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RSTRACT

Owver he yoeors T have collected a number of wselul aquations
for e design of SES, These equations may be uséd either to
pezmit the rapid sizing of an SES, or o evaluate another's design.
These are “joumeyman” level wols, not thoorctical wels, As
such, ey am suitable to the smaller design office or to the naval
architeet working alone,

I have incorporated & number of these equations into a
commerelally available spreadsheet which §use for first-cut sizing
of ships. As the ship matures I modify the cqualions or
evienmally replace tham with ealeulzsted "real" vilues, but having
that firse sct of lerms allows me to quickly detesmine if it's
"bigaer than a breadbox."

In the paper 1 present all of the equations, and explain their
derivation. T admil that in some cases | do mot know (he
complets history of the derivation. T alternpt to give credit whore
due and 1o indicae whe knows more about the squations than 1.

Furiher, since some of the cquations have been drawn from
commercisl experience, | have had to zoro some of the
coclTicients for this audicnoe. However e eguations themselves
shll represent valid lows of behavior, and appropriate values for
the missing eoelTicients can be supplicd by analysis of ithe
redrler'y own dotabace,

INTRORUCTION

1 shall begln with an explunadon of the purpose of this paper.
| will do (his by proposing a scenariv in which rapid solution of
the ship sizmg problem is necessary.

In e remaining part of e paper T will present (he field
equations [ have developed, which permit such a rapid ship sizing.
The paper is organized topically, toating resistance and
propulsion, SES lifi systems, and weighl estimating.

FURPOSE

The task of infial ship sizing is one of the most imporlant,
and sometimes one of the most difficulr, of the tasks of the ship
degipner, Iris also & task that must be performed rapldly.

A customer may walk in and say that he wants to carry 150
passengers and 50 cars at 40 knots for 100 miles. How big is the
SES that does ke jobT?  As a designer in this sitwation we need
the ability o make a rapid, el réasonable, estimate of the ship's
major characteristics, This initial sizing helps the customer refine
his requiremeniss, and provides 2 Slaring peint for the
comprehensive ship design that follows,

Using simplificd relationships it is possible to cstimale a
cralt's characteristics within aceeptable accuracy in a fow hours.
If the craft Is not too unsual T can use a spreadsheet program to
et reasemable results in minutes, perhaps even while the client is
on the phone.

Alternatively, suppose 1 have meecived a design from
somewhere, and am asked to evaluate ji. T could go through &
lengthy “reverse enginecring” process 10 check the design values,
Or I could iry, but I'd probably md I didn't have enough
information 1o start with.

Irstead I use my simplified equations. Knowing only cushion
pressure and craft displacement I can make a quick estimate of
Tesislance, and can see whether the power levels are reasonable.
T look at the relation between lift power and displacement and |
wonder whether there’s enongh air flow. Or perlaps (hat all
“checks out” up until I caleatate weights, when I see that the
original weight estimate is unreasonably low.

Those two examples suggost the wility of this colleclion of
cquations, 1 offer this coilection 1o the rest of e consmunity in
the hope that togelier we cun better serve our cuslomers and oar
world.

FIELD EQOUATIONS

Registances

This section presents formulic for predicting resistance. Tt
begins with the resistance of displacement catimarins (as these
are SES off.cushion) amd subsequendy imcludes three simple
methods for prodiction of SES on-coshion. These three methnds
vary in complexity and, a5 a result, in relisbiliy. Commenis in
the ext indicale the limits of reliability for cach techmdgiie.

Also incloded is an estimator [or the added drag due (o Waves,
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Figure 1 This figure reproduces the data presented by Tumer & Taplin in 1968, “Influence Factor” is the drag augment due
to hull spacing. “Hull Scparation” is the clear distance belween hulls expressed as a fraction of length. '
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Digplacement Cai fom

I have a very simple Loms-12.3 applicalion spreadshect
which I use to predict the resistance of displacement catamarans,
This simple spreadsheet i based on the following formulation:

Cp=2e{(14TF)eCyC) m

where IF [s a catamaran interference faclor
devived from Tumner & Taplin,k 1968, This factor is platted in
Figure 1 as & function of hull spacing and Fronde number, Hull
sepasation is the clear distance belween the hulls at the wateslme
divided by the length.

Anyans using the dats presented m Figure | is advised 10 also
Jook at Turner & Taplin's curves as originally published. They
inchude the data poinis on which the curves are based and this
gives some feel for their acouracy, There is considerable seatter
in the origing! data and the accuracy of this method suffers in
consequence.  Note also the large gap between Froude numibers
of (.32 and 048, Filling this gap with straight lines iz obviously
ineorect.

Equation (1) calculates the demilll's residuary resistance,
augmenis {t by the influence factor, adds the frictional resistancs,
and multiplies the whele by two [0 make a catamaran.

1 predict O using a curve based on Taylor's series and
published by Skene, 1942, see Figure 2. The friction term C is
predieted neing the ITTC formulation (C=.075/(log Ra*-2). In e
spreadsheet T use @ very simple wetted surface csimator
{5=0.5L+Bon = the surface of a half cylinder of same length and
beam) but [ have & multiplying factor so that this value can be
adjusted 1o equal the (extemnally calculated) exact wetted surface.

The limitation of this spreadshest is in its caleulation of the
demihull residuary drag C. My formulation for Cy, depends only
on Froude rumber and displacement-lenpth ratio. There is no
dependsnce on the obviously important parameter of prismatic
coclficient, or on any of (he secondary paramelers swch 2s
ransom immersion or entrance angle, elc,

To help cormrect this deficlency 1 use a "worm ¢urve” A
“worm curve” is a vector of correction factors which are applied
to the Cy. They cin be derived from a known drag curve by
running the drag routine with all worm values set 1o L., and Uen
adjusting the worm values o nocessary to gel the eorrect Gy

Use of a “worm curve” lets me use one hull as the parcal for
another. Sigmificant changes in hull spacing or other values anc
then sccounted for via the interforence factors or other key
parameters.

SES74
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£ES - Extremel e Method

Based on enalysis of 2 varicty of buil SES, T find:
SHP=12025DispsFn""* (2

But resulis noarly as good can be obtained using the easy 10
remember values of SHP=20,Disp-Fn'®, This makes a handy
Tarmiila that can be kept in one’s head for giving quick off-the-
culf rosponses o questions. Both of these curves and the data
points that support them arc shown in Figure 3.

Pleqse note that use of this equation requires that the 1L/B and
sther parameters of the SES be appropriate to the design Froude
numeber. T effcer this equation predicts the rosistance of a
“properly designed” SES. Itis up to the user to ensure that his
vessel 15 "properly designed.”

5E5 - Simpliied Meghod

I have collected A number of data poins which suggest that
the resistance of sm SES can be related 1o the fraction of the
vossel's woisht carricd by the chshion. Analysis of a variety of
cralt model-test Tesults yields the following set of squalions:

Fad NO, 360 782 1115 P, 03
Fn=.329 R'= 105 45 < Too < 80 ()
En= 374 R'-=16 45 < e « B0 {30}
Fn= .549 R'= 95.72-187%c 45 = %e < &0 {3e)
Fn= 659 R'=113.2- 88R%c 55 < Foo < 80 3y
Fn= .T68 R'= 147.1-1.23%¢c 55 « %c < 80 (3c)

R’ is the specific resistance in kgt displacement, %oc is the
percent of vessel weight carried by the cushion {4 mumber
between 45 and B0 The limits of applicability are given in the
third column. The data polnts and the loast-squares lines and
shown in Figure 4.

These cquations were derived from mode] tests of erafl with
{aifly different hull forms, but all of gonerally similer 1/B {about
5). Thus they will not ba sccurate for craft of different L/B.
However, where the designer has one or Lwo dats points for a
craft of different geomesry, he may use [hosc dala points Lo
linearly modify the ficld equations. The modilying equaticn
would be By =koR yegeean Where k is a function of Froude
rariber,

100
an - o OLR=40
20 - + DLR=BO0
 DLR-BD
70 S
a DLR=100
&0 - x DLR=12D
ﬂ 2
N 301 v DLR=-140
[ an 4
30 - .
20 -
.-';’I
10 4 %
0 = =T | T T T T T T T T T
0D.24 .28 0.32 0.36 0.4 0O.44 0,48
FROUDE NURMBER
Figure 2 This Ligure repreduces Skene's version of the Taylor serics data, DLR {5 the displacement/flength ratio. The drag is
expressed a4 pounds of residuary drog per ton displacement.
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SHP /Di kw /1t
120 /Disp (kW/t) f : !
100 :
B0 J— __, . .
[T} | S—— ,rq.h.. R ' il —
20 Lo SR N S U S

'D | 1 | : 1 |
0 0.9 1 1.5 b 2.b 3
Froude Number
Test Results = 20.26Fn~1.45 — B0Fn~1.5
Flgure 3 This figure shows the fit of Equation (2) through a datebase of known SES performance,

3.5

SES - Reliable Method

This method allows one to use data from one ship o estimate
the resistance of snother, The mathod accounts for variations in
LB, cushion pressure, aerodynamic area pnd coefficient. The
lechnique assumes that:

C=Comm*CHCoocrontCam @

The breakdown is depicted in Figure 5. Cy is known for the
e carefnl what is assumed for wetted surface.) ‘Thus for a given
ship oné ¢an caloulate a corve of Cpg p, versus Froude number.

The trick lies in knowing {or guessing) how to cxirapolate the
Cpppa from the parent to the offspring’ We know hat Cogry
includes, at least, sidehull wavemaking and seal friction. We do
not know in what proportions these I'wo componcnls &ré présént.

T use two different assumptions, and produce two different
drag curves, These two curves bound the mngs of hkely drag
values.

The first assumption is thal Cpge, is totally sidehull
wavemaking. For this case (he spreadsheet then assumes that
Cop pa Can be "lambda-cobed" 0 give (he new ship's value. It
calgulates new values of the other three components and adds
them an,

The second assumption s thut some part of the Cpgy, is
frictional in matere. Its handling is more complex:

The seal friction ilsell is handled by augmenting the welled
surface of the final hull by some lactor and geftmg a Gws-

DOCTOR 'S DRAG

0 ' Bh " an ' 60 ea
SPLEO WMATH |

Figure 4 This plot graphically depicts the drag breakdown
used in the drag prediction method called “reliable." The
key o this technique is the dofinidon and sealing of the
component called “Delta” drag.

inereased frictional drag. I estimaze the necessary augment by Lhe
foilowing logic: First, ] assume that the augment is not a function
of speed, but is & foeed number of square feot of welted surface.

SEST6
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PERCENT CUSHION (e)
Figure 5 The Simplificd Method (Eq'n 3a-¢) for SES drag assumes that resistance can bo related Lo the percent of the crall's
weight that is carried by the cushion, The lines arc [t through cxperimental data. The cquations are in the text,

Since we know that ihe sidehull wavemaking drag can never be
less than 7ero, this gives us a maxirum vales for the welled
surface augment. This logie is depicted in Figure 6. AT each
poinl in Uwe Oy gy curve T calcolate the [Hetion augment that
would completely consume the Cppe  The Jowest of these
[riction amgments is the fargest friction augment Lhat complics
with my assumplions. I merely select it and use i,

The resull of this method is a drag curve presented as two
lines, an upper and a lowsr bewnd, which gives 1 good workable
drag prediction and a measure of the conlidence in that drag
presdiction at the same time, (See Fipura 7.)

SFS - Added Drap Due bo Waves

Following is an equation [or the added nésistance for an SES
operating in waves, [ don’L know whars it came from, Tt werks
oaly In english wnits.

R, =15.32240Disp-SSD-H,CSAR/360 )
where:  SSD=4138-V-0067+V; 4655
V=V {3099/ By

Propulsion

In this scotion 1 address only equatioms [or predicling
propulsive efficiencies or machinery sizcs. Propulsion plant
welght is given in the weight seclion of tho paper,

Propulsive Bfficiency

In 1989 Mr. Svensson published a collection of data points for
witer jet propulsion elliciency. 1 have taken the simple step of
fiing a line throtgh these peints and developing an equation for
it. The resll is:

M= H0681V, + 41076

Comparing this formula with the points published by
Svensson sugeests that e fommula is accurafe within 6% at 40
knots andd $8% at 18 knots, Svensson’s figurc is reproduced, with
this line on it, as Figore 8.

I nesded 4 set of equations for predicting the size of a diesel
cngine, so that [ could see whether it weuld fit in the ship’s
sidchulls, T performed a very simple analysis of the 1990 MTU
catalog and established the relationships given here. The data is
peesented in Figures 9, 10, and 11.

SEST?
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Figure 6 The ascending curve shows the variation of the "DEL'TA" drag with speed (see Eq'n 4). The descending curve shows
the wemed surface augment that would produce the same drag.

For a1l engines in “Application Group 105

L= 1842m + 000613 m/kW (72}
W= 1441m 4 000053 mAW (b}
He= 1.348m + 000327 mfkW 7c)
W= -8350 + 3.79 kgkW (7d)

The smaller cngines don’t [it the mends m well, so 1 broke
them oul separately, This is particularly important as thése are
likely fo be the lift engines.

For all 105" Engincs loss than 2 MW:

Le= 1.284m + 001016 m/kW (82)
= Ladm + 000060 mxW (8b)
Hy= L + 000517 mfkW (&c)

W= 8420 + 2242 kghW (8)

SES [ift Systéms

©]

The [iust problem in design of the lift system is what
coefficient sysiem ene should use. There are a variety of dilfereni
farmulatons for [an coefficients. I use those used by the French
fan manulacturer WEL;

These terms ¢on be re-aranged 1o give the following

el :
U = ¥(P/ICp) )
$u = UCH4Q (10)
Dy = V(4-Sufr) = W40 C)f(z<)) ()
N = U/ (in 1ps) (12}
Those, in tum, give us & set of fan extrapolation lows:
Q' = QN'M) (13)
P = PYN'N) {14)
Alr

The two key cheracieristivs of an SES lift system are the
cushion prossurs and the air flow. The cushion pressure is easy
1o eslimate, The alr flow is less so.

SESTR
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drag of (he ¢raft lies somewhers between the two lines.

SPEED (KNOTS)

Figure T This figure shows the upper and Jower bounds on drag produced by the "DELTA-Drag" scaling twelnique. The trus

I
40 BO 80

I havo three methods which T use, using each 1o check the
plhers, In each casc the equations are presented with a coefficient
“x" which you will have to determine for yourself.

The first, and simplest, is to extrapolate from 2 known
operaling point aceording to the change in pressure and in cushien
beem. This assumes thet the air Now depends lincarly on the
peoduct of cushion beam (which B (he escape arey) and pressuro
Io the 1.5 power (which is the energy behind the air's cacape.)

Thus, to exirapolate from 4 vessel with known Q, P, and B,
one Sys:

Q=QVB" P i (BeePr) (15)

There i & secomd formulation which was derived from
hovererali work, T beliove a varient of this formula 0 be in usc
gt Tritish Hovercraft Corporation. This formula allows for some
leakage under the sidetulls (consistent with ite hovercrall origine),
At will bo seen; _.f'r ,,ru_dr-l-.ff
Q=k-QuB P SN {16)

The third method is the wave-pumping method, This formula
considers the nocan's waves as pistons which "pump” the cushion
and determine the air demand. Nole that scconding to this method
no airflow is Tequired n calm waler.

Q=k'R¢'H.-W¢+‘|'w]
wewave speed=(geT, )2
Ve=crall speed in mfs (or f/sac)
Hy=weve height (m or f1)
Ty=wave pericd

an

For the necessary wave charactczistics one may use the NATD
sea state definitions (see Table 1) and [ assume Te=V2+Tuanu-

Table 1 - NATO Standard Sea State Definliions

&4 SLte 0ant ave Period
MNumber  Wave Height Mozt

Range Mean Range — Probable To
0-1 00,1 0.05
2 0.1-0.5 03 33128 T3 10.6
3 0.5-1.25 0.88 £0-148 75 10.6
4 1.25-2.5 1.88 6.1-152 88 125
3 2.5-4 325 £.3-15.5 9.7 13.7
6 46 5 08162 124 17.5
7 69 1.5 118.185 150 21.2
8 9.4 115 14.2-186 164 3.2
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Figure § Svensson's data, from his 1989 paper, with & saight line least-squares equivalent,
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Figure 9 The principal characieristics of the smaller MTU diesels (under 2 MW),
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Figure 10 The principal characteristics of the [ull range of MTL diesels,

Wzight
5 truciure

I wses two main paramelers for establishing first-cut seructural
weights, Couriesy of the expericnce of Dr. Colon Kennell T am
convineed of the validity of cslimaring sbrzctural weight based on
volume.,  The undedving assumplion is that similar ships (not
pocessarily of similar size) will have similar stachral densities.
This, in torn, implics that a5 one scales up e ship in sizc one
increases plating thickness linearly,  An argument can be made
{hal (his is not correct, and that plating thickness should vary
gither Tasler or slower than the displacement. The generz] [owm
of s equation would fhen be:

Woem k= Val* (1Ba)

Tn Eq. 18 the subscript "100" denotes the structurs] weight
group. 1 am accustomed to wsing the US Navy's SWBS weight
proups, and my subscripts comespond thereto.

1 havo analyzed my database of structural weights and I find
thet the value of “x" is remarkably clese 1o 1. Thus, while
acknowledging that T am giving up a litle ageuracy, [ preler the
much simpler formulation:

W= & » Vel {18n)

The next question i "what is Vol?” Tdeally onc would 1o
io vse the total coclosed ship volume, and this has been Dr,
Kennell’s practice. However for first-cat estimations T prefer to

take a page from Harry Benford's work and nse a peewdo-volume
based on eubic number,

In monohull parfance the cubic mmber is LBRf100, For m
SES this i3 inadmissable as it ipnores the cushion. [ use:

Yol = LBD-LBE D, {19

Where L, B, and D, are length, beam and depth, md the
subscript "C" means that T am taking the cushion diminsions,
Thus "Vel" is the volume of o prism circumscribing the bull,
minus the volime of a prism circumscribing the cushion, see
Figure 12,

I take I as to the uppermost continuous dock, and [ accept the
cushion nominal dimensions, measured at the keel plane. Note
that 1 don't use the cushion length, T assume the cushion extends
the full length of the ship.,

Using all of hese definitions [ ammive at 8 structoral density of
40 kg/m lor aluminum strectre. T usc the same valse for GRP
sandwich siruchere, and multiply by 1.5 [or steel structure,

It is interesting to try o make physical sense of this value of
40 kg/m®. This implies that s one-meter aluminum cube will
weigh 40kp. To do so it would have 1o be mads of material
2.5mm thick (2 iwo-meter cobe ends wp Smm thick). These
values seem reasonable and consistent with good lightweight
praclice.

There s an allernative fermulation that was in wse by Mr.
Devid R. Lavis of Band, Lavis and Associates, Ine. Civen that
gitaining even redimentary values of cushion dimensions or ship
depth is often difficull, David has found good rosalis can be

SESR]
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Flgure 11 Power versus weight for the range of MTU diesels.

obtained from s volume which is merely (Lo Bg)". Mo Lavis  Propulsion

has a collection of data points and end incs based on this type
of analysis, but I shall not present them here due to the

For & lift and propalsion system based on MTU diesels and

propriclary nature of the information. I can, however, translate  KaMeWa walerjets, 1 have found the following equations (o give
my value of 40 kg/m? into his scale of measurement and tell you  dependable resulis:

that my database yields 5.36 ke/m” & fa Lavis.

Figure 12 This figure shows the definition of "SES Cubic
Number” This pseudo-volume iz the volume of a
rectangular prism that eircumscribes the hull, mimus the
volume of & prism circumscribing the cushion.

SESE2

Propulsion Engines = 5.69 kg/k'W (20)
Includes Engine, intekeos, cihausts, Iube off system, ¢ooling
water gystem, and fus] supply system.

Transmission = 5.11 kg/kW Qn
Includes reduction geass, couplings, shalls, propulsors,
machinery space ventilatiom, shafi lubmicalion sysiems,
anxiliary eooling water circuite, machinery contral systems,
propulsion contral electric cable.

Waterjets = 0.0182 kgikW') (22}
(This weight is included in the 5.11 kgkW listed above, for
first approximations. For more detailed analysis T prefer the
formwlation given here, I use power lo the 1.5 based on the
following logic: Weight varies as pump dizmeter cubed,
Pump diameter varies as pump dise area 10 the one-hall.
Pump disc area varies a3 power for a constamt speed, Thus
weight vasies a5 power 1o the 1.3.)

Conclusions

I have presented in this paper a set of field equations for SES

design, While these equalions are only approximations, | have
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found them to be uselul tools for rapidly iteraling 2 desipn. I
olfer Mem to the community in the hope that this will encourage
nor-AMV naval arehitects to include AMVy in thelr trade-ofl
sludiog, 1 balieve that such inclusion will dircctly lead o e
sclection of the SES form for an increasing range of missions.

WLE :

Amello &' Arcangelo Whe first  introduced me (o
parametrics.

Harry Benford Who introduced me (o he cubic
numiher.

MAVSEA Who have emploved me while T
collected this data,

STCAN Who provided (he opporunity o
develop and check (hese
relationships.

BLA Who have provided me some of the
formulations.

Mike Yermakov Who developed some of e
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NOMENCLATURE

B Bearn {at hullbome waterling)

Be Cushion beam

Baa Beam aver all

Cam Alr resistance coellleient B g/ 5py8Ve )

cd Fan Flow coefficiont=0y/U-5u

Cpeya AN anxiliary drag coelficient defined in the paper.

Chocren Doctor's wave drag coefficient for drag of an air
cushion moving over a froe surface.

o Frttional resistance coefficient= R Sp SV, ) May
be taken as equal to: 0.075/(log Rn'-2)

C Fan Pressure coefficicat=P/U"

O Residuary resistance coefficient= Raf{.5pe-3¥e )

C, Total resistance coefficiont= Rpl{.SpuSVe ]

Dy Fan diameter

D Depth - measured from keel to uppermost deck that
continzes over 509 of ship length.

.D,t Cl.l.i]‘lim'l dw'h

Disp Cralt displacement in melric Lons

Fn Frode number based on cushion length.

Hy Engine heipht

Hy wave height {m or {1}

IF Catamaran inlfuence facior, Represents the increase in
resistance Jue o "tween-hull interfercnee as comparcd
with & ship ol infinite bull spacing.

ke kiloprams

L Length berween perpondiculars

Ly Cushion length

le Engine lengh

Laa Length over all

N Fan roustion rate (in rps)

P Pressure produced by a fan

Q Air flow rate, m'/sec

R' Specific resistance:  Tolal hydrodynamic drag divided
by ship displacement. Kilograms per won (kghon)

En Reynolds number, generally based on walerling leagth
or cushion length.

8 Welted surface

Su A fan reference area equal w m-DY4

SHF Shalit power in Kilowatts

t tons (memric)

Te wave period =N+ Tygna

Tyopa, Wave modal period,

U Fan rotor tangential velocity

Vol LBD-1cBel

Ve Ship speed in mfs (or fr/see)

Wi Ship spead in knols

Ve wave speeds{g-T,}/2n

W,  Enginc widh

Wi Engine weight, as given in manufaclirer’s catalogue.

T Percentage of craft weight carrled by the cushion.

v Propulsive efficlency of a water jet. Does not include
mechanical efficiency of transmission syslem. Docs
inciude hull interactions and other hydrodynarmic effects.

Bw Density of wales.

Pa Dengily of air.
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