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Stable finite difference discretizations of the forward speed

seakeeping problem∗

Harry B. Bingham†, Mostafa Amini Afshar, Robert Read, and Allan P. Engsig-Karup

Mechanical Engineering, and Applied Math. & Computer Sci.

Technical University of Denmark
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This abstract presents a matrix-based stability analysis of high-order finite difference dis-
cretizations of the linearized seakeeping problem at non-zero forward speed. With forward speed,
the critical stability properties of the solution are governed by the treatment of the convective
terms in the free surface boundary conditions. A centered treatment of these terms is shown to be
stable on a uniformly spaced horizontal grid, but an up-winded bias is required to achieve stability
on non-uniformly spaced grids. Full up-winding of the terms is found to be unstable for schemes
which employ more than three grid points on the stencil. Very strong grid stretching combined
with high-order schemes can also lead to instability. A simple 2D example of the evolution of an
initial free-surface pulse is also shown to verify that the analysis holds in practice.

We adopt a Cartesian coordinate system with the z-axis vertical and x = [x, y] the horizontal
coordinates. The system is in steady translation along the x−axis with speed U . A potential
flow solution in this moving frame is indicated by φ(x, z, t). In the linearized, forward-speed
seakeeping problem, we seek to evolve the free-surface elevation ζ(x, t) and the velocity potential
on the free-surface φ̃ = φ(x, 0, t), using the free-surface boundary conditions which can be written

∂t

[

ζ

φ̃

]

=

[

U ∂x ∂z
−g U ∂x

] [

ζ

φ̃

]

⇒ ∂tf =

[

U Dx Dn

−gI U Dx

]

f . (1)

Here ∂i indicates partial differentiation with respect to the variable i, and g is the gravitational
acceleration. We focus here on the Neumann-Kelvin linearization of the problem for simplicity,
but for other linearizations the convective terms will be modified to include the steady base flow
solution. We adopt a method of lines solution and discretize the problem in space using arbitrary
order finite difference schemes as described in detail by [7, 5, 1]. Thus we define a grid of Nx points
on the free-surface with discrete solution values f = [ζ1; ζ2; . . . ; ζNx

; φ̃1; φ̃2; . . . ; φ̃Nx
] = [z0;p0], and

replace the continuous differential operators by the rank Nx discrete matrix operators Dx and Dn

to bring the continuous form on the left of (1) to the discrete form on the right. I is the rank
Nx identity matrix. The matrix Dx takes the x-derivative of either ζ or φ̃ at every grid point
on the free-surface, while Dn (the Dirichlet-to-Neumann operator) requires solving the Laplace
problem in the entire fluid domain to get the surface vertical velocity from the surface potential
at every surface grid point. When discretized as described in the above mentioned references, the
continuous Laplace problem becomes the discrete linear system of equations

Ap = b (2)

where A is the rank N = NxNz sparse matrix Laplacian operator including all boundary condi-
tions, p is a vector of discrete values of φ(x, z) at all N grid points in the computational domain,
and b is a vector of zeros except where non-homogeneous boundary conditions are imposed.
Generally, we solve this problem iteratively using a multigrid preconditioned defect correction
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Figure 1: Representative grids with Nx = 17 & Nz = 10.

or GMRES method for maximum efficiency, but for the purposes of analysis on relatively small
problems, we can explicitly build the Dn matrix operator as

Dn = D0

z
A−1P0 (3)

where D0

z
is the Nx by N matrix which takes the vertical derivative of p at each free surface grid

point and P0 is the N by Nx matrix which holds the boundary condition information and gives
b = P0p0.

The discrete Jacobian matrix of (1) is thus of rank 2Nx, and we denote its eigenvalues by λ.
The time-step size is ∆t. Absolute stability for a given combination of time-integration method
and spatial finite difference scheme is ensured only when all the values of ∆tλ lie within the
stability region of the time-stepping method. This is a standard matrix-based stability analysis
and has been applied to this method of solving the zero-speed problem by [5, 1], and to solving
the forward-speed problem using Rankine-type Boundary Element Methods (BEMs) by [3]. In [4]
the technique was also applied to a Mixed Eulerian-Lagrangian (MEL) solver at zero-speed. A
number of authors have carried out a spectral Von-Neumann stability analysis of BEM solutions
to the problem e.g. [2, 6, 8]. The advantage of the matrix-based approach is that non-uniformity in
the grid, internal structures and non-periodic boundary conditions can all be taken into account;
which is important for getting a true picture of the behavior of a method in practice. Due to the
required inversion of a large matrix however, the analysis is limited to relatively small problems.
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Figure 2: (a): Stability eigenvalues for a uniform grid withNx = 17, Nz = 10, r = 7, Fh = 0.2, Cr =
1; also showing the stability region for RK44 time-stepping. (b): Stability eigenvalues for the
mildly-stretched grid at zero and non-zero speed using centered and upwind-biased discretizations
of the convective terms.

We consider a 2D rectangular domain of length L and water depth h, discretized as shown in
Fig. 1 using Nx = 17 and Nz = 10 grid points (including a “ghost point” below the bottom which
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Figure 3: (a): Stability eigenvalues for a mildly stretched grid using upwind-biased differencing
for convection and different stencil sizes r. (b): Stability eigenvalues for a strongly-stretched grid
under the same conditions.

is not shown but is used to satisfy the bottom boundary condition). A cosine stretching in the
vertical is used for both grids to improve the resolution near the free-surface. The left-hand grid
has a uniform spacing in the horizontal while the right-hand grid uses a mild-stretching towards
the boundaries based on the mapping ξ = tanh (Cs)/ tanhC where s is a uniform grid and C is
a constant controlling the stretching which in this case is set to 1.0.

Fig. 2(a) plots the stability eigenvalues on the uniform grid using r = 7-point (6th-order)
centered finite difference schemes for a forward speed corresponding to a grid Froude number
Fh = U/

√

(g∆x) = 0.2 and a Courant number Cr = (U +
√

(Lg/2π))∆t/∆x = 1.0. Also shown
here is the stability region for the explicit fourth-order, four-stage Runge-Kutta method which
we use for time-stepping. From this plot we can see that the solution is well behaved with pure
imaginary eigenvalues running from -1 to 1 indicating a neutrally stable solution with no diffusion.
In Fig. 2(b) we plot the eigenvalues on the mildly stretched grid for three conditions. The blue
circles show the result at U = 0 and they lie nicely along the imaginary axis indicating that the
stretched grid is also well behaved in this case. The green crosses show the result using a centered
scheme at Fh = 0.2 and we can see that some eigenvalues have moved off the axis indicating
diffusion when they are inside the stability region and instability when they lie outside the stability
region. Eigenvalues with positive real part will remain outside the stability region no matter how
small we make ∆t, so this scheme is clearly unconditionally unstable. When centered schemes
are used, and the grid spacing decreases in the direction of the flow, downstream points receive
a stronger weighting than upstream points which leads to a classical down-winding situation and
hence instability. To avoid this, we introduce a one-point, upwind-bias in the Dx operator by
shifting the finite difference stencil one point in the upstream direction. The red triangles in this
plot show the result for this upwind-biased scheme which can be seen to stabilize the method.

Fig. 3(a) shows how the eigenvalues of the upwind-biased scheme behave on the mildly-
stretched grid for stencil sizes of r = 3, 5 & 7; while plot (b) shows the same result but on a
strongly-stretched grid where a cosine spacing has been applied towards both boundaries. Here
we can see that while the 3-point scheme remains stable in this case, the higher-order schemes
produce unstable eigenvalues. Though not shown here, increasing the upwind-shift of the higher-
order schemes does not lead to stable methods.

To verify that this analysis holds in practice, we have run a simple 2D example of the evolution

of an initial free-surface disturbance given by ζ(x, 0) = −2(x − x0)e
−

(x−x))
2

2σ with x0 = 20L
and σ = 0.3L2, on a domain of length 40L, depth h = 5L, moving at a Froude number of
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Figure 4: Evolution of an initial free-surface disturbance with F = U/
√
gL = 0.2.

F = U/
√
gL = 0.2. This is meant to mimic a scattered wave from a ship of length L located at

the center of the domain and thus the grid is clustered towards the center. The pulse is resolved
by about 50 grid points with a total of Nx = 481; with Nz = 10, r = 7 and Cr = 1. The boundary
conditions at the ends of the computational domain are fully reflecting, and implemented by
reflecting all finite difference coefficients for a symmetric function. Fig. 4 shows a very coarse
image of the grid, the initial condition and a snapshot of the surface elelvation after the ship has
travelled around twelve ship lengths, using both centered and upwind-biased convection. Clearly
the centered method is unstable while with upwind-biasing the results show no signs of instability
no matter how long the calculations continue.
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