ar'T

On the wavy flow past a weakly submerged horizontal circular
cylinder at low Keulegan—Carpenter numbers

Guido Lupieri! - Giorgio Contento!

Accepted: 24 February 2017

Abstract The interaction of regular waves with a weakly
submerged horizontal circular cylinder at Keulegan—Car-
penter KC numbers up to 2.5 is studied by means of numer-
ical simulations, solving the two-phase flow Navier—Stokes
equations with the Finite Volume method and the Volume
of Fluid interface capturing method. Experimental data
from laboratory tests conducted in the past by one of the
authors are used as reference data. The study is focused on
the surface wave transformation, on the flow field in the
near region and on the loads on the cylinder. The interest
is driven on the spectral content of the transmitted waves
at higher order frequencies and on the non-linear fea-
tures of the wave reflected by the cylinder. The flow field
in the near-body region is analyzed in terms of vortex
onset, development and detachment, and correlating pres-
sure pulses with the vorticity field at the cylinder surface.
Inviscid flow simulations are carried out too, to evince the
origin of higher order terms either from the free surface or
from the viscous terms in the momentum equations. The
steady streaming around the cylinder is analyzed, including
its variability along the cylinder surface and its relationship
with the vortex cores generated at the body surface.
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1 Introduction

The study of wave-induced forces on submerged objects is
traditionally one of the fundamental topics related to the
design of complex marine and offshore structures. For this
reason, the problem of the fluid-body interaction in the case
of a 2D orbital flow around a fully submerged cylinder or in
the case of a wavy flow past a weakly submerged horizontal
circular cylinder with its axis parallel to the incoming wave
crests has been faced by many researchers. The physics is
notoriously rich, and in the following, we report some of
its aspects and related literature of interest for the present
work. They are arranged according to inviscid and viscous
approach, respectively, also mentioning the presence of
experimental data sets. The target of these studies mainly
covers two subjects: diffraction and viscous effects.

In the inviscid flow scenario, Dean [12] showed that at
the first order, there is no reflected wave by the cylinder
and the transmitted wave undergoes a phase shift only, con-
firmed later on by experimental results from others.

Ogilvie [26], Vada [40], and Wu and Eatock Taylor [41]
derived the expression for the second-order diffraction
force by a perturbation expansion. From these analyses,
second-order effects were directly related to the submer-
gence of the cylinder.

Yeung and Vaidhyanathan [42] studied the fully non-
linear diffraction of water waves by a cylinder with a body
fitted finite-element method, for various wavelengths and
amplitudes of the incident wave, for diffraction param-
eter ka greater than 0.4, where k is the wave number and
a is the cylinder radius. Their simulations were meant to
reproduce experimental data from Chiu [7], the submer-
gence of the cylinder axis being one diameter or less, and
those from Grue and Granlund [15], with different wave
slopes. The presence of evanescent modes generated by
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the wave-maker was observed very close to the cylinder on
the weather side. The generation of higher order waves at
the lee side of the cylinder was clearly shown with a good
reproduction of the experimental data. The saturation of the
second harmonic component with increasing wave steep-
ness observed experimentally by Grue and Granlund [15]
was also well captured.

Contento and Casole [10] showed a reasonable agree-
ment with the results of Chiu [7] up to the wave breaking
limit, using a Mixed Eulerian Lagrangian method with a
Boundary Integral formulation [9].

Schonberg and Chaplin [35] adopted an indirect Desin-
gularized Boundary Integral Equation Method with fully
non-linear free surface boundary conditions to study the
transmission and reflection of waves by a submerged cyl-
inder, both in deep and shallow water. From their compu-
tations, they found that in deep water, transmitted wave
amplitudes behave at fourth order, at the first order in shal-
low water.

In the viscous simulations or experimental scenario,
Longuet-Higgins [21], Riley [31, 32] showed that a thor-
ough modification of the external inviscid flow derives
from the non uniform oscillatory nature of the boundary
layer around the cylinder that, in turn, induces a steady
streaming around the cylinder surface.

Chaplin [1, 2] conducted experimental tests measuring
both the forces acting on the cylinder and the fluid velocity
field in a region close to the cylinder surface. His results
demonstrate the strongly non-linear behavior of the loads
for Keulegan—Carpenter numbers KC less than 3. He also
observed that wave reflected by the cylinder is very small,
up to 4% only for the steepest wave used. On the lee side,
transmitted waves were shown to undergo a clear phase
change, the values being comparable to the result of the
linear solutions only for the smallest wave amplitudes. The
phase change then reduces progressively while increasing
the incident wave amplitude. For the steepest waves, the
order of magnitude of the second harmonic was shown to
be around 20% of the first.

Stansby and Smith [37] applied the random vortex
method to the interaction between the cylinder and an onset
orbital flow. Among the results, evidence was given to the
strongly unsymmetrical structure of the vorticity around
the cylinder, with a concentration region that covers almost
half cylinder surface and lags the incident unperturbed
velocity vector at the cylinder axis by 90° approximately.
This asymmetry induces a force in opposition to the com-
mon inertia force. They also showed that the flow exhibits
an increasing complexity with increasing KC and a poor
steady-state behavior of the forces is reached when KC
approaches 2.

Grue [14] experimentally studied the interaction of
an horizontal circular cylinder with regular waves. The

analysis is referred to wavelength to diameter ratios
between 3 and 8 approximately, with very low KC num-
bers, less than 0.3, and mostly with a clearance between the
upper part of cylinder and the calm water level always less
than one cylinder radius. His results showed that higher
order harmonics in the free surface elevation, averaged over
different stations, appear mostly on the lee side. This effect
corresponds to a large transfer of energy from the incoming
wave to the higher order free waves up to 25%. It was also
found that the amplitude of the higher order components
generated at the cylinder exhibits a kind of saturation as the
incoming wave amplitude is progressively increased.

Otsuka and Ikeda [30] presented some visualizations
of the flow, giving experimental evidence to the separa-
tion that occurs around the cylinder when the orbital uni-
form flow is started from rest. From these visualizations,
they derived a simplified vortex shedding model that gives
a simple quadratic law in KC for the inertia coefficient C,,
[25]. Their theoretical results are in close agreement with
those derived experimentally by Chaplin [2].

Oshkai and Rockwell [29] conducted experimental tests
with PIV and analyzed the interaction between a free sur-
face wavy flow and a submerged cylinder in terms of corre-
lation between patterns of vorticity and loads, including the
effect of submergence. Their tests were conducted with KC
around 7. They showed that the presence of the free surface
can exert a remarkable influence on the initial formation,
the strength, and the subsequent motion of concentration of
vorticity.

Contento and Codiglia [11] conducted experimental
tests on the interaction of regular waves past a submerged
horizontal circular cylinder with different values of the
submergence of the cylinder axis, respectively, 2, 3, and
4 radii. The KC range investigated in the experiments is
between 0.1 and 2.5, with a nominal Reynolds number
Re of order of 10* The diffraction parameter ka was var-
ied between 0.125 and 0.52. Wave loads were obtained by
pressure integrals over a large number of pressure probes,
assuming that for such blunt body and at these KC and Re,
the tangential stress is orders of magnitude lower than the
normal stress. Their results are in full agreement with those
obtained by direct measurement of the force by Chaplin
[1, 2] and those obtained by Grue [14], both in terms of
non-linearities of the forces and of the free surface behav-
ior. Among the results, they showed that second and third
Fourier components of the pressure and of the free surface
elevation in a wide portion at the lee side of the cylinder
are strongly dependent on the submergence of the cylinder,
whereas the first harmonic is only weakly dependent on it,
consistently with the ka values used.

Chaplin [6] conducted a series of experiments aimed at
the identification of the non-linear features of wave inter-
action in the presence of a weakly submerged cylinder for



a wide range of the diffraction parameter ka and varying
the incident wave amplitude up to breaking, comparing the
results to inviscid flow solutions from the literature. In dif-
fraction regime, second-order solutions were shown to give
excellent results in terms of wave profile on the lee side of
the cylinder, necessarily without breaking. Higher frequen-
cies up to the fifth were also detected in the measured wave
elevation profile. The mean wave elevation above the cylin-
der was also derived from the measurements and checked
against theoretical prediction with good results up to the
breaking condition. Finally, transmitted waves at the first,
second, and third harmonics were studied carefully, spe-
cifically their dependence on the incident wave amplitude.
It was found that the second and third harmonics behave
as a power of 2 and 3, respectively, plus a contribution in
the 4th and 5th powers of the incident wave amplitude. As
far as the first harmonic is concerned, correspondingly to
the results of Chaplin [1], it was found that a strong third-
order term is related to the steady streaming around the
cylinder. From the rapid decay of the quality of the results
obtained with a simplified vortex line model for a shallower
and shallower cylinder, it was argued that the closer to the
free surface the cylinder is, the less uniform the circulation
around the cylinder becomes, with large values of circula-
tion on the top of the cylinder.

From the literature above, it can be summarized that
non-linear inviscid flow solutions can be used rather suc-
cessfully to simulate the free surface behavior, with limi-
tations given by wave breaking. On the other hand, these
solutions give pressure forces on the cylinder that are miss-
ing higher order terms, even at the fundamental frequency.
Viscous effects, steady streaming in particular, are recog-
nized to be responsible of these non-linearities, even at rel-
atively small KC numbers. The resulting velocity field pat-
terns are, therefore, complex, with a non uniform streaming
and ultimately eddies detachment.

The present work tackles this problem by solving in 2D
the two-phase flow Navier—Stokes equations. In particular,
the purpose is to analyze the non-linear features of the waves
passing over the cylinder and of the pressure at the cylinder
surface, evidencing the contributions that come from the
inviscid and viscous part of the flow, specifically in relation-
ship to eddies that are detached from the cylinder, mostly at
low submergences and with breaking. Wave elevation and
pressure at the cylinder are analyzed by comparing the results
with experimental data previously obtained by one of the
authors [11]. Higher order terms are analyzed and directly
referred to specific features of the flow field. The study is
conducted following the assumptions of the experimental
work used as reference: the incident wave height H and the
cylinder submergence y* /a are considered as main independ-
ent parameters; increasing appropriately both y*/a and H,
and keeping the wavelength fixed, they provide the same KC

number with the same diffraction parameter ka. The analy-
sis of the simulations conducted keeping fixed the diffraction
parameter ka and the submergence y*/a, while varying the
ratio between the incident wave height and the cylinder radius
is left to a further work (in preparation). Among the results,
it is assessed the presence of a steady circulation around the
cylinder and is defined the threshold in terms of KC num-
ber above which the flux departs from irrotational regime in
regions relatively far from the submerged object and in the
absence of breaking events.

The paper is organized as follows: the problem formula-
tion is first presented and the mathematical model and numer-
ical method are briefly summarized; the wave generation and
absorption process is then described; the results include the
topics of wave transformation and reflection; the analysis
of the mechanism of onset and detachment of vorticity pat-
terns from the cylinder and a measure of vorticity intensity
is given; finally, the pressure loads at the cylinder surface are
analyzed with specific focus on pressure pulses found in con-
nection to the vortex detachment.

2 Problem formulation

In Fig. 1a, schematic representation of the physical problem
is given, with the relevant symbols. A Cartesian frame of
reference O(x, y) is used with x-axis placed at the still free
surface and the y-axis is upwardly oriented. The origin O is
placed in correspondence of the longitudinal position of the
cylinder axis. The angular coordinate 6 on the cylinder sur-
face is defined starting from the vertical position and with
positive values clockwise.

Adopting a linear wave model, the nominal Keule-
gan—Carpenter number KC and the Reynolds number Re read
as follows:
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Fig. 1 Schematic representation of the physical problem, with rel-
evant symbols



In Egs. 1 and 2, U is the maximum velocity of the incident
undisturbed flow at the cylinder axis, T is the dominant
period of the incident flow, H is the wave height, A is the
incident wavelength, k is the wavenumber, D = 2a is the
cylinder diameter (a is the radius), y* is the depth of the
cylinder axis, and # is the water depth assumed constant;
y*/a = =2,-3,—4 will indicate the cylinder submergence
in the rest of the text and in the figure captions. The inci-
dent waves travel in the positive x-axis direction.

In the following, /T = 0 corresponds to the first zero
up-crossing of the undisturbed incident wave at the cyl-
inder axis in stationary Fourier conditions. The latter
condition is not always strictly fulfilled, so the analysis
is conducted over an integer number of dominant peri-
ods, starting from 7/T = 0. Statistics (averages) are then
computed over corresponding time steps t/T + i, where
0 <i < 4. This time windows is selected free from tran-
sient effects induced typically by the wave front and by
possible reflections from the absorbing beach.

The simulations conducted here and the experi-
ments described in Contento and Codiglia [11] have
been planned in such a way that the diffraction param-
eter ka, the nominal Reynolds Re, and Keulegan—Car-
penter KC numbers are kept constant while varying the
depth of the cylinder y*/a = —2,-3,—4. Then, ka and
KC have been varied in the ranges 0.125 < ka < 0.52 and
0.1 < KC <£2.50, respectively. The maximum Reynolds
number Re achieved is 3.5 x 10*. The cases presented
here are given in Table 1: the test number corresponds
to the same test number given in Contento and Codiglia
[11]. The simulations cover the entire range of KC avail-
able in the experiments and with a specific interest to the
complex fluid—body interaction, with wave breaking and
a partial exit of the cylinder surface.

3 The mathematical model and numerical method

Without heat exchanges, the governing equations in differ-
ential form for an incompressible Newtonian fluid are the
following:
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where p is fluid density, i; is a velocity component, p is the
pressure, u is the dynamic viscosity, F; are the body forces,
and ¢ and x; are the time and space independent variables.
Turbulence parameterization can be applied and Eq. 3 can
be reformulated in terms of Reynolds averages, adding new
equations that define the eddy viscosity.

The numerical solution of Eqs. 3 and 4 is conducted in
the OpenFOAM [28] framework. This library is known
and appreciated for engineering applications because of its
own versatility in affording a wide class of fluid mechanics
problems. This is probably due to both the Finite Volume
formulation, intrinsically ensuring conservation properties,
and to a number of schemes devoted to steer the solution
towards stability, as for instance in the advection formu-
lation, where it is possible to bound the solution, limiting
the fluxes interpolated at the cells surfaces with bounding
values. This approach results particularly useful in case
of unstructured and coarse meshes in complicated flows
where computed gradients can hardly lead to convergence.
In spite of that, the predictor—corrector like approach for
the solution of Egs. 3 and 4—as implemented in the soft-
ware—has been considered by the authors also for scien-
tific studies after a series of tests selected to obtain reliable
simulations of free surface waves. Among others:

Table 1 Test cases studied

Test# D(m) A(m) Re KC  ka T(s) H (m) -y*/a
1 0315 190 7937  0.10 05208  1.1033  0.0284/0.0478/0.0803  2/3/4
0315 235 17836 025 04211 12271  0.0581/0.0883/0.1338  2/3/4
7 0315 280 26123 040 03534 13394  0.0808/0.1145/0.1614  2/3/4
11 0315 340 35462  0.60 02911 14759  0.1059/0.1403/0.1846  2/3/4
15 0315 400 43372 0.80 02474  1.6009  0.1273/0.1606/0.2008  2/3/4
19 0.160 235 21721  1.18 02139 12271  0.0921/0.1140/0.1411  2/3/4
22 0.160  2.80 25947  1.54 01795 13394  0.1119/0.1338/0.1598  2/3/4
26 0.160 340 30803 2.02 01478 14759  0.1368/0.1582/0.1828  2/3/4
30 0.160 400 34969 250  0.1257  1.6009  0.1596/0.1805/0.2036  2/3/4

The test # corresponds to the test number given in the paper of Contento and Codiglia [11], D is the diam-
eter of the cylinder, 4 is wavelength, k wave number, a cylinder radius, 7 wave period, H wave height, and
v* /a the depth of submergence of the cylinder made non-dimensional with its radius



1. verifying the mass conservation in the computational
domain within the VOF approach;

2. limiting the numerical dissipation with high resolution
in the near wall region (ideally resolving the boundary
layer), in the outer layer to capture pressure variations
and at the air—water interface for the wave shape recon-
struction;

3. composing the computing grid by structured blocks
limiting the cells skewness;

4. 1imposing second-order accuracy with linear interpola-
tion at the cell faces and no upwind in the discretiza-
tion of non-linear terms (referenced in Table 2);

5. ensuring convergence in iterative algorithms;

preparing a suited inlet boundary condition;

7. preparing a suited numerical beach to limit reflections
from the outlet boundary.

o

The problem faced in this work, a two-phase flow with
a coupled air-water system, has been generally categorized
into boundary-discretization and volume-discretization
approaches by Tsai and Yue [39]: while boundary-discre-
tization methods are mostly used for inviscid irrotational
flows, volume-discretization approaches are more generally
applicable to both inviscid and viscous flows. Concerning
the volume-discretization methods, in the Eulerian-grid
formulation, the field equations can be solved in an inflex-
ible grid system with the major advantage in the robust-
ness in case of complicated geometries of the boundary.
An example of this method is VOF, the interface capturing
method by Hirt and Nichols [18] here adopted, in which
a scalar function a, with 0 < @ < 1 represents the phase of
the fluid in each cell (0 = air, 1 = water).

After Rusche [34], a modified transport equation has
been adopted with an additional convective term that keeps
the interface sharp even with the step-like nature of a; thus,
the modified substantial derivative of the scalar function «
reads:

()_a N o(u;a)
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where w; is an artificial velocity field that is directed nor-
mal to and towards the interface. The relative magnitude

Table 2 Numerical schemes in use in the simulations

Term Discretization
Gradient v Gauss linear
Convection V- (ppU) Limited linear

V- (¢a) Limited linear

V- (¢2) Interface compression

Laplacian Vv? Gauss linear corrected

of the artificial velocity is determined with the following
expression:

|”?F 1l
|51
where K, is an adjustable coefficient (here set equat to 1)
that determines the magnitude of the compression, n is the
interface unit normal vector, F| is the flux, and S; is the sur-

face area vector.

Equations 3-5 are solved within a Finite Volume frame-
work, using the schemes summarized in Table 2, with a
second-order Gaussian integration.

The pressure-velocity coupling is achieved using a Pres-
sure Implicit with Splitting of Operator (PISO) algorithm.
The Euler explicit scheme is adopted to march forward
in time. The free surface location is computed using the
Multidimensional Universal Limited for Explicit Solution
(MULES) method.

The 2-D computing domain is N,4 long before the cyl-
inder and N, A after the cylinder axes in the longitudinal
direction, with N, = 4.5 and N, = N, + 2. The water depth
is constant and equal to 2 = 1.550 + 0.002 m, consistently
with the experiments. As far as the grid is concerned, the
air—water interface zone is discretized vertically with 80
cells over the highest expected wave height. The first com-
puting node at the wall of the cylinder has been placed at
yt = 1. The grading to the outer layer is imposed accord-
ing to standard ITTC recommendations on CFD in Marine
Hydrodynamics [27]. The total number of cells is around
1.8 X 10° cells and the computations have been conducted
over a dedicated 48 cores system. The 3-D computing
domain maintains the longitudinal and vertical dimensions,
while the spanwise is 1.5 m long in consistence with the
experiments of Contento and Codiglia [11]. The first com-
puting grid node at the wall lays at y* ~ 30. In this case,
parts of the grid are unstructured, with 26 M cells overall
computed on a 96 cores system.

The output data have been re-sampled with 90 inter-
vals per dominant wave period and average values have
been then computed over corresponding time steps ¢/T + i,
where 0 <i < 4.

In case of wave breaking, occurring mostly at y*/a = —2
for KC > 0.8, a turbulent regime, with bubbles and air
entrainment, is present locally at the air-water interface
above the cylinder. In this limited area, a turbulence model
could be adopted, since the smallest scales of the phe-
nomenon are presumably not sufficiently sampled with
the resolution adopted. The discussion on this subject is
huge and the literature is wide. The most common models
in the RANS approach are actually not suited for this spe-
cific application (2-D flow, air-water interface, turbulence
regime localized only in restricted areas) and, moreover,

w; = K n? max
L

Q)



this could lead to a lack of accuracy for instance in the pre-
diction of the breaking wave shape or its position, basically
because of an overestimation of the eddy viscosity [22].
For these reasons, in the present study, a k — @ SST turbu-
lence model and a wall model have been adopted only in
the 3-D case simulated.

4 Wave generation and absorption

Some aspects on the generation of high-quality waves and
their absorption in a closed basin are key points both in
numerics and experiments; among others, the generated
progressive waves must fulfill a target amplitude spectrum
and this depends on the characteristics of the wave-making
boundary. Furthermore, evanescent modes may be induced
by the wave-making boundary and partially reflected waves
can be induced at the other boundaries by a not perfect
absorption [13]. These effects may pollute the incident
wave train and the wave—body interaction.

For these reasons, a calibration process is strongly rec-
ommended [38]. In the present work, wave conditions pre-
sented in Table 1 have been previously simulated and cali-
brated without cylinder.

As far as the wave generation is concerned, OpenFOAM
library has recently been enriched with specific packages
for wave generation. Among the others, the contributes of
Jacobsen et al. [20] and Higuera et al. [17] are worth men-
tioning. In the present work, we have adopted our own
wave-making procedure. A boundary condition, based on
the Airy model, is applied at the wave-making boundary,
modified with a transfer function, such that the target wave
height is attained at the cylinder’s axis station. Therefore,

the initial conditions consist of an unperturbed flat free
surface; a zero normal derivative for the pressure is pre-
scribed at the inlet and outlet, while a constant total pres-
sure is assigned at the top boundary; the fixed values of the
velocity field are specified at the inlet boundary. Due to the
inconsistency between theoretical small amplitude Airy
waves and finite amplitude simulated waves, this bound-
ary condition does not ensure a quasi zero mass transport
over a complete cycle, so an additional modification of the
boundary condition has been implemented to optimize the
net flux at that boundary. As an example, Fig. 2a shows the
wave record in the absence of submerged body for one of
the cases presented. The spectral analysis (Fig. 2b) is con-
ducted, and the iterative calibration process starts, ensur-
ing that the wave exhibits the target parameters at the target
longitudinal position. Waves attained by the simulations
are actually close to Stokes waves. For instance, the second
harmonic of the corresponding Stokes wave of Fig. 2b has
an amplitude of 0.0032 m, while the second harmonic of
the simulated wave has an amplitude of 0.0033 m.

Concerning mass conservation, the volume of water
variation vs time is shown in Fig. 3, related to Test # 15
of Table 1. Oscillations are due to the wave-maker forcing,
and the mean, here calculated over the last (four) full peri-
ods, tends to vanish.

As for the wave absorption, the so-called sponge layer
technique has been adopted here. The characteristic feature
of this method is that, to some extent, there is no need to
specify the spectral content of the incident wave train. The
method thus works rather efficiently also for non mono-
chromatic waves provided that the beach length L is set
longer than the typical (longest) wavelength in the wave
train [8, 24] ensuring a good performance for the shorter

Fig. 2 Test case # 15, 0.08 0.08
y*/a = =2 of Table 1: left time L i
record of the wave elevation at 0.06 |-+ L i
x/a = 0 without the submerged '
cylinder; right amplitude spec-
trum of the signal 0.04 || ~10.06
0.02 |- i 7
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Fig. 3 Test case # 15, y*/a = —2 of Table 1: volume variation vs
time without the submerged cylinder

waves too. Equation 3 is thus modified by adding an artifi-
cial damping term enabled only on a specified zone upwind
the outlet boundary:

o(pu;) N a(PM_,-M,-) _ _d_p 9 < <0u,— 5uj

ot 0x; ox;  0x;

a—xj + 6_x,)> + F; — pavg(x)u;.
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The artificial viscosity v4 in Eq. 7 is function of the longi-
tudinal position x; it is set to zero at a given location X,
in the domain and goes to its final value at the outlet. The
function v4(x) is varied smoothly at the beginning of the
sponge layer, so that reflections are minimized at that posi-

tion. Here, a cubic polynomial has been used:

Vo) = { 0

a(x — xstan)3 +b(x - xstarl)2 +clx— xstarl)

ifx <x

start

if 2 > X

®)
and a = 2(vy oy — ML) /(=L?), b = —%aL, and c = M.

The starting location of the sponge layer x
is user specified.

The intensity of the artificial viscosity v, depends upon
the amount of the wave energy to be dissipated, and there-
fore, it must be tuned.

In the present simulations, the following setup has been
used Vg = 120, L =24, and M = 0.01.

Figure 4 shows a snapshot of the wave elevation vs the
longitudinal position as obtained from one of the cases ana-
lyzed in the absence of the cylinder. The absorbing beach
starts at the dashed vertical line. The reflection coefficient,
computed according to the linear approach of partially
reflected waves [13], was never greater then 7% in the cases
simulated.

Even if wave reflection is small, to ensure additional
accuracy to the results and assuming the linear wave group
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Fig. 4 Test case # 15, y*/a = —2 of Table 1: snapshot of the wave
elevation along the numerical tank without the submerged cylinder:
absorbing layer outside the dashed vertical line

velocity as a reference, a time window for data analysis has
been selected in an interval of 4 full periods, free from out-
let and inlet boundary reflections.

5 Two-dimensional approximation

Since the computing cost of the 3D numerical experiment
referenced in Sect. 3 results at the moment not afford-
able for the authors when all the tests in Table 1 have to
be reproduced, the 2D approximation of the flows has been
here considered after appropriate caveat.

Flows over circular cylinder exhibit three-dimensional
features even in the absence of a relatively close free sur-
face and even at Reynolds numbers smaller than those
here faced. In particular, for KC > 0.8 and at all the sub-
mergence of the cylinder, three-dimensional instabilities
and even turbulence (for instance due to breaking) can
affect free surface elevation and pressure at the cylinder or,
at least, differently from the 2D cases, fluctuations from a
mean value are simply present in the spanwise direction of
the 3D flow. For this reason, it is difficult to read the results
obtained within a 2D approximations in more general
terms.

However, for the mentioned quantities, the bulk flow
remains mainly driven by the imposed wavy boundary con-
ditions and the fluctuation can contribute for a few points
in percentage. As an example, Fig. 5 refers to Test # 30 of
Table 1 with KC = 2.5 and Re ~ 35,000, y*/a = -3, 3D
simulations. It shows the free surface elevation at x = a
along the spanwise direction (Fig. 5a); Fig. 5b shows the
fluctuation from the mean value in the same direction,
while Fig. 5c shows the elevation produced in the corre-
sponding 2D simulation. In this last case, the signal exhib-
its the presence of noise difficulty associated with the fluc-
tuation field of the 3D case, but its presence suggests that



Fig. 5 Test case # 30, y*/a = —3 of Table 1: a non-dimensional free
surface elevation at x = a for four selected wave periods, b its fluctua-
tion from the average; ¢ free surface elevation at x = a in the corre-
sponding 2D case

the analysis of the results should be addressed towards a
statistical approach (averaging along the highest possible
number of wave periods) and in the framework of the Fou-
rier analysis ideally to separate the higher order harmonics
from noise and, finally, to back the results with experimen-
tal data. In this way, the results of the numerical analy-
sis within the 2D approximation will be considered here
acceptable for free surface elevation and pressure at the
cylinder (loads). This part is discussed in Sect. 6.

Otherwise, the 2D approach can affect vortices pattern
kinematics around the cylinder: this topic has been covered
for instance by Lupieri and Contento [23] where the typical
matching of vorticity dipoles with opposite sign has been
shown, consistently with the inverse energy-cascade mech-
anism. For this reason, in the following sections, the vorti-
city analysis will be addressed limiting the results within
the 2D context, excluding a priori deep investigations on
topics as the interaction between vortices and free surface
that are dependent from three-dimensional features of the
flow.

6 Results and discussion

Figure 6a-h shows a selected sequence of snapshots of
the free surface profile for Test #22 of Table 1, namely
KC =154 with y*/a= -3, at non-dimensional time
instants ¢/T =j/8, for j=0,...,7. Experimental data
from Contento and Codiglia [11] are reported with sym-
bols. The corresponding dynamic pressure at the cylinder
surface is shown on the right side. Both free surface eleva-
tion and pressure are actually averaged at the correspond-
ing time #/T over four selected periods. The agreement can
be considered respectable in terms of magnitudes and syn-
chronism in all cases simulated.

The physics of this geometrically simple problem is
characterized by the non-linear behavior of the free surface,
by viscous effects in the near-body region, and appears very
rich. Thus, the results are organized in three sections: wave
transformation, flow field in the near region, and loads;
each one is then subdivided in additional subsections for a
detailed discussion.

6.1 Wave transformation
6.1.1 Energy transfer to super-harmonics

In this section, the wave transformation is investigated
mainly in the frequency domain, essentially confirm-
ing (also quantitatively in comparable cases) the results
obtained by Grue [14] on the amount of energy transferred
to high order harmonics. Furthermore, it is shown that
viscous effects on the free surface are still modest. This
ensured the applicability of the methods that produced the
reference literature within inviscid approaches.

Figure 7 shows the first #' to the fifth #¥ non-dimen-
sional harmonic components of the free surface elevation
vs x/a, for y*/a = —2 and for KC, respectively, 0.40, 0.80,
and 1.54. As a further comparison, an ideally inviscid flow
with free slip condition at the cylinder wall is here simu-
lated, actually resolving Euler equation, to evidence the
effect of viscosity on the free surface.

In all cases, there is a clear growth of #/ and 1 on the
lee side of the cylinder, starting from x/a = —1 approxi-
mately. At KC = 1.54, the amplitudes of 5 and #"! with
viscous flow become almost constant with x/a, whereas
they show a remarkable modulation with x/a for the lowest
KC = 0.40.

As expected, the differences between viscous and invis-
cid flow become more pronounced with increasing KC,
but still, they are not that large as those of the related pres-
sures and forces (Sect. 6.3). As an example, Fig. 8 shows
the time traces and the corresponding amplitude spectrum
of the viscous and inviscid wave elevation at x/a = 0. In
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the viscous simulations, there is just a slightly pronounced
high-frequency oscillation for KC = 1.54.

For KC = 1.54 and y*/a = -2, waves break, regardless
of the viscous or inviscid flow. The presence of the viscos-
ity induces a vorticity structure detaching periodically at
the cylinder upper part [22, 29], with onset from 6 > 270°
approximatively, and occurring almost simultaneously
with the wave breaking. Figure 9a, b shows the instanta-
neous and synchronous vorticity field in the inviscid (a)

and viscous (b) flow simulation, respectively. The vortices
detached at the Northern part of the cylinder as in Fig. 9b
produce no macroscopic effects on the free surface behav-
ior in terms, at least, of the first three harmonic amplitudes
(see Fig. 7). However, in the proximity of the cylinder and
even in the inviscid approach, the free surface is at least
affected by vorticity initialized by the wave overturning
shear (Fig. 9a). However, it is difficult to define details on
the vortex connection mechanism with the free surface,
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Fig. 6 (continued)

since the simulations, even if well resolved, are conducted
in 2D approximation and the vorticity is transported
towards the free surface only by the diffusion term of Eq. 3
and in absence of vortex stretching [43].

Harmonics higher than the third are systematically found
in the simulations (Fig. 7), the max magnitude of the fourth
and fifth being comparable to the third. They are found in
a bounded region around the cylinder for low KC or spread
downstream for higher KC, both in viscous and inviscid

flow simulations with extremely similar longitudinal distri-
bution and amplitudes.

Finally, Fig. 10 shows a summary of the amplitude of
the first 77/, second 7", and third %" Fourier components of
the free surface elevation vs KC, non-dimensionalized by
the incident wave amplitude. Following Grue [14], 7, 7"
and third 7 are here the space averages of each harmonic
at the lee side of the cylinder axis, in the present case for

1 <x/a <85
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Fig. 7 Non-dimensional
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In the upper part of the KC range, in the case y*/a = -2,
the low submergence of the cylinder induces a large break-
ing and a related evident reduction of the first harmonic #'.

Furthermore, for every submergence, at low KC, there
is an almost linear rapid growth of both #//(H/2) and
i /(H/2) with KC. This second-order behavior is less
steep if the cylinder depth is increased. At high KC values,
both 7 /(H /2) and 7 /(H /2) exhibit a kind of saturation.
This effect has been observed, among others, by Grue [14]

for the second harmonic; his experiments were performed
for shallower cylinders, his deepest condition being our
shallowest. In that case, the saturation phenomenon of the
higher harmonic components was observed systematically
even for very low KC numbers, KC < 0.4. Grue [14] also
showed that the KC value at which this saturation effect
starts, increases with the increasing depth of the cylinder.
Both experiments from Contento and Codiglia [11] and the
present simulations show that for KC < 0.80, this second
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Fig.9 Free surface profile and non-dimensional vorticity field for
inviscid (a) and viscous (b) flow simulations atz/T ~ 0.9, KC = 1.54,
and y*/a = —2. The vorticity present in the inviscid flow simulation
is generated by the overturning of waves

Fig. 10 Non-dimensional
Fourier components #’, '/, 1.25

harmonic can be as large as at least 4 times the second-
order component of the incident wave in a Stokes’ third-
order expansion.

In the upper most part of the investigated KC range, the
experimental values are quite spread. This result is difficult
to read. The present simulations suggest that this effect is
related to the detachment of vortexes from the cylinder sur-
face and to their interaction in complex patterns that was
impossible to detect with the available laboratory setup.

6.1.2 Wave reflection

Since the pioneering work of Dean [12], it has been shown
that there is no wave reflection from the cylinder in the
frame of linear potential theory. Schonberg and Chap-
lin [35] reconsidered the problem still within the inviscid
flow scenario and suggested that the reflected waves behave
at fourth order in the wave steepness, i.e., the reflection
coefficient behaves as (kA)3, where A is the incident wave
amplitude. The results were assessed for both deep and
shallow waters.

In this subsection, the reflection coefficient is computed
according to linear theory for the full set of simulated
cases:

HL A —A
CR = _R — _max “"min 9
H A, +A ©)
The region considered is —2.54 < x < —0.5A. The ampli-
tudes A, Ani, above are the max and min of the first

harmonic of the wave elevation, respectively. They are

max min

y¥/a=-3 y*la=-4

and #'' (from top to bottom)
of the free surface elevation
vs KC, averaged at the lee side
of the cylinder in the range

1 <x/a <8.5.y"/a= -2 (eft), = A
y*/a = =3 (center); y* [a = —4 DLl
(right). Empty triangles = exp.; 0.75
solid symbols = present num 03— 71
= 021
'S o1m
0 1 I 1 I 1 I 1
0.2 T I T I T I T
. L

= 01k 4 L
'§  |v i

KC

15 2 25 0 05 1

LR it

15 2 25 0 05 1 15 2 25
KC KC

12



expected to occur at two adjacent longitudinal positions
with a distance A/4 between them. This is shown in Fig. 11,
for a sample case KC = 0.10,y*/a = -3.

The summary of the results obtained for CR! is presented
in Fig. 12. Data are related to the cases given in Table 1,
enriched, for this purpose only, with other cases at interme-
diate KC numbers. The maximum value achieved is = 2.6%.
Consistently with the discussion by Schonberg and Chaplin
[35], the reflection coefficient CR! is here plotted against
(kA)>. In Fig. 12, the best fit line is given as

CR' =a+b- (kA)’ (10)
with a = 0.0076 and b = 2.04326. The data are rather scat-
tered, due to the extreme sensitivity of Eq. 9 to the fluctua-
tions of A, and A, in space and to the heterogeneous set
of data with different cylinder submergences. However, the
general trend at third order of CR of the first harmonic of
the free surface elevation seems reasonably confirmed by

max min

the simulations as a good ensemble approximation. Schon-
berg and Chaplin [35] obtained a much higher b in the dif-
ferent conditions of shallower cylinder, unique diffraction
parameter, and inviscid flow approximation, and thus, the
comparison is not straightforward.

6.2 Flow field in the near region
6.2.1 Vorticity and main vortexes detachment

The present simulations reveal large-scale detached eddies
in the 2D flow. The task is here to identify the vortex shed-
ding patterns and possibly to correlate the detachment
region to the pressure distribution at the cylinder surface. In
this context, the work of Otsuka and Ikeda [30] is of refer-
ence. With reference to the experimental patterns in Fig. 4b
of the mentioned paper, large-scale counter-clockwise
eddies have been observed to separate from the cylinder
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twice per wave period. Then, a sequence of induced oppo-
site (clockwise) vortices rolls up and keep rotating around
the cylinder.

This mechanism has been recognized to occur at the
North side of the submerged cylinder in the presented
numerical simulations. At the reference time /T = 0, i.e.,
at the unperturbed wave up-crossing above the cylinder
axis, as shown in Fig. 13a, a pair of counter-rotating eddies
(1 and 2) is generated at the upper part of the cylinder.
They start moving around the cylinder in clockwise sense.
Vortex 1 is detached first, while, for 0 < ¢t/T < 1/4 approx-
imately, before the wave crest reaches the cylinder axis, the
clockwise vortex 2 is rolled up in a prolonged shape by the
dominant flow that now is horizontal at the cylinder axis.
The counter-clockwise rotating vortex is shed at 8 ~ 30°
—50°. The prolonged clockwise vortex is shed later on
before reaching 6 ~ 120 °-150 ° as represented in Fig. 13b.
Two other vortices (3 and 4) are indexed in the figures: they

Fig. 13 Snapshots of the non-dimensional vorticity field at
KC=250,y"/a=-3;at/T=0,b,ct/T ~0.2

are the results of previously occurred detachments and still
remaining in the proximity of the cylinder.

The detachment mechanism is now developing again
from South—West to occur again in the South of the cylin-
der during the single-wave period selected. In the numeri-
cal experiments here produced, it is observed that this sec-
ond occurrence is frequently polluted by the interaction
with previously detached vortices.

On average, an almost steady clockwise circulation is
thus originated around the cylinder.

This mechanism is present at all submergences and for
all KC, with increasing complexity with increasing KC.
Even the occurrence of a breaking wave event does not
turns this effect off, as shown in Fig. 25a, b in Lupieri and
Contento [22].

Test # 30 for y*/a = —3 has been conducted considering
a 3D domain too, in the RANS approach. For shake of clar-
ity, in this case, vortices have been recognized and limited
in space according to the criterion:

0 =JlIQP - I5P1> 0

where S is the strain rate tensor and € the vorticity tensor as
described by Haller [16], then the normalized Q. vorticity
component is represented in Fig. 13c with QO = 1. It is evi-
denced that, also in this case, the detachment occurs with
a pattern similar to the one described for the 2D case: the
counter-clockwise first (1 in figure) and then the eddy roll-
ing (2 in figure), meaning that the bulk mechanism is still
mainly driven by the wave periodicity and surface proxim-
ity. Furthermore, in the same figure, zone 5, the (relatively
mild) vorticity associated with the boundary layer at lateral
bulkheads is evidenced, whose influence has been visual-
ized also during the experimental sessions.

Figure 14a, b shows the time traces of the non-dimen-
sional vorticity and pressure at a very small distance from
the cylinder surface, at # =0° and 6 = 60° for the sam-
ple case KC = 0.80 and y*/a = —=2. At 8 = 0°, the quasi-
impulsive behavior of the vorticity around ¢/T =0+ i,
for any i, is well evidenced and witnesses the passage of
the pair of eddies, the positive (counter-clockwise) vortex
first, the negative immediately after, with a greater mag-
nitude and prolonged persistence of the latter. At 8 = 60°,
the impulsive behavior has a reduced magnitude with a
larger number of high-frequency oscillations. Both posi-
tions 6 show an evident relation to pressure pulses found at
the cylinder surface (lower plots of Fig. 14a, b and see also
Sect. 6.3.2).

6.2.2 Circulation around the cylinder

The circulation reads as a measure of vorticity intensity
in the flow, here computed within a path encircling the
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Fig. 14 Non-dimensional

1 (a) 3000

vorticity and pressure at a -

0 =0°and b = 60°at a very 2000

small distance from the cylinder 1000

surface. KC = 0.80, y*/a = 2.

Solid line viscous flow, dashed 0
-1000 |

(U/D)

z

line inviscid flow

Q/

-2000 |-
-3000

(p-pgh) / pRef

(b) 3000

2000
1000

z

Q /(U/D)
=)

-1000
-2000

-3000

(p-pgh) / pRef

cylinder at a increasing distance from the wall. Figure 15
shows the non-dimensional average circulation I'/(aU)
for different KC values. The curves belong to the case
y*/a = -4, ie., far from strong free surface proximity
effects as wave breaking. Consistently with the analysis of
Stansby and Smith [37], the maximum circulation occurs
at a distance that increases with KC, while the shape of the
radial distribution of I'/(aU) can be related to the vorticity
structures present in the flow, at increasing distance with
increasing KC.

At small KC numbers, say KC < 0.80, the flow is almost
irrotational not far from the boundary layer and the bulk

of the circulation is bounded in a narrow region. It van-
ishes at a distance ~ 20% of the radius for KC = 0.40, and
~ 1 radius for KC = 0.80. At higher KC numbers, the flow
departs from its irrotational condition: the population and
intensity of the vorticity structures detached from the cylin-
der are observed to increase; after the depart from the cyl-
inder, their intensity progressively decreases for subsequent
interactions with other vortices or with the free surface.

On average, a steady clockwise circulation originated
by the vortex detachment (after Otsuka and Ikeda [30])
is detected around the cylinder, as shown in Fig. 16. Vec-
tors are obtained by sampling the velocity field along 12

15



0.8

: 4 /
0.6 \ / — KC=0.10

-+ KC=0.40
== KC=0.80
e— KC=1.547]
~— KC=2.50

0.4 \
\
£ \
/ \ i
0.2[(
AN

1200 1500

(r/a)- 1
T
-
-
7
-
-

Fig. 15 Non-dimensional circulation I" vs non-dimensional radial
distance from cylinder surface

selected directions branching off radially from the cylinder
and averaging over the time window 0 <¢/T < 4. On the
East and South—East side of the cylinder, strong gradients
of the velocity profiles are clearly visible. This relates once
again to the presence of the complex vorticity structures of
both signs, detaching and interacting in the boundary layer
proximity.

6.3 Loads on the cylinder
6.3.1 Pressure field at the cylinder surface

This section is mainly devoted to the comparison between
the experimental and numerical results and to highlight
specific features not available from the experiments.

Figure 17a—e shows the non-dimensional Fourier com-
ponents p/(0, KC,y* /a) of the pressure at the cylinder sur-
face, up to the third harmonic, as a function of the submer-
gence y* /a, of the azimuth 6 and of KC, both experimental
[11] and present numerical results. The reference pres-
sure pRef is assumed as the amplitude of the undisturbed
dynamic pressure at the cylinder axis from the linear wave
model, i.e., pRef = KC%2.

Mostly for KC = 0.10, but, in general, for KC < 0.80,
the third harmonic of the measurements is extremely small
and almost constant with 8, due to sensitivity limits of the
transducers. For this reason, the comparison of the third
harmonic is not straightforward in this KC range. In the
other cases, the simulations confirm closely what had been
observed in the experiments.

As for p'(8, KC,y* /a), for KC < 0.80, the distribution is
almost symmetric with respect to § = 180 °. For a selected
KC number, the positive peaks at 8 ~ 0° seem insensitive
to the cylinder depth, whereas the negative peaks are more
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Fig. 16 Non-dimensional averaged velocity field (under-sampled for
graphics purposes) around the cylinder, KC = 2.50, U, = KC - D/T,
ay*/a=-3, by /a=-4

pronounced for a shallower cylinder. The strong variation
of p/(#,KC,y*/a) with @ then flattens itself progressively
with increasing KC, both in the experimental and numerical
results, and the symmetrical distribution is progressively
lost.

As for p(6,KC,y*/a), with reference to the experi-
mental results given in Fig. 5 of Contento and Codiglia
[11] and with specific reference to the plots (a.2, b.2,
c.2), in the case y*/a = =2 (a.2), there is a large peak of
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Fig. 17 Non-dimensional first
p!, second p'!, and third p’

Fourier components of the
pressure at the cylinder surface
vs 6. a KC = 0.10; b KC = 0.40;
c¢KC=0.80;d KC =1.54;¢
KC = 2.50. Symbols exp, solid
line numerical (viscous), dashed
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the second harmonic component for 0.20 < KC < 0.80,
up to = 25% of p'(#, KC,y* /a). This large amplitude com-
ponent shows its max values in the range 0° < 8 < 90°.
p!! then reduces its values with increasing KC. This is
consistent with the expected diffraction effect of the
second-order locked waves in the specified range, mostly
in the case y*/a = —2. The case KC = 0.1 evidences the
largest differences between numerics and experiments on
p'! at all y*/a. This is again due also to sensitivity lim-
its of the transducers and the problem still remains under

investigation. For y*/a = -2, at all KC, the numerics
exhibits, clearer than the experiments, a second minimum
for p around @ = 315°-330°, due to the interaction with
the free surface. This minimum is no longer visible for
deeper cylinders.

As for p(0, KC,y* /a), considering the extremely low
values of this component and the difficulties in the meas-
urements, the general behavior is captured and so the over-
all local magnitudes but still the numerical simulations
show many deep local hollows, not always present in the
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Fig. 17 (continued)
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measurements, that are probably related to vortex detach-
ment regions.

Should we continue with the analysis to higher har-
monics, we would find non vanishing amplitudes, mostly
in specified regions on the cylinder surface. Looking at
the time series of the pressure, for instance KC = 0.80,
yfa=-2,0=0° or § =60° (Fig. 14a, b lower plots),
there are evident repeated pulses of the pressure in the vis-
cous flow simulation (solid line), strongly related to the
vorticity jumps and to the vortex detachment at the same

180 270 360 0 90

I N [SRERN

1
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location. They occur in a limited region and appear at spe-
cific #/T. The dashed lines in the previous figures show the
inviscid flow solution and no symptoms of pressure pulses
are found.

Finally, it is interesting to look further at the effect
induced by viscosity on the pressure field. To this
purpose, in Fig. 17, the dashed lines for the cases
KC =0.40,0.80,1.54 and y*/a = -2 show the invis-
cid flow solution. In particular, for KC = 1.54, there is
a clear overestimation of the inviscid flow in the region
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Fig. 17 (continued)
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270° < § < 360° for both p and p’. This is associated
with the region of development of the pair of vortexes

discussed in Sect. 6.2.1.

Fig. 18 Non-dimensional
Fourier components of the
forces on the cylinder vs KC.
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Figure 18a—c shows the non-dimensional amplitude of the
first F!, second F”, and third F! Fourier harmonics of the
horizontal and vertical components of the force vs KC, each
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first two harmonic components, the comparison between
present numerical results and experiments can be consid-
ered extremely satisfactory. As for the third harmonic at the
lowest KC numbers and deepest cylinder, sensitivity limits
of the pressure transducers [11] and the related pressure
integrals make the comparison questionable. Forces are
indeed obtained as the integral of the pressure at the cyl-
inder, and therefore, the results can reflect the properties
already discussed for the pressure field.

In accordance to the results of Chaplin [2] and Contento
and Codiglia [11], the first Fourier component F” is almost
insensitive to the submergence of the cylinder. Some small
oscillations appear for KC > 1.5 with y*/a = —2, where the
proximity of the free surface and occurrence of separation
lead to a departure from the pure inertia term.

The second harmonic F/ shows an evident dependence
on the cylinder submergence. For the case at KC = 2.50
with y*/a = =2, the numerics exhibits small deviations,
probably related to eddies detachment that was not cap-
tured by the experimental pressure gauges. Moreover, at
KC = 0.1 and y*/a = -3, —4, the numerical results of F/
show an evident underestimation, again also related to sen-
sitivity limits of the transducers.

7 Concluding remarks

This study has been focused on three main aspects of the
interaction of a weakly submerged horizontal circular with
regular waves: wave transformation, flow field in the near
region, and loads on the cylinder. The numerical simula-
tions conducted have given a good representation of the
experimental data and have allowed a closer insight in flow
details not available from the experiments.

As for the wave transformation, the simulations have
confirmed the strong energy transfer from the first to higher
frequencies induced on the lee side of the cylinder. In
particular, harmonics higher than the third and with non-
negligible amplitude have been found. Supported by the
measurements, the simulations have shown that the second
harmonic can be as high as 25% of the first and that both
second and third harmonics exhibit a saturation process,
for increasing KC. The additional simulations conducted
within the inviscid fluid hypothesis have shown that up to
the third harmonic or even higher, the differences with the
viscous flow simulations are not relevant in the free sur-
face representation. Small amplitude reflected waves from
the cylinder have been observed at the first harmonic with
a related reflection coefficient that behaves non-linearly at
third order in the incident wave slope.

As for the flow field in the near region, the onset, devel-
opment, and detachment of counter-rotating eddies that
lead to an average steady streaming have been analyzed and

related to pressure loads, in particular to pressure pulses on
the upper part of the cylinder surface. These pulses are not
present in inviscid flow simulations.

Both simulations and experiments show that the first
Fourier component of the global force exhibits a strongly
non-linear behavior of viscous origin. This component
(at the dominant wave period) is only weakly dependent
on the cylinder submergence. On the contrary, the sec-
ond and third Fourier components show a great variability
with the submergence with a rapid growth as the cylinder
approaches the free surface.

As a general final comment, the presented simulations
have confirmed the results previously obtained experimen-
tally and added hints on aspects that could not be investi-
gated, as the vorticity patterns and the departure from irro-
tational regime relatively far from the cylinder at high KC
numbers. Furthermore, they have evidenced the role of the
viscosity in the representation of the free surface and in the
flow field close to the cylinder. These two aspects can result
crucial in the choice of suited numerical approaches.

An additional insight could be the focus on the locally
turbulent flow at the breaking region, while a further study
with shallower cylinders and higher diffraction parameter is
in progress.
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