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Abstract 6 

Vortex flow around multiple columns of finite length is ubiquitous in engineering. The present work 7 

focuses on the basic fluid physics in terms of the vortex shedding flow patterns and their dependence on 8 

structural configurations and flow parameters. Though widely documented in the literature, there is no 9 

consensus on certain aspects of the wake characteristics immediately behind the obstacles for a multi-10 

column structure at a relative high Reynolds number range. A comprehensive set of numerical simulations 11 

has been conducted to investigate the flow interactions with four square section shaped columns in a 12 

diamond configuration, which is complimented by experiments using particle image velocimetry and force 13 

measurements in a physical model with Reynolds numbers varying from 3.7 × 104 to 6.0 × 104. Horizontal 14 

structural members called pontoons were added near the end of the columns to alter the interactions with 15 

the surrounding fluid. This work reveals further insights of the fluid physics including the interactions of 16 

the vortex shedding processes due to the multi-columns and pontoons. The pontoons are seen blocking the 17 

vortices shed from the free end of the column by pushing the recirculation region further away from the 18 

free end of each column. In addition to the vortex shedding period being increased, further examination of 19 

the wake region indicates that the vortex street tends to be tidier and more structured by adding the pontoons 20 

to a basic multi-column structure. The findings will lead to better understanding in vortex shedding fluid 21 

physics and improved design in new offshore structure development such as deep-draft semi-submersibles 22 

and tension leg platforms.  23 
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Nomenclature 28 

A Projected area of the immersed structure 29 
BL Overall width of the structure 30 
BT Draft of the structure 31 
CD Drag force coefficient 32 
CL Lift force coefficient 33 
Cp Pressure coefficient 34 
D Column projected width 35 
f Vortex shedding frequency 36 
Fr Froude number 37 
FD Hydrodynamic drag force acting on the structure 38 
FL Hydrodynamic lift force acting on the structure 39 
GCI Grid convergence index 40 
H1 Immersed column height above the pontoon 41 
H2 Immersed column height 42 
L Column width 43 
P Pontoon height 44 
Re Reynolds number 45 
rms Root mean square 46 
S Distance between centre columns 47 
St Strouhal number 48 
∆t Numerical simulation time step 49 
U Current speed 50 
Ui Streamwise flow velocity (velocity component i) 51 
Uj Transverse flow velocity (velocity component j) 52 
Uk Spanwise flow velocity (velocity component k) 53 
ρ Fresh water density 54 
ω��⃑ x Streamwise vorticity 55 
ω��⃑ y Transverse vorticity 56 
y+ Y plus value 57 

1. Introduction 58 

Since Thom [1] accomplished an early study on the pressure distribution around a cylinder with low 59 

Reynolds numbers varying from 3.5 to 174, flow around a cylinder has been a classical case for 60 

investigating the phenomena of flow separation. Norberg [2] summarized the results from several previous 61 

studies about the fluctuating forces on a circular cylinder. Recently, Parnaudeau et al. [3] investigated the 62 

flow over a circular cylinder both numerically with large eddy simulation and experimentally with hot-wire 63 

anemometry and particle image velocimetry (PIV) at Reynold number = 3900. A significant amount of 64 

studies have been carried out to understand the flow past an isolated cylinder or two cylinders  aligned in a 65 
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tandem arrangement by Bearman [4]. Although the case of the flow around a cylinder has been studied for 66 

many decades, study of a more complex arrangement such as four cylinders arrays is still rarely investigated 67 

and documented. The first investigation on the flow around four cylinders in a square arrangement was 68 

carried out by Sayers [5]. The force coefficients and vortex shedding frequencies were measured with 69 

different pitch ratios and flow incidences [5, 6]. Much of the research on the flow interactions among groups 70 

of four cylinders was done by Lam and co-authors over the last two decades [7-12]. The understanding of 71 

the mechanism on the multiple cylinder interaction is mainly based on their long-term investigation efforts. 72 

Lam and Lo [7] firstly performed experiments to investigate the flow patterns and the corresponding 73 

Strouhal number of four cylinders followed by an experiment in an open circuit wind tunnel [8]. In their 74 

work, the pressure distributions and force coefficients on each of the cylinders were measured to discuss 75 

the effects of incidence and spacing ratio. Following these studies, a water tunnel experiment at a Reynolds 76 

number 200 was carried out by Lam et al. [9]. The PIV technique was employed in their study to measure 77 

the velocity profiles as well as the flow patterns during the experiment. The force coefficients and vortex 78 

shedding frequencies were measured in a wind tunnel experiment by Lam et al. [10]. The downstream 79 

cylinders are always seen to be subjected to a higher lift force and lower drag forces than the upstream 80 

cylinders [10]. Lam et al. [11] used a numerical routine to simulate a cross-flow around four cylinders in 81 

an in-line arrangement and the spacing ratio effects were further studied by Lam and Zou [12] in more 82 

detail at a Reynolds number of 200. Other researchers, such as Zou et al. [13], Zhao and Cheng [14], and 83 

Wang et al. [15] also made their own contributions on the study of cross-flow around four cylinders. 84 

Especially, Wang et al. [15] carried out an experiment in an open water tunnel focusing on the vortex 85 

shedding patterns in the wake region of four cylinders. The cylinder spacing ratio and incidence angle 86 

effects on the vortex shedding patterns were illustrated. A good correlation between the flow pattern and 87 

the fluctuation forces was demonstrated in their study. 88 

It is noted that the majority of studies on flow separation around cylinders are based on a simple infinite 89 

cylinder assumption. In most of engineering applications, however, structures comprised of multiple 90 

cylinders are often with finite length i.e., the existing of free end. It has attracted considerable attentions 91 

for the study of cross-flow past a cylinder with a free end, which is close to engineering applications such 92 

as poles, towers and offshore structures. Sumner [16] well documented the literature about flow around the 93 

cylinder with free end with a great deal of research work including 52 papers being summarized. Morton 94 
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and Yarusevych [17] studied flow past a circular cylinder with a single stepwise discontinuity at two 95 

Reynolds numbers, 150 and 300. However, for the case of cross-flow around a group of cylinders each with 96 

free end, there is still a lack of understanding on this complex interaction. Liang et al. [18] conducted a 97 

preliminary study on flow past four free end rectangular section columns by both experimental and 98 

numerical routines. In this study, the cross-flow around four free end rectangular columns with and without 99 

pontoons in a diamond configuration, i.e. the flow incidence angle is at 45 degree, is investigated. Adding 100 

the pontoons at the base between the columns is found to significantly alter the flow patterns around the 101 

columns and lead to the change of flow parameters such as force coefficients and Strouhal number. The 102 

interaction between each column and the pontoons effects on the flow patterns are discussed. 103 

2. Experimental arrangement 104 

A series of experiments was conducted in the circulating water channel at Shanghai Jiao Tong 105 

University. The circulating water channel is vertically placed with an 8.0 m length, 3.0 m width and 1.6 m 106 

water depth measuring section. The current velocity range can be varied from 0.1 m/s to 3.0 m/s, with the 107 

maximum allowable fluctuations of 0.01 m/s. 108 

Table 1 Main characteristics of the four columns configuration (model I). 109 

 Model I  
Spacing ratio (S/D) 2.63 
Aspect ratio (H1/D) 1.71 
Corner ratio (R/D) 0.11 

Table 2 Main characteristics of the four columns with pontoons connected configuration (model II). 110 

 Model II 
Spacing ratio (S/D) 2.63 
Aspect ratio (H2/D) 1.9 
Corner ratio (R/D) 0.11 
Pontoon height ratio (P/D) 0.36 

Two sets of model test were conducted, including a four columns configuration (Model I) and a four 111 

columns with pontoons connected configuration (Model II). The projected width (D) of the column is 112 

designed as 0.215 m in the present study. Details are presented in Table 1 and Table 2 as well as shown in 113 

Fig. 1. 114 
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 115 

Fig. 1 Model configurations: (A) Four columns configuration (model I); (B) Four columns with 116 

pontoons connected configuration (model II). 117 

The models were mounted to the cross-structure at the top of the test section and connected by a three-118 

component force transducer capable of measuring the total fluid forces on the overall model. The central 119 

line of the model was coincided with the central line of the circulating water channel at in-line direction. 120 

For each individual test case, the experiments were run at least twice and the final results from the 121 

experiments are averaged from the two or more experimental data sets. With the aim to record images of 122 

flow patterns developing around and behind column 3 (see Fig. 2 for the definition of the column 123 

arrangement and numbering) during the experiments, the LaVision GmbH Particle imaging velocimetry 124 

(PIV) system (including a double pulsed Nd:YAG laser, with output energy of 425 mJ/pulse at 532 nm 125 

wavelength to illuminate the particles) was employed. A LaVision ImgaerProX11M CCD camera was used 126 

to record two-dimensional (2D) images of the illuminated field of view at a frequency of 4.52 Hz. Two 127 

hundred images were collected for each individual case. To improve vector calculation in areas with the 128 

large velocity fluctuations in the wake region, calculations are performed using multiple interactions with 129 

decreasing interrogation window size (128 × 128 to 48 × 48 px), automatically adjusting window size and 130 

shape to local seeding density and flow gradients. The DaVis 8.2.2 package was further used to process the 131 

velocity and vorticity contours. The experimental set-up is shown in Fig. 3. In the present study, the models 132 

were tested under 45 degree incidence with Reynolds number (Re = UD/v, where U is the free stream 133 

velocity, D is the projected width of the column and v is the kinematic viscosity of the fresh water) ranging 134 

from 3.7 × 104 to 6.0 × 104. 135 



6 
 

 136 

Fig. 2 Columns arrangement and flow direction. 137 

 138 

 139 

Fig. 3 Experimental set-up in the circulating water channel. 140 

3. Numerical simulation 141 

3.1. Computational overview 142 

A) Model 
B) PIV recording camera 
C) PIV laser head 
D) Three component force transducer 
E) Adjustable support structure and top frame 
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A numerical simulation of the flow around four columns, both with and without pontoons connected, 143 

was performed with the corresponding flow conditions of Reynolds number ranging from 3.7 × 104 to 144 

6.0 × 104. In the present numerical model, improved delayed detached eddy simulation (IDDES) [19] with 145 

Spalart-Almaras (SA) [20] was employed to improve the boundary layer simulation and in the meantime 146 

reduce the computational cost. The computational domain is divided into a number of non-uniform 147 

polyhedral grids [21] (see Fig. 4). For all simulations, a 9BL × 6BL × 3BT sized computational domain was 148 

used in the present study (where BL is the overall width of the structures and BT is the draft of the structure). 149 

Zou et al. [13] previously used a 32L × 20L × 3L  (about 7.1BL × 4.4BL × 3L ) domain while the 150 

computational domains were 6BL × 4.5BL × 2.8BT and 5BL × 4BL × 2.2BT in the studies by Lee et al. [22]. 151 

Tan et al. [23] performed a numerical modelling using 27BL × 18BL × 6.5BT domain. Koop et al. [24], 152 

however, chose a 10BL × 6BT cylindrical domain for simulating flow with their numerical models. In our 153 

earlier study [18], a computational domain size of 9.5BL × 6.3BL × 3BT was employed. Compared with 154 

aforementioned computational domain sizes, a 9BL × 6BL × 3BT domain was considered to be sufficiently 155 

large to eliminate the far field effects from the boundaries and the three-dimensional effects from a spanwise 156 

cross flow direction. 157 

 158 

Fig. 4 Visualization of the mesh (Case: FCP_N5) at the middle draft level of the four columns 159 

configuration model (XY plane). Sub-picture (A) is a local zooming to show the “Prims Layer Mesher”. 160 
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All simulations were carried out using a commercial CFD code, STAR-CCM+ 9 [21]. The finite volume 161 

method (FVM) is adopted to discretize the incompressible flow field equations [25]. The second-order 162 

implicit three time levels (ITTL) scheme is applied for the temporal discretization. The convective term is 163 

evaluated by using a hybrid second-order upwind scheme. SIMPLE algorithm is employed to treat the 164 

pressure and velocity coupling. 165 

The computational domain was modelled with a three-dimensional mesh of elements. A polyhedral 166 

mesh [21] was used in this study. The overall element mesh domain is illustrated at a mid-depth horizontal 167 

layer in Fig. 4. In the present study, a near wall refinement method named “Prism Layer Mesher [21]” was 168 

adopted. The “Prism Layer Mesher” model (as shown in Fig. 4) is used with a core volume mesh to generate 169 

orthogonal prismatic cells next to wall surfaces. This layer of cells is necessary to improve the accuracy of 170 

the flow solution [21]. 171 

The boundary conditions for the present numerical model are summarised as follows: 172 

(1) The surfaces of the columns and pontoons are prescribed as a smooth wall no-slip boundary 173 

condition. 174 

(2) A uniform and constant velocity is specified directly at the inlet and the pressure at the outlet 175 

boundary is given a reference value as zero. 176 

(3) It is noted that the Froude number being quite small (Fr < 0.2) in all simulations of the present 177 

investigation. As observed in the model tests, the free surface effects are rather limited and 178 

can be ignored. Thus, the free surface is prescribed as being a symmetry boundary. 179 

A major advantage of using the IDDES numerical approach is that the “outer” log-layer [19] and wake 180 

region is resolved with the large eddy simulation (LES). The IDDES simulations produced two logarithmic 181 

layers: the “inner” log-layer, which arises because the RANS model is constructed to provide it and the 182 

“outer” log-layer, which arises because LES is functioning well once all local grid-sizes are much smaller 183 

than the distance to the wall [19]. With the development from Shur et al. [19], a new hybrid model, IDDES 184 

is shown capable of resolving the issue of mismatch between the modelled log layer and the resolved log 185 

layer, which has been typical in either DES or DDES use for WMLES. This, however, requires rather strict 186 

Courant numbers, which is referred to a suitable time step setting. In the present study, the non-dimensional 187 

time step (non-dimensional time step = ∆tU/L, where ∆t is the time step, U is the inlet velocity and L is the 188 

width of the column) is set as 0.008 to ensure the Courant number less than 1 (only in some tiny flow areas 189 
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closed to the wall, the Courant number may reach to 1.5). Based on the recent study of modelling vortex-190 

induced motions of a deep-draft semi-submersible [26, 27], the selected time step is considered to be fine 191 

enough for the current simulations’ requirement. 192 

Additionally, the IDDES with SA approach can improve the performance of the boundary layer 193 

simulation under a strict y+ values requirement (y+≤ 1, y+ = u*∆y1/ν, where u* denotes the friction velocity 194 

at the nearest wall, ∆y1 is the first layer thickness and ν is the kinematic viscosity). In the present study, the 195 

distance from the column surface to the nearest grids is specified to ensure the y+ values be smaller than 1 196 

for all the simulations. 197 

3.2. Sensitivity study 198 

To verify reliability and accuracy of the numerical model, a mesh sensitivity study was carried out with 199 

different levels of grid refinement on each model. The convergence lines illustrate results for the physical 200 

quantities and non-dimensional flow parameter including the mean drag force coefficient (C�D), the root 201 

mean square lift force coefficient (CLrms), and the Strouhal number (St), which are defined as: 202 

CD = FD
1
2ρU2A

,                                                                          (1) 203 

CL = FL
1
2ρU2A

,                                                                          (2) 204 

St = fL
U

,                                                                               (3) 205 

where, FD is the drag force on the structure, FL is the lift force on the structure, ρ is the fresh water 206 

density, U is the free stream velocity, A is the projected area of the immersed structure. In Eq. (3), f is the 207 

vortex shedding frequency obtained from the power spectra of lift force coefficient fluctuations as 208 

suggested by Schewe [28] and L is the width of the column. 209 

3.2.1. Four columns configuration 210 

Table 3 Mesh sensitivity study for the four columns configuration. 211 

Case Elements (million) C�D CLrms St 
FC_N1 0.02 0.931 0.105 0.127 
FC_N2 0.13 1.052 0.111 0.139 
FC_N3 0.95 1.065 0.078 0.139 
FC_N4 3.50 1.068 0.066 0.150 
FC_N5 8.18 1.100 0.065 0.145 
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Five different mesh refinements represent the total number of grids from a coarse grid refinement level 212 

to a relatively fine grid refinement. The details of the sensitivity study and the corresponding simulation 213 

results are shown in Table 3. The results are obtained by averaging over more than twenty vortex shedding 214 

cycles of the whole structure. The convergences are further illustrated in Fig. 5, Fig. 6 and Fig. 7. 215 

 216 

Fig. 5 Convergence of mean drag force coefficient (C�D) for the four columns configuration. 217 

 218 

Fig. 6 Convergence of root mean square lift force coefficient (CLrms) for the four columns configuration. 219 
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 220 

Fig. 7 Convergence of Strouhal number (St) for the four columns configuration. 221 

As shown in Fig. 5, Fig. 6 and Fig. 7, the mesh refinement setting FC_N4 is considered to be fine 222 

enough and has been chosen for further numerical simulations and comparisons against the experimental 223 

data.  224 

3.2.2. Four columns with horizontal pontoons connected configuration 225 

Table 4 Mesh sensitivity study for the four columns with pontoons connected configuration. 226 

Case Elements (million) C�D CLrms St 
FCP_N1 0.15 1.030 0.171 0.122 
FCP_N2 0.56 1.064 0.178 0.122 
FCP_N3 0.94 1.053 0.139 0.134 
FCP_N4 3.43 1.068 0.101 0.131 
FCP_N5 6.86 1.066 0.093 0.131 

As the configuration of the model is changed with the addition of the horizontal structure member 227 

pontoons, the mesh sensitivity study needs to be re-conducted. With the same methods being described in 228 

the above section for the four columns configuration, the convergence (see Fig. 8, Fig. 9 and Fig. 10) is 229 

performed with the results given in Table 4. 230 
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 231 

Fig. 8 Convergence of mean drag force coefficient (C�D) for the four columns with pontoons connected 232 

configuration. 233 

 234 

Fig. 9 Convergence of root mean square lift force coefficient (CLrms) for the four columns with pontoons 235 

connected configuration. 236 
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Fig. 10 Convergence of Strouhal number (St) for the four columns with pontoons connected 238 

configuration. 239 

The detailed mesh sensitivity study shows that the mesh setting FCP_N4 is fine enough to obtain 240 

confident results within an acceptable computation time. Thus, it is used in further numerical simulations 241 

for the four columns with pontoons configuration.  242 

Additionally, based on the recent study of modelling vortex-induced motions of a deep-draft semi-243 

submersible [26, 27], the selected mesh is considered to be fine enough for the current simulations’ 244 

requirement.  245 

4. Results and analyses 246 

Two different configurations (columns with and without pontoons connected) under 45 degree flow 247 

incidence were investigated using the established numerical models and their results are further compared 248 

against the corresponding experimental data. 249 

4.1. Flow characteristics in the horizontal plane 250 

In order to reveal further insights of the fluid physics due to the fluid flow interaction with multiple 251 

columns and pontoons arrangements, a general visual appreciation of the vortex shedding patterns (e.g. the 252 

time-averaged velocity contours and the vorticity contours) at Re = 4.3 × 104 from both the experimental 253 

measurements and the numerical simulations are presented and the flow characteristics are analysed in this 254 

section. 255 

4.1.1. Time-averaged velocity distribution 256 

The velocity profiles in the wake region around column 3 in a horizontal XY plane (at the middle draft) 257 

obtained from the experiments and numerical simulations for the two configurations are shown in Fig. 11 258 

and Fig. 12 respectively (where Umean= �𝑈𝑈𝚤𝚤�
2 + 𝑈𝑈𝚥𝚥�

2, Ui is the streamwise flow velocity, Uj is the transverse 259 

flow velocity). The velocities were sampled over the horizontal cross section coinciding with XY plane (i, 260 

j plane) to have direct quantifiable comparisons between the experimental PIV measurements and the 261 

numerical predictions (shown in Fig. 13 and Fig. 14). A typical characteristic U-shaped velocity profile is 262 

observed in Fig. 14. The numerical results show a good agreement with the experimental data, especially 263 

in capturing the recirculation flows in the wake region. The numerical simulations give similar velocity 264 
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values to those from the experimental measurements. As one of the highlights in the present experiments, 265 

the PIV measurements have collected the flow data from an extended area (about 0.6 m2 measurement area) 266 

compared with the studies of previous researchers [15, 29], which is crucial to provide a more complete 267 

picture of the flow characteristics of the wider region around the columns. There are larger discrepancies 268 

observed at the sides of column 3 which is in the areas close to the edge of the camera screen. This is partly 269 

due to the resolution of the PIV image in these regions being often not as good as in the central part of the 270 

camera lens. The numerical predictions agree well compared with the experimental results at the central 271 

part of the lens (around y/D = 0). As the present numerical model has been rigorously validated through 272 

both kinematics and dynamics, the relatively large discrepancies at the side are attributed to the poor 273 

resolution of the PIV image in the experiments. In general, the numerical simulations predict well compared 274 

with the experimental results. 275 

 276 

Fig. 11 Time-averaged velocity distribution behind column 3 at the middle draft level of the four 277 

columns configuration in XY plane. 278 
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 279 

Fig. 12 Time-averaged velocity distribution behind column 3 at the middle draft level of the four 280 

columns with pontoons connected configuration in XY plane. 281 

 282 

Fig. 13 Time-averaged flow properties of the Umean/UC in XY plane (middle draft level of the structure) 283 

for column 3, at x/D = 0.75 Re = 4.3 × 104, “FC” is the four columns configuration and “FCP” is the four 284 

columns with pontoons connected configuration. 285 
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Fig. 14 Time-averaged flow properties of the Ui���/UC (velocity component i) in XY plane (middle draft 287 

level of the structure) for column 3 at x/D = 0.75, Re = 4.3 × 104. “FC” is the four columns configuration 288 

and “FCP” is the four columns with pontoons connected configuration. 289 

It is noted that the experimental data are quite limited due to a limitation of the PIV measuring range. 290 

Detailed examination of the flow characteristics around the complete structural configuration is based on 291 

the comprehensive numerical results in the present work. The time-averaged streamwise velocity 292 

components (velocity component i) downstream of each column are shown in Fig. 15. By adding the 293 

pontoons into the structure, the minimum values of the streamwise velocities after each column are seen to 294 

be slightly increased to different levels. For column 1, it is seen that the pontoons increases streamwise 295 

velocity in the recirculating region, but it decreases the velocity distribution trend at the sides of the column. 296 

Unlike the downstream flow of column 1, the downstream flow of column 3 shows a different trend of the 297 

velocity at the two sides of the column, a clear indication of the upstream turbulence effect to the 298 

downstream velocity profile. Fig. 15 also shows a larger streamwise velocity around the four columns with 299 

pontoons connected configuration than that around the four columns configuration. At the recirculation 300 

region, the velocity trend turns out to be flatter for the four columns with pontoons connected configuration. 301 

For the two side columns (column 2 and 4), as can be seen in Fig. 15, their streamwise velocity distributions 302 

are symmetric with respect to the centre line of the whole structure. 303 
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 304 

Fig. 15 Numerical predicted time-averaged flow properties of the Ui���/UC (velocity component i) in XY 305 

plane (middle draft level of the structure) for each column at x/D = 0.75, Re = 4.3 × 104. “FC” is the four 306 

columns configuration and “FCP” is the four columns with pontoons connected configuration. 307 

4.1.2. Instantaneous vorticity contour and wake forms 308 

The instantaneous vorticity contours have always been closely related to the fluid physics, especially 309 

in the vortex flow. In the present section, the instantaneous non-dimensional vorticity (ω��⃑ zD/U) contours 310 

obtained from the experiments within one vortex shedding period around column 3 for both configurations 311 

are shown in Fig. 16 and Fig. 17 respectively. These vorticity contours demonstrated the wake detailing 312 

the vortex formation and shedding. It is noted that the comparison of the flow characteristics between the 313 

two configurations is made for the four time instances equally spaced within one vortex shedding period 314 

rather than the exact fixed time instances. As can be seen in these figures, due to the effects of the vortices 315 

shed from the three upstream columns, the wake region behind column 3 is full of fragmentized vortices. 316 

The vortices shed from column 3 quickly break into pieces and mix with the vortices shed from the two 317 

side columns (column 2 and 4) after they have been separated from the column by the ambient flow. It is 318 

also noticed that, by adding the pontoons, the vortex street trailing from column 3 becomes clearer and that 319 

the vortices shed from column 3 break up relatively slowly compared with the four columns configuration. 320 
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Strong vortices can be found flowing afterward from column 3 in the four columns with pontoons connected 321 

configuration, indicating a clearer wake forming process observed by adding the pontoons. 322 

 323 

Fig. 16 Instantaneous flow fields around column 3 for the four columns configuration at XY plane 324 

(middle draft level of the structure), where ω��⃑ zD/U is the non-dimensional spanwise vorticity. 325 
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 326 

Fig. 17 Instantaneous flow fields around column 3 for the four columns with pontoons connected 327 

configuration at XY plane (middle draft level of the structure), where ω��⃑ zD/U  is the non-dimensional 328 

spanwise vorticity. 329 

Table 5 The chronological order of vortices genesis for each column. 330 

Column Shear layer Vortex street 

1 Upper A1, A2 … 
Lower B1, B2 … 

2 Upper C1, C2 … 
Lower D1, D2 … 

3 Upper E1, E2 … 
Lower F1, F2 … 

4 Upper G1, G2 … 
Lower H1, H2 … 
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In order to examine the overall flow patterns in further detail, the vorticity contours obtained from the 331 

numerical simulations for the two different configurations are shown in Fig. 18 and Fig. 19. For 332 

convenience in describing the vortex development processes, the vortices shed from each side of the column 333 

are denoted in chronological order of genesis (e.g., A1, A2 … from the upper side of column 1, see Table 334 

5). It is noted that the description of vortex shedding development is intended to reveal the formation and 335 

development of the wake.  336 

As shown in Fig. 18, for the four columns configuration, the vortices shed from each side of the 337 

individual column break into pieces immediately after being separated from the columns. There are a large 338 

number of small vortices near the reverse side of the columns in the downstream weak area, especially for 339 

column 1. The vortices shed from the upstream column (column 1) are seen directly impinging on the 340 

downstream column (column 3), and subsequently (see B1 in Fig. 18(c)) break into two parts and then 341 

joined into the wake region of the other three columns (see two B1’ in Fig. 18(d)). Additionally, the vortices 342 

shed from the inner sides of the portside and the starboard side columns (column 2 and 4) break into pieces 343 

rapidly after shedding from the inner corner of the respective columns (see C1, H1 in Fig. 18). However, 344 

the vortices shed from the outer sides of the portside and the starboard side columns appear to remain for a 345 

relatively long time compared to their counterparts shed from inner side corners (see D1, D2, G1, G2 in 346 

Fig. 18). It is evident however, vortex shedding formation of the downstream column 3 shows a rather 347 

different phenomenon. The vortices (see E1, F1 in Fig. 18) shed from column 3 appear to remain in one 348 

position for a certain duration and subsequently break into two parts. It is noted that only a portion of the 349 

vortices join into the wake region of the whole structure with the remaining part of the vortices impinging 350 

reversely on column 3 (see two F1’ in Fig. 18(d)). The whole flow region around the four columns 351 

configuration are fully occupied with fragmentized vortices same as those observed in the experiments (as 352 

shown in Fig. 16). 353 
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 354 

Fig. 18 A time series of the non-dimensional spanwise vorticity (ω��⃑ zD/U) contours around the four 355 

columns configuration at the middle draft level showing the instantaneous flow fields in XY plane at 356 

Re = 4.3 × 104. 357 

By adding the pontoons to the structure, the flow characteristics were appreciably altered. As shown in 358 

Fig. 19, compared with the four columns configuration, the striking feature is that the vortices shed from 359 

each column become more structured and clearly defined. Very slim vortices are shed from the corners of 360 

column 1 and subsequently impinge on column 3. Strong vortices are observed from both the portside and 361 

starboard side columns (column 2 and 4), in particular from the outer corners of the two side columns. It is 362 

observed that the vortices (see H1 and C2 in Fig. 19) shed from the inner sides of the side columns break 363 

into two pieces (see H1’ and C2’ in Fig. 19). Unlike the four columns configuration, with the pontoons 364 

connecting between the columns, the vortices shed from the downstream column (column 3) are seen to 365 

quickly disappear after they separate from the corner of column 3 (see E1, E2, F1 and F2 in Fig. 19). Thus, 366 
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there is a clear indication that adding the pontoons to the structure resulting the vortices becoming more 367 

stable compared to the four columns only configuration. 368 

 369 

Fig. 19 A time series of the non-dimensional spanwise vorticity (ω��⃑ zD/U) contours around the four 370 

columns with pontoons connected configuration at the middle draft level showing the instantaneous flow 371 

fields in XY plane at Re = 4.3 × 104. 372 

4.1.3. Flow separation patterns 373 

To further examine the flow separation patterns, the streamlines along with the vorticity contour are 374 

illustrated in Fig. 20 to Fig. 23.  375 

As can be observed in Fig. 20 and Fig. 21, the number of circulating region closed to column 4 is 376 

decreased by adding the pontoons. This further indicates that adding the pontoons to the structure resulting 377 

more stable flow separation pattern by limiting the end effect of the columns compared to the four columns 378 
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only configuration. Additionally, with the observations at different draft levels of the structure, it shows 379 

that the width of the wake region is decreased by adding the pontoons to the structure. Unlike the four 380 

columns only structure, with the pontoons connecting the columns, the flow separation patterns change 381 

significantly. It can be seen in Fig. 21, the flow separation is extended markedly further downstream when 382 

the draft level is close to the pontoons. However, for the four columns only configuration, the flow 383 

separation is quite similar in Fig. 20. 384 

  385 

Fig. 20 The streamlines along with the vorticity (ω��⃑ zD/U) contours around column 4 (the four columns 386 

configuration) at different draft levels (a: middle draft level; b: z = 0.13075 m draft level; c: pontoon upper 387 

face draft level) showing the flow separation in XY plane at Re = 4.3 × 104. 388 
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 389 

Fig. 21 The streamlines along with the vorticity (ω��⃑ zD/U) contours around column 4 (the four columns 390 

with pontoons connected configuration) at different draft levels (a: middle draft level; b: z = 0.13075 m 391 

draft level; c: pontoon upper face draft level) showing the flow separation in XY plane at Re = 4.3 × 104. 392 

The wake of column 3, which is the column in the wake region of other 3 columns, shows different 393 

flow separation patterns. As illustrated in Fig. 22 and Fig. 23, by adding the pontoons, the width of wake 394 

region in the column downstream is seen expanding compared with the column only configuration. The 395 

number of circulation regions close to the column wall also increases with the pontoons connecting between 396 

the columns.  397 
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 398 

Fig. 22 The streamlines along with the vorticity (ω��⃑ zD/U) contours around column 3 (the four columns 399 

configuration) at different draft levels (a: middle draft level; b: z = 0.13075 m draft level) showing the flow 400 

separation in XY plane at Re = 4.3 × 104. 401 

 402 

Fig. 23 The streamlines along with the vorticity (ω��⃑ zD/U) contours around column 3 (the four columns 403 

with pontoons connected configuration) at different draft levels (a: middle draft level; b: z = 0.13075 m 404 

draft level) showing the flow separation in XY plane at Re = 4.3 × 104. 405 

4.1.4. Time-average pressure distribution on the surface of each column 406 

Fig. 24 shows the mean pressure coefficient distributions of each column at middle draft level. The 407 

pressure coefficient on the column surface is defined as: 408 

Cp = �p-p∞�
1
2p∞U2,                                                                          (4) 409 

where p∞ is the oncoming flow ambient pressure. 410 
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 411 

Fig. 24. Mean pressure coefficient distributions of each column at middle draft level (X/D = 0 is the 412 

geometry centre of each column, the incoming flow pasts each column from negative to positive). 413 

As can be seen in Fig. 24, by adding the pontoons to the structure, the pressure distribution on the 414 

surface of each column were appreciably altered. There is a clear indication that adding the pontoons to the 415 

structure resulting the pressure distribution becoming more stable compared to the four columns only 416 

configuration. In addition, the pressure distribution on Column 1, 2 and 4 show the same trend due to these 417 

three columns are directly faced to the incoming flow. Column 3, which is the downstream column, shows 418 

a different trend, the pressure distribution on the upstream face of the column reduced significantly 419 

compared with the rest 3 columns due to the wake effect.  420 

4.2. Flow characteristics in the vertical plane 421 

It is noted that the vortices shed from the free end of each column can significantly alter the vortex 422 

shedding flow region, and consequently the main contribution to the changes in the hydrodynamics between 423 

the two configurations. Thus, further study on the flow characteristics in vertical plane is warranted. 424 

4.2.1. Time-averaged velocity distribution 425 

Vertical velocity components (velocity component k) are sampled over several vertical cross sections 426 

coinciding with XZ plane (i, k plane) in order to investigate the differences of the downstream velocity 427 
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distribution at certain offset distances (x/D = 0.25, x/D = 0.75 and x/D = 1.5) after each column. Herein, the 428 

pontoons’ effects can be observed in Fig. 25, Fig. 26 and Fig. 27. 429 

As can be seen in Fig. 25, by adding the pontoons to the structure, the vertical velocity distributions 430 

have been altered significantly for the upstream column 1. There is a reduction of the velocity component 431 

k between the two configurations. With pontoons connected, the vertical velocity decreases rapidly over 432 

the bottom level at the downstream positions of x/D = 0.25 and x/D = 0.75 behind column 1. Additionally, 433 

the four columns with pontoons connected configuration is observed to have a stronger recirculation 434 

compared with the four columns without pontoons configuration. The four columns configuration is shown 435 

to have a smooth velocity variation at points along the vertical direction at the position slightly behind 436 

column 1 (x/D = 0.75 and x/D = 1.50). The same as for column 1, clear recirculation is also evident behind 437 

the side column, column 2, for the four columns with pontoons connected configuration (see Fig. 26 at x/D 438 

= 0.25). By adding the pontoons, the vertical velocities decrease as well. However, the differences of 439 

vertical velocity distributions are not as significant as in the case of column 1. As can be seen in Fig. 27, 440 

for the downstream column 3, the differences between two configurations are less significant than those for 441 

the three upstream columns. The four columns with pontoons connected configuration has a very smooth 442 

vertical velocity distribution behind column 3 at the position of x/D = 0.75 and x/D = 1.50. It is noted that 443 

the four columns configuration still has the bulge between the bottom level and the pontoon upper face 444 

level. In addition, the vertical velocities of the four columns with pontoons connected configuration are 445 

higher than the vertical velocities of the four columns configuration for most part of the vertical region.  446 
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 447 

Fig. 25 Time-averaged flow properties of the Uk���/UC (velocity component k) in XZ plane for column 1 448 

with downstream distances (x/D = 0.25, x/D = 0.75 and x/D = 1.5) at y/D = 0 (the central line of column), 449 

Re = 4.3 × 104. “FC” is the four columns configuration and “FCP” is the four columns with pontoons 450 

connected configuration. “z/D = 0” is the bottom of the column and “z/D = 0.36” is the pontoon upper face 451 

level. 452 
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 453 

Fig. 26 Time-averaged flow properties of the Uk���/UC (velocity component k) in XZ plane for column 2 454 

with downstream distances (x/D = 0.25, x/D = 0.75 and x/D = 1.5) at y/D = 0 (the central line of column), 455 

Re = 4.3 × 104. “FC” is the four columns configuration and “FCP” is the four columns with pontoons 456 

connected configuration. “z/D = 0” is the bottom of the column and “z/D = 0.36” is the pontoon upper face 457 

level. 458 
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 459 

Fig. 27 Time-averaged flow properties of the Uk���/UC (velocity component k) in XZ plane for column 3 460 

with downstream distances (x/D = 0.25, x/D = 0.75 and x/D = 1.5) at y/D = 0 (the central line of column), 461 

Re = 4.3 × 104. “FC” is the four columns configuration and “FCP” is the four columns with pontoons 462 

connected configuration. “z/D = 0” is the bottom of the column and “z/D = 0.36” is the pontoon upper face 463 

level. 464 

In addition, the streamwise velocity profiles (velocity component i) in the wake region at the vertical 465 

cross section coinciding with YZ plane at x/D = 0.75 are sampled in order to investigate the differences of 466 

the downstream velocity distribution at a certain offset distance (where x/D = 0.75) downstream each 467 

column. Herein, the pontoons’ effects as well as the formation of tip and arch vortex can be observed in 468 

Fig. 28, Fig. 29 and Fig. 30. 469 

As can be seen in Fig. 29, by adding the pontoons to the structure, the streamwise velocity distributions 470 

have been altered for the upstream column 1. The tip and arch vortex shed from the free end of column 1 471 

have been significantly reduced, similar to column 2 & 4 in Fig. 29 and column 3 in Fig. 30. It is also noted 472 

that by adding the pontoons to the structure, two high streamwise velocity regions have been observed at 473 

the outside corner of the pontoons (see Fig. 28 and Fig. 29). This is due to the vortices shed from the edges 474 

of pontoons which will be discussed in the following section. 475 
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 476 

Fig. 28 Time-averaged flow properties of the Ui���/UC (velocity component i) in YZ plane for column 1 477 

with downstream distance at x/D = 0.75, Re = 4.3 × 104. (a) is the four columns configuration and (b) is the 478 

four columns with pontoons. 479 

 480 

 481 

Fig. 29 Time-averaged flow properties of the Ui���/UC (velocity component i) in YZ plane for column 2 482 

and 4 with downstream distance at x/D = 0.75, Re = 4.3 × 104. (a) is the four columns configuration and (b) 483 

is the four columns with pontoons. 484 
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 485 

Fig. 30 Time-averaged flow properties of the Ui���/UC (velocity component i) in YZ plane for column 3 486 

with downstream distance at x/D = 0.75, Re = 4.3 × 104. (a) is the four columns configuration and (b) is the 487 

four columns with pontoons. 488 

4.2.2. Instantaneous vorticity contour 489 

In this section, the flow patterns observed in the vertical cross sections are discussed in detail to examine 490 

the free end effects on the hydrodynamics of the configurations. 491 

For the four columns configuration, the vertical wake region behind column 1 is quite similar to that 492 

developing in the horizontal wake region. The wake is fully occupied with fragmentized vortices, as can be 493 

clearly seen in Fig. 31. Unlike column 1, column 3 has a clearer organised and tidy wake region, where 494 

only one obvious strong vortex can be seen (Fig. 31). In addition, a small portion of the vortices shed from 495 

the free end of column 1 is seen joining into the column 3 free end shear layer (red circled in Fig. 31(a) and 496 

Fig. 31(b)). Parts of the vortices that have been shed from the free end of column 1 appear to recirculate 497 

and impinge back on column 1. Majority of the vortices shed from column 1 impinge on the incidence flow 498 

of column 3, which are red circled in Fig. 31(c) and Fig. 31(d). For the side column (column 2, see Fig. 499 

32), a quite similar flow pattern is shown to that induced by a single finite column does [16], and this is 500 

expected since there is no blocked structure behind this column.  501 
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 502 

Fig. 31 A time series of the non-dimensional transverse vorticity (ω��⃑ yD/U) contours around the four 503 

columns configuration at the central line of column 1 and 3 showing the instantaneous flow fields in XZ 504 

plane at Re = 4.3 × 104. 505 
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 506 

Fig. 32 A time series of the non-dimensional transverse vorticity (ω��⃑ yD/U) contours around the four 507 

columns configuration at the central line of column 2 showing the instantaneous flow fields in XZ plane at 508 

Re = 4.3 × 104. 509 

With the pontoons being added to the structure, significant change can be observed in the vertical plane 510 

flow patterns around each column (Fig. 33). For column 1, the vortices shed from the free end become 511 

slimmer compared with the corresponding vortices from the four columns configuration. Additionally, the 512 

amount of the fragmentized vortices behind column 1 was reduced by adding the pontoons. Unlike the four 513 

columns configuration, the majority of the vortices shed from the free end of column 1 are seen joining 514 

with the vortices being shed from the free end of column 3 (see red circled part in Fig. 33(c) and Fig. 33(d)). 515 

This vortex mixing behaviour makes the vortices behind column 3 to be shorter than those in the four 516 

columns configuration. For the side columns (e.g. column 2), by connecting the pontoons between the 517 

columns, the vortex shedding behaviour at the free end completely changed. As shown in Fig. 34, two 518 
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vortices (red and black circled in Fig. 34(a)) are shed from the separate edges of the free end with one 519 

quickly mixing with the vortices being shed from the side of the column and the other tends to remain at a 520 

certain vertical level for a period of time and then amalgamate into the wake region with the vortices shed 521 

from the sides of the same column. 522 

 523 

Fig. 33 A time series of the non-dimensional transverse vorticity (ω��⃑ yD/U) contours around the four 524 

columns with pontoons connected configuration at the central line of column 1 and 3 showing the 525 

instantaneous flow fields in XZ plane at Re = 4.3 × 104. 526 
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 527 

Fig. 34 A time series of the non-dimensional transverse vorticity (ω��⃑ yD/U) contours around the four 528 

columns with pontoons connected configuration at the central line of column 2 showing the instantaneous 529 

flow fields in XZ plane at Re = 4.3 × 104. 530 

4.3. Flow characteristics of instantaneous vorticity isosurfaces 531 

The instantaneous vorticity isosurfaces have also been closely related to the fluid physics, especially in 532 

the vortex flow. It is a surface that represents points of a constant value of non-dimensional spanwise 533 

vorticity in three-dimensional space. Thus, the 3D characteristics of vortex shedding process is further 534 

analysed and demonstrated in this section. 535 

In order to examine the overall flow patterns in further detail, the vorticity isosurface obtained from the 536 

numerical simulations for the two different configurations are plotted in Fig. 35 and Fig. 36. As shown in 537 

Fig. 35, a constant value of non-dimensional spanwise vorticity (ω��⃑ zD/U = 1.5) in 3D space has been shown 538 

in XY plane. For the four columns configuration, there are a large number of small vortices in the wake 539 
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downstream. However, by adding the pontoons to the structure, the flow characteristics were appreciably 540 

altered. As shown in Fig. 36, the vortices becoming more stable compared to the four columns only 541 

configuration. Similar to the observation obtained in Fig. 18 and Fig. 19. It also can be seen in Fig. 36, 542 

there are a number of small vortices shed from the pontoons which affect the downstream wake region. To 543 

quantify the influence, the width of the wake region, a linear outer contour line of the isosurfaces has been 544 

calculated and plotted in the figures (shown as the red lines in Fig. 35 and Fig. 36). The outer contour line 545 

was firstly extracted from the outside point at each vortices shed from the portside column and further fitted 546 

as a linear regression line. In the present study, the slope ratio was obtained by averaging the linear outer 547 

contour line within one vortex shedding period. This ratio can generally describe the width of the wake 548 

region. For the four columns configuration, the absolute value of slope ratio is 0.203. By adding the 549 

pontoons to the structure, the absolute value of slope ratio increases to 0.273, presenting an approximately 550 

34.5% increase in this instance. Therefore, it is a clear evidence that the wake region is expanded as a 551 

consequence of adding the pontoons to the structure.  552 
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 553 

Fig. 35 A time series of the non-dimensional spanwise vorticity (ω��⃑ zD/U = 1.5) isosurfaces around the 554 

four columns configuration showing the instantaneous flow fields at Re = 4.3 × 104. The red line is the 555 

average outside line within one vortex shedding period showing the linear outer contour line of the 556 

isosurfaces.  557 
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 558 

Fig. 36 A time series of the non-dimensional spanwise vorticity (ω��⃑ zD/U = 1.5) isosurfaces around the 559 

four columns with pontoons connected configuration showing the instantaneous flow fields at 560 

Re = 4.3 × 104. The red line is the average outside line within one vortex shedding period showing the linear 561 

outer contour line of the isosurfaces.  562 

To understand the vertical structures of the wake regions associated with the two configurations, a 563 

vortex identification method based on the Q-criterion [30] has been employed in the present study. Fig. 37 564 

and Fig. 38 present the Q-criterion based vertical structures for the two configurations with and without 565 

pontoons connected. The isofurfaces are shown at a constant positive value where Q = 1. By connecting 566 

the pontoons between the columns, the vortex shedding behaviour at the free end significantly changed 567 

with the most striking change being that the vortices can be rarely observed at the end of the upstream 568 

column (column 1) in Fig. 38. In addition, by adding the pontoons to the structures, the overall wake region 569 

of the whole structures become tidier and more clearly defined. Slender vortices can be seen in Fig. 38. 570 
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However, the whole flow region around the four columns configuration are fully occupied with 571 

fragmentized vortices as shown in Fig. 37.  572 

 573 

Fig. 37 A time series of isometric view representation of Q-criterion of the four columns configuration 574 

with Q = 1, showing the instantaneous flow fields at Re = 4.3 × 104.  575 
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 576 

Fig. 38 A time series of isometric view representation of Q-criterion of the four columns with pontoons 577 

connected configuration with Q = 1, showing the instantaneous flow fields at Re = 4.3 × 104.  578 

It should be pointed out that both configurations are fixed in the present experimental and numerical 579 

study. It is reported that considerable alteration in vortex flow characteristics occurred if the structural 580 

configurations undergo the so called vortex-induced-motion (VIM) [26, 31]. In their experimental and 581 

numerical study, Liu et al. [31] demonstrated that the VIM of a deep-draft semi-submersible can be 582 

significantly reduced due to the vortex shedding process being suppressed by adding the pontoons. Liang 583 

and Tao [26] demonstrated the negative work done by pontoons while the work done by the columns being 584 

dominantly positive during VIM.  585 

4.4. Overall drag and lift forces 586 
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The overall drag and lift forces on the structures are presented as the non-dimensional coefficients CD, 587 

CL  and Strouhal number St. Details of the results from both the experimental measurements and the 588 

numerical simulations are shown in this section. 589 

Table 6 The resulting non-dimensional coefficients  C�D , CLrms  and St for the four columns 590 

configuration (“num.” represents “numerical”; “exp.” represents “experimental”). 591 

Re C�D (num.) C�D (exp.) CLrms (num.) CLrms (exp.) St (num.) St (exp.) 
3.7 × 104 1.083 0.948±0.002 0.062 0.053±0.002 0.156 0.137±0.004 
4.3 × 104 1.075 0.961±0.009 0.066 0.055±0.001 0.152 0.139±0.002 
5.2 × 104 1.077 0.962±0.009 0.066 0.051±0.001 0.150 0.139±0.001 
6.0 × 104 1.068 0.990±0.005 0.066 0.053±0.002 0.151 0.141±0.002 

Table 7 The resulting non-dimensional coefficients  C�D , CLrms  and St for the four columns with 592 

pontoons connected configuration (“num.” represents “numerical”; “exp.” represents “experimental”). 593 

Re C�D (num.) C�D (exp.) CLrms (num.) CLrms (exp.) St (num.) St (exp.) 
3.7 × 104 1.054 0.932±0.008 0.070 0.078±0.002 0.132 0.123±0.001 
4.3 × 104 1.043 0.940±0.015 0.072 0.078±0.009 0.139 0.122±0.004 
5.2 × 104 1.047 0.953±0.008 0.071 0.076±0.005 0.142 0.124±0.005 
6.0 × 104 1.051 0.974±0.005 0.078 0.082±0.004 0.139 0.126±0.000 

As can been in Table 6 and Table 7, the overall hydrodynamics remain relatively stable in the Reynolds 594 

number range examined. In addition, with the aim to illustrate any level of uncertainty in the experimental 595 

measurements, the error bounds are illustrated in each table.  596 

4.6. Drag and lift force on each structural member 597 

In order to further examine vortex flow dynamics on the structure and to improve the understanding of 598 

interactions between the vortex shedding processes due to each of the columns of the structures, the 599 

hydrodynamic force coefficients on each individual column of the two configurations are further calculated 600 

in the numerical simulations and the results are presented in Fig. 39, Fig. 40 and Fig. 41. 601 

The mean drag force coefficient (see Fig. 39) on each column remains stable within the current 602 

Reynolds number range and is similar to the trend of the overall C�D. The two side columns (column 2 and 603 

4) experience the largest C�D among the four columns. The upstream column (column 1) experiences a 604 

slightly smaller C�D than the C�D of the two side columns but is still significantly higher than the value of 605 

the downstream column (column 3). The drag force coefficient on the downstream column (column 3) 606 
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decreases slightly when the pontoons were added into the structure, however the drag force coefficient on 607 

the portside and starboard side columns (column 2 and 4) increases. For the CLrms, the upstream column 608 

has the smallest value among the four columns for both configurations. As the portside and starboard side 609 

columns (column 2 and 4) are symmetrically exposed to the flow, the fluctuating lift forces on them are 610 

also symmetric (as shown in Fig. 40 and Fig. 41). However, there is a significant increment for the CLrms 611 

on the two side columns between the two configurations owing to the pontoons. It is evident that the 612 

upstream column experience a large increment by adding the pontoons as shown in Fig. 40. It is noted that 613 

the downstream column experiences the largest fluctuating lift force coefficient than other columns. 614 

Although the root mean square lift force coefficients on the downstream column fluctuate considerably, the 615 

lift force coefficient of the overall structure remains at a stable level within current Reynolds number range 616 

examined. It is also revealed that the lift force coefficient on the three upstream columns (column 1, 2, and 617 

4) increase markedly by adding the pontoons into the structure while the increase of the lift forces 618 

coefficient on column 3 appears to be less pronounced. It is noted that a slight increase in the CLrms value 619 

of the overall structure is attributed to the effects of adding the pontoons as well as the phase difference of 620 

the four columns. 621 

 622 

Fig. 39 Mean drag coefficients (C�D) on each member of the models (FC represents the four columns 623 

configuration; FCP represents the four columns with pontoons connected configuration). 624 



44 
 

 625 

Fig. 40 Root mean square lift coefficients (CLrms) on each member of the models (FC represents the 626 

four columns configuration; FCP represents the four columns with pontoons connected configuration). 627 

 628 

Fig. 41 Mean lift coefficient (C�L) on each member of the models (FC represents the four columns 629 

configuration; FCP represents the four columns with pontoons connected configuration). 630 

5. Conclusions 631 

This paper presents an experimental and numerical study focusing on the vortex shedding flow 632 

interactions around multi-columns structures. While model tests conducted in a circulating channel served 633 

as a reliable benchmark for validating the numerical model, they also provided comprehensive 634 

measurements on the flow patterns by employing the particle image velocimetry (PIV) into the experiments 635 

and the hydrodynamic forces acting on the structure. Numerical simulations, on the other hand, provided 636 

substantial details on the vortex shedding characteristics as the experimental measuring range was itself 637 

quite limited. 638 
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Two different configurations were considered, i.e. a four columns only and a four columns with 639 

pontoons connected model. The differences of the flow characteristics and the hydrodynamic forces 640 

between the two configurations (with/without pontoons connected) are investigated in detail. 641 

By examining the flow patterns at the time instantaneous from both the experimental and the numerical 642 

results, it is revealed that adding the pontoons to the structure can serve to organise and structure the vortices 643 

shed from the columns well and lead the overall wake region tidy and more clearly defined. The pontoons 644 

connected between each column tend to block the vortices shed from the free end of the columns, especially 645 

pushing the recirculation region further away from the free end of each column and expanding the overall 646 

wake region. Difference in the wake region indicate that adding the pontoons to a basic multi-columns 647 

structure makes the vortex street more tidy and structured. Hence, the vortex shedding period and lift force 648 

are increased. 649 

The analyses of the hydrodynamic force coefficients on the structures revealed that adding the pontoons 650 

to the structure had a large effect on the fluctuating force coefficients, especially for the force coefficients 651 

on the side columns. However, the influence on the drag force coefficient is not as significant as that on the 652 

lift force coefficient. 653 

This study focuses on the 45 degree flow incidence, hence more incidences should be considered and 654 

examined in order to obtain a more generalized understanding on the interaction of vortex shedding 655 

processes on the flow around four columns both with and without pontoons connected. 656 
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