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RESISTANCE

= Importance
m SPEED - achieve a specified speed on trials
m (contractual requirement)
m The first step in establishing the powering needs of a ship is the
determination of its resistance at the requited speed through
both water and air.

Chapter 9
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RESISTANCE

m Components of Total Resistance, [Ry]

= Each component can be equated to a component of a towline
pulling the ship horizontally through the water and air.
m The components of ship resistance can be determined:
m singularly by empirical methods
m by specific model expetimentation

= from regression equations of the results of model tests or full scale
ship trials results of like ships

m or by a combination of these methods
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COMPONENTS OF RESISTANCE

m SEVEN COMPONENTS OF TOTAL RESISTANCE
m Frictional Resistance, R¢
m of underwater hull form assuming a smooth surface
m Frictional Resistance for Roughness, R,
m Frictional Resistance for Underwater Fouling, Re,
m Residuary Resistance, Ry
m includes Wave and Form Resistance of underwater hull
m Resistance of Underwater Appendages, R,
m Resistance in Waves, Ry,
m Resistance in Wind, R; 4
w _Air Resistance
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RESISTANCE

m The following expressions are commonly used :

u Barehull Resistance
Rgy =R+ Ry for a model
=R;+ R, + Ry for full scale ship

m Total Resistance

R =Rgg+ Ry + R ;4 for full scale ship
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Frictional Resistance

m From experience with the correlation of ship model test
results with the full scale ship performance on
acceptance trials, expressions for frictional resistance
have been developed and accepted internationally.

m 1957 ITTC Friction Formulation gives a frictional
resistance coefficient, C;, of a smooth flat plate:

C; = 0.075 / (Log ;o Ry -2) 2

Where Ry is the Reynolds Number, Ry = VL /v
V is velocity of the ship through the water,
L is length of ship or model on the waterline, and
v is kinematic viscosity of the water (v = p/@ =viscosity/density)

ZEITA005 NA & ME
Dr Warren Smith ©

Frictional Resistance

m Using the well established resistance expression, the
frictional resistance of a ship or model can be equated to
the resistance of a smooth flat plate of the same
underwater surface area of the ship or model such that :

R, = 0.50AV2C,

where: e is the density of water
A is the area of underwater form of ship or model
V is the velocity of the ship through the water
C;is the friction coefficient (different for laminar and turbulent flow)

Blasius published laminar results in 1908.
Prandtl and von Karman separately published turbulent results in 1921
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Frictional Resistance for Roughness

m The expression for frictional resistance is only applicable for a
smooth surface or a surface that is representative of a ship model
produced for model testing purposes in a ship model towing tank

m The surface of the underwater hull of a full size ship is much
rougher because of the presence of welds, out of fairness of the
form and because of the anti-fouling paint applied to the hull

m For a full size ship such as a frigate or a destroyer, an additional
allowance of C, equal to 0.0008 is added to the C; determined
from the above expression. Note that this correction does not
apply to model correlation.

ZEITA005 NA & ME
Dr Warren Smith ©

Frictional Resistance for
Underwater Fouling

m This is another frictional resistance allowance that is added to C¢
to allow for underwater fouling resistance on the full scale ship.

® The actual value of Cg,j,, is dependent on the number of days
the ship has been out of dock, the effectiveness of the anti-
fouling paint, the number of ship running days and the extent of
marine organisms that are present in the water.

m A realistic value of Cgyypn, is difficult to determine. For this
reason, contractual ship speed is normally specified for the ship
having a clean bottom.
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Residuary Resistance

m Ry, of a ship is composed of two components (always
extrapolated as one)
m wavemaking resistance
m the generation of gravity waves along the length of the ship
= form resistance
m generation of eddies etc over and above that of a flat plate
m Residuary resistance determined from
® ship model experiments

m interpolation of systematic seties of ship model tests such as
the Taylor Series, Seties 60, and the HSDHF Series

Residuary Resistance

m Ry, in these series is presented as a function of Fy, in terms of
parametets such as Cp, Cg, Ly / By, and By / d where:
Fy = V/ (g Lyp)*®
and: V is the velocity of the ship through the water,
g is the acceleration due to gravity, and
Ly is the length on the waterline.

m Ry can also be determined directly from the model test results of
a ship that directly resembles the design with appropriate
corrections being made for differences in design parameters.

m Ry can be expressed as resistance per unit of ship displacement
or more correctly it can be calculated from Cg when using the
following expression :
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Ship Model Extrapolation

m A ship model is towed along a towing tank at various speeds
under a moving cartiage. The drag of the model as it is towed is
measuted by a force balance fixed to the carriage. With a
knowledge of dimensional analysis it can be shown that dynamic
similatity exists between a ship model and the full size ship for
the generation of gravity waves and that the residuary resistance
coefficient, Cyg, for the ship equals the residuary resistance
coefficient for the model if the Froude Number for the model
(Fn model) equals the Froude Number for the ship (Fy gpip)-
By measuring the bare hull resistance of the model at various
speeds through the water the resistance of the full scale ship can
be extrapolated.
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RESISTANCE

SHIP MODEL EXTRAPOLATION
Law of Dynamic Similarity
Froude Number for the model (Fy 104e) €quals the Froude Number for the

ship (Fx ship)-

Fy = V/ (g Ly
Geometrically similar model
Model size dependent on speed and tank

Testing methods
R modet = 0.51 Apoga V2 modet CoH modet
CBH model = CR oaa + Cf model
R model = CR gy for corresponding Fyy
Thetefore,
Cousnip = Cronip + Cr modet for corresponding Fy

and Rgy ship 051 Aship vz ship Csu ship
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Resistance of Underwater
Appendages

m Underwater appendages include

= rudders, bilge keels, stabiliser fins, propeller shafts, shaft
bracket arms, shaft bracket bossings, hull bossings for
propeller shafts, and where fitted, sonar domes

m Because of scale effects it is not possible to accurately
determine the resistance of these appendages by ship model
experiments in a ship model towing tank

m From full scale ship trials it has been determined that the
appendage resistance of a ship can range from 5 to 10
petcent of the bare hull resistance, Rgy.
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Resistance of Underwater
Appendages

m For appendages that are aligned with the general flow
of water and have almost no cross section shape or a
very high length to thickness ratio such as bilge keels
and rudders, the following expressions can be assumed

Rpjpekeas = 0.75 @ Ay, V2C, ship
R Rudders = 0.85 e Aapp A& C f ship

In both expressions A, is the total surface area of the respective appendage
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Resistance in Waves

m Ry, is very difficult to determine. Most reliable method
is with ship model data from a towing tank

= model towed through a range of regular waves with various
heights and frequencies, or

m determined from standard series expetiments either by direct
interpolation or with regression equations
m Depending on the wave height, frequency and direction
in relation to the ship, Ry, can be as much as 30% of Ry
m Speed in waves rarely written into acquisition contract
m Ry is usually neglected and speed in calm water is accepted
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Drag Coefficients for Geometric Shapes
q . R . t Munson, Young & Okiishi 2002, p 594
m R4 can be determined with a model of the abovewater form in a |
wind tunnel or by empirical methods. For example, the air AP Il I
resistance of a ship heading directly into the wind is given by:
_ 2 il
Ryia = 050AVZC 5y -
s —
where: @ is the density of air
A is the frontal cross section area of the ship above the waterline -
Vis the relative wind velocity
Cina is the drag coefficient 5
Cing can vary from 0.97 to 1.50 and can be taken as 1.20 for a frigate
Total resistance, R, of the ship can be expressed as : . -
o0 & e Ry = Rgn + Rypp + Ryina + Ry o0 s & e
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p e Petermining jary resistance coefficient, CR, for ship model from Petermining Tor ship by equating Froude Numbers:
nfc ided.
nformation provide Fumel = Fusnp
since RT model = 05 ptank water Amodel Vmodel? CT model
Vimodel /(9 LWLmodel)%S = Vship / (9 LWLship) ©-5
- 2) -
The total resistance of a ship model when towed in fresh water in a ship model CTmodel = 350/ (0599965 4x5%) = 0.007002 Vehip = 5 @806x25) 051 (9806 505
tank at a speed of 5m/s is 350N. The LWL of the model is 5.0m and its RNmodel = (Vmodel LWLmodel) / viank water = 11180 mis
underwater wetted surface area is 4.0m2. Determine the total resistance in salt = 25;;0?/(;7101&10'5) RNship = (Vehip LWLship) vesawater
water of a geometrically similar ship at the corresponding speed assuming the - i 1.180 25/ (1.1907 x 10°6)
LWL of the ship is 25.0m. and  Log1o RN model = 7.356 = 2.3474x 108
" A : i = -22 and  Log10 RN shi = 83706
Assume the following for the freshwater in the ship model towing tank: Crmodel - ZZ;: E;Dfsgzm B o
Temp 16.30 Deg C = 0002614 Ctship 0751 (Lagio RN - 212
075/ (6.3706)2
P 999.65 l<g/r7163 , CTmosel = Ciimodel * CRmodel = oonnsis
v 1.1012 x10°° m?/s CRmodel = 0007002 - 0002614 CT ship fship + CR model
= 0.004388 001848 + 0.004388
Assume the following for the ship water (saltwater). = 0.0062
Temp 15.00 Deg C ince RTship = 05 pscawater Aship Vship? CT ship
P 1025 kg/ma d the | le of shi odel he d surfac f shi
¥ ind since th linear scale of ship to model s 5, the wetted surface area atio o ship
v 11907 x106 m2/s odel is 25. Therefore the wetted surface area of the ship is 100 m2.
[Therefore,
9 9.806 m/s? RTship = 05x1025x 100 11.1802 x 0.006236
= 39.946 kN
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POWERING

m Convert the resistance into delivered power, shaft Input Shaft

power and ultimately into brake power for sizing the
main engines eller Shaft

Thrust Block Brg
Shaft Coupling

Tube
Stern Tube B

Power = RV

—~

m Logical steps of conversion considering total resistance,
shafting, thrust block, gearbox, prime engine output
coupling.

ABracket Brg A Bulkhead

Gland
Linéshaft Brg or OD\Box
Propeller Hub Plumber Block

Gearbox
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Effective Power

m Effective power naked, EP,_,, .4, reptesents the power required to
pull the bare hull through the water such that :

EP,ea = Rpu V

m Effective power appended, EP ;. nqcq, tepresents the power to
pull the appended hull of the full scale ship through the water
such that :

EP, pended = (Rpu + Ryppp) V

m Effective power total, EP,,, is the same as EP .44 for the
full scale ship and EP,_ 4 for a ship model. The term EP,, is

the more commonly used term for both model and full scale ship.
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Delivered Power

m Delivered power, Pp, is the power needed to be
available at the propulsor to propel the ship at the
specified speed

Pp = EP,y / (M - Mr- Mo)

where My is the hull efficiency,
g is the relative rotative efficiency of the propeller
Mo is the open water efficiency of the propeller

m The hull efficiency of a ship model or a ship
g = (1-9/1-w)

where  tis the thrust deduction fraction

ZEIT4005 NA & ME w is the wake fraction
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Thrust deduction fraction and the
wake fraction

m obtained from self propulsion model tests or by empirical methods
m tand w account for the interaction between the propeller and the hull
m The wake fraction accounts for the velocity of the water entering the
propeller not necessarily being equal to the velocity of the ship over the
ocean floor
Wake = Vg-V,

and wake fraction, w, is given by
w=(Vs-Vy/Vs
where Vg is the speed of the ship over the ocean floor

'V, is the advance speed of the water entering the propeller disc

ZEITA005 NA & ME
Dr Warren Smith ©

Thrust deduction fraction and the
wake fraction

m Empirical methods
m ega twin screw destroyer or frigate with a Cy of 0.5, the wake fraction can
be taken as +0.09. Whete Cy is in the order of 0.65, the wake fraction
can be taken as +0.15.
m The thrust deduction fraction accounts for the influence of
pressure variations induced by the propeller around the ship.
The thrust deduction fraction is expressed as follows :
t= (T - Rappended) / T

where T is the thrust required to be produced by the propeller

m For destroyers and frigates with twin shafts the following

expression can be assumed for a first estimate :
t = 0.7w + 0.06
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Thrust Power

m Thrust Power, Py, is the power that must be produced
by a propeller to achieve the required ship speed in the
specified conditions where :

Py =TV, = EP /M

m Normally, T is determined for the appended ship only
but where contractual conditions ot service
tequirements dictate, Rying, Reguiing O Ryaves €20 be
added to T afterwatds to determine the applicable
delivered power.
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Propeller Efficiencies

m A first estimate of the open water efficiency, 1, can be
taken as 0.65 for a destroyer or frigate.

m The relative rotative efficiency, 1y, is a correction made
to the open water performance of the propeller when it
is placed behind the ship. For single propeller ships the
value of Mg can range from 0.95 to 0.98 while for a twin
propeller ship it can range from 0.98 to 1.00.
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Shaft Power

m Shaft power, Pg, is the power required in the propeller
shaft and can be expressed as :

Py = P /np

Where
Ny is the transmission efficiency up to the gearbox

(A 1% loss in efficiency can be taken for each bearing supporting the
propeller shaft up to the thrust block)
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Brake Power

m The brake power, Py, is the output power from the
prime mover forward of the thrust block and gearbox
and can be expressed as follows :

Py = Pg/ g

where
Mg is the combined efficiency of the thrust block and the
gearbox
(Can be assumed as 0.97)
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Quasi Propulsion Coefficient

m The Quasi Propulsion Coefficient, QPC, is an
expression commonly used to identify the product of
the following efficiencies :

QPC = o Mk Mu
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Propulsive Coefficient

m The Propulsive Coefficient, PC, is an expression
commonly used to identify the product of the following
efficiencies :

PC =0 M N Mr

Both the QPC and the PC can be used to compare
efficiencies of similar ships or classes of ships
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Power Margins

m An appropriate power margin must be added to Py at
each stage of the poweting estimation to allow for
uncertainties in calculations and expetimentation

m For example, at the Feasibility Design phase the margin can
be as much as 10% of Pg. This matgin can be progressively
reduced to 4% of Py during the final stages of the Contract
Design and after the propeller design has been fairly well
defined.
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PROPULSION

m How is driving force to be produced?

Chapter 10
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Propulsors

m Numerous devices can produce thrust in water
m conventional screw propeller - MOST COMMON
m propeller in an accelerating nozzle
= propeller in a decelerating nozzle
m vertical axis propeller
m water jet
m All of these devices are able to convert shaft torque
into thrust on the propeller blades ultimately pushing or
pulling the ship through the water
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Propulsors

m The propeller in an accelerating nozzle (Kort Noggle) is a
conventional propeller in a shrouded aerofoil section ring which
induces a more uniform flow into the propeller disc and
accelerates the water flow to the disc. The prime advantage of
this propulsor is that it can provide additional thrust from the
duct at slow advance speeds. It is fitted to vessels such as tugs.

m The propeller in a decelerating nozzle (Pump Jei) is also a
propeller in a shroud which provides a uniform flow of water to
the disc. The configuration of this nozzle is such that flow of
water to the disc is slowed down. Its application is in destroyers,
frigates and submarines where underwater propulsor radiated
noise must be minimised. The nozzle delays the onset of
cavitation on the propeller.
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Propulsors

m The vertical axis propeller is used on vessels that require a high
degree of manoeuvrability without the use of other ship control
surfaces such as rudders. This device is used on tugs and
minehunters that require manoeuvrability at slow advance
speeds.

m The water jet is primarily used on very high speed vessels
because of its increased efficiency over the conventional screw
propeller, its reduced vulnerability to underwater damage and its
manoeuvrability properties.
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Propeller Design

m Momentum theory can explain the generation of thrust

by a liquid passing through a rotating propeller disc.
m does not adequately lend itself to the actual design of the screw

m “Blade Element Theory” in conjunction with
“Circulation Theory” using the “lifting line” or “lifting
surface” methodologies can be used.

m A practical method of designing the simple moderately
loaded screw propeller is from a standard propeller
seties.
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Warship Propeller Design

m Warship propellers not only have to provide the
necessary propulsion performance but have to do so
with a minimum of noise to the highest possible
advance speeds. This makes the warship propeller
design more complex than one for commercial
applications.
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Geometrical Particulars of Screw

m propeller diameter, D m rake

m pitch, P m skew

m blade area ratio, AE/AO m leading edge

m blade thickness, t m trailing edge

m blade camber = convention for rotation

m blade section shape
m blade outline
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Propeller Design

m The design of a propeller must evolve with the design
of the ship

m For example, during the conceptual design phase of the ship
it is only necessary to initially determine a propeller whose
diameter and rotational speed provides an acceptable open
water efficiency. The propeller diameter is usually restricted
by the draft and beam of the ship as well as its minimum tip
clearance from the hull. Its rotational speed may be governed
by available gear box reduction ratios.
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Initial Design

m Propeller diameter and propeller rotational speed

m where practical, the propeller tips should be kept within the
bounds of the ships keel line and its half beam to reduce
vulnerability to physical damage

m propeller tip clearance from the hull of the ship should be at
least 20% of the propeller diameter to minimise propeller
induced vibration in the hull structure

m propeller blade tip speed should be kept below 45 m/s to avoid
early onset of blade tip vortices which can create noise

m for initial powering estimates an acceptable open water
propeller efficiency % can be assumed as 65%

m shaft angle should be less than 8 degrees to the hotizontal
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Design - Sizing

m Determine the values of propeller diameter, D;
propellet shaft speed, N; pitch/diameter ratio, P/D;
and a blade area ratio, AE/AO; necessaty to avoid the
onset of back bubble cavitation for an acceptable open
water efficiency, 7q.

m Standard series propeller charts and propeller cavitation
charts can be used

m process is iterative whereby the propeller is selected to
provide the required thrust at the specified ship speed with
the maximum possible open water efficiency #q.
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Design - Sizing

= During the later stages of the preliminaty design or the
eatly stages of the contract design phase of the ship, it
can be assumed that ship model tests will be conducted
to refine the hull form to more accurately determine
EP pendea 20nd the hull efficiency elements w and t.
The standard series propeller charts can then be used
once again with the new information to further refine
the principal propeller characteristics.
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Design of Blades

m Determine the blade pitch distribution to minimise
bubble and sheet blade cavitation.
m apply circulation theory (methodology developed by Morgan
and Eckhardt) or lifting surface principles
m Decide if a uniform or non uniform wake to be assumed

m for warships, normal practice is to assume a non uniform wake.
m This requires that a wake survey is undertaken in the vicinity of the
propeller disc on a ship model in the ship model towing tank. The wake
survey results can be simulated in the propeller cavitation tunnel to
further refine the blade shape and pitch distribution.

ZEIT1005 NA & ME
Dr Warren Smith ©




Design of Blades

= Having completed the design of the blades using circulation theory,
conduct blade strength calculations.
m Then manufacture a model of the propeller for cavitation testing.

m The cavitation tunnel, being a fully enclosed water channel with a2 working
section can be set up to simulate the wake of the ship in the vicinity of the
propeller disc and simulate the appropriate cavitation number.

The propeller is tested at various advance speeds, V,, and the onset of the
vatious types of cavitation is observed. At this stage the pitch distribution
across the blade, the leading edge shape and the camber can be refined to
delay the onset of cavitation.

A cavitation onset chart, similar to that depicted in the next slide, can be
prepared for the propeller.
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Cavitation

TIP VORTEX
P—
ATTACHED
TO BLADE \FLnSHrK

SHIP SELF-
PROPULSION

CAVITATION INDEX o
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Standard Series Charts / Equations

m For commercial lightly loaded propellers these chatts
are sometimes considered to be adequate for the final
design of the propeller.

m The standard propeller series is a simple representation
of the results of propeller model tests carried out with a
series of 30 to 40cm diameter model propellers with
varying pitch/diameter ratios and blade atea ratios.

m The model propellers are fitted to a probe leg dynamometer
(like an outboard motor leg) and run down the tank under the
towing cartiage over a range of advance speeds. The

propeller revolutions are kept as high as possible to simulate
the full scale Reynolds Number, Ry
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Standard Series Charts / Equations

m For the purpose of kinematic similarity, it can be shown
that the advance coefficient, J, can be taken as being the
same for the model and the full scale propeller.

That is, in non-dimensional terms :

Jship = Jmodel = VA / ND
where 'V, is the advance speed of the propeller through the water,

N is the revolution of the propeller in revs/s, and
D is the diameter of the propeller.
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Standard Series Charts / Equations

m The propeller thrust, T, and the propeller torque, Q,
are measured by the dynamometer on the probe and
plotted as additional two non-dimensional coefficients
on a base of J. These coefficients are as follows :

Thrust Co-efficient K = T /o N2D*
Torque Co-efficient K, = Q / ¢ N>D?

where @ is the density of the water in which the propeller is operating

m The open water efficiency of the propeller is such that :
Mo = TVy/27nQN) = JK; /27Ky
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PROPULSORS

m There has been a number of propeller standard series
developed. These include:
a. the Gawn Seties
b. the Wageningen B-Seties
c. the NPL Series
d. the KCN Series
e. the Taylor Series

m The Wageningen B-Series is based on 120 model
propellers tested at MARIN
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PROPULSORS

Wageningen B-Screw Series

PROPULSORS
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m For many purposes, it is useful to have diagrams giving
the characteristic of open-water tests. Shown in the
next slide are the test results for the Wageningen B5-75
propeller in Ky, Kq and J format.
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Regression Equation

m The regression equations and coefficients to
estimate K and K, for the Wageningen B-
Seties propellers are shown in the next slide.

m These equations ate intended for computer based
use in preliminary ship design studies. The
corrections for Reynolds effects and other aspects of
implementing the equations are discussed in the
source document.
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Using K1 K, Cutves

m First necessary to determine the appropriate value of J
knowing the required advance speed, V,,, the assumed
propeller diameter, D and the propeller rotational
speed, N.

m Then a matter of determining the value of Ky while
assuming the required thrust T.

= Entering the chart will provide the appropriate
pitch/diameter ratio, P/D. The corresponding values of Kq
and 7 ¢ can then be found for the equivalent pitch/diameter
ratio on the same vertical J line.
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Using K1 K, Cutves

m At this stage, depending on the value of 7, it may be
necessary to further adjust D and N to achieve a better
value of 7 near the top of the efficiency curve. It may
even be necessaty to further adjust P/D as part of the
iterative process to achieve an acceptable efficiency.

m The cutves can also be used with known values of J
and Kg, to determine an appropriate value of K, and
thus, the thrust T. With this approach it may be
necessary to adjust V.
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AE/AO Determination

m While this process is aimed at achieving the required
thrust for minimum torque or by utilising available
torque to obtain maximum thrust, it should be noted
that each chatt is for a discrete blade area ratio. For
this reason, a further iteration with varying values of
AE/AO may be necessary to determine the minimum
AE/AO such that the thrust T produced by the
propeller blades does not create bubble cavitation
leading to reduced thrust and the inducement of
material erosion.

m For warship propellers, a good starting point is for a propeller
with four blades and a AE/AO of at least 0.85.
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Cavitation

m To check for the possibility of back bubble
cavitation, the Burrill cavitation chart, shown in
the next slide, can be used. Burrill defined a

coefficient 1~ expressino the mean thrust ]U r]1nn-

CcocIicent Tc SXpressing tnc mean tnrust X g

on the blades and plotted this against the
cavitation numbet, 6y ,5. To allow for an
appropriate margin for cavitation on warship
propellers, it is assumed that the local cavitation
number is 87% of that calculated.

ZEITA005 NA & ME
Dr Warren Smith ©

| e x g
| A
o i % ///’ _____ —';'.}.c‘mlmz;m.ﬁ.;";.aum.

ot /gé%/ / . o el
w
15

90

Strength

m The next step in the design process is to check the
propeller blade thickness, t, for strength by scaling up
from the model propeller offsets to the full size
propeller

m Various methods

m Minimum blade thicknesses are specified by ship
classification societies.
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Fremantle Patrol Boats at DND
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