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ABSTRACT

The High Speed Marine Vehicle Panel of the 1l6th Inter-
national Towing Tank Conference prepared hydrodynamic tech-
nology status reports related to model tank tests of SWATH,
semidisplacement round bilge hulls, planing hulls; semisub-
merged hydrofoils, surface effect ¢hips, and air cushionm

vehicles. Each status report, plus the results of an ini=
tial survey of worldwide towing tanks conducting mode exper-=
iments of high speed vessels, are contdined herein. ~Hydro-

dynamic problems related to model testing and.theffull*scaLe
extrapolation of thé data for these vehicle types are also
-presented. ' ‘

ADMINISTRATIVE INFORMATION
. . .o .

The 16th International Towing Tank Conference requested the assistance of the .
pavid W. Taylor Naval Ship Research and Development Center, Bethesda, Md, in coor-
dinating the preparation and ‘publication of the complete findings of the High Speed
Marine Vehicle Panel. This report contains the in-depth contfiﬁutions of the High -
Speed Marine Vehicle Panel members who were: Daniel Savitsky (Chairman), Davidson
Laboratory, Stevens Institﬁte of Technology, USA; Martin J. Stevens (Secretary),
Experimental and Electronic Laboratories, British Hovercraft'Cdrporatioﬁ; England;
Robert J. Balquet, Basin d'Essais des Carenes, France; Burkhard Miller-Graf, Versuch-
sanstalt fur Wasserbau und Schiffbau, West éermany; Toshikazu Murakami, Japan Defense
Agency, Japan; Sergei D. Prokhorov, Krylov Ship Research Institute, USSR; Peter van
Ossanen, Maritime Research Institute Netherlands, Netherlands- Ship Model Basin, The
Netherlands; Robert .A. Wilson, David W. Taylor Naval Ship Researéhland Development
Center, USA. This feport can be obtained by contacting the National Technical Infor-
mation Service, 5285 Port Réyal Road,; Springfield, Virginia 22161l. The editing and
publication of this report was sponsored by.zﬁe Naval Sea Systems Command under Task

Area SF a3aob3§1, Program Element 62543N, and_DTNSRDC Work Uﬁit 1507-101.

1.0 INTRODUCTION

Worldwide interest in high speed marine vehicles such as SWATH, semidisplacement
round bilge hulls, planing hulls, hydfofoiLs, surface effect ships, and air cushion

vehicles (shown in Figure 1.1) is continuing to grow, but the classical model test




‘technologies are inadequate to define the'performance of these advanced vehicles. -As
a means of prov1d1ng a better understanding of the types of model experiments conduc-
ted on these vehlcles the Executive Committee of the 15th ITTC created a High-Speed
Marine Vehicle Panel" at The Hague, Netherlands, in 1978. The panel members, each of
whom had con51derable experience in conducting towing tank experiments of high speed
marine vehlcles prepared a series of 1n—depth status reports on the vehicle types.

. These contributions are contained in thlS report together with the complete results

of an initial survey of the extent of involvement of worldw1de towing tanks conduc-

ting model experiments of high speed vessels.

Each individual contribution is directed toward identifying the status of hydro=
dynamic technology and 1dent1fy1ng those model test procedures unigue to each high
speed marine vehicle studied. Hydrodynamic problems related to these model tests and
_ their full-scale extrapolatlon procedures are also idehtified. The procedures dis-
cussed are those presently being used in the contributors facility and in other
facilities where information was evailable; these procedures, however, are not neces-
sarily those recommended for all investigations‘of the ‘specific type of vehicle.

Because the hydrodynamic technologies of these craft are in a constant state of
evolution, the information contained in this report should be considered as a base
for future work and should be updated as new 1nformat10n or new vehicle types become

avallable

HIGH SPEED”VESS'E-LS

LMONO HULL]

- MULTI-HULL

ROUND-BOTTOM SUBMERGED L A oHION
SMALL WATER PLANE AREA gem!01SPLACEMENT IMERS 7
TWIN HULL HULL : . SURFACE EFFECTS (ACV)
{SWATH) J SHIp
HARD-CHINE SURFACE-PIERCING (SES)

PLANING FOILS

Figure 1.1 High Speed Marine Vehicles




2.0 RESULTS OF THE HIGH SPEED VESSEL PANEL QUESTIONNAIRE
2.1 INT O_UCTION

The main obJects of the questidnnaire were to obtain .an 1nd1cat10n of the extent
to which ITTC members. arée involved in high speed craft act1v1t1es ‘and to obtain
theit.opinions-concernlng the major problem areas associated with model tests on high
speed craft. -

Seventy questionnaires were dispatched and forty-four replies were received.

Of these, thirty-seven indicated that they were to some extent involved in testing
high speed vessels. These thirty-seven establishments are listed in Table 2.1, and
it seems reasonable to assuie that they represent the majority of ITTC members who

have any significant involvement in high speed vessel activities.

2.2 SUMMARY OF RESULTS

2.2.1 GENERAL

Members were asked to give their replies relative to six deflned vehicle types
(denoted A to F, respectively) and ten defined types of tests (derioted 1 to 10, re-
speetively). They were asked to define any additional type of vehicle or test appro-
priate to theif particular activities. ‘

The defined types of craft and tests are listed in Table 2.2, ﬁogether with'
examples of the additional; craft types and tests specified in the replles to the
questionnaire. In the following analysis of the results these additional types of
craft and tests have each been grouped Eogether under the general heading of "other."

2.2.2 TYPES OF HIGH_SPEED CRAFIfTESTED AND TYPES OF TESTS PERFORMED

Figure 2.1 shows the number of establishments that have tested specified types
of craft (a) within the last five years and (b) more than five years ago. Figure 2.2
is a similar illustration with respect to types of tests. Figure 2.3 shows the num~—
bet of establishments that have carried out specified bestsbon the specified vehicle
types within the last five years..

It appears that high speed vessel activity has 1ncreased in the last five years
in all areas except tests on hydrofoils, whetfe the number of establishménts testing

them has decfeaeedw




More esﬁabliShments'are involved in hard=chine and round-bilge craft than other
types, and the greatest increases in activity have occurred in these areas. -

The types-of tests most oftén_conductéd are towed resistance tests, followed by
towed testé in regulér waves.

2,2.3 EXTENT OF INVOLVEMENT IN HIGH SPEED RESEARCH AND THE NATURE OF THIS RESEARCH

For the majority of establishments, high speed craft represent 20 pércent or
less of their total model test activity (see Figure 2.4)- For over half the estab-
lishments, 20 percent or less bf their total high speed vessel activity is devoted
to basic research (see Figure 2.5), and'for a significant proportion of establish-
ments over 80 percent of their hlgh speed wotk is development or commercial research
on partlcular prototypes. ' .

Some establishments carryout high speed work whféh does not fall within these‘
two classifications (e.g., educational work), but this was gEﬁefaiiy a comparatively
small percentage and is not shown on Figure 2.5,

2.2.4 FULL-SCALE AND MODEL-SCALE CORRELATION

Members were asked to indicate the areas in which they had direct full-scale and

model-scale correlation data, and Figure 2.6 indicates the results that could be made
available to the ITTC. Additional data have been obtained by many establishments but
because these are not ava11ab1e, for proprletary or other ‘reasons, they have not been
included in Figure 2.5.

2.2.5 TYPE'OF FACILITIES AND TYPICAL MODEL SIZES

For simplicity, the types of facilities have been analyzed only in respect to
the maximum speed attainable (see Figure 2.7). The great majority of facilities fall
within the speed range 0 to 15 m/s..

As might be expecfed, establishmgnts witp more than onerhighvspeed.facility
often employ differently sized models in each. Figure 2. 8, therefore, shows the per-
centage dlstrlbutlon of model lengths for all the model sizes quoted in the questlon—
" naire replies. ' :

‘The most popular length for models is in the range 2 to 3 meters.

2.2.6 RESEARCH INVESTIGATIONS WHICH ARE INTENDED TO BE CONDUCTED IN THE FUTURE

"Research investigations which are intended to be c¢onducted have been broadly
classified into the following groups. The most popular craft for proposed investi-

gations are SWATH vessels and ACVs.




Investigation : - Number of Establishments

SWATH Tests (Various) ‘ . R 9..
ACV Tests (Various)

| ‘Hydrofoil Tests (Various)
Hard—-Chine Vessel Tests (Various)
Round—Bilgé Vessel Tests (Various)
Interaction Effects (Various)
Wave—Indﬁced Motions and Hull Loads
SES Tests (Various) |

Appendage Resistance Investigations

Effect of Speed on Transverse Stability

Resistance Reduction of High Speed Hulls

N RN N NN W W W &~ ;O

Scale Effect Investigations

Cavitation Investigations

Correlation of Propulsion Tésts, Systematic Serie$, and
Wetted Surface Determination 1 each

2.2.7 RESEARCH INVESTIGATIONS WHICH SHOULD BE CARRIED OUT

The areas in which mémbers consider that research should be carried out have
been grouped together in the following table. The areas in which most. establish=
fments consider research ought to be conducted are seakeeping_and scale effect..

Investigation : Number of Establishments

Seakeeping Investigations - including
nénlinearities, directional stability,
habitability, motions in oblique. waves, '

- testing techniques; and instfumentation. 18

Scale effect investigations = including
flexible skirts, running trim,
appendages,.metho&s of turbulence
stimulation, and cotrrect modelling

techniques. . - ‘ o » 10

Drag component separation and ihteraction

"effects of propulsors. o 8




Investigation -

Effects of blockage and shallow water,

tank bouhdary-efﬁects above critical speed.

Propulsive,performance and added resistance

in rough water,

Estimates of propulsive performance from
model tests and determination of propulsive

coefficients.
Model and full=scale correlatiod.

Effects of running trim and possibilities

of automatic trim conttol.

Performance of propulsors in inclined
flow, roll-yaw interaction of planing
craft, ACY 1ift systems, effects of
‘shallow water on SES, spray formation on
round-bilge hulls; SES full=scale and
model scale correlation.

2.2.8 GENERAL COMMENTS

Number of Establlshments

1 each

The additional comments provided by member’s suggested that there was a requlre—

ment for a statement on experifental methodology for deflned high speed vessels,

including a list of references. Guidancé was also ;equlred on such matters as the

definition of wetted areas and turbulence stimulation, effects of trim and trim

corrections, propeller=hull interaction effects, and measurement of resistance com-—

ponents.
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Figure 2.1 — Number of Establishments that have
‘Tested Specified Types of High Speed Craft

TEST

. TOWED RESISTANCE
. TOWED PROPULSION
. FOIL

. SHALLOW WATER

TOWED REGULAR WAVE.

. TOWED IRREGULAR WAVE
. OBLIQUE REGULAR WAVE
. OBLIQUE. IRREGULAR WAVE

CAPTIVE MANEUVERING
FREE RUNNING MANEUVERING

. OTHER

NUMBER OF ESTABLISHMENTS

0 ) 1o _ 22 30
L R | | T 1
, Y e
} 1
o 1
- . |
— ,l = "_w~;_' -
L I
1 l T
T ‘
T L— . : WITHIN LAST 5 YEARS
A T . — — — MORE THAN 5 YEARS AGO
i _
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Craft 7 A 'B | c D ”E — V'F
Test Hydrofoils | Hard Chine | Round Bilge | SWATH Ships | ACV’s | SES's
1 | Towed Resistance 6 T2 2 | 10 8 | 8
2 ”'lr'ro-wed .Propu‘lsién b 10 9 5 ”2 ’ 3
3 | Foil 8 0o 0 0 o | o
4| Shallow Water Y 5 5 1 1 0
5 Regui-a; Wave 6 13 N 14 ; 9 k 5~Vﬁ 4
6 Irr‘egui‘a;"Wav; - 1 11. 10 6 ‘4 . 2 -
7 VObI.i;qrue‘ Regu]ar Wave 1 ‘ 3 T 4 1 2
8 Obliq;léilé'r;;:la,r'viVave»' 0 7 _1‘ 1 4 1 . 1 _7
9 | Captive Maneuvering ‘ _1 ' 1- 2 » - 71 ‘ 2 .2
" ‘4|‘0 ' ‘ Freei?un M;neuye;ing ‘ 0 o 0 5 3 '3 1
Figure 2.3 - Number of Establishments that have
"Conducted Specific Tests .on Defined
Vehiple Types ;
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Figure 2.5 - Nature of High Speed Work




Craft A B c- D E F

Test Hydrofoils 7 Hard Cﬁine Round Bilge SWATI:I VS;:ips “ACV's - SES'sr

1 | Towed Resistance 2 | 2 ‘ 2 o 1 3
"2 | Towed Propulsion 1 3 1 1 0 0 1
3 | Foil - o 1 o | o o | o
4 | ShallowWater o 1 0 o ) 0
775 IReguIaWriVV>aive,V ) 0 7 o 1 0 OV A 0
6 N lfréqu;rVVave 0 ~>6> 1 0 ] 0 0
7 Oblique ‘Re‘g’i.llz;r;Wave 0 1 1 0 0 7 0
8 | Obligue Irreguiar Wave - 0 0 1 0 o | o
9 | "Captive Mziji'léUvéringr N 0 -07 1 0 ow 0
10 | Free Run Maneuvering 0 0. 1 0 o | o

' Figure.2.6 = Number of -Establishments Having -

Corrélation Data which could be made
Available to the ITTC

10




20 —= ——— - —
v 15 . -
w
= .
3 L
¥}
< :
: 10 ’ ) —
o.
x
U
@ : !
% .

0 - — I, S S——— T - - —

0 .5 10 15 20 25 30 ) 35 40
MAXIMUM SPEED (m/séc)
FigutFe 2.7 - Maximum Speed of High Speed Facilities

30 : — - S ——

P2} S N
o .
-
o .
8 20 : — ‘ : =
b=
w
w | .
Ll 15 - . —
Q : o . . .
9 ‘
-
10
c I . | g , ' . ]
2 :
w
Q.

5} — —

ol—— : N U SENS PSS SN S e S e

0 1 2 3 4 5 6 7 8 9 10 - M 12
MODEL LENGTH (m).
Figure 2.8 = Model Lengths Employed
11




TABLE 2.1 - ESTABLISHMENTSVFROM WHICH REPLIES WERE RECEIVED-
Admiralty Marine Technological Establishment (Haslar), U.K.

*Applied Research Laboratory, Pennsylvania State University, State College,
Pennsylvania, U.S.A.

*Bulgarian Ship Hydrodynamics Centre, Varpa, Bulgaria
Canal -de Experiencias Hidrodinamicas, Madrid, Spain
China Ship Scientific Research Centre, Wusih, Chiﬁa
*College of Engineering, Seoul National University, S. Korea
Davidson Laboratory, Stevens Institute of Technology, Hoboken, Ne& Jeréey, U.S.A.
Del ft Univérsity of Technology, The Netherlands

David-W. Taylor Naval Ship Research and Development. Center, Bethesda, Maryland,
U:S.A. .

Experimental and Electronic Laboratories, British Hovercraft Corporation, E. Cowes,
U.K. . : '

Hamburgische Schiffbau‘VerSuchsanstalt, W. Germany
Hydromechaniqs-Laborgto?y? U.S:. Naval Academy,”Annapolis, Maryland, U.S.A.
Hydronautics Ship Model Basin, Laurel, Maryland, U.S.A.
*Indian Institute of Technology, Kﬁgragpur, India
Institut fur Schiffstechnik, Berlin, W. Germany
Institute Nazionale per Studi ed Esperienze di Architettura Navale, Rome, Italy
Institute Policatteéfa di Ingegneria Navale, Genoa, Iﬁaly
Institute-de,Pesquisas~Technologicas do Estado de Saoc Paulo, Brazil
Kamewa-Ma;ine-Léboratory, Sweden
Krylov Shipbuilding Research Institute, Leningrad, U.S.S.R.
Nagaski ﬁxperimentai Tank,'Japén | |

National Maritime Institute, Feltham, U.K.
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ﬁorwegian Hydrodynamic.Laboratories,_Trondheim;,Nérway

Netherlands Ship Model Basin, Wageningen, The Netherlands

Offshore Technology Corporation, Escondido, Célifornia, U.S.A.

Research Institute Ishikawajima — Harima Heavy Industries Company Limited, Japan
Schiffbautechnische Versuchsanstalt, Vignna, Austria

Shanghai Ship Design and Research Institute, Cﬁina.

Ship Design and Research Centre, Gdansk, Poland

Ship Dynamics Division, Ship Research Institute, Tokyo, Japan
Shiplﬂydrodynamics Division, Poona, India

Ship Hydrodynamics Laboratories, Helsinki, Finland

Ship Hydrodynamics Lébdratories,.Shanghai, Chiao-Tung University,.China

Ship Hydrodynamics Laboratory, University of Michigan, Ann Afbor, Michigan,*U.S.A,
Swedish Mafitime Research Centre, S.S.P.A., Gothénburg, Sweden

*University of Iova,'IOWa City, U.S.A.

University of Newcastle, U.K.

University of Osaka, Japan

*University of Rostock, German Democratic Republic

U.S. Army Cold Region Experimental Laboratory, Hanover, New Hampshire, U.S.A.
Versuchsanstalt fur Wasserbau und Schiffgau,.Berlin, W. Germany

Vosper Thornycroft (U.K.) Limited, U.X.
*Wartsila, Helsinki, Finland

Yokohama National University, Japan

*These establishments reported they .dre presently doing no significant high speed
work. ’




TABLE 2.2 - DEFINITIONS OF CRAFT AND TESTS

Types of Craft

A Hydrofoils
B Hard=Chine Planing Craft 1
C Round-Bilgé Semi-Planing Craft
D SWATH Ships .
E Air Cushion Vehic¢cles (Amphibious)
F Sutface Effect Ships (Not Amphibious)
G Others: '
Hard Chine Semi-Planihg Craft
HYSWAS
SWASH
Catamarans

Hybrids, etc:

Types of Test

-Towed Propulsion Tests

Foil Tests

Shallow Water Tests

Regular Wave Tests (Towed)

Irregular Wave Tests (Towed) ‘

Regular Oblique, Wave Tests .(Towed)

Irregul ar Oblique Wave Tests (Towed)

Captive Maneuvering Tests

Free-Running Maneuvering Tests

Others: - ) o ) ) ,
Cavitation Tests (Various) ' :

Towed Resistance Tests o . - _

- OO 00~ W RN

—_——
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3.0 STATUS OF VEHICLE TYPE INVESTIGATIONS
3.1 SMALL-WATERPLANE-AREA, TWIN-HULL (SWATH) SHIPS o )
by
Dr. Peter Van QOossanen

Maritime Research Institute Netherlands

Netherlands Ship Model Basin

3.1.1 . CONCEPT DEFINITION

The SWATH concept, which stands for small-waterplane-area, twin-hull ship,
features two fully submerged huils connected to an above-water, box-like deck
structure, by one or more relatively.thin struts attached to each hull. Also termed.
a semisubmersible catamaran (SSC), this conhcept has been studied since the_early '

"fifties. Thus far, particularly important work has been carried out: 1. by a
Netherlands of fshore company resulting in the.construction of a lZOQ ton, 40 m SWATH
 (DUPLUS) with a service speed of 8 knots;.2. by the U.S. Navyl'12 resulting in the
construction of a 190 ton, 27 m SWATH' (SSP KAIMALINO) with a speed of 25 knots; 3,-by
Mitsul Engineering-énd Building Co.13 resulting in the.con$truptioﬁuof a 370 ton,

35 m SWATH (SSC MESA;SO) with a speed of 27 kiiots after extensive testing of a 12 m
sea-going vessel. Published results of theoretical and experimental studies have
revealed interest in displacements of up to 30,000 tons, and in speeds of up fo 40
knots.

The range of hull form proportions. is as follows:

Hull length to hull diameter ratio : 12 to 24

Hull length to hull breadth (overall) ratio 1.6 to 4.0
Hull length to hull draught ratio - 5 to 15',
Hull length x breadth (overall)
divided by waterplane area ratio . .6 to 15
The benefi;s of the SWATH concept are'derived from their low motions reésponses in
seas which are similar to a conventionl surface ship three times larger due to the
significantly reduced waterplane area and the submergence of the:.main bulk of the

displacement,volume414’33 Figure 3.1.1 shows a typical SWATH configuration taken
34

from Numata.




3.1.2. RESISTANCE INVESTIGATIONS

‘3.1.2.1 Components of Resistance

As is the case with conventional-displacement ships; the main resistance com-

ponent of SWATH ships at design speed is the frictional resistance. At higher

speeds, however, the wave resistance of the hulls and of the struts can be appreci-

able if careful attention is not directed to the required depth of submergence of the

hulls and to the unfavorable interaction of the waves produced by the strupé, par—

ticularly when each hull has more tﬁah_bne ﬁtrut.35s36 "The -air resistance of
SWATH ships is also important. The induced drag of control surfaces becomes signifi-
cant as soon as appreciable forces are developed to counteract any pitch instability

of SWATH ships. At speeds above the primary resistance hump, the spray resistance of

struts becomes significantf37 In a seaway; the added resistance due to waves of
SWATH ships is less appreciable than fér conventional monohulls.38 Typical curves

of wavemaking resistance due to hulls, struts, and strut and hull interference are
given in Figures 3.1.2 and 3.1.3 for a single and a tandem strutvconfiguration'(taken

from Numata).3%

3.1.2,2 Resistance Prediction Techniques: Model Test Considerations

3.1.2.2.1 Required Model-Size. Models for resistance tests should be sufficiently

large so as to-avoid unpredictable scale effects. Unpredictable scale effects can
occur if the boundary layer flow on hull and stabilizer fins is wholly or -partly
laminar. The minimum model size is dependent upoen the speed range to be tested and
the means adopted to stimulate a turbulent boundary layer. The maximum model size 1s
dependent upon the cross=sectional dimensions of the towing tank because blockage and
shallow wéter effects should be avoided and upon the length of the towing tank. If
the dimensions of the towing tank are large enough, the minimum model size is often:
based on a value of the Reynolds number of about 5 x 106 at the minimum test speed
when no turbulent stimulation devices are adoptéd. Recently obtained (unpublished)
‘resistance data with a 1/30-scale model of a tandem strit SWATH configuration using
suitable turbulence stimilation devices on hulls and struts, agreed very well with
data obtained from an unstimulated 1/12.8-scale model when extrapolated to full
scale. The.agfeement was evident at Rh_zvl.B x 100 for the 1/30-scale modél.

‘'The Reynolds number values of control surfaces is usually too small, even when
using very lafgé'models; This can result in inborrectly scaled lift and drag co-

efficient values. To overcome this problem; resistance and propulsions tests are
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sometimes carried out with_models locked in trim and. draft on which no horizontal
control surfaces arelattached37>39:5ﬁa'the resﬁlgéiéérrected using estimated full-
scale drag and lift data. This procedure leads to erroneous results if the influence
of. the control surfaces on heave and trim is not taken into account because the fins
are often used to maintain zero trim and design draft throughbut the speed range in
calm water.40 One procedure ﬁo correctly include the effect of horizontal control
surfaces 1in resistance and powering tests is to stimulate a turbulent boundary layer
at the leading edges and to carry out the test at three or four angles of attack of
the control surfaces. On.using relatively large models, the scale effect on lift and
drag of controi surfaces can be sufficiently reduced in this way, leading to a satis-—
factory knowledge of how speed and power are dependent upon their angle-of=attack.
This approach also leads to a direct determination.of the required angle-of-attack of
the foils in order to minimize resistance and/or to maintain zero trim and design
draft. - :

3.1.2.2.2 Possible Scale Effects. Numerous scale effects can occur. Irrespec-

tive of the size of the model, a scale effect will always occur in the deduéed fric-

tional resistance from the model test results. This is due to the inequality of ;

model and. full-scale Reynolds numbers. Use of large models and of turbulent stimdla=
tion devices will allow a reasonable estimation of this scale effect. Appreciable

scale effects usually occur in the appendage drag: As stated in Section 3,1.2.2.1,

the Reynolds number of control surfaces is ugual¥y too low to ensure that a turbulent
boundary layer exists. The flow along thege‘appendages should also be "tripped" to
obﬁain a turbulent boundary layer. This is also true for rudders and deck-supporting
struts. If not only the drag but also the lift of lifting surfaces such as trim-

stabilizer fins are not scaled correctly, then scale effects will also occur in the

running trim.37 Because surface tension is not scaled in conventional model test-

ing, ghe spray caused by the struts at higher speeds is not simulated correctly.

Accordingly, a scale effect will occur in the »spray'r;esistance.41 Because models
for resistance and propulsion tests usually do not have superstructures, the aero-

dynamic or wind resistance is not scaled correctly. In certain towing tanks the air

velocity under the carriage at the location of the model is considerably affected by
the carriage sfructurg. When carrying out tests at high speeds with SWATH models
(which can have larger superstructures than conventional ships), attention should be
given to the various aspects which could cause an appreciable scale effect in the air

resistance. Other scale effects can occur if the model is large relative to the
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cross section of the towing tank. In that case, wall effects (blockage) and shallow
water effects can occur which are extremely difficult to account for in an adequate

way, particularly at certain speeds.

3.1.2.2.3 Iurbuleh;elﬁtigu}atiqg. It is nearly always ﬁecesSary Eo stimulate a tur-
bulent boundary layer when carfying out tests with SWATH models.  As mentioned in
Section 3.1.2.2.2 the Reynolds number of struts and control surfaces is such that
nearly always laminar flow, or laminar sepafétidn, followed by tufﬁulént reattach-
ment, will occur leading to serious scale effects in both drag and lift properties.
‘To stimulate a turbulent boundary layer, trip wires, or studs, a strip of sand or
Carborundum particles. can be adopted. Each of these have advantages and disadvan-
tages. Preliminary tests are -required to find the best location for each of these

stimulation devices, and to determine their contribution to the total resistance.

3.1.2.2.4 Influence of Tank Boundaries. Blockage corrections for conventional

ships below Froude number values based on a waterline leﬁgth of 0.35 can be used to
estimate the blockage of SWATH models with reasonable accuracy. At higher speeds, no
satisfactory procedure exists, other than detailed, three-dimensional wave resistance
calculations for the model in the tank using, e.g., newly deﬁeloped finite element
procedures. As already mentioned the draft and beam of SWATH ships is relatively
large compared to conventional ships, and it is possible that in some towing tanks
the nearness of the tank bottom and sides for SWATH model testing will not be without
some effect on resistance (and propulsion). Detailed studies of the effect of shal-.
low water on resistance, squat, and running trim of SWATH ships have not yet been
carried out.

3.1.2.2.5 Quantities Measured. The quantities which are commonly measured during

calm water resistance tests with SWATH models are model speed, model resistance,
sinkage (or rise) of stem, and stern and center of gravity. In addition, photographs
are taken of the wave elevation along the side of the struts from which the wetted
area of the struts can be deduced. Einally, separate drag and lift force measure-
ments are sometimes.carried out in ﬁhe control surfaces. When tests are carried out
with a model locked in heave(draft)and trim, in addition to the resistance force,
vertical excitation forces are als6 measured. This type of test is usually not
carried out for the purpose of determining resistance énd ptopulsion properties, but
for the design of‘horizon:al control surfacés, or for qualitative comparison of SWATH
configurations.37, .
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3.1.2.2.6 Extrapolation Procedure In pr1nc1p1e, the results of resistance tests

with SWATH models are extrapolated in the conventlonal way. The frictional resist-
ance of the full-scale hull is accounted for by adopting the International Towing
Tank Conference (ITTC) or the American Towing Tank-Conference (ATTC) friction co-
efficient formulation. The frictional resistances of ‘the struts and of the sub-
merged hulLs'are estimated separately, adopting the length of the strut and hull
independently with their respective Reynolds number calculation and wetted surface.
The form factor of the cylindrical hulls and of the struts .and control surfaces com-
monly used in SWATH designs have been derived from theoretical and experimental
studies.42 A more accurateé estimation of the-viscous resistance of SWATH ships is
then possible. To the sum of the viscous resistance of struts and hulls should now
be added to the viscous resistance of conttol surfaces, and appendageé, as either
measured (as is sometimes the case for stabilizer fins) or dedUced from‘semiempirical
relations. On subtracting the total viscous resistance, as calculated for the model
Reynolds number, from the total measured resistance, the residuary resistance is
found which is assumed to.be dependent only upon Froude number. This residuary re-
sistance is then extrapolated to full-scale accordingly. When ddded to the calcula-
ted viscous resistance for the full-scale SWATH ship, the total full-scale resistatice
is found. To this resistance value is to be added the wind resistdnce which can
normally be deduced by calculation or from tests in a wind tunnel.

3.1.2.2.7 Correlation Factors. In extrapolating:the results of resistance tests

with SWATH models, it-i§ necessary to adopt a model-ship correlation.féctor to
account for the effects of structural hull roughness (plate seams, welds, padint
roughness), unknown form drag, and eddy-making. On the basis of a limited number of
correlation studies between model tests and full-scale tr1als,-9 it would seem that
an appropriate value for the correlation factor Cp would be between O and 0.0005,
adopting the extrapolation technique described above (with form factors). The fact
that this value has been found to be generdlly smaller than for cénventional ships of
comparable length could be due to the fact that the viscous resistance tan be as-
sessed with a greater accuracy than for most conventional ships. Also, the wind
resistance of SWATH ships, because of its greater impéortance, is often established
explicitly (by tests in a wind tunnel or from detailed calculations) and is not in-

cluded in the cofrélation allowance coefficient.

3.1.2.2.8 Systematic Model Test Series. The results of a small series of

systematic model tests carried out at the David W. Taylor Naval Ship Research and
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Development Cenfer,43 designated SWATH 1, 2, 3A, 3B, 3C, 3D,  3E, 4, 5A, 5B, 6A, 7
and 8, have been published. Otherwise, very little information of a systematic

series is yet available.

3.1.2.2.9 Instrumentation. The instrumentation required for resistance tests with

SWATH models is the same as required for resistance tests with models of conventional
ships. The only exception is the instrumentation required to measure drag and lift
of conttol surfaces.

3.1.2.2.10 Procedufes'Uniqug to SWATH Testing. Procedures to évaluate the effect of

horizontal control surfaces on resistance properties of SWATH models; through re-
straining the trim and (possibly) the rise of the center of gravity, are unique to
SWATH testing. Mainly, two techniques ate being applied to evaluate the influence

of moveable fin—type control surfaces. One of these comprises the technique of adop-
ting a model with all control surfaces and appendages fitted, unrestrained in heave
and trim, for which various tests have to be cafried‘out at constant spee .0 evalu-
ate the influence of angle-of-attack of the moveable, horizontal control surfaces.
The other technique comprises the use of a médél held locked in heave and trim, for
which the vertical force and longitudinalkmoment on the model have to be measured,
without the horizontal control surfaces fitted. In the case of the latter technique
it is often requited to carry out these tests at various trim and draft values to be
able to later ;scertain the interaction of the added control surfaces on the resis-
t;hce through changes in the running trim and rise of the center-of'gravity.

3.1.2.3 Recommendations to the 16th ITTC for Resistance Studies

3.1.2.3.1 Study and recommend methods for turbulence stimulation in boundary layers

. of struts and control surfaces of SWATH.

3.1.2:3.2 Study and define procedures for estimating and extrapolating spray resis-
tance..3.1.2.3.3. Review available me;hods for determining wall and shallow water ef-
" fects for SWATH.

3;1.2:3.4 Review available iheoret{cal qu_experimental formulations for the predic-.
tion of the.resiStance'of ;ppendages and control surfaces. ‘

©3.1.2.3.5 Review available theoretical and éXperimental,formulations for the predic—
tion of the Reynolds-numberrdependency of the lift of control surfaces for SWATH.
3.1.2.3;6 Dociment the effects 6f appéndages, controi sur faces, and propulsion on

the rise of CG and trim of SWATH, particularly as related to the adopted test

technique.
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3.1.3 SEAKEEPING INVESTIGATIONS

LI

3.1.3.1 Model Considerations

The size of models for seakeeping tests is dependenﬁ upon the wavemaking capa-

bilities of the tank, the tank.size and water depth, and the sed condition to be

simulated. Also, most of the items listed in Section 3.1.2.2.1 aré valid here.
Models are usually complete with respect to hull and appendages, freeboard; and
supetstfﬂcfufe. The weight distribubioﬁ and 1ogitudihal and transverse moments of
inertia are simulated as accurately as possiblé; The material adopted for model
Maﬁufécture‘can be wood, glass-reinforced plastic, or some other strong material.

3.1.3.1 Quantities Measured

The quantities which é;e,impoftant for the seakeeping of SWATH ships are its

motions in six degrees-of-freedom; accelerations at the bow and the stern {from which

the accelerations elsewhlere can be calculated); added resistanice (or added thrust);

deck wetness; spray and relative motions foré and aft at various stations. To asséss '

hydrodynamic loads.and box slamfiing pressures, bénding moments and side forces in-
struts, deck and othef transverse hull connections are measured. Also, the wave
characteristics should be accurately known in both regular and irregular sea condi-

tions. Film coverage at high film speeds is extremely useful.

3.1.3.3 - Test Wave Environment
‘ Tests in both regular and irregular seas are corisidered useful. TFor systematic

design studies, often regular seas are adopted (for comparison with calculations).

' Tests in'irregular seas are often cadrried out in the findl design stage. The irreg-

‘ular seas, as simulated in the tank, should be given careful consideration:. Heave

and pitch motions .are more lightly damped than a conventional sship due to the small
waterplane ar’eé.AA

It is important to study the behavior in sea environments which contaln wave
cofiponients around the resonance frequency. Because SWATH ships have relatively long
periods of motion, éonventional irregular wave tests in Pierson-Moskovitz type spec-
tra may not be sufficent.12,34

For SWATH ships, the study of the motions in following seas and the structural
loading in beam seas is particularly important.bssbé

~

3.1.3.4 Test Proéeédure

Procedurs for SWATH tests in waves are identical to those for displacement

ships, The model éan be towed at constant speed or with free-to-surge equipment.
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Free running tests with self-propelled models, with constant thrust, are also
carried out. .

. When towing the model in waves, careful attention ahould be given to the simula=
tion of the thrust moment if the towing force is not exerted in the shaft drive of
the propulsors. With SWATH ships, thié effect»is_mbre important than for conven-
tional ships because ‘of their relatively small longitudinal metacentric height ML,
Theyreport of poor cofrelations. of measured pitch-excited moments with calculations
for captive-experimeﬁts on a SWATH 6A model®3 could be due to this fact.

3.1.3.5 Data Collectlng, Processing, and Presentatlon

Usually both digital and analog 51gnals are recorded for evaluatlon either dur-
- ing or after the tests by computer. Normally, all test results are presented in
tables and graphs for the full-size Shlp,> Measuted values are scaled up according
to Froude's law. For régularlseas, the motions, force, moment, and undisturbed wave
signals are analyzed to determine the harmonic components and their nonli . .ar
behavior. For irregular seas,‘the recorded signals can be divided into four types

‘as follows:

TYPE 1

This signal consists of an oscillating motion of which the frequency corresponds with

the frequency of the waves.




: ANNAPOLIS LABORATORY
DEPARTMENT OF THE NAVY ANNAPOLIS LABORA
DAVID W. TAYLOR NAVAL SHIP RESEARCH : . .
‘ ) ENTI CARDEROCK LABORATORY
AND DEVELOPMENT CENTER GETHESDA, MD
HEADQUARTERS
BETHESDA, MARYLAND 20084 IN_REPLY REFER TO:
' 1603 :RAW

27 July 1981

Dear Delegate to the 16th ITTC:

The David Taylor Naval Ship Research and DevelopmentVCenter published DTNSRDC
Report 81/026 entitled, "Status of Hydrodynamic Technology as related to Model
Tests of High Speed Marine Vehicles” documenting the complete findings of the 16th
ITTC's High Speed Marine Vehicle Panel: the Panel's report submitted.to the 16th
ITTC is a condensed version of this document. The enclosed copy of the complete
report is forwarded for your information. The 16th ITTC High Speed Marine Vehicle
Panel considers this report to be a document which hoﬁefully will be continuously
reviewed and updated as the technology is further developed.

Very truly yours,

AdA.

ROBERT A. WILSON
Member, 16th ITTC High Speed
Marine Vehicle Panel -
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TYPE IT

Thisitype of signal consists of & High frequency

Ya MAX.”

y

oscillating motion which is super-

imposed on slowly: varying.motion.

TYPE III

This signal con51sts alsg of a hlgh frequency oscillating part, superimposéd on a

slowly varying part.

The amplitude 6f the high frequency oscillations is small

compared to the slowly oscillating motion.




TYPE IV . . : X

R - Nt - —— 4

| !\\
il
A general c1a331f1catlon of the signals obtalned or calculated from the vFrlous.

: i

This signal is typical for slamming pressure fecbrdings.- —

tests is as folows
TYPE 1
Wave heights ’ . : 1 .
Heave motions ' ' : '
'Side and shear forces
Bending moments ' o
TYPE 11 T T R -
Surge motions. in-head and Béw quartering seas
Sway motions in bow quartering and beam seas
Roll angles in bow quartering and beam seas
Pitch angles in head and bow quarterlng seas
Yaw angles in bow quarterlng seas : -
Belatlve motions ' '
TYPE TII
S;rge motions in beam seas - =
.Sway motions in head seas
Roll angles in head seas
Pitch angles in Beam seas
Yaw angles in head and beam seas
TYPE IV |

Slamming pressures
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From the above recorded signals, usually the following quantities .are determined and

presented:
3.1.3.5.1 u = Root-mean squére value
n=N o ;
: 9\1/2
- LYY _—
= 'ﬁz (un a)
n=1
3.1.3.5.2 uw =

Me an Value.

n=N
5>
N n=1
in which N = number of samples

value of the nth sample

u =
n
3.1.3.5.3 331/3+ ='siénificént peak value
= which 1s the mean of the onefthird highest crest to zero values
(positive, unless states otherwise).
3.1.3.5.4 ﬁal/B—. = significant trough value _
= which is the mean of the one- thlrd hlghest trough to zero values
(positive, unless stated otherwise).
3.1.3.5.5 2Tay1/3, = 51gn1f1cant peak to trough value
= wh1ch is the mean of the one-third hlghest pedk to trough values
3.1.3.5.6 u, max* = maximum value
= highest peak value (positive, unless stated cherwise).
3.1.3.5.7 uy4 méx; = maximum value
= highest trough value (positive, unless stated o;herwise).
3.1.3.5.8 2uy pax = maximum value

= highest crest to trough value.
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3.1.3.5.9 Ny = number of oscillations.
3.1.3.5.10 Response function:

The response functions of the measured quantities are calculated by dividing
their spectral density functions by the wave spectrum and taking the square root of
the ratios. Careful attention should be given to the possible nonlinear behavior
of SWATH ships in irregular seas, in which case the motion response functions cannot
be calculated.47-55

3.1.3.6 Correlation of Model Test Results

Very little information is available on the correlation of model test results
for SWATH vessels. Recently, the results of full-scale seakeeping measurements on
SSP KAIMALINO, a small SWATH vessel of 190 tons displacement, were published by Fein
et al.l2 They reported good agreement with the significant motion values found during
model tests and obtained from calculations.

3.1.3.7 Systematic Model Test Series

The results of a small series of systematic model tests carried out at DTNSRDC-!
designated SWATH 6A, 6B, 6C, and 6D have been published. Very little other informa-
tion on a systematic series is available.

3.1.3.8 Outstanding Problems in Rough Water Testing

The small waterplane area of SWATH ships causes the seakeeping properties of
these ships to differ markedly from monohulls. While no single outstanding problem
in rough water testing can be identified, the seakeeping performance of SWATH ships
is a complex subjeét, and differs sufficiently from monohulls to warrant extensive
testing for every new design. As is the case with monohulls, the extent to which
motions and accelerations are linear should be further investigated.

3.1.3.9 Recommendations to the l6th ITTC for Seakeeping Studies

3.1.3.9.1 Document the applicability of linearity to the seakeeping performance of

SWATH.

3.1.3.9.2 Compare data obtained in free and fixed-in-surge tests in waves and make
recommendations as to the extent of the applicability of each experimental procedure.
3.1.3.9.3 Recommend a uniform method for nondimensionalizing transfer functions and
encounter frequencies for SWATH.

3.1.3.9.4 Provide a survey of model and full-scale data on seakeeping measurements

for SWATH.
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3.1.3.9.5 Recommend standard test procedures and data extrapolation methods for

SWATH, particularly relative to the choice of sea spectrum in the absence of me asured

wave data.

3.1.4 MANEUVERABILITY INVESTIGATIONS

Only a few maneuvering investigations of SWATH ships have yet been carried out

and reported on. On the basis of available data, it would seem that the large dis-
tance between the hulls leads to good low speed maneuvering since the propellers are
far apart, while high speed maneuvering is a problem, because of the high directional
stability of each of the slender hulls and struts.

3.1.4.1 Influence of Rudder Configuration of SWATH

The first SWATH designs employed rudders that were a movable part of the strut.
These rudders produced turning circle diameters which were larger than those of mono-
hulls of the same length.21 Recent attention to possible alternative rudder config-
urations have led to designs which have a turning performance comparable to conven~
tional ships.7’56'59 If the rudder cannot be placed behind the propeller, the
required rudder area must be considerably larger to obtain comparable turning perfor-
mance. The rudder effectiveness for SWATH ships decreases significantly as the level
of the flow over the rudders drops.58,59

3.1.4.2 Experimental Procedures

The approach adopted to determine the turning characteristics of SWATH ships
thus far is to obtain coefficients using the planar motion mechanism (PMM), rotating
arm experiments, OTr radio~controlled models. The coefficients are then fed into a
maneuvering simulation adopting the equations of motion. The coefficients include
terms for the forces and moments on the ship due to the velocities and acceleration
of the ship when in motion. The PMM technique obtains these coefficients by oscilla-
ting a model in yaw and sway while moving in a straight line. The model is oscilla-
ted at a number of different frequencies for each forward speed tested. This experi-
mental technique will provide the acceleration terms used in the turning sim&lation.
The steady state yaw rate terms are derived by extrapolating the oscillation data to
zero frequency, while the steady state sway velocity can be obtained from zero fre~
quency extrapolation or by running straight line drift angle experiments.

The rotating arm technique produces the maneuvering coefficients by running a
fully captive model in a circle and recording the forces and moments for different

combinations of input parameters such as yaw rate, sway velocity, rudder angle, roll
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angle, and forward speed.l7,38 The coefficients are derived by relating the varia-
tion of forces and moments to the input parameters at each forward speed. In this
way, steady state yaw rate and sway velocity coefficients are obtained. Acceleration
terms cannot be obtained in this way. Radio-controlled model experlments in a large
basin can also be carried out to determine the most important maneuvering properties.

3.1.4.3 Data Collection, Presentation, and Extrapolation

Preliminary results obtained from maneuvering studies so far indicate that there
is no coupling between drift angle and yaw rate at any speed. Also, all the roll
angle terms in the equation of motion are nearly zero. Rudder angle-yaw rate and
rudder angle-drift angle coupling terms are also nearly zero in all cases. These
facts minimize the number of data points necessary to quantify the turning character-
istics.28,59

The experimental results are usually converted to nondimensional stability and
rudder derivatives. On plotting these linear derivatives against the Froude number,
the speed dependence of these derivatives is usually found to be significant, partic-
ularly near the primary resistance hump.

Normally, the Froude scaling relations are adopted to extrapolate model results
to full-scale.

3.1.4.4 -Correlation of Model Test Results

Significant comparisons of model and prototype results have not yet been made
due to a lack of full-scale information. Full-scale results obtained for SSP KAIMA-
LINO7,57 agreed very well with results of a maneuvering simulation study based on
model tests for speed loss, roll, turn rate, and tactical diameter.

3.1.4.5 Outstanding Problems in Maneuvering Investigations

At sbeeds higher than presently investigated for SWATH, struts, appendages, and
propulsors cavitate severely while maneuvering. The influence of cavitation on 1ift
and drag of struts, appendages, and propulsors are usually not taken into account in
the model test results. This fact constitutes an outstanding problem to be addressed
for some high-speed SWATH designs presently being studied.

3.1.4.6 Recommendations to the l16th ITTC for Maneuvering Studies

3.1.4.6.1 Recommend procedures for steady and unsteady model tests to provide data
for adequately describing the maneuvering characteristics of SWATH.
3.1.4.6.2 Provide a literature survey of the scaling and of the effects of ventila-

tion and cavitation on appendages and propulsors for the maneuvering characteristics

of SWATH.
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3.1.4.6.3 Examine and report on the utility and applicability of rotating arm tests,
planar motion tests, and free-running tests for SWATH ships.

3.1.4.6.4 Establish the applicable equations of motions for SWATH.

3.1.5 PERFORMANCE, PROPULSOR, AND CAVITATION INVESTIGATIONS

SWATH ships have found application in the speed regime of up to about 30 knots.
Some studies have included speeds up to 40 knots. Up to 35 knots, the conventional
subcavitating propeller is adopted because of its superior efficiency over most other
propulsors. Powering, propulsor, and cavitation aspects of SWATH model testing tech-
nology is, therefore, identical to those of conventional ships and shall not be ad-

dressed here.

3.1.6 PRESENTATION AND INFORMATION

There is a lack of standard symbols associated with SWATH ship geometry and
performance. The ITTC should update their list of symbols and definitions to in-

clude specific SWATH ship parameters.
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3I2 SEMIDISPLACEMENT ROUND. BILGE VESSELS

by
Burkhard Miller-Graf .

' Versuchsanstalt Fir Wasserbau Und Schiffbau

3.2.1 CONCEPT DEFINITION

The semidisplacement or semiplaning round bilge vessel operates in a speed range

of 0;5,.§ Fp < 1.3. [Its hull form is characterized by:
a.” convex section shape Y . . _

. . }' in the forebody,

b. high deadrise

straight and fine entrance waterlines,

0

[+ %

_straight or slightly convex buttock lines- in-the afterbody tising towards
-the stern,

e. a cénter line skeg at the afterbody, and

“f. a transom stern -

ROunded sections and  convex buttock 11nes in thé .afterbody are common for speeds
of F, < 0.8; see Figure.3 2.1. For higher speeds straight buttock lines and nearly
straight sections with a hard chine before the transom are preferred. To_reduce the
running trim, the hulls are often equipped with‘a trailing edge wedge. .

The weight of the vessel is mainly supported by hydrostatic lift. Above Fp
0.7 the hull experiences avhydrodynamic 1ift which increases with speed in the same
way as the hydrostatic lift decreases. The rise.of longitudinal center-of gravity
(LCG) above the position at rest indicates the beginning of a positive contribution
of hydrodynamic lift. Figure 3.2.2 shows the change of trim and trim angles with
speed. Round bilge hu11s underway are characterized by the generation of the so-
called whisker spray,-which increases with speed, 1n particular above Fp = 0. 7.

Its development and extension are favored by the convexity of the sections and the
curvaturé of the buttock iines in the forebody. )

The wetted area varies with speed and with running trim. It can be reduced by
means of spray rails or to a small extent by a shift of LCG abaft.

The change of wetted area of a typical round b11ge hull w1thout and with ‘spray

rails or with a wedge, respectively, is given in Figure 3.2.3.
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3.2. 1.2 Range of Hu11 D1men51ons, Form Parameters, and Spéed )

The round bilge form is used for all types of pleasure craft, work boats, fast
patrol craft, and small naval ships. Theréfore, the main dimensions, the hull form

parameters, and the operational speed cover a wide range:

‘Length (LWL) 6 - 100 m
Length-to-beam ratio ' ' 3.2 - 7.5
Displacement ' ; 5 - 2000 tons
Length Dlsplacement ratio LAAI/3 4.4 - 8.3 :
Speed o ) 15 - 50 knots.

3.2.2 RESISTANCE INVESTIGATIONS (SMOOTH WATER)

3.2.2.1 Resistance Componernts

The'totai'resistance of a semiplaning round- bilge vessel at speeds of F,> 0.5
is the sum of the following components as shown in Figure_3.2;4.
Tink Condition ) ' '
RT = Ryp + Rg + Rp + Ry + Rypp

Trial Condition :

|
RT = Ryp + Rg + Rp + Ry + Rpp + RA_A‘-"’ RVpara‘s + ARAW + ARST ‘

3.2.2.1.1 The wavemaking resisﬁance'ﬁw, which can be déterﬁined on the basis of
resistance tests solely, is composed of the first three components of‘RT, i.e, % of
Ryp,» Rg, and Rp.
3.2.2.1.1.1 The wavepattern resistance pr is produced by generatlng grav1ty
waves. ' , ' ' o
3:2.2.I.1n2 ' Spray resistance Rg is a cmebnent‘aéeogiated with the expeddi,
ture of energ&'in generating the whisker spray. It appearslalsé in the displacrmeht

speed range. T - - S

The spray resistance Rg consists of a pressure and a viscous drag component
Rs = Rgp + Rgy
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with the relationships

»

Rg = Rgp (Fn) + RSV (Rn,wn)

whére R,
¥

Reynolds number

Weber number

A useful method to ca1cu1ate the pressure drag component is at present not

ava11ab1e. Th1s viscous or fr1ct10na1 component cannot be computed 11kew1se,

because:

'a. The spray wetted area is not accurately definable by visual and photograph-
ica1_observations Th1s part of the hu11 is mostly h1dden by the spray sheet.

b. The veloc1ty in the spray and the turbulencé. condition in the boundary
iayer’of'the spray,area ‘are unknown. A correct Spec1f1c frictional res1stance co-
efficient cannot determined. '

. cs At the moment no useful correct1on method or allowance for the frictional
drag is developed tak1ng into account the dev1at1on of the flow diréction from the
direction of speed vf:f"'-t R ‘

.3:2.2.1;1,3 Induced res1stance Rp is given by the horizontal component of the

hydrodynamic pressure forces and can be estimated, approximately, only in the case

"of hulls with straight buttock lines aft by:

Rp = y.p. g . tgr [kN].

displacement volume, m3

£
o .
~
<
]

mass density of water, t/m3

©
]

g = acceleration due to gravity, m s=2

7 = angle of attack of the mean buttoctk aft, deg )
3.2.2.1.2 Viscous resistance RV, is composed of the frictional resistance Ry and

the pressure resistance of viscous origin Rpy

Ry = Rp + Rpy
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3.2.2.1.2.1 Frictional resistance Rp depends upon R, and is ca1cuiated by

¢ i

for the full-scale vessel

where Vg = speed of ship; m/s

S8yg = wetted surface of the snio, mz »

In most cases, particulatrly in the design stage, the wetted surface at rest
‘Sy(v=p) Without the immersed part of the transom is used The effective wetted
surface underway, SWE: 1nc1ud1ng the bottom area, spray area, and the area of s1de )
wett1ng can be determ1ned on the basis of model tests solely by v1sua1 and photo-‘
graphical observat1ons of the model ‘ , -

The 1957-ITTC formulation is generally used for the frictional coeff1c1ents of
the ship Cgg. The values of the Reynolds numbers are calculated on the stat1c i
waterline length. The change of wetted length with speed, which amounts to 2 to 57
percent of LWL! is considered to be neg11g1b1e _ - -

The model=ship correlation allowance factor CA takes into account the resis-
tance increment due to structural shell roughness (welds, waviness, pa1nt roughness,
fouling, etc.) and to a certain degree shortcom1ngs of the correlation 11ne

The formula for Cp, developed and recommended by the ITTC-Performance- Committee1
leads to impractical high values for‘smali craft. for semidisplacement hulls, an
allowance of Cy, = 0.00025 is generally accepted as an average increment to Cg.
For hulls operating in tropical watets, a value of C4 = 0.0004 is applied.

3.2.2:1.2.2 Pressure resistance of viscous orgin Rpy which includes all the
energy losses due to separation and eddy formation, is considered to be negligibie

for Fy > 0.7. Also, a form factor

g = S0 = CRo - R
Cy' _ |
|

cannot be applied in calculating the 5pecific total viscous resistance coefficieﬂt

GV = (1+K)_ . CFO

as in the case of slow displacement ships; because K depends upon F,, because Sy

1

varies with speed:
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3.2.2.1.3 ' The appendage drag Rpp is the sum of profile drag, frictional drag,

and interference drag of struts, strut barrels, prdpeller shafts, rudders, and
‘stabilizer fins which can amount to 8 to 16 percent 6f the bare hull resistance.

The calculation of these resistance components according to References 2, 3, and 4
results 'in more realistic full-scale data than the .application of a percéntal allow-
ance of the bare hull resistance.

The common practice to evaluate the appendage drag by means of resistance -tests
with and without appendages can lead to incorrect full-scale results if laminar flow
effects at' the model and the influence of cavitation and ventilation on the prototype
are not taken into accéount when necessary. |
3.2.2.1.:4 Aerodynamic: resistance Rpyp 1s generated by the super-structures and the

above water hull. It is calculated- by
RAA = p% (Vg + vaa)Z . Ay . Caa C , [kN]

where , = mass density of air, kp/m?2
Vaa = velocity of wind relative to ground, m/s
Ay = frontal ‘area of above water superstructure, m?Z
,  Cap = wind resistance coefficient

Special drag coefficients for high' speed small craft have not been piiblished.
Values of CAA = 0.3 to 1.0 depending upon fhg diféétioh of wind relativé to the hull
are acceptable. ) o '

The equation does not take into account the wind and wave induced yawing resis-
tance, the rudder resistance, and the resistance caused by wind in&uced‘anes.
3.2.2.1.5 Parasitic drag Ppyyag is given as well by prétruding inlet and outlet
openings for cooling water, exhaust, etc. as by zin¢ anodes énﬂ is calculated accord-
ing,to Reference 2. _
3.2.2.1.6 Theiadded resistance due to rippling seas, Rpy arises from the diff;adé
tion of small incident waves at the loﬁest state of sea 0 to 1.

Bécadse theoretical investigations or model studies concerning‘the resistance
increase of round bilge hulls in small waves are lacking, an allowance of 2 to 3
percent of the naked hull resistance to the total resistance may be acceptable for
vessels up to di5p1acemehts of A= 500 toné;' '
3.2.2.1.7 The added resistance due to coursekeeping, Rgy is caused by the induced -

rudder drag and the resistance due to yawing and swaying motions. These components
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components can not be neglected at high speeds. Investigations of Rgy concerniﬂg
fast craft aré lacking.

"In accordance with the work of Norrbind an allowance of. at least 2 percent of
the appended hull res1stance should be made in case of a twin rudder conf1gurat10n
An increment of 2.5 percent can be adopted for practical purposes as an average
value.

3.2.2.2 Resistance Prediction Techniques

3.2.2.2.1 Resisfance Tests.. The wavemaking resistance of round bilge hulls is not

amenable to direct calculations. Model tests are the unique procedure to determine
this resistance component.

3.2.2.2.1.1 Typical models. The model size is selected within the limits given

by the tank boundaries and capabilities of the test facility as large as possible to
minimize scale effects. To overcome shallow water effects, however, the model length
should be smaller than 1.25 times the tank depth h, i.e., h/L > 0.8. To reduce tank
wall effects, the model length should be smaller than one-half of the tank w‘idth,6
The length of.the models varies from 2;0 to 6.0 m; dimensions of 2.3 to 3.8 m are
typical.

The models are built of laminatéd wood or of glass fiber reinforced plastic if
the equipment requires a low hull weight. To facilitate the flow separation, the
spray rails and hard chines are modeled separately in plastic and fitted to the Hull.
For determination of wetted area, Fhe hull sur face is marked by a net of waterlines
and sectionlines. If at low speeds of Rﬁ <5 . 106, the models are equipped with
boundary layer turbulence stimulators. For round bilge hulls, studs of 2.5 mm di-
ameter have been proven. They are located. abaft the stem parallel to its contour
terminating at the keel. |

3.2.2.2.1. 2 Typical smooth water test procedure The resistance test procedure

is very similar to that of dlsplacement ships. The models are free to heave and
pitch but fixed in roll, yaw, sway, and surge. The displacement is adjusted by fixed
ballast inside of the hull. The LCG of the model is carefully cpntrolled by balaéc—
ing the fully equipped model in air. The towing force which is épplied to the hull
in the plane of the propeller shafts at or near LCG is kept in line with the pro-
peller shafts at all running trim conditions. A typical towing set up is given in
Figure 3.2.5. The following qﬁantitie; are measured for a given displacement and

LCG:
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a.. towing speed; _ ot s
b. total resistance in the dirécfién gf‘bowiﬁé velocity, i.e., the horizontal
component of the towing force; - '

c. rise and sinkage of the modellat fore perpendicular (FP), LCG, and aft per=
pendicular (AP). : ‘ ‘

d. trim angles ;elative to the position of the ﬁull at rest .and vertical shift
of the LCG; and ’ - o }

. e. wetted area of the model by means of above-water photographs from séveral
locations and by QiSual ongtvations. At L/B < 5 underwater photographs are also
useful. | _

To determine the model appendagé dfag and to take into accouﬁ; the effects of
altered trim on hull  resistance due to the presence of the appendages, the models are
tested without and with appendages. The appendage drag data are required for cortec-
tions of the friction deduction in Calcgléting effective pbwéf.and fof cofrections éfl
the towing force in the self propulsion test.  Tests with the bare hull solely are:
not usual at round bilge hulls because the influence of the appendage forces on run-
ning trim and resistance cannot be éstimated theoretically. Thérefore, the results
of the bare hull tests are Qf ¥imited value.

3.2.2.2.2 Extrapolation Procedures

3.2.2.2.2.1 General considetration. The tesults of the resistance tests are’

, Tt S I . . . . :
scaled up as in the case of displacement ships by the method of Froude. The hydro-
dynamic resistance of a full-scale bare round bilge hull at F, > 0.7, which is.

compoSed_of

Ry,s = Ryp + Rp + Rp g

is calculated 6n the -basis of the relation
Rg,s = Rg + Rfs

where the residuary resistance Ry includes the resistance components Ryp, Rs,fand Rp.

By the equations

N

Pg

Ru,s = (Cr*Crs*Ca) . =

-2
Vs Su,s
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and - . ‘ '

m <[ RR)A. Pg 2
Ri,s [‘A—M]As + (cpg+cp) — Vg - Sw,s

e s : - : . : |
respectively, : . ‘e
i

where CR = residuary resistance coefficient, defined by CrR = Cr,M - CF M which, is

considered to be dependent on Froude number only : !

|
displacement weight of the model :

M
S

3.2.2.2.2.2. Practical extrapolatiOn procedures. The éffective power Pg is

disnlaceﬁentIWeight of the ship

calculated by applying the friction deduction Fpsp on the test results, which is

given for the model w1th appendages by

l
+ K - R,

v2
. = (s (v _ M .
Fpap = CpM -(CF,5*Ca) = M. Sy oy AP

. .‘. . |
where Sw,M wetted surface of the model without the surface of the appendages

nxon

Rap model appendage drag, obtained as the d1fference between ‘the model;

resistance with and without appendages at the same runn1ng trim '

= correction factor to compensate the scale effects of appendage drag.

>
]

On the base of References 7 and 8 the value of K varies with Rn'ofi
the appendages from 0.4 to 0.6. ’ ' [

The effective power of the full-scale appended hull is computed by

P pS
E T = . 3.5
A
' pM

(Rr,M with App. - Fpap) - VM

where A = scale ratio |

3.2.2.2.2.3 Possible scale effects The full-scale resistance of round bilge‘

hulls, pred1cted on the basis of model test results is afflicted with scale effeéts
which are involved with: , : !
a. Skin friction resistance | _ '
Errors arise by the different R, of model and full-scaLe vessel, by the used
formulation of the skin friction coefficient and its incomplete consideration of Eorm
‘effects, by the influence of the unknown roughness of the model, by the chosen model
I

'
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ship correlation factor accounting for the effectfg?ﬂfgll*scale hull roughness, and
by the type of used turbulence Stimulatbr and its résistance.

Further errors can arise by difference in wetted area (side wetting) dué'tg sur-
face tension effects, which can hinder the flow separation.

b. Spray drag

Due to the different Weber numbers W, of model and full-scale size, the spray
formation at the model is not similar to that qf the vessel even at the same Froude
number. The spray of the model consists of a coherent sheet of water instead of a
jet of water dr0piet§ as occurring at the vessel. Thus the spray wetted area of the
model iS'greaEEr than that of the prototype. In addition, the reattachment of spray
is facilitated.

If the spray wetted area is not taken into account in calculating the frictional
resistance of the model, i.e., the wetted surface at rest Sw(v=0) is used, the
residuary resistance becomes overestimated and by this the total resistance of the
ptOtbbype~1ikewise. '

Because the wetted area of the frictional reésistance calculation inéludgs the
spray wetted area, the residuary resistance is underestimated. ‘The‘resistahce of the
full-scale vessel becomes too small. More reliable predictions can be obtained by
usiﬁg the wetted aféa underway-without the spray region. With the exception of a
hull with spray rails, which has a compatatively small spray wetted area, spray drag
must be carefully considered in each‘pértiCuiéf'égﬁe.

c. Running trim

Due to the relatively larger éomponents of the model frictional resistance and
the model appendage drag and due to the different interactions between the appendages
and the hull at the model and at the prototype, the running trim of the full-scale
vessel can differ from that of the model. By this, errors in the wavemaking resis-
tance Ry and additionally in the frictional resistance due to the change of wetted
area, can arise. Moreover the hull resistance of the propelled full-scale vessel can
be different from that of the towed model because of the propeller induced pressure
field and the propeller shaft forces can alter the running trim. -

d. Aerodynamic drag ' '

The drag of the Superstructure of the model if not towed behind a wind screen,
the bldckagé effect between model and towing carriage, and the carriage interference
effects on the ambient free surface can give rise to changes of attitude and running

trim of the model with_its'consequences on the resistance components.
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e. Blockage effects

The tank wall boundaries can cause a change of attitude and running trim of the
L
[
"model. :

3.2.2.3 Test Procedures and Instrumentation Uniquée to Resistance Test of - -

Semidisplacement Hulls

_used

In general the test procedures and the instrumentation are similar to thés

for conventional displacement ships. Following techniques are divergent:

a. The application of the towing force in line with the propeller shafté t all

] el { I

trim angles. - ' ' i

b. The use of a wind screen at high model speeds of V > 6.0 m/s-to eliminate

the aerodYnémic drag of the model and its superstructure. : !

c. .The determination of the wetted surface by means of underwater photographs
in special cases.

A

3.2.2.4 Outstanding Problems in Prediction of Smooth Water Resistance -

The usefulness of the performance pfediction must be improved by a correct com=
putation of the spray resistance. The spray phénomenon is not fully explored. ﬁun-
damental investigations arée necessary relating to:

a. Ehé.ffictibnal‘drag of the spray area,

b. the influenée of Weber number on development and extent of spray, and

¢. the direction of flow in the spray area.

Additionally, a more practicable method to determine the spray wetted area than
by visual and photographical observations is imperative. Another problem is relited
to the blockage effect at F, > 0.4 and its influence on attitude, trim, and resis%

tance.

3.2.2.5 Recommendations to the 16th ITTC for Resisgaqce~5tudies

3.2.2.5.1 Séﬁdyrgﬂéiphenomena éf spray. —

3.2.2.5.2 Develop methods for calculating and extrapolating the spray drag.
3.2.2.5.3 Iavestigate the tank wall influence on trim and resistance of round bilge
hulls at-Fy > 0.4. | ‘
3.5;2.5,4 Examine the aerodynamic. blockage and interference effects between the I
towing carriagé and the ambient free water surface. |
3.2.2.5.5 Examine the effect of the appendage forces on running trim and resiStﬁnce .

of semidisplacement hulls.
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3.2.3 - SEAKEEPING INVESTIGATIONS

Because of the absence of adequate:theoretical, methods to predict the behavior

of semidisplacement round bilge hulls in a seaway, Seakeeplng tests are still re-
quired. The model selection, test procedures, quantities measured, instrumentation
and data processing and representation are identical to those of planing hulls as re-
ported in the status of hydrodynamic technology of this vessel type (Section 3.3.3).
The outsganding problems -and the recommendations to the Seakeeping Committee are
equal to those of the planing hulls. :

3.2.4 MANEUVERABILITY INVESTIGATIONS

Investigations on the maneuverability of round bilge hulls are not usual in com~-
mercial test work. This type of vessel is characterized by a high dfrecfibﬁal sta-
bility at speeds of F, < 0.8. Roll induced yaw moments do not occur at moderate
speeds. The necessity to perform maneuvering experiments is therefore limited in
most cases, to special designs and to low speeds. Experimental data of the maneuver-
ing qualities of round bilge hulls are very rare. '

3.2.4.1 Exper1menta1 Procedures, Data Collection and Presentat1on

The test procedures, which can be performed with frée running or capt1ve models;
the definition of the quantities which identify the maneuvering characteristics of
the hull; the data collectioﬁ; and the presentation are identical to those of dis=
placement ships and shall not be addressed here. '

3.2.4.2 OQutstanding Problems

At low speeds, the outstanding proBlemsvaré sImilar to those of displacement
ships. At high speeds, cavitation phehomena can occur- at propeller shafts and struts
in a turn. Inberacbibn between the cavitating appéndages and the hull can possibly
influence the running trim of the craft. _ '

Another problem of great interest concerns the course-keeping capabilities of
roundibilge hulls in qudrtering and following seas.

A furthef important problem of this type of vessel is the roll induced direc-
tional instability at very high speeds. Due to the decrease of the dynamic pressure
in the region of the bilge, at’Fn > 0.8, the craft indicate a tendency to heel.

The unsymmetrical underwater hull in the heeled condition causes yawing moments which
can lead to broaching. Fundamental research on the influence of the section curva-
ture on the hull pressure distributien and-Stébility losses is necessary.

3.2.4.3 Recommendation to the IQQhVITTC for Maneuverability Studies

3.2.4.3.1 Collect model and full-scale maneuvering data of round bilge hulls.
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3.2.4.3.2 Study and recommend suitable test procedures to predict the maneuverabil-
ity charactg;istiqs of round bilge hulls. _ | . ) |
.3.2.4.3.3 Study ﬁhé influence of cavitating appendages on running trim in a turn.
3.2.4.3.4 Invéstigate the pressure dis;ributioq”in the bilge region at F, > 0.8 and
study its influence on the fransverse stability underway of round bilge hulls.

3.2.5 PERFORMANCE INVESTIGATIQNS

3.2.5.1 Types of Propulsors Used

The following types of propellers with fixed or controllable pitch are use4 for
sémiplaning hulls: _ .
7 a. Subcavitating propellérs on inclined shafts, ; ‘
b. Supercavitating fully submerged.propellers on inclined shafts. '
c. Subcavitating propellers in tuﬁnel-stern, and in special cases,
d. Partially submerged propellers (in tunnel stern).

For all these propulsors, twin or mul;iple screw installations are common.

The hull resistance pf semidisplacement vessels is very sensitive to the ruﬁning
trim angle. 1In Aeterminipg the power‘perfgrmancé of this vessel type, all fhose
hydrodynamic forces and moments which can affect the equilibrium condition have to
be taken into account accurately. _

For the self-propelled vessel, these forces include, besides the hull forces,
the appendage ‘and propeller forces. The hull forces are given by the wavemaking‘and
viscous'resistance, the bubyant.lift, and the.hydrodynamig lift. The appendagg fo;_
ces arise by the different drag components of the appendages, and by the liftuéffthe
appendage elements inclined to flow, mainly of the propeller shafts. The propelaer
forces include the shaf; forces and the.forces inducgd on the hull. . The propéllér
shaft forces are caused by the shaft inclinatipn and the ébiique propeller in£¥oﬁ.
They are composed of the horizontal and vertical thrust cégponents Ty and Ty respéév
tively and of the upward qirected propeller transverse force EY’in the plane of tbe
prdpelier. Moreover, thrust ahd torque are higher than;iﬁ axial inflow at the same
advance ratio. The propeller forces induced on the hull are generated by ;hevpre§—'
sure field of the propeller operating near the bottom. Theéey result, in the case gf
subcavitating propellers, in a sq;tion force upstream and iq a pressure force down-
stream of the propeller. Depeﬁding upon the propellgf load, the running trim in-,

creases approximately by 0.3 to 0.7 deg. The influence of cavitation on running trim
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is not definable at present without tests in a vacuum tank or a large cavitétion tun-
nel. Figure 3.3.7 of the status repéftJaf bbevhydfbd§ﬁamic_technology of the planing
hull, which presents the appendage and propeller forces acting on the bottom of a
planing hull, is also valid for semidisplacement vessels. Analytical methods to
estimate these forces,are given-in Reference 3. ' . _

Because the center of application of the hull forces is not definable, as in the
case of prismatic hull forms, the running trim of round bilge hulls is not amenable
to theoretical calculations.

3.2.5.3 Self-Propulsion Test

The most reliable performance data of gbund bilge hulls are obtained on the
basis of propulsion tests. These tests take into account all those forces and
effects, as described above, which can influence the running trim and by this the
power requirements. As well, the propulsive effect of the rudders as the effect of
shaft‘inclination and trim angle on the propeller characteristic is accounted.
Solely the development of cavitation which occurs at the prototype and which can have
a considerable influence on the performance, cannot be simulated at propulsion tests
in open towing basins, where Froude numbet and cavitation number cannot be realized
simultaneously.

3.2.5.3.1 Model Selection. The model size depends mainly on the ratio of the full-

scale propellér diameter to the available stock propeller diameter which should guar-
antee supercritical R, at 0.7 R of the the blades. ' The model size is also affected
by the weight of the propeller driving gear and the measurement devices. For this
reason, the dimensions of models.limited by tank boundaries, as described in Section
3.2.2.2.1.1 are mostly larger than required for resistance ﬁests. They are made of
glued timber, plywood, or glass reinforced plastic and fitted with appendages. Rud-
ders and fins are often moveable for optimizing the neutral angle of attack at pro-
pulsion conditions. Turbulence stimulators at the models are required for Re < 5.
10-6. _ '

The diameter of model propellers varies. from'0.12 m to 0.2 m, approximately.
Due to the high propeller thrust loadings at high épeeds, the propulsors are commonly
made of brass or gun metal. , A

3.2.5.3.2 Test Procedure. The self-propulsion tests can. be carried out at the ship

propulsion point as common for displacement vessels only in the low speed ‘range. For
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higher speeds, overload and underload tests,.respectively, are more suitable. At
these tests the quantity of remaining towing force, which is applied as an external
force on the model, is measured together with thrust, torque, tate of rotation, 'and
rise and sinkage at FP and AP. These measurements allow calculation of the delivered
power and the propeller revolutions for a rangé of altered propeller thrust loads.

By this, different roughness allowances, altered displacement, and additional déag
components for wind, steering, rough water, etc., which cannot be simulated at the
model tests, can be taken into~acceunt. ' By means of a modified overload test, the
delivered power under trial conditions can be determined directly. The rate of rota-
tion of the model propellers is varied at a fixed speed to that value which yields a
remaining towing force corresponding to the frictional deduction reduced by the
scaled drag components 6f the trial condition. '

3.2.5.4 Wake Measurements

Measurements of the wake distribution in the propeller plane are limited to
special cases, where propeller induced vibrations due to the presence of the strut
arms are assumed.

3.2.5.5 OQpen-Water Tests

The open-water tests are generally performed in the usual manner at axial inflow
conditions, thus, at semidisplacement hulls, the pr0pellers are mostly operat1ng in
oblique flow. Tests with varied shaft inclinations and cavitation tests are l1m1ted
to special hull designs. ‘Hence, the effective wake fraction, based on the axial, flow

open water test is used, in most cases, for designing the full-scale propeller. {

3.2.5.6 FgllfScale Performan;e Estimates : : l

The performance estimation is; in general, quite similar to the procedures ﬁsed
for conventional displacement ships. But unlike this type of vessel, the propulsive
performance of semidisplacement hulls to some extent depends upon ‘the effects of
oblique propeller inflow ‘and of cavitation phencmena which are intensified by the
nonaxial propeller inflow conditions. Both effects must be accounted for carefully.
Two methods of full-scale power prediction are common. -

3.2.5.6.1 Performance Predictién Based on Propulsion Tests. This method is\ﬁsed

mostly for the noncavitating speed range. The delivered power and the propeller
revolutions are obtained by direct extrapolation of the measured model values. If
the trial conditions are not taken into account at the propulsion tests, trial allow—

ances must be applied on the tank values..




The mean inflow angle relative to the propelle shaft can be dssumed to ap-

proach:
Y= 5+8 (See Figure 3.2.6)
wheté & = angle of shaft inclination relative to the mean buttock
6 = trim angle underway

Iﬁe effective inflow angle is.small as feported in Reference 9. Depending upon
the hull apnd shafting geométry, it does not increase proportional to running trim.
'For moderate-nonaxial propeller inflow, the angie is less than six degrees.  The pro-
‘pulSive'coefficients"eah be analyzed in the conventional manner. The effectlve wake
fraction Wy, based on thrust identity, is determined with axial flow open—water

characteristics as

l The thrust deduction fraction is found with: the axial thrust (which is assumed to be

horizontal):as

At nonaxial inflow angles of ¥ > 6 deg, reallstlc values of the propu151ve coeffi-
c1ents can be obtained on the basis of inclined shaft open-water tests or by a cor-
rection of the propeller characterlstlcs Kt and KQ of the axlal flow open—water

test by 2 a method proposed by Gutsche.l0 The correct values of

which'a;e very low can become'negative_with_increasing.inflow angle . The propeller

éfficiency which is given by

Ny = KTy - o8y - Ry siny Iy

Ky 2m
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: . . . . . . .. !

where Ky is the normal force coefficient, is commonly lower than 1in axial inflow.
. . : ] [

Correct values of the thrust deduction fraction ty are obtained on the basis of the

horizontal or net thrust force Ty as indicated in Figure.3.2.7 as

Tx = TW cos Yy - F sin

G-

where Fy is the propeller normal force. The calculatiog,with the more convenient -
axial thrust T , which includes the resistance increment‘due to thé horizontal éro-
peller suction force and the difference between axial and horizontal thrust;'leédé to
higher values of the thrust dediction fraction. The correct hull efficiency_nH‘is
based on the inclined shaft wake fraction WTw and the cortected thrust deductioﬁ

fraction ty.

3.2.5.6.2 Performance Prediction Based on Res1stance Tests. Fdr_partially and fully

cavitating propellers, propulsion tests are 11m1ted to large CaVitat%?n'tLJHEIS-%f to
vacuun tanks. Therefbre,.the performance est;mates for these full-scale conditions
must be derived in most cases from resistance tests and propelleerpen—water tests at
full-scale cavitation numbers. The delivered power is determined by use of the @ro-

pulsive coefficients:,

o« ™ "R

where no propeller éfficiency at full scale cav1tat1on Aumber
g hull efficiency (1- t)/(l-w) ’ ' V
WR relative rotative efficiéency o ' f}

[ ] . T .

in the common manner as follows

p = PEHull * PE app * ZAPE
, il |
D . ‘

where ZAPg is the sum of the added effective power due to parasitic drag, aero-

dynamic dfag, rough-water drag, and coursekeeping drag.
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The thrust deduction factor t, the wake fraction w,'and the relative rotative
efficiency are determined from test results of siEifé?ihull designs. The reliability
of the estimates is improved if the propeller cavitation tests take irto account
different shaft inclinations. Both components of the hull efficiency should be cor-
rect for an inflow angle which is assumed on the basis of test results of a similar
vessel. The required propeller speed can be determined by;meané of'K/leand the
thrust advance coefficieqt. _ '

‘This performance prediction procedure is of limited accuracy. The majority of
the moments arising by lift, drag, and propeller forces and which are contributirg
to the running trim are not taken into account. The different effects of the ‘rud-
ders, which can produce a drag or an additibnal thrust component, depending upon
their position in or outside the propeller slip-stream and depending upon propeller
- loading and advance ratio as'reported by References 11 and 12 are completely neglec-
ted.

"3.2.5.6.3 Scale Effects. The ﬁredicted performance data are influenced by scale

effects. Besides those described in Section 3.2.2.2.2.3 for the hull, the progulsdr
itself and its interactions with the hull are subjected toVstcous effects. Differ-
ences in the velocity and pressute distribution depending upon R, but likewise on

the development of cavitation on the propeller can result in altered trim conditions
with all its effects o6n hull resistance. The cavitation phenomena are highly af-

flicted with genuine scale effects and test technique effects. Propeller efficiency,
and hull and relative rotative efficiency, which are strongly dépendent upon propel=

ler cavitation, are also exposed to scale effects.

3.2.5.6.4 Correlation of Model and Full-Scale Results. "For noncavitating condi-
tions, the correlation between predicted power based on propulsion tests ahd'full—
scale performance is sufficiently good. Correlation'factors for propeller rotational

speed as given in References 13 and 14 are useful. For partially and fully cavitating

propellers, the thrust and efficiency losses of the prototype atre greater than predic-

ted from cavitation tunnel tests. The differences between model and ship propeller
performance become smaller if cavitatjon is fiully developed. Cotrelation factors for
delivered power and prOpellef speed, taking into aécount‘bhe cavitation condition,
are not-évailaﬁle-for.round bilge hulls. Some information about the influénce of
cavitation on the propulsive characteristics of planing hulls, as given in Reference

15 are also useful for semidisplacement hulls.
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©3.2.5.7 Outstanding Problems in Performance Investlgatlons

3.2.5.7.1 Effects of propeller induced forces on rumning trim for partially and
fully cavitated flow . E
3.2.5.7.2 Scale effects of propeller forces and propeller induced forces in axial
and nonaxial flow

3 2.5.7.3 Useful analytical power prediction method for the cavitation range based
on resistance or propulsion test results )
~3.2.5.7.4 Effect of highly loaded propellers on rudder drag and fudder thrust of
high speed vessels -

3.2.5.8 Recommendatlons to the l6th ITTC for PropulSLOn Studies

3.2.5.8.1 Collect all available full- scale performance data of semldlsplacement .
‘hulls .at speed F, > 0.5 _

3.2.5.8.2 Investigate the effects of cavitarlon and . shaft inclination on the propel-
ler hull interactions and the propulsive coefficients

3.2.5.8.3 Develop a method for estimating the net rudder force of high speed round
bilge hulls _ : |

3.2.5.8.4 Develop a useful power prediction method based on the resistance or pro-
pulsion test data for cévitﬁting'propellers

3.2.6 PROPULSOR INVESTIGATIONS E o

3.2.6.1 Propulsor Problems Unique to High Speed Semidisplacement Hulls

Typical propulsor problems are discussed in Section 3.2.5.1. Propulsor problems
which are unique to semidisplacement hulls do not exist at present. The main probe _
lems of interest arising also at other vessel types are: i ‘
3.2.6.1.1 Propeller characteristics for oblique inflow at ¢ > 6 deg and for noocavi—
tating and cavitating condltlons
3.2.6.1.2 Propeller induced forces on hull, shafting, and struts at fully or par—
tially cavitating conditions. ' x
3.2.6.1.3 Propeller characteristics of partially emerged propulsors in‘a tunnel

stern :

3.2.6.2 Recommendatlons to 16th ITTC for Propulsor Studles o T

|

No special recommendations to the propulsor commlttee are necessary at present.:
|
The problems of interest in Section-3.2.6.1 are a matter of permanent research work. l
" J
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3.2.7 CAVITATION INVESTIGATIONS

-The cavitation problems at the propellers of high Speed semiplaning hulls are
not very different from those arising at the other vessel types. A special problem
of interest is the effect of oblique propeller inflow on cav1tat10n and. 1ts 1ncept10n
at inflow angles ¥ > 6 deg: No special recommendatlons to the cav1tat10n commlttee,
which is concerned with the problems of high speed propulsors, are necessary.

3.2.8 PRESENTATION AND INFORMATION o '
The list of the ITTC Standard Symbols does not include special terms and symbols

which.are used for the ship geometry, resistance components; and performance of semi-

displacement hulls. The ITTC Standard Symbols and the ITTC Dictionary of Ship Hydro-
dynamics should be supplemented by these symbols and terms in accordance with those

which are applied to the field of planing hulls
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Figure 3.2.5 = Towing Setup for Resistance Tests
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Yy=5+0

Figure 3.2.6 = Velocitiés at Propeller in Oblique Flow
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Figure 3.2.7 - Forces at Propeller in Oblique Flow
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‘3.3 PLANING HULLS

by
Daniel Savitsky

Stevens Institute of Technology
Davidson Laboratory

3.3.1 CONCEPT DEFINITION

3.3.1.1. Configuration
The planing hull is designed for operation in the speed range F, > 1.0. The

hull form is characterized by:
a. Sharp chines and transom stern to induce flow separation at the stern

and along the sides;
b. Straight buttock lines, especially the avoidance of convex sections

aft of the bow area, to prevent development of negative dynamic bottom pressures;
c. Bottom deadrise, increasing rapidly in the bow area, to reduce impact

loads in waves and to provide lateral area for maneuvering; and
d. Fine entrance waterlines to reduce low speed resistance.

Typical high-speed planing hull geometry is shown in Figure 3.3.1.
When the planing hull is driven beyond the displacement ship speed fange

. (Fp>1.0), it develops positive hydrodynamic bottom pressures. As the hydrody-

namic lift increases with increasing spéed, the amount of.hydrostatic life decreéées
acCordinély. Figure 3.3.2 shows the relation between hydrostatic and hydrddynamic
lift components versus F, for a typical planing hull, and indicates the approgimate
speed coefficient at which the center-of-gravity initially rises. In the planing
condition, the flow separates from the transom and chines, and the drag—td—lift
ratio is essentially constant for a given trim angle. '

Figure 3.3.3 illustrates typical floﬁ_patterns over the wetted bottom area when
planing. The'stagnation line separates the pressure area from the forward, so-called
"whisker—-spray' area. The geometry and extent of these wetted regions vary with
speed, deadrise, and ttim angle. Underwater phdtographs of planing surfaces clearly
identify the éressure area which is used to nérma}ize the frictional drag component.
The spray area ddeé not appear in underwater photographs, but can be estimated from

overwater visual observations,1
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_Figure 3.3.4 contains plots of typical variations of res1stance-to-we1ght rat1o.
and trim as a function of Froude number for various hull length-to-beam rat1os. It
is apparent that, especially for low length-to-beam ratios, the trim angle variations
are substantial. Although not shown, the wetted bottom area also varies with $peed.
In the planing speed range, there is no side wetting for moderate to low length-to-
beam ratio hulls. There is some aft side wetting due to flow reattachment forzmod?

erate to high length-to-beam ratio hulls. The extent of this side wetting is a func-
| .

tion of trim angle, speed; and lengch-to*beam ratio.? ‘

3.3.1.2 Range of Geometr cfAnd,Qperational Variables

The plan1ng hull form is extensively used for military patrol craft, crew boats;
recreational craft, high-speed ferries, and racing craft. The followinhg range of
geometric and operational parameters are typical for existing and projected planing

hull designs:

Length (Loa) 4 -60 m :
Length—t o-Beam Rat1o 3=-7 ‘ : '

N |
Displacement - 600 long tons

i Sﬁeed 20 60 knots

3.3.2 RESISTANCE INVESTIGATIONS (SMOOTH WATER) i

3.3.2.1 Resistance Components . - : i

The total resistarce of a hard chine plan1ng hull is the sum of the following

components: . ’ i
Ry = Ryp *+ Ryp * Rp + Rg + Ry + Rgp + Rap

where Ryp = wavemaking resistance
Ryp = wavebresking resistance

Rp = pressure or induced drag
i

Rg = spray resistance in whisker spray area; essentially a viscous drag
coMponent which is pfesently taken to be dependent upon Reynolds
number. (Not developed in the displacement speed range.l)

Ry = viscous resistance in pressure,area. Dependent upon Reynolds number.1 '
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the planing condition is: \

Rpp = apbendage~resistance, inclqdigg?struts,h§haf§s, rudders, water scoops,
' interference drag, etc.3 '
= aerodynamic drag. Dependent upon frontal. area of superstrueture and

F

fineness of bow. In model tests, the superstructure is usually omitted.%

In the preplaning speed range, the spray resistance is negligible and the re-
maining components of fesistance are identical to those for displacement ships with
their usual dependence upon Froude number and Reynolds number.

Fer a planing prismatic hull with straight buttock lines aft, the following.

simple relationship exists when planing:’

Ryp + Ryp + Rp = A tan 1

where A = displacement

<
n

trim angle

so that the hydrodynamic resistance Ry of an unappended prismatic hull operating in

Ry = atan7 + Ry + .Rg

pressure viscous
drag drag

Figure 3.3.5 1dent1f1es the dlstrlbutlon between viscous drag and pressure drag for
var1ous trim angles as a funct1on of deadrlse angle. For each deadrlse surface,
there 1s a specific trim angle at which the drag is a minimum. In the usual planing

hull tests, the sum of v1sc0us’and spray drag is called total v1scous drag.

3.3.2.2. Res1stance Predlctlon Techniques

3.3.2.2.1 sz1ca1 Model Unappended models which vary in length from 1 mto5m

are used for effective horsepower (EHP) tests. The scale is selected such that (a)
the hump speed is less than the critical speed of the tank and (b) because the same
model will most likely also be used in seakeeping tests, the model scale sh0u1d allow

for simulation of the full—scale sea state within the wavemaking capab111t1es of the

test facility.
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Models are usually constructed of wood or glass reinforced plastic_(GRP) with a
- strip of thin mylar plastic attached to the vertical edges of the chine and extending
approximately 1/32-ip. below the chine in order to promote separation. Also, the
transom is slightly recessed to promote flow separation at the stern. Lucite models-
can be used providing the chines and transom are sﬁarpened to promote flow separa-
tion. Every effort would be made to avoid extraneoue convex surfaces in the model
because at high test spéeds, they will develop significant negative pressures. ;

For deep water testing, it is believed that there are minimal wall effectsiif
the tank width is at least seven times the model beam. It is strongly recommended
that appropriate studies be undertaken to identify the effect of tank boundariesvover
the entire speed range of planing hulls.

3.3.2.2.2 Typical .Smooth Water Test Procedure. The EHP tests are typically con~

ducted with the unappended model free-to-trim and heave, but f1xed in roll, yaw,
sway, and surge. The model is ballasted with various combinations of fixed ballast
weights inside the hull to enable easy simulation of the various loading conditions
(normally three displacements and threée longitudinal centers of gravity (LCG))
required by the designer. A pivot box, from which the model is towed, is instalhed
in the model so that the tow point corresponds with the shaft line, usually in the
midship vicinity. Provision is.made to unload the model for the vertical component _
of thrust in order to assure that the‘resultant "simulated" tow force acts along the
shaft line. Unloading tébles are usually generated in advance so as to expedite;the
test program. For combinations of large trim angles and shaft angles, the unloading
correction can be significant. - )

~Because the drag of planing hulls is_sensitive to-tunning trim angle, consi&eraf
tion should be given to the pitching moments created by the lift and drag of the!.
appendages and by the induced propeller forces and moments. Analytieal estimates of
these effects can be made using the procedures of Reference 3. 1If these induced‘ -
forces and moments appear to have an impsrtant inflqence on trim angle,‘then their
effect on hull drag can be accounted for by interpolating withiq the bare hull drag
data obtained for the range of loadings end LCG positions originally specified For
routine commercial tests of planing hulls, the usual procedure is to only represent
the propeller thrust along the shaft line. ‘

It is recommended that further research be directed to quantifying the effects

of propeller and appendages on planlng hull performance. Reference 5 presents a

\
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further discussion of this subject and .suggests a thel_test procedure for represent=
ing these effects. ' . '

Boundary layer turbulence simulation is required in. the planing regime when the 7
Reynolds number (based on mean wetted length) is less than 5x106. Because of / 0
variable wetted areas, some test facilities tow turbulence-inducing struts ahead of
and along the model centerline. ‘The effectiveness of 0.040-in. diameter strut is
demonstrated in Reference 6 and Figure 3.3.6 which is taken from that reference.

Other facilities usé turbulence stimulators, such as studs, mounted at various longi-
tudinal locations along the bottom. The usual Reynolds number for model appendages
is so small that turbulence stimulation is not likely; hence, appendages are not in-
cluded on the model and their full-scale drag is best calculated .4

_The chine and keel lines are striped to indicate distance from transom. From
underwater photographs, the wetted length of the keel (Lg) and chine (Lg) are deter-

mined and used to define:

Wetted Pressure Area = (——5_—__) b
. : L L
Mean Wetted Length = (=§;%——9)

Iy + L
Reynolds Number = (—K—Z—C) %

where V = model speed
v = kinematic viscosity
b = beam '

all in appropriately consistent units.

In a typical model test, the sum of the viscous drag in the spray and pressure
areas is normalized on the basis of the wetted pressure area.

For a given displacement and LCG, the quantities measured during an EHP test
include: . '

a. Total resistance in direction of towing velocity,

b. Trim angle of hull relative to base line,

65




|
i
| |
.c. Vertical position of center-of-gravity relative to static location for the
entire speed range. p - . e i
d. Tow1ng speed.. -
.e. Wetted pressure area from underwater photography, - |
- f. Whisker spray area from visual observations (0ptlona1) . and
g: Photograph of model underway

3. 3 2.2.3 Extrapolatlon Procedures The bare hull resistance data are extrapdlated-

for full-scale values in accordance with the Froude hypothesis. Estimates of the :

appendage forces and aerodynamlc forces are then added to the hull drag.
‘Crs = (Cy - Cpy) + Cps
where Ctg ='tota1 resistance coefficient of unappended full-scale hull
Cry = total resistance coefficient of unappended model hull : ;
CpM = viscous friction coefficient of model using ATTC Schoenherr or ITT
friction line

| |
Cps = Vviscous friction coefficient of full-scale hull |
' ' i

All coefficients are normalized on the basis of wetted area exclusive of spray
area. A su1tab1e correlatlon allowance Cp is selected in collaboration w1th the

client. It is usual," however, to take Cp=0 because the bottom surface of planlng

hulls are generally quite smooth.
. . - . . H
The use of the flat plate friction lines is somewhat questionable because,:as

shown in Figure 3.3.3, there is a large accelerated flow in the pressure area Just
aft of the stagnation line. Research stud1es should investigate this matter. ’;
Equally important is the development of a basic understanding of the frictional Frag

\
in the "whisker-spray" area. N

\

Several limited geoselm tests of planlng hulls have been inconclusive’ as related
to uncertain "scale- effects on.runnlng\trlm angle and viscous drag. A basic, |
-thorough geoseim-test program is recommended. - - ' ' %
3.3.2.3 Procedures, Instrumentation, Tests, etc., Unique,tgigesistance‘Tests of'

Planing Hulls

|

Except for the special cons1derat10ns mentioned in Sectlon 3.3.2.2., the proced-
ures, instrumentation, and test procedures are similar to those used for conventional
I

displacement sh1ps.
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3.3.2.4 Outstandlng Problems in Prediction of Smooth Water Res1stance

The application of the flat plate skin friction 11ne to. planlng surfaces should
be examined in view of the large accelerating flows aft of the stagnation line. The
frictional drag in the whisker spray region should be examined and properly formula-
ted in terms of Reynolds number, Weber nuﬁber,‘and extent .and direction of spray vel-
ocity; Reexamination of methods for stimulating turbulence in the boundary layer is
required for model Reynolds numbera less than 5 x 106. The effect of tank boundary
conditions on planing hull resistance should be &efined,

3.3.2.5 Recommendations for Resistance Studies to the }§th ITTC

3.3.2.5.1 .Examine and recommend methods for turbulence stimulation in boundary
layers subjected to large accelerated flows.

3.3.2.5.2 Examine the applicability of flat plate. fr1ct10na1 coefficients to the
large accelerated flows on‘planlng surfaces. )

3.3.2.5.3 Examine and recommend methods for estimating spray drag and extrapolating
to full-=scale valuea. ‘
3.3.2.5.4 Examine and -recommend methods for separate expansion‘of appendage drag.
Especially consider the advisability of including appendages in EHP model tests.
3.3.2.5.5 Document carriage interference effects on ambient free surfdce conditions.
3.3.2.5.6 Review and investigate all available informatioa on wall and shallow water
effects for F, > 0.3. '
3.3.2.5.7 Examine effects of appendages-agdupropeiier-induced effects on running

trim and performance*oflplaning‘hulls.

3.3.3 SEAKEEPING INVESTIGATIONS

At the present t1me, there is no completely developed theoretical method for
computlng acceleratlons and motlons of hard-chine planlng hulls in irregular seas—-
especially in the planing speed region. References 7 and 8 describe the most recent
theoretical efforts in this regard and indicate fairly good agreement with measured
motions. The predicted accelerations, however, indicate that further theoret1ca1
developments. are necessary. Hence, model tests are essential, Because planing hull
responses are nonlinear, the superposition procedures are not applicable so that

meaningful tests can only be made in irregular seas.
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3.3.3.1 Model Selection

The model scale used for seakeeping tests is usually identical to that used in
the previously described EHP tests. Of special concern is ‘that the hodellsiZe be
suitable to allow for proper simulation of the desired sea state within the waﬁe-
making capabilities of the test tank. Further, the model should not.be so small as
to prevent simultaneous scaling 6f the mass and moments of inertia when the necessary
test apparatus and inétrumentation are installed.

The>test model is fully appended with proper” location of the-deck house, b&eak-
waEers, etc., to evaluate the probability of superstructure impact and spray wektihg

resulting from waves breaking over the bow.

The model is aftached to the towing carriage by suitable pivots located at|the
center of gravity. Provision is made within the model to'telocate"the’pivot,bo# as’
necessary in order to represent various CG locations. The model deck area is mgde
watertight to avoid shipping water. The moments of inertia are obtained from free-
oscillation of the model when suspended from a knife edge and considering the system
to be‘a compound pendulum. Standard formulations are used to translate thesé results
into values of radius of gyration.
3.3.3:2 Typical Model Tests

Planing hull tests in head or following seas\are usﬁa11y accomplished by con-

stfaining an unpoweréd model in surge, yaw, roll, and sway and running'at constant
speed. Reference 9 demonstrates that constant speed tésts in head seas produce !
essentially the same motions, oscillations, and added resistance as the more complex,
free-to-surge tests where the model is towed with constant thrust. Constant speed
tests in waves increase the Eank productivity andvequdite data analysis when perfor-—
mance analysis is to be made at selected speeds. It is recommended that all towing
tank facilities relate their experience in comparing fixed and free-to-surge tesF
- results. .
Planing hull seakeeping test objectives and procedires are basically similar to
the displacement ship except for the following differehcesr
a.- Because of high model test speeds, there are fewer numbers of wave encoun-
ters in a given tank length so that repeat runs are necessary in different sections
of the irregular wave system to obtain at least 100 wave encounters. The data from
the separate runs are "pieced" together and statistically analyzed as one continuous

run.
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b. High=speed tests in oblique segs‘afe-usually not attainable because of the
low speed and dimensional limitafions of existing maneﬁ;ering tank facilities. Low-
speed tests, however, can be carried out to azlimited extent using small model ‘
lengths. , ' _

¢. In the planing speed range, hull slamming is very common and special consid-
eration must.be given to assure proper frequency respoﬁSe of installed accelero=
meters. )

d. Simulécion of surf zone operation is'necéssary for Qccasiona} tésts of
pianing.hull landing craft. . 7
Although most tests are conducted in irregular seas, regular waves are occasionally
used for basic studies such as examining the extent of lihéérity, etc.

3.3.3.3 Quantities Measured During Tests

The quantities measured during seakeeping tests dépend upon the clients' needs,
but-usually include:

a. Speed of model,

b. Total resistance,

c; Accelerations at the CG, bow and stern,

d. Trim angle, -

e. Heave motfon, usually of CG,

f. Relative bow motion, '

g. Wave height, at stationary point in taﬂk;.'

h. Closed=circuit television and/or movie coveragée of model behavior,

i. Roll motidns; and

j. Natural periods and damping ratios in heave, 'pitch, and ﬁbll at zero speed.

3.3.3.4 Instrumentation Used in Wave Tests

The wave profile in the test section is usually measured by a stationary wave
ppobe‘of‘resistance,'capacitance, or'ultrasonié type. Moving wave probes have been
somewhat inconsistent--perhaps due to spray generation or other uncertain effects,
mainly at high towing speeds.

The accelerometers must measure (a) wave-induced hull motion accelerations where
the maximum frequency -can: be estimated from the energy content of the spectrum in the
frequency of encounter domain and (b) hull-wave impact accelerations which are of
substantially higher frequency. In either case, the accelerometers that are selected
should have a damping constant equal to.-70 percent critical (to.obtain a linear out-

put to as large a frequency as possible) and a'natd;al frequency at least 2.5 times
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greater than the expected frequency of a hull-wave impact. Some guidance in this
regard is the following empirical solution for the maximum freguency éomponentg(in

o 1
hertz) of the hull wave impact acceleration for typical planing hulls:

1/2
o9lny | |
. 2("y10) s -

fim =
mpact 2
A1/6
where A = craft displacement, metric tons )
1/10 = 1/10 highest CG acceleration, g (see Reference 2)

This formula is still to be verified 4nd, thus, it is recommended that all towing
tanks compare their methods for selecting accelerometers and perhaps agree on one

procedure. -

The intent in model testing is to measure the rigid body accelerations; hence,
the model construction should be as stiff as possible. Even so, it will be found
that all -models do have an elastic response of their own and steps must be taken to
prevent the model's Structural response from contaminating the acceleration record.
This contamination, apart from affecting the.magnitude of the acceleration (maé%if-_
ication factor) will affect the statistical measures by causing extraneous vibr?*
tions. A system of low=pass filﬁering is used to compensate for and isolate the
struQEUral vibration of the model (first mode). It is recommended that the cutToff
frequency of this filter be, at most; one-half the model frequency and also be }arger
than the expected impact acceleration frequency. Because this filtering affects the
phase of the response, identical filters must be applied to all relevant data chan-
nels, i.e., wave elevation, and heave and pitch motions, wherever relative bhase in-
formations is required. It is recommended that existing towing tanks compare methods
for isolating the structural vibtatidqs, This 1is of partiéular'importance if tne
frequency content of the impact acceleration coh;ains the first mode structurali
vibration frequen¢y 6f the model. |

Selection of the drag balance capacity requires the calculation of the max imum
anticipated drag load in calm water, using either series data or the standard pre-—-
diction equations. A balance should then be chosen having a capacity equal to ﬂwice
the maximum calm water drag. This will allow an adequate margin for the balance to
expand linearly to.wave-induced loads and for noise-induced in the balance by the

towing system. This assumes that the measurement required is the average drag in
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waves. Time histories of the drag_fgrcggrequireiéhggwtﬁe dynamic response of the
balarice be given consideration somewhat in the manner of an accelerometer.

The problem in measuring heave and pitch motions is one of gearing down the
large motion displacements to a displacement transducer. Although similar consider=
ations apply to displacement ship model tests, the motions are relatively larger for
planing hull models. Care must be-taken that the gearing and transducer do mot
impede the motion of the model and yetlfolldw the motion under dynamic cpnditiohs,
e.g., must be free of backlash. This is not a simple problem because the reduction
ratio can be‘on the order of 500 to 1. '

3.3.3.5 Test Wave Environment

Most planing hull model tests are conducted in irregular head and/or following
seas .over a wide sPeed range. The sea specﬁra used vary with the tank facility and
clients' desires, but are usually the deep water spectra defined by the ITIC, the
ISSC, or the Pierson—Moskowitz formulation which are reproduced as unidirectional
waves. Because most planing craft operate in coastal waters, a finite depth spectrum
would be more suitable if a representative formulation can be agreed upon. It is
recommended that consideration be given to thé Jonswap and Darbyshire spectra.

To provide some guidance as to the sea states of interest, a 100+ft long high-
speed planing hull should have operational capability in a state of sea having a
significant wave height of at least 5 ft and a suryival capability, at low speed, in
a significant wave height of at least 10 to.iZ Egjm Because thesé sea states are
considerabl& smaller than used in displacement ‘ship tests, wavemdkers in existing
tarks may experience difficulty in producing good quality wave forms as reéquired by
the usual small size planing model.

3.3.3.6 Data Collection and Ptogg§sig§

Data collection and précessing are highly computerized in most existing tank
facilities. Usually both arnalog and digital signals are simultaneously recorded.
The analog signal is used for diagnostic purposes (if digital outputs appear to beé
suspicious) and thé digital data, which are usually obtained at.a scanning'rate of
250 Hz, is used to develop the statistics of the model behavior.

It is important that the data-scanning system ighore eXtraneous noise or car—
riage vibration signais, or else the statistical representation of results will be
seriously distorted. To avoid this problem buffers are installed whi¢h will ignore
these small voltage inputs:. The buffer size is selected by runnirng the model at the

same speed in calm water and finding the average 1/3-highest peak and trough for each
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acceleration and motion chantel.. The.algebraic difference of these values is selec-

ted as the si2e>of the buffer,

For

most development tests, data are processed on-line so that results are

available tankside immediately after the run. The following data are typicallyipref

sented:

Welght of model

Speed

Average drag
Significant wave height

Number of wave encounters for pitch, heave, and acceleratlons

rms .

Television coverage on tape cassette

Properly time-scaled movies

Mean values

Number of oscillations

Average 1/3, 1/10; extremes of maxima and minima

Continued emphasis is currently being placed on interpretation of the seakeep—

ing results——expécially relative to hanitability. For this purpose, the verticai

acceleration data are also presented as a plot of RMS in 1/3-octave bands and, fér

intermediate frequencies > 1 Hz, are compared with the International Standards Orga-

nization

quencies

The

design.
3.3.3.7
The

standard for fatigue*decreased proficiency. The criteria for lower freT

is that of von Gierke for motion sickness incidence. t

1/10-highest vertical accelerations are usually ﬁhe basis for structural

Data Presentation

tankside computer outputs described in Section 3.3.3.6 may constitute the

data section of the final test réeport. These results are plotted as required to
|

complement the discussion, analysis, and recommendation sections of the final,repbrt.

Motion and acceleratlon transfer functlons are not calculated from the energy

spectra of the motions and encountered waves because of the non11near behav1or of

planing craft in irregular seas.

3.3.3.8
The

scaling laws and is basically similar to that in displacement ship technology.

Extrapolation of Model Results to Prototype

extrapofation of model test results to prototype values is based on Froude's
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3.3.3.9 Qg;relatigﬁ of Model Test Results

At the present time, there are only limited model; full-scale compar1sons of
planing hull seakeeping characteristics. Reference 10 shows that, if proper adJust-
ments are made to account for differences in model-prototype state of sea, mean trim
angle, displaceménta etc., then the model accelerations are just slightly larger than
" full-scale values. Differences between model and full-scale elasticity, method of
mounting the accelerations, and methods of data processing do influence the compari-
sons and should be further investigated. '

It is essential that more seakeeping data be collected for correlation purposes.
All tank superintendants are urged to contribute comparative results whenever pos—
sible. '

3.3.3.10 Outstanding Problems in Rbugh7Water Model Tests

Operation in oblique seas is an important operational mode and yet only a very
limited number of test‘facilities are available to represent this condition and
-thése'are restricted to ﬁedium speeds using small models. Self-propelled, rudder-
controlled, model tests have been employed in oblique sea tests. :

Present methods for recording wave profile using a wave probe moving at high
speed are unsatisfactory. T , '

'The effect of model elasticity in influencing the accelerations in the model is
yet to be properly established.

Acceptable wave spectra for water of fiﬁité'dépth are lacking.

The degree of motioﬁ, resistance, and acceleration linearity'in a seaway should
be identified in a parametric fashion.

3.3.3.11 Recommendat1ons for Séakeeping Studies to 16th ITTC

3.3.3.11.1 Investigate the extént of linearity as app11ed ‘to hard-ch1ne, high-speed
planing hulls ‘in irregular seas. '
3.3.3.11.2 Recommend sea spectia for finite water depth.

3.3.3.11.3 Collect -and correlate model, analytical, and full-scale seakeeping data.
3.3.3.11.4 Provide guidance for the selection-of apptopriate accelerometer charac-
teristics and the location in the model to properly account for modél elasticity and
acceéleration frequency in order to obtain "rigid-body" impact accelerations. '
3.3.3.11.5 Establish thé model test procedure for performance evaluations in follow=-

ing seas:
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'

3.3.3.11.6 Establish a distribution function for the relation between the statiétics
of impact accelerations.
3.3.3.11.7 Establish the relation between natural damping characteristics, Froude

number, and Reynolds number.

1

Maneuverability investigations 6f high-speed planing_hullsAare not routinely

3.3.4 MANEUVERABILITY INVESTIGATIONS

-undertaken in towing tanks. Occasionally there are requests for such evaluations,
but these are limited to simplé testss which will identify the turning diameter and/
or the dynamic directiongl stability index for a specific design. At the momenti
there is no complete set of six-degree-of-freedom equations of motions and accomﬂany-
ing definitions of the various coupled and uncoupled hydrodynamic coefficients re}
quired to simulate the maneuvering characteristics of hard-chine planing hulls. The
amount of experimental data available relative to maneuvering and control of planjng-
craft is very limited and fragmentary. Results of elemental dynamic tests are albost

nonexistent.

3.3.4.1 Quantities Which Have a Major Influence on Maneuvering Characteristics

3.3.4.1.1 Basic Hull Form. It is important to understand that the hydrodynamic |

forces and moments on the -hull are hiéhly nonlinear, and are strongly dependent uﬁon
wetted hull geometry, trim angle, roll angle, yaw angle, wetted length, and Froudé
| number=-all of which vary significantly during a maneuver. Further, there is evify
dence of strong yaw-roll.qoupling whiéh is dependent upon trim angle and speed.
While there may be some success in énalytical or semiempirical representations of:
the static stability derivatives,; there has been no demonstrated success in the pre-

diction of the dynamic (damping and added mass) derivatives.

-Model details, especially chine and keel sharpness, may have a significanﬁ ef-
fect upon all hydrodynamic coefficients'whgn planing asymmetrically. For instanc%,
a hard-chine boat will experience a. slight increase in roll moment with roll anglé
at high speed, whereas a foundfbilge.hull, yhich does not provide for fiow separa-j
tion at the chine, may actually demonstrate a decrease in rbll ﬁoment with roll
anglé. _ !
3.3.4.1.2 Appendages. .These are typified by large propeller shaft angles, sh§ft\
support strﬁts, ahd either bottom-mounted ot stern-mounted surface-piercing rudderL
At high planing speeds, ;hese appendage; will likely experience some degree of éayﬁ-

tation and ventilation in a turn and seriously upset any predictions based on the

|
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assumption of fully wetted flows. Hull.interaction with these cavitated appendages

can also influenée the equilibrium of the craft.

3.3.4.1.3 Propuision,§ystemu The large horsepowers presently being ‘installed in
small planing craft can impose large propeller-induced torques which provide a roll
bias to fhe craft. Transom-mounted trim-flaps can correct for this when deflected
asymmettically and should be included in any analytical or model s1mu1at1on

Because of the possibility of combined large hull trim angles and shaft angles,
the prOpellet¢w111 develop a laterally displaced (relative to the shaft line) thrust
which, particularly in small craft, can introduce large steering torques on the
craft. The magnitude of this effect is dependent upon whether the propeller is fully
wetted or cav1tated and should be considered in any simulation of maneuvering. Fur-
ther, the hydrodynamic moments$ on the strut of odutdrive units are strongly influenced
by the Munk moment developed by the conical fairing ahead of the propeller and should:
be accounted for.

. The majority of the hydrodynamic effects described above have not been quanti-
fied, especially for ventilated and cavitated flows.

3.3.4.2 Experimental Procedures

Three basic test methods can be used in exploratory studies of planing craft
maneuvering. They are: ' »
a. Captive model tests on rotating arm and straight course
b. Captive model tests on planar4ﬁoti6h mechanisms
c. Radio-controlled free=running models
The rotating arm tesﬁs-pvovide data useful for predicting directional stability
and turning circies, but do not provide trim, roll and heave damping, and added mass
terms. A planar-motion mechanism can provide these quantitiés, but contains a fre-
queacy dependence which must still be identified, The radio-cantrolled'model does
not provide basic hydrodynamic data. All three mathods are deficient in not refref
senting the,cavi;ation.effects on propellers, rudders, skegs, support struts, etc.
It must be concluded that the Hevelopment of model test procedures or analytical
methods for simulation .of maneuvering of planing craft has been severely neglected.

3.3. 4 3 Data Collect1on and Presentat1on

Reference 1l presents an example of a limited test program using straight-
course tests and rotating—arm tests to define the coursekeeping stab111ty'and turning
performance of a hard-chine planing hull. It is not known whether similar studies

have been made using a planar motion mechanism.
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The procedurée is to mount, on the rotating arm or straight—cohrse apparatus, an
appended model which is free-to-héave and pitch, but restrained at fixed values|of
yaw and roll and locked in ‘surge and‘sway - The drag, side force, yaw moment, a&d
roll moment are measured’ at various speeds, turning radii, and rudder deflectlon

|

For dynam1c course stability (neglecting yaw-roll coupllng) the data for zero
roll are plotted. as a function of yaw angle and radius for each test speed and, from
these, values of Nv, Nr, Yy, and Yr are obtained. The course stability is fOund‘ftom
linear d1fferent1al equat1ons of motlon using these hydrodynamic derivatives and| in-
troduqlngvappendage and propulsor effects which have not been included in the teft
model.

The equilibrium turning diameter, roll angie,‘ahd rudder deflection at each;
test speed is féund by solving the simultaneous equations of yaw, foll, and side|
force equilibrium, including the estimated propeller and appendage effects which
have not been included in the test model. ‘;

Thé uncertainty in both procedures stems from thé omission of unknqwﬂ'cavitgtiOn,
ventilation, and interference effects.

3.3.4.4 Extrapolation of Model Results to Prototype

The usual Froude scaling relations are used. S |

3.3.4.5 Correlation of Model Test Results with Full-Scale

Comparisons of model and prototype results are extemely limited because of the
scarcity of model predictions. Those few cqmpafisons-that have been made indicaée
the directional stability predictions have been confirmed, but that the prototype
turning radius is sl1ght1y larger than predicted, probably due to part1al cav1taglon
of the full-scale appendages and rudders.

3.3.4.6 Outﬁtgnd;ng_P;ob;ems

The major‘pfbblems concerning the predictability of the maneuvering characteFis*

tics of the hard=chine,- high-speed- planing hull are:

a. Lack of developed six-degree=of-freedom equations of motion for self-
propelled, controlled, high*spéed, hard-chiné hull forms; L
) "b. Scarcity of basic hydtodynaﬁic data on hull forms, appendages, prole—
sors, and their interactions in ventilated and cavitated conditions; ’

c. Lack of development of suitable experimental and/or coﬁbined anélytical
and experimental methods for piedicting imaneuvering characteristics; and

d. Dearth of fill-scale data and even fewer aﬁtgnpts at model-to=full-

. scale correlations.
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3.3.4.7 Recommendations for Maneuverability Studies to 16th ITTC

In view of its present undeveloped-state of techrdlogy, it is recommended that
a basic study of all aspects of planing hull maneuverability be undertaken and recom-
mendations be made for suitable model test procedures to-predict these characteris—

tiés.

3.3.5 PERFORMANCE (SHP) INVESTIGATIONS

3.3.5.1 Types of Propulsors Used

Nearly every form of propulsor has been used to propel planing.hulle. These
include:
Subcavitating propellers on inclined shafts;

Subcavitating propellers in tunnel sterns;

[= ]

' Subcavitating propellers on outdrive and outboard units;

a 0

Fully cavitated propellers installed as in (a),(b); and (c) above;
. Surface-piercing propellersi

Supercavitating propellers;

Q@ m O

Waterjets; and

h. S1ngle- and mult1screw installations.

3.3.5. 2 Equ1l1br1um Condition of Self Propelled Plan1ng Hull
| As descr1bed,1n_sect1on 3.3.2.2, the forces that contribute to the equ1l1bru1m
running trim and total drag of a self-propelled planing hull include the hydrodynamic
lift and drag of the hull, the hydrodynamic lift and drag of the appendages, and the
propeller forces-jborh direct and indueed, These effects have a substantielly-larger
influence on the performance of planing hulls than in the case of displacement ships.
. Figure 3.3.7 shows the forces present on a planing hull with submerged pro-
pellers on waterline shafts. This figure, taken from Reference 3, shows sebara;ely
the forces on the hull, the appendage forces; and the propeller forces.
3.3.5.2.1 Hull Forces: The lift and drag forceés on the hull, together with the
location of ;helr lines of action and dependence upon hull geometry, speed, and load-
ing are given in Reference 1.

3.3.5:;2.2 Appendage Forces. For the case of planing hulls, appendage lift, as well

as drag, must be considered._;Referenee 3 presents numerical methods for predicting
these forces for typical elements of planing craft appendages, including inclined
propeller shafts; struts, strut bossing, strut palms, interference drag, rudders

(ventilated and fully wetted), etc. Many of these appendage shapes are unique to
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planing craft and are not consideréd in the case of typical di5p1§cement ships. | On
a tiodel scale, the Reynolds numbers of these appendages are usually so small that

turbulénce stimulation in their boundary layers is unlikely.

3.3.5.2.3 Propeller Shaft quceé. Propellers on planing hulls are typically moun-

ted on inclined shafts, resulting-in a sinusoidal variation in tangential velocity
which is a function of angular position of each propeller blade. The effect of this
inclination is to result in (a) higher total thrust and torque than for the same

advance ratio in axial flow, and (b) an upward vertical force.in the plane of the

propeller. Reference 3 presents analytical methods for estimating these forces.

3.3.5.2.4 Propeller Forces Induced on Hull. The effect of the propeller opetat}ng

near the bottom of a planing hull is to induce small pressures acting over large|

areas of the bottom. These induced propeller forces result in a net suction force
forward of the propeller and a positive pressure force aft of the propeller. Thé
total effect is to tend to increase the hull trim angle. Again, Reference 3 pro&ides

analytical methods for estimating these forces.

3.3.5.2.5 Propeller-Induced Drag on Rudder. When located in the propeller slipT
stream the rudder experiences (a) an axial flow greater than the free-stream" !
velocity, and (b) a normal component of velocity due to the rotational component;of
flow in the propeller wash. As a result, the rudder profile drag 'is increased bf the
increased flow velocity and an induced drag results from the "effective angle of;
attack" of the rudder relative t¢ the resultant incident velocity. Reference 3 éro-
vides a method for estimating the p;obeller-inducéd drag:

The lines of actionh of all the above forces is pictorially éhown in Figure
3.3.7. 1t is seen that each appendage has a direct drag contribution and, through
their effect oh the pitching moment, influence the-equilibriuﬁ trim and, hence, Jhe
hull drag which is a major component of the total resistance. The EHP tests witﬁ
»unappendéd models only account for the uﬁloading effect of the propeller thrust along

the shdft line (Section 3.3.2.2). Full=-scale predictions for the propelled planing
t

Model tests to determine shaft horsepower (SHP) are made with fully appendedL

craft must account for the appendage and propulsion effects described previously.
|

3.3.5.3 Self-Propulsion Tests

self=propelled models--even though it is recognized that turbulence stimulation of
the appendages may not be adequate and the model propellers may not represent the
cavitation expected to be éxperienced by the full=scale craft. This procedure is

'
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accepted because of the inherent limitations of atmospheric pressure towing tanks
. . dn . . £

and economic considerations for limiting the size of the test model.

Resistance tests are first perfofmed on a fully appended model without the pro-
pulsor in order 'to provide: baseline data useful to develop the propulsive .coeffi-
cients. The self-propelled tésts are then conducted tq obtain the:effecti?e wake
fraction, relative rotative efficiency and the thrust .deduction coefficients. These
results are used to design the full-scale propéller and predict delivered horsepowerA
requirements. Althoﬁgh the -procedure appears.td be acceptable for noncavitated
flows, there are unéertainties, yet to be resolved, when appendages and/or prototype
propellers are cavitated because conventional tbwing tanks cannot siﬁuiate simul-
taneousiy Froude number.andAcavitation number. . .

The self-propelled tests are usudlly carried out for errlOad and underload con-=
ditions where a group of'tést.funs are carried out at fixed speed and various rates
of propeller rotation. During these tests, a tow force is applied which corresponds
to a difference between model and ship spgcific resistarces (assUming in;omplete_
turbulence stimulation over the appendages). This type of test provides information
which may be applied for any desired assumptions concerning roughness allowance,
scale ratio, air drag, rough—water drag increment,.etc. | |

Tt is unusual for wake surveys to be taken with planingrhul}s s0 thatvthe'fulli
scale propeller design is adapted to the mean wake as determined from the wake frac-—
tion. _ ' |

Open-water tests of. the model propellers are usually méde at zero incideﬁce,tov
the flow and at fully wetted conditions. Thus, the propulsive coefficients incluae
the effect of flow:incidencé due to shaft inclination and propeller-induced effects
on the model trim angle. o

Although other propulsor types (watérjets, tunnel propellets; partially sub- -
merged .propellers, etc.) have been used on planing craft, self=propelled model tests
using these devices are so limited that it is premature to discuss the results aﬁd
procedures. - '

3.3.5.4 Measurements of Full-Scale Performance

As stated in Reference 10, speed-power prediction for planing craft has little
documehﬁed correlation evidence to indicate the magnitude or type, or evgn:ifra.corf
relation allowance is required. 7 .

There is some doubt in assuming that the measured model propulsive coéfficients

apply diregtly to full-scale, as all factors are liable to scale effect and, with the
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I
invariable existence of full-scale propeller cavitation at high spped; there is |an
undefined complex interaction between propulsion system, appendages, and hull. |

Relatively few planing craft designs have been supported by model propulsion

tests in the design stage due to economics and a lack of understanding of how thle

results must be interpreted to be applicable. These limitations have resulted in
most speed-power predictions being made using bare hull resistance tests (EHP) aLd
‘making appropriate engineering allowances for appendages, propulsors, and interfer-
ence effects. A suggested'computerized procedure for using-baré hull resisténce data
to estimate SHP while fully accounting for the appendage and propeller effects is
given in Refefence 5. 1t is recommended that this and similar methods be evaluated.
Béecause of the relatively low cost of planing hull propellers, it is not unt
usual, in the case of a cavitated propellef, to provide a second propeller design
based on the full-scale:experience of the initial design, particularly if fu11-s?ale
torque and RPM are measured. - ' 1

3.3.5.5 Correlation of Model and Prototype Results

For noncavitating propellers, correlation between predicted (using bare hull
EHP results and estimates of appendage drag and propulsive coefficients offered by
Reference 4) and full-scale performance has been good. For cavitated flows, thei
correlations have not been good. However, recent ptocedUres developed in Reference
10 do prévide correlation factors for operation at low cadvitation numbers. These
are based on limited data and should be expanded as more full-scale results become
~available.

3.3.5.6 Outstanding Prqblgms

It is important to identify the scale effects on hull form, appendage and p%o-
pulsor forces and moments because the equilibrium condition of a planing hull deﬂends
upon a balancé‘of all forces and moments. Should there be scale effects on any Jr
all of these forces and their centers of application, then full-scale aha_modelAérim'
and rise will be at variance.

FUrthér, it is impottant that direct and indirect ventilation and cavitation
effects be identified. In this regard, there is a need for characterizing cavitﬂted
and partially cavitated propellers iﬁ inclined flows in proximity of a .free water
surface and a rigid surface representative of hull bottoms. i
|

Finally, a‘reliable.experimental and analytical method needs to be -established

for speed-power predictions.
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3.3,5.7 Recommendations for Propulsion Studies to 16th ITTC

3.3.5.7.1 Identify .scale effects in noncavitated self-propulsion tests.
3.3.5.7.2 1Identify the effect of cavitatioﬁ on the propeller-hull interaction.
3.3.5.7.3 1Identify characteristics of the cavitated propeller in inclined flows.
3.3.5.7.4 Investigate methods for obtaining powering predictions of water—jet pro-
pelled craft.
3.3.5.7.5 Examine the following predicﬁive techniques and recommend an acceptable
test method:

a. Self-propelled model;

b. Towed, bare-hull model combined with analytical estimates of appendage
and propulsor forces; and

c. Analytical model.

3.3.6 PROPULSOR INVESTIGATIONS

3.3. 6 1 Typical Propulsors

Section 3.3.5.1 provides information regarding typical prOpulsors

3.3.6.2 Propulsor Problems Unique to Planlngicraft

There is a general lack of performance characteristics of the following:
“a. Cavitated and noncavitated propelléfs in inclined flow near a free sur-

face or near a rigid platertypical of hull bottoms;

b. Tunnel-stern propeller systems;

c. Effect of aeration over the hull bottom on the performance of various
propulsorsy '

d. Propeller-induced vibratory forces on the hull bottom, espeéiaily wifh
cavitated propellers; and

e. Effect of air ingestion on ﬁerformance of water jets.

3.3.6.3 Recommendations on Propulsor Studies to lé6th ITTC

Essentially to recommend a study of problems described in section 3.3.6.2.

3.3.7 CAVITATION INVESTIGATION

The current studies of the Cavitation Commlttee 1nc1ude areas of major interest
to the designer of planing hulls and thls work should be continued in cooperation

with the activities of a High-Speed Marine Vehicles Committee.
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3.3.8 PRESENTATION AND INFORMATION . ' - : ,

It is recommended that inquiries be made of the various techniCal'SOcietieL,
towing tanks, etc., as to their use of particular symbols, coefficients, etc., YhiCh

have been accepted and used by éach of théese groups in their evaluations of planing

hulls and then to incorporate these symbols, etc., into the Standard Symbols and ITTC

Dictionaty of Ship Hydrodynamics.
: ‘ |
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LIFT FRACTION (percent)

KEEL

Figure 3.3.1 - Typical High Speed Planing Hull
Geometry (Series 62)

FROUDE NUMBER

Figure 3.3.2 = Distribution of Hydrostatic and Hydrodynamic Lift
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DRAG-TO-LIFT RATIO
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Figure 3.3.4 - Drag=to-Lift Ratio and Angle of
Attack Versus Froude Number for Series 62
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. Figure 3.3.5 - Variation of Drag-
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Figure 3.3.7c - Propeller Forces and Moments on a Planing Hull

Figure 3.3.7 - Forces and Moments on Self-Propelled Planing Hull
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3.4 SEMISUBMERGED HYDROFOIL CRAFT ]

by
‘Burkhard Miller-Graf

Versuchsanstalt -Fur Wasserbau Und Schiffbau.

3.4.1 CONCEPT DEFINITION

3.4.1.1 Configuration
HydrofBiI cr;ft with semisubmerged foil systems are desighed to operate in a

sﬁeed range of 28 to 45 knots, and in exceptional cases up to V = 60 knots. I% the

hullborne ‘mode, at speeds V < 0.4 Vpay (FyA < 4) the weight of the vessel is sup-

ported by buoyant lift. During the take-off period (Fyp=4 to 5) the buoyant lift

and the dynamic lift of the hull decrease in the same way .as the hydrodynamic Hift of

the foils increases. - in‘the foilborne mode, V > 0.6 Vgay or Fpp > 8, the weighk

‘is totally supported by the lift of the foils._ The resistance of ;hg:fpilborne ves=

sel, comprising foil, appendage; and aerodynamic drag; is less than 50 percent of a

. comparable displacement supported vessel. Further merits of surféce piercing h&dro—

foil crafts (SPH) are their good seakeeping qualities and the small speed loss lin

waves. ' .

3.4.1.1.1 FoiI-System. The surface piercing foil systems are characterized by

3.4.1.1.1.1 Dihedral or anhedral foils, hoops, or ladder foils. 1In the foil-

borne mode the foil area is partially submerged. The reserve area is clear abo?e the
i
:

wster. surface (Figure 3.4.1).
3.4.1.1.1.2 Inlierent static and dynamic stability in pitch,. roll, yaw, and

heave. The foilborne craft is automatically stabilizéd by area stabilization. iA :

deviation from the equilibrium condition causes a change of the lift producing Letted

foil area which creates restoring forces and moments. The requisite reserve lifting
area is mostly provided by trapezoidal foil tips (Figure 3.4.1) or in some cases by
ladder shaped foil systems (Figure 3.4.2). i

3.4.I.1l1.3 Wave disturbances. Marked effects of wave disturbances on dynamic

longitudinal and lateral hull response, resulting from atrea stabilization.

3.4.1.1.1.4 Low take-off speed.  Take-off begins at, V§ = 0.5 Vpax. The

lift is generated predominantly by two foil units, a bow foil and a rear foil. |The

foil arrangement is categorized as:
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a. Conventional or airplane type The main f01llTarranged nearly m1dsh1ps but

3 f"" 7;

before the longitudinal center of gravity (LCG), carr1es 90 percent of the

total weight; the auxiliary stern foil carries the.remalnder,.
b. -~ Tandém type. The front foil hear the bow supports 55 to 65 percent pf'the
total weight. The rear foil is fitted at the transom '
c. Canard type. The réar foil near the transom carries 90 percent of the total
' weight. _ ' ‘
The area of each foil unit is mostly unsplit but for éoil-retfactidn-the area
can be split 1atera11y in two. Sweep-back of the f011s is unusual.
Durlng the take-off period the lift of the foils can be controlled by changes
of the angle of incidencé of the foil un1t by flaps or by air feeding.
The cross-section of the foils are mostly of the subcav1tat1ng type.l At-speeds'
above V = 50 knots supercavitating and superVentilated profiles have to be used.
The cross—sections of the stfuts and the supporting légs are.streamlined_nrrbase
ventilated. Fences are used to control ventilation on foils and struts. ‘
3.4.1.1.2 Hull Form. The hull shape mainly depends upon the typé of longitudinal
foil arrangement. and the required interplay between foil and hull’ lift during. the
take-off period. For vehicles with aeroplane foil configuration, unconventlonal bluff-
bowed monchull forms are used.l Tandem foils requlre ‘hard chine p1an1ng hull types
with moderate or high deadrise.2;3 To facilitate the hull emersion! tfansversai 6£
oblique wedges or steps are pro&ided at the bottom (Figure 354.3). ‘For.éanatd foil

configuration, hulls with fine forward lines and a high deadrise are preferred.

3.4.1.2 Range of Hull Dimensions and Operational Limits
Hydrofoil vessels with surface piercing foil systems are used for high speed .
passenger tranSpbrt in coastal waters and in some cases for military purposes. The

following dimensions are typical for crew beats and ferries:

Length (LOA) T 9 = 40 m
Length-to-Beam Ratio L/B (Hull) 3.5 - 6.0

Bpax (overfoils) 2.5 - 16.0m
Displacement ‘ 4 - 200 tons
Speed (foilborne) 30 - 45 knots

The seakéeping capability of the craft increases with its size, especially with
the hull clearance. Hulls of 30 m length with 60 to 80 tons displacement can operate

foilborne in a State 4 sea with 2.0 m significant wave height. Vessels ofVISQ:to 180
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tons displacement can perforﬁ safely in a State 5 sea with significant wave heights

of 2.5 m. 1In the following seas the marginal wave heights are smaller; broaching of
foils 'is a fairly frequent phenomenop but seldom Violen; and never-a threat to
safety. Quick take-off in waves proposes no pgéblemsu The comfort of ride in Beam
swell is excellent. T . '

3.4.1.3 Foil Specification

Commercial and paramilitary vessels are equipped with the Supramar ot Schertel-

. - . . |
Sachsenberg tandem foil system with front foils carrying approximately 60 to 65 per-
cent of the total weight. At displacement A < 100 tons the front and rear foills are

the surface piercing unsplit V-type. ‘Depending upon the size of the craft, the lift

can be controlled either by adjustable foil units or by flaps. Craft with displace-
ments A > 100 tons are_equipped with‘thé Supramar hybrid foil system, consisting of

a surface piercing w-shaped front foil and a fully éubmerged'reat foil; ;ee FigLre.

3;4.4._ The lift is controlled by flaps and airfeeding. The stability of the vessel
is maintained by the autostability of the front foil combined with an artifical|air-
.stabilization._ . ' . z
3-4;i-4 Steering and Power Transmission l

The rudder assembly which includes one or two rudder stems with flaps, is i

attached to thé rear foil. The propellers, driven by inclined shafts are located
ahead or ‘astern of the rear foil (mostly below it); z-drive systems are seldom used.

|

3.4.2 RESISTANCE INVESTIGATIONS (SMOOTH WATER)

3.4.2.1 Total Resistance

3.4,2.1.1 Hulibggﬁg. Below/ the take-off speed, V < 0.5 Vmax; the craft behavés like
a planing boat. The total resistance includes the hull resistance with all its com~

ponents and the drag of thg foil-strut gystemé:

Rf,s = Ra,s + Df,g

The hull resistance at speeds Fp > 0.4 is composed of

Ri,s = Rup * Rp * Rg + Ry + Rpp + Rpp + Rparag’
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with .
‘Ry = Rp + Ryp

At the hump speed, F, = 0.45 to 0.5 close below the take-off speed, the resis-
tance of the bare hull amounts to, approximately, 60 to 65 percent of the total re-
sistance; see Figure 3.4.5. 7

The drag of the foil units is the sum of the following components:
Dp,g = 3Dp + 2D1 + 3Dy *+ 2Dinterf. * 2Ds * 2Dvent

3.4.2.1.2 Foilborne. Above - the take-off speed, when the hull is clear out of the

water (Figure 3.4.6), the total resistance is given ‘by:

‘Rp,5 = 3Dp,1 + 2Dstruc * Rap * Raa + ADay

The foil drag Dp 1, is the greatest resistance component with, approximately, 60 per-
cent of the total resistance. ' '

3.4.2.2 Re51stance Components

The contribution of the dlfferent resistance components versus- speed is shown

in Figure 3.4.5.

3.4.2.2.1 Hull Resistance. The resist;nce components of the abpended hull at F.>

0.4 are:
Ryp = Wave Pattern re51stance
Rp = Pressure or induced resistance
Rg = Spray resistance
Ry = ViscousAresistance
Rp = frictiohai resistance
Ryp = Pressure resistance of viscous origin

Rpp = Appendage dfag
Raa =.Aerodynamic drag

ARpw Added resistance due to small wavés
ARgy = Added resistance due to course keeping
and the methods of thelr determination are descrlbed in deta11 in Seétion 3.4.2.1.1,
The lower aerodynamlc drag coeff1c1ent of the hydrofoil vessel, = 0.6 to
0.8, and the effects of ventilation and spray generatlon on the drag of the inclined

surface piercing shafts, must be taken into account. Due to the high directional
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stability of the foil-strut systems the added resistance caused by coursekeeping can

be neglected.

3.4.2.2.2 Foil-Strut Drag. The drag of the lifﬁ generating foil elements, DF Ls

and those of the nonlift generating struts, Dgyrytgs are composed of the follo%ing
components: t
Dp = Profile or section drag. The streamline drag depends upon R, thickn%Ss
ratio t/c, camber ratio m/c, surface roughness, and angle of attack.%
Dy = Induced drag. The drag due to lift depends upon. the dihedral angle, aspect
ratio, induced angle of attack, submergence of the foil, tapet ratio, and
thickness ratio. This drag component which amounts to approximately BO
percent of the total foilborne resistance is obvious by the trough behind
the foil unit and by the lateral waves originating at tﬁe foils at the
region of surface penetration (Figure 3.4.7). The volume weight of the
trough is of the same size as the foil's lift. The induced drag of‘tne
front foil can be recovered part1a11y if the rear foil is positioned Bust
under half the wavelength behind the former.
Dy - = Wave drag. The wave drag of surface piercing nonlift generating foils and
struts arises by generating‘gr;vity waves. It decreases rapidly at §
Fhe > 1.. Due to the high values of the Froude number Fnc, based on
chord length, this type of wave drag is very small and can be neglécted'
at speeds-above the take-off condition.4
Dinterf = Interference drag. It arises from the mutual interaction of the bdungaty
layers at the junctions of foils and struts or air fences. !
Dg - = Spfay drag. This resistance is ésgociated with génerating spray at the
sur face piefcing.strubs, rudders, and foils. It increases with thickness
ratio t/c and depends upon Froude number relating to chord length.
Dyent = Drag due to ventilation. It is caused by the reduced pressure at the 'rear
side of surface piercing struts orvat the upper side of air-=fed submerged
foils. '
ADpy = Added resistance due to .rippling seas. This.compéngqt amounts to, approxi-
mately, 2 to 3 percent of the foilborne drag,5

3.4.2.3 Resistance Predlctlon Technlque

3.4.2.3.1 General Cons1derat10n. ‘The wave . res1stance and the spray drag of the hull,

both components strongly affected by the presence of the foil-strut units; cannolt be

calculated directly. In the foilborne mode the analytical-determination~of the (foil
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drag is'nét dccurate enough to defire realistic pogegﬂteguirements; The computation

does not take into account the interdepenaenCy of notn‘fbil units on lift and drag,

nor the effects of the bow foil trough on the inflow directien at theé shafts, rud-

ders, and stern struts. Hence, model tests are the unique procedure to determine the

wavemaking resiStance'of'the‘hnll and the total foil drag with sufficient accuracy.
In addition, tests with the isolated foil system are often required to obtain

the foil chafacteristics at atmospheric and cavitation conditions.

3.4.2.3.2 Typical Models. The model scale of feils and hulls is scaled according to
Froude's law of simiierity The chosen chord. length has to guarantee supet~critical
Rp numbers (based on section 1ength) at least at speeds whete the takeoff starts.
To overcome blockage effects on hull resistance, the hull length should be smaller
than 1.25 tidies the tark depth and siallef than one half of the tank width.:

The length of the model hulls varies for 1.8 to 3.4 m, the displacement from
0.04 to 0.15 m3, approx1mate1y The models, made of plywood or glass reinforced
plastic (GRP) ‘are fitted with adjustable bow and rear foil units, with rudders "and
propeller shafts (Figure 3.4.8). The foil sections of the model may bé different from
those of the full-scale vessel to guarantee the same 11ft curve slope dCL/da. The
foils éonsist of cortosion resistant matefial to minimize surface roughness effects.
They-are manufactured very carefully to ensure uniformity of the foil sections.
Chord lengths of 0.1 to 0.18 m are typical. A1terati0ns of the angle of attack due
to deformations of the foil system by hydrodynamlc ‘loads should be limited to
Ao < 0.1 deg. The accuracy of the foil adjustment must be of the same value.

_ Hull, struts, and foils are marked with a net of waterlines. At Ry < 5 X 105
in the hpllborne,mode, turbulence stimulators (studs of 2.5 mm diameter located abaft
the stem) are provided.

For basic investigations of the mutual interference of bow and rear foil, the
foil units are attached to a lattice or plate girder (Figure 3°4i9)°

3.4,2.3.3 Typicel Hull-Foil Test Procedure. The resistanceé test procedure for the

complete hull-foil system is very similar to that of planing hulls or semidisplace-
.ment hulls. fhe model is free to heaye arid pitch, restrained in roll and yaw, and
fixed in sway and surge. .

The towing fofce, which is applied to the . hull in the plane of the propeller
shafts at or near LCG is kept in line with the shaft -axis atfallhrunning conditions.

The towing setup is the same as shown . in Figure 3.2:5 of Section 3.2.2.2 Resistance,
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which is the horizontallcqmponent of the towing force, attitude, trim angle, ana tow-
ing speed are measured.
At each diSplaceﬁent tests are made with different combinations of the anﬁle of
incidence of bow and rear foil to determine the minimum drag-to-lift ratio at each .
speed of interest (Figure 3.4.10). vTests of the bare hull are notmally not caryried

out :

3.4.2.3.4 Typical Foil Tests Tests. with isolated foil systems ‘in the subcav1tat1ng

range are performed in tow1ng basins, circulating water tanks, and whlrllng tanks
The f011 systems are mounted on three or six component foil balances. Lift; drag,
and sideforce, and rolllng, and pitching moments a;e measured for various angles of
attack, roll, and sideslip at supercritical R, numbers.6 =9 In addition, the dl?en—
sions of the trough and the flow direction behind the foil system are measured;!see
Figures 3.4.11 and 3.4.12.10
Effects of cayitation and aeration on the foil lift-to-drag characteristics are

investigated by full-scale high speed tests or by model tests in cavitation tunnels

with large cross sections. .

3.4.2.3.5 Extrapolatlon Procedures The model test results cannot be applied

d1rect1y to the- full- scale vessel by Froude s method. Due to the unknowr boundgry
layer condition at the foil and strut elements caused by the low local Ry, nUmbe%s,
correct specific frictional resistance coefficients Cy M are d1ff1cu1t to define.

The residual resistance coeffcient of the hullborne. vessel is
.Cr = Cr-Cg,m - - -

which are usually assumed to be the same for the model and the sh1p, experience has

shown this to be an unrealistic value. Slmllarly, the extrapolatlon of the f011
borne resistance suffers from the same uncertainty. ‘Hence, the test results are

scaled by Froude's law and by using empirical correctiqh factors

RT,S'; €M . AS . (1+k)

where RT,S'= Total resistance of prototype
€y =.Drag-to-lift ratio of the model
AS = Displacement wéight of the full-scale vessel

Cor:ection‘factor, based on fﬁlLescale trial results
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In the case of Schertel-Sachsenberg foil.systems, correction factors '

k == 0.1 for the hump speed; and
k == 0.2 for Vpax

have been proven.5 The effective power is calculatéd cdhventionally by

Pp = Ry . Vg [units of kW or hp]

3.4.2.3.6 P0ssib1e scale Effects. The predicted resistance of the prototype is

affected by different scale effects, whlch are caused by:

3.4.2;3h631 Viscous effects. The 11ft and drag of model foils and struts which

are operating in the transition region between 109 < Ry < 106 can vary appreciably.
The f011 and appendage drag suffer laminar effects, because turbulence stimilation is
not practlcable. The roughness of the model foils as well as that of the full-scale
foils has an important influence on lift and drag and as a Fesult, also. influences
flight position and angle of attack of the foils. Foil roughness can change rapidly
by separation of foil paint, by long port times, and by service in tropical waters.
The applied roughness allowance is a matter of experlence '

3.4.2.3.6.2 Surface tension effects. The spray drag is influenced by the dis-

similarity of the Weber numbers:’

3.4.2.3.6.3 Cavitation and aeration: Both phenomena which can affect the lift,

and by this flight position and drag of the full-scale vessel, do not occur at the
model foil system. Froude number and cavitation number cannot be realized simul-
t aneously at model tests in open towing tanks.

3.4.2.3.6.4 Foil geometry:. To obtain the lift coéfficient slope of the full-

scale vessel also at the low R, numbers of the model, ¢ircular arc sections with’
smaller profile drag are used instead of modified airfoil secfions of the prototype.
In addition, the réquitements of strength. are leading to‘largér thickness ratios
which also increase the profile drag. Due to the absence of air fences and flaps,
and the gap between foils and control surfaces, further dlfferences in foil drag are
established. Inaccuracies inh section shape and differences in the angle of attack
can cause small angles of heel which incréase.the‘draé-of the model or prototype

noticeably.
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l
3.4.2.3.6. 5 Aerodynamlc effects. These effects are the same as descr1be in

Sectlon 3.2.2.1.4. \

—— A

3.4.2.3.6.6 Blockage effects .In the hullborne mode, the tank wall boundaries

v
\
|

can cause a change in att1tude and running trim of the model.

3.4.2.3. 6 7 Effects of f011 deformatlon Differences in the deformation |of

model and full -scale foil un1ts\can lead to different lift-to-drag ratios. i

©3.4.2.4 Test Frocedures and Instrumentatlon unique to Resistance Tests of Hydrof011
v i
\ ‘ . i

The test procedures and the instrumentation used in determining hull-foil Lesis—

Vessels

tance are very similar to those used on conventional displacement ships with thL ex- .
l

ception of the follow1ng cases., ’
3.4.2.4.1 The towing force is applied to the model in line with the propeller shaft
~axis at all running trim angles and hull attitudes. ;
3.4.2.4.2 “The use of a wfnd screen at model speeds V > 6.0 m/s. |

3.4.2.4.3 ‘Resistance tests with isolated model foil systems or complete hull f011
|

models under full-scale cavitation conditions in large cavitation tanks. B
l
L

3.4.2.5 OQutstanding Problems in Predicting smooth Water Resistance

|
Methods to achieve boundary turbulence stimulation at the model foil and strut
elements should be examirned. Basic research is necessary in the field of aeratlon ,
and cavitation- inception but also in spray phenomena o

3.4.2.6 Recommendations for Re, stance Stud1es to the 16th ITTC

3.4.2.6.1 .Examine and recommend methods for turbulence st1mu1atlon in the boundary

layer of the foil and strut elements. : o

[
3.4.2.6.2 Investigate the influence of aeration on the foil and strut characteris-

|
tics in axial and nonaxial flow. . )

3.4.2.6.3 Examine the spray phenomena of struts in axial and nonax1a1 flow and :
recommend methods in extrapolation of full-scale spray drag.

|
|
3.4.2.6.4 Investlgate the tank wall influence on the resistance of'hullborne_hydro—
foil .craft with a surface piercing foil system. ;

\

-
3.4.3 SEAKEEPING INVESTIGATIONS . . A | |

Several analytical methods based on linear and nonlinear theories have been

developed to predict the longitudinal response of surface piercing hydrofoil systems
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in waves.l1714 The agreement between predicted mOt%Qpexand-atcelerations, and full-
scale results is due to nonlinear effects and is net_always satisfying. Model tests
in regular or.irregular waves are still necessary to improve the theories.and to in-
vestigate or predict on the basis of experimental transfer;functions‘the seakeeping-
characteristics of a special design.

3.4.3.1 Model Selection

The model scale for seakeeping tests is selected in accordance with the require-
ments of the smooth water tests.- It depends upon the capability of the wavemaker,
which should ensure tests under the operational sea conditions. In addition, -the
scaled mass of inertia should be achiéved including the weight of the instrumenta--
tion. ‘

For basic researehg the foils are mounted on a lattice girder (F;gure:3.4.9).
For commercial tests, fully appended model hulls with water tight decks areé used.

The models are correctly ballasted for scaled weight, center of gravity, and
mass of inertia about the three axes of freedom. The proper radii of gyratioﬁ are
set by oscillating techniques. -The longitudinal moment .of inertia of the model is

mostly increased due to the relatively increased weight of the foil systems.

3.4.3.2" Typical Test Procedures

3.4.3.2.1 Isolated Foils.. For basic research isolated foils attached to 'a three or

a six component balance are tested in waves by measuring -oscillatory forces and
‘moments at varied angles of attack and sideslip in head and following s_eas.15

3.4.3.2.2 Complete Foil Configuration. Tests are performed in head and following

seas at constant speed with an unpowered model. The model is free to pitch and heave
but restrained in surge, roll, and yaw. It is towed at the LCG and connected Wwith-
the resistance balance by a shock absorber. Provisions are made to restrict the
downward motion of the model in following seas. -

The models .are tested at different speeds with varied comblnatlons of bow and
rear foil incidence. The flight position of the model is attained before méeting
the waves.

Tests in oblique waves are aot attainable even in special seakeeping basins.
These tests are practicable with manned and self-propelled models in open water

environments. .
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Seakeeping tests are performed in iffegular and regular waves. The’ behavaor of

3.4.3.3 Test Wave Environment-

different designs is compared better in regular waves. The test results 1mply an

add1t10na1 margin of safety, bécause the cond1t10ns are much more severe due to res-

'onance effects than those of irregular waves with the same average wave height.
Tests in irregular waves need more repeat runs to obtain enough wave encounters for
statistical analys1s. Waéelengths in irregular seas should be selected in such a
manner that platform1ng/¢nd contouring can be tested. l -
Tests in following seas are of the greatest importance to estimate the sedkeep—
ing. qualities of a hydrofoil vessel.l6

3.4.3.4 Quant1t1es Measured durlng Tests, Instrumentat1on _Used in Waves, Data

Collect1on and Process1ng, Data Presentat1on

All these itéms are identical, with some exceptions to those as reported fn

V

Section 3.3.3.

3.4.3.5 Extrapolation of Model Results to Prototype
The extrapolation of the model test results follows Froude's scaling and ijs
basically similar to the procedure for conventional ships. i

3.4.3.6 Correlation of Model Test Results

The limited model and full-scale seakeeping data do not always correlate. |The
discrepancy is caused by resonance effects, by damping effects of full- —scale aeratlon
and cavitation, by differences in the elasticity of model and full- —scale hull, by
differences in the radius of gyration, by the multidirectional characteristics ?f the

full- scale sea state, and by the lack of accuracy in fiill-scale wave measurements.

3.4.3. 7 Outstanding Problems

Outstanding problems concern the foil characteristics and the interference |
effects béetween the front and rear foils in following seas and the damping effeits
of aeration and cavitation on vertical motions and accelerations. The scale efﬁects
of the aeration and cavitation phenomena are also of great interest. Further re-

search on the effect of nonlinearities on heave and pitch is required.

3.4.3.8 Recommendations for Seakeep1n5 Studies of the 16th ITTC

3.4.3.8.1 Invest1gate the effects of nonl1neer1t;es on the foil motions.
3.4.3.8.2 Investigate the interference effects between the front and rear foils| in
the follov1ng seas. o : i
3.4.3.8.3 Exam1ne the effects of aeration and cavitation on motions and accelera-

tions.
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3.4.3f8;4 Collect and correlate model_test re5ults-with analytical and full-scale

seakeeping data.

3.4.4 MANEUVERABILITY INVESTIGATIO S

Maneuverab1l1ty tests atfe not usually conducted for commercial hydrofoil designs
in thé foilborne mode. This is true for the following treasons:

a. Tests with free running models are not attainable in towing basins.

b. At model tests, aeration and vent1lat1on, which mainly affect the s1de-
forces, do not .occur 1n a correct scale.

c. The required vertical area distribution and the required sideforce curve
slope of rudders and foils for good directional stab1l1ty, which is a characteristic
feature of surface p1erc1ng hydrofoil crafes, can be determined analytlcally in most
cases.

~d. Forces and moments, roll angle, and sidesllp angle in a turn can be calcu-
lated.l7

Basic research is performed w1th captive models attached to a .planar mot ion
mechanism or runnirg on a stra1ght course. The most rel1able results are obtained
with experimental craft, i.e., with free running manned models.

3.4.4.1 gxperimenpglLProcedUres, Data Collect1on, and Presentat1on

Experimental procedures, data collection, ahd presentation are- -identical to

those of conventional ships.

The most 1mportant problems concern vent1lat1on and aeration in a tutrn and their

effects on sideforces and 1ift.

3.4.4.3 Recommendat1ons for Maneuverab111ty Stud1es to the l6th ITTC

3.4.4.3.1 Collect model and full- -scale maneuvering data of surface p1erc1ng hydro-
foil crafts. ‘
3.4.4.3.2 Study the effects of ventilation and aeration' on strut sideforces and foil

lift at small sideslip angles.

3.4, 5 PERFORMANCE INVESTIGATIONS

For hydrof01l craft, subcavitating “and supercavitating propellers, mostly with
fixed pitch, are used. Inclined shafts or z-drives with s;nglevor twin screw instal-

lations are common.
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3.4.5.1 Self Propulsion Tests

Propulsion tests with hydrofoil craft are not usually conducted in towing
basins. Model sizes which guarantee supercritical R, numbers at 0.7 R of the '
propeller blade become too great and too fast for most of the test capabili;ies.
Sélf-propulsion tests:aré performéd in some cases ‘with experimental boats of 5 to
10 m length having a displacement weight of 0.5 to-2.5 tons. The manned craft afé
built ofrplywOod GRP, or alloy with a fiodel scale between one third and one s1xth.
They are propelled by gas engines of the outboafd type or; in the case of scaled
inclined shaft systems, of the inboard type. Speed of craft, thrust, torque, rgte
of rotation, and engine output are measured. |

3.4.5.2 Wake Measurements

Measurements of wake distributions in the propellér pline are limited to sﬁch
cases where the propeller is fitted to the propulsion naceélle of a z-drive system.

3.4.5.3 Open’ Water Tests _ ) ' !

Propeller tests under cavitation conditions and in oblique inflow can be of

|

greater interest than the conventional axial inflow tests. !
i

‘3.4.5.4 Full -Scale Performance Estlmates

On. the bas;s of experimental craft tests the full-scale delivered power and pro-
pellér revolutions are obtained By direct extrapolation of the meadsured values using
Froude's law of similarity; " Empirical corrections are applied for viscous effects.
Generally, the full=scale performance prediction is based on res1stance test results.

Quite similar to conventlonal sh1p procedure, the delivered power i's determlned by

where 7, = propeller efficiency at full-scale cavitation number
o) prop y

hull efficiency (1-t)/(l=w) - ‘ o |

3
MR = relative rotative efficiency
The thrust deductlon fractlon t takes 1nto account the effects of the 1nc11ned thrust
axis by using the net thrust force
|
i
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where T, = axial thrust
.y = propeller inflow angle, v = & + 6
5 = shaft ine¢lination
§ = running trim
F, = propeller normal force

Force"Fy‘Can be determined by empirical expressions or, more correctly, by the
method of Gutséhe.ls The wake fraction w has solely to aécount for the change

in propeller inflow velocity due to the obliqug‘flog'cpndition:
Vv, = Vg * 'cos v

The value of " becomes unity in most cases of inclined shaft systemé. Because the
propeller is placed abaft the rear foil, the effects of oblique propeller inflow are
not1ceably reduced because the rear foil acts 11ke a guide van.

The requlred propeller speed is determlned by means of KT/J2 and . the thrust
advance_coeffrc1ent.JT. " On the propeller calculated for rate of rotation, no allow=
ance is applied. A propulsion prediction factor (1+k), with k = 0.04, is used to

compensate for the drop of propeller efficiéncy"dﬁéxto propeller roughness.

3.4.5.5 Recomnendations for Propulsion Studies to the 16th ITTC

No special récommendations are necessary at present.

3.4.6 PROPULSOR INVESTIGATIONS

3.4.6.1 Propulsor Problems Unique to Hydrof01l Craft

Propulsor problems which are unique to surface piercing hydrofoil craft do qétA
presently exist. The problems of interest, propeller charactefistlcs for oblique
inflow for subcavltating and supercavitating condition, are also valid for other
véhicle types.- |

3.4.6.2 Recommendations on Propulsor Studies to 16th ITTC

No special recommendations to ;he‘propulsor committee afe neceSSary at present.
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3.4.7 CAVITATION INVESTIGATIONS | ‘ o
3.4.7.1 Cav1tatlon Problems Unique to Hydrof011 Craft - !

The cav1tatlon problems at the propellers of hydrof011 vessels are s1m11ar to
those arising o6n other types of vessels However, the phenomena of- cavitation and
aeration on osc111at1ng hydrofoil systems runn1ng neatr the water sur face are ofI
great interest. 4 ’ : '

3.4.7.2 Recommendation on Cagitgt;on Stud1es to the 16th ITTC

Collect data concerning the influence of cavitation and aeration on lift and
drag characteristics of hydrofoils running near the water §urface.

> l
1
‘

3.4.8 PRESENTATION AND INFORMATION

~The list of the ITTC Standard Symbols does not 1nc1ude spec1a1 terms and sym—
' bols which are used for foil geometry and res1stance components of hydrofoil craft
The ITTC-Standard Symbols and the ITTC D1ctlonary of Ship Hydrodynamics should be

supplemented by these. symbols in accordance with those which are applied in.the

field of fully submerged hydrofoils. . ’ -
i , o ' : o |
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"Figgtg'3.4‘1 - Schertel-Sachsenberg Figure 3.4.2 - Ladder Foii 7
' - Foil-System _ System - :
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Figure 3.4.4 - Typical Tandem Hybrid Foil Arrangements
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Figure 3.4.9

Hydrofoil Tandem
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3.5 SURFACE EFFECT SHIPS

by

Robert A. Wilson
David W. Taylor Naval Ship Research and Development Center

"~ and
Toshikazu Murakami . i

Technical Research and Development Institute - i
Japan Defense Agency

3.5.1 CONCEPT DEFINITION

3.5.1.1 cConfiguration

The surface effect ship (SES) is an air-cushion-supported vehicle where the
cushion air is enclosed on the sides by rigid sidewalls and on the bow and stern*by
compliant seals of the bag and finger or p1an1ng type. The air for the cushion and
seals 1is supp11ed by fans. D1rect10na1 stability and turning moments are prov1ded
by rudders or ventral fins located on the keels of each sidewall near the transo%
Thrust is provided by propellers or waterjets located on each sidewall at the
transom. Figufé 3.5.1 is a schematic of an SES as viewed from beneath.

Surface effect ship models do not generally incorporate a propulsion system}dur—
ing resistance, motions, and stability investigations (because these effects can'be
added to the data at a later time and because there is little interaction between the
propulsor and the hu11) but in other respects :are good scale replicas of the proto—
type vehicle. Figure 3.5.2 presents several views of a typ1ca1 SES model. They are
generally consttucted with lightweight aluminum centerbod1es. The sidewalls are:con=
structed of thin plywoéod structural members, lightweight foam filler; and a fibeé—
glass covering. The.centerbody and sidewalls of-sttucturally‘sceled_models are epme;
times constructed of polyvinyl chloride. The séals are constructed of neoprene.f
impregna;ed-nylon or dacron cloth and tbin layers of fiberglass. The model seale are
designed to scale tﬁe weight! and &ynamié response charactefisties of the full-scale
seals. The lift fans do not have to be geometrical models of the full-scale fans,

but the airflow rate as well as the shape of the pressure versus airflow rate [
characteristics of the fans must be correctly scaled to the full-scale eraft. T
Weights and moments of inertia should be similarly scaled. 1If moments of inertié
are not known, a nominal radius of gyration should be selected and maintained for

the range of weights for the veh1c1e
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3.5.1.2 Range of Geogeﬁgic and Operational Variables

Parametric designs of surface effect ships disciisséd in Reference 1l indicate

theICUShion length-to=beam (L/B) ratio of ar SES may vary from approximately 2 to 8
with displacements ranging up to 12,000 long tons. The Eushionlheight from the keel
to the wet deck may vary from 25 to 35 percent of the cushion beam. The overall beam
is nominally 1.25 times the cushion beam. The speeds of interest for an SES of a

L/B of 2 Eo 3.5 is nominally of Froude numbgrs (based on cushion length) up to 2.0.
Usually SES's of L/B of 5 and greater have desigh Froﬁde numbers of nominally 0.6 to
0.8. '

An upper limit to model size is somewhat determined by the water depth dimension
of the fabili;y in‘which it will be tested as well as the maximum speed of the towing
carriage. It is desirable to ensure that the water depth is greater than 75 percent
of the cushion length in order to eliminate- or minimize wave resisténce scaling cor-
rections.. Cushion beam dimensions have ranged from 2 to 3 ft (0.6 to 0.9 m) with
cushion lengths varying from 5 éo 16 ft (1.5 to 4.7 m). Speed variations are deter=
mined by Froude scalihg as previously described., Models are presently tested at
weights up to 800 1b (360 kg) but this is not a limit; practical considerations pre-
vent model weights less than LOOIIb (45 kg). Construction costs aqd data accuracy.

are also very important in determining the size of a model.

3.5.1.3 Dynamic Similitude

The forcés acting on a SES are cpﬁﬁlex.functiqgs of aerodynamic, aerostatic,
hydrodynamic, and hydrostatic forces. Therefore, to scale the forces, the proper
scaling relationships must be understood. In general, Froude scaling prevails. The
dispIacément, speed, vehicle attitude, aﬁd immersion scale with Froude nt
on cgéhion length (FE)' For ease of understanding the design trends for various L/B
designs, Froude number based on the square root of the ‘cushion area is sometimes used
(Fg). The specific loading or cushion density of the vehicles are examined in terms
of pressure-to-length ratio (P/€) or wéight*to“cushion area ratio raised to the 1.5
power. While scalingvfesistance, Reynolds number is used using the apﬁropriate
characteristic length (e.g:, sidewall length at the on=cushion water line for side-
wall resistance and the mean chord of a rudder for rudder.resistgnce). Cushion pres-
sures and airflow ratés,also are Froude scaled: The stability forces and moments
.from the cushion and sidewalls Froude scale but the data from rudders and ventral
fins must correctly account for the proper cavitation number. Aerodynamic forces

and moments should be evaluated at the proper Reynolds number. Seal material

N
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properties are examined in terms of Youﬁg's modulus as well as unit weight and
elastic properties (e.g., material strength in terms of force per unit length).
Spray is examined in terms of Webef numbet. Wave heights are usually dimensionally

scaled based on the characteristic length of the 'cushion. ‘ : i

3.5.2 RESISTANCE INVESTIGATIONS

3.5.2.1 Resistance Components

The primary components of resistance of an SES are the wavemaking resistance of
the cushion and the sidewalls, the frictional drag of the sidewalls, the frictional
and induced drag of the seals, the resistance of the appendages; and the aerodynamic
resistance. The wavemaking component is calculated from theory, the frictional{
resistance determined by studying the wetted areas (usually from photographs), and
the aerodyhamic.resistange of the model is determine” from special tare runs. Tﬁe
remaining resistance (which is primarily the seal component) is found by subtraction
and is ‘called the residual drag. Typical component distributions for low and high
L/B designs are presented in Figure 3.5.3.

‘Model resistance experiments are normally conducted with the model free in heave
and pitch. The weight of the model is cofrected for salt water density so as to en-
sure that the trim of the craft, which is determined from the wave slope of the
cushion, is correct. A good design will have the same longitudinal center-of-gravity
(LCG) location for minimum drag at all speeds. Because a low drag design will hﬁve
little lift cérfiéd by the seals, the optimum tfim of the craft as a function of
Froude number can be determined from the slope of the wave which is 6 = tan~1l DW/W.
This is - verified ekxpérimentally. ﬁxpetieﬁce has shown that the best LCG of‘an'SES
should be located 51 percent of the cushion length forward of the trailing edge @f
the stern seal. . ‘

3.5.2.2 Test Procedures — . !

Resistance experiments should be conducted in both calm water and in seas. . The
primary measurements in c¢alm water are: drag, pitch anglé, immeirsion of the keels at
the pitch pivot relative tovthe undisturbed water surface, pressures in the seals and
in the cushion, dnd speéd. In waves, the additional measurement of wave pfofileémhst
be taken. Photographs are taken of the model from abovewater and underwater to
assist in analyzing the wetted areas. Figure 3.5.4 shows typical wetted areas ering
a calm water experiment of a L/B = 8 model. '
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The -model test procedure in calm water is to set the LCG at 51 percent and then

vary the seal-to-cushion pressure refios s0 as to’ minimize drag. (These pressure
ratios may vary from 1.05 te-l.& depending upon the type of seal used.) Pitch angle
(or LCG) is then varied in small increments to»selecf the beéest value as shown in
Figure 3?5;5; note that the best pitch attitude is speed dependent. Airflow rate is
then varied to evaluate its effect (which is small at low speeds and large at high
speeds as shown in Figure 3.5.6). The best .value of airflow rate for each speed is
when the total equivalent drag_(summatiOn of the drag plus the equivalent drag of the
lift system (D + (PQ/V)) is a minimum is shown in Figure 3.5.7. (This calculation is
valid when the efficiency of the lift and propulsion systems are the same, which 1s
in general, true.) Because the wavemaking drag&énd the imdersion vary with weight,
weight variations should also be made as shown in Figure 3.5.8.

Experience lias shown that the best seai—to-cushion pressure rdatio, LCG, and air-
flow rate .in calm water are usually also the best values for the design in seas; the
ability of a.specific seal désign to adjust to .wave conditions, however; can affect
the résults. Experiment$ in séas -are usually conducted with the model fixed in surge
because comparative experiments with the model both fixed and free in-surge have
shown that the same time average drag value is produced in both cases. (It should
be noted, however, that trim instabilities can be aggravated when testing fixed .in
surge by forcing the model forward at constant spéed when it would normally slow down
due to ‘increased drag.) Testing fixed in surge ‘fequires, therefore, that thne modell
be operated-at a number of fixed speeds for each scaled state of sea considered.
Operating at fixed speeds both simplifies date analysis and minimizes testing time.
The results are plotted as drag versus significant wave height, as shown in Figure
3.5.9. Then, curves of drag vérsus spéed for 4 constant sea state can be plotted
(by interpolation); a typical family of curves for a low L/B SES is shown in FigUre
3.5.10.

’

3.5.2.3 Resistance Scaling

-The resistance of an SES is scaled using ‘the technieue presented by Wilson et
al. in Reference 2. This technique uses the theoretically calculated wavemaking drag
component as determined using Doctors' mel:hod'3 and shown in Figure 3.5.11. The
frictional drag component is calculated using the wetted areas as determined from
photographs. (If underwater photographs are not.aQailabie, an assumed value of an
inside wetting equalling 10 percent of the outside wetting'can be assumed.) . The

residual drag, which is primarily seal drag and includes both frictional and induced
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drag components, is scaled ﬁsing Figure 3.5.12. The aerodynamic drag, which fof the

model was determlned as a tare value and subtracted from the ‘model results, is added
based on w1pd tunnel results. If wind tunnel results are not .available, an assumed
value of a drag coefficien; of 0.5 times the dynamic pressure times the entire f}oa-
tal area of the vehicle will produce acceptable values. Figure 3.5.13 from Reference
2 shows that this technique has produced acceptable levels of correlation.

3.5.2.4 Outstanding Problems in Res1stance Investlgatlons

The technique described in Referene 2 for scaling resistance is one, documented
approach used for scaling model resistance. This approach.can be improved upon,
especially ia the areas of sidewall wetted areas over the broad range~of length-fo-
beam ratios and displacements and for scaling the residual drag which is primarily
seal drag. -A better understanding of these components as_a function of speed, sea
condition, and loading is needed. Photography is used extensiVeiy to determine side-
wall wetting; ifjthe:wetted.area.could be measured, it would improve accur .y and
save time. Engineers predicting thé drag of sidewalls 6ften use aircraft proqeddres
used for establishing surface roughness as determined by Schlicting'.4 Acceptance
of this technique should be examined. The SES sidewalls are subject to spray sheets
which vary with Reynolds humber and Weber rnumber and which contain ;hree-dimensiénal
flow fields, an area that needs to be studied. The materials used in the seals df
SES's and ACV's must be properly scaled for weight strength, and dynamic characfer—
istics. Because incorrectly scaled seals can affect the results of the experlments,

"guidelines for this component design and fabrication should be established. !
3.5.2.5 Recommendations for Resistance Studies to the 16th ITTC l

3.5.2.5.1 '‘Broadly examine methods useéd to determine the drag components of-surface
effect shiﬁs and the scaling of these componerts.

3.5.2.5.2 Examine methods of detérmining the inside and outside wetting of SES
sidewalls over a broad range of Froyde’nuﬁbers and craft displacements (or cushidn
loadings). l
3.5.2.5.3 Examine techniques for determining the skin friction coefficient for high-
speed vessels inglqding the three-dimensional flow.

3.5.2.5.4 Examine the skin friction coefficieat which would be used for planing
surfaces in contact with an air-water mixture such as that in eoqﬁact with the sﬁern
seal of an SES. , X , : !
3.5.2.5.5 Examine the scaling of the spray sheet drag associated with the flow -on

the sidewalls of high-speed surface effect ships. E

v
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3. 5 2.5.6 Examine techniques for sca11ng the materlals used to fabricate the seals

on SES's and ACV's to scale weight and dynamlc characterlstlcs.

3.5.3 SEAKEEPING INVESTIGATIONS
3.5.3.1 Model Characteristics

The models used in seakeeping experiments are usually the same models used in
resistance experiments. Added care is taken, however, to position ballast weights
on the model such that the vertical center;of—gravity is at the estimated location
for a prototype.

3'5'3'2. Wave Environment

Sitfface effect ship model eéxperiments are conducted primarily in irrfegular seas;
fegular_wave exberimen;g hdvé been conducted during limited-technlogy related experi-
mental programs. -Seakeeping experiments are principally done in head seas, but fol-
lowing and oblique sea experiments also have been performed. (Oblique sea experi-
fients have been conducted only at low speeds due to facility limitatiors.) A
Pierson-Moskowitz spectrum is used for SES model experiménts because, to date, de-
signs have not been made for proposed operation in 4 specific ocean region.

3.5.3.3 Test Procedures

The seakeeping experiments on an SES model are conducted in both irregular as
well as regular seas. The proper moment of inertia (Iyy) is set on the model and
confirmed using the spring-oscillation or compoind.pendulum technique. If the moment
of inertia of the prototype vehicle is not known, an appropriate radius of gyratibn
is selected and maintdined for all displacements evaluated. (Subsequent full-scale
predictions using model data mist include cotrections for the radius of gyration.)

‘The measuremeénts made during seakeeping experiments are the same as those dur=
ing resistance experiments with the addition of accelerometers at the bow, LCG, énd
stern. A minimum of three accelerometers are required because the center-of-rotation
for an SES is nominally near the aft quarter pdint and the accelerations vary (often
by a factor of two) from the Bow to the more aft locations. Impact pressures and

strains are measured on structurally scaled models where structural loads are needed.

3.5.3.4 Data Presentation

| When the characteristics of a specific design are being‘detefmiﬂed,-seakeeping
experiments are usually conducted only in irregular seas; regular wave experiments
are used in more parametrically-related studies. Pitch, heave, ‘and acceleration data

are analyzed to determine rms, and average, significant, one-tenth highest values as
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well as maximum values experienced for the peaks and troughs of the motions. Typical
plots of rms g's, and significant doublé amplitude pitch and heave motions (in itfeg—
ular seas) are shown versus significant wave heigﬁt for constant speed in Figures .
3.5.14, 3.5.15, and 3.5.16. Histograms of model responses are prepared 1n 'some lab—
oratories to reveal how frequently values in different class intervals occur and to

provide input for developing emplr;cal probability distributions to be used for
future_predictions.! %
Mode]l experiments in regular waves have been conducted at vafious wave heigﬂts
for fixed wavelengths and speeds to examine the linearity of the SES. Reference 5
has shown awlength‘toébeam ratio 6.5 SES té be linear with respect to wave height.
References 6, 7, ;nd 8 have shown that the response amplitude operators obtained by
-experiments in regular, irregular, and transient waves for the same SES design also
show relatively good agreement. Pitch and heave data obtainéd in regular waves for
an L/B 2.5 SES design. at various Froude numbers, wavelengths, and wave he’ ,uts are
presented in Figures 3.5.17 and 3.5.18. The results also show a reasonable degrée

of linearity.

3.5.3.5 Correlation of Model Te;gﬂRgsylgg

Data from model and full;scgle trials on the SES-100B have been analyzed to per-
mit comparisons of transfer functions versus a nondimensional encounter frequency for
pitch and heave. Figure 3.5.19 shows good agreement between model and full-scale
pitch responses for frequencies above 3.5 at a Froude number of 1.31. 1In the i
resonance frequency range below 3.5, however, the shape of the model and full-scale
pitch response curves. are different, indicating that the pitch damping of the full-
scale craft is less than that of the model. Model aﬁd full-scale heave transfer
functions are.presentea in Figure 3.5.20. This figure shows good agreement betwgen
model and full- scale response over the entire frequency range.

Even though the results presented in Figures 3.5.19 and 3.5.20 indicate that the
motions of a full-séale craft can be predicted from model motions, References 9 and
10 note that due to air compressibility, the motions of large ships (especially<éhose
with relatively small cushion airfléw rates such as the SES) do not scale. The ébilf
ity to characterlze the dynamic responses of the lift system (fans, ducts, and inter-
nal seal aerodynamlcs) as discussed 1n Reference 1l also bring model to full scale
motion predictions under question. Using these arguments, full-scale predlctlons_).
can only be made using predictive techniques which have been correlated'with‘quﬁl.'
results an& that adequately address compressibility and the various subsystems oﬁ

t
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the vehicle. Special experimental-inve;bigationsnnegd~to be conducted which address
these matters. o i

3.5.3.6 Outstanding Problems in Seakeeping Investigations

Present analyses of models and small testcraft show that the motions of surface
effect ships appear to be linear bpf theoretical predictions of motions simulating
the éushion as a piston with a compressible fluid indicate that model results cannot’
be used for predicting full-scale motioéns. Reduced atmospheric eipériments as well
as other, épecialiZed experiments and measurements directed at high frequeqcy respon-
ses of models and testcraft must be conducted and analyzed to provide the answer.
While surveying the motions of numerous ships, .one finds that different authors and
facilities use different nondimensionalizing techniques for transfer functions and
frequencies; therefore; a standard is needed. The use of cross—spectral analysis
techniqués eliminates noise in the data and allows for coherency determination. This
technique needs to studied further and possibly established as a standard. This will
help in providing a common base for comparing the motions of different craft. High-
speed vessels need a great deal of accurate seakeeping data in all headings fp the
sea. Means'ofvproviding these data must be determined. l .

3.5.3.7 Recommendations for Seakeeping Studies to the 16th ITTC

3.5.3.7.1 Examine the area of atmospheric pressure scaling (compressibility effects)
with special emphasis on recommended experimental pfogfams, techniques, and measure-

ments.
3.5.3.7.2 Continue to examine the area of linearity with emphasis on the linearity

of the model, the dynamics of the lift and seal systems, and compressibility.
3.5.3.7.3 Continue the examination of model and full-scale motion correlations.
3.5.3.7.4 Establish a uniform method for nondimensionalizing transfer functions and
frequencies. '

3.5.3.7.5 Examine the use of cross-spectral analysis techniques which eliminates
noise in data as a recommended standard for motion data analysis.

3.5.3.7.6 Extensive data are needed for high-speed vessels in various headings to
the sea, but presernt facility limitations -do not permit obtaining'these data. Exam-

ine this problem and make any recommendations.

3.5.4 MANEUVERABILITY INVESTIGATIONS

- 3:5.4:.1 Typical Evaluations

The determination of the maneuvering characteristics of a surface effect ship

requires a good understanding of the variéus forces involved. The sidewalls, seals,
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and appendages all interact and the forces on these components vary significantly
with speed, vehicle attitude (yaw, roll, and pitch); therefore, extensive'modelzex—
periments must be conducted to provioe data for maneuvering simulations. Various
levels of sophistication require different types and amounts of data.

The conservative design approach, which requires that the craft demonstrate
static or inherent stability over its operating range (including all attitudes anti- {
cipated during dny failure conditions), require only that static stability datafbe l
determined, but this may result in the need for large ventral fins or rudders. If a J
more complete simulation is required, then dynamic stability oata must be included.

This nessitates_the use of a planar motion mechanism to supplement the static stabil- |
ity information. The more complete simulations use the approach shown in Figure_ ) .
3.5.2]1; this schematic also points out the need to include propulsion forces asjwell

as appendage veritilation and control effects. _ . i

The static and dynamic stability characteristics of an SES vary with configura-
tion, attitude, and speed and are only_linear over a very small attitude range.
Thus,'to date, extensive model experiments used in conjunction with maneuVering'
simulations of varying complexity haye.been the only succéssful ways of predicting
the maneuvering and safety characteristics of an SES.

3.5.4.2 Test Procedures

SES model stability experiments are conducted with the model in heave equir
librium (free in heave) but usually restrained in all other axes. The gage zero _
reading taken prior to each run are done with the model hanging in air so that the-
running reading will measure all forces acting on the model (e.g., aerostatic, hydro-
static, aerodynamic, and hydrodynamic). A set of aerodynamic tare runs are made at
the beginning of the experiment with the model in close proximity to the water to
measure the. aerodynamic forces (which can be large in drag and pitch moment); these
values are -often replaced with wind tunnel data during further analysis.

A normal test matrix will involve examining pitch angles +2 deg about the nor=
mal trim condition for each speed. Roll angle variations include +3 deg in incréments
adequate to define the curve. Yaw angles examined include speed variations such that
0 to 8 deg are examined at low speeds and O to 5 deg at high speeds: This matrix is
evaluated over the speed range with more emphasis of the high‘speeds where signifi-
cant force changes often occur dué to appendage and ctshion pressuré ventilation.

Roll damping information can also be determined from the log decrement of the

roll oscillation obtdined from a static stability experiment. Figure 3.5.22 shows
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the craft to be well damped in roll. Experiments of this type also show that roll

damping increases with displacement. A’ gimilar evaluation can be done in pitch.

3.5.4.3 Data Processing

The measurements taken are longitudinal and side forces, and pitch, yew, and
roll moments. Figure 3.5.23 shows how the forces and moments on a characteristic SES
model vary with speed for a fixed rudder (fin) angle, roll angle, and pitch angle.
Figure 3.5.24" shows the effect of rudder size and pitch angle on yaw moment., Figures
3.5.25 and 3.5.26 (for a different SES design) show the nonlinear characteristics of
yaw moment and side force respectively, which can_appear at angles that may be quite
small. It is these nonlinearities which can often necessitate large test matrices:\

Planar motion experiments provide velocity and acceleération dependent: terms.
Figure 3.5.27 shows a SES model attached to the planar motion mechanism (PMM) at
DTNSRbC. The key data from these experiments are tlie N;, Kp, end erv terms. The
cross coupling terms become very important when simulating failure conditionms.

Sample velocity and acteleration derivatives for a SES model are presented in --
tables 3.5.1 and 3.5.2. The acceleration dependent coeff1c1ents Y'r, N'f, and K'[,
are small compared to the velocity dependerit coeff1c1ents Yﬁf,_N.rf and K', and can
be considered negligible compared to the model's mass inertia. An overall ¢omparison
of the results in Tables 3.5.1 and 3.5.2. shows- that the rudder markedly contributes
to the N'_ and N'l coéfficients. Also, the coefficients do not remain constant with
a change in model velocity for the same model attitude. Model roll.variation does
not have any substantial effect on the coefficients. This effect is clearly shown
in the bare hull configuration of Tables 3.5.1 and 3.5.2.

3.5.4.4 Outstanding Problems _in Manueuverablllty Investigations

Surface Effect Ship maneuverablllty can be approached in a conservative ﬁanner
which may produce a poor performing vehicle or, in a much more elaborate manner with:
extensive simulations, using extensive PMM (unsteady)rdata. The degree to which eacﬁ
investigation is conducted should be recommended to the customer based on need and-
cost. A stability criterion of SES"s is also needed. Because appendage forces at
high speed are affected by ventilation and cavitation, a series-of appendage experi-
ments in variogs facilities  should be conducted to provide uniform guidelines for
data t6 be used in maneuvering simulations.

3.5.4.5 Begggmendations for Maneuverability and Cavitation. Studies to the L6th ITTC

3.5.4.5.1 Establish guidelines or outlines for steady and- unsteady stability .

experiments to.be used-to adequately describe the maneuvering of high=speed vessels.
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3.5.4.5.2 Surﬁey the .literature on scaling of ventilation and cavitation on end-
plated -appendages in high*Speéd flow to provide consistent data needed for use in

maneuvering predictions.

3.5.5 - PERFORMANCE INVESTIGATIONS.

3.5.5.1 Types of Propulsors Used ‘ : o

- The propulsors used on the SES are either subcavitating prOpellers on 1nc11ned
shafts, semisubmerged supercavitating propellers located at the keel of the transom,
or waterjets. Air propellers can be used also. Propulsors used on surface effect
ships are discussed in References 12, 13; 14, 'and 15.

3.5.5.2 Model COmpleténes§

Models used to determine the performarce of an SES have a properly scaled lift
system which is studied pa;amétrically‘during resistance investigations. The models
generally do not contain propulsion systems; the thrust and vertical force components
are analytically appliéd to the scaled resistance characteristics..

3.5.5.3 Data Pfesentation

The res1stance of a surface effect ship is scaled using the techniques-.described
in Section 3.5.2.3. The airflow rate for the resistance values used is scaled us1ng
the relationship. that Qpg = Qu2.5. This relationship assumes Froude scaling of the
pressures, exit velocity of the cushion air, and the area through which the air
passes. The lift power is then the product of the Froude-scaled pressure and airflow
?ate. The efficiency uséd with the FrOude*scaled 1ift power comes from experimental
_1nvest1gat1ons of the lift fans using standards established for fans. (These lift
fan experiments are conducted in wind tunnels or facilities with calibrated orifices
and standard duct lengths.)

. The propulsors used on the SES are either subcavitating‘propellers,on inclined
éhafts; semisubmerged supercavitating propellers located at the transom at the keel,
or waterjets. With the thrust versus speed characteristics of the selected pro?ul%
sion éystem known, the maximum speed capability of the ship can be.determined. EThe
interaction of the propulsor and the vehicle.are reviewed in Reference 16

Range calculations are made using the resistancé values at various displace-
ments, and the lift and propulsion power relationships. Ranges are calculaied.at con~
stant speed and constant.power. .Because the cushion pressure varies with displace-
ment, lift power will also vary with displacement and must be adequately accounted

for. The immersion of the keels also varies with displacement and if immersion



affects the performance of the propulsion.system, it .is also taken into account.
This is especially important when working with waterjet inlets to ingest air from
the cushion or along the sidewalls.-

3.5.5.4 Outstanding Problem in Performance Investigations

The surface. effect ship rides very close to the surface of the water to minimize
frictional resistapce,u This causes brbéchipg or air ingestion problems for the pro-
pulsors. Likewise, the pressure fields on the;hull in the area of the propuisof can
become great which ﬁust be understood in‘ordef to evaluate the optimum loﬁgiﬁudinal'
center-of-gravity for the ship == which in turn, affects the manner in which the ship
is .loaded. .

3.5.5.5 Recommendations for Perforpajcg Studies to the l6th ITTC

~ Examine the source and scaling of the air which gets into waterjet inlets .on
SES's and study its trajectory to-assist a designer in designing a proper "fence" to

minimize air ingestion.

3.5.6 PROPULSOR INVESTIGATIONS

3.5.6.1 Propulsor Experiments

- PEopel lers ere experimentally éxémined in the manner conventional to displace-
ment hulls except that fhey arée often tested behind a foreshortened sidewall. Water-
Jet experiments are conducted on complete models to study broaching effects. They
are also conducted in caviﬁa;ion gcaled facilitieé?fb'study subsystem components

such as inlet and lip designs as well as the complete performance of the system.

.3.5.6.2 Outstanding Problem in Propulsor Investigations

. .- Semisubmerged, super-cavitating propellers will probably Se the future propulsor
for SEst.due to their increased efficiency. They will probably be mounted at the

t ransom 6f_thé sideﬁalls.but'may require special sidewall lines to get proper flow

to them in various operating speed conditions. Also, when operating in a seaway,

the forces felt by the propellers will.see oscillating loads which will affeect their
performance. This propeiler-sidewall interface area needs to be investigated.

3.5.6.3 Recommendations for Propulsors Studies to the l6th ITTC.

Examine the effects of oscillating. flows on thrust, torque, efficiency and
structural and vibrathy,loads-On the»semisubmetged‘propellers on surface effect

ships.
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3.5.7 INSTRUMENTATION

3.5.7.1 Outstand1ng Problems in Instrumentat1on

The wetted areas of sidewalls and seals of surface effect ships are determ1ned
by studying nUmerouS‘photographg»qf test egndit;gns. A more acciurate, less t1qe con=
suming method is needed. <Crude measurement systems liave been designed and used to

_measure air-water quality in the ducts of waterjet systems. These systems include
photocelis and electric wire'gridsi. ~Improved, more accurate system are needed;

3.5.7.2 Recommendations fdr Insttumentation Studies to. the 16th ITTC

3.5.7.2.1 Examine and recommend ways of measur1ng the wetted areas on s1dewalls

of surface effect sh1p models.

3.5.7.2.2 Examine methods for developlng a good System to determine the air-
water mixture in ducts and pumps used w1th the waterjet propu1s1on system on surface

effect ships.
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Figure 3.5.2 - Surface Effect Ship Model
' and Components

Figure 3.5.2b - Model Centerbody
Construction and Tow Post

Figure 3.5.2¢c ~ Model Viewed From Below
With Bag and Finger Bow Seal
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Figure 3.5.2e - Model Fans, Cross Flow Duct,
Ballast Weights, and Accelerometer

N . W

Figure 3.5.2f - Model Tow Post, Force Gage, Gimbal,
’ and Pitch and Roll Potentiometers
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FigUre 3.5.24a - Pitch Atti;udevEffect on Yaw Moment -
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Figure 3.5.24 - Yaw Stability Trends
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TABLE 3.5.1 - A SUMMARY OF HYDRODYNAMIC YAW VELOCITY DERIVATIVES
FOR A LENGTH-TO-BEAM RATIO 5 MODEL

Bare Hull Configuration

Model Test Condition Planar Motion Derivatives
U 6 d o3 8 o ' 5 ' 5 ] 5
(ft/sec) (deg) (in.) (deg) (deg) (deg) Y'r x 10 Ky x 10 Ny x 10
10.0 0.25 2.05 0 0 NA -166.52 -8.29 -136.40 |
10.0 1.25 1.80 0 0 -62.60 -12.61 -104.10
10.0 0.25 2.05 1.0 0 -134.72 -7.41 -126.99
10.0 1.25 1.80 1.0 0 -38.48 -10.75 -110.88
22.0 0.25 1.05 0 0 -24.25 -0.96 -50.61
22.0 1.25 1.40 0 0 -76 .04 -0.31 -36.73
22.0 0.25 1.05 1.0 0 -27.95 -0.72 -52.22
22.0 1.25 1.40 1.0 0 56.24 -1.97 -39.35
With Rudder Configuration
Model Test Condition Planar Motion Derivatives
U 7} d 1ol B 8 ' 5 ' 5 [} 5
(fr/sec) | (deg) | (in.) | (deg) | (deg) | (deg) | ¥ r X107 | Ky x 107} N7y x 10
10 0.25 2.05 0 0 0 33.2 -29.15 -300.5
22 0.25 1.05 0 0 0 57.9 -3.54 -94.7
10 1.25 1.80 0 0 0 204 .9 -30.99 -254.1
-2 202.3 -32.51 -269.2
-6 212.1 -32.25 -274.8
22 1.25 1.40 0 0 0 235.6 -13.97 =144 .0
' -2 192.5 -17.06 -163.6
-6 181.2 -3.87 -123.6
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TABLE - 3. 5.2 = A SUMMARY OF HYDRODYNAMIC YAW ACCELERATION DERIVATIVES
FOR A LENGTH-TO=BEAM RATIO 5 MODEL

.Bare Hull Conflguratlon B

Model’ Test Condltlon

Planar Motion Derivatives

: '< U B 6 d éw B ‘ 8 .| N - [] - £ ar?
(ft/sec) | (deg) | (in.) | (deg) | (deg). (deg) ¥'¢ x 109 K t x_1o5 N'g x '105-
10 " 0.25 2.05 ) NA NA -19.98 8.95 1.62
' 1 7.24 3.59 2.06

"1.25 | 1.80 0 NA |..NA :
) : L 1 5.31 3.60 6.03
22 0.25 1.05 0 3.09 1.58 . 3.26
1 33.85 1.32 '2.76
1.25 | 1.40 0 20.71 -0.96 1.30
’ | 19.53 - 0.92 4.09
With Rudder Conflgﬁratlon .
Model Test Condition ‘Planar Motion: Derlvatlves

v. | 6 a4 | 4 | B T | o 5 | o ' ,
(tt/sec) | (deg) | (in.) .| (deg) | (deg) | (deg) | ¥'2 X107 | K¢ x 10% | N'g x 100
- 10 0.25 2.05 0 NA 0 =29.95 . 9. 137 33.89
C 1.25 | .1.80 0 NA o ~-21.17 5.85 22.01
. ' 0 -2 -19.49 6.66 - 24 .86
-6 -15.78 6.69 26 .86
22 0.25 1.05 0 " 20.63 5.86 - 8.53
1.25 1.40 0 =24.90 2.08 29.33
¥ =2 ~-21.14 4,43 34.93
-6 -1.06 3.75 22.58
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3.6 AIR CUSHION VEHICLES

. by
Martin J. Stevens
Experimental and Electronic Laboratory

. British Hovercraft Corporation
and

Sergei D. Prokhorov

Krylov Ship Research Institute

3.6.1 CONCEPT DEFINITION .

For the present purposes, the term air cushion vehicle (ACV) has been used as a

name for a class of vehicle which causes alr pressure, higher than atmospheric, to
be exerted on the surface of the Water'directlx below it, such that'the iptegral of
this additional air pressure over‘the vehiclels planform projected on the water sur-
face produces a force equal in magnitude to the vehicle weight; “?heispage betﬁeeo
the water surface and the vehicle is called the air cushion. -

3.6.1.1 craft Configuration

Typically, the air cushion is contained by a flexible skirt,.consisting of a

. flexible structure separating the a1r cishion area from the atmospher1c a1r around

the whole perimeter of the craft. There may also be flexible elements subd1v1d1ng
the cushion area ;n”plan Qiew. (See Figure 3.6.1). _The detailed configuration of
the flexible skirts Varies:considerably Put a typical echeme, consisting.ofra bag
component with "finger" type segments attaehed » is :shown in F1gure 3 6.2, !

The ACVs usually employ a1r propuls1on,_normally either ducted propulsors or
alrscrewe.and §omet1ges ducted plenum a;;,_mak1ng thep amph;b}ousg Control is
largelx'aefodynamic in form, comprising aerodynamic'lifting sggfaces'ke.g,!:fins,_”
rudders;vand elevators) often sited in the propeller slipstream. Thrust_vectoring
is achieved by syiVelling pylon-moUnted;pfopellers and also cushion.or plenum bleed
systems (primarily for low speed control) Also pitch and roll control may be
achieved by either a fuel or water ballast system. and/or a controlled movement of the
center of pressure_relat1ve to the.ctaft center of grayyty_(Q.G,l by‘meang of either

skirt lifting or shifting systems.
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Craft are typically of rect;ngulér pianform with a semicircular bow. Current
operational craft vary in size up to a maximum displacement of about 300 tons and 50
meters in length, having maximum ?roude number, based on cushion length, in the
region of 2.0. Typical service speeds are usually in the range of F, (based on
cushion length) between 0.8 and 1.5. Cushion léngth-to-beam ratios are generally on
the order of 1.5 to 2.7 and the cﬁshion pressures on ﬁodern marine vehicles tend to
vary up to 5000 N/m2.

It is often convenlent to express various parameters in coefficient form (e.g.
cushion aspect ratio, cushion loading coefficient, flow rate coefficient), and
examples of these are defined in Reference 2, which provides the terminology and no-
tation currently in use with ACV's in the United Kingdom. No internationally agreed
list of symbols and terminology for ACV's exists at the present time and it is recom=
mended that these Should be reviewed with regard to extension of the present list of
Standard ITTC symbols to include ACV s. - '
3.6.1.2 Model Conf1gurat1on

The models used in the déevelopment of ACV's raqge'from relativeiy simple, two-
dimensional répresentations, through small scale solid or partial models for wind -
tunnel use, to spec¢ial test rigs, and finally, to dynamic models for-use in a tow1ng
tank and also, possibly, in free runn1ng form on natural test sites.

If the complete model is intended for multipurpose use, it is likely that it
will bé both”viSuélly and dynamically representative of the full-scale craft, and be
ballasted to the cortect scale weight, center of gravity, and iheftias about the axes
of freedom. ' ' ' “

The scale chosen for the dynamic model will vary dépending upon the test facili-
ties available and also the use to which it may be put. If it is intended to use the
model in freé—flight; radié;controlled form, as well as on a towing tank, it is
likely that this will dictate the minimum size of model which can accommodate the
radio coﬁtrol éeér and instrumentation package. Also from the practicable considera-
tions of scaling the structure, lift fans, skirts, etc., a larger model is likely to
be preferable. - ' '

" The maximui size of the model is governed by the size of the towing tank, bear-
ing in mind thelsea conditions in which the full-scale craft is to operate in rela-
tion to the wavemaking capability of the tank, and also the scale speed which may be
required. Provided the tank width is four to six times the model beam, wall effects

are generally negligible but corrections to the results will be necessary in smaller
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tanks. The tank water depth is a further parameter’ o con51der, and unless tests dre

specifically required in shallow water the model lengthlshould be limited to about
twice the watér depth in order to keep wave resistance corrections within reasonable
limits (Figure 3.6. 3)' Particular care should be taken to ensure that for the model -
scale seleeted, the hump speed does not co1nc1de with the cr1t1ca1 speed for the tank
(gh/V2 =1, where h is the water depth). Thls speed is associated with a discon=
tinuity in the wavemaking drag (see Figure 3.6.4), but provided the hump Speed is
situated well below the critiéai tank speed, the wavemaking res1stance (and hence the.
change in res1stance) at the critical speed will be small.

In some facilities the lift system is reproduced in considerable detail to en-
sure that-the damping and stiffness of the vehicle are modeled as accurately as
possible. Geometrically scaled fans are used and; to ensure thé correct scale volume
flow, the fans may, where appropriate, be run at a slightly higher than-scaie speed
on the model. The necessary Speed correction can be estimated“by.the ﬁsé of formulas

.such as those of Moody (Reference 3), from which can be der1ved the follow1ng rela— -
tionship between model and full-scale 1mpe11er efficiency.

_‘77 .
1 m_ >‘0.2
1-7¢

where m and f refer to model and full—scale,.respegt?yely,and X is the scalearatio.
Such formulas generally apply only at the haximu@ tptal efficiencyvpoint, but aQail—
able evidence suggests that they: should also be reasdnably accurate over flow ex=
cursions on the order of +25 percent of the design value. , Because the eff1c1ency
dlfference is essentially due to a d1fference in pressure loss, it is possible to
suggest a change in 1mpe11er speed wh1ch would approximately compensate for this
pressure difference. .Depending upon the scale of the model this can imply that the
model fans have-to be run up to approximately 5 percent faster than the scaled rpm.
to provide the correct volume flow. Alternatively, it may be- accepted that the model
will provide a slightly pessimistic answer when the scaled rpm.is used. )
The problems become more d1ff1cu1t for large craft as the model scale, and hence
fan size, is reduced. 1In particular, it may become difficult to accurately represent
the fan to intake junétion, which. can have a substantial effect on the lift_System

performance. For this reason, some establishments do not employ geéometrical models
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of the full-scale fans, and in§tead develog_representations which prdvide the scaled
airflow rate and have the correct pressure vefsus airflow characteristics.

R Typically, models are constructed to séales between 1:6 and 1:12, providing .
models in the range 2 m to 4 m in length. For a multipurpose model the minimum
weight is likely to be approximately 70 kg (equ1pped with radio control gear and some
instrumentation) while the maximum weight for a towing tank model is approx1mate1y
250 kg. The structural stiffness is not usually scaled. Models are constructed in
lightweight materials such as wood, glass reinforced plastic (GRP), carbon fiber,
light alloy, and polyv1ny1 chloride (PVC), foams etc. The latter material can have
advantages since it s1mp11f1es structural mod1f1cat1ons which may be requ1red during
a development program. Further examples of construct1onal techniques are given in
Reference 4. _ | _

Skirts are manufaétured from éommerciélly.available proofed fabrics or specially
- produced synthgtic rqu;r coated fabrics. Material propérties considered in the .
choice of ﬁategial are bending stiffness (Youngs modulus), elastic properties, and
weiéht; With commercially available materials it is unlikely that both stiffness
and weight will scale correctly, but for certain applications this can be overcome
by adding mass at discrete points .in the skirt. One method of scaling bending stiff-
ness is outlined in Section 3.6.8.

3.6.1.3 Scaling Approach

In accordance with accepted tank tésting practice, Froude scaling laws are gen-
erally applied to ensure that gravitational as well as fluid dynamic pressure effects
are éorrectly scaled. There ate, however, 'several effécts which are not accounted .
for by this method of scaling.

Aerodynamic forces and moments should be evaluated at the préper Reynolds num-
ber. When scaling hydfodynamic wetting drag, account should be taken of the dif-
ference in Reynolds rumbér between the model and full-scale regimes. However,
because 6f the indeterminate wetted area of thé skifts, it may be impracticable to
apply this correction in the case of an amphibious hovercraft. Furthermore; the in-
fluences of viscosity and surface tension on water wetting and spray drag must also
be considered, in particular the fine spray generated by the escape of-cushion air
is not amendablé to Froude scaling. . o

When operating in waves, the effects of absolute ambient pressure on the be*-
_havior of the cushion system must also be considered.” In thiese unsteady conditions,

air compressibility effects might be expected to arise, and a suggested criterion,
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for scale effects of this nature, which is é'ﬁodificatiqﬁ of the criterion from Ref-

erenceé 5, has the following form

APV
Py QT K1
and the process 1is considered to be isothermal.

C

s;eady state cushion pressure (gage)

where AP
Q = airflow rate
. V = cushion volumé
Pg = absolufe agmospheric‘pressure"

T = period of oscillation

Meeting the said cgndition indicates_that there is no significant séale effect.
From ;he form of this expressi@n i; follows ;ha;_with'aq_ihcreaselin the flow rate Q
the. scale effect 1is sqaller; al} oﬁher conditi&ns bging equal. .

Experience to date on conventional fully skirted craft suggests that compressi-
bili;y.gffects are small as regards the air cushion asva'whole, énd.fur;her model/

full—scale-correlatipn experience is required to_substantiate the above expression

wh1ch 1s based on theoretical considerations alone.

Spec1al arrangements need to be made with regard to any portion of the sk1rt
which acts like a sealed bag (where flow rate is very small or zero) to ensure that
the pressure—volume relat1pnsh1p is, at least approximately, cor;ectly scaled, This
can be'achieved by connecting each bag sgctipp to a spring loaded sealéd pressure

compensator designed so that the pressure-volume relationship of the bag and compen-—

“sator combination is approximately correct (Figure 3.6.5).

3.6.2 TESTS (GENERAL)

Prior to towing tank tes;s'on an ACV development work is likely .to be implemen-
ted on individual craft components and bench tests conducﬁed Qith the complete médel.
These are discussed 1n Section 3.6.3; Self-propulsion tests are not normally conduc-
ted on ACV's and per formance 1is derived from calm wafeg'ggsigtgnge tests, seakeeping
tests, and separate propulsor investigations (see Seéﬁibns‘3.6.ﬁ, 3.6.5, and 3.6.7,

respectively).

157




The ability of an ACV to opérate over very shallow water and to negotiate
various types of terrain and size of obstacle may also need to be investigated. " This
type of work often requires special facilities and the test methods employed are not

1

described in this document.

3.6.3 PRELIMINARY TESTS
3.6.3.1 Flexible Skirts v
During the development of new flexible skirt schemes, it is convenient to use

stationary test rigs for testing two-dimensional flexible skirt components. In this
way it is possible to evaluate the agreement. of flexible skirt fotrm parameters to
their design values, the degree of stability, and flexible skirt component stiffness,
as well as to the frequency response of the skirt des:ign,-1 When necessary, similar
model tests caﬁ be carried out over the water surface. '
3.6.3.2 Fans '
The characteristics of lift fans are often studied in special test rigs, both
in an "idealized" environment and when installed in a typical craft plénum system.
The characteristics may also be studied under fluctuating output flow conditions.®

3.6.3.3 Complete Craft at Zero Speed

Beiich model tests for estimating supporting forées and stability characteristics
are a necessary phase preceeding model tests in a towing tank. Test facilities are
used which enable tests to be carried out over a solid ground board as.well as:ove;
water. | ‘

- The model is free to perform vertical oscillations, heel, and trim. When the
model is loaded or during the action of heeling and trim moments, kinematic par-
ameters, and ‘also side and ‘longitudinal forces may be recorded using a two component
dynamometer at the model attachmeéent point. Heel and trim are measured by potentio-
meters. To measure static préssures use is made of'liquid manometers or elecrical
gages. v ' _

Tests over a solid ground board and over water are carried_out to find the

relationships betwegn model hovering height, loading, and air flow rate as well as

stability characteristics.

3.6.4. RESISTANCE (SMOOTH WATER) - o .

3.6.4.1 Components of Resistance
Depending upon the purpose of investigations, various authors use various ;
‘e . . / ’
approaches when subdividing resistance into components. The following classification
s
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of drag components can serve as an example with fa1r1y wide app11cat10n As with

many others, this c13551f1cat1on does .not 'take into- account the interdependence of
cémponents and probably does not exhaust ali p0381b111t1es The following hovercraft
calm water resistance components are consxdered

Aerodynamic profile drag

Intake'momenéum drag

Wavemaking drag
Re51dua1 drag (1nc1ud1ng wetting drag of the 'skirts, jet component due to the

air Qucflow form the cushion, etc.)

3.6.4.1.1 Aerodynamic Drag _
C3.6.4.1.1.1 ijfiie.dragi This comprises the sum of the aerodynamic skin fﬁic—
tion and form drag of the é¢raft. It is customary to express the profile drag in '

terms of a nondimensionél drég'cOefficient, Cdp such that:

1, v 2A.C, C(3.6.1)
va ='E_pa Va f__dP ' o
where _ _
p, = air denskty
V, = air speed
Af = craft frontal area

Cqp = profile drag coefficient

Profile drag coefficients typically vary from 0.3 to apprbximétely 0.8 depehding
upon the craft. ' o : . ' o
3.6.4.1,1.2 Intake momentum drag. This is caused by having to accelerate the

- air entering the lift fans from rest up to the veloc1ty of the craft. To evaluate

the momentum drag it is usually most convenient to assume that all the air taken in

by the lift fans flnally leaves the craft in a symmetrlcal pattern. The drag can

then be expressed ds:

D = p5.Q .V - (3.6.2)

wvhere qum i the total volume flow entering the lift fars per unit time.

- 159




Any s1gn1f1cant departures from the symmetr1ca1 situation, due for example, to
air leaking through re1at1ve1y large gaps in the rear skirts or exhausting through
» the main eng1nes, are then taxeu 1uto account by eva1uat1ng the associated thrust
terms .

3.6.4,1.2 6ver Water Drag

3.6.4.1.2.1 Wavemaking drag. When a pressure distribution, such as that under

a hovercraft cushion, moves over the surface of the water, a wave system is -set up,
the shape of which depends upon the speed of the craft and the characteristics of

the pressure distribution. This disturbance to the surface gives rise to a drag term
known as wavemaking drag. As speed increases, the drag rises and falls through a
series of humps and hollows until the primary hump if reached Thereafter, the wave—
making drag decreases, becoming a1most negligble at ‘very high speeds In practice,
as the craft accelerates, the theoret1ca1 lower speed wave humps may not fully de-
velop or may be steepness 11m1ted An example of the wavemak1ng drag at low speed
is shown in Figure 3.6.4.

- The theory developed by Newman and Poole8 for sharp edged rectangular pressure
d1str1but1ons is most commonly used to predict the magnitude of this component of
drag. However, some researchers feel that more reéent work published by Doctors, 9
which assumes a smooth pressure drop-off at the edges of the cushion, gives more
realistic results part1cu1ar1y at speeds below the main hump.

3.6.4.1.2.2 Ca1m water wetting drag (or residual drag). Th1s is another,

1arge1y hydrodynam1c, drag term which is experienced in the calm water case. It is
genera11y interpreted as being the difference between the total calm water drag and _
_ the sum of the components discussed above, i.e., the profile, momentum and wavemak1ng
drags, and at present c¢an only be der1ved from mode1 tests or estimated empirically.
It is .called wett1qg ‘drag’ because it is prrgar;ly due to wdter contact, either
from direct immersion or spray impact. However, it also includes a nuimber of other
force components the most. s1gn1f1cant of whlch is a trim term assoc1ated with the
pitch attitude of the craft. « In calm water, opt1mum performance 1s often achieved at
bow down trim conditions in which a sizable forward thrust is produced by additional
air 1eakage at the rear. If the calm water wetting drag is separated from this "trim

thrust" it can be expressed as follows:

wet = Dtot - Dp = Dy = Dyp =~ Derim
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where Dym = wavemaking drag
Dtrim-=dtrim drag (or thrust)
Deot ='totalA'calm water drag
3.6.4.2 Tests -
As 1mpl1ed by Equation (3 6 3, the experimental determination of ACV resistance
can involve the use of both tow1ng tanks and w1nd tunnels. lhe test techniques em-
ployed vary depending upon the fac1l1t1es ava1lable and the type of craft being con-—

s1dered In a tow1ng tank it may ‘not be poss1ble to obta1n correct scale values of

‘ aerodynam1c prof1le drag (D ) and momentum drag (Dy) and the wavemak1ng drag may be

subJect to boundary effects if the tank size is l1m1ted._ Thus, the test'techniques
employed are devised to enable these components to be 1solated as far as possible and
scaled separately when extrapolat1ng to the full scale reg1me

3.6.4.2.1 W1nd Tunnel Tests. The use of wind tunnel exper1mental fac1l1t1es for

investigations of hovering craft resistance is des1rable for two ma1n reasons: (1)
developing hull forms with minimum aerodynam1c res1stance and (2) obta1n1ng aero-
dynamic characterist1cs necessary for the calculat1on of total full scale res1stance.
With a new craft design 1t71s l1kely that the aerodynam1c character1st1cs will
be established using simnle solid models. The techn1ques involved generally follow
conventional wind tunnél practice. 10,11 | .
‘The aerodynamic control system may be developed with the aid of either partial
models or possibly the complete dynamic test model. S1m1larly, either specialized
models or the dynam1c model may be used to develop the lift system air intakes and

to study the effects of interaction between the lift and propuls1on systems.

3.6.4.2.2 ToW1ng Tank Tests w1th Screened Models. The usual towing scheme uses a

vertical post to tow the model at constant speed with freedom in heave and p1tch

The total resistance to model movement is recorded by a one-component dynamometer.

.The center‘oﬁ-grav1ty rise and angle of trim are recorded by potent1ometer gages.

lhe distortion of the veloc1ty field in the airstream (see Section 3. 6.4.2, 3l
as well as the comparat1vely small Reynolds numbers wh1ch of ten apply, somet1mes make
it attractive to exclude air resistance when measuring total ACV model resistance in
the model tank. This is achieved by the installation of a screen ahead of the model
which insulates the model from oncom1ng air flow. _ 7

The d1sadvantage of th1s method is that it does not guarantee comhlete insula-

tion of the model. That is why, to some extent, prof1le and moment um drag, a well as
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\
components due to the interaction between the air outflow from the air cushion with
the onchming flow, are excluded form the measurement. These factors are difficult
to acCount for.

The unrepresentative aerodynam1c action upon the model dur1ng 1ts tow1ng in the .
model baf1n, in particular the 1ong1tud1na1 moment has an effect upon model trim
and, consequently, distorts its hydrodynamic character1st1cs in comparison w1th the
~full- sca1e vesse1 for the same longitudinal C.G. location. Thus, the model has to
- 'be towed\w1th a longitudinal C.G. location such that its tr1m corresponds to that of
a full- scale craft with the moment from the propu1sors also taken into account The
moment character1st1cs necessary to correct the tiim of the model are obta1ned by
ca1cu1atlops and by the results of wind tunnel tests.

3.6.4.2. 3 Tow1ng Tank Tests with Unscreened Models. The determination of the calm

water res1stance is on1y a small part of the total performance envelope. Therefore,
because a screen can only be used in the calm water case, many establishments prefer
to conduct tests with unscreened models. .

Due to the comparatively 1arge above water area and high speeds of an ACV it is
‘1mportant to ensure that the model is not subJect to aerodynamic interference effects
from the tow1ng\carr1age. The air flow beneath a conventional tank carr1age can be
severely disturbed' To minimize these effects, either a small permeable carr1age,
connected w1th the main one and runn1n2 ahead of 1t or a se1f-conta1ned unmanned
carriage is employed ‘

The detailed treatment of the aerodynam1c prof11e drag component depends upon
the superstructure conf1gurat1on and the extent to wh1ch it can be accurately
modeled. 1In many cases, with a suitably representat1ve superstructure, exper1ence
has indicated that at| least approx1mate s1m11ar1ty of the external flow around the
_ mode1 is obtained. It is sometimes assumed that the aerodynam1c drag coefficient is
the same on the ‘mode]l as on the prototype veh1c1e. )

In some instances th1s may not be.: sufflcrently accurate and corrections are then
' applied using data from wind tunnel tests. The model may also be towed in the tank
in the hovering pos1t1on without the air cushion to obtain an aerodynamic drag
coefficient for the mode1 however, this is not always practical with fully skirted
craft. ‘ '

Measurements made comprise total resistance, C.G. rise, trim, and often skirt

and cushion pressures and 1lift power.
~ . .
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3.6.4.2.4 Tests to Determine the Resistance of Particular Craft Components.

For investigation purposes, alongside total resistance measurements, the resistance
of flexible skirt components is determ1ned by mounting these components on separate
dynamometers. Generally speaking, in the case of flexible skirts, the longitudinal
force along the h1nge line on the solid hull structure is measured rather than the .
flexible skirt resistance: An example .of such test results is shown in Figure 3.6.7.
The techn1que 6f these experiments is complicated by the specific features of the
hoverlng craft supporting system. The est1mat1on of the res1stance of flexible skirt
components, for example, is possible only by simul taneous measurement of the forces,
air cushion pressure, flexible skirt form, and area of its wetted surface. .

3.6.4.3 Extrapolat1on of Model Results in_Smooth Water to Prototype

The pr1nc1p1e-hydrodynam1c scale effects as regard calm water resistance are due °
to the influences of viscosity and surface tension on water wetting and spray.

Water wetting can be corrected for in the usual way provided that the wetted
areas can be determ1ned and that the boundary layer is turbulent. This is the normal
procedure for surface-piercing rigid structure such as skegs, etc., but is generally .

impractical on f1ex1b1e sk1rts. However, it can be postulated that the expected re-

"duction in full-scale skin friction drag coefficient due to Reynolds number effects

is offset by an increase in spray drag or some other nonscale phenomenon. This prem-
ise is supported by correlation experience obtained to date which indicates that
full-scale calm water resistance can be satisfactorily predicted by direct Froude
scaling of the model residual drag component given by Equation (3.6.3) (see Reference
12).

‘When tests are conducted with a screened model (see Sect1on 3.6,4.2.2),
full-scale aerodynamic drag terms (Dp and Dp) must be calculated using w1nd
tunnel data (see Section 3.6.4.3.1) and added to the Froude-scaled model hydrodynam1c
resistance. As noted previously, however, $ome errors are likely to be introduced
because some aerodynamic effects are not accounted for fully. The effect of the on-
coming flow upon the amount of air jet response can be taken into account using the
results of wind tunnel tests on a mode1 with flexible sk1rts and working fans, but
such a procedure is not usual during routine testing.

For tests with an unscreened model. the total measured resistance may somet1mes
be scaled d1rect1y to fu11—sca1e using Froude sca11ng. However, it is mqre usual to

separate the aerodynamic drag components to enable correct1ons to be. app11ed (see

‘Section 3.6.4.2.3).
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Where tank size is Ligiced,'ghe-wavémaking d;ag of the mpdei‘in'the restricted
water of the test tank may then be calculated using the Newman and P6ole method8 so
that the wetting (or residual) drag of the model can be obtained (see Equation
3.6.3). This is scaled up to full-scale using direét Froude sca11ng. The full-
scale estimates of the aerodynamic and wavemaking drag components for unrestricted
water are then added to the full- scale residual drag to give the total full- —scale
calm water drag.

3.6.4.4 Outstanding Problems 1n the Pred1ct1on of Smooth Water Res1stance

‘Calm water resistance pred1ct1on techniques, ds already described, give satis=
'factory correlation with full- -scale trials for many ex1st1ng craft. Nevertheless
the spray drag scale effects due to sur face tension are not fully understood and
this may become important on future craft designs when the.appateﬁt balance, which .
exists at present between water wetting and spfay scale effects, may no longer apply.

3.6.4.5 Recommendations to. the 16-ITTC in the Area of Smooth Water Res1stance

.3 6.4.5.1. Assess the hydrodynamic skin friction scale effects on flexible
structures and the theoretlcal calculations of wetting drag.

3.6.4.5.2 Determine the effects of spray drag and the scale effects associated
with spray generatlon.‘

3.6.4.5.3 Develop techniﬁues suitable fofr the investigation of separate drag
components. »

3.6.4.5.4 Develop techniques for scaling skirt material characteristics and the

effect. of material properties 6n the reésistance.

3. 6 5.1 General C - v F

Seakeeping qualities of hovering craft are characterized by the craft resistance
and various accelerations, thé value of the largest impact loads in a sea-way and the
amplitudes of pressure flictuations in the air cushion.

3.6.5.2 Test Wave Envitonment

The value of regular wave tests is limited since ACVs are often spec1f1ca11y
designed to have nonlinear response character1st1cs, and, eXcept for detailed in-
vestigation of this aspect, most tests are conducted in irregular waves:

‘The energy spectra employéd should be representative of the area and conditions
under which the craft is expected to operate. Eithér British Towing Tank Panel

(BTTP) Inshore (Darbyshire 100 nm fetch) or Jonswap formulations are frequently
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employed for all but the largest vehicles where Pierson-Moskowitz and Bretschneider
formulat1ons may be more appropr1ate. For comparat1ve tests between, for example,,
different craft conf1gurat1ons, it is 1mportant to test each in the same .wave train
at each speed. .

3.6.5.3. Test Procedures-

Tests are either conducted in the towing tank or occasionally with free running

models at sea in wind generated waves.

For tests 1n the towing tank the model is restrained in roll, sway, and yaw but

vis free to pitch and heave. In general, freedom 1n surge is also felt to be highly

desirable for.AQVs because it is reasonable to assume that:scale mqt1on characteris-
tics will only be reproduced if the model is free to recover correctly from the de-
celerating effects of large waves. _ ) '

Depending upon the wavelength and height relative to the cush1on length and
height the amount of surge movement may be small, and in some fac1l1t1es_overwave
tests are conducted without surge freedom.

Tests are normally conducted with the merl“loeked at zero roll and yaw. How-
ever; witn an amphibious hovercraft it is likely that, in a seaway, the. craft will
be operated at some angle of yaw relative to its track. For certain applicetions,
therefore, roll and limited yaw freedom may be prov1ded during the model tests.

The model is towed at constant thrust (or constant speed) from the center of
gravity and a p1tch1ng moment correction applied to account for the difference in
height between the thrust l1ne and the vert1cal C.G., by moving nallaet"within the
model. _

The quant1t1es measured generally compr1se mean resistance, trim, C.G. rise,

vertical accelerations, skirt and cushion pressures, and, where appropr1ate, surge'

‘motion. Wave height is recorded by means of a probe attached to the tank carriage.

In limiting sea conditions impact pressures may also be recorded. It is usual to.
obtain video motion picture film coverage for qualitative evaluation.

3.6.5.4 Data Collection and _Processing

The methods of data collect1on and processing employed-vary depend1ng upon the
facilities available. '

Either digital or analog methods may be employed for. record1ng the data depend-
ing upon the preference of the establishment. The high encounter frequenc1es experi-

enced require that the digitizing sample rates should be high (on the order of 100
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samples per second on each channel may be necessary to ensure sampling rates on the
order of five times the frequency of the data). In many cases, these record1ng
methods are supported by analog paper trace records, which are used for direct visual
appraisal and as an aid for correct interpretation of the results of subsequent
analysis. ‘ 7

Time domaln analys1s is emphasized in 'many cases because of the nonlinear nature
of ACV motlons, acceleratlons, etc. Statistics such as: the largest response, the
second largest, etc. the significant; the average of the largest one-tenth; and the
average are calculated from actual peaks and troughs in the time history. For ACV
motion analysis these peaks and troughs in:theé time histories are usually treated
separately because exper1ence has shown that this minimizes the effects of large
amplitude very low frequency motions which are of little significance from the point
of view of ride comfort.

Motions, accelerations, and waves are normally presented either as énergy spec-
tra on a frequency base or as significant values.

Significant values of motion and acceleration are also sometimes divided by sig-
nificant wave height to provide significant responses for comparative purposes.

Histograms are sometimes provided, especially where impact pressures are mea-—.
sured. Accelerations may be compared against a hab1tab111ty standard to evaluate
hab1tab111ty of the desigr in question.
3.6.5.5 Extrapolatlon of Model Results 1n Rough Water to Prototype

3.6.5.5.1 Correlatlon of Model and Fu11 -Scale Motlon Data. Direct correlation of

g

model motion data obtained on the towing tank with full-scale behavior is difficult

to establish because the full-scale behavior is influenced to a large extent by
dfiver technique, craft heading, and multidirectional characteristics of the full-
scale sea staté. There are also difficulties in obtaining a good measure of the
full-scale waves.

Qualitative evidence that has been obtained by "flying" the full-scale ¢raft
with fixed control sett1ngs in reasonably long crested waves, however, suggests that
.direct correlatlon of craft motions is obtained u51ng Froude scaling prov1d1ng the
conditions prevailing in the tank and in the full-scale regime are the same.

3.6.5.5.2 Predlctlon of Rough Water Performance. The-rough*water performance is

calculated using the drag measurements obtained form the model tests whlch when

the calm water resistance is subtracted, give values of the oveérwave increment drag

(DlnC
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At the present time there is no adequate theoret1ca1 treatment available for

this term and 11ke the ca1m water wett’ng; it can only be established from model
tests or estimated us1ng‘emp1r1ca1 techniques.

It arisea dainly from the additional water contact which occurs as the craft
passes through the natural waves, but in rough conditiOnS'additionai terms can arise
from local impacts with the craft structure or cushion compartmentat1on dev1ces. In
addition, work by J.R. R1chardson13 suggests that a rough water drag may occur as
a result of the craft motion even if no water contact occurs. This arises because
the craft damping in pitch and heave alters the phase between the craft motion and

the wave in such a way that the resultant of the pressure fluctuations has a net

_rearwards -component.

Experience has shown that in rough water, fﬂll*scale performance may be better
than that indicated by direct Froudé scaling of model test data.. This discrepancy
between model andvfnll—scale performance in waves has been attributed to the fact
that models are normally tested in linear towing tanks where the simulated waves are
two-dimensional as opposed to natural sea waves which have a finite width. It is
also possible that a portion of the discrepancy is due to other effects such as ekin

friction or nonscale skirt dynamic characteristics. Because skirt wetting is higher

in waves than in calm water, the apparent balance which exists between the scale

effects in calm water may rnot apply in waves.

To allow for the fact that model overwave dtags tend to be pessimistic, a wave-
height correlation factor (W.H.C.F.) to relate the tank wave to its full-scale -equiv-
alent, is often applied: This factor may vary with the type of craft and at present
can only'bevestablished as arre8u1t of previous model-to-full-scale correlation éx-
perience. ' . '

" However, model-to-full-scale trials with a numbér of craft of widely different
sizes; but similar p1anform shape and skirt configurations, have suggested that ‘this
factor is essentially constant for a particular class of vehicle (typically with a
value in the region of 1 5).

3.6.5.6 Ana1ys1s ‘Methods

Figure 3:6.7 shows typical curves of craft drag variation with speed in calm

water and at three wave conditions, all at optimum longitudinal C.G. positions.. If

cnecessary, tank béundary corrections are applied to the calm water drags -and the

total rough water drag  curves established by adding the measured Dj,. to the
\
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corrected calm water resistance. As shown on the figure, the aerodynamic (i.e.,
momentum and profile) and wavemﬁking drag components are estimated (see Equations
(3.6.1) and (3.6.2)) so that the va;iatioﬁ of calm water wetting drag with speed may
be deduced (see Equation (3.6.3)). Hence, the total hydrodynéﬁic drag (Dy) may be |
defined for each sea condition (i.e., total craft drag less total aerodynamic drag,
with allowances for cushion thrust if appropriate). That is, h .

N Dy = Deot *+ Dinc ~ Dm — Dp (3.6.4)

To predict the full-scale speed performance using the drag figures derived'froh»_
the tests, the total thrust (e.g., ptopgller and exhaust) is determined for the ap-
propriate propeller rpm and thrust power condition, and the aerodynamic drags appro-—
priate to a ranée of airspeeds are subtracted. It is then possible to construct
curves of tptal thrust,lgss aerodynamic drag (T-Dm-Dp) against watgr speed for var-
ious headwind conditions (see Figure 3.6.8). Curves of total hydrodynamic drag for .
¢alm water at each test wave hgight factored by the appropriate WHCF, when super—
imposed on Figure 3.6.8, enable a performance predictiop to be made for an assumed
wind'speed wave height relationship. This is illustrated in Figure 3.6.9 in terms
of the-variation of predicted into wind water speed with significant wave height.

In assessing the overall performaqce of a vehicLeiit should be appreciated-that
seakeeping behavior with respect to ride comfort is often of considerable importance
and may dictate a limiting speed independent of the available power.

. 3.6.5.7 Outstanding Problems in Model Tests in Rough Water

The major problem area is associated with the comparatively nonrepresentative
environment of the towing tank where the model is coqventionélly tested at constaﬂ;
control settings at zero yaw in unidirectional head seas. As previously discussed,
the full-scale vehicle is effectively "flown" by the pilot sometimes at a significant
yaw angle in multidirectional seas. In deyelopmental work, model towing tank data
are normally employed on a comparative basis, using a design for which the full-scale
behavior is known as the reference. .

At present the satisfactory prediction of rough water performanée often depends.
upon empirical correlatioh factors appropriate to a particular class of vehicle and
are determined as a result of previously_obtained'correlation déta. More co:rela;ion
experience is required on a wide range of vehicle types with a view to determining
the parameters which gpvern.;he choice of correlation factors. Such correlation
data might also.assiét in the determination of following sea performance and the in—

fluence of craft yaw angle on performance prediction. !
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3.6.5.8 Recommendations to the 16th ITTC in the Area of Rou ugh Water Performance

3.6.5.8.1 Establish more clearly the effect of surge restraint on performance,

motions, and plow-in for different types of ACV since many test fac111t1es use a

'locked in surge towing technlque.

3.6, 5 8.2 Estab11sh the extent of 11near1ty of the response of practical Acv con=
flguratlons. i '

3.6.5.8.3 Establish the effects of driver techniques on craft response and its sig-
nificance with respect to towing tank data. o

3.6.5.8.4 Investigate the applicability and application of the various methods of
calculating significant values. ' o ' '
3.6.5.8.5 Examine analytical methods for the prediction of calm water residual

resistance and overwave drag increment.

'3.6.5.8.6 Examine methods of predicting craft performance in beam and following

seas, and the effect of craft yaw on performance predictions.
3.6.5.8.7 Investigate the significance of the waveheight cotrelation factors cur-
rently employed for ﬁbdel-ﬁo-full-scale‘performance correlation in rough watér.

3.6.6 'MANEUVERING AND STABILITY CHARACTERISTICS

3.6.6.1 General Descrlptlon

' The maneuvering and stability characteristics of an amphibious hovercraft are
often interlinked and a change in one may'have'seriaus_repercussibns on the other.
In this context it is worth noting a comient made in Reference 14 "...when handling
a hovercraft the line between cqntrolling the'hovercraft and the hovercraft control-
ling the situation may be very thin, and it'is very easy to slip to the wrong side
of this ‘life." _ ‘ : '

For this reason, considerable emphasis 1s placed on model investigations of
these aspects to define critical situations and to assist with the preparatibn'of'
the operators manual. o

' Adequaté control must be available to éenable the craft to maintain, and turn
off, dny chosen heading within thé®specified range of wind and sea conditions. The
paraméters notrmally used to desCribe the maneuVering characteristics of the vehicle
are the tacciéal‘tnrn%ng circle diameter; advance, and maximum safe rate o6f turn
which can be achievea'withOUt'excessive outward roll. The response of the vehicle
to control and motive power failure, and to sudden changes of environmental condi-

tions must a1so be examined.
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3.6.6.2 Tests

3.6.6.2.1 Free Running Tests in the Open Sea. This technique compliments, rather

than supersedes, experiments in the controlled environment of a towing tank and,
because of the complex interaction between thé aerodynamic and hydrodynamic forces,
can highlight phenomena having an importance that would not otherwise be appreciated.

Other features include the realism of the environment, in that the waves are
wind-generated and mulgidirectiohal; the model has all six degrees of freedoﬁ, and
can be run at any headiné to the wind and waves.

The tests can be carried out with manned or, more usually, radio=controlled
models .of varying degrees of sophistication depending upon the requirements of the
work. TFor an-initial investigation, a relatively simple model with no instrumenta-
tion can provide much useful information. For more detailed studies, a model having
all the full-scale control - functions represented and carrying comprehensive insttu—
mentation, using either an onboard recorder or radio telemetry, depending;upon the
size of the model, is. likely to be used. .

The models are usually powered. by air=cooled two-stroke gasoline engines.
Instrumentation may include: accelerometers (longitudinal, vertical, and lateral);

a gyro for pitch and roll angles; -and for yaw angle, air speed, and control settings.
Model track is determined using techniques similaf to those employed for conventional
low speed ships. High speed film records are fnormally obtained for visual appraisal.

Tests are carried out in a wide range of sea states, to cover the worst inten-
ded environmental conditions proposed for the full-scale vehicle. A variety of
maneuveres are carried out over a range of headings td establish the turning perfor-
mance, the maximum yaw angles for safe operations, the longitudinal C.G. range avail~-
able before the onset of plow-in; ‘and the behavior following a control s&stém or:
engine failure.

3.6.6.2.2. Towing Tank Tests. Stability invéscigations on the towing tank use two

basicaily different test techniques. - In the first; the model is provided with surge
freedom and. the dynamic situation is. represented as closely as possible within the
limitations imposed by the towing tank. With the second technique the model is
locked in surge, and sometimes in- all other five degrees of freedom, and measurements
of forces are obtained, usually for application in a computer simulation. !

In the first method iongi;udinal stability is investigated with.the-model free

. to surge, heave, and trim and usually re;trained,in roll, yaw,.and sway. It is
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normally towed at constant thrust from the C.G. position with appropriate thrust
mbmeht corrections applied to account for the correct position of the thrust line.
Stabilityrboundariés are iﬁvestigatéd by variations of the longitudinal L.C.G. posi;
tion fn‘calm water and when entéring disturbed wateér, such as a ship‘s yake (simul a-
ted in thé‘tank by operating the wavemaker for only a very short period of time).
Emergenéy situations and engine failure cases may also be studied. Clearly this
method requireé a free‘to-surge'facility with considerable travel; exper1ence
suggests a travel on the prder of four times the model length is desirable.

For investigation!of transverse stab111ty, and the limits of safe operation at
yaw angles up to 90 degrees, similar techniques are employed and tests are also
carried out in steep following seas and the effects of wind; C.G. shifts and control,
and skirt failures may be. investigated. In these cases the model is restrained inA
yaw and sway (i.e., perpepdicuiar to the wave direction) only.

In this context it should be noted that, while the initiating maneuver may
commence at a high speed, the final large attitude change and possible overturn is
most likely to occur.at a felatively low speed, with the c¢raft traveling essentially
beam-on and rolling about the immersing 1ead1ng s1de structure.15

Th1s critical overturn speed has béen defined in model beam-on towing .tests. in
calm water as the speed at which the applled roll moment produces the maximum roll
angle, as illustrated by the example in Figure 3.6.10. The pérameters inflﬁencing

-

craft.safety are discussed in detail in_Referehce,l&.
The second type of technique follows more closely conventional displacement ship
practice in that the- model is locked in surge. Longitudinal stability is the sim—
plest for evaluation and using measurements of trim angle for various C.G. locations
relative to model length, it is possible to evaluate the stiffness as a function of
the Froude numbef, load coefficient, etc. Thé critical modes preceeding -the loss of
stability due to plow-in may also be approximately evaluated. B
To estimate the longitudinal and transverse stability in conditions of three-
dimensional model motions, a tracking installation may be used. 16 1, th1s case,.
the model has five degrees of freedom, i.e., vertical emergence, side. dlsplacement
heellng, yawing, and trimming. In the case of side d1splacement, the model is.re=

lieved of inertial and frictional forces in the moving components of the installa-

~tion by means of a special servosystem. The significant element of the ihgtaliation

15§ a servosystem bringing the towing force direction at each given moment of time

into coincidence with the model centerline plane irrespective of the course angle.
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On apparatus such as that described, one can determine model amplitude, phase,
and frequency characteristics or directly estimate model behavior in a given condi~
tions such as the case of flex1ble skirt rupture or fa1lure of fans, etc. ]

Naturally, because the model is restrained in surge and the towing speed is
always constant, it is not possible to obta1n_a complete simulation of vehicle be-
havior. Howeyer, this is not necessarily a barrier to solving a wide variety of
practical problems because errprs are often on the side of safety. V

The determination of directional stability derivatives can be carried out in a
circulating basin with a rotating arm. Superstructures may be simulated while the
effects of propellers are not. For the tests in the circulating basin, the model is
attached to a dynamometér on the rotating arm with defined drift and heel angles and
with freedom ir vertical motion and trimming. Such.factors as $ide force, resis—
tance, moments of heel and yaw, as well as the angle of trim and center of gravity
rise are measured. During the tests the linear model towing speed, radius of circu-
lar trajectory, angle of heel and drift are varied. The form of the test result
presentation depends upon the use of the material and the pattern of curves obtained.
Stability derivatives may also be obtained using a hor1zontal planar motion mechan-
ism.\ The model generally has freedom in heave and pitéh and as a rule the super-
structure and aerodynam1c control surfaces are not represented In both of the above
cases, the techn1ques are similar to conventional low speed ship practice with the
exception that wind tunnel tests may also be required to determine the aerodynamic

ne 16

characteristics. Such tests employ convent1onal wind tunnel techn1ques.

3.6.6.3 Extrapolation to Prptgtyg;

Model to full-scale correlation of directly simulated processes (such as free-
running tests) are carried out by direet Froude scaling without any additional scale-
effect corrections. Reynolds number effects are considered to be insignificant in
most practical cases. This has been found adequate for the prediction of full-scale
behavior.

The stab1l1ty der1vat1ves and coefficients obtained from capt1ve model tests
-are generally employed in a computer simulation to pred1ct the maneuvering character-

istics of the full-scale vehicle.

3.6.6.4 Outstanding ProblemfAreas in Maneuverability and Recommendations
The interaction and cross coupling between the various aerodynamic and hydro-

dynamic characteristics governing the maneuyering capability of ACV's present serious
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problems when attempting to assess the maneuvéring pérformance by means of mathe-
matical models: Nevertheless, a'be;gegngderscaggiggﬁof'the problems is desirable

for-the,long-term development of ACV's in general.
It is recommiended that investigations be made into the aerodynamic and hydro-—

dynamic characteristics govérning thé maneuvering capabilities of ACV's, and the

most suitable methods for obtaining these characteristics experimentally.

"3.6.7 PROPULSOR INVESTIGATIONS

3.6.7.1. Typical Propulsors

Typical propulsors are’discussed in Section 3.6.1.1

3.6.7.2 Test1ng

The testing of air propellers normally lies outside the realm of towing tanks,
althqugh, as men;1oned Ln.Sect1on 3.6.4.2.1, w1nd-tunnel tests are often conducted
to investigate‘lift and propulsion system ihtefactidns, control effectiveness, etc.
The data.obtained from separate wind tunnel tests on airscrews are employed in the
prediction of performance as described in Section 3.6.5.6.

3.6.7.3 vOgtstanding Problems and Recommendations

As already mentioned airscrews are the most common form of propulsbr used for
ACV's and the problems that arise are normally outside the real@ of towing tanks.
When water screws are employed the problems are s1m1lar to those for other screw

propelled high speed vehicles.

3.6.8 - SCALING OF SKIRT MATERIAL CHARACTERISTICS.

The correct bend1ng st1ffness is generally determined by compar1ng the deforma-
tion to load: character1st1cs of similar model and full-scale specimens when deformed
in the same way. For example, a rectangularbsample of materlal can be clamped at one
end as a cantilever and its deformation under its own welghflmeasured. Hence,4lf we
consider the full=séale material sample of length lg, weight per squafe meter We,

thickness t¢, and Youngs modulus Ef we have:

12welg
8Egted S (3.6.5)

where 8¢ is the deflection of the full-scale sample atlthe Etee-end;

At model scale . v ‘ lZWmlm4
i " BEgt . (3.6.6)
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and from, Equation (3.6.5)

8% ¢t g3 | o o BLeD)
where X = gcale ratio

Hence, substituting for Ey in Equation (3.6.7) we have:

Of W 14 g3 ‘ . (3.6.8)

Alternative methods are in use but they follow similar principles.
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‘Figure 3.6.2 - Scheme of the<Side Part..of the
ACV Peripheral Flexible Skirt :
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BAG PRESSURE

Figure 3.6.5 - Scaling of Enclosed Bags
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Figure 3.6.5b - Example of Pressure Volume- Relationship
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. of an ACV Model
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Figure 3.6,7 - Towing Tank Drag Measurement at Optimum-
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Figure 3.-6.8 - 'i'hfust and Drag
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Figure 3.6.9 = Actual and _Pdredicted into Wind
Waterspeed Performance
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