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A B S T R A C T   

The effects of surface roughness as induced by marine fouling on the hydrodynamic forces on a 
submerged floating tunnel (SFT) are experimentally and numerically investigated in detail at 
Reynolds numbers Re = 8.125 × 103–5.25 × 104. A sensitivity analysis to different roughness 
parameters including roughness height, skewness, coverage ratio, and spatial arrangement is 
performed. In addition, an optimized parametric cross-section for an SFT is proposed, and the 
hydrodynamic performance of the parametric shape and circular SFT cross-section shape with 
roughness elements is compared. The pressure distribution along the SFT, flow separation and 
wake characteristics are analyzed to provide a systematic insight [into the fundamental mecha-
nism relating the roughness parameters and flow around an SFT. In order to better understand the 
nonlinear relationships among structural geometry, roughness parameters, flow states, and 
structural response, an artificial intelligence method using Random Forest (RF) for feature 
importance ranking is applied. The results show that with the parametric shape, the hydrody-
namic forces on the fouled SFT can be effectively mitigated. The roughness height and coverage 
ratio affect the equivalent blockage and hence, change flow separation and recirculation length in 
the wake. Lower skewness of the roughness elements can increase the critical Re by changing the 
relative roughness parameter. Horizontal arrangement of the roughness elements on an SFT 
generally results in the largest hydrodynamic forces, compared to staggered and vertical distri-
butions. Throughout the feature importance ranking, the flow regime is found to be the most 
important feature of the hydrodynamics of the SFT. In addition, the SFT cross-section shape and 
roughness coverage ratio play a dominant role.   

1. Introduction 

Marine biofouling, an accumulation of hard growth (e.g., mussels, oysters, barnacles), soft growth (e.g., seaweeds, sponges, 
anemones), and kelp growth (e.g. flapping weeds) is a major concern in the operational performance of submerged structures such as 
submerged floating tunnels (SFTs) [1,2]. Within years after construction, marine growth increases the effective dimension and mass of 
the SFT, which can have a substantial impact on the behavior of flow around the SFT by modifying the flow instabilities (e.g., vortex 
shedding, boundary layer separation) and hydrodynamic properties of a structure. This modifies the properties of the structure, e.g. 
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buoyancy weight ratio of the SFT, and will therefore have direct effects on structural dynamic behavior (e.g., flow-induced vibrations 
[3], structural resonance, lock-in and synchronization [4]), affect the fatigue life, and bring difficulties to inspections for cracks and 
corrosion and for maintenance. According to Ref. [5], the roughness created by hard fouling is one of the main drivers for hydro-
dynamic changes. A limited number of studies have focused on the impacts of hard growth on the hydrodynamic behavior of marine 
structures, such as semisubmersible foundations [6], floating aquaculture cages [7], floating wind turbines [8], and jacket type 
offshore structures [9,10]. However, the effects of hard growth on hydrodynamic forces with varying roughness properties at different 
Reynolds numbers (Re) still remain unclear for an SFT. 

Extensive experimental and numerical work has been performed to determine the effects of hard growth on circular cylinders; 
however, there is little consensus among these previous findings. Bearman and Harvey [11] concluded that both sand-roughened and 
dimpled cylinders have lower drag than smooth cylinders by lowering the critical Reynolds number (defined here as the Reynolds 
number at which the boundary layer transitions from laminar to turbulent). Similarly, Zhou et al. [12] compared different types of 
artificial surface roughness including sandpaper, netting, and dimples, and measured the force and flow characteristics of cylinders, 
concluding that the roughness elements can effectively reduce the mean drag coefficient of the cylinder. However, larger mean and 
fluctuating force values measured on a rough circular cylinder than those observed on a smooth one can be found in Refs. [13–15]. This 
can be attributed mainly to the differences in modelling set-ups and Reynolds number ranges [4]. In addition, structural end condi-
tions, inlet turbulence intensity, blockage ratio, and aspect ratio have all been shown to be crucial factors in changing flow behavior 
and hydrodynamic forces [15–18]. 

In addition, the roughness parameter scale applied in the aforementioned research are not consistently determined, as the 
complexity of marine fouling characterization involves the definition of roughness parameter with uncertainties, which manifests in 
the definitions such as Reynolds number, drag and lift coefficients, and Strouhal number. There has not yet been a definite consensus 
on the determination of the roughness parameter from the literature. For instance, the bare cylinder diameter as an equivalent 
diameter was adopted in Ref. [15]; whereas, a bare cylinder diameter plus twice the average roughness height was adopted in 
Ref. [19]; the thickness of a closed volume with no water entrapment was defined in Ref. [14]. Nevertheless, the roughness parameter 
defined by an individual roughness length scale is not universal for all types of roughness. Some attempts to correlate different 
roughness types of fouled surfaces with measurable parameters have been performed. Achenbach and Heinecke [20] determined an 
equivalent pyramidal roughness parameter by introducing a critical Reynolds number. Abdelaziz et al. [21] developed simple geo-
metric statistics for roughness based on a wide range of parameters such as mean roughness height, root mean square height, effective 
slope, skewness, and flatness. However, it is difficult to take into account all roughness distributions in a single measurable parameter 
since the effects of different roughness types are non-linear and highly related to flow regimes and instabilities [13]. Achenbach [22] 
also illustrated that a roughness parameter based on cylinder diameter as the reference length lacks physical meaning where the 
boundary layer thickness plays a dominant role. 

Because of the existence of various types of marine organisms, the effects of different roughness parameters on the hydrodynamic 
forces on a marine structure and surrounding flow fields have been studied. Amongst these, roughness height is one of the most 
extensively studied factors [6,13–15]. Furthermore, Demirel et al. [23] and Schultz [24] showed that the hydrodynamic performance 
of structures is greatly dependent on the extent of coverage of fouling. In addition, Fuss [25] illustrated that skewness of the roughness 
elements further affects the force coefficients and critical Reynolds number. However, the relationship between hydrodynamic forces 
and roughness parameters is indirect, showing its complexity and nonlinearity in different flow regimes. Therefore, an importance 
ranking for roughness features is needed to provide more valuable insights into marine fouling effects and the structure’s dynamic 
response, to provide guidance in engineering design, construction, and maintenance. 

Based on the limitations of the previous studies, the objectives of the present study are, (1) to better identify and understand the 
effects of marine fouling on the hydrodynamic forces on an SFT; (2) to provide a systematic insight into the fundamental mechanism 
relating roughness characteristics and flows around an SFT, by analyzing the pressure distribution along the SFT, flow separation, and 
wake characteristics; and (3) to fill the gap in the literature ranking the relative importance of roughness parameters for impacts on the 
hydrodynamic forces. For (1) and (2), factors including roughness height, coverage ratio, and skewness are selected for a sensitivity 
analysis according to the existing literature. Furthermore, roughness patterns in the submarine environment are parameterized based 
on their spatial variance, to investigate the three-dimensional impacts of marine fouling on an SFT. Another limitation of existing 
studies is that they focus on the roughness effect of cylinders with simple cross-section shapes (e.g., circle, rectangle) only. Since the 
cross-section geometry of an SFT has a significant effect on flow behavior, Zou et al. [26,27] proposed an optimized parametric 
cross-section shape for an SFT in improving the hydrodynamic performance. Therefore, flow resistance due to marine fouling on an 
SFT with the parametric shape, is investigated and compared to simpler cross-section shapes; For (3), an artificial intelligence 
approach based on Random Forest (RF) is applied to rank the relative importance of roughness parameters. 

The paper is structured as follows. The experimental set-up of SFTs with circular and parametric shapes in the steady current flume 
is described in Section 2. Sections 3 and 4 introduce the numerical modelling methodology and numerical validation, respectively. 
Section 5 quantifies the influence of different roughness parameters on the hydrodynamic forces on the SFT, followed by analysis of the 
effects of marine fouling on the flow behavior around the SFT. The relative importance of roughness features performed by RF is 
discussed in Section 6. 
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2. Experimental set-up 

2.1. Flume and instrumentation 

Physical model tests were performed in a wave-current flume at the Water Lab of Delft University of Technology (TU Delft) [28]. 
The flume has a length of 39 m, a width of 0.8 m, and a height of 1 m. The water depth is 0.70 m. Water surface elevation and current 
speed are measured by two arrays of resistance wave gauges and electromagnetic velocity meters (EMSs), respectively. An SFT with an 
internal diameter of 0.16 m is suspended from a stainless-steel frame with a strip stiffly connected to the flume top, leaving about a 2 
cm gap to each side of the flume. The SFT model is placed horizontally with an additional weight tied to the strip to balance the net 
buoyancy. The submergence depth of the SFT is 0.35 m (measured from the center of the SFT to the free surface). A single point load 
cell from ME (type K3D60a) is mounted on the strip with a measuring range of ±100 N. The load cell can measure the total horizontal 
and vertical forces on the SFT simultaneously. The data sampling frequency is 200 Hz with a block size of 2 data points. The precision 
of the load cell is better than 0.5%. Flow visualization is conducted by injecting a fluorescent dye (Potassium permanganate) upstream 
of the SFT. Video recordings are taken with a Canon EOS 550D to capture wake structures and flow separations. The experimental 
apparatus is shown in Fig. 1. 

2.2. Model fabrication 

A regularly shaped roughness element is selected for a basic understanding of the marine fouling effects. The pyramidal roughness 
has a better set-up independency [4], and hence, is adopted in this study. Pyramids were fabricated with 3D printing technology. The 
pyramids have a base-height ratio of 2:1 with a height of 1.5 cm and cover the SFT with a coverage ratio of 100%. These roughness 
elements in the experiments are applied in a staggered arrangement, where the sheltering effect can be avoided. SFT slices are 
fabricated using silicon molding filled with epoxy. The SFT slices are assembled after solidification using silicon sealant and poly-
urethane foam to ensure waterproofing. Two types of cross-sections (circular and parametric) are investigated, to determine the 
impacts of fouled cross-section shapes on the hydrodynamic behavior of the SFT (Fig. 1 (b) and (c)). The heights of the two SFTs 
cross-section shapes are equal (i.e., 16 cm) to fix the flow blockage ratio. The equivalent diameter (De) of the rough SFT is determined 
by an equivalent blockage area, given by 

Dex,ey =Dx,y + 2ks (1)  

where Dx,y is the bare SFT dimension; Typically, the frontal area, which is the area projected on a plane normal to the direction of flow, 

Fig. 1. (a) Experimental apparatus. Load cell attached to the SFT model, suspended from a stainless-steel frame, with an upstream dye injection for 
wake visualization (purple area); (b) Circular cross-section SFT model with roughness elements; (c) Parametric cross-section SFT model with 
roughness elements. 
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serves as the reference area for the drag coefficients. The planform area, or the area that would be visible from above in the direction 
normal to the bluff body, is typically used for lift coefficients calculation [29]. Therefore, in this study, the SFT height Dx is used for the 
drag coefficient while the SFT chord length Dy is used for the lift coefficient; ks is the averaged roughness height with an equal blockage 
(reduced roughness height). With the equivalent diameter, the objective is to find a quadrangle that has the same blockage 
cross-sectional area as the original repetitive roughness elements, shown in Fig. 2. 

Thus, the reduced roughness height ks can be calculated by: 

ks =

∑

i
Si

2l
(2)  

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

2.3. Experiment test cases 

Table 1 summarizes the main conditions imposed on the experiments. The Reynolds number and the resulting of hydrodynamic 
forces are presented as a function of normalized coefficients, given by 

Re=
ρUDex

μ (3)  

where U is freestream velocity; ρ is fluid density; μ is fluid dynamic viscosity. 
The effects of marine fouling on the dynamic behavior of a submerged floating tunnel under currents can be characterized by the 

hydrodynamic coefficients, such as drag and lift coefficients. The mean drag coefficient (Cd,m) of the SFT is defined as 

Cd,m =
2Fx,m

ρU2Dex
(4)  

where Fx,m is the time-averaged drag force per unit of length. 
The mean fluctuating lift coefficient (Cl,rms) of the SFT is defined as 

Cl,rms =
2Fy,rms

ρU2Dey
(5)  

where Fy,rms is the root mean square (RMS) fluctuating lift force per unit of length. 

3. Numerical model set-up 

In order to extend the experimental conditions and identify more roughness parameters’ effects on the SFT, the influence of 
increased surface roughness as caused by marine fouling on an SFT is reproduced using Computational Fluid Dynamics (CFD) within 
the framework of the open source CFD toolbox OpenFOAM version 2006 [30]. 

3.1. Computational domain 

The numerical results for current interactions with rough SFTs are validated against the experiments. In order to reproduce the 
experiments, validate the numerical results, and resolve the 3-dimensional roughness elements, 3-dimensional numerical models with 
different roughness parameters are established. The computational domain is 8 m in length and 0.7 m in height (equivalent to the 
water depth in the experiments). The center of the SFT is located 2 m from the inlet, with an internal flow blockage height (smooth SFT) 

Fig. 2. Typical roughness patterns and reduced roughness height. k is the actual roughness height; ks is the reduced roughness height with an equal 
blockage area; l is the length of the repetitive roughness patterns. 
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of 16 cm. Due to the uniformly distributed roughness elements along the SFT span, the thickness of the numerical domain is deter-
mined by the length of the repetitive roughness pattern and truncated in the symmetry side planes with free-slip side boundaries, to 
assure coherence of flow structures over the SFT span. The typical grid layout is shown in Fig. 3. Freestream conditions for velocity and 
pressure are employed at both the inlet and outlet boundaries. The turbulence intensity at the inlet is 4%, which is consistent with the 
experiments. A simplified no-slip wall condition is applied on the SFT cross-section surface and at the bottom boundary. A free-slip wall 
is used at the upper boundary. A high-quality unstructured mesh is generated around the SFT cross-section surface. In order to capture 
the delicate fluid mechanics close to the SFT (i.e., boundary layer transition, flow separation, flow reattachment, wake characteristics, 
etc.), the boundary layer near the SFT surface should be well resolved. Therefore, the first grid layer cell length normal to the SFT 
surface (S1) is chosen such that one wall unit y+ is approximately 1. For the cell size near the bottom and top boundaries (S2), a fine 
mesh with a grid resolution of 0.04 m is adopted. For the edges of the outlined zone near the SFT shown in Fig. 3 (b) (denoted by a red 
square), a cell size of 0.08 mm (S3) is adopted, and a cell size in the rest of the domain (S4) of 0.16 m is applied. The total number of cells 
ranges from 1.3 million up to 3.9 million, depending on the Reynolds number and roughness characteristics. 

Schematized pyramid-shaped roughness elements reduce uncertainty associated with the complex biological processes involved, 
and a staggered pattern of roughness elements is designed to avoid sheltering effects. The influence of SFT cross-section shape, 
roughness height, and fouling coverage ratio on the hydrodynamic forces on an SFT are comparatively analyzed under various steady 
current conditions. Unsteady Reynolds Averaged Navier-Stokes (URANS) based transitional turbulence models are applied to inves-
tigate flow characteristics predictions such as flow separation, vortex shedding, and wake parameters. The transient solver Pimple-
Foam, supplied with OpenFOAM, for incompressible, turbulent flow is applied for steady current conditions. The merged PISO-SIMPLE 
(PIMPLE) algorithm is applied to solve the pressure–velocity coupling and correction. The maximum Courant number is set to 0.5. The 
initial time step was set to 0.01 s, followed by an adaptive time step based on the Courant number. The DelftBlue Supercomputer, a 
high-performance computing cluster, is applied to run parallel computation tasks [31]. 32 processes are executed in parallel per job. 

3.2. Turbulence model 

Zou et al. [32] reported that the Transition Shear Stress Transport (SST) model has the capability to accurately compute the hy-
drodynamic performance (e.g., separation-capturing and laminar-turbulent transition process) of an SFT at both low and high Rey-
nolds numbers. The Transition SST model is based on the coupling of the k-ω SST transport equations with the intermittency and 
momentum-thickness Reynolds transport equations for the transition onset criteria [33,34]. In addition to the k and ω equations of 
the k-ω SST turbulence model, the additional transport equations of the Transition SST model are shown in Eq. (6) 

Table 1 
Test conditions in the experiments.   

Test conditions 

U (m/s) 0.1, 0.2, 0.3 
Re 1.6 × 104, 3.2 × 104, 4.8 × 104 

SFT cross-section Circular, Parametric 
Roughness height (cm) 1.5 
Equivalent diameter (cm) 17.5 
Coverage ratio (%) 100  

Fig. 3. Mesh configuration. (a) Computational domain of the numerical model; (b) Mesh detail near the SFT; (c) Mesh detail of roughness elements.  
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∂
∂t
(ργ) +

∂
∂xj

(
ργUj

)
=

∂
∂xj

[(

μ +
μt

σγ

)
∂γ
∂xj

]

+ Pγ1 − Eγ1 + Pγ2 − Eγ2

∂
∂t

(
ρR̃eθt

)
+

∂
∂xj

(
ρR̃eθtUj

)
=

∂
∂xj

[

σθt(μ + μt)
∂R̃eθt

∂xj

]

+ Pθt

(6)  

where σγ = 1.0, and σθt = 2.0. μt is eddy viscosity. Pγ1 and Eγ1 are transition sources. Pγ2 and Eγ2 are destruction and relaminarization 
sources. Pθt is production source term. γ is intermittency. R̃eθt is transition momentum thickness Reynolds number. 

The decay of the turbulent kinetic energy can be rewritten in terms of inlet turbulence intensity Tuinlet and eddy viscosity ratio μt/μ 
as Eq. (7) 

Tu=

{

Tuinlet
2
[

1 +
3ρVxβ(Tuinlet

2)

2μ(μt/μ)inlet

]− β∗
β
}0.5

(7)  

where β = 0.09, and β* = 0.0828. V is mean convective velocity. x is streamwise distance downstream of the inlet. 

3.3. Grid independent limit (GIL) test 

The mesh of the computation domain is generated by the ANSYS Mesh utility [35] and conversion to OpenFOAM compatible format 
is implemented by using the command fluent3DMeshToFoam. By assessing four grid configurations, the size and distribution of the 
mesh are determined by comparing the variation of the wall y+ normal to the SFT surface, Cd,m, and Cl,rms of the SFT. The GIL results are 
shown in Table 2 for the case of the circular SFT with a roughness height of 1.5 cm under a crossflow velocity of 0.3 m/s. It shows that 
the wall y+ values in Case 3 and Case 4 are around 1, and the differences in Cd,m, and Cl,rms values between the two cases are minor, so 
the convergence of mesh size is concluded to be achieved. Since Case 3 has fewer mesh cells, it is chosen for further simulations. It 
should be noted that the cell size of S1 is determined by ensuring the wall y+ is around 1 and varies with Re. 

3.4. Numerical model test cases 

In order to investigate the effects of marine fouling induced roughness on the hydrodynamic forces on the SFT and extend the test 
conditions in the experiments, a sensitivity analysis of roughness parameters including roughness height, skewness, coverage ratio, 
spatial arrangement, and cross-section shape is numerically carried out. The roughness parameters are shown in Table 3 and Fig. 4. 
Roughness skewness describes asymmetry and distortion characteristics of a given roughness distribution by measuring the deviation 
of a random variable from a symmetric distribution. The definition of the skewness parameter Sk is given by 

Sk =
n

(n − 1)(n − 2)

∑n
i=1(ki − km)

3

s3 (8)  

where n is the number of measured points along the circumference of the roughness profile; ki is the height of the ith data point of the 
roughness profile; km is the sample mean roughness height; s is the sample standard deviation, given by 

s=

[
1

n − 1
∑n

i=1
(ki − km)

2

]1
2

(9)  

4. Model validation 

4.1. Forces on the SFT 

The numerical results for the mean drag coefficient for the SFT with a roughness height of 1.5 cm for circular and parametric cross 
section shapes are plotted against Re and compared with experimental data (with error bars) in Fig. 5. 

The maximum relative error is 9.1% at Re = 1.75 × 104 for the parametric cross section. This may be attributed to model end 
conditions, measurement error, experimental uncertainties, roughness pattern irregularities, or numerical assumptions. It should be 
noted that a fully 2-dimensional flow along the span of the SFT can hardly be achieved in the experiments due to end wall effects and 

Table 2 
Mesh sizes used in the GIL test.   

S1 S2 S3 S4 number of cells Y+ Cd,m Cl,rms 

Case 1 1 mm 8 mm 16 mm 16 mm 1,265,881 3.82–6.67 1.887 1.224 
Case 2 1 mm 4 mm 8 mm 16 mm 1,730,324 2.28–4.43 1.892 1.228 
Case 3 0.6 mm 4 mm 8 mm 16 mm 3,869,038 1.34–2.01 1.934 1.249 
Case 4 0.6 mm 4 mm 8 mm 8 mm 4,075,150 1.21–2.03 1.931 1.247  
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the small aspect ratio of the SFT applied in this study (SFT length/width is around 5). West and Apelt [16] investigated the aspect ratio 
effects on the hydrodynamic forces of a cylinder, and found that for a given blockage ratio, the drag coefficients decrease with 
increasing aspect ratio. However, the relative difference of the drag coefficients between the aspect ratio of 5 and 22 is within 4%, 
indicating that the aspect ratio induced 3-dimensional flow effects in this study is minor. Furthermore, by leaving the gap to each side 
of the flume, the boundary layer effects at the end wall can be partially mitigated, and it is a common treatment strategy in 

Table 3 
Model parameters.  

Model conditions 
Current speed U (m/s) 0.05, 0.1, 0.2, 0.3 
SFT cross-section shape Circular, Parametric 
SFT bare height (cm) 16 
Roughness parameters 
Roughness height k (cm) 0.5, 1.0, 1.5 
Roughness coverage ratio (%) 25, 50, 100 
Roughness arrangement/Inclined angle (deg.) 0, 45, 90 
Roughness skewness (− ) − 1, +1  

Fig. 4. SFT shapes and roughness parameters.  

Fig. 5. Hydrodynamic force coefficient validation.  
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2-dimensional experiments [36,37]. There are other attempts such as using endplates assembled at the end of the SFT [38]. With the 
endplates, spanwise uniformity of mean conditions can be achieved by preventing the three-dimensional flow. However, the endplates 
can unavoidably introduce ‘second-order’ end effects, which can contribute to the formation of 3-dimensional structures in the wake 
[16]. It is still challenging for the 2-dimensional experiments to avoid the end wall effects. In addition, the free surface in the numerical 
models is excluded. Reichl [39] numerically investigated flow past a cylinder close to the free surface with various gap ratios h/D (i.e., 
the distance of the cylinder and the position of the undisturbed surface/cylinder diameter), and found that the Strouhal number in-
creases in the range 0.5 < h/D < 1.0 with an enhancement of around 10%, while it mildly changes as the gap ratio increases above 1. 
For small gaps (h/D < 1.0), the convective velocity of the vortices of each side of the cylinder is unequal, and surface vorticity causes a 
significant change in wake dynamics. However, as the gap ratio increases, the convective velocity of the negative vortices approxi-
mately equal to the positive vortices, indicating the free surface effects can be negligible for deep submergence. As the gap ratio of the 
SFT is 1.7 in this study, the free surface effects are not substantial. However, an appropriate quantitively analysis is suggested for the 
future work. Therefore, the order of magnitude of the drag coefficients is a reasonable agreement, implying the validity of the nu-
merical results. 

Since vortex shedding is not uniformly distributed along the SFT but occurs in cells, lift forces measured over the entire cylinder in 
the experiments experience low spanwise correlation effects; therefore, the lift coefficients obtained from the numerical results for a 
short slice of SFT tube, and experimental data for a long tube, are not directly comparable. 

4.2. Vortex shedding comparison 

Fig. 6 shows the morphology of the vortex street at Re = 3.3 × 104 for circular and parametric cross-section shapes. This time 
instant corresponds to the lift reaching its peak value. In the experiments, the dye is swept into vortices behind the SFT, forming large 
coherent structures as they move downstream away from the SFT. These large coherent structures indicate the locations of concen-
trated vorticity. In the numerical model, vortices in the wake are resolved. The shedding process begins with the recirculation zone 
behind the SFT moving from one side to the other (e.g., downwards to upwards), the rear part of the recirculation zone at that side will 
form the first shed vortex, and push the recirculation zone of the other side away from the SFT, to generate the second vortex. The 
widening of the wake can be seen as the spreading of these vortices, and a periodically steady-state shedding of the vortices is found. 

From Fig. 6, the vortex shedding in the numerical models is generally consistent with the experimental results. Interestingly, it can 
be observed from both the numerical and experimental results that vortices shed behind the SFT grow larger in size with the circular 

Fig. 6. Flow visualization at U = 0.2 m/s (a) circular rough SFT in the experiments; (b) circular rough SFT in the numerical model; (c) parametric 
rough SFT in the experiments; (d) parametric rough SFT in the numerical model. 
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cross section, compared to the parametric cross section. Furthermore, vortices grow larger in the region further downstream away from 
the SFT with the circular cross section (i.e., closer to the bottom and free surface). It should also be noted that the formation length of 
the recirculation region behind the SFT in the numerical models is shorter than in the experiments. RANS turbulence models using 
turbulence eddy viscosity, tend to over-estimate turbulence in the vortex cores, inducing a more rapid diffusion of the initially 
concentrated vorticity [40]. 

5. Results analysis 

5.1. Effect of SFT cross-section shape 

Cases of circular and parametric SFT cross section shapes with a fixed roughness height of 1.5 cm and coverage ratio of 100%, 
staggered roughness arrangement, and roughness skewness of +1 are selected, to investigate the effects of the cross-sectional shape on 
the hydrodynamic forces on the SFT (Fig. 4(a)). 

The mean drag coefficient Cd,m and RMS fluctuating lift coefficient Cl,rms for the two shapes are plotted against Re in Fig. 7. It shows 
that over the selected Re range, Cd,m is generally around 1.86 and 1.38, for the circular shape and parametric shape, respectively, and 
variations are not obvious. Note that for an equal blockage height, the parametric shape has a much lower Cd,m, compared to the 
circular shape. For computing Cl,rms, the blockage in the streamwise direction is selected as the equivalent diameter, inducing a 
remarkable drop of Cl,rms with the parametric shape. In general, Cd,m and Cl,rms can be effectively reduced by around 26% and 82%, 
respectively, by adopting the parametric shape. Furthermore, as the SFT is mainly designed for transportations, the traffic volume for 
the SFT cross-section should be considered properly. The clearance within the parametric shape for road or rail transportation is much 
larger than that within the circular shape under equal blockage height, thereby increasing space utilization (Fig. 4(a)). 

Streamwise mean velocity contours behind SFTs with circular and parametric cross-section shapes at U = 0.1 m/s are shown in 
Fig. 8, where the slice in the X–Y plane with the largest SFT flow blockage is presented. It is found that the local flow separation (i.e., 
reverse flow) occurs leeward of roughness elements on the windward side of the SFT for both shapes. For the circular shape, as the 
subsequent flow passes over the tip of the roughness element on the apex, the flow fully detaches from the SFT surface, leading to the 
development of free shear layers and the formation of a large recirculation zone behind the rear of the SFT (i.e., wake). However, for 
the parametric shape, when the flow passes over the tip of the roughness element on the apex, despite the local separation leeward of 
the roughness pyramid, the main stream seems still to be attached, separates further downstream, and generates a narrower wake 
region, compared to the circular shape. 

The recirculation length is measured from the center of the SFT to the trailing stagnation point, where the streamwise mean velocity 
changes sign on the centerline. The recirculation length is highly related to the size of the vortices shed behind the SFT and the drag on 
the SFT. Fig. 8 shows that the recirculation length of the parametric shape is longer, due to its more streamlined shape and the longer 
chord length. Nevertheless, after subtracting the chord length, the wake length and width of the parametric shape are much shorter; 
moreover, the narrower separation of the free shear layer produces a weaker fluctuation of lift in the near wake. Therefore, the 
parametric shape drastically reduces drag and fluctuating lift coefficients in steady flow. 

Fig. 9 displays the distribution of the time-averaged pressure coefficient Cp,m along the Y direction on the SFT surface with the same 
slice in Fig. 8 for different cross-section shapes. The definition of Cp,m is given by 

Cp,m =
2
(
p − pref

)

ρU2 (10)  

where p is the static pressure along the SFT surface; pref is the reference pressure. 
Due the symmetric shape of the cross section, Cp,m is shown only on the upper part of the SFT cross-section. The influence of 

Fig. 7. Simulated hydrodynamic force coefficients for different cross-section shapes. (a)Cd,m vs Re;(b)Cl,rms vs Re.  
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blockage on the hydrodynamic forces has been described in Ref. [18] that blockage ratio affects the pressure distribution, the 
occurrence of flow separation, and the nature of three-dimensional wake features by constraining the wake flow. In addition, the local 
flow velocity can be increased with an increasing blockage ratio. Since the blockage ratio of the SFT in this case is 25%, the large 
confinement of the boundary increases the local tangential velocity along the SFT surface and hence, increases the total pressure at the 
inlet before the steady state has been achieved. Thus, Cp,m at the stagnation point reaches much higher than 1 (around 1.5 in this case). 
Moreover, the large blockage ratio also changes the near and far wake flow, which has an impact on lateral spreading of the free shear 
layers and the hydrodynamic force coefficients. However, the blockage ratio correction procedure cannot be simply applied, since the 
actual shape of the pressure distribution changes with blockage [16], which those methods (e.g., image method [41] and momentum 
method [42]) fail to take into account. Therefore, no blockage correction is used in this study. 

Surface irregularity due to the roughness imparts three-dimensionality to the flow fields, and affects the pressure distribution along 
the SFT. After the flow passing over the stagnation point (i.e., the tip of the first pyramid at the leading-edge) at the windward edge of 
the SFT, the parametric shape experiences a generally smaller Cp,m than the circular shape, due to its shorter local projected area and 
more streamlined shape. The Cp,m in both cases decreases considerably around the leading-edge due to the increases in the flow ve-
locity and the pressure gradient. As the flow passes the windward edge of the second pyramid, the local maximum velocity is reached at 
Y = 0.38 m and 0.44 m, for the parametric and circular shapes, respectively. Followed by an abrupt change in geometry when the flow 
confronts the windward side of the second pyramid’s surface, the sudden curvature alteration leads to a change in the surrounding flow 
direction, and hence, an enhancement of the pressure on the SFT surface. When the flow direction turns to be parallel to the pyramid’s 
surface at the windward edge, the flow keeps accelerating until the pressure drops to its local minimum (suction) when the flow passes 
over the tip of the second pyramid at around Y = 0.059 m and 0.067 m, for the parametric and circular shapes, respectively. 

With the onset of local flow separation induced by a strong adverse pressure gradient (APG), Cp,m experiences a sharp increase and 
reaches its local maximum near the leeward base of the second roughness pyramid. The sharp corners can trigger flow separation when 

Fig. 8. Time-averaged streamwise velocity contours for rough SFTs with different cross-section shapes, U = 0.1 m/s.  

Fig. 9. (a)Time-averaged pressure coefficients for different cross-section shapes, U = 0.1 m/s; (b) Angle around the SFT surface, for marking the 
location of the pressure coefficient. 
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viscous forces near the SFT wall are overcome by the flow momentum, causing a zero flow velocity near the boundary and local 
detachment of the fluid. Likewise, Cp,m experiences a dramatic decrease between the second and the third roughness pyramids and 
reaches its local minimum at around Y = 0.055 m and 0.079 m, for the parametric and circular shapes, respectively. The decrease in Cp, 

m is found to be identical in both cases, due to the equal roughness heights and aspect ratios. Again, Cp,m undergoes a sudden jump (i.e., 
a sharp increase followed by a decrease) when it passes over the windward surface of the third roughness pyramid. However, the rates 
of increase and decrease of Cp,m are found to be smaller than in the previous jumps, which can be attributed to energy losses (dissi-
pation) in the system and flow separation by the abrupt pressure conversion. With the parametric cross section’s longer perimeter, the 
additional roughness pyramid induces one more pressure jump at the windward surface than the circular shape experiences. When the 
flow passes over the tip of the pyramid at the apex of the cross section, Cp,m reaches its local minimum of − 1.35 and − 1.65, for the 
parametric and circular shapes, respectively, followed by another jump (but a slight increase and decrease of Cp,m when the flow 
interacts with the leeward pyramids). The local flow acceleration due to the alternation of geometry has a negligible impact on the 
pressure distribution after the mainstream flow separation. Therefore, leeward of the SFT surface, despite the small fluctuations of Cp,m 
due to the flow interaction with roughness elements, the Cp,m distribution remains almost constant within the wake region. However, 
greater fluctuation of Cp,m can be observed in the circular shape. The base pressure coefficients Cp,bm are − 1.1 and − 0.9, for the 
parametric and circular shapes, respectively. A smaller pressure drop between the front and rear of the SFT with the parametric shape 
is seen to effectively reduce the drag and lift, compared to the circular shape. 

5.2. Effect of roughness height 

Cases of roughness height k = 0.5 cm, 1.0 cm, and 1.5 cm covering an SFT cross section with a circular shape, an equal roughness 
coverage ratio of 100%, staggered roughness element arrangement, and roughness skewness of +1 are selected, to investigate the 
effects of the roughness height on the hydrodynamic forces on the SFT (Fig. 4(b)). The value of Cd,m with respect to the Re for a smooth 
cylinder under steady currents is approximately constant before the drag crisis, namely the subcritical Re range, followed by a steep 
drop of Cd,m in the critical regime), while Cd,m plateaus in the super-critical region. After Cd,m drops to its minimum value, Cd,m 
increases in the upper-transition region, and is nearly constant at trans-critical Re [43]. The relationship between Cd,m and Re 
encompassing subcritical, critical, super-critical regimes, upper-transition, and trans-critical Re is shown in Fig. 10. 

Fig. 11 shows Cd,m and Cl,rms vs. Re for different roughness heights. It can be seen that Cd,m and Cl,rms decrease with increasing Re in 
the k = 0.5 cm case, which is a characteristic trait for flow that transitions from the subcritical (before drag crisis) to the critical regime. 
The low values of Cd,m and Cl,rms observed at Re = 1.7 × 104 might be a signature of a critical regime followed by a super-critical regime 
and an upper transition (the two regimes can be merged in case of a rough wall [43]) in the k = 1.0 cm case. For k = 1.5 cm, Cd,m and Cl, 

rms are approximately constant regardless of Re, which might be an indication of the trans-critical regime throughout the investigated 
Re range. It is well accepted that perturbation of the flow by roughness can promote an earlier transition to a turbulent boundary layer, 
causing the critical regime (i.e., drag crisis) to occur at a smaller Re, and the critical Re decreases with increasing roughness height. The 
larger roughness height generates a thicker boundary layer, where the weaker momentum exchange near the wall induces a larger 
separation angle, and hence, facilitates earlier transition and increases the drag coefficient. Therefore, Cd,m and Cl,rms increase as the 
roughness height increases. The relationship between critical Re and the roughness parameter of a rough cylinder can be approximated 
by [20]. 

Recrit =
6000

(ks/D)
1
2

(11)  

where ks is Nikuradse equivalent sand roughness. 
Assuming that ks in equation (11) is equal to roughness height in this study, by deriving the roughness height k = 1.0 cm case, the 

critical Re can be estimated as 2.4 × 104, which is slightly over-estimated compared to the numerical results (Fig. 11). This discrepancy 

Fig. 10. Drag coefficient as a function of Re for a smooth circular cylinder, following [44].  
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can be partially ascribed to the roughness parameter assumption and large blockage in this study (large blockage can trigger earlier 
critical transition [45]). However, it can provide a basic and straightforward method of critical Re prediction for a rough cylinder. 

Interestingly, notice that at an equal Re, although Cd,m and Cl,rms increase with increasing roughness height, the rate of increase of 
Cd,m and Cl,rms slows down. This behavior is closely related to the flow state and boundary layer behavior, which will be addressed in 
more detail hereafter. 

The mechanism underlying the variation of Cd,m and Cl,rms with the roughness height can be interpreted from the mean streamwise 
velocity contour around the SFTs in Fig. 12. The slice of the SFT shown is selected as that with the largest blockage in the X–Y plane 
with U = 0.1 m/s. It clearly shows that the cross-stream spacing of the wake and recirculation length increase with increasing 
roughness height due to the increase of blockage, and thus, enhances the drag. However, the relationship between fluctuating lift 
coefficient and the wake parameters are complex [46]. As can be seen, the flow separation point in each of the three cases occurs 
generally at the roughness element tips on the apex and nadir of the SFT. Due to the exaggerated roughness height and 3-dimensional 
properties of the roughness elements, the presence of the roughness distorts the streamline, detaches the flow from the SFT surface, and 
creates a large low-pressure, reverse flow area behind the SFT (i.e., wake). As a consequence, a large pressure drop forms between the 
front and rear surfaces of the SFT. 

Fig. 13 displays the time-averaged pressure coefficient Cp,m distribution in the Y direction on the SFT upper surface at the slice of the 
SFT with the largest blockage, for different roughness heights with U = 0.1 m/s. As can be seen on the windward half of the SFT, the 
amplitude of fluctuation of Cp,m increases with increasing roughness height. Jumps in Cp,m correspond to the number of roughness 
elements. The k = 1.5 cm case shows a larger variation of Cp,m amplitude, while the k = 1.0 case, with more distributed roughness 
elements (Fig. 4 (b)), has yet more Cp,m jumps. The pressure distribution over the windward half of the SFT is a combined effect of the 
two factors. Therefore, Cd,m exhibits similar values in Fig. 11 for both cases (and the rate of increase of Cd,m is slow). Nevertheless, 
despite the existence of more roughness elements (pyramids) in the k = 0.5 cm case, Cp,m is seen to be much smaller than the other two 
cases over the windward portion of the SFT, which is the main reason for the sharp drop of Cd,m in Fig. 11 (a). Comparing the base 
pressure coefficients on the leeward portion of the SFT, the three cases display fairly similar values. However, the k = 1.5 cm case 
shows a slightly larger Cp,m (less suction) than the k = 0.5 cm case, followed by the k = 1.0 cm case. It can be furthermore stated that the 

Fig. 11. Simulated hydrodynamic force coefficients for different roughness heights. (a)Cd,m vs Re;(b)Cl,rms vs Re.  

Fig. 12. Mean velocity contours of rough SFTs with different roughness heights, U = 0.1 m/s.  
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variation of the base pressure coefficient Cp,bm is closely related to the flow state. The increased Cp,bm in the k = 0.5 cm case is a 
characteristic trait of a critical regime, where Cp,bm experiences a sudden jump [6]. However, Cp,bm experiences a moderate recovery 
(larger negative pressure) when the flow enters the supercritical regime. This can be further interpreted by comparing the surface 
pressure distribution on the SFT at different Reynolds numbers in Fig. 14. 

Fig. 14 depicts the Cp,m distribution in the Y direction on the SFT upper surface at the slice of the SFT with the largest blockage, for 
each roughness height at different current speeds (different Re), where some interesting features can be illustrated. Pressures on the 
windward portion of the SFT at different current speeds are remarkably identical for each roughness height, implying the windward 
side pressure is independent of Re but determined by the SFT geometry (with roughness elements). Furthermore, the time-averaged 
base pressure distribution Cp,bm is closely linked to the variation of Cd,m in Fig. 11 (a). For the k = 0.5 cm case, Cp,bm increases with 
increasing current speed in the critical regime, whereas Cp,bm experiences a slight increase and a subsequent strong decrease, related to 
the critical regime and its upper transition for the k = 1.0 cm case. However, the dependence of Cp,bm on the Re diminishes for the k =
1.5 cm case in the completely trans-critical regime, inducing a constant Cd,m throughout the trans-critical regime in Fig. 11 (a). 

5.3. Effect of roughness skewness 

Cases of roughness skewness of − 1 and +1 for the circular SFT, with equal roughness heights of 1.0 cm, and a staggered 
arrangement are selected, to investigate the effects of the roughness skewness on the hydrodynamic forces on the SFT. Notice that it is 
difficult to keep an equal coverage ratio by changing the skewness. In this case, Sk = − 1 and +1 have a coverage ratio of 100% and 
50%, respectively (Fig. 4(c)). 

Fig. 15 shows Cd,m and Cl,rms vs. Re for different roughness skewness. It can be seen that for both cases, Cd,m and Cl,rms show a steady 
decrease followed by an increase with increasing Re. However, the minimum value is obtained at a larger Re (around 3.5 × 104) in the 
Sk = − 1 case. Due to a larger De in the Sk = − 1 case (Dex = 0.175 m), the smaller (smoother) relative roughness parameter makes the 
drag crisis occur at a higher Re, and the variation of drag is more extensive, compared to the Sk =+1 case (Dex = 0.165 m). Moreover, it 

Fig. 13. Time-averaged pressure coefficients for different roughness heights, U = 0.1 m/s.  

Fig. 14. Time-averaged pressure coefficients for each roughness height with different current speeds. (a) roughness height = 0.5 cm; (b) roughness 
height = 1.0 cm; (c) roughness height = 1.5 cm. 
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can be observed that Cd,m of the Sk = − 1 case is larger than that of the Sk =+1 case in the supercritical regime (Re higher than the drag 
crisis range). 

Fig. 16 shows the mean velocity behind the SFT for different roughness skewness at U = 0.1 m/s. The recirculation length in the Sk 
= +1 case is slightly shorter than in the Sk = − 1 case, and hence, reduces Cd,m. Notice that the wake width in the Sk = +1 case is also 
narrower, compared to Sk = − 1 case. This phenomenon can be explained that at the onset of the super-critical regime, due to the 
pressure gradient increase leeward of the SFT accelerating the flow, the shear layers bend towards the centerline of the wake [45]. 

Fig. 17 displays the time-averaged pressure coefficient Cp,m distribution along the Y direction of the SFT upper surface for a slice of 
the SFT at the location of the maximum blockage for different roughness skewness with U = 0.1 m/s. A significantly larger pressure 
drop and the subsequent enhancement can be observed in the Sk = − 1 case on the windward side of the SFT, compared to the Sk = +1 
case. This is because for an equal blockage area, the reduced roughness height ks (defined in Eq. (1)) of the Sk = − 1 case (0.75 cm) is 
three times larger than of the Sk = +1 case (0.25 cm). The mechanism of the pressure change is similar to the roughness height case. 
The increasing reduced roughness height increases the momentum exchange, causing larger pressure fluctuations. However, at the 
leeward edge, the Cp,m of the Sk = − 1 case has a lower pressure, which leads to a larger drag. 

5.4. Effect of roughness coverage ratio 

Cases of roughness coverage ratio of 25%, 50%, and 100% for a circular SFT, with equal roughness height of 1.0 cm, staggered 
arrangement, and roughness skewness of +1 are selected, to investigate the effects of the roughness coverage ratio on the hydrody-
namic forces on the SFT (Fig. 4(d)). Fig. 18 shows Cd,m and Cl,rms vs. Re for different roughness coverage ratios. For coverage ratios of 
50% and 100%, both curves show a slight dip at around Re = 1.65 × 104, characterized by a transition to a turbulent boundary layer. 
However, the variation of Cd,m and Cl,rms in the 50% case is larger than in the 100% case (i.e., increasing rates in the super-critical 

Fig. 15. Simulated hydrodynamic force coefficients for different roughness skewness. (a)Cd,m vs Re; (b)Cl,rms vs Re.  

Fig. 16. Mean velocity contours of rough SFTs with different roughness skewness, U = 0.1 m/s.  
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regime are higher). This shows that the drag crisis is less pronounced as the relative roughness parameter increases (i.e., for the 100% 
coverage case). This is because the flow experiences a relatively weaker momentum exchange near the wall in the large relative 
roughness case caused by the larger boundary layer thickness, and hence, has a smaller angular location of the separation points than 
the small relative roughness case (e.g., for the 50% and 25% coverage cases) [43]. For the coverage ratio of 25% however, a continuous 
decrease and then an almost constant trend are depicted in the Cd,m and Cl,rms curves, indicating the flow regime might enter from 
critical to supercritical. It can be seen that Cd,m and Cl,rms increase with increasing roughness coverage ratio. Similar to the roughness 
height case, the increase is reduced due to the Reynolds number being on either side of the drag crisis regime. 

Fig. 19 shows mean velocity contours behind the SFT for roughness coverage ratios of 25%, 50%, and 100%. Due to the staggered 
arrangement of roughness elements, the distribution of the roughness elements in the 50% and 100% cases for a slice of the SFT at the 
location of the maximum blockage has a similar structural pattern. For the sake of clarity, a slice through the center of the roughness 
element on the apex of the SFT (half of the roughness height) in the X–Y plane is shown. As can be seen, the 25% coverage case has the 
shortest recirculation length and smallest wake size, which induces the lowest Cd,m and Cl,rms. The 100% coverage case generates the 
largest wake, and experiences the largest drag and fluctuating lift forces. 

Fig. 20 describes the Cp,m distribution along the upper surface of the SFT at U = 0.1 m/s (at the same slice as in Fig. 19). Due to the 
presence of more pyramids (roughness elements) in the 100% coverage ratio case, Cp,m experiences more jumps; however, in the 25% 
case, Cp,m shows a continuous decline on the windward side of the cross section. For the pressure on the leeward side of the cross 
section, a larger negative Cp,bm is present in the 100% coverage ratio case, due to a larger equivalent diameter and flow separation. 

5.5. Effect of roughness arrangement 

Staggered, horizontal, and vertical roughness layouts for a circular SFT, with equal roughness heights of 1.0 cm, coverage ratio of 

Fig. 17. Time-averaged pressure coefficients for different roughness skewness, U = 0.1 m/s.  

Fig. 18. Simulated hydrodynamic force coefficients for different roughness coverage ratios. (a)Cd,m vs Re; (b)Cl,rms vs Re.  
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50%, and roughness skewness of +1 are selected, to investigate the effects of the roughness arrangement on the hydrodynamic forces 
on the SFT (Fig. 4(e)). Fig. 21 shows Cd,m and Cl,rms vs. Re for different roughness arrangements. Cd,m and Cl,rms show a generally 
increasing trend with increasing Re for the staggered and horizontal arrangement cases. On the contrary, the vertical arrangement 
shows a continuous drop with increasing Re, characterized by transition to a turbulent boundary layer. The Cd,m and Cl,rms in the 

Fig. 19. Mean velocity contours of rough SFTs with different roughness coverage ratios, U = 0.1 m/s.  

Fig. 20. Time-averaged pressure coefficients for different roughness coverage ratio, U = 0.1 m/s.  

Fig. 21. Simulated hydrodynamic force coefficients for different roughness arrangements. (a)Cd,m vs Re; (b)Cl,rms vs Re.  
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horizontal arrangement case are amongst the largest at Re ≥ 1.65 × 104. 
Fig. 22 shows mean velocity contours behind SFTs for different roughness arrangements at the transverse slice with largest 

blockage at U = 0.1 m/s. In order to demonstrate the effects of slices with different cut shapes, two slices are shown in the vertical 
arrangement cases. Interesting to note is that the recirculation length for the staggered and horizontal arrangement cases are similar; 
while the staggered case presents a narrower wake width, which reduces the drag (i.e., less suction shown in Fig. 23). For the vertical 
case (Fig. 4(e)), the detached shear layer is found to be farther away from the SFT surface. Furthermore, a wider wake is seen in the Z1 
than in the Z2 slice, due to the presence of pyramids. Furthermore, in the Z2 slice, the flow separation point on the smooth cylinder 
moves further downstream which narrows down the wake width. In addition, the smaller blockage of the smooth cylinder contributes 
to a further drop in the drag. 

Due to the differences in the spatial arrangement of the pyramids, the spatial-temporal averaged (in the Z direction) pressure 
coefficients Cp,m at U = 0.1 m/s are shown in Fig. 23. On the windward side, the Cp,m of the horizontal case is seen less smooth, 
compared to the other two cases. This is because the flow can move between roughness elements in the staggered and vertical cases. 
However, for the horizontal arrangement, the continuous roughness elements in the Z direction enhance the pressure variation over 
the SFT surface (e.g., for the position marked in the red block in Fig. 23). Due to the presence of roughness elements, the considerable 
pressure gradient contributes to an enhancement of the drag. On the leeward side of the SFT, the Cp,m in the horizontal arrangement 
case shows the largest suction, while in the vertical and staggered cases Cp,m does not vary much. 

6. Feature importance computation 

In the preceding section, we showed that SFT cross-section shape, roughness height, roughness coverage ratio, roughness skewness, 
and roughness arrangement all affect the hydrodynamic forces on the SFT to different degrees. However, the relationship between the 
hydrodynamic forces and these influential factors related to roughness is indirect, showing its complexity and nonlinearity in different 
flow regimes associated with subtle fluid mechanisms such as boundary layer transition and separation, flow reattachment, and wake 
characteristics. This leads to a need for importance ranking of the roughness parameters, to gain a more direct insight into marine 
fouling effects on an SFT. 

Random forest (RF) is an ensemble technique of machine learning for including a subset of data features at each node to grow a 
series of decision trees and obtain a final decision by aggregating the results of each decision tree by means of a majority vote [47]. 
Compared with simple ranking methods such as iterative algorithms [48], RF has demonstrated its capability in dealing with multiple 
features in computational efficiency, which has been widely adopted in non-linear classification and regression tasks. Furthermore, 
compared with other machine learning models, RF shows strong advantages in handling imbalanced datasets and being robust against 

Fig. 22. Mean velocity contours of rough SFTs with different roughness arrangements, U = 0.1 m/s.  
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overfitting [49]. Using an RF, the feature importance can be measured as the mean decrease in impurity (MDI) by computing all the 
decision trees in the forest. As a computationally efficient classifier for the entropy approximation, the Gini Index or Gini impurity is 
used to describe the quality of the split of a node on a feature within the decision trees of the RF. The impurity of a node split using Gini 
impurity is given by 

Gini(D)= 1 −
∑K

k=1
p2

k (12)  

where the collection of data samples is D; pk is the probability of the kth class (k = 1, 2, …, K) in a node. 
Followed by weighting each branch based on the baseline probability and summing the weighted Gini index for each split, the Gini 

index of feature a with the total number of V in a branch can be defined by 

Gini(D, a)=
∑V

v=1

|Dv|

|D|
Gini(Dv) (13) 

The reduction in impurity is 

ΔGini(D, a)=Gini(D) − Gini(D, a) (14) 

The feature importance is computed as the mean and standard deviation of accumulation of the impurity decrease within each tree 
(Gini importance). Consequently, a feature with a higher impurity reduction is deemed to be more important in classification. 
Conveniently, the RF collecting the feature importance values is implemented in scikit-learn [50], programmed in Python. 

Therefore, for the feature importance ranking of roughness parameters for hydrodynamic forces on the SFT, 36 samples with a total 
of 1000 trees in an RF are trained, and 6 features are ranked by the respective importance measures, including the SFT cross-section 
shape, roughness height, skewness, coverage ratio, arrangement, and Reynolds number. The target parameters are Cd,m and Cl,rms, 
respectively. The dataset is split into training and testing subsets. A large number of estimators can reduce the possibility of overfitting 

Fig. 23. Spatial-temporal averaged pressure coefficients for different roughness arrangement, U = 0.1 m/s.  

Fig. 24. Results of feature importance for the hydrodynamic forces on the SFT. (a) Cd,m; (b) Cl,rms.  
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and hence increase the prediction accuracy. 70% of the samples are selected as training subsets and the remaining 30% are used as 
testing subsets. Gini impurity is taken as the function to measure the quality of a split. The nodes are expanded until all leaves contain 
less than the minimum number of samples required to split an internal node (taken as 2 in this study). 

The feature importance for each roughness parameter to the target values of Cd,m and Cl,rms is shown respectively in Fig. 24. The 
feature importance values are normalized, and they sum up to 1.0. The results depict that throughout all of the trees considered in the 
RF, for both Cd,m and Cl,rms, the Reynolds number is the most important feature, relating to the flow regimes. However, it should be 
noted that the selected Re range covers the critical to trans-critical regimes where the force coefficients on the SFT are highly affected 
by the involved boundary layer transition and separation, flow reattachment, and wake characteristics. The second important feature 
for Cd,m is the roughness coverage ratio, followed by the SFT cross-sectional shape. The effects of roughness height, roughness 
arrangement, and roughness skewness on Cd,m are similar in the feature importance ranking. For the Cl,rms, the SFT cross-sectional 
shape plays an important role, followed by the roughness coverage ratio. The roughness height, roughness skewness, and rough-
ness arrangement are less dominant. 

It is interesting to see that for both Cd,m and Cl,rms, roughness coverage ratio and SFT cross-sectional shape rank second and third in 
importance, respectively. The SFT cross-sectional shape alters the structure geometry and can hence remarkably affects the flow 
behavior and hydrodynamic forces, while for the lower roughness coverage ratio case, the flow characteristics such as the wake size, 
recirculation length, and the pressure distribution (in section 5.4) see a significant distinction, compared to the higher roughness 
coverage ratio case. 

7. Conclusions 

This paper presents detailed findings of roughness (representing marine fouling) effects on the hydrodynamic forces and flow 
characteristics of an SFT by means of experimental studies and numerical models with URANS simulations over the range 8.125 × 103 

≤ Re ≤ 5.25 × 104, which encompasses the critical (onset of boundary layer turbulence) and trans-critical flow regimes. The numerical 
results have been validated against experiments by comparing the forces on the SFT and vortex shedding. The effects of roughness 
parameters including roughness height, skewness, coverage ratio, and spatial arrangement on the hydrodynamic forces under steady 
currents are investigated. In addition, the force distributions on fouled SFTs with different cross-section shapes (i.e., circular and 
parametric) are compared. In order to rank the importance of different roughness parameters, a machine learning method (random 
forest) is applied. The main findings are summarized as follows.  

(1) The locations of boundary layer separation on the SFT have been seen in different SFT cross-section shapes, which play a 
significant role in determining hydrodynamic forces. The SFT cross-section with the parametric shape has a more streamlined 
shape, thereby inducing later separation and a smaller wake. Therefore, the parametric shape is preferable for its drag force 
mitigating effects. With an equal blockage height, the parametric shape utilizes space better and has preferable hydrodynamic 
performance, which is recommended for engineering practice.  

(2) The hydrodynamic forces on an SFT increase with increasing roughness height correlating to the blockage area of the SFT and 
flow state. However, the rate of drag force increase slows down as roughness height increases. The presence of pyramids with 
increasing roughness height generates larger pressure gradients and transfers more momentum, leading to larger fluctuations of 
surface pressure at the windward edge. In addition, the energy dissipation also increases with increasing roughness height.  

(3) The relative roughness parameter is a crucial factor in the roughness skewness cases, which leads to a shift in the critical 
Reynolds number for boundary layer turbulence. As skewness decreases, the SFT becomes smoother, accompanied by a drag 
crisis occurring at a higher Re and a more extensive force coefficient variation. Furthermore, in the supercritical regime, the 
drag coefficient of the SFT decreases with decreasing roughness skewness.  

(4) The hydrodynamic forces increase with increasing roughness coverage ratio, while the trend flattens as roughness coverage 
ratio increases. An SFT with a lower coverage ratio (such as 25%) can effectively shorten the flow recirculation length and wake 
width, and hence, dramatically reduce hydrodynamic forces.  

(5) In the case of the presence of different roughness arrangements, the roughness patterns interact and cause different behaviors in 
the nearfield wake. The horizontal roughness distribution generally induces the largest hydrodynamic forces throughout the 
selected Re range, followed by a staggered arrangement. The flow around the SFT with vertically distributed pyramids remains 
at the critical regime, generating the minimum hydrodynamic forces.  

(6) Random forest is an effective method in dealing with non-linear relationships for feature importance ranking. The flow regime 
affects the hydrodynamic forces more than the roughness parameters do. In addition, the SFT cross-section shape and roughness 
coverage ratio are crucial factors affecting hydrodynamic forces. 

The current study presents marine fouling effects on SFTs subject to steady currents in detail for the first time. These findings 
indicate the roughness effects can propagate far into the wake area and affect the hydrodynamic forces and further dynamic response 
of the SFT. The evaluated findings of hydrodynamic force in relation to roughness parameters can provide references for dynamic 
response, reliability analysis, and the design optimization of SFTs. 

It should be noted that the regular pyramidal roughness only very roughly represents actual marine fouling organisms. Roughness 
elements due to real marine deposition are highly related to fouling morphology, texture, density, and growth type (i.e., hard, soft, 
kelp). A more realistic roughness pattern with random distribution should be included in further hydrodynamic investigation for an 
SFT. 
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