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ABSTRACT Some special marine vessels, e.g. hovercraft, also nor-
mally operate at speeds that involve little wavemaking,
Flow fields and wave patterns are computed in bothbecause the Froude numbers are high, &.g> 1.3.
the near and far field of a moving ship-like disturbance Again, hydrodynamic theory seems not to have a large
of small amplitude, using efficient routines for the 3D role to play; such vessels at their design speeds are es-
Havelock source. Classical thin-ship wave patterns carsentially airplanes in ground effect. However, they must
be computed for conventional ships, catamarans or subaccelerate through the large wavemaking range (“hump
marines by this method, accurately and with extremelyspeed”) in order to get to their higher design speed.
fine detail, in minutes on inexpensive desktop comput- The present paper is concerned with speed ranges
ers. Similar methods can be used for surface pressureorresponding specifically to large wavemaking, mostly
distributions, modelling either hovercraft or planing ves- (say)0.4 < F' < 1.0. In that range, theoretical predic-
sels of small draft. In contrast to the thin-ship case, thetion of waves and wave resistance is potentially valuable,
ability to compute accurate near-field flows is essentialmuch more so than is often appreciated. For example,
to the solution process for a prescribed planing surfaceFigure 1, taken from Tuck (1987), shows a comparison
which requires solution of an integral equation to deter- between computations based on Michell's (1898) thin-
mine the equivalent pressure distribution. Such pressurship wave resistance theory and experiments of Chap-
distributions can also be optimised to minimise wave re-man (1972), for a parabolic strut with beam/length ra-
sistance, from which follows a formally simpler design tio 0.15. This indicates quite remarkable agreement for
process for planing surfaces, where the shape of the surF' > 0.4, even though this is not a particularly thin
face is output rather than input. body. Although there were no experimental results for
F < 0.4, one might suspect that the relative accuracy in
predicting the small waves made in that range would not
INTRODUCTION be as good as it is for higher speeds.
Another example where one might expect good ac-
Objects of lengthl. travelling steadily at speed at or curacy is for travelling pressure distributions of “small”
near a free surface under gravigytend to make large magnitude, modelling hovercraft and potentially also
waves if and only if the Froude numbér = U/+/gL planing surfaces or flat ships. Our interest in thin or flat
takes values of the order of 0.55. This is because theiships is not only in their wave resistance, which is one
length is then about half of the transverse wavelengthmeasure of the wave energy in the far-field waves, but
2wU? /g, and (roughly) equal and opposite waves from also in the actual wave elevation pattern itself, and then
bow and stern add together. At such speeds, wavemakingot only in the far field, but also in the near field close to
dominates over other physical processes, and its accuratée vessel.
prediction is critical. We first discuss a mature computational tool for thin
Most conventional marine vessels travel much moreships, extending Michell’s (1898) theory in a number of
slowly than this, since generation of large waves costsdirections, but with emphasis on efficient computation of
energy, and in that low-speed range (gay 0.35) the a detailed and accurate wave pattern over a large region
tendency has been to assume that theoretical estimatescluding the immediate neighbourhood of the vessel. A
of wavemaking are unreliable. Although this is to a cer- similar code is then discussed for the wave patterns of
tain extent true, it is also somewhat unreasonable to askravelling pressure patches. The latter is potentially use-
theory to predict a small effect in the presence of muchful not only in a direct sense for vessels such as hover-
greater (e.g. viscous) effects. craft, but also in an inverse sense for planing surfaces or



flat ships, whose hull shape is equated to the free-surface
shape immediately beneath a patch of pressure.

One of our aims is to reduce or minimise wave re- 2 ] R x
sistance. We summarise here new results for pres;, | V"B’
sure patches of minimum resistance at fixed total load, 1
and give examples illustrating the corresponding near—” ]
field wave patterns, which are candidate hull shapes for-s
planing surfaces. Interestingly, although optimal pres-,, |
sure distributions are necessarily fore-aft symmetric, this 1
does not imply such symmetry of the near-field pattern,””
nor of the flat-ship hull, whereas the corresponding opti- o
mal thin-ship theory demands fore-aft hull symmetry.

We also provide discussion and preliminary results on
the Inverse problem, na}mely tha.t of fmdmg.the pressl.”eFigure 1: Comparison between theory and experiment
distribution corresponding to a given flat-ship hull. This ) .

) o : for wave resistance of a parabolic strut.
is a very difficult computational task, and we are con-

tinuing to work on it. However, design of a pressure

distribution for low wave resistance, followed by direct

computation of the shape of the corresponding flat-shipinfinite-fluid Rankine source, since
hull, is a computationally simpler task which is already
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The second term inside the square bracket of (1) is the
correction for the free surface, and it is easy to verify
that the Kelvin linearised free-surface condition

The topic of this paper is detailed and accurate computa-
tion of steady flow fields, wave patterns and wave resis-
tance, for bodies moving at constant spéédt or near

a free surface under gravity in calm water of infinite Gow + koG. =0 3)
depth. The bodies must be small in some sense, so that

the free-surface condition can be linearised, and there,glds onz = 0.

are many examples of such bodies, including thin ships, = Although the ability to represent free-surface flows by
catamarans, submarines, hovercraft and other types ofjavelock sources has been available for about a century,
surface-effect ships, planing surfaces or flat ships, etc. an apparent inhibition for routine use has been the sheer
Subject to the usual assumption of an inviscid in- computational task of evaluating the double integral (1).
compressible fluid moving irrotationally, all such flows When Havelock sources are distributed over a spatial
can be generated by distributions of Havelock sourcesregion, at least two further numerical integrations have
which are point sources in the presence of the freeto be performed, and if detailed flow fields are then re-
surface. The velocity potential of a unit Havelock quired at manyz, y, z) values, soméillions of values
source (Havelock 1917, 1928, Wehausen and Laitoneof G may be required! There is therefore a premium on

1962, p. 484) located afz,y,z) = (0,0,¢) is efficient evaluation of this double integral.
Newman (1987) made a significant advance in this
direction by providing economised polynomial approxi-
Glz,y,2) = 8?/W/2 d9/ dk mations for the “local” portion of the Havelock source,

e—ik’(gc cos 04y sin 0) |:e—kz—( k + ko sec 20 k(z+()

namely
k— kosec20© }

GH(z,y,2¢) = G(—|z|,y, 2 C) . 4

This is an even function of which is identical toG
with kg = g/U?. The path ofi-integration passes above whenz < 0, i.e. ahead of the source, and so is not wave-
the pole a = kg sec? , so guaranteeing that waves oc- like. ThusG = G + G¥ where the “far-field” por-
cur only forz > 0 . The first term inside the square tion G* is identically zero forz < 0, and forz > 0
bracket of (1) contributes the potential of an ordinary is given by—27i times the residue at the pole, namely

(1)



Figure 2: Computed wave pattern for a DDG51 ship at 30 knots.

part " we proceed indirectly, c.f. Noblesse (2001). In

GF (2,y,2¢) = ko /2 soc2 feko(z+Q) sec? 0 the following, let the draft of the ship b€ and thex

O L values at the extreme bow and sternahe andzgs re-

sin(koz sec 8) cos(koy sec? 0sin) df . (5) spectively. Thus the regioR is zp < =z < zg and
-T<z<0.

Although defined by “only” a single integral, the far- ﬁngubstltutlngthemtegral representation (5)f, we

field part G of the Havelock source in fact presents
greater computational difficulties than the local tefth, oUk2 [7/2
because of the rapidly oscillating character of the inte- o (2,y,2) = — : /

grand, especially whe[#| approaches /2, i.e. for ex-

df sec® 0

T —m/2

treme diverging waves, and in practice it is best to avoid ghozsec® o cos(koy sec? 0 sin 0)
its direct computation. [P cos(kox sec ) + Q sin(koz sec )], (7)
THIN SHIPS where

] 1 0 TE
For a monohull thin ship with offsets = Y (x,2), P+iQ = ikosecd /_T dg /ZB 3
the disturbance velocity potential is generated by a dis- ko€ sec 9k sec? 0
tribution of Havelock sources over the centrepldha Ye (€, Q)e'™ o . (8

= 0, with strength according to Michell (1898) of . L
Zr/nagnitude?.UY (« g) per unit argaatthe poi(r(t 0 Z)) and the end valueg, for the-integration in (8) depends
Thus A T in general on the coordinate

If z < xp, sowe are observing the flow forward of the
ship, then in effect g = x5, which means thatr = 0.
d(x,y,2) = QU//R déd¢ Ye(§,¢) G(x — &, y, 2 C). If z > xg, S0 we are observing the flow aft of the ship,
(6) thenz = zg, so the integration range in (8) is the whole
If we write the Havelock sourc@ = G* +GF as above, centrepland?, andP+iQ is independent of. Finally, if
we can then write correspondingly= ¢” + ¢. The  xp < = < x5, SO we are observing the flow between the
double integral in (6) can be carried out by direct numer-bow and stern stations, then; = z. This distinction
ical quadrature for the local pagt®, but for the far-field  occurs simply because the far-field portioH™ of the



Havelock source contributes only for statighahead of

the observation point. 01
So long as there is no transom, and> =g, integra-

tion of (8) by parts gives a simple formula fét + Q)

involving the actual hull offset¥”, namely 005

Expa‘i ment ------
SWPE6

P+iQ = //R Y (€, Q)etot e OFikossect geqc. (9)

Koz

If there is a transom with (z5,{) > 0, orif zp <
x < xg,thereis an important extra contribution from the
integrated part, which is included in our computations,
but is not quoted here for simplicity.

In any case, given the offsels the (¢, ¢) double in- ‘ ‘ ‘ ‘ ‘
tegral over the hull centreplane to determifg- i) can s 0 5 10 15 2 %
be done efficiently once and for all by numerical quadra- o
tures, the results being stored for subsequent use in thEigure 3: Comparison between SWPE computations for
integral (7) for the far-field potential. This storage must a ship model as in Figure 2 and “Wake-Off” experimen-
be for a fixed set of values @f and so long ag > zg, tal measurements along a cut parallel to the ship’s track.
results can then be obtained by a singlntegration
with no further cost from the integrals ovét, for as
many(z, y, z) values as desired. ifs < = < zg, there
is some further cost, as new valuesPft i@ must be  as well to submarine vessels as it does to surface ves-
computed for each new, but this is not usually a large ~ S€ls. Indeed it usually performs even better, since the for-

impost. mer usually have a lower beam/length ratio. For conven-
The actual free-surface elevationis= Z(z,y) = tional submarines, thin-ship results can be computed up
—(U/g)¢.(z,y,0), and our main output is the wave pat- t0 and beyond the point where the vessel breaks the sur-
tern, in the form of contour plots of this quantif(z, y). face. These results remain in good agreement with “ex-
However, the wave resistance is also immediately avail-act” nonlinear computations (Tuck and Scullen 2002) as
able via (8) withz g = x5, namely the submergence is reduced, right up to the point where
/2 the latter inevitably fail due to incipient breaking.
Ry = gpy%g/ [p2 + QQ} sec®0 df, (10) It is paradoxical (for both submerged and surface ves-
™ —m/2 sels) that the seemingly more accurate nonlinear theory,

as implemented in Tuck and Scullen (2002) and in well-
known codes such as RAPID (Raven 1996) and Shipflow
(Larsson 1997), is nevertheless sometimes less useful
because of the potential for such failure (see Abbott 1998
for a case study), than is the linear theory, which never
fails numerically. Of course what the linear theory does
in extreme cases is to predict one or two unreasonably
large wave crests and deep troughs in the near field,
Although developed initially by Michell (1898) for con- Which really should have broken. However, any such
ventional ships, the above theory has somewhat mord@reaking is a highly localised phenomenon, and the wave
general applicability. Recall that the only essential ap-pattern everywhere else and hence the wave resistance
proximation is that the vessel can be represented by demain reasonable (Scullen and Tuck 1995).
centreplane distribution of Havelock sources of strength  Thin-ship theory also holds for multihull vessels, and
proportional to the local hull slope. Thinness of the hull again in most such cases the individual demihulls are
justifies this approximation, but this thinness need notthinner than conventional ships, so the linearisation is
be extreme, and for wave pattern purposes, relative ermore justifiable. However, now there is a further compli-
rors appear to be comparable to the beam-to-length rati@ation involving interactions between hulls. In general,
(Tuck and Scullen 2002), so accuracies of withih0% each demihull must be represented not only by centre-
are to be expected for most ships. plane distributions of Havelock sources, but also by cen-
Note that the only requirement for thinness is that thetreplane distributions of lateral Havelock dipoles, the lat-
beam is small compared to the length; the draft is irrele-ter accounting for lateral velocities induced on one demi-
vant (Tuck 1987). In particular, thin-ship theory applies hull by the others. In an aerodynamic analogy, this is a

which is Michell's (1898) wave resistance integral. Note
that the task of evaluating the wave resistaiitig is
equivalent to that of evaluation of just one wave eleva-
tion valueZ(z, y) in the far field; we compute millions
of such values, in the near field as well as the far field.

Generalisations of thin-ship theory



“lifting” as distinct from a “thickness” effect (Newman
1977, p. 168), and also becomes relevant for a monohull
at an angle of yaw (¥"1991). There have been very
few analyses of this type of interaction (see Lin 1974,
Salvesen et al 1985, Suzuki et al 1997). However, the ef-
fectis expected to be quite small, and in particular is for-
mally small if (as is usually the case) the demihulls are
not only thin but also slender, i.e. have small draft/length
ratio as well as small beam/length ratio (Tuck and New-
man 1974, Tuck 1987). Its neglect enables considera-
tion (Tuck and Lazauskas 1998) of optimal multihull ar-
rangements to maximise cancellation of far-field waves
and reduce wave resistance.

An apparent “generalisation” of thin-ship theory is to
vessels with transom sterns. However, as long as the the
ory is applied with the source strength given in terms of
hull slopes, e.g. use of (8) rather than (9), or a careful
integration by parts is performed, the original Michell
(1898) formulation is quite capable of handling dry tran-
som sterns. This implies a representation of the subse-
guent trailing wake as a straight impermeable cylinder
extending infinitely far downstream with cross-section
identical to the transom. Somewhat better models of
transom wakes are possible allowing eventual cavity col-
lapse (Couser et al 1998, Doctors and Day 1997), but in
practice the original Michell model works well.

A final generalisation is that of allowing viscous
damping of the far-field waves. Since the far field can
be considered as a superposition of plane waves travel-
ling at angled to thex axis, with amplitudeP +iQ, it is
only necessary to apply appropriate damping factors to
this plane wave (c.f. Lamb 1932, p. 624). We have foundthickness of the viscous boundary layer.
(Tuck et al 2002, c.f. Maruo 1976, equation (92); see
also Cumberbatch 1965, Zilman and Miloh 2001) that
the factor
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(

Figure 4: Computed pattern for a catamaran

Figure 5: Photo of a catamaran model

Computational considerations

v, . We have developed (Tuck et al 2002) a computer pro-
exp | — 7 ki sec” 0(z cos 6 + ysin 6) (11)  gram “SWPE” which takes as input a conventional set of
offsets defining the ship, and yields data suitable for plot-
inserted in the integrand of (7) provides good results,ting the resulting wave pattern over any specified region.
wherev is a measure of the kinematic viscosity. This A typical run of SWPE takes about fifteen minutes on a
quantityv is not really intended to represent molecular current PC to produce a detailed pattern containing about
viscosity as such, but to model the damping effect of the100,000 points, yielding plots of photographic quality.
turbulent shear layer in the wake, and hence must take &ne feature is the ability to “zoom” in arbitrarily close
value comparable to the eddy viscosity in the wake. on any interesting flow region, although the mechanism
Choice of an appropriate value ofis a difficult mat-  for doing this is actually to re-sample by running SWPE
ter; a value of between 100 and 10000 times the molec-again with the 100,000 points distributed over a smaller
ular viscosity seems to eliminate some of the most ex-region, without loss of accuracy. In contrast, the resolu-
treme short diverging waves (withi| close tor/2) near  tion of “panel” methods (Raven 1996, Larsson 1997) is
the track of the ship, without unreasonably damping outset in advance by the choice of the number and distribu-
genuine features of the wave pattern. Of course damption of panels on the free surface, which is dictated by
ing of far-field waves is not the only effect of viscosity, over-all accuracy requirements.
and for example it is also possible (Havelock 1948, Lars- The similarity between (7) and (10) suggests that the
son 1997) to modify the source strengths to take accountriple (&, ¢, ) numerical integration task of computation
of apparent fattening of the hull due to the displacementof the far-field potentiah” at each separate point will



to compute a wave field of 100,000 points is only about
the same as for about 4000 separate single-point calcu-
lations, i.e. about 4 minutes.
It remains to compute the local portiap”(z,y),
and in principle this remains a formidable quadruple-
integration task. Fortunately, a significant part of this
task has already been done for us, since Newman (1987)
has provided economised polynomial approximations
for G;. Hence we need merely substitute this polyno-
mial code into (6) and carry out th€, ¢) integrations by
Simpson’s rule (no Filon treatment is needed as the lo-
— ) 7 cal integrand is not rapidly varying). Nevertheless, one
1 | cannot entirely escape the fact that these computations
require more arithmetic, and the local part of the com-
putation tends to dominate computer times, typically by
a factor of about four. The net effect is that the total PC
time to compute a complete 100,000-point field is about
15 minutes.
Mm@ R B w4 0 m Once such a field of wave elevations is computed, var-
ious plotting procedures can be used to display the re-
sults. We have found it convenient to use very finely
Figure 6: Wave pattern for a submarine. graded contour plots. That is, we assign a colour (in the
written paper gray, in the presentation blue) of varying
intensity to each of a large but finite set of stepped levels
of wave elevation Z. In practice we use 256 such levels,
be comparable to that of computing one value for the ang with as many as 100,000 data points, the effect is
wave resistancéty, already a daunting prospect if we ¢jgse to what could be seen in a photograph taken verti-
desire information at 100,000 points or more, and madecy)|ly apove the ship, although a careful examination of
worse by the fourttk-integration needed for the local some Figures (especially where the elevation is relatively
contributiong” to the potential. small) reveals evidence of actual discrete contours. We
We have previously (Tuck 1987, Tuck and Lazauskasgenerally here delete information about the actual mag-
1999) developed efficient routines for evaluation of nitude of these elevation contours, although this is avail-
Michell's wave-resistance integral (10) subject to able.
(8). These routines use Filon's (1926) quadrature
(Abramowitz and Stegun 1964, p. 890) in tie
direction, in order to capture the rapid oscillations of the

integrand of (8) ag)| — /2. Conventional (e.g. Simp-  Figures 2, 4 and 6 show respectively SWPE-computed
son) quadratures fail to produce the correct rate of decayyave patterns for a conventional ship, a catamaran, and
of the diverging part of the wave spectrum. That programa submarine. Other similar results are given in Tuck et al
computes the wave resistance of a typical ship to 4-figurq2001) and Tuck (2001).
accuracy in less than 50 milliseconds on an inexpensive The ship in Figure 2 is in fact the same DDG51 de-
2GHz PC. stroyer hull as was used for the “Wake-Off” test (Lin-
Essentially the same numerical methods that weredenmuth et al 1991). As indicated in Figure 3, SWPE
successful for wave-resistance computations have beeresults for elevations along parallel cuts are in excellent
adapted in SWPE to compute the far-field flow and wavequalitative and reasonable quantitative agreement with
elevation. Again, Filon's quadrature plays an importantthe experimental data. This agreement is somewhat bet-
role, and without it the diverging waves are poorly pre- ter than was displayed by the various (then) state-of-
dicted. In addition, a special algorithm as in Tuck et the-art computer programs that participated in the 1991
al (1971) also captures the stationary-phase character diVake-Off test, and is comparable with that achieved sub-
the integral (7) as;, y — oo, thus allowing uniform ac-  sequently by the very successful nonlinear code RAPID
curacy of computation as we move far away from the (Raven 1996). Some residual discrepancies are likely
ship. The PC time to compute a single far-field point is to be attributable to localised breaking in the experi-
then about 63 milliseconds. However, becauseRh@ ments, which is unlikely to be capturable by any numer-
functions can be stored and used repetitively, the timeical code, linear or nonlinear.

B

Sample results
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Figure 7: Constant-pressure patch.

Figure 4 provides SWPE computations for a catama-over a regionR of the planez = 0 is then
ran hull, and can be compared to the photograph of Fig-
ure 5 (courtesy Australian Maritime College), although
no attempt was made to duplicate the hull shape, and U
the speeds and dimensions were only roughly matched?(, ¥, 2) = g //R dédn p(§,m) Gz(x—&,y—n, 2;,0).

There are obviously some points of close similarity, and (12)
also some features, mainly to do with the turbulent wake,
that are not captured by the computations. This is a similar formula to that (6) for a thin ship,

Figure 6 is for a Los Angeles class submarine hull the pressure distributiom replacing the offset¥” as in-
moving at 10 knots, at a submergence such that the safput; but the region is now part of the plane = 0
top is about to break surface. This pattern is especiallynstéad of the plang = 0. Again, separation into local
interesting in that separate wave structures due to th&nd far-field portions enables direct computation of the
sail and the main hull can be distinguished. The Frouddocal portiong” with the aid of Newman’s (1987) rep-
number for the main hull is low enough for that part of resentation foG*, and indirect computation of the far-
the pattern to be mainly transverse, whereas the FroudBi€ld portiong”™ proceeds in a similar manner to that for

number based on sail length is large, so that part of thdhe thin ship. In particular, the same far-field potential
pattern is mainly diverging. (6) and wave-resistance formula (10) apply if we define

. 1
P-HQ*W//RP(%W

PRESSURE DISTRIBUTIONS eikoxseCf)-i-ikoyseCzasinadxdy. (13)
The velocity potential for the flow induced by a unit

delta-function pressure (Wehausen and Laitone 1962, The pressure-distribution version of our program
p. 598) exerted on the free surface of a stréais pro- SWPE computes the same set of wave-pattern and flow-
portional toG,,, whereG(z, y, z; 0) is a Havelock source  field outputs as does the thin-ship version, with a simple
located at the free surface. That is, a pressure point iseplacement of the ship offset datdz, z) at stations:
identical to a surface horizontal dipole. The velocity and waterlines, by pressure distribution dagdx, y) at
potential of a distribution of prescribed pressp(e, y) stationsr and buttock lineg.
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Figure 8: Single bi-quadratic pressure patch. Figure 9: Wave pattern for tandem patches.

In the following it is convenient to define a non-
dimensional wave resistance coefficent
All pressure-patch results in the present paper are for a pg Ry
rectangular regioR, namely|z| < a, |y| < b. The re- Op =25 (14)
sults are parametrised with respect to the conventional Po
length-based Froude number= U/+/2ga. We place  and for this special example, we haVg = 2.265.
special emphasis on a hovercraft-like beam/length ratio Because our numerical integration method has the ac-
b/a = 0.5, and a Froude numberf = 1/v2 =~ 0.7, curacy of Simpson’s rule for the integrals ovAf it
which is close to that (the so-called “hump speed”, Ever-is almost exact for such uniform pressures, as well as
est and Hogben 1967) for maximum wave resistance. for pressures that vary linearly or quadratically along or
Where necessary, as a specific example we have cha@cross the region.
sen a lengtl2a = 80m, width 26 = 40m and mean Figure 8 shows the wave pattern for another exam-
pressurep, = 10kPa, so the hydrostatic mean draft ple in this near-exact category, namely that for a “bi-
20 = po/(pg) is about 1 metre and the displacement quadratic” pressure
about 3200 tonnes. The hump spdédorresponding 9 9 9
to F = 1/+/2 is then about 40 knots; a real hovercraft of p(z,y) = =po [1 - (f) ] [1 - (g) } (15)
this size would normally travel at a greater speed where 4 a b
wavemaking is negligible, but we are more interestedwhich decays parabolically to zero at all sides of the
here in performance of a vessel of this size at a Iowerpatch_ Herqoo is the mean pressure, i.e. such that the
(but still high) speed where large waves are made unlesgft 4abpg is the same as that for a uniform presspge
there is some design optimisation. Although the bi-quadratic example of Figure 8 clearly
The simplest type of pressure patch, of relevance toyields a much smoother local wave field than the uniform
hovercraft, is one of uniform pressyre= p, = constant  pressure of Figure 7, it is far from being superior from
over a rectangular region. The wave resistance of suclthe point of view of low (far-field) wavemaking, and has
patches was computed by Newman and Poole (1962, segearly double the wave resistance, nan@ly = 4.270.
also Doctors and Sharma 1972). Figure 7 shows the However, there are certainly pressure distributions
computed wave pattern for such a distribution. which perform much better from the wave-resistance
Note the diverging wave structure, especially as it point of view. One such is a tandem pair of patches.
streams away from the step pressure discontinuity at the For example, suppose there are two separate patches
sides of the patch, which also induces a lateral step in thef positive pressure located at the bow and the stern, each
free-surface elevation. The step pressure discontinuity abccupying20% of the overall length. Each patch is of
bow and stern is of less significance from that point of bi-quadratic form, with a pressure similar (on its own
view, c.f. Lamb (1932) p. 405, with a smooth continu- planform) to that in (15), and the remainiG§% of the
ous free surface. The present computational procedurkength between them is free of pressure. Figure 9 shows
is very efficient at displaying features such as these di-the resulting wave pattern. At fixed net lift, this configu-
verging waves, which have a very fine rapidly-varying ration hasC’p = 1.330, less than two-thirds of the wave
structure that is hard to capture with “panel” methods, resistance of the constant-pressure patch of Figure 7, and
and this would be even more apparentin a view display-less than one-third of that of the full-length bi-quadratic
ing more of the far field of the disturbance. patch of Figure 8. Figure 10 shows a perspective view of

Results for simple pressure patches
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Figure 10: Elevation beneath the tandem pressures of Figure 9.

the elevation immediately beneath the planfaRmThe resistance.
stern section has an appearance like a “tunnel” hull, an

Important early works on minimisation of wave resis-

observation of relevance to use of this type of flow for tance of travelling pressure distributions include those

design of planing surfaces. There is also an interestingyf maruo (1949) and Bessho (1962). More recently
comparison with optimised tandem hydrofoil configura- pgctors (1997) (see also Doctors and Day 2000) has

tions, e.g. as studied by Payne (1997).

optimised unconstrained families of pressures, involv-

Other examples are given in Scullen and Tuck (2002)-ing up to 4 distinct “subcushion” parameters, and we
have (Tuck and Lazauskas 2001) optimised both un-

Minimum wave resistance patches

The above swpple e'xamples of pressure dISt.I’IbutIOI’lS ar%ence toward a continuous optimum.
not necessarily optimal from the point of view of low
wave resistance. Although for actual hovercraft there

constrained and constrained pressure distributions with
many (e.g. 400) parameters, with indications of conver-

Inthe more practical case where the pressures are con-

may be severe limitations on achievable pressure variStrained to be non-negative, this continuous optimum has
ations, nevertheless it is of significant interest to seekthe following general structure, which varies with speed.
pressure distributions yielding minimum or at least low  The most important feature (at all speeds where wave-
wave resistance, at fixed total lift force balancing the making is significant) is the presence of pressure lines
weight. This is not only of potential use for hovercraft, of zero longitudinal extent concentrated at the extreme
but also because such pressures might be achievable dsow and stern ends. These end pressures vary in magni-
the hull of a planing craft. That is, if we compute the tude smoothly across the width, decreasing toward zero
wave elevation directly beneath such an optimised presat the sides. In fact, an aerodynamic analogy (with exact
sure distribution, the resulting free surface can be re-equivalence between wave resistance and induced drag
placed by a solid surface, which would then representin the limit asF — oo) shows that at sufficiently high

a planing surface designed from the outset for low wavespeed this lateral variation must be elliptic. However, at



find an optimum with the remarkably low wave resis-
tanceCp =~ 0.44.
However, the price paid is quite large pressure vari-
/ ations, contours of pressure being as in Figure 12,
with enormous maximum positive pressure205kPa
(shown white) and minimum negative pressures of
\ —160kPa (shown black). Figure 13 shows the resulting
wave pattern. In this case, we display contours only for
|z| < 2m, which captures all wave elevations outside the
patch itself. However, inside the patch there are quite un-
realistic troughs (shown black) of 37m and crests (shown
white) of 26m! Clearly these unconstrained optima are
mathematical curiosities only, and the requirement for
non-negative optimal pressures is necessary in order for
the results to be physically useful.
beam/length ratio 0.5, we have found this to be so only
for F' > 1.3, with a preference for a more rapid decrease
toward zero at the sides at lower speeds.

So long asF' > 0.96 the optimum consistenly of Some insight into the process of reduction of wave resis-
these two bow and stern pressure lines. Such Froudeéance for pressure patches is provided by the free-wave
numbers are high enough that transverse wave cancellapectrum, which is proportional 8% + Q2 whereP, Q
tion by bow-stern interaction is ineffective, and the bestare defined by equation (13), and is a function of wave
that can be achieved is to place the disturbing pressureanglef. Figure 14 presents graphs of the free-wave spec-
as far apart longitudinally as possible. trum, here defined agR/df, where R is wave resis-

For ' < 0.96 it is desirable to include a third patch tance. The vertical scale of the graph is irrelevant to the
of positive pressure, located midships. Bdi5 < F' < following discussion, but note that the area under each of
0.96 the centre patch should also be of zero longitudinalthe curves is proportional to the wave resistaRcd hus
extent, i.e. this patch is a pressure line similar to those athe free wave spectrum, in the form given here, immedi-
bow and stern. However, it should not in general extendately indicates those wave angles where most energy is
all the way across the width of the rectangle, its optimal shed.
lateral extent varying in the range 8% to 90% of the For the single constant-pressure patch, the main peak
width. in the free-wave spectrum occurs at abéut 53°. A

As I decreases from 0.96, the centre patch bears asensible wave-minimisation strategy would be to reduce
increasing fraction of the total load. Fdf < 0.65, this large peak. Clearly the bi-quadratic pressure distri-
the centre patch should have nonzero longitudinal extentbution fails miserably in this regard. It has a large peak
and byF' < 0.5 it is essentially bearing the whole load, at aboutd = 60°, which is more than double that of
the end patches having withered away; however, by therthe constant-pressure patch, and it is no surprise that its
the (minimised) wave resistance is quite small comparedvave resistance is also about double. Its edge smooth-
to that at the hump speed. We have little interest in opti-ness results in a much lower envelope of the spectral
mum configurations at such low wave-making speeds. peaks of the extreme diverging waves with- 75°, but

In the present paper our main attention is paid tothese carry little energy.

F =~ 0.7 and that is a speed where the optimum is three The other pressure distributions shown in Figure 14
pressure lines, the central line being of ab®ift of the have alocal minimum in their free-wave spectrum curves
full width, and bearing abow5% of the total load. This  at wave propagation angles a little higher than that at
configuration ha€’p, = 0.884, and its wave pattern is which the constant-pressure patch reaches its peak. For
shown in Figure 11. This is a very significant improve- 6 < 35°, the tandem and the three-line pressures shed
ment on the constant-pressure resiiff = 2.265, and  about30% less energy than the constant-pressure case,
involves only physically-acceptable positive pressures. and the pressure strips at the bow and stern provide a sig-

Finally, if we do allow negative pressures, an even nificant degree of cancellation of transverse waves. For
lower wave resistance is possible in principle, although35° < ¢ < 60°, the energy lost to the diverging wave
the actual optimal pressures and the resulting elevationpattern is considerably less than for constant pressure.
beneath the pressure patch are then not physically rea- The ultimate reduction in wave-making is evident
sonable. We have (Tuck and Lazauskas 2001) used a 2fbom the curve for the unconstrained x 20 optimum,
by 20 grid of rectangular constant-pressure panels, anavhich makes very low transverse waves, but also sheds

Figure 11: Wave pattern for optimum 3-line pressure.

Free-wave spectrum
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Similar methods of analysis were used by Tuck and
Lazauskas (1998) to examine wave cancellation effects
of multi-hulled displacement vessels.

almost negligible energy in the rangé° < 6 < 65°, 2

whereas its spectral peaks for extreme diverging waves

with § > 75° are higher than those of the other examples '
in Figure 14.

PLANING SURFACES

Planing surfaces are flat ships, i.e. ships of small draft. Figure 12: Unconstrained optimum pressure.
However, unlike thin ships, for which the limiting solu-
tion as the beam goes to zero is explicit (as a quadruple
integral) given the ship offsets, for flat ships we must .
still, even in the limit as the draft goes to zero, solve .
an integral equation over the wetted planfofin This
integral equation is of a particularly unpleasant charac- —
ter in three dimensions (Maruo 1967, Tuck 1975), es- - — -
sentially because of short diverging waves which tend to il
induce unwanted oscillations. Early attempts to solve it
numerically include those of Oertel (1975) and Doctors
(1975), and good results have recently been obtained by
Cheng and Wellicome (1994) and by Lai and Troesch
(1995). The corresponding two-dimensional problem is
much more straightforward, and has a large literature,
partly surveyed in Tuck (1990). At the other extreme, for
planing surfaces of low aspect ratio there have also been
some explicit high Froude number solutions, e.g. Tulin as those where the pressugeare specified. Then the
(1957), Casling (1978), and Casling and King (1979). matrix A is square andN x N, and it is only necessary

In order to solve the three-dimensional planing- that this matrix4 be nonsingular (which it is) in order
surface problem for a given flat ship with equatior- that we be able to fing, givenZ.
Z(z,y), we “merely” need to find a pressure distribu- |t s also possible to perform an inversionlif > N,
tion p(z,y) that causes the free surface to take that shape.g. by using least squares. In that case we no longer de-
z = Z(z,y) beneath the regioft of non-zero pressure. mand that the pressupéz, i) exactly reproduce a given
The above examples of solutions of the direct problemelevationZ(, ) at M points, but rather that the values
whenR is a rectangle are already in principle solutions of p at N points be such as to minimise the sum of the
of the planing surface problem, provididfz, y) takes  squared departures of the computettom the given el-

one of the output forms in the Figures. However, it is evations af\/ points. This leads to equations of the form
potentially a much more difficult task to invert this prob-

lem, thus finding whenZ is given. ATAp=A"1Z (17)
Since the relationship between pressure and wave pat-

tern is a linear one, formally this inversion only requires which can be solved by inversion of tié x N square

inversion of the linear operator. More concretely, if we matrix ATA. Use of M >> N is desirable in that it

discretise the pressure datér,y) into a vectorp of averages out effects like the short diverging waves that

length N, and the free-surface elevation datdx, y) have always caused numerical difficulties in this prob-

into a vectorZ of length M, our computer code provides lem.

a connection (implicitly or explicitly) of the form

14N\

Figure 13: Wave pattern for unconstrained pressure.

Ap=127 (16)  Edge conditions

for someM x N matrix A. There is an extra complication for actual planing sur-
One possibility is thaf\/ = N, so that we compute faces, in that we must demand smooth detachment at
exactly as many elevations as there are pressures. It ithe trailing end of the surface. That is, we only accept
convenientto assume then that the elevatidrase com-  pressure distributions(x, y) which vanish (return to at-
puted at the sam& nodal points within the planformk mospheric pressure) at the trailing end of the planing
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Figure 14: Free wave spectrum for various arrangements of pressure patches.

surface. This condition is referred to as a Kutta con-real planing surfaces. However, this is a computationally
dition, by analogy with that (Newman 1977, p. 164) difficult task, and is not attempted in the present paper.
for lifting surfaces. The linear two-dimensional version

In general, having demanded zero pressure at the trail-
of this planing-surface problem is similarly analogous ing edge, the leading-edge pressure will not only not
(Tuck 1990, Bessho 1994) to thin-airfoil theory. vanish, but will formally become unbounded within the
There is a price to pay for such an extra demand, sinc@resent linearised theory. This leading-edge singular-
for any givenZ (z, y) we cannot expect the Kutta condi- ity is again analogous to the corresponding leading-
tion to hold upon direct inversion. There are two ways edge singularity (Newman 1977, p. 168) in aerodynamic
to pay that price. The most computationally straightfor- lifting-surface theory. In the latter case, this is an arte-
ward way is, while retaining a fixed given planforR)
to allow a degree of freedom in specification®fz, y),

fact associated with rapid velocities at which fluid passes

from the lower to the upper surface of a lifting wing, but
e.g. a vertical shifZ = Zy(z,y) + C(y) whereZ, is in the planing-surface case it models a splash (Wagner
the given hull and”(y) must be determined by the pro- 1932, Tuck 1994, 1995).

acceptable for applications to real hulls.

gram. Thus the actual given hull shape is not preserved, Since splashes contribute to the total drag, there is a
but is “bent” about a longitudinal axis, which may not be premium on reducing or even eliminating this leading-

edge singularity, and thus seeking pressures that vanish
Alternatively, and potentially more practically, we can not only at the trailing edge but also at the leading edge.
allow a degree of freedom in specification of the wetted WWe then would need another degree of freedom, e.g. we
domain or planformiz, while retaining on that new do- May wish to modify the original hult, to
main the exact given hull = Z,. In practice, with N

a fixed trailing e?jge, this is normally apn adjustment in Z(@,y) = Zo(z,y) + Caly) +2C2(y) -
the location of the leading edge, and such significantThis hull modification involves not only bending but also

(18)
leading-edge adjustments are natural and inevitable foftwisting” the given hull about a longitudinal axis, with
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an upshiftC; (y) and an added angle of attaelC; (y) at
each lateral positiop, both determined by the program.  Pressure(®a
This procedure generalises that of Cumberbatch (1958)35000

to three dimensions and finite Froude number. 30000
25000
20000

This does not end the list of possible constraints on ;°°°
the inversion task for planing surfaces. For example, we sooo
may consider it desirable to require the pressure to van- °
ish alongall of the boundary of the regiofi, not only at
the leading and trailing edges, but also at the sides. This &~

could be because (as seen in Figure 7 for the constant-

pressure patch) sudden lateral terminations of the pres- X (m) 0 20
sure tend to produce undesirable local diverging waves

relevant that our work on minimisation of wave resis-
tance suggests that optimal pressures tend to vanish at

the sides.
Flat plate example

For a rectangular planforn® with side boundaries In the present written paper we present just one example
parallel to the stream, it is also not entirely obvious computation, for the input flat platg,(z,y) = —x/a,
whether the side boundaries should be considered awith our standard rectangular planform and Froude num-
“leading edges” or “trailing edges”; if the latter, we are ber. This plate initially has its midship station= 0 at
required to demand a Kutta condition of zero pressurethe undisturbed free-surface level, with the bow raised to
on them in any case. It is not hard to conceive of fur- height 1m and the stern submerged to 1m. However, the
ther degrees of freedom in modification of the original program then generates an almost constant downshift,
hull, allowing such a constrained inversion, but we leavewith C'(y) ~ —0.7m, in order to satisfy the Kutta condi-
that for future studies. Interestingly, Cheng and Welli- tion.
come (1994) seem to have been able to find solutions Figure 15 shows the resulting pressure distribution.
with zero side pressure without modifying the original The computations were performed by least squares, with
hull for that purpose. One important feature noted by M/ = 2000 input data points an& = 176 unknown
Tuck and Scullen (2002) is that when the side pressurgressures. The results are preliminary in that although
steps from a finite value to zero, the free surface alsothe over-all trend and size of the pressure output is ac-
steps by exactly the corresponding hydrostatic amountceptable, small grid-scale oscillations are present, simi-
Hence we cannot expect zero side pressure for bodiekar to those in other solutions such as those of Doctors
like flat plates where there is non-zero submergence af1975) and Cheng and Wellicome (1994). It is how-
the sides. ever notable that there is no indication of the pressure

approaching zero at the sides of the plate, as assumed

This discussion about edge pressures highlights whap¥ €heng and Wellicome (1994). Work is continuing on
is a serious numerical difficulty with the inversion prob- NS challenging numerical task.
lem for any planing surface, analogous with that for
aerodynamic lifting surfaces, e.g. Tuck (1993). In gen- CONCLUSIONS
eral, such inversions (if performed exactly without dis-
cretisation) do not produce finite non-zero leading or In this paper we have discussed three applications of lin-
trailing edge pressures. The edge pressure is either zerearised water-wave theory to efficient and accurate com-
(e.g. when the Kutta condition is enforced) or infinite putation of flows and wave patterns for high-speed ma-
(e.g. at most leading edges). Hence when working withrine vessels. The first is a 21st-century computational re-
a discretised model, we must always in some sense balisation of the 19th-century thin-ship theory of Michell
“approximating infinity”. This difficulty can be over- (1898). The resulting code is fast and accurate, and ca-
come (see Tuck and Standingford 1997), but we mustpable of revealing fine detail of the pattern that is diffi-
expect to see large numbers in the output pressures neault to capture by some other methods. In particular, its
edges, which can be accompanied by unacceptable gridinearity conveys a humber of advantages, not least of
scale oscillations unless care is exercised in the numeriwhich is that it never fails.
cal methods. The second application is to moving prescribed pres-
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sure distributions, where again fine detail can be cap-

tured, in both near and far field. This fine detail includes,
especially for distributions which do not vanish at the
sides, very short diverging wave crests streaming away 9

from corners and sides. Pressure distributions minimis-
ing wave resistance are also discussed and the impor-

tance of a non-negativity constraint is emphasised.
Finally, preliminary work on the inverse problem

finding a pressure distribution to match a given flat-ship
hull is discussed. This is a notoriously difficult task, es-

of

(10]

sentially because of the above-mentioned short diverg-
ing waves, and presents significant computational chal-
lenges. The present type of code shows considerablfll]

promise of yielding robust solutions, but we are not quite

there yet.
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