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Marine biofouling is a major concern in the operational performance of submerged floating tunnels (SFTs). The objective
of this research is to extend hydrodynamic conditions in experiments and numerically investigate the effects of marine
fouling on the hydrodynamic behavior of SFTs, including flow characteristics and forces on the SFT subject to waves. A
sensitivity analysis of roughness parameters including different roughness heights and roughness coverage ratios is carried
out. Additionally, the hydrodynamic forces of a roughened SFT with a circular shape and a newly designed parametric
shape are compared.

INTRODUCTION

For wide and deep-sea crossings, the submerged floating tun-
nel (SFT) is one of the alternatives to underwater tunnels and
sea bridges. An SFT will, however, become colonized by marine
species in a matter of weeks to years after installation, which then
becomes one of the major challenges to the SFT’s operating per-
formance (Zou, Ruiter, Uijttewaal, et al., 2023).

The interaction between waves and marine-fouled structures is
complex. Marine biofouling can create turbulence, eddies, and
vortices that alter the way waves interact with the structure. This,
in turn, can impact hydrodynamic forces that affect the stabil-
ity and serviceability of structures. The marine fouling effects
on the hydrodynamic forces on an SFT are first analyzed by the
authors. The pressure distribution along the SFT, flow separation,
and wake characteristics are numerally examined with respect to
roughness parameters under steady currents (Zou, Ruiter, Bricker,
and Uijttewaal, 2023). Furthermore, an experimental study of sur-
face roughness effects on the dynamic response of an SFT has
been performed at the Water Lab of Delft University of Technol-
ogy (TU Delft), and the hydrodynamic forces on the SFT subject
to currents, waves, and combined current-wave flows are evalu-
ated (Zou, Ruiter, Uijttewaal, et al., 2023). However, because of
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the limited experimental test conditions, the Keulegan-Carpenter
number (KC) is rather low in the experiments. The effects of wave
properties in a wider range of KC should be investigated as a
further extension to the prior studies. In addition, the wake topol-
ogy and vortex shedding characteristics of the SFT under waves
should be further discussed, which were not properly measured
in the experiments. Therefore, the current research deals with the
effects of marine fouling on the hydrodynamic behavior of SFTs
under waves.

Recent years have seen research on the impact of surface rough-
ness on marine structures exposed to waves. The colonial hydroid
Ectopleura larynx with different fouling lengths were tested under
deep-water regular waves (Nobakht-Kolur et al., 2021). Realis-
tic mussel roughness models featuring a variety of patterns and
shapes were applied to investigate the hydrodynamics of horizon-
tal cylinders subjected to oscillating flows (Marty et al., 2021).
A set of experiments in a deep tank was conducted to study
the effects of roughness height, roughness coverage ratio, and
roughness type (gravel, mussels, kelp) on the fluid loading of
offshore structures (Theophanatos and Wolfram, 1989). However,
the effects of marine fouling on the wave-induced forces on an
SFT have not received due attention. Prior research has focused
on cross sections with simpler shapes (such as circles and rectan-
gles), but no form comparison or optimization with regard to sur-
face roughness has yet been done. A parametric shape proposed
by Zou et al. (2020, 2021) was applied to an SFT to improve its
hydrodynamic performance. Therefore, in this study, the hydro-
dynamic forces on SFTs with different cross sections—namely,
circular and the parametric shapes—subject to wave loading are
compared and evaluated.

For hydrodynamic force investigation, waves are frequently rep-
resented by planar oscillatory flows (Konstantinidis and Bouris,
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2017; Pearcey et al., 2017). Kinematically, the horizontal com-
ponent of the orbital velocity of waves can be represented by
an oscillating planar flow, but dynamically, there is a difference.
The hydrodynamic mass force is present, but the Froude-Krylov
force of the inertia related to the absolute flow acceleration is not
included. Therefore, the pressure gradient and boundary layer for-
mation on the cylinder deviate from those of realistic waves. As a
result of the variation in the force mechanism, the Morison equa-
tion’s weighting of the drag and inertia components is erroneous.
Furthermore, for horizontal cylinders as SFTs, the hydrodynamic
forces are significantly affected by the vertical component of the
orbital motion of the water particle (Teng, 1983). The planar oscil-
latory flow model neglects the free surface effects and vertical
components of the water particle velocity, so it can overpredict
the drag and inertia coefficients (Sarpkaya and Isaacson, 1981).

Therefore, to address the aforementioned questions, the effects
of surface roughness on the hydrodynamic forces on SFTs under
waves are experimentally and numerically investigated in this
study. The hydrodynamic forces on SFT models with varying
roughness heights and coverage ratios (CRs) are measured under
regular waves. Furthermore, two types of SFT cross-sectional
shapes (i.e., a parametric shape and a circular shape) have been
tested to investigate the surface roughness effects for each cross-
section shape.

METHODOLOGY

Experimental Setup

Physical model tests were conducted in a wave-current flume at
the Water Lab of the Delft University of Technology. The flume
has a length of 39 m, a width of 0.795 m, and a height of 1 m. To
generate the desired incident waves, an automatic reflection com-
pensation (ARC) system is used with a piston-type second-order
wave generator with a maximum stroke length of 2 m. A passive
wave absorber is positioned inside the flume end to prevent wave
reflection. The heights of bare SFTs (without roughness elements)
with the parametric and circular cross-section shapes are equal
(0.16 m). To differentiate between reflected and incident waves,
three wave gauges are positioned both ahead of and behind the
SFT. The water level is 0.70 m. At 0.35 m below the free surface,
two electromagnetic velocity meters of the Deltares E30 EMS
probe type are deployed. The measurement of hydrodynamic force
employs an ME (K3D60a) three-axis load cell boasting a ±100 N
load range and an accuracy of 0.5% relative to its full-scale range.
Notably, this load cell has the capability to simultaneously quan-
tify both horizontal and vertical forces exerted on the SFT. Data
sampling is conducted at a frequency of 200 Hz, utilizing a block
size consisting of two data points (Zou, Ruiter, Uijttewaal, et al.,
2023). The experimental setups are shown in Fig. 1.

Numerical Setup

In the framework of the open source computational fluid dynam-
ics toolbox OpenFOAM version 2006 (http://www.openfoam.com,
last accessed date January 12, 2023), the impact of marine fouling
represented by surface roughness on an SFT under waves is repro-
duced. The hydrodynamic forces of the SFT models with different
roughness heights, roughness coverage ratios, and cross-section
shapes are computed and compared.

Computational Domain. The computational domain has a
length of 27 m and a height of 1.0 m. The water depth is 0.7 m.
The center of the SFT is located 6 m from the inlet, with an inter-
nal flow blockage height (smooth SFT) of 16 cm.

Fig. 1 (a) Experimental apparatus: Load cell attached to the SFT
model, suspended from a stainless steel frame; (b) SFT model
fabrication with circular shape and pyramidal roughness; and
(c) wave-current flume used for the experiments

Fig. 2 Mesh configuration of the parametric shape SFT: (a) Com-
putational domain of the numerical model, (b) mesh detail near
the SFT, and (c) mesh detail of roughness elements

The transverse width of the numerical domain is 9 cm, includ-
ing 3 or 6 roughness patterns in the spanwise direction for a
roughness height of 1.5 cm or 0.5 cm, respectively. The side
planes are symmetrically truncated with free-slip side boundaries.

In Fig. 2, the typical grid layout is displayed. The wave veloc-
ity is specified at the inlet, and an outflow boundary is employed
at the outlet. On the SFT cross-section surface and at the bottom
boundary, a no-slip wall condition is applied. For pressure refer-
ence, a pressure inlet is employed at the upper boundary. The first
grid layer cell thickness normal to the SFT surface is within the
acceptable range for y+ of 30∼200 (Kuzmin et al., 2007). The
subdomain within the wave propagation region has horizontal and
vertical mesh sizes of 0.2 cm and 2 cm, respectively. The cell
size in the rest of the domain is 2 cm. The total number of cells
ranges from 0.6 million up to 1.2 million, depending on the SFT
model and roughness characteristics.

The unsteady Reynolds-averaged Navier-Stokes equations with
an RNG k-� turbulence model are applied with a standard wall
function. The transient solver interFoam supplied with Open-
FOAM for two-phase incompressible, isothermal immiscible flu-
ids is applied. Nonlinear regular waves are generated using the
second-order Stokes wave theory (Fenton, 1985) at the inlet open
channel wave boundary. The phase-fraction-based interface cap-
turing approach method (Hirt and Nichols, 1981) is applied to
capture the wave surface. The pressure-velocity coupling and cor-
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rection problem is solved using the combined PISO-SIMPLE
algorithm. The upper limit for the Courant number is 0.5. An
adaptive time step based on the Courant number was applied after
the initial time step of 0.01 s.

Turbulence Model. With the inclusion of an additional term to
its equation, the renormalization group (RNG) k-� model is more
accurate and robust than the traditional k-� model for a wider
class of flows (Zou et al., 2020). Therefore, the RNG k-� model
is applied in the SFT-wave simulation. The energy and dissipation
equations for the RNG k-� model are given by
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where C1 = 1042, C2 = 1068, �eff is the effective viscosity, � is the
fluid density, Gk and Gb are turbulence generation terms, Ym is
the contribution of the fluctuating dilatation of compressible tur-
bulence to the overall dissipation rate, Sk and S� are source terms,
k is turbulence kinetic energy, and � is the turbulence dissipation
rate.

The additional term in the � equation is given by
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where � ≡ Sk/�, �0 = 4038, and �= 00012.
The turbulent viscosity can be computed by

�t = �C�

k2

�
(3)

where C� = 00085.

Test Cases

Under various regular wave conditions, the effects of SFT cross-
section shape, roughness height (K), and fouling coverage ratio
(CR) on the hydrodynamic forces on an SFT are compared and
studied. For the SFT models, two cross-section shapes (i.e., circu-
lar and parametric shapes) are tested. For the roughness elements,
a staggered pattern is designed to prevent sheltering effects, and a
pyramidal roughness pattern is applied to lessen uncertainty related
to the intricate biological processes. Two roughness heights are
chosen (i.e., 15 mm and 5 mm), and two roughness coverage ratios
including 100% and 50% are included to investigate the three-
dimensional impacts of surface roughness. The characteristics of
the SFT models are listed in Table 1. The definitions of ks , Dex,
and Dez can be found in the following section.

The generated wave has a height of up to 0.16 m and a
wave period of up to 1.84 s in the laboratory flume experiments
(W1∼W5; see Table 2). The wave conditions in the experiments
have been extended in the numerical model to determine the rela-
tionship between the drag and inertia coefficients of the SFT
and the hydrodynamic metrics across a wider range (bigger KC).
Therefore, the SFT under waves W6∼W8 are simulated in the
numerical models. The test conditions are listed in Table 2. The
wave steepness is defined as the ratio of wave height to wave
length.

Model Cross section K (cm) CR (%) ks (cm) Dex (m) Dez (m)

1 Circular 1.5 100 0.75 0.175 0.175
2 Parametric 1.5 100 0.75 0.175 0.335
3 Parametric 1.5 50 0.375 0.1675 0.3275
4 Parametric 0.5 100 0.25 0.165 0.325

Table 1 Main characteristics of the modeled SFT

Environment Label Wave Wave Wave
height (m) period (s) steepness (—)

Wave

W1 0.08 1.12 0.042
W2 0.08 1.41 0.028
W3 0.08 1.84 0.019
W4 0.12 1.84 0.029
W5 0.16 1.84 0.039
W6 0.16 2.50 0.026
W7 0.16 3.50 0.018
W8 0.16 4.50 0.014

Table 2 Environmental conditions used in the numerical models

Fig. 3 Typical roughness patterns and reduced roughness height:
k is the actual roughness height, l is the length of the repetitive
roughness patterns, and S1 and S2 are the areas of the marked
region.

Performance Metrics

Because there is no universal roughness function that applies to
all types of roughness, an equivalent diameter considering rough-
ness parameters is proposed (Zou, Ruiter, Uijttewaal, et al., 2023).
The equivalent diameter determined by an equivalent blockage
area is given by

Dei =Di + 2ks (4)

where Di is the bare SFT dimension; i1 j = x1 z represents the
horizontal and vertical directions, respectively. ks is the reduced
roughness height with an equal blockage area.

The objective is to find a quadrangle with the same blockage
cross-sectional area as the original repetitive roughness elements,
shown in Fig. 3 (Zou, Ruiter, Uijttewaal, et al., 2023).

Wave forces and related dimensionless coefficients can be used
to quantify how surface roughness affects the hydrodynamic char-
acteristics of an SFT. Based on the Morison equation, the wave
force acting on the SFT is given by

F = Fd + Fm + Fp =
1
2
�CdDeU �U � +�CAAeU̇ +�AeU̇

=
1
2
�CdDeU �U � +�CmAeU̇ (5)
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where U is the wave orbital velocity; Cd is the mean drag coef-
ficient; Fd is the time-averaged drag force per unit of length;
De denotes the equivalent diameter of the SFT; � is fluid den-
sity; Fm and Fp stand for the hydrodynamic-mass force and the
Froude-Krylov force, respectively; Ae is the SFT’s equivalent
cross-sectional area when surface roughness is taken into account;
U̇ is water particle acceleration; CA is the hydrodynamic-mass
coefficient; and Cm =CA + 1, which is the inertia coefficient.

For horizontal cylinders such as SFTs, the Morison equation
should be modified, assigned as two force coefficients in the hor-
izontal and vertical directions, respectively (Chaplin, 1988). The
hydrodynamic forces acting on the SFT are therefore described
by the modified Morison equation, given by

Fi =
1
2
�CdiDejUi

√

U 2
x +U 2

z +�CmiAeU̇i (6)

where Fi represents the wave force on the SFT per unit length. The
drag and inertia coefficients were calculated by the least squares
method, which solves the system of Eqs. 7∼10, given by
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fdi =
1
2
�CdiDej (9)

fmi = �CmiAe (10)

where Ft is the force per unit length on the SFT. The KC is a
critical parameter that is utilized and described as follows when
examining hydrodynamic features and flow properties:

KCi =
UmiT

Dei

(11)

where Um is the maximum orbital velocity of waves at the half
water depth (same depth as the SFT); T is the wave period.

MODEL VALIDATION

The numerical results for the drag and inertia coefficients for
the SFT with a roughness height of 1.5 cm for the circular and
parametric cross-section shapes (Models 1 and 2) are plotted
against KC and compared with experimental data (with error bars)
in Fig. 4.

Figure 4 shows a reasonable agreement, implying the validity of
the numerical results. Note that the Cd1z of the circular SFTs can
take negative values in the experiments (Fig. 4b). This is likely
because the vertical drag force component is rather small at low
KC values; the Cd1z computation is therefore highly sensitive to
the time shift of the measured force signals (between the location
of velocity measurement and the location of force measurement),
and thus generates a large error.

RESULTS

Effects of Roughness Height and Coverage Ratio

To figure out the relationship of the drag and inertia coefficients
of the SFT with the hydrodynamic conditions over a wider range
(larger KC), the conditions in the experiments have been extended
in the numerical model.

Figure 5 shows the drag and inertia coefficients of the three
SFT configurations as a function of KC. It appears that both

Fig. 4 Hydrodynamic force coefficient validation

Fig. 5 Distribution of drag and inertia coefficients as a function
of the Keulegan–Carpenter number KC (in the horizontal and ver-
tical directions) for the SFT configurations: Model 2 (paramet-
ric shape with roughness height = 105 cm), Model 3 (paramet-
ric shape with roughness coverage ratio = 50%), and Model 4
(parametric shape with roughness height = 005 cm) under wave
forcing

Cd1x and Cd1z increase exponentially with decreasing KC for the
three configurations (Fig. 5, panels a and b). The three configu-
rations do not significantly differ in Cd1x and Cd1z, proving that
the roughness height and coverage ratio are not crucial parame-
ters for Cd1x and Cd1z in wave conditions. Panels c and d of Fig. 5
show that Model 4 (parametric K = 005 cm) generally has the
lowest Cm1x and Cm1z values, and Model 4 (parametric CR= 50%)
has slightly higher Cm1x and Cm1z values than Model 2 (paramet-
ric K = 105 cm). For all parametric shape configurations, with
increasing KC, Cm1x exhibits an abrupt increase, leveling off at
KC = 1, whereas Cm1z shows an increase followed by a decline
with a minimum at KC = 2.

Effects of Cross-section Shape

The hydrodynamic force coefficients of the circular and para-
metric shapes are displayed in Fig. 6. The hydrodynamic force
coefficients in the horizontal and vertical directions are shown as
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Fig. 6 Distribution of drag and inertia coefficients as a function of
the Keulegan–Carpenter number KC (in the horizontal and verti-
cal directions) for the SFT configurations: Model 1 (circular shape
with roughness height = 105 cm) and Model 2 (parametric shape
with roughness height = 105 cm) under wave forcing

a function of KC. It should be noted that the parametric shape
has a larger horizontal dimension than the circular shape, which
results in a smaller KCx value for the parametric shape under
identical wave conditions. However, for an equal blockage height,
KCz is the same for the two cross-section shapes (Fig. 6b). This
shows that for all the configurations, the drag coefficients increase
exponentially as KC decreases. The parametric shape has a larger
Cd when KC < 108, whereas for KC > 108, the circular shape
has a larger Cd . This can be attributed to the parametric shape’s
longer perimeter and greater quantity of surface roughness ele-
ments, which cause a larger frictional drag than the circular shape
experiences. However, as KC increases, vortex shedding is gen-
erated, in which case the form drag plays a more important role
in the total drag. The parametric shape has a more streamlined
shape, which can reduce the Cd when form drag dominates. With
increasing KCz, the Cd1z of both shapes declines abruptly at about
KCz = 006 before leveling off, and a gradual increase of Cd1z can
be observed when KCz further increases.

Shown in Fig. 6c is the Cm1x of the rough SFTs with both
circular and parametric cross sections. The parametric-shaped SFT
has a significantly lower Cm1x than the circular shape. The circular
shape exhibits a generally constant Cm1x when KCx < 3, followed
by a marked reduction and a further minor decrease in inertia
coefficients with increasing KC, whereas for the parametric shape,
the variation of Cm1x with KC is not obvious. On the contrary, the
horizontal cross-section area subject to vertical wave motion is
larger for the parametric cross section than for the circular one. As
a result, Cm1z is larger for the parametric shape than the circular
shape (Fig. 6d). Additionally, in contrast to the horizontal inertia
coefficients, the vertical inertia coefficients drop more rapidly with
increasing KC, followed by an increase, with a minimum value
at KCz = 2.

The vorticity around the SFT, calculated by the mean velocity
field for circular and parametric cross-section shapes at different
wave conditions, is depicted in Fig. 7. It demonstrates that for
the W4 condition, the thickness of the strong vorticity region sur-
rounding both shapes is low, and no localized vorticity can be
seen, indicating that no vortex shedding occurs. For the W6 con-
dition, the attached vortices around the circular shape disintegrate,

Fig. 7 Mean vorticity field around the SFT for circular and para-
metric shapes under different wave conditions

and asymmetric vortices at both leading and trailing edges are
generated. Near the upper surface of the downstream side, strong
vorticity exists. No significant vortices, however, occur behind the
SFT for the parametric shape. For the W8 condition, both shapes
form vortex pairs. It can be observed that vortices shed behind the
SFT grow larger in size and higher in vorticity magnitude with the
circular cross section compared with the parametric cross section.
Because of the parametric shape’s more streamlined shape, the
vortex shedding is generated at a larger KC compared with the
circular shape. It can be noted that with increasing KC, vortex
shedding at both leading and trailing edges occurs, and the lift
force is no longer nil. This flow regime has a nonzero mean lift
because of asymmetry, and the direction of this lift force will shift
in accordance with the side of the vortex street.

CONCLUSIONS

This paper presents a numerical study of marine fouling (repre-
sented by surface roughness) effects on the hydrodynamic forces
and flow characteristics of an SFT under regular waves. The influ-
ence of cross-section shape and roughness parameters (i.e., rough-
ness height and roughness coverage ratio) on the wave force coef-
ficients of the SFT is assessed. The main findings are summarized
as follows:

1. The roughness parameters including roughness height and
coverage ratio have little effect on Cd and Cm for wave conditions.

2. The parametric shape has a much lower horizontal inertia
coefficient than the circular shape. However, because of the longer
horizontal dimension and larger cross-sectional area of the para-
metric shape, its vertical wave force coefficients are larger than
those of the circular shape for a small KC.

3. Under the same wave conditions, the circular shape gener-
ates larger vortices and higher vorticity than the parametric shape.
As KC increases, vortex shedding occurs, and a lift force is gen-
erated.

The study’s findings contribute to a better understanding of
the impact of marine fouling on the SFT’s hydrodynamic perfor-
mance in the presence of waves. The assessed results of the hydro-
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dynamic force in relation to the factors of structural geometry
and roughness can provide references for the engineering design
of SFTs. It is important to highlight that this research primarily
focuses on regular waves. However, it is essential to acknowledge
the significance of examining the effects of surface roughness on
significant wave height under irregular wave conditions, which
warrants attention in future research endeavors.
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