude Wumber (or velocity coefficient), and no
sticking occurs at theawn step or forebody chine, ic 1s unlikely to be
affected b+ any scal e ef fects.

A region of ins%ability as found in the | ow speed or displacenent
range, but, as this is inherent In floating bodies ai | ow speeds, and
disappears before the hisher speeds are reached, its exact linits are not O
gr eat imporiance.

This | ow speed instabvilatv is caused almost entirely by the
pregsures acting on the forward part of the hull and these are unlikely
to be influenced by any of the known scale effects mentioned above.

The interpretation of directional stability test results is difficult
because no technique for performing directly equivalent full scale tests
is available, and ver. Lisile nodel” work has been done previously. The
principal value of +he tests is in the conparison of different nodels and,
provided this is [inmted to the angles at which stable and unstabl e equilibriun
I's encountered no serious scale effects are known to exist.

The devel opment of appropriate full scale tests is desirable,
bu; they would of necessity be very limited in scope conpared with the model
tests.

7. DISCUSSION QO RESISTANCS TSSTS

In res.stance testing the val ues of the forces and moments are the
items of interest and che dwnamic propertizes of the nodel are conpletely
irrel evant. It 1g also irrm’cer:x.af \nﬁeet her <the forces and noments conduce
to stability or instability. In this case correction of the results for
Imown scale effects is possible after comnletion of testing, provided the
model and full scale conditions are accurately known.

7.1. Planing TForces

Mst of the remarks in section 6.3, in connection with planing
forces, apply equallr well to resistance tests as to stability. The main
conclusion is that planing forces are subject to scale effects only where flow
condiiions are affected by the question of whether or not break away occurs
at any particular point. Such an effect will produce errors in the
pl ani ng Lif%, patching moment and drag (due mainly to changeinwetted area)s
145 may, therefore, be necessaxry to use breaker strips at the main step, or
I N equavalent positions where extreme fairangs are used, if the suggested
scal € effect on break away 2 found to be of serious consequence.
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Te2.Friction Forces

The principal scale effect found in resistance testang is due to
the Rexnolds Nunber effect on skin friction forces, and i s discussed in detail
in Section 341y Where she conclusion is reached that the stimulation of
turbulence over |-he whol e planang surface .s the only practicabl e method
whereby an exact know edge of boundary layer condiiions on the model can be
achlevede

It is al so necessary to know the corresponding full scale conditions
as woll, It is fairly well established Chat the flow conditions are
virtually fully turbulent but surface irregularities on the planing bottom
(plating “joints, rivets, ekcs) NMUSt also add to the total drag a little. A
COMMDN practxce iN Ship work 1s to add an increment of 0.0004 to the Cq val ue
to be used. This is dealt with in Reference 7 where it is shown that™ 040004
is ingenerl anover-estimate, but it is clear that an accurate correction
requires nuch more full scale data than is at present available in either
ship or seaplane work.

The usual practice of presenting test results in the form of
non-dimensional parameters i S conveni ent in many ways, but vexry m sl eadi ng
if it is not made clear at what scale the particul ar values are applicable,
It is also necessary t0 pernit change to any other scale to be made.  For
instance, the practice o% indicating drag as B makes corrections por

Reynolds Nunber impossiblee It would seemmore |ogical to separate the
pressure and friction drag conmponents at model scal e and present them

geparaiely, l.os
R PP + Rp (e)
where Ry = pressure drag
Bp = friction drag

The pressure drag can conveniently be presented as Bo_ putthe--_ _

friction dny cannot be so simpl - treated.  One possible nethod of
presentation is to indicate friction drag in the foll owi ng form,.

R:E, = _%'_ bty (f)
v
wheroc b = the model beam
bl = the full scale beam

and y =a constant

The wodel results woul d then be presented as plots of Xt
"
This is based on the nethod of scaling up suggested by Guson in

Reference 19, and ag. in described in Reference 20. It is here assumed that
the cp/mv Iine for turbulent flow approximtes to Cp = k (RN typical

val ues of the constants giving Cp = 0,072 (mv)=9=2 for the range of Reynolds
Nunbers 105 to 5 x 107,

A conparison with the Schoenherr |ine over the range 405 to 4010

suggests that the constants should be approximtely 0o042 (1&‘)"'0"‘16 t hough
the conparison at the higher Reynol ds Numbers i s very nuch open to question,
due to lack of data. If only model scal es were concerned, Lhe earlier set

of values would be the best mean, (Figure 1)
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We now havel

1 .2
anavaCf (g)

= 5578 k (RVF

o (plfv12 s [m I%
HB-T-' —;' V’} §' ﬁqﬂ'

=n’t, % ()
whence if X = -0.2

Re op oo
Ret

or if x = Q416

R:f’ = n™74

Ret
The error in value of _f’:_f_ due to the uncertainty in the val ue
Roi

of x is rather large and more full scale data is required to find an
appropriste volues

The val ue of 2.7w | be used hereafter as it is known to be
reasonabl y accurate over the range where nost data is available, expression (f)

therefore becomes Rot = Re bt #7, The data which it is then :ecessar; co
b!,’l'?

__RE Rf
present to permit scaling up to any scal e include ; and =,
o e

_ Corrections to pitching, nonent based on Reynol ds Nunber are al so
required if great accuracy i s neededs (00d estimates can be made if the

effective monent armof the drag forces about the model CuG. can be esicimateds
This armis relatively small and the correction shoul d rarely be |arge.

Mst of the scale effects previously mentioned will have some
effects on the aPparent lift of the ﬁl aning surface, due to 12ts inclination
to the horizontal but, in general, these effects will be negligible, and no
useful purpose will ve served by discussing themin detail until nost of the
more i nportant factors referred to above have been established by accurate
model and full scal e tescs over considerable ranges.

Al the foregoing remarks concerning pressures and forces indicate
that correction for scale effects as relatively straightforward provided
vhe model scal e conditions are ¥mown with sufficient accuracy, and it is to
this end that immediate Work needs to be directed though accurate data at at
| east two widely different Scales on a typical aircraft is required to verify
same of the assunptions made.

Previous tests are of very little use in this matter as none of
those of whach the results are available in sufficient detail were perforned
with controll ed boundary |ayer conditions.  The nost recent work on this is
reported in Reference 21 which is an attenpt to apply the method outlined. in
Reference 41to a small high speed flying boate he results, while showing
fair correlation over certain [inmted ranges have a scatter of up to
* 25% of the total drag when the whcle range of tests as considered.

_ The need for a systematic nodel scale investigation an thas subject
| S apparent, the main requirenent being that all the variables requiring
investigataion ar e intreduced and i nvesti gat edindividuallye Firstly control
of the boundary layer to give fully turbulent flow with negligible drag from

the turbul ence stimulator nmust be devel oped on models with no pressure effects
present, The next step is to antroduce typical pressure gradients to a flat
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model (W th effeciivelw all parallel flow) and finally to proceed to a typica
ves Wedge.  The eveniual application to actual seaplane nodels cannot be

di scussed profitably until ihe above work is done

8a  CONCLUSI ONS

8e%1, LOngitudinal stability tests

The only scale effect likely to cause serious error when calm water
stability as considered is {hat connected with the "sticking" of flow round
corners such as occur at the step with extrene fairings etc.  This scale
effect is likely to arise from the incorrect scal e atnospheric pressure
and Fossibly fmm surface tension effects. Break away can be enforced at
nodel scal e but nodel tests will not show what will happen at full scale.
Full scale data wish extreme fairings s essential

It is not practicable to do systematic rough water iests in ihe

seapl ane tank but ithe rough water stabiliiy of different nodels wmay be
compared by the "maxi num di sturbance" technique.  Prediction of full scale

rough water stability from tank tests is alnmost inpossible m'ﬂemm and
mich more full scale data is essential to pernit model stability tests to be
i nterpreted properly.

8.2. Directional stability tests

If the tests are linted to establishing the angles at which
stabl e or unstabl e eguilibrium oceurs, large scale effect errors are not likely

to arise. I'f the magnitudes of the yaw ng moments are required |arge errors
are to be expected, mainly due to atnmospheric pressure effectse

8.3. Resistance tests

Tae Mj O geale effect in resistance tests is due to the
Reynol ds Hum.er effect on skin friction.  Accurate correction of test results
requiress =

(a ) an exact know edge of the Loundaxy |ayer conditions which can be
bestdach|eved by causing turbulent flowto exist over the whole
wetted area

(b) allowance for ths difference between ihe nean velocity of flow at
the model surface and the free streamvelocity,

(c) allowance for deviation of the direction of flow from the normally
assumed path (parallel to the keel) and the entry of fresh water
into the boundary |ayer at the keel

The conclusions relating to sticking duriay |ongitudinal stab.lity
tests (section 8.1.) also apply to resistance tests as the whole flow pattern
on the afterbody IS affected

The present weihod Of non-dinensional presentation of results while
general |y convenient. can be mislesding, where scale effects occur and needs
further devel opment from this point of view

- Mediumand/or full scale data of high accuracy is needed in order
to verify tho accuracy of nodel tests.
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LI ST OF SYMBOLS

n = scale of linear dimension

o scale of velocity

&I

b = beam of seaplane or wmodel
v = wmean velocity of flow
V= free streamvelocaty or velocaity of seapl ane or mocel

Cr = coefficient of glin friction

1]

Dy = total drag

Dp o frictiorn drag
Dt', Dp', etc. refer to a secoud scale
F = pressure
Py = vapour pressure
L = a characterastic length
RN = Reynol ds Number .-:V-I‘;
S =z wetted area
a = keel attitude relative to the still water surface

deadrise angl e

B =
Yy o eoxomm  iension
i density

cocfficient Of Kinematic vi scosity

<!
i

the load on water

QD
1)
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of hull modelssuitable for small flying
boats and anphi bi ans.

N, 4,0, 4 Tech. Note. No. 2503. Nov. 1251,

Towi ng tank tests to determne the water
drag of the hull of a jet propelled
flying boat fighter (E6/44) and conparison
Wi th full scal e measurenent.

M, A B.E. Report (to be issued shortly).
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TABLE OF SCALI NG FACTORS FOR DYNAMIC STMILARITY

Dynam ¢ samilerity

Dynamie Simlarity

including "g® negl ecting ®g"
Quantity . )
Derivation Scaling Derivation Scaling
of scale factor of scale factor
Length (L) Nominal 1 n Nomi nal 'n
scale scale
Density (P) To permit : 1 To permt : 1
use of air use of air
and vater and water
in test In test
system, system
Linear Correct valug 1 1 Aoy . g2
acceleration (A) for "g" T n
Li near Val 1 nE Second. L g
velocity (V) i\ nomi nal
soele
Time (7) L a AT® : ni2 Tal :n
1 V Z
n.oTCL (__I_J_) 2
A
Angular € a L i 1 gdal 1
di splacenent  (8) L L
Angulaxr 6 a 8 nE | @ a g Pz
velocity {8} T T n
Angular ve | B a 8 : n~1 0 ag - (B)2
accel eration (6) T2 T2 n
Mass (M) Mo plLd : nd Mapld n’
Weight (Wt) Wt a Mg 1:nd Wt a MA n2z2
Force (F) F aMA nd F a MA n252
Pressure (P) Pal, n S 22
L L
Ki nematic v al? 720 oLt ! 0z
viscosity (») T T
Power (iP) - HP « FV s ot/ HP o FV : n2z0
NP . -5 |
Power loeding -~ a Wt : n2 a W C g
(Total weight) - HP HP
(Total power)

(21380)
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PABLE I (Contd, )

Dynamc simlarity

Dynamio aimilarity

i ncluding "g" neglecting “g"
. Derivation scaling Derivation Scal i ng
Quantity of scale factor of scale factor
Radius of kal l:n k ol l:n
gyration (k)
Moment Of Ia 2y 1:r I o %M 1:p
inertia (I)
Beam | oadi ng = = Wt 1:1
OA = W Wt
0 w3 17
Vel ocity Y 1:1 - -
coefficient = v AL
Oy =
/gb
Coefricient
| d fluid Or a & 11 Op a _T 11
friction VL2 a7
Cp = _p
Jg e V8
Surface Y aP 1 : n? vy a P 1 : nz2
tension L L
SuzPe oe 11 _12._ l:1
Tensi on pLv oV
No.
Reynolds VL 1:1 VL 1:1
Nurber v W
Froude ¥2 2 1:1 - -
Mumber gb = (0y)
Cavitation P-B _P| 1:1 P~ Py 1:1
Nunber -é-i p ve = r %p VZ ”
W ng bl 1
| 0adi ng 12 %? 1: 22
(21380) 20
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FIG. 2

EFFECT OF INCREASING REYNOLDS NUMBER AT CONSTANT
SPEED. 7=6 |

EFFECT OF INCREASING REYNOLDS NUMBER WITH
CONSTANT WETTED LENGTH. 7=6°

EFFECT OF A SMALL PROTRUBERANCE ON KEEL. 126
REYNOLDS NUMBER ON KEEL = 2.65 x [0°®

ILLUSTRATIONS OF FLOW CONDITIONS FROM PREVIOUS
MODEL TESTS. |
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