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Abstract  Containment booms are commonly used in collecting and containing spilled oil on the sea surface and in protecting 
specific sea areas against oil slick spreading. In the present study, a numerical model is proposed based on the N-S equations in a 
mesh frame. The proposed model tracks the outline of the floating boom in motion by using the fractional area/volume obstacle rep-
resentation technique. The boom motion is then simulated by the technique of general moving object. The simulated results of the 
rigid oil boom motions are validated against the experimental results. Then, the failure mechanism of the boom is investigated 
through numerical experiments. Based on the numerical results, the effects of boom parameters and dynamic factors on the oil con-
tainment performance are also assessed. 
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1 Introduction 
Floating oil booms are commonly used in collecting 

spilled oil and in preventing oil from spreading. Their 
ability to contain oil slick depends on their characteristics 
and on how they respond to the external dynamic envi-
ronment. The major characteristics of floating boom in-
clude the effective depth of the draft, the effective free-
board height, and buoyancy/weight (B/W) ratio. External 
dynamic environmental factors include waves, currents, 
and winds. The failure modes of oil containment, such as 
submergence, splash-over, overturning, and drainage, are 
directly related to the dynamic performance of the float-
ing oil boom, whereas others, such as critical accumula-
tion and entrainment, are indirectly affected by the dy-
namic conditions. 

Kim et al. (1998) conducted numerous experiments to 
investigate the seakeeping performance of a floating 
boom. They reported that booms with higher B/W ratio 
are more effective against the failure mode of over- 
splashing. Lee and Kang (1995) investigated the oil boom 
performance under waves and currents through laboratory 
experiments. They reported that the current’s influence on 
the oil boom is determined by the ratio of the ballast 
weight and the dynamic pressure in front of the oil boom. 
Lee also observed that when wave steepness is relatively 
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small, the seakeeping characteristics of oil boom behave 
well. Meanwhile, Castro et al. (2010) and Iglesias et al. 
(2010) investigate floating boom behavior by developing 
an artificial intelligence technique. They presented the 
design methods of the effective draft’s significant value 
while considering the boom features under different cur-
rent and wave conditions.  

The majority of studies on the hydrodynamic perform-
ances of a floating oil boom are based on laboratory ex-
periments or on numerical simulations with fixed boom 
(Goodman et al., 1996; Fang and Johnston, 2001a, b, c). 
However, such situations are far different from actual 
conditions. Very few studies are based on numerical 
analysis via movable floating boom. Amini et al. (2005) 
reported the numerical results of oil boom motion under 
the coupling interaction of hydraulic factors and structure, 
and reported that a flexible skirt can significantly affect 
the failure process of oil spill. By using the CFD model, 
Feng et al. (2011) simulated the oil contaminant process 
by developing a half-coupling model and then presenting 
an empirical relation between oil loss rate and wave 
steepness. Meanwhile, to model oil spill containment 
Yang and Liu (2013) proposed a modified multi-phase 
smoothed particle hydrodynamics method by using a 
boom that moves freely in the vertical direction and at a 
constant horizontal velocity.  

The present study aims to establish a numerical platform 
for the simulation of the movable floating boom under 
wave-current coupling conditions. The oil containment 
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performances of the floating booms are also investigated. 

2 Mathematical Formulas 
2.1 Governing Equations  

The mass conservation equation can be written as 
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where ui denotes the fluid velocity components, A is the 
fractional area open to flow, and S is the mass source due 
to moving object.  

The momentum conservation equations is given by  
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where VF denotes the fractional volume open to flow, p is 
the pressure, Gi is the body force components, uio is the 
moving object velocity component, and τij is the viscous 
shear stress tensor, which is defined as 
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At each time step, fluid volume fractions are updated 
for the temporal location and orientation of the oil boom 
by using the VOF method (Hirt and Nichols, 1981).  

2.2 Turbulence Modeling 

The two-equation k-ε model, which is adopted in this 
study for closure, is expressed as 
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where kT denotes the turbulent kinetic energy, εT is the 
dissipation rate of turbulent kinetic energy, PT is the tur-
bulent kinetic energy production, GT is the buoyancy 
production term, DkT and Dε are the turbulent diffusion 
terms, and C1, C2, and C3 are the dimensionless parame-
ters, with their default values being 1.44, 1.92, and 0.2, 
respectively. 

2.3 General Moving Objects Model 

In this study, we simulate the oil boom movement un-
der wave–current coupling condition, by using the gen-
eral moving object technique. Here we assumed that the 
oil boom is a rigid object and proceeded to simplify it as a 
particle whose mass is concentrated at the centroid and 
moves with 3 degrees of freedom (DOF) for a two-di-
mensional (2D) simulation. The motion of the floating 

boom is governed by the dynamic equations 
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where FG denotes the total load exerting on the centroid 
of the floating boom, TG is the total torque of the floating 
boom in relation to the centroid, M is the floating boom 
mass, I is the floating boom’s inertia moment tensor, and 
VG and ω are the velocity and angular velocity tensor, 
respectively. 

2.4 Simulation of Solid Boundary 

Simulation of distorted geometric boundary is a severe 
problem encountered in using conventional FDM for the 
simulation of water wave and structure interaction. One 
major example, the zigzag boundary, can substantially 
influence the simulation accuracy around the solid 
boundary, especially for the case of a movable object. The 
problem was effectively solved by Hirt and Sicilian (1990) 
using the FAVOR technique. The FAVOR method takes 
the geometry effects of the model into account and in-
corporates the area fractions of the modeled structure into 
the governing equations. Fig.1 compares the floater of a 
floating boom described using the conventional FDM and 
the FAVOR method. 

 

Fig.1 Comparison of the different approaches of boundary 
treatment. 

3 Validation of the Numerical Model 
3.1 Physical Experiment Setup 

Here, we present a brief description of the experiment 
tests. Details of the experiment can be found in Shi et al. 
(2017). The experiments were carried out in the wave– 
current flume of the Tianjin Research Institute for Water 
Transport Engineering, Ministry of Transportation. The 
flume has a length of 45 m, a width of 0.5 m, and an initial 
water depth of 0.8 m. A piston-type wave maker was 
equipped on the right-hand side of the flume, and a wave 
absorber was placed at the opposite side of the flume. In 
the middle of the flume an oil floating boom consisting of 
a vertical skirt, a cylindrical floater, and a balance weight 
was placed. The floating boom was restricted in the lon-
gitudinal direction by two horizontally parallel mooring 
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lines, which were attached to the connection point of the 
floater and the skirt. This setup allowed the floating boom 
to move with three DOF under the action of combined 
current and wave. The parameters of the floating oil 
booms are listed in Table 1. 

Table 1 Model boom parameters 

Parameters M1 M2 M3 M4 M5 

Diameter of floater (m) 0.100 0.100 0.100 0.050 0.050
Length of skirt (m) 0.100 0.100 0.100 0.100 0.050
B/W ratio 7.830 4.700 3.360 3.430 3.430

3.2 Numerical Model Setup 

By considering the computer load, the computational 
domain was set at 20 m long and 1 m high (Fig.2). The 
water depth was the same as that used in the physical test. 
The floating boom was located at the middle of the flume, 
and its boom parameters were the same as those in the 
physical model. Currents and waves were generated using 
velocity boundary at the right-side end, whereas the  

Sommerfeld boundary condition combined with artificial 
sponge layer was adopted for wave absorption at the 
downstream end of the flume (Jacobsen et al., 2012). The 
length of the relaxation zone was about 1.5 times the 
wavelength. A total of 90000 grids were employed in the 
computation with mesh size ranging from 0.005 m to 0.02 
m. A fine mesh was adopted around the free surface and 
the floating boom to ensure high resolution. The wave 
and current conditions are summarized in Tables 2 and 3, 
respectively. 

Table 2 Current characteristics 

 V1 V2 V3 V4 

Current velocity (m s−1) 0.139 0.185 0.230 0.276 

Table 3 Wave characteristics 

 W1 W2 W3 W4 W5 W6 W7

Wave height (m) 0.04 0.04 0.06 0.06 0.06 0.08 0.08
Period (s) 1.3 2.2 1.2 1.7 2.2 1.2 2.2
Wave steepness 0.016 0.007 0.027 0.015 0.011 0.036 0.015

 

 

Fig.2 Sketch of the numerical setup. 

3.3 Validation Results 

For the numerical model verification, the case with 
wave height of 0.04 m, current velocity of 0.139 m s−1, and 
wave period of 1.3 s was selected. Definitions of the 
heave, sway, and roll as well as the other related parame-
ters, are shown in Fig.3, in which θ is positive in the 
clockwise direction, and Φ, h, D, F denote the values of 
the diameter of the floater, length of the skirt, the draft, 
and the freeboard, respectively.  

 

Fig.3 Schematic of the floating oil boom cross-section. 

 

Fig.4 Floating boom poses and ambient water surface 
elevations for wave of H = 0.04 m, T = 1.3 s. a), t = t0; b), t 
= t0+ T/4; c), t = t0 +T/2; d), t = t0 + 3T/4; and e), t = t0 + T. 
Left, numerical calculations; Right, experimental photos. 
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Fig.4 shows the comparison between the modeled and 
experimental snapshots of the positions of the oil boom at 
various phases of the wave period, which are obtained by 
using the floating boom model M2. As can be seen, good 
consistency is obtained between the positions of the 
floating boom and the ambient water surface elevations. 
The floating boom first rotates clockwise as the wave 
crest comes from right, and then gains the maxima of 
vertical displacement at t0+T/4 when the wave crest 
reaches the floating boom. When the wave crest passes 
through the floating boom, due to the effect of the inertia, 
the boom tends to rotate in the clockwise direction under 
the restriction of the mooring line. Maxima of the roll 
responses are gained at about t0+T/2. Afterwards, the 
floating boom begins to rotate counterclockwise and re-
turns to a nearly vertical pose at t0+3T/4, before continu-
ing its rotation due to the effect of inertia until t0+T. 

A comparison between the measured results for oil 
boom model M2 and the modeled results of sway, heave, 
roll and trajectory of the centroid of the floating boom is 
shown in Fig.5. As can be seen, good agreements are ob-
tained despite the slight underestimation of the trough and 
overestimation at its peak, and a slight phase lag also ex-
ists between the modeled and measured results of both the 
sway and roll motions (Figs.5 (c) and (d), respectively) at 
some phases. These discrepancies may be attributed to the 
error of the predicted water pressure exerted on the thin 
boom skirt via the FAVOR technique. As shown in Fig.5(d), 
the oil boom returns after one wave cycle to the initial 
position due to the constraint of the mooring lines. Fur-
thermore, the overall moving trend predicted by the nu-
merical model is consistent with the measured one, except 
at the moments when the boom approaches its furthest 
positions.  

 

Fig.5 Comparison of measured and modeled results of the motions of oil boom under regular wave.  

4 Simulations of Flow Fields and Motion 
Responses of Different Floating Boom 
Models 

4.1 Comparison Between Movable and Fixed  
Floating Booms 

The floating boom model M2 is taken as an example in 
comparing the boom restrained by the two mooring lines 
and the one that is completely fixed. Wave height and 
wave period were set at 0.04 m and 1.3 s, respectively, and 
a constant current with velocity of 0.139 m s−1 and uni-
form distribution in the vertical direction was imposed at 
the right-side boundary. The motion of the floating boom 

depends on the inertia of the floating boom and the inter-
action of the combined wave-current. As shown in Fig.6, 
vortex shedding around the tip of the boom skirt is well 
reproduced by the present model. Flow velocity is much 
more severely disturbed by the fixed floating boom than 
by the movable boom, thus making the vorticity around 
the fixed boom much more intensive. Furthermore, the 
vorticity expands much further downward than those 
around the movable boom. Although water level differ-
ence is remarkable between the two sides of the fixed 
boom, this is almost invisible for the movable boom. 
Such differences suggest the absolute necessity of using a 
movable floating boom in assessing the hydraulic per-
formances of the floating booms.  
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Fig.6 Modeled results of the snapshots of velocity field 
and oil boom pose under wave with H = 0.04 m, T = 1.3 s. 
a), t = t0; b), t = t0 + T/4; c) t = t0 + T/2; d), t = t0 + 3T/4; and e), 
t = t0 + T. Left: movable floating boom; Right: fixed float-
ing boom. 

 

4.2 Indication of the Containment Failure 
Using Tracers 

Tracers are uniformly released along a vertical line at x 
= 0.7 m and ranging from z = 0.66 m to 0.78 m on the up-
stream of the boom, to investigate the containment failure 
mechanism of oil boom. The round tracers are expected 
to simulate the movement of oil droplets, which have a 
diameter of 0.002 m and a density of ρ = 950 kg m−3. There 
exists a single vortex region for the case of the movable 
floating boom and two regions for the fixed boom. Inter-
estingly, the tracers can also be separated into two groups 
as they pass below the tip of the boom skirt (Fig.7). One 
group moves with vortex behind the boom (or in front of 
the boom if it is fixed), and another moves toward the 
downstream direction with flow. When the tracers of the 
second group pass below the boom, they first go down-
ward with the flow and then go upward to the free surface 
due to buoyancy with oscillation. This group of tracers 
completely escapes from containment in the boom, and 
this is considered containment failure.  

Meanwhile, the tracers of the first group are trapped by 
the vortices. Although they have escaped from the boom, 
they may not be considered as failure containment be-
cause they may still follow up with the boom for a long 
period of time. Oil droplets are more susceptible to the 
waves in the area ahead of the floating boom, and the 
down flows before the boom and the rising flow after the 
boom. This area is called fluctuation area. Comparing the 
particle trajectory for the conditions of the movable and 
the fixed floating booms, we can see that more tracers 
could be trapped by the fixed floating boom than by the 
movable one.  

 
Fig.7 Modeled results of the Lagrangian particle field of the oil boom for H = 0.04 m, T = 1.3 s. Top, movable floating boom; 
Bottom, fixed floating boom.  
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4.3 Effects of Boom Parameters on Effective 
 Draft and Freeboard 

The freeboard and effective draft of the floating boom 
play key functions in preventing containment failures, 
such splash-over and drainage. As shown in Fig.8, due to 
the composite action of the water pressure and the pulling 
force of the mooring lines, the effective drafts of the 
floating booms decrease with increasing current velocity 
for both two models. As for the effective freeboard, the 
current has positive effects on lighter floating boom, but 
negative ones on the heavier floating boom. This result 
can be attributed to the heavier booms having smaller roll 
responses, thus generating larger drag velocity around the 
boom, which leads to larger draft due to the suction effect. 
The effect of the wave can be examined directly by com-
paring the effective freeboard and draft in various wave 
conditions. Results indicate that the effective freeboard  

and draft are directly proportional to the wave steepness. 
Increased wave height can have a negative effect on the 
boom effectiveness, especially if the wave steepness is 
fixed. 

As shown in Fig.9, the simulated results of the effec-
tive draft for floating booms with different skirt lengths 
decrease in the same way as the current velocity increases, 
whereas those for the effective freeboard are positively 
related to the current velocity. The effect of the current is 
less pronounced on the shorter skirt models than on the 
longer skirt models, that is, the longer skirt, the larger 
pressed area of flow water. Thus, the modeled effective 
draft and freeboard of the boom model with longer skirt 
tend to follow with the flow more closely. As shown in 
Fig.10, the modeled effective draft for floating booms 
with different floater diameter decreases as the current 
velocity increases. However, the effective freeboard is not 
much affected by the floater diameter.  

 

Fig.8 Simulated results of boom effectiveness versus current velocity Uc subject to various conditions of waves for boom 
models M1 and M3 with B/W ratios of 7.83 and 3.36, respectively. Left, effective draft De; Right, effective freeboard Fe. 

 

Fig.9 Simulated results of boom effectiveness versus current velocity Uc subject to fixed wave (H = 0.04 m, T = 2.2 s) for 
boom models M4 and M5 with B/W ratio about 3.50. Left, effective draft De; Right, effective freeboard Fe. 

 

Fig.10 Simulated results of boom effectiveness versus current velocity Uc subject to fixed wave (H = 0.04 m, T = 2.2 s) for 
boom models M3 and M4 with B/W ratio about 3.50. Left, effective draft De; Right, effective freeboard Fe. 
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4 Conclusions 
A numerical flume is established to investigate the 

floating boom responses in the wave-current coupling 
conditions. We then validated the numerical model by 
conducting experiment tests in terms of floating boom 
motion responses, including the trajectory. A comparison 
of the modeled flow field under combined wave and cur-
rent for movable and fixed floating boom indicates the 
necessity of utilizing a movable floating boom in per-
formance assessment. Tracer simulations show that oil 
droplets are either trapped by the vortices in the front or 
rear of the floating boom or move by escaping following 
the current via the tip of the skirt. Furthermore, heavier 
boom has good performance in resisting waves and cur-
rents, and is apt to gain a larger effective draft. Finally, 
numerical simulation implies that the effective draft is 
significantly affected by the skirt length and the floater 
diameter, whereas the freeboard is affected by the skirt 
length.  
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