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Abstract
Interaction of linear and nonlinear, long-crested waves with currents in deep and finite water depths is studied by use of
the computational fluid dynamics approach. Various wave conditions are considered by systematically changing the wave
height and the wavelength. Several current profiles are studied as polynomial functions of water depth following the profiles
and magnitudes of the available ocean current data. Both following and opposing currents are considered, and in total,
26 wave–current configurations are investigated. The two-dimensional study is carried out computationally by solving the
Navier–Stokes equations for a laminar flow. The governing equations are solved by use of the finite volume approach in an
open-source computational fluid dynamics package, namelyOpenFOAM.Modifications aremade to an existingwave-making
toolbox, waves2Foam, to generate combined nonlinear waves and currents in deep and finite waters. Results of the numerical
wave–current tank are compared with the existing laboratory measurements and overall very good agreement is observed.
Discussion is provided on the effect of these currents on the change of the wave field, including quantitative change of the
surface elevation, wave profile, pressure distribution, and fluid particle velocity of waves. Overall, it is observed that opposing
current has a remarkable impact on the wave field, and the particle velocity and wave height are affected the most from the
presence of the current.

Keywords Wave–current interaction · Shearing current · Opposing current · Following current · Wave deformation

1 Introduction

Ocean waves and currents coexist often simultaneously in
nature and their interaction affects the properties of waves.
The way in which ocean currents modify the waves is of
high importance to coastal engineering applications as well
as deep-water operations. Toffoli et al. (2013) have pointed
out that the presence of opposing currents (wave and current
propagating in the opposite direction) can cause stable wave
packets to become unstable and break. Studying the process
of wave–current interaction provides insight into predicting
the behaviour of waves as they interact with currents, which
could help mitigate dangerous effects of wave propagation.
Markus et al. (2013) have pointed out that the wave–current
interaction also affects the wave loads created in a wave field,
which in turn influences the wave–structure interaction as
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the drag forces resulting from the current begin to have a
significant impact, in addition to the wave-induced loads on
the structure.

Several experimental studies have investigated the inter-
action between waves and currents. These studies generally
include a current profile that is (i) uniform across the water
depth or (ii) a non-uniform shear current, varying as a lin-
ear or quadratic function over the water depth. A theoretical
assessment of the wave–current interaction between waves
propagating in the same direction as a shear current was car-
ried out by Dalrymple (1975). Their theory was initially used
for small amplitudewaves and thenmodified using numerical
perturbation technique for higher order waves. It was found
that large disparities exist in themaximumhorizontal particle
velocity and the wavelength for the same wave interacting
with different currents. Brevik and Aas (1979) studied the
interaction of waves with following (wave and current prop-
agating in the same direction) as well as opposing currents
propagating over a rippled bed and later over a smooth bed
in Brevik (1980). They observed that wavelength increases
in case of following current, while wave height decreases,
whereas wavelength reduced and wave height increased in
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case of opposing current. Experimental and numerical study
ofwave–current interaction carried out byThomas (1981) for
linear waves interacting with various non-uniform opposing
current profiles showed that the wave height increases and
wavelength decreases as the wave interacts with currents of
increasing velocities.

Kemp and Simons (1982) conducted an experimental
study in a laboratory channel with rough and smooth beds,
to investigate the interaction between gravity waves and cur-
rents with a uniform profile. Thewave period was fixed in the
study, and parameters, such as mean velocity profile, wave
attenuation, and bed shear stress, were observed for waves
with varying wave heights interacting with a non-uniform
current. Themean velocity profilewas found to generally dif-
fer from those proposed by a linear superposition ofwave and
current velocities. Thomas (1990) conducted an experimen-
tal and numerical assessment of nonlinear waves interacting
with non-uniformcurrents. Itwas found that as the velocity of
the current opposing the wave direction increases, the wave
height increases and the wavelength decreases. The studies
conducted by Thomas (1981) and Thomas (1990) indicate
that the change in wavelength and wave height of linear and
nonlinear waves shows a similar trend when interacting with
currents of increasing velocities; however, the effect of the
current profile was not studied.

The method to incorporate theoretically the change in
wave period of a wave due to its interaction with a uniform
current, also called Doppler-shifted period, was investigated
by Swan (1991) for the case of a uniform current interacting
with a nonlinear wave, through a series of laboratory experi-
ments. It was found that the use of the Doppler-shift method
predicts the horizontal particle velocity and surface eleva-
tion in case of uniform currents; however, depth-dependent
currents required an alternate approach. The study by Swan
(1991) also considered the effect of current profile on waves
along with the effect of its velocity; and currents with a uni-
form profile and linearly sheared following and opposing
profiles were considered.

An experimental study of two-dimensional surface water
waves propagating on depth-varying currents was carried out
by Swan et al. (2001). Current profiles considered in the
experiments were: a uniform current, and a following and
opposing mixed profile current that maintains a uniform pro-
file up to a certain depth, and then, a linear profile thereafter.
Swan et al. (2001) is one of the only studies where a mixed
current profile, often observed in oceanographic data, is uti-
lized. Swan et al. (2001) assessed the changes in wave height
and wavelength as a function of wave period, due to the pres-
ence of following and opposing currents. It was found that the
wavelength increased linearly with increasing wave period
for following and opposing currents, whereas wave height
largely remained constant as the wave period increased for
both current directions. The study focused on the effect of

current on waves due to the interaction of several waves with
one current, but the effect of different currents on one wave
case was not explored.

An experimental study of the waves interacting with fol-
lowing and opposing uniform currents was carried out by
Umeyama (2009). The horizontal, lateral, and vertical veloc-
ity components were measured to study the changes in
turbulent intensity, Reynolds stress, and velocity distribu-
tions due to thewave–current interaction. Itwas observed that
in case of a following current, the mean horizontal velocity
increases further away from the seabed until mid-depth and
then decreases gradually till the free surface with an increase
in wave height. Umeyama (2011) conducted another exper-
imental study of waves interacting with a uniform current
focusing on particle velocities and trajectories, and found
that the wave height in case of a wave-only condition is 13%-
17% larger than a wave–current interaction condition for the
same wave-paddle motion. Additionally, Umeyama (2011)
also showed that a linear superposition of the current veloc-
ity and the water particle velocity due to waves is unlikely to
predict correctly the horizontal particle velocity distribution.

Several numerical studies have been carried out to assess
the interaction of waves and currents. Choi (2003) has inves-
tigated the interaction of strongly nonlinear solitary waves
and a linear shear current by deriving an asymptotic model
for long surface gravity waves of large amplitude in shallow
water. It was observed that a solitary wave interacting with
a following current narrows down, while it widens when the
current is opposing the wave propagation. The effect of cur-
rent direction on themean velocity distribution was observed
by Umeyama (2005) by studying the interaction of a non-
linear wave with following and opposing uniform currents
experimentally, and then comparing the results with the the-
oretical data obtained using third-order Stokes wave theory
and phase-averaged Prandtlmomentum transfer theory. They
found that the velocity distribution in case of waves interact-
ing with a following current exhibited a higher velocity close
to the tank floor and lower velocity beyond a certain water
depth; the reverse was found to be true in case of an opposing
current interacting with the wave.

The interaction of nonlinear water waves with a uniform
current was presented by Hsu et al. (2009) based on the
analytical solutions of periodicwaves propagating over a uni-
form current. They studied the variations in the wave profile
and the water particle orbits resulting from the interaction
with a steady uniform current of different magnitudes. It
was observed that the following current increased the rel-
ative horizontal distance traveled by a water particle, while
the reverse occurs in the case of an opposing current. The
effect of following and opposing uniform currents on a soli-
tary wave was investigated by Zhang et al. (2014) using a
numerical model based on solving the Reynolds-Averaged
Navier-Stokes (RANS) equations. They observed that an
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increase in current velocity led to an increase in the wave-
length, but the effect of change in current profile was not
investigated. Zhang et al. (2014) also observed that following
currents increased the wavelength of a solitary wave while
reducing its wave height and had an opposite effect in case
of opposing currents. Guyenne (2017) studied the interac-
tion of a linear shear current with nonlinear water waves
using a two-dimensional direct numerical simulationmethod
for solving the time-dependent equations describing nonlin-
ear water waves over uniform depth with non-zero constant
vorticity. Theyobserved that a following currents aided in sta-
bilising the wave dynamics while opposing current-assisted
wave growth.

The steady solution of a solitary wave propagating in
the presence of a linear shear background current was
investigated using the Green–Naghdi equations in the study
conducted by Duan et al. (2018). The results of Duan et al.
(2018) were compared with the results of Choi (2003) and
it was found that their assessments were similar to those
obtained by Choi (2003). The steady solutions of solitary
waves in the presence of non-uniform shear currents were
obtained by use of the high-level Green–Naghdi (HLGN)
model by Wang et al. (2020). They found that the vorticity
field and the velocity field of the solitary wave were modified
by the non-uniform shear current. The effect of following and
opposing currents with a vertically sheared profile on a non-
linear wave was studied numerically using a Navier–Stokes
(NS) solver in the computational fluid dynamics package,
OpenFOAM, by Chen and Zou (2019) and the results were
compared with the experimental work carried out by Swan
(1991). They observed that the wave profile was modified
due to the presence of following and opposing currents.

Ocean current data are seldom used in previous investiga-
tions of wave–current interactions. A numerical study using
ocean current data obtained from oceanographic studies was
conducted by Liang et al. (2017), wherein the wave-energy
underwave–current interaction in theQingdao coast ofChina
was estimated. Their study showed that the wave–current
interactions should be assessed when analyzing the wave-
energy resources.

While the present numerical study is carried out in two
dimensionswhere only following andopposing current direc-
tions are considered, orthogonal wave–current interactions,
where the wave and current approach each other at angles
other than 0◦ or 180◦, are studied in three dimensions by
Lim and Madsen (2016), Faraci et al. (2018), Faraci et al.
(2021).

From the assessment of the experimental and numerical
studies conducted on wave–current interaction, it is observed
that the current implementation seldom follows a profile sim-
ilar to that observed in oceanographic data. Therefore, a study
of the current profiles and velocities commonly observed in
ocean currents is conducted, and accordingly, the currents

are chosen to be implemented in the numerical simulation.
Our goal in this study is to assess the change in the behaviour
of nonlinear waves in deep and finite water depths, as they
interact with currents with different profiles, velocities, and
directions. Specifically, the effect of these currents on wave
height, wavelength, surface elevation, pressure, and horizon-
tal particle velocity is studied, for waves of various wave
heights and wavelengths.

The theory pertaining to the numerical approach used in
this study and the computational process involved in solving
the problems posed by the theory is outlined in Sect. 2, while
the setup of the numerical wave tank is discussed in Sect. 3.
Discussion on the selection of various waves and current
profiles being considered is presented in Sect. 4. Finally, the
comparison of the numerical wave tank results with exper-
imental studies, the results of the wave–current study, and
their implications are discussed in Sect. 5, followed by con-
cluding remarks.

2 Theory and numerical solution

The numerical field is setup within the Cartesian coordi-
nate system, with the wave propagating along the positive
x−direction (to the right), and z is the vertical axis, positive
pointing up. The origin of the coordinate system is at the still
water level (SWL). The fluid is assumed to be Newtonian,
homogeneous, incompressible continuous substance for the
scale at which it is observed. The fields of interest pertaining
to the flow, including pressure and velocity, are considered
differentiable, and the flow is considered laminar. The flow is
governed by the NS equations, namely the mass andmomen-
tum conservation equations

∇.V = 0, (1)
∂V
∂t

+ ∇V.V = − 1

ρ
∇ p + ν∇2V + g, (2)

where V = UX + UZ is the velocity vector, t is the time, ρ
is the density of the fluid which can be air or water in this
study, p is the pressure, ν is the kinematic viscosity, and g
represents the body force vector due to gravity. ∇ and ∇2

in Eqs. (1) and (2) refer to the divergence and the Laplacian
vector, respectively. Unless otherwise specified, all physical
parameters in the study are presented dimensionless using
water depth (h), acceleration due to gravity (g), and density of
water (ρ), as the dimensionally independent set. Therefore,
λ = λ/h, H = H/h, T = T /

√
h/g, P = P/ρgz and

U = U/
√
gh. For simplicity, the bar over the variables is

removed from all dimensionless quantities.
The free surface between water and air is captured by

the use of Volume of Fluid method (Hirt et al. 1975; Hirt and
Nichols 1981). A functionα is defined, such that its value can
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be between 0 and 1: 0 signifying that there is nowater present
in the cell and 1 implying that the cell is filled with water.
Twowave theories are utilized to generate nonlinear deep and
finite water depthwaves in this study, namely Stokes Second-
Order wave theory and the Stokes Function wave theory; the
former has a closed-formanalytical equation,whereas the lat-
ter is solved, iteratively. In the numerical wave–current tank,
the horizontal particle velocity is achieved by linear super-
position of the wave and the current velocities. Hence, the
wave–current horizontal velocity (UWC ) for Stokes Second-
Order wave theory reads

UWC = UW +UC . (3)

The current velocity (UC ), which evolves as a function of
the water depth, is defined as

UC (z) =
{
U for z < ZC(
UF−U
−ZC

)
z +UF for z ≥ ZC ,

(4)

where z is the vertical coordinate and it varies from 0 to
-1 (SWL to sea floor), U is the uniform current velocity,
UF is the current velocity at the free surface, and ZC is the
depth (measured from the SWL) at which the current profile
changes from uniform to linear. Unless otherwise specified,
U is kept fixed at 0.001 in all cases. UF and ZC are given
three values each, which are shown in Table 3. The superpo-
sition of the velocities modifies the wave field and this will
be discussed in the following sections.

The governing equations are discretized by use of the
finite volume approach and the equations of motion for both
water and air above are solved simultaneously. The compu-
tations are carried out using an open-source computational
fluid dynamics package, OpenFOAM. The numerical wave–
current tank is created bymodifying the existing wave2Foam
toolbox (Jacobsen et al. 2012) ofOpenFOAM.The numerical
wave–current tank consists of three sections: (i) the wave–
current generation zone or the inlet relaxation zone, where
thewave theory is used to generate the requiredwave–current
system by calculating the surface elevation, pressure, and
velocity, which is obtained by the linear superposition of
wave and current velocities [Eqs. (3) and (4)], (ii) the mid-
dle zone, where the N–S equations are solved, and (iii) the
wave–current absorption zone or the outlet relaxation zone at
the opposite end, where the wave–current system is allowed
to gradually dissipate and die out over the length of the outlet
zone (Jacobsen et al. 2012). The outlet zone is used to limit
the size of the computational tank and hence reduce the com-
putational cost. Alternate methods of wave generation and
absorption available in OpenFOAM include the use of static
boundary conditions, where the surface elevation and parti-
cle velocities are defined as Dirichlet boundary conditions at
the wave generation and absorption boundaries, and the use

of dynamic boundary conditions, where a moving wall and
dynamic mesh motion is used to mimic the physical wave
maker geometry (Windt et al. 2019). Wave generation and
absorption toolboxes, such as IHFoam and olaFlow, have uti-
lized these techniques (Higuera et al. 2013). Newer versions
of OpenFOAM, OF v7 and above, include a static boundary
wavemaker implemented with the interFoam solver (Schmitt
et al. 2020).

In this study, a numerical wave–current tank is created to
study the wave–current interaction problems. The tank bot-
tom is flat and stationary with a prescribed no-slip boundary
condition, i.e., the fluid velocity at this fixed boundary is set to
0. The front and back are kept empty [i.e., the aforementioned
Eqs. (1) and (2) are only solved in the x and z directions]
in this two-dimensional simulation. The velocities, pressure,
and surface elevation at the inlet are set up by the respec-
tive wave theories. The pressure–velocity coupling problem
is solved iteratively using the PIMPLE algorithm, which is
a combination of PISO (Pressure Implicit with Splitting of
Operator) and SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithms (Ferziger et al. 2002).

3 Numerical tank setup

In this section, the efficiency of the numericalwave domain in
generating the required wave, while keeping reflections from
the boundaries to a minimum, is discussed. A convergence
study is performed in the numerical wave tank to determine
the optimum size of the mesh.

A nonlinear wave with H = 0.12 and T = 2.81 propa-
gating over a water depth of 0.7m is studied using different
mesh configurations given in Table 1. Figure1 shows the
time series of surface elevation recorded at a gauge at the
middle of the wave domain for the three mesh configura-
tions and Fig. 2 shows a snapshot of surface elevation in the
wave domain for the three mesh configurations. The relative
difference between the results of each mesh is determined
by assessing the effect of the mesh on the peak of sur-
face elevation. The peak of surface elevation is obtained by
observing allwaves, excluding the rampwave, anddiscarding
the maximum and minimum peak values before calculating
the arithmetic mean of the remaining peaks in the time signal
of surface elevation. The relative difference is then calculated
as Erel = [(ηm−ηB)/ηB]×100, where ηm is the peak of sur-
face elevation obtained from the computations using meshes
AandC, andηB is the peakof surface elevation obtained from
the computations carried out usingmeshB. It is observed that
the relative difference betweenmeshes B and C is very small.
Based on these results, the mesh configuration B is found to
be the optimum mesh with a feasible computational time.

An assessment of wave reflection from the outlet relax-
ation zone is carried out to determine the efficiency of the
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Table 1 Mesh configurations
considered in the convergence
study. H = 0.12, T = 2.81, and
h = 0.7m

Mesh Number of cells per λ Number of cells per H Computational time Erel

A 100 41.5 1 hr 54 min 4.487%

B 150 62.25 4 hr 46 min 0.0%

C 200 83 10 hr 46 min 1.784%

Fig. 1 Time series of surface
elevation recorded at a gauge at
the middle of the wave domain
for the three mesh
configurations considered here,
compared with Stokes
Second-Order wave theory.
H = 0.12, T = 2.81, and
h = 0.7m

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-0.1

-0.05

0

0.05

0.1

Fig. 2 Snapshot of surface
elevation in the wave domain for
the three mesh configurations
considered in the study.
H = 0.12, T = 2.81, and
h = 0.7m

2 3 4 5 6 7 8
-0.1

-0.05

0
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Fig. 3 Variation of wave
reflection coefficient in the
domain for different outlet
relaxation zones. H = 0.12,
T = 2.81, and h = 0.7m
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Fig. 4 Schematic of the
numerical wave–current tank
and location of the sensors

Table 2 Wave conditions
considered in this study (h =
0.7m in all cases)

Case Wavelength Wave height Wave period Steepness h/gT 2 H/gT 2

λ H T (H/λ)

W1 1.429 0.089 2.95 0.063 0.11 0.01

W2 1.429 0.036 3.00 0.025 0.11 0.004

W3 1.429 0.0143 3.00 0.01 0.11 0.002

W4 2.857 0.036 4.29 0.013 0.054 0.002

W5 5.714 0.036 6.70 0.006 0.02 0.0008

Table 3 Current conditions considered in this study

Surface velocity
(UF )

Depth at which the cur-
rent profile changes from
uniform to linear (ZC )

±0.002 −0.7

±0.004 −0.5

±0.006 −0.3

wave absorption zone. The length of the outlet relaxation
zone is varied as: (i) 0.5λ, (ii) 0.75λ, and (iii) λ. The wave
reflection at the centre of the domain is studied using the two-
gauge method outlined by Grue (1992). In this method, the
time series of surface elevation is obtained from two wave

gauges placed at the centre of the domain separated by an
arbitrary distance of 0.2857. Then, the Fourier transform of
the two signals is used to separate the incident and reflected
wave amplitudes. The ratio of the reflectedwave amplitude to
the incidentwave amplitude is called the reflection coefficient
(CR). This method was used successfully by Hayatdavoodi
et al. (2017) to investigate the reflection and transmission of
strongly nonlinear waves. The variation of CR with time for
different outlet relaxation zones is presented in Fig. 3. Here,
the results indicate that an outlet relaxation zone of length
0.75λ is appropriate. Therefore, a wave domain with an inlet
relaxation zone (wave generation zone) of length λ and an
outlet relaxation zone of length 0.75λ is chosen. The total
length of the numerical wave tank is 7λ. This is done, so
that there would be at least five waves outside the relaxation

Fig. 5 Variation of current
profile over water depth and the
selected current profiles in this
study, shown under the
following current case. In case
of opposing current, the selected
profile is mirrored along the
vertical axis, with respect to
UX = 0

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
-1

-0.8

-0.6

-0.4

-0.2

0
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zoneswhich canbeused to assess the deformationof thewave
profile in the presence of current. This is in agreement with
the previous investigations of Hayatdavoodi et al. (2015) on
the computational domain length for nonlinear waves. The
schematic of the numerical wave tank, along with the loca-
tion of the wave gauges, pressure, and velocity sensors, is
shown in Fig. 4.

4 Wave–current conditions

The various waves and currents chosen in this study are dis-
cussed in this section. This study focuses on waves in deep
and finite water depths. In the numerical wave–current tank,
the water depth is fixed at 0.7m and the wave parameters are
altered to consider five linear and nonlinear waves in deep
and finite water depths, given in Table 2. For cases W1, W2,
and W3, the wavelength is kept constant, while the wave
height is reduced by a factor of 2.5. For cases W2, W4, and
W5, the wave height is kept constant, while the wavelength
is increased by a factor of 2.

To obtain the current profiles, available oceanographic
data of Sheikh and Brown (2010), Jeans et al. (2003), Jeans
et al. (2012), and Carollo et al. (2005) are considered and the
current profiles that are observed most commonly in oceans
were selected. These provide insightful data on the vertical
current velocity profiles observed in deep-water conditions
in South China sea, Faroe-Shetland channel, offshore Brazil,
and the Iceland–Scotland Ridge, respectively. The behaviour
of current profiles showed that currents generally maintain a
uniform profile from the seafloor up to a certain water depth,
and then exhibit changes near the surface. The details of all
the selected current profiles are provided in Table 3. Here, a
positive current velocity indicates a following current and a
negative current velocity indicates an opposing current.

In this study, 18 current configurations are considered
by changing the current velocity on the free surface (three
velocities), the depth at which the current profile changes
(three depths), and the current direction relative to the wave
propagation direction (following or opposing). These current
configurations along with the ocean current data are shown
in Fig. 5.

First, a set of wave–current interaction cases are consid-
ered involving the wave condition W2 (H = 0.036 and λ =
1.429), for the 18 current configurations mentioned above.
Then, the currentwithUF =±0.004 and ZC =−0.5 is consid-
ered with both following and opposing current directions, for
all five wave conditions. Table 4 outlines all the 26 wave–
current cases being considered in the study. The results of
these wave–current cases are then assessed to determine (i)
the effect of current velocity, (ii) current profile, and (iii)
current direction on thewave parameters, namely surface ele-

Table 4 Description of the wave–current cases considered in this study.
All cases are repeated for both following (F) and opposing (O) current
directions

Case Wave type UF ZC

WC1_F W2 0.002 0.7

WC1_O W2 −0.002 0.7

WC2_F W2 0.002 0.5

WC2_O W2 −0.002 0.5

WC3_F W2 0.002 0.3

WC3_O W2 −0.002 0.3

WC4_F W2 0.004 0.7

WC4_O W2 −0.004 0.7

WC5_F W2 0.004 0.5

WC5_O W2 −0.004 0.5

WC6_F W2 0.004 0.3

WC6_O W2 −0.004 0.3

WC7_F W2 0.006 0.7

WC7_O W2 −0.006 0.7

WC8_F W2 0.006 0.5

WC8_O W2 −0.006 0.5

WC9_F W2 0.006 0.3

WC9_O W2 −0.006 0.3

WC10_F W1 0.004 0.5

WC10_O W1 −0.004 0.5

WC11_F W3 0.004 0.5

WC11_O W3 −0.004 0.5

WC12_F W4 0.004 0.5

WC12_O W4 −0.004 0.5

WC13_F W5 0.004 0.5

WC13_O W5 −0.004 0.5

vation, wavelength, wave height, horizontal particle velocity,
and pressure.

5 Results and discussion

The results obtained from assessing the numerical wave–
current tank are discussed in this section. First, the results
of numerical wave–current tank are compared with the exist-
ing laboratory experiments and computational studies. Then,
the physical parameters pertaining to the incoming wave are
studied and the change in their behaviour, as the waves inter-
acts with different currents, is observed. A study of surface
elevation,wavelength,waveheight, horizontal particle veloc-
ity, and pressure is carried out and their evolution is assessed
quantitatively.
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Fig. 6 Horizontal velocity
distribution along the water
depth under the wave trough
obtained by the NS model, and
compared with laboratory
measurements of Umeyama
(2011) and computations of
Zhang et al. (2014).
H = 0.0343, T = 5.72,
h = 0.3m, and U = 0.0466
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-0.8
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Fig. 7 Horizontal velocity
distribution along the water
depth under the wave crest
obtained by the NS model, and
compared with laboratory
measurements of Umeyama
(2011) and computations of
Zhang et al. (2014).
H = 0.0343, T = 5.72,
h = 0.3m, and U = 0.0466
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Fig. 8 Time series of surface
elevation in the presence of
current, obtained by the NS
model, and compared with
laboratory measurements of
Umeyama (2011) and
computations of Zhang et al.
(2014). H = 0.0343, T = 5.72,
h = 0.3m, and U = 0.0466
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Table 5 Wave–current interaction with depth-varying current. H = 0.12, T = 2.81, and h = 0.7m

Inlet condition Wavelength λ′ Wave height H ′

Wave only – 1.344 – 0.1186 –

wave–current Experiments (Swan et al. 2001) 1.94 44.32 0.1128 −4.82

Numerical approach (Swan et al. 2001) 1.883 40.06 0.11 −7.23

NS model 2.014 49.84 0.1085 −8.43

Fig. 9 Time series of surface
elevation recorded at gauges GI,
GII & GIII for waves: a W1, b
W2, c W3, d W4, and e W5
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Fig. 10 Time series of surface
elevation, recorded at gauge GI,
obtained for waves: a W1, b
W2, c W3, d W4, and e W5, as
they interact with following and
opposing currents.
UF = ±0.004, ZC = −0.5

-0.05
0

0.05

-0.02
0

0.02

-0.01
0

0.01

-0.02
0

0.02

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-0.02

0
0.02

0.4 0.6
0

0.05

0.4 0.6
0

0.02

0.4 0.6
0

0.01

0.9 1.1
-0.01

0

0.4 0.6
0

0.02

0.4 0.6
0

0.02

5.1 Comparison with laboratory experiments

The numerical wave–current tank is used to generate a
coexisting wave–current field and the results are compared
with laboratorymeasurements of Umeyama (2011) and com-
putations of Zhang et al. (2014), who used a computational
fluid dynamics model for solving the RANS equations. The
current implementation is carried out in two ways: using the
Stream Function wave theory and using the Stokes Second-
Order wave theory that are modified to include a uniform
current. The reason behind this implementation is that the
linear superposition of current and wave velocities can be
achieved with either wave theories, but the Stokes Second-

Order wave theory may not be valid for all nonlinear wave
cases chosen for the study. Therefore, the Stream Function
wave theory has been included to ensure that it can be used to
generate the required wave–current interactions accurately.

The wave case considered in this comparison is a non-
linear wave with H = 0.0343, T = 5.72, and h = 0.3m
interacting with a uniform current across the water depth,
U = 0.0466. Figures6 and 7 show the variation of horizontal
particle velocity with water depth under the wave crest and
wave trough, respectively. Here, it can be observed that due to
the no-slip boundary condition, the horizontal particle veloc-
ity at the tank floor is zero. In Fig. 6, it is seen that under the
wave trough, the horizontal particle velocity is less than the
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Fig. 11 Change in surface
elevation presented as a function
of a wave height and b
wavelength. UF = ±0.004 and
ZC = −0.5
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Fig. 12 Effect of current
velocity on surface elevation of
wave W2, for a following
current and b opposing current
recorded at gauge GI.
H = 0.036, λ = 1.429, and
ZC = −0.5
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uniform current velocity in the domain, whereas the opposite
is observed under the wave crest in Fig. 7. This behaviour of
the horizontal particle velocity is as expected, because the
water particle velocity due to the wave is negative under the
wave trough and positive under the wave crest. Addition-
ally, the results obtained using Stream Function wave theory
show very good agreement with those obtained using Stokes
Second-Order wave theory. This provides confidence in the
use of Stream Function wave theory for numerically simulat-
ing wave–current interactions in the tank. All the wave-only
cases as well as the wave–current interaction cases consid-
ered in this study are implemented using Stream Function
wave theory. Figure8 shows time series of surface eleva-
tion in the presence of current, and it is observed that the
surface elevation of the wave in the presence of the current
is accurately predicted by both wave theories. Finally, it is
also observed that the results from the numerical simulations
agree well with the laboratory measurements and previous
computations.

The results obtained from the laboratory measurements
conducted by Swan et al. (2001) are also used to assess the
performance of the numerical wave–current tank while gen-

erating a current consisting of a uniform profile from the
seabed to a certain water depth and then followed by a lin-
ear profile thereafter until the free surface, similar to that
considered in this study. The wave case considered in this
comparison is a nonlinear wave with H = 0.12, T = 2.81,
and h = 0.7m interacting with a depth-varying following cur-
rent. Table 5 shows themodifiedwavelength andwave height
obtained using theNSmodel, alongwith those obtained from
the experiments and computations of Swan et al. (2001).
Additionally, the percentage change in wavelength and wave
height, λ′ = (λWC −λ)/λ and H ′ = (HWC − H)/H , where
λWC and HWC are the wavelength and wave height under
the influence of the current, respectively, are given in Table 5.
The results from the preliminary assessment of the numerical
wave–current domain show good agreement when compared
with the experimental and numerical data.

Next, the results of the wave–current study are presented
and discussed in four subsections, namely change in surface
elevation, change in wavelength and wave height, change in
horizontal particle velocity, and change in pressure.
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Fig. 13 Effect of current profile
on surface elevation of wave
W2, for a following current and
b opposing current recorded at
gauge GI. H = 0.036,
λ = 1.429, and UF = ±0.004
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Fig. 14 Change in surface
elevation for wave W2,
presented as a function of a
current velocity (with
ZC = −0.5) and b current
profile (with UF = ±0.004)
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Fig. 15 Sample visual depiction
of the statistical analysis of
wave height and wavelength.
H = 5.714, T = 6.7, and
h = 0.7m. The minimum and
maximum values are rejected
(which may occur anywhere in
the domain) and the remaining
waves are considered in
averaging the properties
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Fig. 16 Effect of current profile
on the wavelength of the wave
with H = 0.036 and λ = 1.429,
shown for different current
velocities
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Fig. 17 Effect of current profile
on the wave height of the wave
with H = 0.036 and λ = 1.429,
shown for different current
velocities
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5.2 Change in surface elevation

In this subsection, the evolution of surface elevation of
the incoming waves as they interact with different currents
is investigated. First, the stability of the numerical wave–
current tank while generating waves W1 − W5 is assessed.
This is depicted in Fig. 9, which shows the surface elevation
of the waves generated in the numerical tank, recorded by the
three wave gauges, in the absence of current, and compares
their profiles with Stokes Second-Order wave theory. Good
agreement is observed between the numerical results and
the analytical solution. Next, the interaction of these waves
with the current with UF = ±0.004 and ZC = −0.5 (cases
WC5,WC10,WC11,WC12 andWC13) is studied. Figure10
shows the surface elevation of the waves under the presence
of the current, recorded at gauge GI. An enlarged view of the
wave crest is also presented for all five wave cases along
with an enlarged view of the wave trough for wave case
W3. It is observed that under the influence of current, the
wave trough changes in similar way as the wave crest. Sub-
sequently, quantitative discussion about only the wave crest

is carried out from here on. In all five waves, it is seen that
a following current causes an increase in surface elevation,
whereas an opposing current causes a decrease in the same.
This indicates that the current direction plays a significant
role in modifying the surface elevation of the wave.

The change in surface elevation is obtained using the sur-
face elevation value at the peak of the wave crest and is given
by η′ = (ηWC − η)/η, where ηWC is the surface elevation
under the influence of the current. It is the percentage increase
or decrease in surface elevation for following or opposing
wave–current cases when compared with wave-only cases.
Waves W1–W3 have the same wavelength, while their wave
height reduces by a factor of 2.5. By observing the η′ values
corresponding to these cases in Fig. 11a, it is inferred that
currents have a diminishing effect on the surface elevation
of a wave as its wave height increases. As the wave height
increases by a factor of 2.5, η′ also roughly changes by 2.5 for
both following and opposing current cases. Waves W2, W4,
and W5 have the same wave height, while their wavelength
increases by a factor of 2. Figure11b shows a similar dimin-
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Fig. 18 Effect of current
velocity on the wavelength of
the wave with H = 0.036 and
λ = 1.429, shown for different
current profiles
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Fig. 19 Effect of current
velocity on the wave height of
the wave with H = 0.036 and
λ = 1.429, shown for different
current profiles
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ishing effect of current on surface elevation as observed in
case of increasing wave height.

The interaction of wave W2 with following and oppos-
ing currents with varying velocities and ZC = −0.5 is shown
in Fig. 12. The effect of changing current velocity on sur-
face elevation can be observed from this assessment. It is
observed that an opposing current has a more pronounced
effect on the surface elevation when compared to a following
current. Similar results are observed when the current profile
varies while maintaining a constant current velocity of UF

=±0.004, as shown in Fig. 13. Figure14 shows the evolution
of η′ as a function of current velocity and current profile.
It is observed that opposing current reduces the surface ele-
vation by up to 30%, while following current increases the
surface elevation by at most 6%, for the currents chosen in
this study. Additionally, it is observed that η′ varies linearly
with increasing current velocity but not with increasing cur-
rent profile. An increasing current velocity presents a more
substantial change in the surface elevation than an increasing
current profile. As shown in Fig. 14, the surface elevation, in

general, shows remarkable changes due to an opposing cur-
rent as compared to a following current.

5.3 Change in wavelength and wave height

In this subsection, the effect of currents on the wave profile is
assessed by observing the change in wave height and wave-
length. The interaction of the wave W2 with varying current
velocities and current profiles is analyzed in Figs. 16, 17, 18
19. The change in wave height and wavelength is observed
while systematically varying one current parameter (veloc-
ity or profile) and keeping the other parameter constant. The
change in wave height and wavelength is obtained by analyz-
ing the waves outside the inlet and outlet relaxation zones.
From the five waves within the domain, as shown in Fig. 15
for wave W5, the maximum and minimum wave height and
wavelength values are removed from the analysis, and the
arithmetic mean of the remaining waves is taken to obtain the
wave height and wavelength. This is done to rectify minor
numerical errors in the individualwaves and to obtain a statis-
tically sound data set. In case ofwave–current interaction, the
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Fig. 20 Change in wavelength
presented as a function of a
wave height and b wavelength.
UF = ±0.004 and ZC = −0.5
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Fig. 21 Change in wave height
presented as a function of a
wave height and b wavelength.
UF = ±0.004 and ZC = −0.5
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modified wave height and wavelength are obtained similarly
and compared with the original wave height and wavelength
from the wave-only cases. The changes are given in percent-
ages by H ′ and λ′.

First, the effect of current profile, with the current velocity
fixed at UF = ±0.004, on the wavelength and wave height
is shown in Figs. 16 and 17. Figure16 shows that the wave-
length increases by up to 2% as the wave interacts with a
following current and it decreases by up to 4% when the
wave interactswith an opposing current, indicating a stronger
influence of opposing current onwavelength as compared to a
following current. Additionally, it is observed that increasing
the current profile generally leads to an increase in wave-
length by about 1%, irrespective of current direction. Similar
trends are observedwhile assessing the change inwaveheight
in Fig. 17, where the wave height reduces by up to 4% as the
wave interacts with an opposing current, and it increases by
up to 4% as the wave interacts with a following current. Here,
however, it is observed that increasing the current profile gen-
erally leads to an increase in wave height only in case of an
opposing current interaction. Increasing current profile does

not seem to affect H ′ if the wave interacts with a following
current.

Next, the effect of increasing current velocity, with the
current profile fixed at ZC = −0.5, on wavelength and wave
height is shown in Figs. 18 and 19. Figure18 shows that
increasing the current velocity leads to an almost linear
change in λ′, in most cases. For the currents considered in
this study, the wavelength decreases by up to 4% in case of
an opposing current and it increases by up to 2% in case of
a following current. The effect of current velocity on wave
height is shown in Fig. 19 and it is observed that increasing
the current velocity causes the wave height to decrease non-
linearly in case of opposing current and increase nonlinearly
in cases of following current. The maximum change in wave
height was observed to be ±4%.

Finally, an assessment is made to evaluate the effect an
incident wave has on change in its wavelength and wave
height when interacting with a given current. The parameters
λ′ andH ′ are presented as functions of H andλ inFigs. 20 and
21. Figure20 shows that for the waves and currents chosen in
this study, the change in wavelength remains at about ±1%,
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Fig. 22 Effect of current on the
horizontal particle velocity
recorded by velocity sensors at a
z = −0.33, b z = −0.66, and c
z = −1. H = 0.036, λ = 1.429,
UF = ±0.004, and ZC = −0.5
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Fig. 23 Change in horizontal
particle velocity due to current
interaction, presented as a
function of water depth.
H = 0.036, λ = 1.429,
UF = ±0.004, and ZC = −0.5
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Fig. 24 Effect of following and
opposing currents with different
velocities on the horizontal
particle velocity recorded by
velocity sensors at a z = −0.33,
b z = −0.66, and c z = −1.
H = 0.036, λ = 1.429, and
ZC = −0.5
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irrespective of the wave height, whereas it goes down from
about ±1.5% to ±0.3% as the wavelength increases. This
implies that the effect of current on change in wavelength is
sensitive to the incidentwavelength and almost invariantwith
wave height. The change in wave height is presented Fig. 21,
which shows that wave height changes from about 4% to 1%
with an increase of wave height as well as wavelength. This

observation implies that the effect of current on change in
wave height varies with both wavelength and wave height of
the incident wave.
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Fig. 25 Change in horizontal
particle velocity due to current
magnitude, recorded by velocity
sensors at a z = −0.33, b
z = −0.66, and c z = −1.
H = 0.036, λ = 1.429 and
ZC = −0.5
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Fig. 26 Effect of following and
opposing currents with different
profiles on the horizontal
particle velocity recorded by
velocity sensors at a z = −0.33,
b z = −0.66, and c z = −1.
H = 0.036, λ = 1.429, and
UF = ±0.004
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5.4 Change in horizontal particle velocity

The effect of currents on horizontal particle velocity of a
wave field is studied in this subsection. The horizontal par-
ticle velocity is recorded by numerical velocity sensors at
depths z = −0.33, −0.66 and −1.0, as shown in Fig. 4. Fig-
ure22 shows the effect of following and opposing currents
with UF = ±0.004 and ZC = −0.5, on the horizontal parti-
cle velocity of the wave W2. It is observed that the velocity
increases for following currents and decreases for oppos-
ing currents. The change in horizontal particle velocity is
obtained using the horizontal particle velocity at the peak of
the wave crest and is given by U ′

X = (UX(WC) − UX )/UX ,
whereUX(WC) corresponds to the horizontal particle velocity
under the influence of the current. It is the percentage increase
or decrease in horizontal particle velocity for following or
opposing wave–current cases when compared with wave-
only cases. Figure23 shows that at z = −0.33, the horizontal
particle velocity reduces by about 40% as the wave inter-
acts with a opposing current, while it registers an increase
of about 20% as the wave interacts with a following current.

This indicates that an opposing current has a stronger effect
on the horizontal particle velocity than a following current.

The effect of current velocity on horizontal particle veloc-
ity is shown in Fig. 24, and its evolution is quantified using
U ′

X in Fig. 25. From Fig. 24, it is observed that the current
velocity has a stronger effect on the horizontal particle veloc-
ity in case of opposing currents. Figure25 shows that for the
currents considered in this study, increasing current veloc-
ity decreases the horizontal particle velocity from − 10% to
three times smaller, in case of opposing current interaction.
In case of following current, increasing current velocity does
not seem to strongly influence U ′

X , which mostly fluctuates
around 50%.

The effect of changing current profile on horizontal parti-
cle velocity is shown in Fig. 26 and its evolution is quantified
using U ′

X in Fig. 27. Figure27 shows that an opposing cur-
rent has a more pronounced effect on the horizontal particle
velocity, for the currents selected in this study. FromFig. 27b,
it is observed that current profile changes U ′

X from − 150%
to− 50%, in case of opposing current, whereas in case of fol-
lowing current, the current profile does not seem to strongly
influence U ′

X , which fluctuates around 50%.
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Fig. 27 Change in horizontal
particle velocity due to current
profile, recorded by velocity
sensors at a z = −0.33, b
z = −0.66, and c z = −1.
H = 0.036, λ = 1.429, and
ZC = −0.5
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Fig. 28 Effect of current on the
hydrodynamic pressure field
recorded by pressure sensors at
a z = −0.33, b z = −0.66, and
c z = −1. H = 0.036,
λ = 1.429, UF = ±0.004, and
ZC = −0.5
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Fig. 29 Change in
hydrodynamic pressure due to
current interaction, presented as
a function of water depth.
H = 0.036, λ = 1.429,
UF = ±0.004, and ZC = −0.5
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Fig. 30 Effect of following and
opposing currents with different
velocities on the hydrodynamic
pressure field recorded by
pressure sensors at a
z = −0.33, b z = −0.66, and c
z = −1. H = 0.036, λ = 1.429,
and ZC = −0.5
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Fig. 31 Change in
hydrodynamic pressure due to
current magnitude, recorded by
pressure sensors at a
z = −0.33, b z = −0.66, and c
z = −1. H = 0.036, λ = 1.429
and ZC = −0.5
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5.5 Change in pressure

The effect of currents on the pressure is studied in this subsec-
tion. The pressure is recorded by numerical pressure sensors
at depths, z =−0.33,−0.66,−1.0. The total pressure at these
points is normalized by the respective hydrostatic pressure
at the given depths (from the SWL) to obtain the hydrody-
namic pressure. The interaction of wave W2 with following
and opposing current with UF = ±0.004 and ZC = −0.5
is shown in Fig. 28. A following current increases the pres-
sure, while an opposing current reduces it. It is observed
that the pressure change is larger in case of an opposing cur-
rent interaction. The change in pressure is obtained using the
pressure at the peak of the wave crest and is given by P ′ =
(PWC−P)/P , where PWC corresponds to the pressure under
the influence of the current. It is the percentage increase or
decrease in pressure for following or opposing wave–current
caseswhen comparedwithwave-only cases. Figure29 shows
that for the currents considered in this study, the pressure
decreases by about 1% in case of opposing current while
increasing by only about 0.25% in case of following current.

The effect of current velocity on pressure is shown in
Fig. 30, and its evolution is quantified using P ′ in Fig. 31.
Figure30 shows that changing current velocity has very lit-
tle effect on pressure in case of following current compared to
the opposing current. Figure31 shows that in case of follow-
ing current, there is no change in pressure, whereas in case
of opposing current, the pressure decreases by up to 1.7%.
As the current velocity increases, P ′ increases nonlinearly
for following current and decreases nonlinearly in case of
opposing current.

The effect of current profile on pressure is shown in
Fig. 32, and its evolution is quantified using P ′ in Fig. 33.
Figure32 shows that changing current profile has very little
effect on pressure in case of following current compared to
the opposing current. Figure33 shows that pressure regis-
ters a maximum change between −1.5% and 0.5%, for the
currents selected in this study.
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Fig. 32 Effect of following and
opposing currents with different
profiles on the hydrodynamic
pressure field recorded by
pressure sensors at a
z = −0.33, b z = −0.66, and c
z = −1. H = 0.036, λ = 1.429
and UF = ±0.004
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Fig. 33 Change in
hydrodynamic pressure due to
current profile, recorded by
pressure sensors at a
z = −0.33, b z = −0.66, and c
z = −1. H = 0.036, λ = 1.429,
and ZC = −0.5
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6 Conclusions

A numerical wave–current tank is created to assess the effect
of current velocity, current profile, and current direction on
the deep and intermediate water wave fields. Various param-
eters, including surface elevation, wavelength, wave height,
horizontal particle velocity, and pressure, are considered and
analyzed. An assessment of the effect of the type of wave
interacting with a current is also carried out to understand
the effect of wave height and wavelength on wave–current
interactions. Five waves and 18 current configurations are
considered in the study. Based on the results obtained, it is
observed that the wave field significantly changes as it inter-
acts with the following and opposing currents.

The evolution of surface elevation as the wave interacts
with currents is studied and it is observed that a following
current causes an increase in surface elevation, whereas an
opposing current causes a decrease in the same. It is also
observed that increasingwavelength andwave height leads to
a diminishing effect of currents on the surface elevation. For
the current conditions considered in this study, an opposing
current reduces the surface elevation by up to 30%, while a

following current increases the surface elevation by at most
6%. Changing current velocity results in a linear increase in
surface elevation, but changing current profile does not.

Based on the results obtained for the current velocities and
profiles chosen here, an assessment of the effect of current
on the wave profile shows that wavelength increases by up to
2% and decreases by up to 4% under following and opposing
currents, respectively. Increasing current profile changes the
wavelength by±1%, irrespective of current direction. For the
currents chosen in this study, an assessment of the effect of
current on the wave profile shows that wave height increases
by up to 2% and decreases by up to 4% under following
and opposing currents, respectively. Increasing current pro-
file changes thewave height by up to±4%. It is also observed
that the effect of current on change in wavelength is sensitive
to the incident wavelength and almost invariant with wave
height. The effect of current on change in wave height, how-
ever, varies with both wavelength and wave height of the
incident wave.

A study of the effect of currents on horizontal particle
velocity shows that an opposing current has a stronger effect
than a following current. The horizontal particle velocity

123



474 Journal of Ocean Engineering and Marine Energy (2023) 9:455–475

reduces by more than twice in cases of opposing currents,
whereas it increases by about 50% in case of following cur-
rents. For the current conditions considered in this study,
changing current velocity and current profile influences the
change in horizontal particle velocity only in case of oppos-
ing current. The current, in general, has significant effect on
the horizontal particle velocity, when compared to the other
wave parameters considered in this study.

A study of the effect of currents on pressure shows that
an opposing current has a stronger effect than a following
current. The change in pressure due to presence of current is
relatively small and it varies between -1% and 0.25%. Based
on the results obtained for the current velocities and pro-
files chosen here, change in current velocity and current
profile weakly affects the pressure in case of following cur-
rents (close to 0.1%), but shows slightly stronger effect on
pressure in case of opposing currents (up to 1.5%). The cur-
rent, in general, has little effect on the pressure field.

It is also observed that an opposing current has a more
significant effect on most of the wave parameters for various
wave cases, than a following current.
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