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Abstract :   
 
Submarine cables such as electrical umbilical power cables for floating wind turbines are subject to 
biofouling which can have an important effect on their dynamical behaviour under wave and current 
conditions by drastically increasing their size and mass. The impact of biofouling on the dynamic 
behaviour of an underwater power cable characterized by the hydrodynamic coefficients, such as drag 
and inertia coefficients, must therefore be quantified. Hence, experiments have been carried out in a flume 
tank to compare the dynamics of a cylinder colonized by several kinds of roughnesses. The studied 
roughnesses concern realistic marine growth shapes and patterns with larger and sharper edges than 
those classically studied, in order to be more representative of hard fouling, such as Mytilus Edulis 
encountered on the western and north coasts of France. Seven configurations are tested with relative 
roughness coefficient ranging from roughness to cylinder diameter ratio up to 0.136. A specificity of this 
work is the highly realistic representation of the marine growth colonization through 3D printing covers, 
defined by statistical analysis of in situ observations and measurements. Tests are carried out using 
current only, then in line horizontal oscillating motions only and finally the combination of both, with the 
intention of reproducing specific wave and current conditions suitable for offshore applications. Using 
current conditions, the calculated coefficients are quite similar between configurations. However, the 
addition of oscillating motions to simulate wave induced motions has a significant impact on calculated 
results. The presence of roughness leads to a particular increase of drag and inertia phenomena. The 
Morison method used to characterize hydrodynamic coefficients in wave conditions is discussed in this 
paper. 
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Highlights 

► Hard realistic marine growth modelling. ► Colonized submarine cable hydrodynamical behaviour study 
under current and wave solicitation. ► Drag and inertia phenomena are governed by hard marine growth 
with an increase up to factor 4. ► Comparison between Morison decomposition and engineering 
standards. 
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1. Introduction

Most of the Floating Wind Turbine sites are located in moderate water depths where biofoul-

ing can be observed on a major part of the water column structure with high roughness. In site

submitted to current and waves, the presence of marine growth can thus have a strong impact on

mooring lines responses by drastically increasing their size and mass (Ameryoun [3] or Spraul

et al. [38]). Consequences of these phenomena lead to a decrease in the lifetime of the mooring

lines, see Yang et al. [45]. Because biofouling is space, time and material dependent, general

empirical formulas, widely used in the engineering field (see API [2] and DNV [9] standards),

take into account the biofouling influence in the design process. Unfortunately, these formula-

tions are limited due to the small number of relative roughnesses and type of geometries already

studied.

Although, the flow around objects with circular cross section has received considerable attention

(Sarpkaya [32], [35] [33], Morison et al. [24] and Schlichting [36]) motivated by the fundamen-

tal flow phenomena involved as well as for its relevance to engineering applications, such as

mooring lines or power cables Marty et al. [19]. One of the general characteristic features is the

appearance of fluctuating hydrodynamic loads which can lead to flow-induced vibrations and,

if low damped, to possible structure damage. The possible influences of rough surfaces on the

flow phenomena and on the surface pressures and forces acting on a circular cylinder have been

investigated in many aspects already but most often with relative low roughnesses (Sarpkaya

[35], Achenbach and Heinecke [1] and more recently Xiaojie et al. [44] and Vanhinsberg [42]).

These studies are based on the investigation of the influence of surface roughness (characterized

by its height : k) on the cross-flow around a circular cylinder (characterized by its diameter : D).

All these studies agreed on the fact that the presence of roughness facilitates the appearance of

a turbulent boundary layer that reduces the Reynolds number where the critical transition for the

drag coefficient (CD) occurs, from Re = 2×105 with k/D = 0 to Re = 4×104 for k/D = 2×10−2

[36]. And then, that the drag coefficient can be reduced for Renolds numbers in the range of

4× 104 − 105 in steady flow. However, in [32] and [33], Sarpkaya shows that the drag coefficient

in oscillating motions can be increased by a factor 2 with the presence of roughness. Gaurier
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et al. [14] studied experimentally two different kinds of large roughnesses and highlight that the

associated hydrodynamic coefficients can be from 1.5 to 4 times higher than those obtained for

a smooth cylinder. Teng and Nath [39] who compared experimental results of a cylinder (of

diameter D) with different roughness parameters k/D from 0.02 to 0.2 showed that in presence

of waves, both oscillating drag coefficient (Cd) and inertia coefficient (Cm) increase as the rela-

tive roughness increases but did not observe any dependence of the relative roughness on the Cm

values for the studied conditions (waves and flow speed).

Moreover, it seems that the roughness density and more particularly the amount of surface cylin-

der covered by the biofouling is also a critical parameter for the calculation of the hydrodynamic

coefficients, as shown in Theophanatos and Picken’s works ([40], [41], [31]). According to

Boukinda et al. [5], who studied the marine growth colonization in Gulf of Guinea, the thick-

ness profiles of biofouling is non-linear with a first range between the surface and 10 − 20 m,

where the marine growth increases significantly with depth, and a second one more stable be-

tween 20 m and the bottom. The average thickness calculated is around k = 40 mm, which leads

to a relative roughness k/D equal to 0.2 if the concerned diameter of the structure is equal to

200 mm. The studies dealing with hydrodynamic behaviours with these high values of the rel-

ative roughness are practically non-existent in the scientific literature which is generally taken

up to 0.02 in Schlichting [36] and Sarpkaya [32] for example or more recently in the work of

Xiaojie et al. [44]. The few studies found with large roughnesses (Teng and Nath [39] and Gau-

rier et al. [14]) give good trends of hydrodynamic coefficients under wave and current conditions

but do not focus on the relative roughness definition which is really difficult to define in this

kind of work. The first one takes the smooth cylinder diameter to calculate all parameters and

the second one the external diameter. But it is shown in Ameryoun et al. [4] and Decurey et al.

[8] that the definition is not that simple and has to account for some other parameters to define

the right equivalent diameter. This is required to predict as accurately as possible the behaviour

of offshore structures, such as mooring lines or underwater cables with a new application in a

severe site (high speed and wave amplitude). Moreover, Decurey et al. [8] showed that due to

internal and inter-species competition, it has been observed that mussels are often arranged in a

bulbous manner. We have therefore performed a dedicated flume tank test campaign under the

OMDYN2 project (Dynamic umbilicals for floating marine renewable energies technologies -

Phase 2, [11] and Marty et al. [18] [20]). These tests are carried-out at full-scale, removing the
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Reynolds similitude issue, with a highly realistic representation of mussel colonisation. Seven

configurations are tested: a smooth one, two with a different homogeneous roughness and four

with heterogeneous roughnesses. The purpose of the tests is firstly to quantify the impact of large

roughnesses on the cylinder behaviour, and then to compare the different roughnesses depending

on their constant or variable thicknesses. For this, pure current, regular forced oscillations and

superimposed loadings are tested on a flume tank.

We first describe the experimental set-up including the experimental process to simulate hard

fouling (mussels) concretions on a cable and the calculation method of hydrodynamic coeffi-

cients. Then, we will present the results of the experimental campaign carried out in a wave

and current circulating tank. The mean drag coefficient, the vortex shedding frequency for trials

under current and both inertia and drag coefficients for trials under combined current and forced

motions will be compared for all configurations. A review of the Morison’s equation approach

for the hydrodynamic coefficient evaluation of studied structures is also presented.

2. Experimental set-up

To better understand the hydrodynamic behaviour of a submarine cable under waves and

current conditions, a specific experimental assembly has been developed. The assembly is based

on the use of a 6 degrees of freedom (DOF) hexapod to simulate wave effects on an instrumented

cylinder (rough and smooth) submitted to a current. In this section, the assembly, the roughness

modelization and the test cases are presented.

2.1. Ifremer Flume tank.

The tests are carried out in the wave and current circulating tank of Ifremer, located in Boulogne-

sur-Mer (France) and presented in the figure 1.

The test section is: 18m long × 4m wide × 2m high. In this work, the three instantaneous

velocity components are denoted (U,V,W) along the (X,Y,Z) directions respectively (Fig.1).

Each instantaneous velocity component is separated into a mean value and a fluctuating part

according to the Reynolds decomposition: U = U + u′, where an overbar indicates the time

average. The incoming flow (U∞,V∞,W∞) is assumed to be steady and constant. By means of a

grid and a honeycomb (that acts as a flow straightener) placed at the inlet of the working section,

a turbulent intensity of I = 1.5% is achieved, see Gaurier et al. [15].
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Figure 1: Ifremer Flume tank in Boulogne-sur-Mer.

2.2. Assembly and instrumentation

An overview of the global set-up is presented on the figure 2. The cylinder movements are

generated using a 6-DOF hexapod on which the structure and the instrumentation are fixed.

As shown on the figure 2, the cylinder is horizontally mounted so that the cylinder is located in

the middle of the test section (at one meter depth). The 2 m length cylinder is perpendicular to

the direction of the upstream flow. To simulate wave conditions, the hexapode moves with an

oscillating and periodic motion in parallel to the flow to represent the horizontal part of the waves

orbital velocity. The hexapode motions along the Ox axis are characterized by its amplitude (Ax)

and its frequency ( f ). The axis coordinate system (X, Y, Z) is chosen so that the Ox axis is in

the same direction as the current. The Oz axis is across the width of the basin and the Oy axis is

vertical and oriented upwards, see the figure 3.

Two 6 components load cells, fixed at each extremity of the cylinder enable the forces applied

to the cylinder to be measured. The location of these load cells is identified by their own axis

systems as shown on the figure 3. The two cylindrical load cells measure the forces applied on

the cylinder only, half of the total load for each cell. The cylinder is free to rotate around the z

axis without any constraints along the x axis in order to build a non-hyperstatic assembly.

Concerning the measurement uncertainty analysis, forces measurements loads cells, which have

a maximal loads range of Fx,y,z = 1500 N with a measurement accuracy of 0.75 N for each load
5



Figure 2: Presentation of the global set-up with the 6-DOF hexapod (left), the smooth cylinder (top right) and one of the

rough cylinder (bottom right).

Figure 3: Axis coordinate system (X, Y, Z) used for these tests. In black, the main system. The Ox axis is common to all

systems and corresponds to the main flow direction. In red, the axes of the load cells (right and left).

cell which leads to a measurement uncertainty equal to 0.05%. Drag and lift forces are calculated

by adding the measurements of both cells that leads to a measurement uncertainty of 1%. From
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forced motions, the precision of the hexapode is equal to 0.5 mm, in the worst-case scenario

(for small motions 100 mm) it leads to a percentage of uncertainty equal to 0.5%. Finally, the

turbulent intensity in the test section is equal to I = 1.5%, see Gaurier et al. [15]. We therefore

have a speed variation lower than 1.5% in the test section. By adding all these uncertainties we

can conclude the overall measurement uncertainty is lower than 3%.

2.3. Diameters and roughness definition

One of the aims of this work is to reproduce the roughness with a highly realistic representation of

mussel colonization through 3D printing covers, defined by statistical analysis of in-situ observa-

tions (Decurey et al. [8] and Spraul et al. [38]). The figure 4 represents a mooring line colonized

by marine growth (Mytilus edulis colonisation, mussels) at different depths at the SEMREV sea

test site operated by Centrale Nantes [25].

Figure 4: Illustration of Mytilus edulis colonisation on a small buoy mooring line, made of Deltex material at SEMREV

sea test site.

From on site inspection of this cable (Schoefs et al. [37]), the size, the shape and the species

distribution can be characterized. In view to create a data base that is easier to reproduce and

complete in the future, it was decided to fix the roughness as a deterministic parameter and to

analyse the sensitivity of the results by selecting two deterministic values. That leads to a geo-

metrical arrangement and roughness specifications reported in the figures 6 and 7.

When mussels cluster around the rope, they do not fill all the space and create interstices full of

water. In the following we consider that only the last level of mussels creates the surface rough-

ness and the other levels create a closed and homogeneous volume due to the high concentration

of mussels.

The roughness parameter (e) is defined as the ratio k/De, where k is the dimension of the studied

roughness and De the equivalent diameter. In the literature, several definitions of the roughness
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exist, see Achenbach and Heinecke [1] or Jusoh and Wolfram [17]. In Ameryoun et al. [4], they

used a stochastic modelling of marine growth and hydrodynamic parameters to define the rough-

ness as the ratio of the apparent height of the surface roughness (mussel length from the wider

section to the external extremity, k) on the equivalent diameter of the studied configuration. In-

deed, a mussel cover may be composed of several highly compact superimposed layers. As such,

layers below the external one represent a thickness of closed surfaces where no fluid dynamic

is permitted, with no entrapped water volume. This closed volume corresponds therefore to the

difference between the whole thickness (from the internal diameter to the extremity, th) and the

surface roughness (k). The figure 5 represents the different parameters for the calculation of the

equivalent diameter.

Figure 5: Definition of roughness parameters adapted to the experimental set-up.

Consequently, this thickness is assumed to be a diameter increase in a fluid dynamic point of

view and thus the equivalent diameter is calculated as follow.

De = Di + 2 × (th − k) (1)

Then, the thickness parameter (e) is only defined from the external layer, over a cylinder of

equivalent diameter De. Applying the same principle on the external layer, the part below the

wider section of mussel is considered to be closed. Consequently, only the mussel height upon

the wider section is considered to define the roughness k, representing the surface irregularities

8



impacting the flow boundary layer.

To this end and by means of 3D printing, two types of mussel shape and distributions have been

considered. The first one called C1 with outside diameter (Dext) equal to 260 mm with small

size mussels (mussel height of 20 mm) and the second one called C2 with outside diameter equal

to 280 mm composed of larger individual mussels (mussel height of 30 mm). The design of a

mussel depends on two factors, its basement shaped as an ellipse with the minor and major axes,

and its height. Both configurations have an ellipse base of 16× 18 mm and 20 mm tall for C1 and

24 × 27 mm and 30 mm tall for C2. Precise dimensions are given in the figure 6.

Figure 6: Mussels’ dimensions for C1 on top and C2 at the bottom. On the right, mussels distribution around the cylinder

with the C2 shape.

For each mussel shape, the distribution around the cylinder follows the same pattern. Mussels

are arranged depending on their angle between the major axis of the ellipse and the cylinder axis

in such a way as to generate a stochastic distribution network as shown on the figure 6. The eight

angles pattern is repeated all along the circumference of the cylinder and then reproduced along

the cylinder axis with a staggered positioning, represented by the arrows on the drawing.

The experimental set-up is based on a smooth cylinder (called S ) of diameter D = 160 mm,

on which the roughness is superimposed in order to design a configuration with roughness, see
9



the figure 7. The internal diameter of the cable sample was chosen at 160 mm in order to be

representative of 33-66kV power cables for floating wind turbines.

Figure 7: On the left, from the top to the bottom, cases S , C1 and C2. On the right, C2 roughness mounted on the

cylinder.

The spatial profile of colonization by mussels has been weakly investigated in research papers,

mainly because the data of the thickness was reported by divers at specific depth (maximum

value of the thickness every one meter etc . . . , Picken [31]). Recently, surveys of mooring lines

were analysed by means of image processing with specific algorithms (O’Byrne et al. [28], [29],

[26], [27]) and the spatial profiles were reported with a high discretization in space (5 cm). A

model was developed by Decurey et al. [8] who highlighted the presence of bulbs with a very

complex random shape that leads to model the length and diameter of bulbs and the distance

between them as random variables. The figure 8 gives an overview of the distribution of these

parameters from the inspection’s records of Decurey: length of bulbs, distance between them and

increase of diameter due to bulbs.

As for the roughness, our objective is to developed a test that could assess the main effect and be

part of future benchmarking. The real complex and random shape is therefore simplified in view

to increase the potential effect of these parameters: selection of the highest size of the bulbs (200

mm), the highest distance between bulbs and significant and representative increase of diameter

(100 mm). Note that for respecting at best the meaning of equivalent diameter, the smallest

distance between bulbs could be also selected. The objective here is to analyse if a modelling of

loading through De is still reasonable in the worst geometry.
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Figure 8: Distributions of length of bulbs (left), distance between bulbs (center), increase of diameter due bulbs (right).

In the following we will simulate, with different arrangements of the three kinds of cover (S ,

C1 and C2), a mature colonization (full coverage with mussels) and an initiation of colonization

(bulbs on smooth cylinder). That leads to two ”hybrid” configurations which alternate smooth

and rough parts (called C1/S and C2/S, presented in the figure 10) and two full coverages which

alternate between the two roughnesses (called C1/C2 and C2/C1, see the figure 11). These

configurations are representative of bulbs or lump emergence identifiable by peaks and troughs

of thickness along a line, as seen on the figure 9.

Figure 9: Bulbs of mussels defined by alternating deeps and peaks, from [8].

Thus, seven configurations are tested in this work. For the homogenous cases S , C1 and C2 the

equivalent diameter is directly calculated according to equation (1). For the non-homogenous

cases, the equivalent diameter (as other parameters, k and th) is the ratio between the considered

roughnesses, considering that for a noted case x1/x2 there is 60 % of x1 and 40 % of x2, as

shown in the figures 10 and 11. For instance, De(x1/x2) = 0.6De(x1) + 0.4De(x2). The main
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Figure 10: Assembly for the test case C1/S: roughness C1 mounted on the smooth tube of diameter D=160mm.

Figure 11: Assembly for the test case C1/C2 (top) and C2/C1 (bottom) mounted on the smooth cylinder.

cylinders arrangement characteristics are summarized in table 1. In this paper, all the parameters

and coefficients are calculated with the equivalent diameter, De.

Configurations S C1 C2 C1/S C2/S C1/C2 C2/C1

Di (mm) 160 160 160 160 160 160 160

Dext (mm) 160 260 280 220 232 268 272

k (mm) 0 20 30 12 18 24 26

th (mm) 0 50 60 30 36 54 56

De (mm) 160 220 220 196 196 220 220

e = k/De 0 0.091 0.136 0.061 0.092 0.11 0.12

Mass system (daN) 47 105 110 85 93.5 107 108

Table 1: Synthesis of the studied roughness parameters for all configurations.
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2.4. Test cases

Table 2 summarizes the main test conditions which have been imposed on the tested config-

urations. Tests have been carried out in current only first, then in oscillating movements without

current and then finally, the combination of both. In this table, U is the current speed, Ax the

motion amplitude (along x) and f the frequency of the hexapode.

Current Alone Motion Alone Current + Motion

U (m.s−1) 0.25 - 1.5 - 0.25 - 1.5

Amplitude Ax (mm) - 100 - 400 100 - 400

Frequency f (Hz) - 0.1 - 0.75 0.1 - 0.75

Table 2: Flow and motion parameters for the tested configurations with Ax and f the motion amplitude and frequency.

All the results are presented as a function of the classical normalized numbers which are defined

as follows:

- Reynolds number (Re) defined in two different ways depending on the choice of the reference

speed, the flow velocity U or the oscillation speed Ax ω:

Re = UDe
ν

or Re = Ax ωDe
ν

, with ν the kinematic viscosity.

- Keulegan-Carpenter number (KC) defined by the equation :

KC = 2π
Ax

De
(2)

- The reduced speed (Ur) for current and movements cases :

Ur =
U

f De
with f =

ω

2π
(3)

Table 3 summarizes the value ranges of the three normalized numbers used in this study.

Configuration S C1-C2-C1/C2-C2/C1 C1/S-C2/S

KC 3.9 - 15.7 2.5 - 11.4 2.8 - 12.5

Ur 4.1 - 39.1 3 - 56.8 3.2 - 58

Re/105 0.4 - 2.7 0.55 - 3.8 0.5 - 3.3

Table 3: Synthesis of the normalized numbers covered for all configurations.
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3. Calculation of hydrodynamic coefficients

This section presents the method used to calculate the hydrodynamic coefficients. The Mori-

son’s decomposition is first presented in detail and its accuracy is discussed after.

3.1. Formulation

In current only, the drag coefficient is calculated as follow:

CD =
2 × FD(t)
ρS U2 (4)

with ρ the density of water (ρ = 998 kg/m3), S = De × L the cylinder section in front of the flow

and U the current velocity. FD(t) is the temporal mean of the drag FD(t). This coefficient is also

called the steady-flow drag coefficient.

In the case of oscillating motions, the hexapod moves along the Ox axis, collinear with the

current. The hexapod movements are oscillating with an amplitude Ax and a pulse ω = 2π f

such as: x(t) = Ax cos(ωt + ϕx). It is assumed that the answer of this excitation is a sinusoidal

function as well (harmonics higher than 1 are neglected). Thus, the drag effort may be expressed

as follows.

FD(t) = Fm cos(ωt + ϕF) (5)

Hence, with ϕ = ϕF − ϕx it comes :

FD(t) = Fm cos(ωt+ϕF+ϕx−ϕx) = Fm cos(ωt+ϕx) cos(ϕF−ϕx)−Fm sin(ωt+ϕx) sin(ϕF−ϕx) (6)

FD(t) = −
Fm cos(ϕ)

Ax ω2 ẍ(t) +
Fm sin(ϕ)

Ax ω
ẋ(t) (7)

This equation 7 can be compared with the Morison’s equation [24] :

FD(t) = −ρCmL
πDe

2

4
ẍ(t) +

1
2
ρCdDeL ẋ(t) |ẋ(t)| (8)

with Cm the inertia coefficient (Cm = Ca + 1), with Ca the added mass coefficient) and Cd the

drag coefficient. Moreover, sinωt |sinωt| can be approximated with :

sinωt |sinωt| '
8

3π
sinωt (9)

And finally, by comparison: 
Cm =

Fm cos(ϕ)

ρL πD2
e

4 Ax ω2

Cd =
Fm sin(ϕ)

4
3πρDeLA2

x ω
2

(10)
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For current and motion cases it is assumed that the drag effort can be divided into two parts, the

mean drag part FD(t) and the oscillating part Fm cos(ωt + ϕF), such as:

FD(t) = FD(t) + Fm cos(ωt + ϕF) (11)

Thus, the three coefficients CD, Cm ans Cd can be calculated similarly as above (equations 4 and

10). It can be noted that these three coefficients are the same as those presented in Verley [43].

In the following, these three parameters are plotted as a function of the dimensionless numbers

previously cited (Re, KC and Ur). All the raw data of this work can be found on the data share

platform SEANOE, see [20].

3.2. Accuracy of Morison’s method to calculate hydrodynamic coefficients

This part focuses on the assessment of the Morison equation for the hydrodynamic coef-

ficients calculation. This concept was widely explored (Cook and Simiu [7], Sarpkaya [34]

(1981), Garrison [13] or Moe and Gudmestad [23]) and indicates that the Morison equation,

used in the appropriate ranges of fluid-structure operating regimes, is a good force predictor. In

[33], Sarpkaya employed the Morison equation to determine drag and inertia coefficients from

an oscillating U-tube and found that, except for Keulegan-Carpenter number ranged over 20, the

Morison equation represents the oscillating forces on the cylinder with accuracy.

This part of the work will discuss if the prediction of the Morison equation is appropriate here,

for large hard roughnesses. We compare the drag force measured on the cylinder and noted Fm

with the calculated one using Morison method (8) and noted Fc. The figures 12 and 13 represent

Fm (blue) and Fc (red) for an amplitude Ax = 200 mm and different frequencies, for cases S and

C1 respectively.

These figures highlight that the two curves match properly as long as the frequency f of the

hexapode is under 0.3. Beyond this value, the Morison curves cannot reach the maximum ampli-

tude of the measured forces. It has to be noted that a fluctuation can be observed for low forced

motion frequencies in each figure. This phenomenon is caused by the cylinder vortex shedding

and will be explained more in detail in the part Effects of roughness under wave and current

conditions.

The difficulty here is to determine an accurate way to quantify the difference between the two

drag forces. In [33], Sarpkaya defines a ”goodness-of-fit” parameter σ given by expression (12)

in which Fm represents the measured force and Fc the calculated force. Sarpkaya uses this
15



Figure 12: Drag recorded (blue) and reconstructed (red) with Morison coefficients for Ax = 200 mm and f equal to 0.25

Hz (left) 0.5 Hz (right). Case S and flow speed U = 1 m.s−1.

Figure 13: Drag recorded (blue) and reconstructed (red) with Morison coefficients for Ax = 200 mm and f equal to 0.1

Hz (top left) 0.25 Hz (top right) 0.4 Hz (bottom left) 0.5 Hz (bottom right). Case C1 and flow speed U = 1 m.s−1.

parameter to compare the different Morison’s equations, but it is quite difficult to quantify the

relative gap between the measured force and the calculated one using this method.
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σ = 100 ∗

√√√√ 1
T

∫ T
0 (Fm − Fc)2 dt

1
T

∫ T
0 F2

m dt
(12)

The classical definition of the relative difference Er, given in % by expression (13) can be used

as long as the measured or the calculated force is not equal to zero but we see in the figures 12

and 13 that it is not always the case.

Er =

(
100 ∗

|Fm − Fc|

|Fm|

)
(13)

We will then present the relative difference as the ratio between the absolute value of the differ-

ence and the mean measured force, this difference Er1 is given by expression (14). This method

gives a good approximation but tends to minimize the relative gap compared to the classical

relative difference.

Er1 = 100 ∗
|Fm − Fc|

|Fm|
(14)
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Figure 14: Relative difference for the cases S , C1 and C2 in motions and current (U = 1 m/s). Er method (filled shapes)

and Er1 method (empty shapes) see equations (13) and (14).

The figure 14 represents the relative difference using both methods of validity estimation for the

cases S , C1 and C2 in oscillating motions and current with U = 1 m/s. For the Er method, only

cases where the mesured drag force does not cross zero is represented. This graph confirms a

really good agreement between Fm and Fc for low frequencies (high Ur) but can reach around

37% of relative difference for high frequencies.

A good way to study the accuracy of the Morison decomposition is to look at the difference
17



between the measured forces and the calculated ones by residue estimation. Residues between

the real drag effort, recorded on the cylinder, and the one reconstructed by means of Morison’s

coefficients is calculated as follow (15):

R(t) = FD(t) −
(
−ρCmL

πD2
e

4
ẍ(t) +

1
2
ρCdDeL ẋ(t) |ẋ(t)| − FD(t)

)
(15)

In the following, we analyse the first five harmonics of the residues, noted R1 to R5, calculated by

FFT means. Those residues are then non-dimensionalized by the fundamental amplitude of the

recorded drag force (Fm). This ratio is expressed in % and presented in the figure 15 (for motions

only cases) and 16 (for motions and current). In this way we can estimate which harmonic of the

drag force is wrongly neglected by the Morison assumptions.
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Figure 15: Residues of the first five harmonics for all cases, in motion only, as a function of KC.
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Obviously, for both cases the ratio R1/Fm is negligible because it is the assumption used for

the resolution of Morison. However, in the motions case the third harmonic reaches about 10%

of the Fm fundamental amplitude and in the motions and current case the second and the third

harmonics reach up to 20% of the fundamental drag amplitude. The assumption of the Morison’s

method which states that harmonics above the fundamental one are negligible is not entirely

verified.
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Figure 16: Residues of the first five harmonics for all cases, in motion and current, as a function of KC. Speed current

equal to U = 1 m/s.

The conclusion can be made in this part of the work that different methods exist to assess the

validity of the Morison equation. Each method provides different information but agrees on the

fact that the Morison method to calculate hydrodynamics coefficients reaches certain limits but
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is overall a good force predictor for specific applications like the one presented in this paper. We

can thus have a good level of confidence in the results presented in the following section.

4. Roughness effect on cylinder loads

In this section, we present the experimental results of the seven tested configurations under

current conditions first, then oscillating motions only and finally the combination of both loads.

For current trials, the mean drag coefficient and the vortex shedding frequency is analysed. By

means of the Morison method, added mass and inertia coefficients are then investigated for os-

cillating tests and oscillating motions plus current tests.

4.1. Effects of roughness under current conditions

The figure 17 shows the evolution of the drag forces according to the flow velocity. In the

studied flow range, the rough configurations do not show significant drag force differences (C1,

C2, C1/C2, C2/C1). The curves highlight the classical evolution according to a square power

law for the rough cylinders. The two partially rough configurations (C1/S and C2/S ) follow the

same pattern as the rough ones but slightly below, about 25% lower. This response is however

different for the smooth cylinder (S ) with a linear evolution until the transition obtained at a flow

speed of 1.25m/s. For U > 1.25 m.s−1, the drag is quite constant around FD ≈ 200N.

Note that an early-stage colonization where bulbs alternate with smooth cylinder (C1/S and C2/S)

drag forces are the lowest. That indicates that in temporary conditions (early-stage colonization)

the loading is the smallest. Moreover, for similar equivalent diameter (De) for C1, C2, C1/C2

and C2/C1, the drag forces are very close. That leads to underline the key influence of (De) on

drag forces whatever the roughness for fully covered cylinders.

The variation of the overall mean drag coefficient CD, the Strouhal number S t =
fvDe
U (with fv the

vortex shedding frequency calculated from the lift effort recorded on the cylinder) and the r.m.s.

values of the lift with Reynolds number are presented in the figure 18.

For the smooth case, the overall shape of the CD(Re) curve clearly coincides with the results

presented in the literature [36]. In the subcritical Reynolds number regime a nearly constant

value for CD of about 0.9 is found. For increasing Reynolds numbers, hence by approaching

the critical flow state or lower transition that starts at Re ≈ 2.1 × 105, this value gradually de-

creases. The minimum value of the drag coefficient of CD ≈ 0.28 at Re ≈ 2.7 × 105 (critical
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Figure 17: Drag force evolution for the seven tested cases as function of the flow speed U.

Reynolds number) marks the transition between the laminar to the turbulent flow over the cylin-

der. This phenomenon is well known (Verley [43], Schlichting [36]) and confirms the accuracy

of the experimental set-up and of the measurements. For all rough cases (partially rough or fully

rough) the transition does not occur in the flow velocity range studied. As for the drag force,

three behaviours depending on cylinder roughness cover (fully rough, partially rough or totally

smooth) appear. The results show that CD increases with the size of the roughness. Fully rough

configurations reach a nearly constant maximum value between 1.05 for C1 and 1.15 for C2. The

hybrids configurations (C1/S and C2/S ) follow the same pattern but with lower values (about

15% lower) ranged between 0.9 for C1/S and 1 for C2/S .

Let us analyse the effect of the relative roughness. According to the DNV and API standards, the

evolution of CD with e follows a S shape increasing curve when e ∈ [10−6; 0.1]. That is the case

for C1, C2/S, C1/S with, e(C1/S ) < e(C1) ≈ e(C2/S ). Results show that CD(C1/S ) < CD(C1) ≈

CD(C2/S ) only for Re < 2 × 105. For larger Reynolds number CD(C1) = CD(C2/S ) + 0.1; a

uniform roughness (C1) gives in this range a conservative value for CD, thus for drag forces and

the use of e as a key parameter is only valuable for Re < 2 × 105. By focusing on the values,

API and DNV ([2], [9]) recommends CD = 1 for e > 0.06. For larger e, we observe that even if

e(C1/C2) and e(C2/C1) are very close (respectively 0.11 and 0.12) CD(C1/C2) < CD(C2/C1)

with a small increase of 0.05 for Re > 1 × 105. Parameter e looks to be valuable for ranking the

CD. Note that in standards a CD of 1.1 is recommended for e = 0.1. The same order of magnitude

is obtained in the present study for CD(C1/C2) and CD(C2/C1). Thus, the concept of equivalent
21
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Figure 18: Distribution of CD, Nst and σ(Cl) parameters as function of the Reynolds number from direct force measure-

ments for all the tested cases: S , C1, C2, C1/S , C2/S , C1/C2, C2/C1.

roughness seems to be valuable and at least conservative in presence of bulbs. The case C2 only

has been discussed in (Marty et al. [21], under review).
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The figure 18 (middle) presents the dependency of the Strouhal number, S t =
f×De

U , on the

Reynolds number. A constant value of S t = 0.18 is observed in the subcritical regime for the

smooth cylinder. This value is lower than the commonly used Strouhal number which is gen-

erally equal to 0.21, see Melbourne and Blackburn [22] or Vanhinsberg [42]. For all rough

cylinders, the Strouhal number presents a nearly constant value of about 0.14 which is well be-

low the smooth values. This phenomenon is well known: in Achenbach and Heinecke [1] the

presence of roughness tends to decrease the Strouhal number.

The variation of the r.m.s values σ(Cl) of the lift fluctuations with the Reynolds number is

also shown in the figure 18 (bottom). A maximum value of approximately 0.3 is obtained for

Re ≈ 2 × 105 in the subcritical state due to assembly vibrations. For larger Reynolds numbers

inside this flow regime a steep decrease of the r.m.s. values is observed. For all rough cases, the

fluctuations are very low with : C′l � 0.05.

These results show that the surface roughness has an important influence on the drag coefficient,

the r.m.s. values of the lift fluctuations and the Strouhal number. The r.m.s. values are always

lower for the rough circular cylinders. A similar trend is observed on the drag coefficient, where

a difference of about 15% between cases is observed in this range (Re < 2 × 105).

To substantiate the fact that the presence of roughness allows to reduce physical phenomena

related to vortex shedding, the Fourier transform of the lift forces (L [N]) as function of the

frequency for each configuration and several Re is studied in the figure 19.

The vortices are shed into the wake with different frequencies. The Fourier transform of the lift

forces shows that the amplitude peaks of the vortex shedding frequencies are much higher for

the smooth configuration with values of 25 N for 1.5 ≤ Re/105 ≤ 2.5 when it reaches only 2 N

for the other rough configurations. Moreover, for the S and C1 configurations, we clearly see

the appearance of only one peak along the frequencies evolution which is consistent with the

behaviour of smooth cylinder or cylinder with small homogeneous roughness. With the other

configurations which act like large and non-homogeneous roughnesses, we see the appearance

of low frequency components with a reduction of the peak frequency. These large and non-

homogeneous roughnesses lead to homogenize the turbulent flow around the cylinder and reduce

vortex induced vibrations phenomena.
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Figure 19: Fourier transform of the lift forces (L [N]) as function of the frequency f and Re for each configuration. Note

that the amplitude scale of L is different for S (30 N) and other configurations (3 N).
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4.2. Effects of roughness under wave conditions

For the oscillating motions test cases, the current velocity is equal to zero. The figure 20

presents the evolution of the oscillating drag coefficient Cd (top) and the inertia coefficient Cm

(bottom) as a function of the Keulegan-Carpenter number KC. Several points are plotted per KC

because several tests have been carried out at the same motion amplitude Ax but with different

frequencies.
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Figure 20: Oscillating drag coefficient (top) and inertia coefficient (bottom) for the seven studied configurations as

function of the Keulegan-Carpenter number KC.

The results show that there is no significant difference between inertia coefficients even if the

Cm of the smooth cylinder is slightly lower than the rough cases, see the figure 20 (bottom).

Globally, the behaviour for the other rough or partially rough cylinders is quite the same in

oscillating motions, C2 values are just slightly higher. However, there is an important difference

concerning oscillating drag coefficients between smooth, fully rough cases and partially rough
25



cases. The calculated coefficients are more than three times higher for fully rough cases (C1, C2,

C1/C2 and C2/C1) compared to the smooth case, with Cd ≈ 2.5 for KC > 6 for the rough cases

and Cd ≈ 0.5 for KC ≤ 16 for the smooth cylinder. As is the case for current only, the Cd graph

highlights three different behaviours between the fully rough cases, the partially rough cases and

the smooth case. Values for partially rough cases follow the same pattern as fully rough cases

but are ranged below, about 25%.

These results highlight the fact that the behaviour of the rough cylinders is mainly governed by

the flow and not by their motions (see Chaplin and King [6]), contrary to the smooth cylinder for

which its behaviour is mainly governed by its motions.

4.3. Effects of roughness under wave and current conditions

This section presents results concerning current and oscillating motions tested cases. The

same coefficients previously studied for the two other test conditions are calculated, which are

the mean drag coefficient CD, the oscillating drag coefficient Cd and the inertia coefficient Cm.

These coefficients are at first presented configuration by configuration as a function of Ur on

the figure 21 (only S , C2 and C2/S for reasons of clarity). From these results, we can see that

the coefficients for both rough cases are not significantly different, particularly for the mean and

oscillating drag which are very close. The inertia coefficients for the rough cases present less

dispersion than for the smooth cylinder, therefore its evolution does not depend on the oscillating

frequencies. For Ur < 10, the mean drag coefficients are twice as high for the rough cases as

for the smooth one. These results confirm that the behaviour of the rough cylinders is mainly

governed by the flow and not by their motions, contrary to the smooth cylinder for which its

behaviour is mainly governed by its motions.

The figure 22 presents each coefficient for the seven studied configurations. In order to compare

the behaviour of each configuration with clarity, the current velocity is fixed at 1 m.s−1. These

coefficients are represented as a function of the reduced speed for all the motion amplitudes in

order to study the amplitude and the frequency parameters effects at the same time.

The results present several and opposite behaviours of the coefficients evolution. First of all,

the inertia coefficient (Cm) tends to be similar for each configuration. The higher the frequency

(small Ur), the lower the coefficient. Moreover, we can conclude that the motion amplitude has

no impact on the evolution of the inertia coefficient. Indeed, it is obvious here that the amplitude

curves are evolving jointly.
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Regarding drag coefficients (Cd and CD), their behaviours are totally the opposite. The value of

the coefficient Cd increases with the reduced velocity Ur. Moreover, for a fixed frequency (or Ur

fixed) the amplitude parameter has a big impact and the value of the coefficient increases when

the amplitude Am decreases. The exact opposite phenomenon occurs concerning the mean drag

coefficient CD, with the value of the coefficient decreasing when the amplitude Am increases.

Finally, as for the previous case, there is an important difference concerning oscillating drag

coefficients and mean drag coefficient between smooth and rough cylinders. The calculated

coefficients are much higher for fully rough cases C1, C2, C1/C2 and C2/C1 compared to the

smooth case for which there is no dependency on the motion amplitude and frequency. As in the

two other cases studied, coefficients calculated for the partially rough configurations (C1/S and

C2/S ) follow the same pattern with fully rough cases but with slightly smaller values, between

10% and 20% lower. A strong dependency on the amplitude of the drag coefficients at fixed

frequency for the rough cases is clearly highlighted here.

Concerning the measured data fluctuation which has been highlighted in the part 3.2 for low

forced motion frequencies, this fluctuation (equal to 2.4 Hz) may come from the cylinder vortex

shedding. Indeed, for low forced motion frequency (here f=0.1 Hz), and therefore low oscillating

speed, the system behaves as if it was in pure current. In this example, the oscillating speed

(Uosc = Ax × ω = Ax × 2 × π × f = 0.1256 m/s) combined with the current speed (U = 1 m/s)

can lead to a cross-flow speed equal to 1.1256 m/s which is equivalent to a Reynolds number

Re ∼ 2.5 × 105 for the C1 case. When we look at the frequency behaviour of the case C1 in pure

current (figure 19 case C1) we see on the frequency spectrum (for Re ∼ 2.5 × 105) a first peak

corresponding to the fundamental frequency and a second peak at exactly f = 2.4 Hz which can

be the reason why the measured data fluctuate only in this case. Moreover, the same exercise

with the same conclusion can be made for the case S . Thus, the fluctuating frequency showed on

the temporal signal (figure 12 and 13) for oscillating and current case (only for low oscillating

speed) is contained on the frequency spectrum of the current only case, which shows that these

two configurations are related.

Nevertheless, this phenomenon does not change anything in the calculation of the hydrodynamic

coefficients because the Morison method assumes the answer of the drag force to a sinusoidal

excitation is a sinusoidal function at the same frequency for which harmonics larger than 1 are

neglected.
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5. Discussion

The present measurements constitute the first experimental campaign with different large and

highly realistic marine growth roughnesses under wave and current conditions. It takes into ac-

count the heterogeneity of the marine growth distribution on submarine cable such as submarine

power cables. Assumptions regarding the assessment of the marine growth and the roughness

parameters are numerous and debatable. As suggested by the standard certifications (American

Petroleum Institute (API) [2] or Det Norske Veritas (DNV) [9]), we defined the roughness by

the overlay of a closed volume and an opened one corresponding to the surface roughness. The

first closed layer increasing the diameter in a fluid dynamic point of view enables us to define

an equivalent diameter (De). Then the external layer, corresponding to the apparent height of the

surface roughness and defining the studied roughness (k). These options appeared to be the most

appropriate for this work, but other choices are possible such as opting to define the reference

diameter as the external one.

From all tests carried out in this work, the presence of realistic roughness has a significant in-

fluence on the hydrodynamic behaviour of a cylinder subject to current and wave conditions.

The study of the drag coefficients (CD and Cd) as a function of the current and wave parame-

ters highlights three behaviours according to the type of roughness studied. The three categories

concerned are the smooth cylinder (S ), the partially rough ones (C1/S and C2/S ) and the fully

rough cylinders (C1, C2, C1/C2 and C2/C1). The more the amount of surface cylinder is cov-

ered by the biofouling, the more the drag coefficient increases. The drag coefficients calculated

for fully rough cylinders can be four times higher than for the smooth case. The fully rough

cylinders drag coefficients and partially rough ones follow globally the same behaviour but the

partially rough calculated values are each time below the full rough ones (∼ 20%).

From vortex shedding frequency analysis, the presence of roughness tends to reduce the ex-

citation phenomena in frequency and amplitude. The amplitude peaks of the vortex shedding

frequencies are much higher for the smooth configuration than the rough one with a difference

of about 90%. The r.m.s. values are always lower for the rough circular cylinders. The overall

behaviours between rough configurations seem similar for fully rough and partially rough cylin-

ders concerning the frequency analysis (Fourier transform).

For the oscillating cases, the results do not highlight a significant difference for the inertia co-

efficients (Cm) between all configurations. The presence of roughness increases the calculated
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values of Cm but similarly for all rough configurations. These conclusions are similar to the

work of Teng and Nath [39], who compared experimental results of a cylinder with different

large roughnesses. They show that Cd and Cm increases as the relative roughness increases but

do not observe any dependence of the Cm values on the relative roughness for the studied condi-

tions (waves and flow speed).

The oscillating and current cases highlight a strong dependency on the amplitude of the drag

coefficients at fixed frequency for the rough cases while they are stable in static. This shows that

the commonly used approach ([2], [9]) of Cd = ψ(KC).CD(Re) is not legitimate. Moreover, while

Morison’s linearisation for static drag force is justified, it means that it is not for oscillating cases,

the KC defined only with the amplitude is not representative of the flow variety. This number

should also depend on the frequency or the reduced speed. These results highlight the fact that

the behaviour of the rough cylinders is mainly governed by the flow and not by their motions,

contrary to the smooth cylinder for which its behaviour is mainly governed by its motions.

To illustrate this point, the figure 23 presents a comparison between the calculated CD from the

experimental campaign (filled forms) and DNV’s predictions ([10], empty forms) for the config-

urations S , C1 and C2 in current only case. The predicted coefficients (called C1 − DNV and

C2−DNV) are calculated from the S coefficients using the expression (16). With Di the internal

diameter and k the studied roughness. We keep the equivalent diameter De of each configuration

to calculate the associated Reynolds numbers.

CD,growth = CD,smooth ×
Di + 2 × k

Di
(16)

Only the permanent part of the drag coefficients evolution, corresponding to the subcritical flow

of the S configuration, is presented in the graph. Indeed, on the covered range of Reynolds

numbers studied here, the evolution of the drag coefficient in the rough cases (C1 and C2) stays

permanent, see part 4.1. Results shows that the predicted coefficients are close to the experimen-

tally measured ones, therefore the DNV’s method is a good way to predict rough behaviour in

the subcritical regime and current only.

The same exercise is reproduced in the oscillating case (without current) and presented in the

figure 24 for the oscillating drag coefficients Cd and the inertia coefficients Cm. The prediction

methods are different from the current case. The DNV’s coefficients in oscillating motions are

calculated from the static ones measured in current only (CD) using a correction function. For
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Figure 23: Comparison between calculated CD from the experimental campaign and DNV’s predictions for current only.

the drag coefficient, the correction function ψ(KC) is given by the relation (17) for 2 < KC < 12.

Cd = CD × [1.5 − 0.024
(

12
CD
− 10

)
+ 0.1(KC − 12)] (17)

The Cm coefficients, according to the DNV’s rules, are given by the relation (18) for KC > 3.

Cm = max

 2 − 0.044(KC − 3)

1.6 − (CD − 0.65)

 (18)

The aim of these formulas is to determine the oscillating drag and inertia coefficients from the

mean drag coefficient calculated in current only for the equivalent configuration. For example,

the mean drag coefficient of C2 for current only case is equal to 1.14, this value is then integrated

in (17) to calculate the oscillating one. Thus, the figure 24 represents the comparison between

the predicted oscillating drag coefficient Cd (top) and the inertia coefficient Cm (bottom) in an

oscillating case with its experimental equivalents.

These results show a good agreement between the measured values and the calculated ones for

the inertia part (Cm). Indeed, as predicted, the overall evolution of this coefficient does not depend

on the roughness cover and decreases with the KC number. As shown on the graph, the three

DNV curves are superimposed. This is due to the fact that the Cm prediction given by the relation

(18) only depends on the KC number in our case because the maximum is always given by the

relation 2−0.044(KC−3). For the oscillating drag coefficients, the difference between the DNV’s

prediction coefficients and the measured ones increases with the roughness. The estimation is
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Figure 24: Comparison between the predicted Cd (top) and the inertia coefficient in oscillating case (Cm, bottom) with

its experimental equivalents.

fairly good concerning the smooth case but for the rough cases, results show a large gap between

the predicted and the measured coefficients even if the trend seems good.

The differences highlighted in these comparisons may come from various origins. First of all,

the sizes and shapes of the studied roughnesses are higher in this study (∼ 10−1 m) than in the

literature or standards (∼ 10−4/10−2 m). As seen previously, this parameter has a stronger impact

on the drag phenomena than on the inertia ones, therefore it makes sense that bigger differences

are highlighted on the drag coefficients than on the inertia coefficients. And last, but not least,

all references on which these standards are made are based on the assumption that the cylinder

diameter is negligible compared to its length (D/L << 1) and consider the study of a cylinder

with no side effects, which is not the case here. Several studies show that these parameters has a
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significant impact on the mean drag coefficient (Okamoto and Yagita [30], Gao et al. [12] based

on Wieselsberger’s results) which is reduced when the D/L ratio increases, as well as standards

(DNV or API) which recommend the use of a reduction factor (κ) for a cylinder of finite length.

Okamoto and Yagita [30], who studied a circular cylinder of finite length placed normal to a

plane surface, compare the drag coefficient measured near the plane surface with the one mea-

sured near the free-end cylinder and show that the drag coefficient is higher when the sensor is

located near the plane surface where there is no side effect. These facts are some reasons why

the mean drag coefficients calculated from the experimental campaign in current tests (∼ 0.9

in subcritical flow, see the figure 23) are lower than values found in the literature for a same

test campaign at a same flow regime (∼ 1.2). Furthermore, if we correct this theoretical drag

coefficient with the reduction factor recommended by standards for finite length member and

corresponding to the ratio used in this campaign (L/D = 12.5 for smooth case) which is equal to

0.7, we find approximately the calculated mean drag coefficients of this study (1.2× 0.7 = 0.84).

Moreover, this three-dimensional aspect highlights that in this work, inertia related phenomena

and calculated drag coefficients are always slightly underestimated compared to an infinite cylin-

der where the three-dimensional aspect is negligible.

Finally, the different ways to assess the validity of the Morison equation presented in this work

show the limits of this methodology for high roughnesses at high waves and current conditions.

Nevertheless, the Morison method remains a good force predictor depending on the use made of

it, especially for low wave frequencies.

Moreover, the behaviour of the cable is different if we are in presence of hard or soft marine

growth. In Henry et al. [16] they compared hard marine growth (sand roughness) with soft ma-

rine growth (artificial fur) and showed significant differences between these two types of biofoul-

ing.

It is important to note that the species that form marine growth are diverse and show a wide range

of different life traits (i.e. they are variable in length/height, in flexibility/stiffness, in gregarious-

ness). The mussel (Mytilus edulis type) has been chosen for several reasons :

- this species has often been observed at offshore sites where their development may be ex-

tensive in thickness,

- its shell sharp edges are supposed to significantly influence local flow,
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- it is a cosmopolitan species developing in all the oceans of the world.

Investigations should be carried out considering other biofouling species. To proceed, marine

growth species have to be classified by categories according to their stiffness, mass ratio (against

seawater) and mean height.

Some considerations can be shared on a few group of species, which are commonly found in

biofouling assemblages. In contrary to mussels, barnacles do not grow in several superimposed

layers and their height is generally lower. For that reason, the need to use an external diameter so

including an homogeneous increase in diameter is anecdotal. In addition, barnacles are mainly

present at early biocolonisation stages, so close to the first layer and despite highly rough wall-

plates, the geometry is more axisymetric and does not show pronounced sharp edges of lifting

profile nature such as mussel. For that reason, expected hydrodynamic effects of barnacles are

probably very closed to effects already measured in previous studies/existing literature, both in

term of roughness ratio k/D and tested roughness texture. Small algae show a very low mass

ratio, so their impact is more expected on the drag but the high flexibility may change the trend.

Sea sponges are an intermediate category with a mass ratio close to 1 (almost full of water) and

are relatively flexible. This kind of biofouling should be studied in detail. Large seaweeds like

laminaria may be 20 times longer than a cable diameter (i.e. up to 4m long compared to 20cm

cable diameter) and are highly flexible organisms. There is therefore no meaning to assume that

biocolonization by laminaria seaweeds shows roughness and the use of standard Morison formu-

lations is probably inappropriate in this case. Highly coupled fluid/structure approach dedicated

to answer this question should be set up in order to model this specific behaviour.

6. Conclusion and Perspectives

The aim of this work was to compare realistic roughnesses with high dimensions and categorized

into several groups, such as homogeneous or non-homogeneous roughnesses along the cylinder.

This phenomenon has therefore been partially investigated in this work for a specific kind of

biofouling, hard and large marine growth.

From a dynamical point of view, drag coefficients are always lower in the case of an non-

homogeneous cover than for homogeneous ones. This point is important for the engineering

design phase of submarine cables. The presence of roughness also affects the inertia coefficient

compared to a smooth case, but the trends of the inertia phenomena do not depend on the rough-
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ness distribution. The velocity components therefore appear to be the most constraining part in

the design stage of a submarine cable.

The results presented in this work lead to a better understanding of the impact of marine growth

on the hydrodynamic behaviour of a submarine cable under wave and current conditions. The

evolution of the hydrodynamic coefficients as a function of the different wave and current param-

eters highlights a strong dependency between hydrodynamic loads and roughnesses, especially

for the velocity part. Thus, the increased diameter by the marine growth thickness seems to be a

preponderant factor in the overall evolution of coefficients compared to the mass and the added

mass increase of the structure. By comparing hydrodynamic loads on cylinders with similar

rough distributions but different density, and therefore masses, we could confirm or cancel this

assumption.

More globally, it may be interesting to perform systematic tests in order to be able to specify ac-

curate recommendations for in-situ measurements. Indeed, the present study shows that the most

influencing parameter of a hard fouling cover is the surface protuberance field seen as a rough-

ness, and therefore its equivalent diameter De. Unfortunately, this parameter is the most difficult

to quantify at sea, so requiring a millimetric accuracy on mobile components in an environment

of moderate to high turbidity. It becomes important to fix the necessary level of accuracy of such

measures based on large basin tests / numerical campaigns involving high fidelity fouling covers:

• The different roughness configurations (partial, total, roughnesses mix) show weak differ-

ences and their effects seem to be linearly superposed for non-homogeneous cases. It will

be interesting to identify a possible threshold from which the length of a bulbous area vs

length of a transition area induces a linear superposition of local flow as per illustrated here

through the frequency analysis. This may help to anticipate brutal change in a hydrome-

chanical response ;

• Recommendations on the best statistical approach for a representative description of in-

dividual protuberance height distribution may help greatly. This analysis may be done

through tests involving heterogeneous individual height in focusing on a neighbouring

field (area of wake sheltering smaller specimens...)
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ceedings of 17èmes Journées de l’Hydrodynamique.

[19] Marty, A., Damblans, G., Facq, J. V., Gaurier, B., Germain, G., Germain, N., Harris, J., Maison, A., Peyrard, C.,

and Relun, N. (2020b). Experimental investigation of the seabed roughness effect on the hydrodynamical behavior of

a submarine cable under current and wave conditions. Proceedings of 17èmes Journées de l’Hydrodynamique.
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