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Abstract

Greenhow, M., A complex variable method for the floating-body boundary-value problem, Journal of
Computational and Applied Mathematics 46 (1993) 115-128.

This paper reviews the use of a method using Cauchy’s theorem, which has recently formed the basis of very
successful numerical schemes for considering the nonlinear water-wave problem, both with and without
floating or submerged bodies. Outstanding problems, concerning the intersection point problem (where two
boundary conditions are to be applied) and the treatment of radiation conditions, are outlined. Notwithstand-
ing these difficulties, useful results for transient problems may be obtained; examples presented include new
results for water exit of a wedge and horizontal motion of a submerged cylinder.

Keywords: Floating body; free-surface flows; water exit; horizontal motion of submerged cylinder.

1. Introduction

The development of complex variable methods is intimately connected with that of inviscid
fluid dynamics, normally used in the study of water waves, and their interaction with floating
bodies. Under the usual assumptions of irrotationality, we can define a velocity potential @
with the fluid velocity vector v = (u, v, w) = V. If the fluid is also incompressible, this implies
the field equation for @ is Laplace’s equation V?® = 0. An alternative viewpoint, valid for
two-dimensional flow v = (1, v) in the xy-plane, is to introduce the stream function ¥ with the
property that

od v od o

U= —=-_—, vV=T—=———. (1)
0x dy ay ax

These are the Cauchy-Riemann equations for the real and imaginary parts of the complex
potential B(z, t) =d(x, y, t)+i¥(x, y, t). Here z=x +1iy and ¢ is time. Consequently, any
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Fig. 1. The nonlinear boundary-value problem.

complex potential may be thought of as a flow (although solid boundaries may need to be
introduced, for example, along branch cuts) and, more pertinently, any fluid flow may be
described by an analytic function.

Two consequences immediately follow from this formulation. Firstly, many of the elementary
functions correspond to useful flows, examples being log(z), which is a source, sink or vortex
(depending on its coefficient), and exp(—ikz) which gives linearised water waves of wavenum-
ber k (oscillation in x and exponential decay in —y, i.e., depth below the free surface), see,
e.g., [30,36]. Secondly, any flow may be conformally mapped to another fluid flow. This
technique is particularly useful for finding the added mass of certain bodies moving in
unbounded fluid, if the flow around them can be mapped to uniform flow. The added mass can
then be deduced from the large z behaviour, being related to the dipole moment (coefficient of
the 1/z term), so it is not necessary to solve for the more complicated flow local to the body,
see [33,41] for examples of simple body shapes. More complicated shapes may be treated by
discretisation and the Schwarz—Christoffel mapping.

These analytical techniques are, however, only successful for rather simple flow domains
satisfying simple conditions (usually zero normal flow) on the domain boundary. The water
wave problem, and the related problems of floating or submerged bodies outlined in Sections 2
and 3 respectively, are both interesting and hard because of the complicated nonlinear
free-surface boundary conditions, see Fig. 1. Although some progress had been made for rather
idealised problems, such as steady waves over a wavy seabed [22] or over a flat bottom [38], and
the zero-gravity entry of a wedge [21], the numerical solution of problems including both time
dependence and gravity were not practical until the work of Nichols and Hirt [34], who
discretised the entire fluid domain. Although some success was achieved for the early stages of
water entry of a cylinder, the method was computationally expensive and not suitable for more
general problems.

A breakthrough occurred when Longuet-Higgins and Cokelet [26] formulated the problem as
a boundary-value problem, requiring solution and evolution only on the free-surface boundary.
Since their interest was in periodic, but unsteady, flow of water waves as they break, they closed
the contour of integration by a conformal map ({ = exp(—iz)) which wraps the contour around
joining the two vertical parts of the contour shown in Fig. 2; this then ensures periodicity, with
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Fig. 2. Contours of integration. C4 and Cy denote parts of C on which either @ or ¥ is known. Radiation or
periodic conditions are applied on the vertical boundaries.

large depths being mapped to the origin. A Green’s function technique was then applied in this
mapped plane, resulting in a Fredholm integral equation of the first kind for the unknown
normal fluid velocity at the free surface. The solution, when evolved in time according to the
(transformed) dynamic free-surface boundary conditions, see Section 2, developed a saw-tooth
instability which required smoothing. Nevertheless, the method, when mapped back to the
physical plane, gives spectacular results for the development of wave overturning, and the high
velocities and accelerations in the overturning and jet regions are of significant engineering
interest. Longuet-Higgins and Cokelet [27] also applied their method to the instability growth
rates of steep waves, obtaining very impressive agreement with earlier analytical theories.

Further developments of the Longuet-Higgins and Cokelet method include that of New et al.
[32] who considered waves in finite-depth water (the mapped region then becomes an annulus
with the Green’s function satisfying the bottom boundary condition a priori). Despite the
somewhat artificial nature of the initial conditions used in all the above calculations (i.e., a
sinusoidal wave of large amplitude, which may be further perturbed by applying a surface
pressure or modifying the water depth), the final stages of overturning are convincing. This
leads to the idea that wave breaking may be, in some sense, self-similar, and that the crest
region is largely uncoupled from the rest of the wave during overturning. Thus Longuet-Higgins
[24,25], New [31] and Greenhow [12] have proposed local models for the loop and jet regions.

Other authors have used finite-amplitude, steady wave theories, such as that of [38], as being
more realistic initial conditions. Tanaka et al. [40], Cooker et al. [8] and Cooker and Peregrine
[7] took solitons as initial conditions for waves in shallow water. They considered instabilities,
motion over semicircular obstructions on the seabed, and solitons in head-on collision. This last
situation represents a single soliton impacting on a vertical seawall, and was shown, in some
cases, to develop extremely high pressures, and accelerations of the order of hundreds, or even
thousands, of g in a very small impact region. Clearly very small time and space discretisations
need to be made for accurate calculations.

All of the above theories become invalid when the breaking wave jet falls onto the front
surface of the wave, and the numerical schemes quickly break down. This is, of course, to be
expected since the flow region is no longer simply connected, and within the loop region, the
analytic continuation of B(z, t) fails to remain analytic. Thus the jet must have moved onto a
different Riemann sheet, and its space derivatives will no longer match those of the front face
of the wave: this results in splashing at the jet impact region, and the loop flow soon develops
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into a large vortex which propagates into the fluid. The problem of continuing the calculations
after jet touch-down is therefore a formidable challenge. A possible way forward is to keep
track of the two layers of fluid from the wave front and jet respectively, and to apply a
boundary condition across the interface of a jump in potential which conserves the Kelvin
impulse. This method has been successfully to study the collapse beyond jet re-entry of
axisymmetric bubbles, see [3].

Although conformal mappings are used in the above numerical schemes, the problem is not
formulated directly in terms of the complex velocity potential B(z, ¢). One possibility is to
construct B from singularities exterior to the fluid region, choosing their coefficients in such a
way as to minimise the errors when satisfying the free-surface conditions, see [29]. Another is to
construct B from a vortex sheet placed at the free surface; the (unknown) strength distribution
and its evolution are determined by the free-surface conditions, see [2]. Since the governing
Fredholm equations are of the second kind with globally convergent Neumann series, the
resulting matrix equations may be solved iteratively — a significant advantage over direct
Gaussian elimination methods.

Since B is analytic, Cauchy’s theorem holds:

96C—ﬂ(z’t)dz=o, @)

for any contour C drawn within the fluid or along its boundary, and with z, outside C.
Evidently, any other analytic function will satisfy this equation; to evolve the solution, we will
need (2) with 38 /0t in place of B, see Section 2. Another possibility includes the velocity
potential gradient as a function of w =u + iv, which results in an integral equation for the
(unknown) normal derivative of @, see [9]. An interesting feature of that paper is that the
higher time derivatives of the analytic function may be easily calculated since the kernel of the
integral equation is the same. Knowing these enables much larger time steps to be taken for
any given accuracy.

Section 2 outlines the method of Vinje and Brevig [45]. The major difference is that Vinje
and Brevig do not build in periodicity of the flow into their method (by mapping the contour C,
or otherwise), but rather solve (2) directly in the physical plane. Thus, although periodic waves
and flows may be considered, their method has the advantage that other conditions may be
applied at the vertical boundaries, and more importantly, floating or submerged bodies may be
introduced. In these cases periodicity at the vertical boundaries is not appropriate and one
needs to apply a radiation condition at these boundaries to account for the outgoing diffracted
waves, and any waves radiated by a moving body. This problem has not been satisfactorily
resolved, see [5,46]. These authors attempt to match the interior nonlinear region with a linear
outer region satisfying the Orlanski condition [35]

o oD

@ _ e (3)

ot 0x
where C is calculated from the rate of change of @ in the interior region. (Using C from the
phase speed of linearised waves the Somerfeldt condition was also tried.) The results, which
always gave some reflection, were disappointing. A further problem was that the nonlinear
(finite-amplitude) waves in the interior region do not decay in amplitude as they propagate
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Fig. 3. Wedge entry at high speed. Note that the spray may separate from the wedge side. The analytic results of
Appendix 1 are shown dotted.

outwards, and were therefore difficult to match to the outer domain which has boundary
conditions applied at the undisturbed free-surface level. This is in contrast to the three-dimen-
sional situation where wave amplitude decays like 1/ VR, and where the inner and outer
regions may be matched successfully, see [23].

More pragmatic approaches appear to work well in some situations. For example, for the
problem of water entry or water exit into otherwise calm water, it is possible to place the
vertical boundaries sufficiently far away, so that no significant disturbance reaches them during
the transient phase of interest, see Fig. 3. Another successful technique was used for waves
moving over a submerged cylinder [6]. For this case the transmitted wave propagated into an

. “energy sponge” region where its amplitude was artificially reduced to zero at the end wall.
This apparently gave insignificant reflection back into the physical region of interest around the
cylinder. A similar technique has been applied in [1].

2. The method of Vinje and Brevig

The contour integral of Cauchy’s theorem above may be split into two parts: C,, where @ is
known and C, where ¥ is known, see Fig. 2; these quantities are either specified initially or
known from the evolution equations below. Thus @ and its time derivative are known on the
free surface (09 /0t is given from the Bernoulli equation), while ¥ and its time derivative are
known on the bottom (both are zero here) and, if present, on a body surface (¥ and 8¥ /0t are
here specified by the body geometry and its velocity). Taking z, (=x, + iy,) on the contour C,
and using either the real or imaginary parts of (2) gives integral equations of the second kind:

D +iv
z

fc zZ—2Zy d

T¥(xy, Yo, )+ Re =, 4)
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for z, on Cy, and

wdP(xy, ¥o. 1)+ Re =0, (5)

i f Md Z}
z—2z,

for z, on Cy. Similar equations hold for the time derivative of 8. We have further assumed

that C is smooth; at corners, either due to the presence of a solid body or due to discretisation

of C, we use the angle subtended by the collocation points €, in place of w in these equations.

On the vertical boundaries in Fig. 2, we apply either periodicity, or an appropiate fixed wall or

wavemaker condition, making it part of Cy.

To step forward in time we use the boundary conditions for the two-dimensional free-surface
problem as given in Fig. 1 (for a derivation see, e.g., [36]). Following [26], we write the
free-surface conditions following a free-surface particle (a Lagrangian description of the flow)
as

Dz ) . B Do . P, 6
—=u+ = = — _— = — -—,
oy u+iv=w Pyl Y ww* — gy 5 (6)
where g is the gravity, p the density, and the material derivative is given by
D(-) ()
—=—+VO V(). 7
YRR ) (7)

These equations are used to evolve the position and value of @ of the free-surface particles to
the next time step. Specifically a single-step Runge—Kutta method is used to calculate the first
three steps, after which we may use a fourth-order Hamming predictor / corrector method. A
numerical derivative of B is calculated. The forces on the body (if present) are calculated by
integrating the hydrodynamic pressure, given by Bernoulli’s equation, over its surface; this gives
its acceleration and hence its new position and velocity. For further details see [15,44].

As mentioned above, the collocation method is applied to (4) and (5). Assuming a linear
variation between the collocation points, Vinje and Brevig perform the integrations analytically.
This results in an N X N matrix equation AX = B for the unknown part X of 8 at each of the
N collocation points. The elements of the N XN matrix A consist of logarithmic terms,
requiring typically 40% of the calculation time for their evaluation. However, the matrix is also
used at each time step for the calculation of the unknown part of 98 /9¢, and could also be used
for the calculation of higher derivatives of 8, as in the method of [9].

When no body is present, it may be advantageous to use an iterated scheme to solve the
matrix equation, since we have an excellent initial guess given by the solution at the previous
time step, see [2,23]. Against this, we have already noted that the calculation time of A is
dominant, and iteration becomes awkward if we wish to apply regridding of the collocation
points, see [10]. That paper illustrates the power of this method: a comparison of experimental
and numerical wave tanks, both given identical wavemaker motions, is made for the wave
profile at various positions along the tanks. With 550 unknowns and about 4000 time steps, the
results agree very well, even to the resolution of wave breaking. The entire simulation took
about 30 hours on a CRAY 1 supercomputer.

In the case of ship motion, and particularly for the water-entry and -exit cases presented
here, we note that the number of collocation points N continually changes as the body
submerges or emerges; here we use direct Gaussian elimination. A further problem for
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surface-piercing bodies occurs at the intersections of the free and body surfaces. Except in
special cases, the complex velocity potential 8 or its time derivatives are known to be singular
here, see, e.g., [39,43]. The introduction of viscosity may, in principle, be needed. In the present
formulation, we have both @ and ¥ specified at these points. Although no theoretical
justification exists, we remove the two intersection points from the calculations and solve an
(N —2) X (N —2) system of equations. Then, treating the intersection points as ordinary
free-surface points for the purposes of time stepping appears to give acceptable results, see [23]
for the wavemaker problem and [13,14] for wedge and cylinder entry. These cases may be
compared with theoretical results. For the impulsively-moving wavemaker case, the numerical
results lie very close to the theoretical free-surface profile (which is logarithmic, see [37]),
except near to the intersection point. For high speed wedge entry, the self-similarity of the flow
has the consequence that the arc length along the free surface between any two free-surface
particles is maintained, see [11]. The results of [13] satisfy this stringent check, and other checks
such as mass conservation, accurately only for slender wedges. When the deadrise angle (the
angle between the body and free surface) becomes smaller than 45°, the calculations become
unreliable and quickly break down. Resolution problems arise because of the spray jets of fluid
which move up the side of the wedge at great speed, see Fig. 3. Furthermore, the initial
condition for this problem is itself singular: thus resolving the jets more accurately does not
remove the problem, but rather makes it worse. Zhao and Faltinsen [49] point out that the
pressure in these jets is almost atmospheric, and claim success for deadrise angles as small as
15° by simply truncating the jets with an artificial boundary on which the pressure is atmo-
spheric. A better procedure may be to match to an analytic model of the outer (jet) region as in
the analytical work of [20,47].

A similar problem arises for the case of wedge exit; we present new results in Fig. 4.
Although no jets occur, the intersection point particles still move very quickly for small deadrise
angles. Some free-surface profiles are shown in Fig. 4, together with a comparison with the
transient linear wavemaker theory of [28], which is expected to be valid for slender wedges

Total Vertical Force

Fig. 4. Wedge exit from initially calm water. On the left part the analytic results of Appendix 1 are shown dotted,
while on the right part the dotted line shows the contribution of buoyancy according to linear theory.
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and water exit are given in Appendix 1. For smaller deadrise angles, no simple analytical theory
is yet available. (Unlike the high-speed water-entry case, we must here include both gravity and
the length scale of the initial submergence depth; thus the problem is Froude number F,
dependent.)

For submerged bodies, we do not, of course, have the above intersection point problems.
However, a difficulty does arise with the integration around the contour, which now involves a
branch cut. We account for this when integrating around inner and outer contours in Fig. 2
(right part). Furthermore, for a fixed body, we do not know the constant value of ¥ on its
surface. However, referring to (5), we see that integrating around the cylinder gives

(deadrise anegles approaching 90°). Analvtical results for the free-surface p profile for water entry

¢ 1_1’0 dz =ivg iz =0, (8)
alZ — 2y eylZ 7 29
when z, is outside the cylinder, and
o iV :
Re[lséy]z_z)dz} = Re[wi¥] =0, (9)

when z,, is on the cylinder. Thus the unknown constant value of ¥ is immaterial, but may be
calculated around the cylinder from (4) as a check. For the moving cylinders considered here,
we do know the variation of ¥ around the cylinder from the body boundary condition to within
this unknown constant value, see [4] for details. More general initial conditions, where the
circulation around the cylinder and hence the value of ¥ are specified, can also be considered,
see [42].

The other new results presented here concern the impulsive horizontal motion of a
submerged circular cylinder. The corresponding steady motion problem has been extensively
studied by Havelock [17], using the linearised free-surface condition. When the cylinder is
sufficiently deeply submerged and moving sufficiently slowly, his results agree well with the
numerical schemes of [1,16]. The present results concentrate on transient motion of the
cylinder very near the free surface. Appendix 2 presents and extends Havelock’s [18] theory for
this situation. We see in Fig. 5, taken from [19], that the assumptions of linearity, as well as the
approximate nature of the satisfaction of the body boundary condition, preclude the use of the
analytical results in Appendix 2, unless the body is very deeply submerged. However, the
numerical scheme is capable of dealing with high speeds at quite small submergences.

3. Conclusions

Over the past fifteen years, some fast and reliable programs have been developed for the
nonlinear water wave problem. We can now calculate the modulation of a wavetrain, interac-
tions between waves or solitons, and overturning of a wave crest; such work has further
stimulated analytical work. For two dimensions, the main outstanding problems appear to be

(1) the successful implementation of radiation conditions, so that the computational domain
may be kept small;

(ii) a satisfactory way of treating the intersection points for surface-piercing bodies, espe-
cially when the deadrise angles are small; and
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Fig. 5. Impulsive motion of a horizontal submerged cylinder. The analytic results for the forces are shown dotted.

This figure is taken from [19].

(iii) a theoretical framework for treating waves after breaking, and its numerical implemen-

tation.

When bodies are introduced, or waves are generated by a wavemaker, the most successful
approach to date appears to be that of [44,45], described in Section 2. Although the method
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may be applied to the large computational domain of a “numerical wave tank”, as in [10], many
interesting calculations may be made at modest cost by considering transient problems where
the initial conditions may be given exactly. Examples of water entry and water exit, and the
motion of submerged bodies have been presented; the results are compared with those from
linear theories given in the appendices.

Appendix 1

For comparison with the numerical results calculated by the Vinje and Brevig method we
here extend the transient wavemaker theory of Mackie [28]. Mackie considers the entry of a
solid wedge of haif-angie e; if the wedge is siender (e is smail), it is appropriate to use the
linearised free-surface condition, see, e.g., [36],

P P
Pyl @ =0, applied on y=0. (10)
The free-surface elevation is given by
1({9d
neen = (o) (1)

The body boundary condition is not applied on the wedge surface, but rather on an “equivalent
wavemaker” at x = 0, satisfying

it 0 12

— =u(y,t), onx=0.

— =u(y, 1) (12)

Here u(y, t) is chosen to simulate the motion of the wedge, i.c.,

ue, for0<y<ut,
, )= 13
u(y ) {0, for y > ut, (13)
for wedge entry at constant velocity u, and
ue, forO<sy<d+ut
u(y, t)= ’ . ’ 14
(v, 1) {O, otherwise, (14)

for wedge exit at constant velocity u, with the vertex initially at depth d.
Mackie solves the general problem by Fourier and Laplace transforms; the Fourier trans-
form of the free-surface elevation

H(A, t)=f0°°n(x, £) cos(Ax) dA (15)
is given by
H(A, 1) = —f:U(A, t) cos| g (t — )] dr, (16)

where U(A, t) is the Fourier transform of u(x, t). This expression may be interpreted as a
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convolution over the previous history of wavemaker motion U(A, 7) from 7 =0 to the present
time ¢. Substituting the Fourier transforms U(A, ¢) for the entry and exit problems gives

5 e"“"—cos(\/)gt) +uyrg~! sin( Agt)

Nu?+ g

H(A, t)= —eu (17)

and

(~

+sin( Agt)\/g[; Ad} )

eue M /\u[cos( /\gt) - e"‘“’]

H(A,t)=

A Aul+rg NPul+rg  Ag
(18)
respectively. We then take the inverse Fourier transform
2
n(x, t)=~—f H(A, t) cos(Ax) dA (19)
7 Jo

to give the profiles shown dotted in Figs. 3 and 4. For slender wedges there is quite good
agreement with the numerical results. In these figures, we have started drawing the free-surface
profiles not at x =0, but at the wedge surface. Although this is sensible, we note that the
necessity of making such a choice arises from the inadequacy of the above theory to account
properly for the actual wedge profile. This inadequacy is likely to result in serious error for
wedges which are not slender. Indeed, we see immediately that, according to this (linear)
theory, the above profiles are linear in e (the half-angle of the wedge). Another source of
disagreement may be that for nonslender wedges the free-surface deformations are so steep
that the linearised boundary condition (10) is likely to give serious errors. Nevertheless, when
applied to appropiate cases, the above analytic results are capable of providing a simple
explanation of the numerical results, and, since gravity is included, the analytic solutions evolve
to give realistic wavetrains (not shown in Figs. 3 and 4).

Appendix 2

We here present and extend the dipole theory of Havelock [18] for the impulsive horizontal
motion of a horizontal cylinder with axis at depth d. In unbounded fluid (i.e., no free surface
present) the flow around a cylinder of radius r, moving horizontally with velocity u, is given by
a dipole B(z, t) =ur?/z. The effect of free-surface proximity is to introduce an image of this
dipole plus a memory term representing radiated waves:

ur? ur?

Bz )=~ "ha

+ uerEfthf [eik(uf(g/k)l/z)(t—'r) _ e—ik(u—(g/k)l/z)(tff)]eAik—de\/Edk'
0 0

(20)
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In this case the force Z = X + iY may be obtained from the Blasius theorem (the time-depen-
dent terms are nonsingular and therefore do not contribute to the contour integral). Thus

Z= —%pi¢(%€—)z dz. (21)

This gives Havelock’s result for the horizontal force, or resistance X:

< sin(ay(y—1)) sin(ay(y +1)) s
- 4,2 _ 5, ~—8y
X =4wgpr Koj;) [ - o v’e dy, (22)
where
_ g _ . QA 1 [6s o A
Ko= =%, a = Kyut, 0 =2k,d. (23)
u
The vertical force Y is given by
—4wprig?| u «[ 1 —cos(ay(y —1))
B ut 8gd? fo y—1
1 - cos ay(y+1
— (e ) yde=27 dy]. (24)
y+1

Following [18], we use the method of stationary phase to give the large time asymptotics of
these expressions. Thus

1 e
X - —4wgp;<(2)r4['rre_5 - / — e 8/ sin(%('n- —Kout))} (25)
0

4
—mprg|1l o _ ™
Yo ——T[g +146-8% aEl(S) + %526 5/4‘/70—-1’;005(%(77 — Kout))]. (26)

and

The first terms, which arise from a singularity on the contour of integration, represent the
steady-state forces and correspond to the forces calculated from the steady (nonimpulsive)
motion problem, see [48], after correcting a sign in their expressions. The last terms are
oscillatory. The numerical calculations are qualitatively similar for the very deeply submerged
cylinder case, although for initial stages of the motion the numerical and analytic results
disagree significantly. For cylinders near the surface, as shown in Fig. 5, the theories disagree
significantly, as we might expect in such a nonlinear situation, and a comparison of the large
time results is not possible because the numerical results produce a large wave which breaks,
terminating the calculations.
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