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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 investigate the effects of marine fouling (represented by surface roughness) on the
hydrodynamic behavior of SFTs, including the hydrodynamic forces on the SFT subject to current-only, wave-
only, and combined current-wave flow conditions. The effects of increased surface roughness induced by marine
fouling on the dynamic response of an SFT are characterized by hydrodynamic force coefficients, including drag
and inertia coefficients. At the Water Lab of Delft University of Technology (TU Delft), experiments have been
performed in a wave-current flume to compare the SFTs’ behaviors as affected by different roughness charac-
teristics. In addition, a parametric cross-section for an SFT is presented, and the hydrodynamic performance
associated with surface roughness effects on the parametric shape and circular SFT cross-section shape are
compared. The results show that the parametric shape can effectively reduce the drag coefficient (C4) under
current-only conditions and lower the inertia coefficient (C) when waves are present. As roughness height and
coverage ratio increase, Cq generally increases while C,, decreases. However, small differences in C4q and Cy, can
be observed with regard to roughness parameters for wave-only conditions. The Morison coefficients adapted for
a marine-fouled SFT measured in the experiments are compared to predictions from engineering standards and

are recommended for engineering practice.

1. Introduction

The submerged floating tunnel (SFT) is a new type of sea-crossing
infrastructure holding promise to facilitate efficient and capable deep-
sea transportation (Zou and Chen, 2021; Zou et al., 2020c, 2022). It is
regarded as one of the alternatives to underwater tunnels and sea
bridges for wide and deep sea-crossings. Due to its submergence depth
(generally 20~50 m Wikipedia 2023), the SFT has numerous advantages
over traditional sea crossings, including its ability to avoid harsh wave
and wind conditions or dense ship traffic. However, weeks to years
following installation, an SFT is going to be colonized by marine species;
this will be one of the key challenges for the SFT’s operational effec-
tiveness. Marine growth alters the hydrodynamic characteristics of an
SFT by increasing its projected area, mass, and surface roughness.
Further, it modifies the structure’s properties, such as buoyancy weight
ratio, which affects the mooring tension and natural frequency of the

SFT and has a substantial impact on the reliability of the SFT. Moreover,
the increased surface roughness can exacerbate flow instabilities, which
significantly affect the hydrodynamic forces on the SFT and can reduce
the service lifetime of the structure. In addition, concealment of the
mooring lines and SFT exterior surfaces by marine fouling brings
exceeding difficulty for structural inspection and maintenance.

Marine fouling is typically represented by surface roughness in the
research, and the surface roughness effects on marine structures have
been studied by a significant body of experimental research. Schoefs
et al. (2022) presented an overview of research that examined
biofouling of offshore structures. Marty et al. (2021b, 2021a) investi-
gated the hydrodynamic behavior of a submarine cable, and used real-
istic mussel roughness models with different patterns and shapes applied
to horizontal cylinders and exposed to currents, oscillating motions, and
a combination of currents and oscillating motions. Furthermore, two
types of hard roughness including mussels and corals were
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experimentally studied and compared (Marty et al., 2022). Zeinoddini
et al. (2016) examined the effects of surface roughness on the
Vortex-Induced Vibration (VIV) of a circular cylinder for mechanical
power harvesting using a towing tank tested on elastically mounted rigid
cylinders. Sun et al. (2020) investigated the wake characteristics of
cylinders with hemispherical surface roughness using Particle Image
Velocimetry (PIV) measurement. Theophanatos and Wolfram (1989)
conducted a set of experiments in a deep tank to investigate the effects of
roughness height, roughness coverage percentages, and roughness type
(Gravel, mussels, kelp) on the fluid loading of offshore structures. Henry
et al. (2016) visualized wake structures of sand-roughened vertical
cylinders in low Reynolds number flows.

Despite the extensive experimental research on hydrodynamic
forces, flow instabilities, and dynamic response with respect to surface
roughness, there are still many unanswered questions. Firstly, the prior
research generally emphasized cross-sections with simpler shapes (e.g.,
circle and rectangle), and the shape comparison and optimization with
respect to surface roughness has not yet been conducted. Zou et al.
(2021a, 2020a, 2020b) proposed a parametric shape for an SFT to
improve its hydrodynamic performance. Therefore, in this study, the
influence of surface roughness on an SFT cross-section with the para-
metric shape is firstly experimentally investigated, and the hydrody-
namic forces on SFTs with different cross-sections — namely, circular and
the parametric shapes — under various hydrodynamic conditions are
compared and evaluated.

Secondly, prior studies demonstrated that there is no universal
agreement regarding the relationship between roughness parameters
and hydrodynamic forces on a cylinder. According to Zhou et al. (2015)
and Achenbach and Heinecke (1981), the presence of roughness pro-
motes boundary layer transition, lowers the critical Re at which the drag
crisis occurs, and can effectively reduce the mean drag and root mean
square (RMS) lift coefficients. The surface roughness, on the other hand,
has been shown to dramatically increase mean and fluctuating force
coefficients, as noted by Henry et al. (2016), Marty et al. (2021b), and
Walker et al. (2020). In addition, Theophanatos and Wolfram (1989)
revealed that within a given range of relative roughness values, rough-
ness height has a negligible effect on drag. The stark disparity can be
attributed to the difference between the applied roughness scales and
the experimental flow conditions. In addition, the contradiction of the
results compared to existing studies can also be due to differences in the
factors such as experimental set-ups (Zeinoddini et al., 2016), flow
properties (Ribeiro, 1991), blockage ratio (Blackburn and Melbourne,
1996; Richter and Naudascher, 1976), aspect ratio (Theophanatos and
Wolfram, 1989; West and Apelt, 1982), and Reynolds number ranges
(Henry et al., 2016). Moreover, the definitions of equivalent diameter
and relative roughness also play a significant role in the relationship
between roughness parameters and hydrodynamic forces. Prior research
characterized the roughness parameter by the roughness height k and a
bulk cylinder diameter D (Henry et al., 2016; Jusoh and Wolfram, 1996;
Marty et al., 2021b; Theophanatos and Wolfram, 1989; Zhou et al.,
2015). Large-scale roughness, however, can effectively increase the flow
blockage (i.e., equivalent diameter), the wake region in the vicinity of
the cylinder, and consequently the drag coefficient. Furthermore, the
definition of equivalent diameter is directly linked to key parameters
such as force coefficients, Reynolds number (Re) and Keule-
gan—Carpenter number (KC). Therefore, the cylinder bulk diameter D
may not be appropriate for a surface roughened cylinder, and an
appropriate definition for an equivalent diameter has not yet been
determined.

Thirdly, there are no specific research or engineering guidelines for
hydrodynamic force coefficients that SFT research can refer to with
consideration of marine fouling effects. Previous research about SFT
hydrodynamic force prediction is mainly based on the Morison equation
(Morison et al., 1950), where the drag and inertia coefficients were
applied from other marine structures such as risers and pipelines.
However, we should not simply apply the recommended values of force
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coefficients to the SFT from other marine structures due to the SFT’s
unique structural characteristics. On the one hand, the cross-section
dimensions of the SFT are substantially larger than those of other ma-
rine structures, which results in a higher Re and lower KC number. Even
in the case of extreme hydraulic events, the maximum KC number of an
SFT can be lower than 0.23 (Yang et al., 2023), meaning there are
limited references from which to find hydrodynamic force coefficients.
Additionally, for a potential SFT application site such as the Qiongzhou
Strait, the average water depth can be around 100 m, and the dimension
of the SFT cross-section can be 20 m (depending on the number of tubes
and traffic lanes). As a result, the blockage of a prototype SFT can reach
20% in situations where the blockage effect cannot be neglected.
However, the effects of blockage on the hydrodynamic forces are not
taken into account by existing standards. The applicability of hydrody-
namic force coefficients in existing engineering standards should be
carefully evaluated for SFTs.

Therefore, in order to address the aforementioned questions and fill
in these knowledge gaps, the effects of surface roughness on the hy-
drodynamic forces on SFTs are experimentally investigated in this study.
The hydrodynamic forces on SFT models with varying roughness height
and coverage ratio are measured under uniform currents, regular waves,
and combined current-wave flow conditions in the water lab of Delft
University of Technology (TU Delft). Furthermore, two types of SFT
cross-sectional shape (i.e., a parametric shape and a circular shape) have
been tested to investigate the surface roughness effects for each cross-
section shape. The paper is structured as follows. The experimental
method, arrangement, and set-up of the SFTs are first described in
Section 2. The result validation is then discussed in Section 3. Section 4
presents the test results for the influence of cross-section shape, rough-
ness height, and roughness coverage ratio on the hydrodynamic forces
on the SFT under current-only, wave-only and combined current-wave
conditions. The comparison of the hydrodynamic force coefficients in
this study with to those from existing standards is discussed in Section 5.
A discussion of blockage effects is also presented.

2. Experimental work
2.1. Experimental set-up

The physical model tests are conducted in a wave-current flume at
the Water Lab of Delft University of Technology with a length of 39 m, a
width of 0.795 m and a height of 1 m. During the tests, a constant water
level of 0.70 m is set to avoid spillage. Froude similitude with a scale of
1:50 is applied. For the wave conditions, a piston-type 2nd order wave
generator with a maximum stroke length of 2 m is applied to generate
the desired incident waves, equipped with an Automatic Reflection
Compensation (ARC) system. At the flume end, a passive wave absorber
is placed inside the flume to prevent wave reflection. A sharp-crested
weir is placed at the end of the flume to control the water level.

Water surface elevation is measured by two arrays of wave gauges. In
order to separate the incident and reflected waves, the least squares
method proposed by Mansard and Funke (1980) is employed, and three
wave gauges are placed to the front and back of the model to separate
the reflected and incident waves. For flow velocity measurement, two
electromagnetic velocity meters (Deltares type E30 EMS probe) are
placed at the equal submergence depth as the SFT (0.35 m from the free
surface), with longitudinal positions close to the SFT (assuming no flow
disturbance due to the model) and far upstream, respectively. A third
EMS is placed below the free surface at a depth of 0.2 m to measure the
free stream velocity and check the uniformity of the current over the
water depth. To measure the hydrodynamic force on the SFT, a 3-axis
load cell from ME (K3D60a) is adopted with a maximal load range of
+100 N and an accuracy of 0.5% of full scale range. The load cell can
measure the total horizontal and vertical forces on the SFT simulta-
neously. The data sampling frequency is 200 Hz with a block size of 2
data points. The load cell is mounted on a strip with one end connected
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to the mid-span of the SFT and the other end is clamped to the flume.
Flow visualization is realized by injecting fluorescent dye upstream of
the SFT. The injection location is at the mid-length of the SFT to reduce
boundary effects from the side walls. Video records are taken with a
Canon EOS 550D to capture the wake structures and flow separations.
Before the tests, the load cell is calibrated by pulley tests, and numerous
qualitative calibrations for the instruments are performed. The experi-
mental set-ups are shown in Fig. 1.

2.2. Model fabrication

Prior experiments on an SFT with a rectangular cross-section subject
to a current, regular waves and combined waves/currents have been
performed at TU Delft (Drost, 2019). In order to further investigate the
SFT cross-sectional shape effects on the hydrodynamic forces on the SFT,
a circular shape and a parametric shape proposed by Zou et al. (2020a,
2021b) are selected for comparison. The heights of smooth SFTs
(without roughness elements) with parametric and circular shapes are
kept equal (0.16 m). In order to measure the force on the SFT and reduce
wall effects, a clearance of around 2 cm between each end of the SFT and
the flume wall is implemented (il Seo et al., 2015; Wu et al., 2021). 3D
printing and a silicon mold are applied to create slices of each SFT with
specific roughness elements. The mold is filled with epoxy, and after the
solidification of each slice, the slices are assembled into a complete SFT
model. Silicon sealant is used to combine the slices, and the two halves
of the SFT are then filled with polyurethane foam for waterproofing. In
order to fix the position of the extra weight added, the SFT model is filled
with lightweight foam. The model mid-span is stiffly attached to a
stainless-steel frame with a strip connected to the flume top rails. The
SFT model is placed horizontally in the flume, with an additional weight
tied on the strip to balance the buoyancy.

Modeling of marine fouling on an SFT is rather difficult, due to its
dependence on time, space, and material, and uncertainties in the bio-
logical processes. A few attempts are conducted for modeling accuracy.
For instance, Ameryoun et al. (2019) and Schoefs and Ameryoun (2013)
used a probabilistic model; Marty et al. 2021b) reproduced a highly

tainless-steel ‘rame:‘
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realistic representation of mussel colonization using 3D printing. The-
ophanatos and Wolfram (1989) embedded long kelp plants in the cyl-
inders. However, in order to provide a basic and generalized
understanding of surface roughness effects on hydrodynamic forces and
flow characteristics of an SFT and to reveal the fundamental flow phe-
nomena, in our study, the artificial marine fouling is modelled as uni-
form pyramid-shaped roughness, due to its simplicity and repeatability
(Zeinoddini et al., 2016). The roughness elements are placed in a stag-
gered arrangement, where the sheltering effect can be avoided. With the
use of 3D printing technology, different shells are created to represent
different roughness cases. The roughness elements are applied to the
entire surface of the SFT. The pyramids are designed with a base to
height ratio of 2:1. 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. Therefore, six SFT models are fabricated, shown in Fig. 2.
The main characteristics of the models are shown in Table 1. The defi-
nitions of ks, Dey and De; can be found in Egs. ((2)~(5).

2.3. Test cases

A series of tests are conducted with different current and wave
characteristics. The SFT models are subjected to a current-only, a wave-
only, and a combined current-wave condition. These different environ-
ments consist of various current velocities, wave heights, and wave
periods, and the combination of these parameters is tested on each
model. The generated waves had heights of up to 0.16 m and wave
periods of up to 1.84 s. Currents are generated with a maximum current
speed of 0.3 m/s. The free-stream turbulence intensity is around 4% of
the mean flow speed in the current-only cases (Zou et al., 2023). For the
wave-current combined conditions, currents are generated first, and
waves are then superimposed onto the current. The test conditions are
listed in Table 2.

The quality of the generated currents and waves is listed in Table 3.

Based on Froude scaling in Eq. (1), the upper limit values of the
environmental conditions at prototype scale are calculated in Table 4.

Wake #isualization

Fig. 1. Experimental apparatus. (a) Load cell attached to the SFT model, suspended from a stainless-steel frame, with upstream dye injection for wake visualization
(purple area); (b) two arrays of wave gauges (six gauges) placed at each side of the model; (c) Two video records to capture the wake structures and flow separations.
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Fig. 2. Six SFT configurations. (a) CS; (b) PS; (c) CR; (d) PR; (e) PR50; (f) PRS.

Table 1
Main characteristics of the modelled SFT and artificial marine growth.
Model Cross-section Surface Roughness height Coverage ratio ks Doy D,
shape k (m) (%) (m) (m) (m)
Cs Circular Smooth 0 0 0 0.16 0.16
CR Circular Rough 0.015 100 0.0075 0.175 0.175
PS Optimized Smooth 0 0 0 0.16 0.32
PR Optimized Rough 0.015 100 0.0075 0.175 0.335
PR50 Optimized Rough 0.015 50 0.00375 0.1675 0.3275
PRS Optimized Rough 0.005 100 0.0025 0.165 0.325
Table 2 Table 3
Environmental conditions used in the experiments. Generated current and wave characteristics.
Environment Label  Current Velocity Wave Height Wave Period Average current velocity U (m/s) Standard deviation of U (m/s)
(m/s) (m) © a 0.100 0.004
Current-only C1 0.1 - - Cc2 0.200 0.008
c2 0.2 - - C3 0.300 0.011
e 03 - - Average wave Standard Average wave Standard
Wave-only w1 - 0.08 0.92 . . . o
w2 B 0.08 112 period T (s) deviation of T height H (m) deviation of H
w3 - 0.08 1.41 ® (m)
w4 - 0.08 1.84 w1 0.920 0.003 0.075 0.004
W5 - 0.12 1.84 w2 1.121 0.002 0.079 0.013
w6 - 0.16 1.84 w3 1.411 0.003 0.081 0.023
Combined current- Cw1 0.2 0.08 0.92 w4 1.841 0.003 7.994 0.006
‘wave Cw2 0.2 0.08 1.12 W5 1.844 0.002 0.012 0.009
CW3 0.2 0.08 1.41 w6 1.844 0.002 0.016 0.041
Cw4 0.2 0.08 1.84
CW5 0.2 0.12 1.84
CW6 0.2 0.16 1.84
CwW7 0.3 0.16 1.84 Table 4
Environmental conditions at model and prototype scales.
Model scale Prototype scale
ALy = Ly, A, = Hy, VAT, = T,, VU, = U, § . -
SFT height (m) 0.16 8.00
where, 1 is model scale (here 4 = 50); The subscript m represents for ﬁ:g:f;ﬁe(izpth (m) g:::z ;_7(;30
model and p represents for prototype; L is length; H is wave height; T is Wave period (s) 1.84 13.01
wave period; U is freestream velocity and is calculated from the mean Current velocity (m/s) 0.30 2.12

values of both EMS probes at the SFT depth.
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2.4. Performance metrics

As aforementioned, various definitions of roughness can be found
from the prior literature, and no definite consensus on the roughness
parameter determination can be achieved. Further, marine fouling is
highly reliant on time, space, organism types (e.g., hard fouling, soft
fouling), geometry, and material properties, and different roughness
parameters have varying effects on the hydrodynamic forces on the
structures. According to Schultz (2007) and Demirel et al. (2017), the
consequences of marine fouling differ depending on the roughness
coverage ratio. The skewness and arrangement of the roughness ele-
ments can also have an impact on the force coefficients and critical
Reynolds number, shown in Fuss (2011) and Zou et al. (2023). However,
there is no universal roughness function that applies to all types of
roughness, and the question of how to correlate the roughness functions
of fouled surfaces with quantifiable metrics is a question far from being
answered. Given that the effects of multiple roughness types are
non-linear and strongly correlated with flow regimes and instabilities, it
is challenging to correlate different types of fouling surface roughness
with quantifiable metrics (Ribeiro, 1991). In this study, we propose the
equivalent diameter, which is determined by an equivalent blockage
area. For a three-dimensional object, this is a way to parameterize the
actual blockage area. This method can take into account 3-dimensional
roughness distributions with a wide range of roughness parameters such
as roughness height, geometry, coverage ratio, skewness, kurtosis, and
flatness. The equivalent diameter determined by an equivalent blockage
area is given by

Dex.ez = Dx,: + st (2)

where, D, , is the bare SFT dimension; Typically, the frontal area pro-
jected onto a plane normal to the direction of flow is used as the refer-
ence area for drag coefficient calculations. On the other hand, the
planform area, which is visible from above in the direction normal to the
bluff body, is used for lift coefficient calculations (Mansard and Funke,
1980); the SFT height D, is used for the drag coefficient while the SFT
chord length D, is used for the lift coefficient; With the equivalent
diameter, the objective is to find a quadrangle that has the same
blockage cross-sectional area as the original repetitive roughness ele-
ments, shown in Fig. 3.
Thus, the reduced roughness height ks can be calculated by:

k=~ 3)

where, S; is the aera of a single roughness element; i is the number of
repetitive roughness elements.

The effects of surface roughness on the dynamic response of a sub-
merged floating can be characterized by hydrodynamic forces and their
dimensionless coefficients. For current-only conditions, the in-line drag

Roughness element
Coverage ratio = 100%
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force is given by

1
Fu=3pC U’D,, Q)

where, Fj is the time-averaged drag force per unit of length; Cy is the
mean drag coefficient of the SFT; D, represents the equivalent diameter
of the SFT for the drag; p is fluid density.

Similarly, the lift force of the SFT under current-only conditions is
defined as

1
F, = Epcl.rmechz (5)

where, F is the root mean square (RMS) fluctuating lift force per unit of
length; Cprms is the RMS fluctuating lift coefficient; D, represent
equivalent diameter of the SFT for the lift.

According to the Morison equation, the hydrodynamic force acting
on the SFT in the in-line direction is given by

1 . .
F=F,+F,+F,= E,oCdDgU|U\ + pCaA U + pA.U

1 .
=3 pC.D UIU| + pC,A.U (6)

where, F, and F, represent the hydrodynamic-mass force and the
Froude-Krylov force, respectively, which together are called the inertia
force; A, is equivalent cross-sectional area of the SFT (considering sur-

face roughness); Uis fluid acceleration; C, is hydrodynamic-mass coef-
ficient; C,;, = C4 +1, which is the inertia coefficient.

The Morison equation is originally intended for vertical cylinders,
and thus, needs to be modified for horizontal cylinders. The horizontal
and vertical directions are assigned as two force coefficients for the
horizontal cylinder in the modified Morison equation. The validity of the
modified Morison equation was proved by Chaplin (1988), and it has
been widely applied such as in Bai et al. (2017). Therefore, the modified
Morison equation is used to describe the hydrodynamic forces acting on
the SFT, given by

1 .
Fi= EpcdiDe[U[\/ U)z( + U? +pCriA.U; @)

where, F; represents the hydrodynamic force on the SFT per unit length;
i, j = x, z represents the horizontal and vertical direction, respectively.

For wave-only and combined current-wave conditions, the drag and
inertia coefficients were calculated by the least squares method, which
solves the joint Egs. (8)~(11), given by

B R 0 (00 020 = 5 (0 )

(8)

Roughness element
Coverage ratio = 50%

— 7 &k

e
Dl

] > SFT surface

Fig. 3. Typical roughness patterns and reduced roughness height. k is the actual roughness height; k; is the reduced roughness height with an equal blockage area; [ is

the length of the repetitive roughness patterns.
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fa'iz [U,\/m U,} +fMiZ (U?) =F, Z U, ©)
Jai = %pcdiDei 10

fm[ :pcmiA(' (11)

where, F; is the force per unit length on the SFT measured by the load
cell.

Due to the low KC value under wave-only and combined current-
wave conditions, the hydrodynamic force is highly inertia dominated,
and hence, the lift force will be negligible. In terms of considering hy-
drodynamic characteristics and flow properties, several key parameters
should be considered. For current-only cases, the Reynolds number (Re)
is presented as a function of normalized coefficients, given by

PUD.x
u

Re = (12)

where, y is fluid dynamic viscosity. The Strouhal number St is a
dimensionless number describing oscillating flow mechanisms (e.g.,
vortex shedding). The definition of St in this study is given by

fDex
U

St = 13)

where, f is the frequency of vortex shedding.
For the wave-only cases, Keulegan—Carpenter number (KC) is applied
and defined as

ULT
ok

KC; (14)

where Uy, is the maximum orbital velocity of waves at the half water
depth (same depth as the SFT) in both wave-only and wave-current
flows; T is wave period; The equivalent diameter of the SFT under
waves is defined as the blockage length projected in the direction of flow
oscillation (Rusch et al., 2020); Therefore, De, is used to calculate KCy,
and De, is used to calculate KC,.

For combined current-wave conditions, multiple key parameters
were proposed for assessing the consistency of the data from the prior
literature. The dimensionless parameter “current-wave velocity ratio”
U/Uy is an important criterion for determining the hydrodynamic force
coefficients and was adopted as in Chandler and Hinwood (1982). In
addition, although the KC number is questionable and ambiguous when
currents are present, it is nonetheless commonly adopted as the main
metric. For instance, Iwagaki and Asano (1985) compared two KC
number definitions in the combined wave-current field and found that
KC =zUT/D (U > Up) has a good agreement with the KC versus hy-
drodynamic force relations developed in wave-only circumstances. KC
= (U+ Up)T/D was employed in Sarpkaya and Isaacson (1981) which
found that in this way, the regimes of vortex patterns can be described in
an orderly manner (Zdravkovich, 1996). In addition, KC = U,,T/D was
applied in Fredsoe and Sumer (2006) for combined current-wave cases.

In this research, in order to show the variation of kinematics as
currents superposed on waves, the vector sum of flow velocity is used for
the definition of KC under combined current-wave conditions, given by

(Une +U)T

KC = D

(15)

ez

KC, = —= (16)

2.5. Comparison with previous experiments

The hydrodynamic forces on the SFT should be verified to confirm
the accuracy of the experimental set-up and measurements. Therefore,
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in this section, the results from the smooth circular SFT (CS) are dis-
cussed and compared against experimental data from the literature.

Comparisons of Cq, Cjrms, and St against the results from the litera-
ture (Schewe, 1983) are shown in Fig. 4. Error bars correspond to the
standard deviations of the coefficients. It shows that the measured Ci s
matches well with prior experiments. However, in the selected range of
Reynolds numbers, the measured C,4 and St are much higher than in the
literature. The discrepancy of Cq4 is up to 50% compared to the prior
experiments. This discrepancy can be attributed to the large blockage
ratio of the SFT applied in this study (the ratio of diameter over water
depth is 23%). According to West and Apelt (1982), a blockage ratio
higher than 6% leads to a distortion of the flow where the blockage
effects can be significant. It is well known that the drag force coefficients
(both mean and fluctuating) and Strouhal number increase with
increasing blockage ratio in the subcritical regime (Blackburn and
Melbourne, 1996; Richter and Naudascher, 1976). Therefore, a blockage
ratio correction procedure is needed and the Cjy is corrected by using Eq.
(17), proposed by Allen and Vincenti (1944) .

c, 1. (D D\’
A1, =) -25(= 17
Ca 2 "(h) (h) )

where, C; is the corrected value of the mean drag coefficient of the SFT;
D is the SFT diameter; h is water depth.

Similarly, Roshko (1961) showed that the correction for Strouhal
number (St) can follow the same way, given by

St 1. (D D\’
X —ESt<;) 25 <E) as)

where, St is the corrected value of the Strouhal number.

This method is reliable for flow regions where the drag coefficient is
not highly Reynolds dependent, which is the case for the selected Re
range in this study. Fig. 4 shows that the corrected Cg and St show good
agreement with the literature, which concludes that the experimental
set-up and measurements are providing accurate results.

However, a simple blockage ratio correction procedure can hardly be
applied correctly in all flow regimes since the actual shape of the pres-
sure distribution changes with blockage West and Apelt, 1982). In
addition, the applicability of Egs. (17) and ((18) to rough SFTs is
doubtable since the pressure distribution on the SFT surface changes
with surface roughness. Therefore, the uncorrected drag coefficients are
used in the following section.

3. Surface roughness effect on SFT loads

In this section, the experimental results of the SFT with different
configurations under the current-only, the wave-only, and the combined
current-wave conditions are present. Influential factors including SFT
cross-section shape, roughness height, and roughness coverage ratio are
examined in detail. For the current-only conditions, the mean drag co-
efficient Cq4, the RMS lift coefficient Cpms, and the Strouhal number St
are analyzed. For the wave-only and the combined current-wave con-
ditions, the drag and inertia coefficients are investigated and derived by
the least squares method.

3.1. Current-only conditions

3.1.1. Effects of cross-section shape

The circular and parametric shapes for the C4 of the smooth and the
rough SFT sets are shown in Fig. 5. The equivalent diameter of the cir-
cular and parametric shapes is equal in each set. Due to a more
streamlined shape, the parametric shape SFTs of both sets have lower
drag coefficients than their circular counterparts in the selected Re
range. Compared with the circular cross-section, the parametric shape
has around a 30% reduction of C4 for the smooth set, but the reduction
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coefficient; (b) RMS lift coefficient; (c) Lift force frequency spectrum.

turns out to be around 16% for the rough set (Fig. 5(a)). This indicates
that, although the parametric shape still exhibits preferable hydrody-
namic performance over the circular shape, the drag reduction caused
by shape optimization is less influential in the presence of surface
roughness.

Fig. 5(b) shows that the Cy s of the CS is much larger than the other
three configurations in the selected Re range. In addition to the smooth
circular shape, the Cj s of the PS and rough SFTs is rather low (around
0.1). The lift force is measured along the SFT span, and the vortex
shedding in the turbulent wake regime occurs non-uniformly and inco-
herently in cells. Due to the effects of low spanwise correlation, the
fluctuating lift is lower than expected.

Fourier transforms of the lift signals for each case with U = 0.2 m/s
are shown in Fig. 5(c). A distinct peak frequency (f = 0.301 Hz) is
present in the CS configuration, which represents the vortex shedding
frequency. The lift spectrum of the CS has a much higher amplitude than
the PS and the rough configurations. Multiple peaks can be observed in
the PS configuration, and the peak frequency with the largest lift spec-
trum amplitude is 0.247 Hz. The lift spectrum amplitudes are signifi-
cantly smaller for the rough configurations than for their smooth
counterparts.

It is noteworthy that the peak frequency for the circular shape (f =
0.301 Hz) is higher than that of the parametric shape (f = 0.247 Hz).
This may be attributed to the fact that with the large blockage and
bottom wall interaction effects, the upstream flow acting on the SFT is
asymmetric, causing the angle of attack to be non-zero, thereby gener-
ating a vertical component of flow behind the SFT. Therefore, the vortex
shedding frequency is associated with the horizontal dimension of the
SFT as well, and the parametric shape may generate longer vortices due
to its larger horizontal dimension.

The morphology of the vortex street at U = 0.2 m/s (Re = 32,000) for
the smooth circular and parametric shapes are compared in Fig. 6, to
examine the vortex shedding characteristics of the two shapes and

Fig. 6. Time series of flow visualization at Re = 32,000 for CS (left) and
PS (right).

determine the mechanisms underlying the lift force spectrum. The
sequence of movie frames generally covers one vortex-shedding period.
The dye gets swept into vortices and forms coherent structures as they
move downstream away from the SFT. The locations of concentrated
vorticity are illustrated by the substantial coherent structures. At T=0s
with the circular shape, the vortex is generated at the top surface of the
SFT in the recirculation zone and moves from the upper to the lower side
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behind the SFT. At T = 1 s, the vortex begins to form at the lower side as
the upper recirculation zone is pushed away from the SFT. As the vortex
at the bottom side detaches from the SFT, the low-pressure vortex is
pushed away and shed downstream at T = 2 s, and a new vortex emerges
at the top surface of the SFT at T= 3 s. These vortices spread as the wake
widens, and a periodic steady-state shedding of the vortices is found.
Therefore, vortices detach periodically from either side of the body,
forming a Karman vortex street, leading to an oscillating force that acts
on the SFT (i.e., fluctuating lift force), and a clear vortex shedding fre-
quency peak can be seen in Fig. 5(c). However, the parametric shape
experiences more vortex interference (T = 0 s and 1.0 s). The shear
layers separate from the SFT, roll-up, and reattach to the leeward surface
of the SFT (T = 2.0 s). Due to the less coherent vortex structures and
turbulent behavior of the vortex formations, the lift spectrum amplitude
is significantly reduced, as illustrated in Fig. 5(c).

3.1.2. Effects of roughness height and coverage ratio

To investigate the influence of roughness height and coverage ratio,
the parametric shape with the PR (roughness heights of 15 mm,
roughness coverage ratio of 100%), PRS (roughness heights of 5 mm,
roughness coverage ratio of 100%) and PR50 (roughness heights of 15
mm, roughness coverage ratio of 50%) are compared. Fig. 7(a) dem-
onstrates that the PR has the largest drag coefficient, while there is less
of a clear distinction between the PRS and PR50. It can be concluded
that Cy increases with increasing roughness height and coverage ratio.
However, since the roughness substantially suppresses vortex shedding
for the three configurations, no discernible difference can be seen for in
Cirms (Fig. 7(b)). Fig. 7(c) shows the lift force of the parametric rough
configurations in the frequency domain. Multiple frequency peaks can
be observed in all the rough configurations, which indicates that the
surface roughness lessens the vortex shedding and homogenizes the
turbulent flow. Comparing the PRS to the PR configuration, it is evident
that the highest lift spectrum amplitude decreases with increased
roughness height. Comparing the PR50 with the PR configuration, the
effect of the roughness coverage ratio on the highest lift spectrum
amplitude is not noticeable.

3.2. Wave-only conditions

3.2.1. Effects of cross-section shape

The drag and inertia coefficients of the circular and parametric
shapes (with the smooth and the rough SFT sets) are displayed in Fig. 8.
The hydrodynamic force coefficients in the horizontal and vertical di-
rections are shown as a function of KC. This shows that for all the con-
figurations, the horizontal drag coefficients increase exponentially as KC
decreases. Cq reaches 70 at KC = 0.14 for the parametric shape. Due to
the small KC value in the test conditions, inertia dominates the total
force compared to the drag, and a slight error in time shift of the signals
can result in a dramatic change of C4, which is corroborated by the range
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of the error bars. The C4 computation can be contaminated by phase shift
errors.

Teng (1983) proposed an indicator RR (RR = 0.101KC for waves in
deep water) to examine the reliability of the measured hydrodynamic
force coefficients in wavy flow and concluded that only for RR >8 can
the data be better conditioned to predict C4,. With decreasing KC, the
error bar span can reach over 30% of the measured value at KC = 0.14
(W1 case, Table 2). The experimental data is therefore poorly condi-
tioned for resolving drag coefficients.

In order to minimize the effects of error bars on the results, the Cq . of
only cases W4~W6 (Table 2) are presented in the subplot of Fig. 8(a).
The C4x of both rough configurations is larger than their smooth
counterparts, and among the four SFT configurations, the PR has the
largest Cqx. This can be attributed to the parametric shape’s longer
perimeter and more surface roughness elements, which cause a larger
frictional drag than the circular shape. It should be noted that the hor-
izontal dimension of the parametric shape is larger than the circular
shape, which results in a smaller KCyx value for the parametric shape
under identical wave conditions. However, with an equal blockage
height, KC, is the same for the two cross-section shapes (Fig. 8(b)). It
shows that the parametric shape (in both rough and smooth sets) has a
larger Cq, than the circular shape because the longer horizontal
dimension increases the vertical drag. Contrarily, the difference in Cq, is
not obvious for the same cross-section shape. It appears that with
increasing KC,, the C4, declines abruptly before remaining constant,
leveling off at about KC, = 0.6. Note that the Cg; of the circular SFTs can
take negative values. This is likely because the vertical drag force
component is rather small at the low KC values, the Cq, computation is
therefore highly sensitive to the time shift of the measured force signals,
and thus, generates a large error.

The circular and parametric shapes for the Cy, x of the smooth and the
rough SFT sets are shown in Fig. 8(c). It demonstrates that the para-
metric shape SFT has a significantly lower Cp,, than the circular shape
(around a 30% reduction). The circular shape exhibits a slight decrease
in inertia coefficient with increasing KC, while the parametric shape has
a moderate increase followed by a marked reduction with a maximum at
about KC = 0.7. The PR has a lower Cp,x compared to the PS, whereas
the difference of C,, , between the CR and CS is less prominent. The
presence of the exaggerated surface roughness decelerates the incoming
flow, and hence, lowers the inertia force and coefficient. Prior literature
has shown that the inertia can be reduced by surface roughness (Jus-
tesen, 1989). Due to the more streamlined geometry of the parametric
shape and longer perimeter with more roughness elements, the attached
flow on the SFT surface undergoes increased fluid-roughness interaction
and momentum transformation. This inertia reduction effect is therefore
more noticeable for the parametric shape.

On the contrary, due to a longer chord length, the SFT’s horizontal
cross-section area that is subject to waves grows. As a result, Cp, is
larger for the parametric shape than the circular shape (Fig. 8(d)).
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Fig. 7. Distribution of Cg4, Cppms, and |Pi(f)| from direct force measurements for SFT configurations PRS, PR, and PR50, under current-only conditions. (a) Drag
coefficient; (b) RMS lift coefficient; (c) Lift force frequency spectrum.
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configuration CS, CR, PS, and PR, under wave-only conditions.

Additionally, in contrast to the horizontal inertia coefficients, the ver-
tical inertia coefficients drop more rapidly with increasing KC. The
maximum at KC, = 0.6 in Cg, is illustrated in Cp,;, where a fairly con-
stant value followed by a sharp decline is observed for the circular
shape. However, for the parametric shape, the maximum C,, moves to
around KC = 0.7 with a gradual increase and a sharp decrease. These
maxima stem from the change in wave height (see Table 2), indicating
that the hydrodynamic force coefficients are more sensitive to wave
height than the wave period. Contrary to Cpy, Cmz does not clearly
distinguish between the rough and smooth configurations for either
shape. Intriguingly, the declining trend of the Cp,, has a steeper slope
(more sensitive) than the C, . as a function of KC.

It should be noted that the smooth SFT has a larger Cp,, than the
rough case, but there is no distinct difference in C,, ; between the smooth
and rough cases. Contradictory results can be observed, as in Marty
et al. (2021b), where the inertia coefficient of the smooth cylinder is
lower than the rough case. This can be attributed to the fact that in
Marty et al.’s (2021b) experiments, the oscillating and periodic motion
of flow is created by towing a hexapod connecting the cylinder. Simi-
larly, planar oscillatory flow, generated by a towing tank or a U-shape
tube, is widely applied to investigate the hydrodynamic force co-
efficients under waves (Konstantinidis and Bouris, 2017; Pearcey et al.,
2017; Skomedal et al., 1989). The oscillating planar flow can kinemat-
ically represent the horizontal component of the orbital velocity of
waves, however, dynamically, there is a difference. The hydrodynamic
mass force caused by the body-generated disturbance flow can be rep-
resented, but the Froude-Krylov force of the inertia associated with the
absolute flow acceleration is not included. This leads to a difference in
the boundary layer development and pressure gradient on the cylinder
as compared to realistic waves. This difference presented in the flow
around the cylinder affects the hydrodynamic forces (i.e., inertia) acting

on the cylinder, and the Morison equation’s weighting of the drag and
inertia components is incorrect due to the difference in the forcing
mechanism. For circumstances where inertia is dominant (small KC), as
in this SFT study, this effect is more significant.

In addition, for vertical cylinders, the vertical force component
parallel to the cylinder axis can be negligible. However, for horizontal
cylinders, the vertical component due to the orbital motion of the water
particle has a major impact on hydrodynamic forces (Teng, 1983). The
method that represents waves using planar oscillatory flow neglects the
free surface effects and vertical components of the water particle ve-
locity. The drag and inertia coefficients are overpredicted when planar
oscillatory flows are applied (Sarpkaya and Isaacson, 1981).

3.2.2. Effects of roughness height and coverage ratio

Fig. 9 shows the drag and inertia coefficients of the SFT configura-
tions PR, PRS, and PS50 as a function of KC. It appears that both Cq , and
Cq4z increase exponentially with decreasing KC for the three configura-
tions (Fig. 9(a~b)). The largest Cqx and C4, are found in the PR
configuration compared to the PRS and PR50, demonstrating that Cgx
and Cg4, increase with increasing roughness height and coverage ratio.
The disparities in C4x and Cg, for all configurations, however, become
smaller as KC increases. In the chosen wave conditions, the PRS
configuration is more effective at reducing drag, compared to the PR50.
Fig. 9(c) and (d) show that the C,, x and Cy, ; of the PR50 are the largest
for wave-only conditions, and the difference in Gy, x and Cp,; between
the PR and the PRS cases is small. As has been discussed in Section 4.2.1,
surface roughness alleviates the inertia, and momentum is imparted as
the flow interacts with roughness elements. As a result, with more
roughness elements on the SFT surface, the PR and PRS cases have lower
inertia coefficients than the PR50 configuration. Similarly, for all
parametric shape configurations, Cpmx and Cp, exhibit an increase,
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configuration PRS, PR, and PR50, under wave-only conditions.

followed by a decrease with maxima at KC = 0.7.
3.3. Combined current-wave conditions

Ocean waves typically exist together iwth currents. The kinematics
and dynamics of the water particles are closely related to the hydrody-
namic forces acting on the SFT, and the presence of currents has a
substantial impact on these forces. This section presents results con-
cerning combined current-wave conditions.

3.3.1. Effects of cross-section shape

The drag and inertia coefficients of the circular and parametric
shapes (with the smooth and the rough SFT sets) are displayed in Fig. 10.
The rough cases generally have a larger Cg, than the smooth cases.
Contrary to the wave-only case, it is interesting to note that when KCy >
1.4, the circular shape (both rough and smooth configurations) has a
larger Cg x than the parametric shape, and the difference of C4  between
the parametric shape and circular shape increases with increasing KC,.
This indicates that for KCx > 1.4, the cross-section shape (structural
geometry) has a more significant impact on the drag under combined
current-wave conditions than under the wave-only scenarios. The CR
has the largest C4, among the four SFT configurations. For the para-
metric shape (both smooth and rough cases), Cqy decreases with
increasing KCy, and the smooth case exhibits a larger negative slope than
the rough one. However, for the circular shape (both smooth and rough
cases), as KCy increases, Cg, undergoes a continuous drop followed by
an increase, with a minimum at KCy = 4.8. This stems from the change in
the current speed. The upstream current speed of the CW7 case (within
the red block in Fig. 10(a)) is 0.3 m/s, whereas it is 0.2 m/s for the rest of
the cases (CW1~CW6). It is interesting to note that, for the combined
current-wave conditions, the increasing wave parameters (wave height

10

and period) reduce Cg, (in cases CW1 ~ CW6), whereas the increasing
current speed increases the horizontal drag (in cases CW6 ~ CW7).
Similar to the wave-only cases, the parametric shape (in both rough and
smooth sets) has a larger C4, than the circular shape due to a longer
horizontal dimension (Fig. 10(b)). For the same cross-section shape, the
rough cases exhibit slightly larger Cg, than the smooth ones. However,
the difference is minor. For all the SFT configurations, Cq, undergoes a
sharp decrease with increasing KC, and when KC, reaches 0.6, Cgq ; be-
gins to gradually stabilize at a value of about 1.0.

Regarding the inertia results, the parametric shape in Fig. 10(c) has a
significantly lower Cp,« than the circular shape, and the PR configura-
tion has the lowest Cy, . For the parametric shape, the difference in Cp,
between the rough and the smooth cases is larger than for the circular
shape. For all the SFT configurations, C, x shows a declining trend as KCx
increases., The parametric shape shows considerably larger Cp, ; than the
circular shape (Fig. 10(d)). The difference in Cy, ; between the rough and
the smooth cases for both cross-section shapes is not noticeable, indi-
cating that the effect of roughness on the vertical inertia is negligible.
Local maxima of Cy, , for both shapes can be clearly seen at around KC,
= 0.49. With increasing KC,, Cy, ; gradually increases followed by a rapid
decrease for the parametric shape, whereas it remains generally constant
followed by a sharp decrease for the circular shape.

3.3.2. Effects of roughness height and coverage ratio

Fig. 11 shows the drag and inertia coefficients with the SFT config-
urations of the PR, PRS, and PS50 as a function of KC. Similar to the
wave-only conditions, both Cg and Cg4; tend to increase with decreasing
KC (Fig. 11(a) and (b)). The PR configuration has the largest Cq and Cq,
2 showing that under combined wave-current conditions, Cqx and Cg,
increase with increasing roughness height and coverage ratio. However,
the difference of Cqx and Cg; between the PRS and PR50 cases is not
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Fig. 10. Distribution of drag and inertia coefficients as a function of the Keulegan-Carpenter number KC (in the horizontal and vertical directions) for the SFT

configuration CS, CR, PS, and PR, under combined current-wave conditions.

obvious, with the error bars overlapping.

As for the inertia coefficients (Fig. 11(c) and (d)), the differences in
Cmx and C,; among the three SFT configurations are minor, demon-
strating that the roughness parameters are not key factors for the inertia
coefficients under combined wave-current conditions. However, as KC
increases, Cp,x shows a continuously decreasing trend, but Gy, , shows an
increase and then a decrease with a maximum around KC, = 0.49 for all
the SFT configurations.

4. Discussion

The hydrodynamic force coefficients of marine structures taking
account of the marine growth effects are standardized in BS 6349-1-2
(2016), Veritas (2019), JTS-145-2-2013 (2013) and API (2014). How-
ever, the assessments of marine growth effects in such engineering
standards are inconsistent and contentious. In order to provide recom-
mendations for the SFT’s engineering design with regard to the effects of
marine fouling, the hydrodynamic force coefficients from this study and
the existing standards are compared and evaluated.

The existing standards predict hydrodynamic forces mainly by
applying the Morison equation with drag and inertia coefficients (C4 and
Cp). The variation of the force coefficients can be accounted for by
expressing Cq and C, as a function of KC, Re, relative roughness (A= k/
D), etc. For the post-critical flow regime (high Re), the commonly
applied approach of estimating C4, shown in DNV-RP-C205 (Veritas,
2019), is given by

Ca = Cps(A)-p(KC) 19

where, Cps(A)is the roughness coefficient, for which the smooth and
rough cylinder (A> 0.01) correspond to Cps(A)= 0.65 and 1.05,

11

respectively; y(KC) is the wake amplification factor, given by

C, +0.10(KC — 12),2 <KC < 12

w(KC) ={ €, —1.00,0.75 < KC < 2 20
C, — 1.00 — 2.00(KC — 0.75),KC < 0.75

where,

C, =1.50 — 0.024(12 / Cps — 10) 21

The added mass coefficient C4 (= C, - 1) is also associated with KC
and Cps(A), given by

&= {

For current-only scenarios, an infinite KC will cause C4 to asymptote
to C DS (A)

Similarly, in the API (API, 2014), Cq is regarded as a function of Re,
KC, and A, and the plots of the dependence of steady flowCps(A) on KC
and A in the post-critical regime are provided. In our case k/D = 0.094,
and for the rough and smooth cylinders, Cps(A) can be assumed as 1.1
and 0.6, respectively. For typical design situations, C,, approaches 2.0
for K < 3 for both smooth and rough cylinders, while it decreases with
increasing KC for KC > 3.

However, in JTS-145-2-2013 (2013), for the smooth circular cylin-
der, Cq and Cp, are assumed to be 1.2 and 2.0, respectively. The effect of
KC is taken into account in the Cq and C,,, computations for the combined
current-wave scenarios, but only the data for KC > 5 are accessible. For
the marine fouling effect, the wave force is calculated by multiplying a
scaling factor related to A. However, the marine fouling effects on Cq
under current-only conditions are lacking.

max[1.0 — 0.44(KC — 3),0.6 — (Cps(A) — 0.65)], for KC > 3
1.0,for KC < 3

(22)
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Fig. 11. Distribution of drag and inertia coefficients as a function of the Keulegan-Carpenter number KC (in the horizontal and vertical directions) for the SFT

configuration PRS, PR, and PR50, under combined current-wave conditions.

Since no suitable value can be provided from the standards for the
parametric shape, the comparison between the calculated C4 and Cp,
from the experiments and the predictions from the engineering stan-
dards for the CS and CR configurations under current-only and com-
bined current-wave conditions is presented in Fig. 12(a). It shows that
for both the smooth and rough cases under current-only conditions, all
the selected engineering standards underestimate Cyq. The DNV and API
(Veritas, 2019; API, 2014) predictions for the smooth cylinder are lower
than the JTS’s results.

For the combined current-wave conditions, C4 is considerably
underpredicted by all the standards, and an inverse relationship be-
tween C4 and KC is shown in the API and DNV[53], (Veritas, 2019)
predictions compared to the measured results (Fig. 12(b)). However,
despite only the result at KC > 5 being available in JTS, the predictions

of Cq4 for both the smooth and rough cylinders show good agreements
with the measured data. Regarding the Cp, (Fig. 12(c)), in the selected
range of KC, there is no dependence of C;, on the surface roughness in
the standards’ results, and a generally constant value of C,, around 2 is
provided in API and DNV. However, as KC increases, C, shows a
decreasing trend in the measured data. Since JTS multiplies wave force
by a large factor when it accounts for marine growth, Cp, is significantly
overestimated for the rough case. For all the scenarios, the predictions
from DNV and API (Veritas, 2019; API, 2014) are comparable for both
the smooth and rough cases because an identical approach is adopted for
determination of the force coefficients.

The differences highlighted in the comparison stem from various
reasons. For a horizontal cylinder in waves, the vertical component of
the water particle velocity is crucial, and the Morison equation should be

(a)2s — (b) 3.0 (€)3s
= Cs API-CS API-CR = Cs| API-CS API-CR = Cs| APLCS APICR |
5% = CR DNV-CS| |7 DNV-CR 25 = CR DNV-CS DNV-CR = CR DNV-CS| | © DNV-CR
2 ITS-CS : JTS-CS JTS-CR 3.0 ITS-CS IJTS-CR
2.04 2.04 [
l4 ‘ 2.4 €, =-0.223KC+2.556
164 I ", T 15 Ct roug=0.186KC+1.957 g
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1.24 i = Y 1.04 €, smoos=-0.276KC+2.084 -
0.8 051 g 1
04 T T T 0.0 T T 0.6 T T
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Fig. 12. Comparison between the predictions of the drag and the inertia coefficients between the engineering standards and the experimental data. (a) C4 under
current-only conditions; (b) C4 under combined curren-wave conditions; (c) C,, under combined current-wave conditions.
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modified into a vector form. However, most of the standards are based
on vertical cylinders such as riser segments in Veritas (2019), platforms
in API (2014), and vertical piles in JTS-145-2-2013 (2013).

Furthermore, the hydrodynamic force coefficients are mostly pro-
vided for the post-critical regime by the current standards. However, in
this study, the smooth cylinder is in the subcritical regime. The variation
of hydrodynamic force coefficients on a cylinder is very pronounced for
different flow regimes.

In addition, to account for the marine growth effects, the equivalent
diameter of the structural elements applied in BS 6349-1-2 (2016),
Veritas (2019), API (2014) adopts a “clean” outer cylinder diameter plus
twice the thickness of marine growth, while in JTS-145-2-2013 (2013),
the wave force computation takes into account the bare cylinder
diameter and a scaling factor. However, in this study, an equivalent
diameter with an equal blockage area is adopted for the rough cases.
This definition manifests in the normalized parameters such as Reynolds
number, drag and lift coefficients, and Strouhal number, and it, there-
fore, affects the hydrodynamic force coefficient predictions. It is also
noteworthy that the current engineering standards for maritime struc-
tures that account for the effects of marine biofouling are typically based
on empirical formulas or defined values (BS 6349-1-2, 2016; Veritas,
2019; JTS-145-2-2013, 2013; API, 2014), with a limited number of
roughness characteristics considered (e.g., roughness thickness).

Finally, blockage effects have a significant influence on the hydro-
dynamic forces, which are not adequately taken into account in those
engineering standards. The blockage ratio affects the pressure distribu-
tion and flow separation by restricting the wake flow. As the blockage
ratio increases, the local flow velocity is enhanced and thus, increases
the local Reynolds number. The higher blockage acts to decrease the
inertia coefficient of the in-line force exerted on the cylinder and to
increase the drag coefficient (Anagnostopoulos and Minear, 2004). The
blockage effects need to be carefully considered if the blockage is over
6% (West and Apelt, 1982).

In order to provide a reference for the SFT’s hydrodynamic force
coefficients with consideration for marine growth effects, regression
analysis is performed for the smooth and rough cases based on the
measured data, shown in Fig. 12. Each fitting has a designated confi-
dence band. For the current-only condition, the difference between the
rough and the smooth case is minor, and thus, C;4 = 1.75 + 0.15 is
recommended. Regarding the combined current-wave conditions for 1 <
KC < 5, the hydrodynamic force coefficients are given by Eqs. (23)~(24)

C; = —0.276KC + 2.084, for smooth cylinders 23)
C; = —0.186KC + 1.957, for rough cylinders
C,, = —0.223KC +2.556 (24)

5. Conclusions

This paper presents an experimental study of marine fouling (rep-
resented by surface roughness) effects on the hydrodynamic forces and
flow characteristics of the SFT under various types of environmental
conditions (i.e., current-only, wave-only, and combined current-wave
conditions). The influence of cross-section shape and roughness pa-
rameters including roughness height and roughness coverage ratio on
the hydrodynamic force coefficients of the SFT is assessed. The
measured hydrodynamic force coefficients based on the Morison equa-
tion for the smooth and rough SFTs are compared against predictions
from existing engineering standards for other marine structures, and
recommendations for the hydrodynamic force coefficients for the SFT
are provided with consideration of blockage effects and the definition of
the equivalent diameter of the structure. The main findings are sum-
marized as follows:

(1) For current-only conditions, compared to the circular shape, the
parametric shape can effectively lower C4 due to the streamlined
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shape; however, the drag reduction caused by shape optimization
is less prominent in the presence of surface roughness. The C4 of
the SFT increases with increasing roughness height and coverage
ratio. Large roughness elements can result in incoherence of the
vortices, homogenization of the turbulent flow, and reduction of
the peak force amplitude of the frequency spectrum.

For wave-only conditions, the parametric shape for both smooth
and rough cases has a much lower Cp,  than the circular shape,
and the parametric shape is particularly susceptible to the effects
of exaggerated surface roughness. The friction drag can be
increased by the parametric shape due to its longer perimeter.
Due to the longer horizontal dimension and larger cross-sectional
area of the parametric shape, the vertical hydrodynamic force
coefficients are generally larger than the circular shape. Rough-
ness parameters do not have a strong effect on C4 and C,, for
wave-only conditions.

For combined current-wave conditions, similar to the wave-only
conditions, the parametric shape has a much smaller Cp,, than
the circular shape, while the vertical force coefficients are larger.
Contrary to the wave-only cases, it is more evident under wave-
current combined conditions that C4 increases with increasing
roughness height and coverage ratio, indicating the steady cur-
rent component has a substantial influence.

Based on the Morison equation, the current engineering stan-
dards used for marine structures such as risers and pipelines are
unable to provide plausible prediction of hydrodynamic force
coefficients for an SFT. For an SFT with a blockage ratio of 23%,
the measured drag coefficient can increase substantially (up to
50%). The SFT, with its unique characteristics such as large
blockage and low KC, should be carefully reevaluated in light of
marine fouling effects.

(2

3

(€]

The findings of this study aid in a better understanding of marine
fouling effects on the hydrodynamic behavior of the SFT in the presence
of waves and currents. The evolution of hydrodynamic coefficients as a
function of the various environmental conditions reveals a close corre-
lation between hydrodynamic loads, structural geometry, and roughness
parameters. The evaluated findings of hydrodynamic force in relation to
structural geometry and roughness parameters can provide references
for the engineering design of SFTs. However, the applied regular pyra-
midal roughness only very roughly represents actual marine fouling
organisms. Further research is required to determine the impacts of a
roughness that is more realistically shaped and proportioned, as well as
the distribution and colonization patterns of marine fouling.
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