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A B S T R A C T

Effect of various forms of currents on regular nonlinear waves in shallow water is investigated by use of a
computational fluid dynamics approach. A range of wave conditions with different wave heights and wave
periods are considered. Effect of three types of currents on these waves is investigated, namely (i) uniform
current over the water depth, (ii) shear current from the seafloor to the still-water level, and (iii) a custom
current profile that changes over the water depth. The current profiles are considered in both following and
opposing directions of the incoming wave, forming in total 18 wave–current configurations. The Navier–Stokes
equations for a laminar flow are solved computationally in two dimensions. A numerical wave–current maker
is created to generate combined nonlinear waves and currents in shallow water. The effect of the currents on
the change of the wave field, including quantitative change of the surface elevation, wave height, wavelength,
horizontal particle velocity, and the velocity and pressure fields is presented and discussed. It is found that
presence of the current can alter the wave field significantly, and the current profile and direction play a
significant role in the change of the wave field. A following current in shallow water increases the peak of
surface elevation, horizontal particle velocity and pressure, along with an increase in wavelength and wave
height, while an opposing current reduces these. The change of wave height with current direction appears to
be opposite to that observed in deep water in the literature. It is also concluded that a linear superposition of
the undisturbed wave and current velocities can describe the horizontal particle velocity of the wave–current
field for following currents (particularly under the wave trough) reasonably well, but larger differences are
observed for opposing currents.
1. Introduction

The interaction between ocean waves and currents changes the
wave properties, particularly in shallow water where currents can be
stronger (Jeans et al., 2003; Carollo et al., 2005; Shen et al., 2008;
Sheikh and Brown, 2010; Jeans et al., 2012). Soulsby et al. (1993)
have pointed out that the combined effect of waves and currents in
coastal zones influences the movement of sediment on the sea-bed,
and the consequent evolution of the coastal morphology. It is also
observed that the interaction between waves and currents affects the
wave refraction and diffraction by an uneven seafloor (Liau et al.,
2011). Tao and Han (2002) observed that pollutants move differently
in the presence of combined waves and currents, when compared to
waves-only condition, and this is partially due to the transformation of
the wave field due to the ambient current.

According to Toffoli et al. (2013), stable wave packets can be-
come unstable and break due to the presence of an opposing current
(i.e., wave and current propagating in the opposite direction). The
ability to predict the behaviour of waves as they interact with currents

∗ Corresponding author at: Civil Engineering Department, School of Science and Engineering, University of Dundee, Dundee DD1 4HN, UK.
E-mail address: mhayatdavoodi@dundee.ac.uk (M. Hayatdavoodi).

provides further information for mitigating the impact of severe waves
on coastal structures. As per Markus et al. (2013), the presence of
currents influences the wave–structure interaction by introducing sig-
nificant drag forces, that along with the wave-induced loads, change the
total load generated by the wave field. This implies that the presence
of currents changes the wave-induced load.

It is important to understand the effect of currents on the coastal
wave field in particular, where current modifies the wave transfor-
mation and their impact on structures. In shallow water, the water
particle velocities are extended throughout the water depth, while
these are negligible further away from the free surface in deep waters.
Consequently, particle velocities and hence the wave field, can be
affected more significantly by current in shallow water. Therefore, it
stands to reason that the change in wave parameters would be different
in shallow water when compared with deep water. It is understood that
the wave properties, under the influence of a current, cannot be pre-
sented as a linear superposition of the wave properties and the current
vailable online 10 January 2023
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properties (Kemp and Simons, 1982; Umeyama, 2011), hence, a de-
tailed investigation of the nonlinear wave–current interaction process
is required.

Several experimental studies have investigated the interaction be-
tween waves and currents in deep and finite water depths. Most have
considered currents that (i) maintain a uniform profile across the water
depth or (ii) change non-uniformly across the water depth, varying as
a linear or quadratic function. The interaction of waves with following
(current moving in the same direction as the waves) and opposing
currents propagating over a rippled bed was studied experimentally
by Brevik and Aas (1979) and by Brevik (1980) for a smooth bed. They
observed that in case of following current, wavelength, 𝜆, increases
and wave height, 𝐻 , decreases, whereas, in case of opposing current,
wave height increases and wavelength decreases. These, however, were
confined to deep water waves and were hindered by the degree of
turbulence in the current. The interaction between linear waves and
various non-uniform opposing currents was studied experimentally and
numerically by Thomas (1981). It was observed that as the wave in-
teracts with opposing currents of increasing velocities, the wavelength
becomes smaller and wave height becomes larger. The waves were
confined to deep water conditions, and only one current profile was
investigated.

An experimental study of the interaction between gravity waves and
currents with a uniform profile was conducted by Kemp and Simons
(1982) in a laboratory channel with rough and smooth beds. The bed
shear stress, mean velocity profile and wave attenuation were measured
for waves with varying wave heights (with a fixed wave period, 𝑇 )
s they interacted with a non-uniform current. It was found that the
ean velocity profile proposed by a linear superposition of wave and

urrent velocities was remarkably different from those observed exper-
mentally. The study considered different deep water wave conditions
ut the current profile remained unchanged. The waves considered
ere within the near-linear regime and wave effects higher than second
rder were not considered. An experimental and numerical study of
onlinear waves interacting with non-uniform currents was conducted
y Thomas (1990). The wave height was found to be increasing and
he wavelength was found to be decreasing, when the velocity of
he current opposing the wave direction increased. The investigations
f Thomas (1981, 1990) demonstrate that the interaction of linear and
onlinear waves with currents of increasing velocities results in similar
rends in the change in wave height and wavelength in deep water
onditions. These studies were limited to only one current profile. Effect
f shearing current near the free surface was not investigated.

The change in wave period of a deep water wave due to a uni-
orm current, also known as the Doppler-shifted period, was studied
xperimentally by Swan (1990) for a nonlinear wave interacting with
uniform current. The results were compared with the theoretical

oppler-shifted solution (Fenton, 1985). It was observed that the hori-
ontal particle velocity, 𝑢𝑥, and surface elevation, 𝜂, in case of uniform
urrents were accurately predicted by the use of Doppler-shift method,
hereas, depth-dependant currents required an alternate approach. The

onsequences of wave–current interaction were investigated by Lodahl
t al. (1998) using an oscillatory flow coexisting with a current in a
ipe. The current velocity was found to be a governing factor in deter-
ining the transition to turbulence in case of combined wave–current

nteraction.
Swan et al. (2001) studied experimentally the interaction of two-

imensional surface water waves with depth-varying currents. A uni-
orm current was considered in the study along with a following and
pposing mixed profile current that maintains a uniform profile up to
certain depth and then evolves linearly with water depth thereafter.
he changes in wavelength and wave height, due to the presence
f following and opposing currents, were assessed for different wave
eriods. It was observed that in case of following current interaction,
he wave height becomes smaller, while in case of an opposing current
2

nteraction, the wave height becomes larger. The study was confined
to only uniform current profile. The focus of the study is mostly on
outlining the significance of vorticity distribution in case of wave
interaction with a strongly sheared current.

Umeyama (2005) studied experimentally the effect of current direc-
tion on the mean velocity distribution by investigating the interaction
of a nonlinear deep water wave with following and opposing uniform
currents. The results were then compared with the theoretical data
obtained using phase-averaged Prandtl momentum transfer theory and
third-order Stokes wave theory. Assessment of the mean velocity profile
showed that in case of waves interacting with a following current, a
higher velocity was observed close to the tank floor and a lower velocity
was observed above a certain water depth, relative to the logarithmic
profile. The opposite was observed as the wave interacted with an
opposing current.

Umeyama (2009) conducted an experimental study of the interac-
tion between waves and following and opposing uniform currents. The
changes in Reynolds stress, velocity distributions and turbulent inten-
sity due to the wave–current interaction, were assessed by obtaining the
vertical, lateral and horizontal velocity components. The study expands
the work done by Umeyama (2005), which did not assess the phase-
averaged velocity and lateral turbulence. In case of a following current,
the mean horizontal velocity was observed to increase further away
from the seabed until half the water depth and then decrease gradually.
An experimental study of the interaction between waves and uniform
current focusing on particle velocities and trajectories was conducted
by Umeyama (2011). It was found that in case of following current,
the wave height of a wave-only condition was 13%–17% larger than a
wave–current interaction condition. Umeyama (2011) pointed out that
a linear superposition of the water particle velocity due to waves and
the current velocity does not correctly predict the horizontal particle
velocity distribution.

Ruggeri and Faraci (2022) experimentally studied the generation
and evolution of ripples and the dynamics of the vortex structure
generated under combined wave–current setup. They observed that
bedforms take longer to stabilize when the current is superimposed
onto the wave. While the present study only considers a flat seafloor,
several investigations have been carried out assessing the wave–current
interaction over rough beds, see e.g., Fredsøe et al. (1999), Petrotta
et al. (2018) and Hsiao et al. (2020).

Several numerical studies have been carried out to assess the in-
teraction of waves and currents. Dalrymple (1974) carried out a the-
oretical assessment of the wave–current interaction between waves
and a following current by modifying the Stream Function wave the-
ory to include a bi-linear shear current. It was found that as waves
interact with different currents, the wavelength and the maximum
horizontal particle velocity exhibit large disparities. Their theoretical
approach, however, assumed that the waves were long-crested and
propagated without change in form. The interactions of currents and
weakly nonlinear water waves in shallow water were studied using
Boussinesq-type depth-averaged equations derived by Yoon and Liu
(1989). The current velocity was assumed larger than the characteristic
wave orbital velocity, but smaller than the wave group velocity. Only
a uniform current was chosen aiming to develop a set of equations that
could be used to study the interactions between waves and currents in
shallow water.

The study conducted by Chen et al. (1999) focused on the ef-
fects of uniform currents on near-resonant triad interactions of gravity
waves in shallow water. Boussinesq-type equations for the fully coupled
wave–current interaction were utilized to set up the numerical wave
tank. They found that an opposing current increased the magnitude
of phase mismatch (phase difference between wave–current and wave-
only cases), while the opposite was observed for a following current. It
was also observed that an opposing current increased the wave height,
reduced the Ursell number, beat-length, and the ratio of the energy in
higher harmonics to the energy in the primary wave in comparison

with the pure wave motion in shallow water. On the other hand, a
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following current intensified the extent of triad interactions. Chen et al.
(1999) noted that this was in contrast to the current influence on
quadruplet interactions of deep water waves. The study was confined
to one current profile in shallow water conditions.

By deriving an asymptotic model for long surface gravity waves
of large amplitude in shallow water, the interaction between a linear
shear current and a strongly nonlinear solitary waves was investigated
by Choi (2003). The study used the Korteweg–de Vries (KdV) equation
for solitary waves. It was observed that while interacting with a follow-
ing current, a solitary wave narrows down, whereas when the current
opposes the direction of wave propagation, it widens.

Based on the analytical solutions of periodic waves propagating over
a uniform current, the interaction between nonlinear water waves and a
uniform current was studied by Hsu et al. (2009). The variations in the
water particle orbits and the wave profile resulting from the interaction
with a steady uniform current of varying velocities were studied. It
was observed that the relative horizontal distance travelled by a water
particle was larger in case of following current interaction, whereas the
opposite was observed in the case of an opposing current.

Zhang et al. (2014) investigated the interaction between following
and opposing uniform currents and a solitary wave using a numer-
ical model based on the Reynolds-Averaged Navier–Stokes (RANS)
equations. It was observed that an increase in current velocity led
to an increase in the effective wavelength. It was also observed that
the wave height of a solitary wave decreased as it interacted with
following currents while the opposite was observed in case of opposing
currents. The interaction of nonlinear water waves and a linear shear
current was studied by Guyenne (2017) using a two-dimensional direct
numerical simulation method for solving the time-dependent equations
based on Stokes wave theory. The theory describes the nonlinear water
waves over uniform depth with a non-zero constant vorticity. It was
observed that following currents stabilized the surface wave dynamics.
In addition to Stokes waves in deep waters, the study also considers
solitary waves, but was confined to only one current profile.

Duan et al. (2018) studied the steady solution of a solitary wave
propagating in the presence of a linear shear background current using
the high-level Green–Naghdi (HLGN) equations. It was found that
the results agree well with the observations of Choi (2003). Wang
et al. (2020) investigated the steady solutions of solitary waves in
the presence of non-uniform shear currents using the HLGN equations.
It was shown that the velocity field and the vorticity field of the
solitary wave were modified due to the presence of non-uniform shear
current. Formation of a vortex under the wave crest was observed in
the presence of opposing shear currents. The vertical position of the
vortex increased under the linear, quadratic and cubic current profiles,
respectively.

Chen and Zou (2019) studied numerically, the effect of vertically
sheared following and opposing current profiles, on a nonlinear wave
by solving the Navier–Stokes (NS) equations computationally. It was
observed that in the presence of following vertically sheared current,
the wave exhibited a sharper crest and flatter trough, while the opposite
was observed in the presence of an opposing vertically sheared current.
The study investigated the near resonant triad interactions in shallow
water and considered currents with different profiles.

From the assessment of the experimental and numerical studies
conducted on wave–current interaction, it is observed that the effect
of various current profiles on nonlinear shallow water waves and of
varying properties has remained unexplored. The behaviour of cur-
rents observed from oceanographic data (see e.g., Jeans et al. (2003),
Carollo et al. (2005), Shen et al. (2008), Sheikh and Brown (2010)
and Jeans et al. (2012)) suggests that the current profile changes with
geographic locations and time. This is especially significant in shallow
water, where the particle velocity would be strongly influenced by
currents throughout the water depth. Hence, the wave–current loading
on coastal structures would be affected by the nature of the current
3

𝜂

profile interacting with the wave. Therefore, it is imperative to assess
the effect of different current profiles on shallow water waves.

Our goal in this study is to assess the change in the behaviour of
nonlinear waves in shallow water, as they interact with currents with
different profiles and directions. Specifically, the effect of these currents
on the surface elevation, wave height, wavelength, horizontal particle
velocity, velocity profile and pressure is investigated. While only two-
dimensional following and opposing current directions are considered
in the present study, several investigations have been carried out in
three-dimensions assessing the orthogonal wave–current interaction in
coastal waters (i.e., wave and current approaching each other at angles
other than 0◦ or 180◦), see e.g., Lim and Madsen (2016) and Faraci et al.
2018, 2021).

The theory pertaining to the computational method used in this
tudy and the computational approach taken to solve the govern-
ng equations are discussed in Section 2. The setup of the numerical
ave–current tank is presented in Section 3. Discussion leading to

he selection of various waves and current profiles considered in this
tudy is presented in Section 4. Finally, comparison of the results of
he numerical wave tank with experimental studies, the results of the
ave–current study and their implications are discussed in Section 5,

ollowed by concluding remarks.

. Theory and numerical solution

A two-dimensional Cartesian coordinate system is used, where
aves propagate in the positive 𝑥−direction (to the right), and 𝑧 is

he vertical axis, positive against the gravitational acceleration. The
rigin of the coordinate system is at the still water level (SWL). For the
cale at which it is observed, the fluid is assumed to be a homogeneous,
ewtonian, incompressible continuous substance. We assume that the
onsequences of turbulence are negligible in this problem of wave–
urrent propagation over a flat seafloor, see e.g., Chen et al. (2014,
019) and Chen and Zou (2019), for applications of laminar flow in
olving the wave–current interaction problem. For studies on wave–
urrent interaction using a turbulence model, see e.g., Zhang et al.
2014, 2015) and Bai et al. (2017). The fluid pressure and velocity
re considered differentiable at all times and everywhere in the do-
ain. The flow is governed by the mass and momentum conservation

quations,

⃖⃖⃗ . ⃖⃖⃗𝑉 = 0, (1)

𝜕 ⃖⃖⃗𝑉
𝜕𝑡

+ ∇ ⃖⃖⃗𝑉 .⃖⃖⃗𝑉 = −1
𝜌
∇𝑝 + 𝜈⃖⃖⃗∇2 ⃖⃖⃗𝑉 − ⃖⃗𝑔, (2)

here ⃖⃖⃗𝑉 = 𝑢𝑥𝑖 + 𝑢𝑧 ⃖⃗𝑘 is the velocity vector, with �⃗� and ⃖⃗𝑘 being the unit
ormal vectors in 𝑥− and 𝑧− directions, respectively, 𝑝 is the pressure,
is the kinematic viscosity, 𝜌 is the density of the fluid, 𝑡 is time and ⃖⃗𝑔

epresents the body force vector due to gravity. The gradient function is
epresented by ∇. The divergence and laplacian vectors are represented
y ⃖⃖⃗∇ and ⃖⃖⃗∇2, respectively. Eqs. (1) and (2) are only solved in the 𝑥−
nd 𝑧− directions in this two-dimensional study. They are solved for
oth air on top and water phases simultaneously.

The pressure-velocity coupling problem is solved iteratively using
he PIMPLE algorithm (Ferziger et al., 2002). Finite volume approach
s used to discretize the governing equations. An open source compu-
ational fluid dynamics package, OpenFOAM, is used to carry out the
omputations. The Volume of Fluid method is used to capture the free
urface between water and air (Hirt and Nichols, 1981).

The shallow water waves in this study are generated using the
noidal wave theory. Starting from the KdV equation, the surface
levation, particle velocity and pressure are obtained as

= 𝜂 +𝐻𝑐𝑛2(𝜃, 𝑚), (3)
𝑚𝑖𝑛
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where, 𝜂𝑚𝑖𝑛 is the distance between the SWL and the wave trough and
𝑐𝑛 is the Jacobian elliptic function of variables 𝜃 and 𝑚 (0 ≤ 𝑚 <
1) (Svendsen and Jonsson, 1976). 𝜂𝑚𝑖𝑛 is defined as

𝜂𝑚𝑖𝑛 =
( 1
𝑚

(

1 − 𝐸
𝐾

)

− 1
)

𝐻, (4)

where, 𝐾 = 𝐾(𝑚) and 𝐸 = 𝐸(𝑚) are the complete elliptical integrals
of the first and second kind, respectively. The variable 𝜃, in Eq. (3), is
defined as

𝜃 = 2𝐾
( 𝑡
𝑇

− 𝑥
𝜆

)

. (5)

The horizontal particle velocity according to the Cnoidal wave
heory is given as

𝑤 = 𝑐
[

𝜂
ℎ
−
( 𝜂
ℎ

)2
+ 1

2

(

1
3
−
( 𝑧 + ℎ

ℎ

)2)

ℎ𝜂𝑥𝑥

]

, (6)

here, 𝑐 is the phase velocity, 𝑧 is the vertical coordinate that varies
rom 0 to −ℎ and 𝜂𝑥𝑥 is obtained by differentiation of Eq. (3). Similarly,
he pressure field under the Cnoidal wave is described by

= 𝜌𝑔
[

𝜂 + 1
2
ℎ2

(

1 −
( 𝑧 + ℎ

ℎ

)2)

𝜂𝑥𝑥

]

. (7)

Hereafter, acceleration due to gravity (𝑔), density of water (𝜌) and
he water depth (ℎ), are used as a dimensionally independent set to
ondimensionalize all parameters. Therefore, 𝐻 = 𝐻∕ℎ, 𝜂 = 𝜂∕ℎ,

𝑝 = 𝑝∕𝜌𝑔ℎ, 𝑇 = 𝑇 ∕
√

ℎ∕𝑔, 𝑢𝑥 = 𝑢𝑥∕
√

𝑔ℎ and 𝜆 = 𝜆∕ℎ. The bar over the
variables is removed from all dimensionless quantities for simplicity.

The combined wave–current field is generated by the use of a
theoretical wave–current maker. The horizontal particle velocity at the
wave–current maker is obtained by the linear superposition of the wave
and the current velocities. Hence, the wave–current horizontal particle
velocity (𝑢𝑤𝑐) for the combined current and wave, at the location of the
wave-maker, is given by

𝑢𝑤𝑐 = 𝑢𝑤 + 𝑢𝑐 , (8)

where, 𝑢𝑤 is the horizontal particle velocity due to the wave given in
Eq. (6) and 𝑢𝑐 is the horizontal particle velocity due to the current.

The numerical wave–current tank is made up of three sections: (i)
the generation zone where the velocity, pressure field and free surface
elevation are enforced, (ii) the computational region where the NS
equations are solved iteratively, and (iii) the absorption zone where
the wave–current system is allowed to gradually dissipate and die out,
known as the wave–current absorption zone. The wave–current gener-
ation and absorption zones, also known as inlet and outlet relaxation
zones, respectively, are modifications of those proposed by Jacobsen
et al. (2012) for waves. The absorption zone is used to minimize
the computational cost by restricting the length of the computational
domain. The boundary condition of the wave–current absorption zone
is modified from the default zero-velocity current to the current profile
linearly superposed at the wave generation zone. The tank bottom is
flat and stationary and the fluid velocity at this fixed boundary is set
to 0, i.e. a no-slip boundary condition is imposed on this boundary. We
have monitored the change in mass of the tank due to the different
types of currents, and found that the maximum change in mass is
0.53%.

3. Numerical tank setup

In this section, the setup of the numerical wave–current tank and
its computational mesh are introduced. In this study, a structured,
hexahedral mesh is used for the spatial discretization of the numerical
domain. The wavelength and wave height of the incident wave are used
to define the refinement of the mesh. Different mesh configurations
with increasing number of cells per wavelength and wave height are
considered in the mesh convergence study as outlined in Table 1. The
number of cells per wave height is varied between 40 and 80 and the
4

number of cells per wavelength is varied between 250 and 750. 𝑢
Table 1
Mesh configurations considered in the convergence study, 𝐻 = 0.2, 𝑇 = 24.99 and
ℎ = 0.15 m. 𝛥𝑥 and 𝛥𝑧 represent the size of the cell in 𝑥− and 𝑧−directions,
respectively.

Mesh 𝐻/𝛥𝑧 𝜆/𝛥𝑥 Computational time

A 40 250 9 h 27 min
B 62 500 22 h 19 min
C 80 750 82 h 8 min

A shallow water wave with 𝐻 = 0.2 and 𝑇 = 24.99 (ℎ = 0.15 m,
ixed in all cases considered here, unless stated otherwise) is generated
sing different mesh configurations and the results are shown in Fig. 1.
ere, time series of surface elevation recorded at distance 𝜆 from

he inlet relaxation zone is compared with the analytical solution.
ery small difference is observed between results of different mesh
onfigurations. Mesh B, with 62 cells per wave height and 500 cells per
avelength is considered optimum and computationally reasonable for

he cases of this study.
The two-gauge method outlined by Grue (1992) is employed to

btain the wave reflection at the centre of the domain. The reflection
nd transmission coefficients of strongly nonlinear waves were suc-
essfully computed by Hayatdavoodi et al. (2017) using this method.
wo wave gauges are placed at the centre of the domain separated by
istance 0.2𝜆, and the time series of surface elevation is obtained from
hese gauges. The incident and reflected wave amplitudes are separated
sing the Fourier transform of the time series. Finally, the reflection
oefficient (𝐶𝑅) is obtained as the ratio of the reflected wave amplitude
o the incident wave amplitude. Fig. 2 shows the variation of 𝐶𝑅 with
ime for a wave with 𝐻 = 0.2 and 𝑇 = 24.99. It is observed that the
eflection from the outlet relaxation zone remains below 2% during
hese computations.

It is shown in Kumar and Hayatdavoodi (2023) that a numerical
omain with an inlet relaxation zone of length 𝜆 and an outlet re-
axation zone of length 0.75𝜆 results in a stable and efficient domain
or the wave–current field, with negligible reflection from the open
oundary (less than 5% for the waves considered in this study). This is
n agreement with the previous investigations of Hayatdavoodi et al.
2015) on the optimum computational domain length for nonlinear
aves. Hence, the total length of the numerical wave tank is 7𝜆. This

nsures that at least five waves are entirely outside the relaxation
ones for the investigations while confining the computational cost.
he schematic of the numerical wave tank is shown in Fig. 3. Surface
levation is recorded by Gauges GI, GII and GIII, placed at distances
, 2𝜆 and 3𝜆 from the inlet relaxation zone, respectively. Pressure and
elocity are recorded by sensors placed at distance 𝜆 from the inlet
elaxation zone and at three different water depths, shown in Fig. 3.

. Wave-current conditions

This study focuses on nonlinear waves propagating in shallow water
n the presence of ambient currents. The waves and currents chosen in
his study are discussed in this section. In the numerical wave–current
ank, the water depth is fixed at 0.15 m in all cases (except for cases
sed in comparisons) and the wave parameters are altered to include
even nonlinear waves in shallow water depths, given in Table 2. For
ases W1, W2, W3 and W5 the wave height is reduced successively,
hile keeping the wavelength constant, and for cases W6, W3, W4
nd W7, the wavelength is increased successively, while keeping the
ave height constant. These wave conditions are considered to investi-
ate how the wave–current interaction changes with wave height and
avelength.

Three current profiles are considered in this study, namely uniform
urrent profile, shear current profile and custom current profile. The
orizontal particle velocity due to the current, 𝑢𝑐 , evolves as a function
f the water depth and is defined as

(𝑧) = 𝑈, (9)
𝑐
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Fig. 1. Time series of surface elevation recorded at distance 𝜆 from the inlet relaxation zone for the three mesh configurations considered here, compared with the analytical
solution in the absence of current, 𝐻 = 0.2, 𝑇 = 24.99 and ℎ = 0.15 m.
Fig. 2. Variation of wave reflection coefficient from the outlet relaxation zone of the numerical domain in the absence of current, 𝐻 = 0.2 and 𝑇 = 24.99.
Fig. 3. Schematic of the numerical wave–current tank along with the location of the sensors. Figure not to scale.
c
for the uniform current,
𝑢𝑐 (𝑧) = (𝑧 + 1)𝑈𝑓 , (10)

for the shear current, and

𝑢𝑐 (𝑧) =

{

𝑈 for 𝑧 < 𝑧𝑐 and
(𝑈−𝑈𝑓

𝑧𝑐

)

𝑧 + 𝑈𝑓 for 𝑧 ≥ 𝑧𝑐 ,
(11)

or the custom current profile, where, 𝑈𝑓 is the current velocity at the
ree surface, 𝑈 is the uniform current velocity and 𝑧𝑐 is the vertical
oordinate (measured from the SWL) at which the current profile
5

hanges from uniform to sheared. In this study, only 𝑧𝑐 = −0.5 is
considered. It is determined that a uniform current, a shear current and
a custom current profile that maintains a uniform profile up to a certain
water depth and a sheared profile thereafter, provide a reasonable
representation of possible current profiles in shallow water. At 𝑧𝑐 ≥
−0.5, the profiles of custom and shear current are identical, while at
𝑧𝑐 ≤ −0.5, the custom and uniform current profiles are identical. These
allow for a direct comparison of the effect of different current profiles.
The selected current profiles are in agreement with the cases considered
by Swan (1990), Swan et al. (2001), Umeyama (2005, 2011) and Son
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Fig. 4. Current profiles and velocities of this study (shown for the case of following current), along with other current profiles considered in the literature. In the case of opposing
currents, the profiles are mirrored along the vertical axis with respect to 𝑢𝑐 = 0.
Table 2
Wave conditions considered in this study (h = 0.15 m in all cases).

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

𝐻 𝜆 𝑇 (𝐻∕𝜆)

W1 0.4 26 23.45 0.015 0.001 0.0007
W2 0.3 26 24.18 0.012 0.0017 0.0005
W3 0.2 26 24.99 0.008 0.001 0.0003
W4 0.2 39 36.84 0.005 0.0007 0.00015
W5 0.1 26 25.80 0.004 0.001 0.0001
W6 0.2 13 13.22 0.015 0.005 0.001
W7 0.2 52 48.68 0.004 0.0004 0.00008

Table 3
Current types and velocities considered in this study.

Current type Current velocity at the free surface (𝑈𝑓 )

Custom ±0.14
Shear ±0.14
Uniform ±0.07

and Lynett (2014). Table 3 provides details of the selected current
profiles. Here, a positive current velocity indicates a following current
and a negative current velocity indicates an opposing current.

Six current configurations are considered in this study by changing
the current profile and direction relative to the wave propagation
direction (following or opposing). These current configurations, along
with the current data of some existing laboratory measurements are
shown in Fig. 4.

First, a set of wave–current interaction cases are considered involv-
ing the wave condition W3 (𝐻 = 0.2 and 𝜆 = 26), for all six current
onfigurations mentioned above. Then, the custom current profile with
𝑓 = ±0.14 and 𝑧𝑐 = −0.5 is considered for all seven wave condi-

ions. These result in total 18 wave–current cases, listed in Table 4.
he results of these wave–current interaction cases are then used to

nvestigate the variation of surface elevation, wave height, wavelength,
orizontal particle velocity, and the velocity and pressure fields with
he current profile and direction, and for waves with different wave
eight and wavelength.

. Results and discussions

The results obtained from the assessment of the numerical wave–
urrent tank are discussed in this section. First, results of the NS
odel are compared with existing laboratory experiments and other

omputational studies. Then the wave conditions of this study and
he wave–current interactions are studied. The investigations include
hanges in surface elevation, wave height, wavelength, horizontal par-
6

icle velocity, velocity distribution and pressure distribution.
Table 4
Description of the 18 wave–current cases considered in this study. Both following (F)
and opposing (O) current directions are investigated in all cases.

Case Wave type Current type

W1C1_F W1
CustomW1C1_O

W2C1_F W2W2C1_O

W3C1_F

W3

CustomW3C1_O

W3C2_F ShearW3C2_O

W3C3_F UniformW3C3_O

W4C1_F W4

Custom

W4C1_O

W5C1_F W5W5C1_O

W6C1_F W6W6C1_O

W7C1_F W7W7C1_O

5.1. Comparison with laboratory experiments

In this section, a coexisting wave–current field is generated using
the numerical wave–current tank and results are compared with the
laboratory measurements of Umeyama (2011) and results of the RANS
model of Zhang et al. (2015). A wave with 𝐻 = 0.078 and 𝑇 = 5.72
propagates over a uniform current with 𝑈 = 0.0466 in a tank with ℎ =
0.3 m.

Time series of surface elevation of the wave–current field, recorded
by a gauge located at distance 2𝜆 from the inlet relaxation zone, is
shown in Fig. 5. It is observed that results of the NS model generally
agree with the computations of Zhang et al. (2015) and the laboratory
measurements of Umeyama (2011). Fig. 6 shows the horizontal particle
velocity distribution over the water depth under the wave crest and
wave trough. It is observed that the horizontal particle velocity at the
tank floor is zero, which complies with the no-slip boundary condition.
As seen in Fig. 6(a), the horizontal particle velocity under the wave
crest is larger than the uniform current velocity in the domain (𝑈 =
0.0466), whereas it is smaller than the uniform current velocity when
observed under the wave trough in Fig. 6(b) and these are expected.

Next, the results of the NS model, for the wave–current cases
considered here, are presented and discussed in the following five sub-
sections, namely (i) change in surface elevation, (ii) change in wave
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Fig. 5. Time series of the wave–current surface elevation, obtained by the NS model, and compared with laboratory measurements of Umeyama (2011) and computations of Zhang
et al. (2015), 𝐻 = 0.078, 𝑇 = 5.72, ℎ = 0.3 m and 𝑈 = 0.0466.
Fig. 6. Horizontal velocity distribution along the water column of the wave–current field, under the (a) wave crest and (b) wave trough obtained by the NS model, and compared
with laboratory measurements of Umeyama (2011) and computations of Zhang et al. (2015), 𝐻 = 0.078, 𝑇 = 5.72, ℎ = 0.3 m and 𝑈 = 0.0466.
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eight and wavelength, (iii) change in horizontal particle velocity, (iv)
hange in velocity profile and (v) change in pressure. Each subsection
s subdivided into two categories: (a) variable wave conditions, which
s studied by observing the interaction of all seven waves with the
ustom current profile, and (b) variable current profiles, which is
tudied by observing the interaction of wave W3 with the six current
onfigurations of this study.

.2. Change in surface elevation

In this section, the surface elevation of the incident waves as they
nteract with different currents is investigated. Time series of the
urface elevation recorded at Gauges GI, GII and GIII, in the absence
f current, are shown in Fig. 7, along with the analytical solution for
urface elevation obtained using the Cnoidal wave theory, Eq. (3). The
aves generated in the tank are stable and in good agreement with

he analytical solution. Next, currents are introduced into the domain
nd the surface elevation is studied, in the presence of current. The
hange in surface elevation is investigated by defining the change
f the peak of surface elevation, 𝜂′ = [(𝜂𝑤𝑐 − 𝜂𝑤)∕𝜂𝑤] × 100, where
𝑤𝑐 is the peak of wave surface elevation under the influence of the
urrent and 𝜂 is the peak of wave surface elevation in the absence
7

𝑤 w
f the current i.e. 𝜂′ is the percentage change of the peak of surface
levation when compared with the wave-only cases. In order to obtain
he peak of surface elevation at a given gauge, all waves excluding the
amp wave are observed, the maximum and minimum peak values are
iscarded and the mean of the remaining peaks in the signal is used for
he analysis. This approach is also employed later while assessing the
hange of the horizontal particle velocity and the pressure.

.2.1. Effect of the wave conditions
In this subsection, the change of surface elevation of all waves as

hey interact with the custom current (𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5) is
tudied (cases W1C1, W2C1, W3C1, W4C1, W5C1, W6C1 and W7C1
n Table 4). The surface elevation of the waves in the presence of
he current, recorded at Gauge GI is shown in Fig. 8. It is observed
hat under the influence of current, the wave trough exhibits little to
o change. Subsequently, only the change in wave crest is discussed
uantitatively hereafter (i.e. the change of the wave amplitude). An
nlarged view of the wave crest is also presented for all seven wave
ases. The surface elevation of the incident wave is influenced by the
urrent direction. In all seven waves, it is seen that a following current
nlarges the wave crest whereas an opposing current results in smaller
ave crests.
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Fig. 7. Time series of surface elevation recorded at Gauges GI, GII & GIII for waves (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6 and (g) W7, in the absence of current.
Fig. 8. Time series of surface elevation, recorded at Gauge GI, of waves (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6 and (g) W7, as they interact with following and opposing
ustom currents, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
w
𝑥

The change of the peak of surface elevation is shown in Fig. 9.
From Fig. 9(a), it is inferred that the effect of the current on the
peak of surface elevation of larger waves is more significant. As the
wave height is increased successively, 𝜂′ changes nonlinearly from 8%
to 15%, for following currents, and from −9% to −19%, for opposing
currents. Fig. 9(b) shows the change of the peak of surface elevation
with wavelength, and it is observed that 𝜂′ changes from 8% to 12%,
for following currents, but remains invariant at about −10%, with
increasing wavelength for opposing currents.

5.2.2. Effect of the current profiles
Interaction of wave W3 with the six current configurations chosen in

this study is investigated in this subsection. The surface elevation data
obtained from Gauge GI is used for this investigation. The interaction
of wave W3 with following and opposing currents with shear, uniform
and custom profiles is shown in Fig. 10; depicting the effect of changing
current profile on surface elevation. A uniform current is observed to
have a weaker impact on the surface elevation of the incident wave.
Shear and custom current profiles result in almost identical change in
the surface elevation. This indicates that the current profile near the
free surface has the dominant effect on the surface elevation.

The corresponding change of the peak of surface elevation (𝜂′) is
depicted in Fig. 11. It is observed that the custom and shear profiles
change the peak of surface elevation by about 12% for following
currents and by about −11% for opposing currents. The uniform current
profile increases the peak of surface elevation in case of following
8

current by about 4% while decreasing the peak by the same magnitude
in case of opposing current.

5.3. Change in wave height and wavelength

The change in wave height and wavelength of the incident wave
due to the presence of currents is investigated in this section. The
investigation of the change in wave height and wavelength is carried
out through two approaches.

In the first approach, change in wave height and wavelength is
assessed statistically by recording the snapshots of the surface elevation
within the domain (outside the relaxation zones) at a given time, and
obtaining the change in wave height and wavelength by measuring
their peak-to-peak variation. Similar to the previous section, in this
approach, the maximum and minimum peak values are ignored and
an arithmetic mean of the remaining data is taken to generate a
statistically sound data set.

In the second approach, change in wave height and wavelength is
further assessed by recording the snapshots of the surface elevation
within the domain (outside the relaxation zones) at a given time, and
reconstructing it by the Fourier series as:

𝜂(𝑥, 𝑡0) =
𝑛
∑

𝑖=1
𝐴𝑖𝑐𝑜𝑠(𝜔𝑖𝑡 + 𝛿𝑖), (12)

here the surface elevation, 𝜂, is presented as a function of the
−coordinate at a given time, 𝑡 (Bracewell, 1989; Gallagher et al.,
0
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Fig. 9. Change of the peak of surface elevation, at Gauge GI, with (a) wave height and (b) wavelength, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 10. Effect of different current profiles on surface elevation of wave W3, for (a) following and (b) opposing currents, recorded at Gauge GI, 𝐻 = 0.2 and 𝜆 = 26.
Fig. 11. Change of the peak of surface elevation of wave W3, interacting with the current configurations considered in this study, recorded at Gauge GI, 𝐻 = 0.2 and 𝜆 = 26.
h

008). Here, 𝐴𝑖 represents the amplitudes of the first (𝑖 = 1) and higher
𝑖 > 1) harmonics, and 𝜔𝑖 and 𝛿𝑖 are the corresponding spatial frequency
nd phase angle, respectively. The peak frequency and amplitude are
btained from the result of the Fourier transform of the signal given
n Eq. (12). A sample input signal of wave W3, and its corresponding
ourier transform output are shown in Fig. 12. In studying the change
n wave height and wavelength, only the amplitudes and frequencies
orresponding to the first and second harmonics (𝑖 = 1 and 𝑖 = 2,
espectively) are considered.
9

Under the first approach, the changes in wavelength and wave
eight are represented by 𝜆′ = [(𝜆𝑤𝑐 − 𝜆𝑤)∕𝜆𝑤] × 100 and 𝐻 ′ = [(𝐻𝑤𝑐 −

𝐻𝑤)∕𝐻𝑤] × 100, respectively, where 𝜆𝑤𝑐 and 𝐻𝑤𝑐 are the wavelength
and wave height of the wave under the influence of the current and 𝜆𝑤
and 𝐻𝑤 are the wavelength and wave height of the wave in the absence
of the current, i.e. these show the percentage change in wavelength and
wave height when compared with wave-only cases. Under the second
approach, the changes in wavelength and wave height are represented
by 𝜆′ = [(𝜆 −𝜆 )∕𝜆 ]×100 and 𝐻 ′ = [(𝐻 −𝐻 )∕𝐻 ]×100,
𝑖 𝑖(𝑤𝑐) 𝑖(𝑤) 𝑖(𝑤) 𝑖 𝑖(𝑤𝑐) 𝑖(𝑤) 𝑖(𝑤)
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Fig. 12. Sample visual depiction of (a) snapshot of the input signal (wave W3) and (b) the Fourier transform, 𝐻 = 0.2 and 𝜆 = 26.
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respectively, where 𝜆𝑖(𝑤𝑐) and 𝐻𝑖(𝑤𝑐) are the wavelength and wave
eight of the 𝑖th harmonics of the wave under the influence of the
urrent and 𝜆𝑖(𝑤) and 𝐻𝑖(𝑤) are the wavelength and wave height of the
th harmonics of the wave in the absence of the current.

.3.1. Effect of the wave conditions
The interaction of all waves with the custom current is investigated

n this subsection. Snapshots of the surface elevation within the domain
s waves interact with the custom current are shown in Fig. 13. It
s seen that for all wave cases considered here, a following current
ncreases the wave height and wavelength while an opposing current
educes the same. This behaviour of change of wave height with
ollowing current is contrary to that observed in the literature for
eep and intermediate water depths, see e.g., Swan et al. (2001) and
meyama (2005, 2011). This is partially due to the relative current
elocity and horizontal particle velocity under the shallow water waves
onsidered in this study. The current velocities considered here result
n a net positive effect on the horizontal particle velocity at all times
f the wave cycle, unlike that in deep waters. This can be observed
n Fig. 14, where the distribution of the analytical horizontal particle
elocity under the wave crest and wave trough for waves W1–W7 is
resented along with the following custom current velocity.

The results of the statistical assessment of peak-to-peak variation
f wave height is portrayed in terms of 𝐻 ′ in Fig. 15. It is observed
n Fig. 15(a) that a following current nonlinearly increases 𝐻 ′ from
2% to 18% as the incident wave becomes larger. An opposing current,
owever, changes 𝐻 ′ from about −5% to −10% approximately, as it
nteracts with larger waves. It is observed that the effect of current
n the wave height is more significant for larger waves. Similarly, in
ig. 15(b), it is seen that the effect of current on the wave height
s more significant for longer waves. A following current increases
′ from around 6% to 12% as the wavelength is doubled once, but

hen increases marginally when the wavelength is doubled again. An
pposing current decreases 𝐻 ′ initially and then increases it for longer
aves. In all waves considered, a following current increases 𝐻 ′, while
n opposing current decreases 𝐻 ′.

The changes in wave height of the first and second harmonics, 𝐻 ′
1

nd 𝐻 ′
2, for waves with various wave heights and wavelengths are

hown in Fig. 16. From Fig. 16(a), it is observed that 𝐻 ′
1 increases

or larger waves, irrespective of current direction. In Fig. 16(c), it is
bserved that 𝐻 ′

2 initially increases and then decreases with increasing
ave height, for following and opposing current interactions.

From Fig. 16(b), it is observed that for longer waves, 𝐻 ′
1 in-

reases initially and then decreases, irrespective of the current di-
ection. Fig. 16(d) shows that 𝐻 ′

2 alternates between decreasing and
10

ncreasing trends as the wave gets longer, in case of following current. c
′
2 registers an increment initially and then decreases for longer waves,

n case of opposing current.
It is inferred that the increase in 𝐻 ′

1 and 𝐻 ′
2 is limited by the wave

eight and wavelength of the wave interacting with the current. 𝐻 ′
1

nd 𝐻 ′
2 vary between −27% and 51% for the waves considered in this

tudy. From Fig. 16(d), it is observed that the effect of current on the
ave height of the second harmonic is smaller for longer waves. In all
ave cases, 𝐻 ′

2 obtained here is comparable in magnitude with 𝐻 ′
1,

ndicating a strong influence of the current on the second harmonics
f the wave, and hence, the nonlinear behaviour of the wave–current
ield.

The peak-to-peak variation of wavelength is analysed statistically
nd its results are depicted in terms of 𝜆′ in Fig. 17. It is observed
hat in all waves considered, a following current increases 𝜆′, while
n opposing current decreases 𝜆′. It is observed in Fig. 17(a) that a
ollowing current increases 𝜆′ by about 9% initially and then by about
1% subsequently with larger waves. In case of an opposing current, 𝜆′
hanges nonlinearly from −9% to −10% for larger waves. In Fig. 17(b),
t is seen that the effect of following current on 𝜆′ is largely invariant
ith longer waves. A following current increases 𝜆′ by about 10%,
hile an opposing current nonlinearly changes 𝜆′ from −10% to −9%
s the wavelength increases.

The change in wavelength of the first and second harmonics, 𝜆′1 and
′
2, with wave height and wavelength for all seven waves is presented
n Fig. 18. It is observed that the change in wavelength is invariant
ith the height and length of the incident wave, in almost all wave

onditions considered here. For the currents under consideration, an
pposing current increases the wavelength of the first harmonic by
0%, while a following current has little to no effect on 𝜆′1. Addi-
ionally, an opposing current increases the wavelength of the second
armonic by about 10%, while a following current changes 𝜆′2 by
10%. It is observed that 𝜆′2 alternates between decreasing and increas-

ng trends as the wave gets longer, as observed in case of following
urrent for 𝐻 ′

2 in Fig. 16(d).

.3.2. Effect of the current profiles
The change in wave height and wavelength of wave W3 as it inter-

cts with different current profiles, is analysed in this subsection. Based
n the peak-to-peak assessment of the snapshot of surface elevation, the
hange in wave height, 𝐻 ′, is reported for different current profiles in
ig. 19. It is observed that following currents have a stronger influence
n 𝐻 ′ than opposing currents. Opposing custom and shear currents
hange 𝐻 ′ by about −5%, while a uniform opposing current changes
′ by about −2%. The difference between 𝐻 ′ in case of following

nd opposing currents is larger for custom and shear profiles when

ompared to uniform current profile. This indicates that the current
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Fig. 13. Snapshots of the surface elevation (taken at time, 𝑡 = 10 × 𝑇 ) within the domain as waves (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6 and (g) W7, interact with
following and opposing custom currents, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 14. Distribution of analytical horizontal particle velocity under the (a) wave crest and (b) wave trough for waves W1, W2, W3, W4, W5, W6 and W7, shown along with the
ollowing custom current velocity, 𝑈𝑓 = 0.14 and 𝑧𝑐 = −0.5.
Fig. 15. Change of the wave height of the incident wave with (a) wave height and (b) wavelength, due to the presence of custom-profile current, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
profile near the free surface has a stronger influence on the change in
wave height than the current profile further away from it.

The change in the wave height of the first and second harmonics, for
different current profiles under consideration, is presented in Fig. 20.
It is observed that the current direction in case of a shear current has
a strong influence on 𝐻 ′

1 and 𝐻 ′
2. 𝐻

′
1 registers an increase irrespective

′

11

of the current profile or direction. A shear current profile changes 𝐻1
from 15% to 22% with change in current direction and 𝐻 ′
2 from −40%

to 40%, for the currents considered in this study. It is observed that the
custom current’s direction has no effect on 𝐻 ′

1. All current profiles have
a more pronounced effect on the change in wave height of the second
harmonic.

The change in wavelength obtained with the statistical assessment
′
of the peak-to-peak variation of wavelength, 𝜆 , is reported for different
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Fig. 16. Change of the wave height of the first and second harmonics with (a and c) wave height and (b and d) wavelength, due to the presence of custom-profile current,
𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 17. Change of wavelength of the incident wave with (a) wave height and (b) wavelength, due to the presence of custom-profile current, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 18. Change of wavelength of the first and second harmonics with (a and c) wave height and (b and d) wavelength, due to the presence of custom-profile current, 𝑈𝑓 = ±0.14
and 𝑧𝑐 = −0.5.
current profiles in Fig. 21. It is observed that custom and shear current
profiles result in very similar changes in 𝜆′, for both following and
opposing current directions. For the custom current profile, 𝜆′ increases
by about 10% and decreases by about 10%, in case of following and
opposing currents respectively, whereas, for the shear current profile,
′

12

𝜆 changes between ±8% approximately. In case of uniform current
profile, it is observed that a following current has a stronger influence
on 𝜆′ (15%) than an opposing current (−7%).

The change in wavelength of the first and second harmonics, for
different current profiles under consideration, is presented in Fig. 22.
It is observed that a following current does not influence 𝜆′1, with any

′
current profile. Opposing currents, however, increase 𝜆1 by 20% for all
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Fig. 19. Change of the wave height of the incident wave in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
Fig. 20. Change of the wave height of the (a) first and (b) second harmonics, in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
Fig. 21. Change of wavelength of the incident wave in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
the current profiles considered here. In case of 𝜆′2, following currents
decrease the wavelength by 10% for all current profiles considered,
while opposing currents increase 𝜆′2 by 10%. This indicates that the
change in wavelength of the first and second harmonics is invariant
with the current profile.

5.4. Change in horizontal particle velocity

The effect of currents on horizontal particle velocity of the wave
field is studied in this section. The horizontal particle velocity is
recorded by the velocity sensors at depths 𝑧 = −0.33, −0.66 and −1.0,
shown in Fig. 3. The change in horizontal particle velocity is obtained
13
using the horizontal particle velocity at 𝑧 = −0.33, and under the
peak of the wave crest, defined by 𝑢′𝑥 = [(𝑢𝑥(𝑤𝑐) − 𝑢𝑥(𝑤))∕𝑢𝑥(𝑤)] × 100,
where 𝑢𝑥(𝑤𝑐) corresponds to the horizontal particle velocity under the
influence of the current and 𝑢𝑥(𝑤) is the horizontal particle velocity in
the absence of the current. 𝑢′𝑥, therefore, is the percentage change in
horizontal particle velocity when compared with the wave-only cases.

5.4.1. Effect of the wave conditions
In this subsection, the change in horizontal particle velocity of all

seven waves as they interact with the custom current (𝑈𝑓 = ±0.14 and
𝑧𝑐 = −0.5) is studied (cases W1C1, W2C1, W3C1, W4C1, W5C1, W6C1
and W7C1 in Table 4). The horizontal particle velocity of the waves,



Coastal Engineering 181 (2023) 104278A. Kumar and M. Hayatdavoodi

t
c
t

o
f
d

5

w
d
u
s
d
w

Fig. 22. Change of wavelength of the (a) first and (b) second harmonics, in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
Fig. 23. Time series of horizontal particle velocity at 𝑧 = −0.33, presented for waves (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6 and (g) W7 as they interact with following
and opposing custom currents. 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
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at depth 𝑧 = −0.33, in the presence of the custom current is shown
in Fig. 23. It is observed that in all cases, a following current increases
the horizontal particle velocity while an opposing current decreases the
horizontal particle velocity and this is expected.

The results for the change of horizontal particle velocity are shown
in Fig. 24. It is observed that the effect of the current on the horizontal
particle velocity becomes less remarkable for larger and longer waves.
For the waves considered in this study, as the wave height is increased,
𝑢′𝑥 changes from about 150% to 50%, in case of following current,
and from −150% to −50%, in case of opposing current. This is because
he change in wave height increases the horizontal particle velocity
onsiderably. For instance, 𝑢𝑥(𝑤) at the free surface goes from 0.08
o 0.17 as 𝐻 is doubled once, and then increases to 0.37 as 𝐻 is

doubled again. The current velocity, however, remains the same. When
the wavelength is increased gradually, 𝑢′𝑥 changes from about 80% to
50%, in case of following current, and from −80% to −50%, in case of
pposing current. In this case, horizontal particle velocity, 𝑢𝑥(𝑤), at the
ree surface registers smaller change, going from 0.15 to 0.17 as 𝜆 is
oubled once, and then increasing to 0.18 as 𝜆 is doubled again.

.4.2. Effect of the current profiles
The change in horizontal particle velocity when wave W3 interacts

ith different current configurations, recorded at three different water
epths is presented in Fig. 25. In Fig. 25(a), it is observed that under the
niform current profile, the horizontal particle velocity near the free
urface is smaller than that of a shear or custom current profile. The
ifference between uniform profile and other current profiles reduces
14

hen a deeper point (𝑧 = −0.66 in Fig. 25(b) and 𝑧 = −1 in Fig. 25(c))
is considered. This is because the current speed near the free surface in
case of uniform current (𝑈𝑓 = 0.07) is less than the current speed near
the free surface in case of custom or shear current (𝑈𝑓 = 0.14).

The change in horizontal particle velocity under the influence of
ifferent current profiles is shown in Fig. 26. It is observed that all
urrent profiles exhibit weaker change in horizontal particle velocity
t points further away from the free surface. Near the free surface
Fig. 26(a)), custom and shear current profiles elicit very similar re-
ponse from 𝑢′𝑥. However, in case of uniform current profile, 𝑢′𝑥 near
he free surface is smaller than that observed with custom and shear
rofiles. As mentioned above, this results from a lower current speed
ear the free surface in case of uniform current. Additionally, 𝑢′𝑥 in case

of all current profiles changes nearly symmetrically for following and
opposing current directions in Fig. 26. In Fig. 26(c), it is observed that
at the tank floor (𝑧 = −1), all current profiles have little to no effect on
the horizontal particle velocity, indicating that the current profile near
the free surface bears greater significance than that close to the tank
floor.

5.5. Change in velocity profile

The effect of currents on velocity profile of the wave field is studied
in this section. The velocity profile is recorded under the wave crest
and wave trough along the water depth (from SWL to the tank floor).
The distribution of the vertical particle velocity under the wave crest
and the wave trough for wave W3, as it interacts with following and
opposing custom currents is shown in Fig. 27. It is observed in this

figure that the magnitude of the vertical particle velocity distribution



Coastal Engineering 181 (2023) 104278A. Kumar and M. Hayatdavoodi
Fig. 24. Change of horizontal particle velocity recorded at 𝑧 = −0.33, with (a) wave height and (b) wavelength, due to the presence of custom-profile current, 𝑈𝑓 = ±0.14 and
𝑧𝑐 = −0.5.
Fig. 25. Effect of different current profiles on the horizontal particle velocity recorded at (a, d) 𝑧 = −0.33, (b, e) 𝑧 = −0.66 and (c, f) 𝑧 = −1, when wave W3 interacts with (a–c)
following and (d–f) opposing currents, 𝐻 = 0.2 and 𝜆 = 26.
Fig. 26. Change of horizontal particle velocity recorded at (a) 𝑧 = −0.33, (b) 𝑧 = −0.66 and (c) 𝑧 = −1, in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
due to the presence of the current is relatively small when compared
to the magnitude of the current velocity considered in this case.

5.5.1. Effect of the wave conditions
The distribution of horizontal particle velocity under the wave

crest and the wave trough, for all seven waves, as they interact with
following and opposing custom current profiles, is shown in Fig. 28.
15
It is observed that under the wave crest and the wave trough, the dis-
tribution of the horizontal particle velocity closely follows the current
profile. Further, the percentage change in horizontal particle velocity,
𝑢′𝑥, is presented with the water depth for wave W5 (Fig. 28(e, l)).
It is observed that the under the wave trough, the distribution of 𝑢′𝑥
registers a larger change (up to 8 times difference) when compared to
its distribution under the wave crest (up to 2 times difference). This
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Fig. 27. Distribution of the vertical particle velocity (𝑢𝑧) under the (a) wave crest and (b) wave trough for wave W3, as it interacts with following and opposing custom currents,
𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 28. Distribution of the horizontal particle velocity under the (a–g) wave crest and (h–n) wave trough, for waves (a, h) W1, (b, i) W2, (c, j) W3, (d, k) W4, (e, l), W5, (f, m)
W6 and (g, n) W7, as they interact with following and opposing custom currents, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
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s expected because in the absence of current, the horizontal particle
elocity under the wave trough is smaller than that under the wave
rest. It is also observed that wave cases that have the same wave height
W3, W4, W6 and W7) depict very similar velocity profiles.

The distribution of vertical particle velocity under the wave crest
nd the wave trough, for all seven wave cases, as they interact with
ollowing and opposing custom current profiles, is shown in Fig. 29.
t is observed that the magnitude of vertical particle velocity remains
uite small compared to the magnitude of the current velocity and no
onclusive trend is seen in its behaviour.

.5.2. Effect of the current profiles
The distribution of the horizontal particle velocity under the wave

rest and wave trough, as wave W3 interacts with custom, shear and
niform current profiles, is presented in Fig. 30. Here, it is observed
hat the influence of a all current profiles results in a symmetrical
istribution of the following and opposing velocity profiles about the
ave-only case. Further, the results of linear superposition of horizontal
article velocity due to the wave, 𝑢𝑤 (Eq. (6)), and the horizontal
article velocity due to the current, 𝑢𝑐 , are also included in Fig. 30. It
s inferred that the distribution of horizontal particle velocity obtained
rom the wave–current field using the NS solver differs from that ob-
ained by linear superposition of wave and current velocities. However,
t appears that the linear superposition of the undisturbed wave and
urrent horizontal particle velocity is in fact in close agreement with the
ave–current field observations for the following currents (particularly
16

nder the wave trough). w
.6. Change in pressure

The effect of currents on the pressure field is studied in this section.
he pressure is recorded by numerical pressure sensors at depths 𝑧 =
0.33, −0.66 and −1.0, shown in Fig. 3. In order to obtain the hydro-
ynamic pressure, 𝑃 , the hydrostatic pressure at the respective depths
from the SWL) is subtracted from the total pressure, i.e. 𝑃 = 𝑝 + 𝜌𝑔𝑧,
here 𝑧 is the vertical coordinate of the point selected for analysis. The

hange in pressure is obtained using the hydrodynamic pressure at the
eak of the wave crest and is given by 𝑃 ′ = [(𝑃𝑤𝑐−𝑃𝑤)∕𝑃𝑤]×100, where
𝑤𝑐 is the hydrodynamic pressure under the influence of the current
nd 𝑃𝑤 is the hydrodynamic pressure in the absence of the current.
′, therefore, is the percentage change in hydrodynamic pressure when
ompared with wave-only cases.

.6.1. Effect of the wave conditions
In this subsection, the change of hydrodynamic pressure of all seven

aves as they interact with the custom current is studied i.e. the
nteraction of the waves with the current with 𝑈𝑓 = ±0.14 and 𝑧𝑐
−0.5 (cases W1C1, W2C1, W3C1, W4C1, W5C1, W6C1 and W7C1

n Table 4). The hydrodynamic pressure of the waves at depth 𝑧 =
0.33 in the presence of the current is shown in Fig. 31. An enlarged
iew of the wave crest is also presented for all seven wave cases. It is
bserved that a following current increases the hydrodynamic pressure
hile an opposing current decreases the hydrodynamic pressure, in all

ave cases under consideration.
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Fig. 29. Distribution of the vertical particle velocity under the (a–g) wave crest and (h–n) wave trough, for waves (a, h) W1, (b, i) W2, (c, j) W3, (d, k) W4, (e, l), W5, (f, m)
W6 and (g, n) W7, as they interact with following and opposing custom currents, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 30. Distribution of the horizontal particle velocity under the (a–c) wave crest and (d–f) wave trough, as wave W3 interacts with (a, d) custom, (b, e) shear and (c, f) uniform
urrent profiles, 𝐻 = 0.2 and 𝜆 = 26.
The effect of custom current on the change in hydrodynamic pres-
sure recorded at 𝑧 = −0.33, for all seven waves, as they interact with
following and opposing currents, is shown in Fig. 32. Here, variation of
𝑃 ′ with wave height and wavelength is presented. It is observed that in
case of following current, the hydrodynamic pressure increases initially
as the wave height is doubled and then reduces marginally when the
wave height is doubled again. In case of an opposing current, 𝑃 ′

hanges from −10% to −15% as the wave height is increased gradually.
ig. 32(b) shows that in case of following current, 𝑃 ′ increases initially
ith larger 𝜆. However, it appears that for longer waves (𝜆 > 26
ere), 𝑃 ′ is invariant with 𝜆. For opposing currents, 𝑃 ′ increases with
initially, and then reduces marginally for 𝜆 > 26.

.6.2. Effect of the current profiles
The effect of different current profiles on the hydrodynamic pressure

ecorded at three different water depths is shown in Fig. 33. It is
bserved that under the influence of a following current, the hydro-
ynamic pressure is smaller in case of uniform current profile when
ompared with a shear or custom current profile. Whereas, under the
nfluence of an opposing current, the hydrodynamic pressure is larger
n case of uniform current when compared with a shear or custom
urrent profile. This indicates that the current direction modifies the
ressure field significantly.

The change in hydrodynamic pressure under the influence of dif-
erent current profiles is shown in Fig. 34. All current profiles exhibit

′

17

imilar change in 𝑃 at points further away from the free surface. It is
inferred that the change in hydrodynamic pressure due to currents is
invariant with water depth. Custom and shear current profiles result in
very similar changes to 𝑃 ′. It is observed that in case of following cur-
rent, the custom and shear current profiles change the hydrodynamic
pressure by about 11% and 13%, respectively. In case of opposing cur-
rent, the custom and shear current profiles change the hydrodynamic
pressure by about −11% and −13%, respectively. Uniform opposing
current has the weakest influence on the hydrodynamic pressure at all
points of observation.

6. Conclusions

A numerical wave–current tank is created to assess the effect of
current profile and current direction on the shallow water wave fields.
Different parameters pertaining to the wave field including surface ele-
vation, wavelength, wave height, horizontal particle velocity, velocity
profile and pressure are investigated. The effect of the incident wave
height and wavelength on wave–current interactions is also assessed.
Seven waves and six current configurations are considered in the
study. The shallow water waves are generated using the Cnoidal wave
theory and the wave–current maker is developed using the principle
of linear superposition. Based on the results obtained, it is observed
that the wave field undergoes significant changes upon encountering a
following or opposing current.

The change of surface elevation as the wave interacts with currents

is studied and it is observed that an opposing current reduces the peak
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Fig. 31. Time series of hydrodynamic pressure at 𝑧 = −0.33, for waves (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6 and (g) W7, as they interact with following and opposing
ustom currents, 𝑈𝑓 = ±0.14 and 𝑧𝑐 = −0.5.
Fig. 32. Change of hydrodynamic pressure recorded at 𝑧 = −0.33, with (a) wave height and (b) wavelength, due to the presence of custom-profile current, 𝑈𝑓 = ±0.14 and
𝑐 = −0.5.
Fig. 33. Effect of different current profiles on the hydrodynamic pressure recorded at (a, d) 𝑧 = −0.33, (b, e) 𝑧 = −0.66 and (c, f) 𝑧 = −1, when wave W3 interacts with (a–c)
ollowing and (d–f) opposing currents, 𝐻 = 0.2 and 𝜆 = 26.
o
s
t
d

f the surface elevation whereas a following current enlarges the peak.
t is also inferred that currents interacting with larger waves have a
ore pronounced effect on the change of surface elevation. Following

urrents interacting with longer waves have a significant impact on
he change of surface elevation initially, and then are invariant with
18

avelength for 𝜆 > 26. The effect of opposing currents on the change c
f surface elevation is largely invariant with wavelength. Custom and
hear current profiles result in very similar changes in surface eleva-
ion indicating that the current profile near the free surface has the
ominant effect on the wave field.

For the currents selected in this study, it is seen that following
urrents increase the wave height and wavelength, while opposing
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Fig. 34. Change of hydrodynamic pressure recorded at (a) 𝑧 = −0.33, (b) 𝑧 = −0.66 and (c) 𝑧 = −1, in the presence of different current profiles, 𝐻 = 0.2 and 𝜆 = 26.
currents decrease the wave height and wavelength. The change of wave
height is observed to be opposite to that seen in the literature for deep
water waves, and this is due to the current velocity resulting in a net
positive horizontal particle velocity at all times. This indicates that the
effect of current on the change of wave field varies significantly de-
pending on the wave–current conditions. Based on the results obtained
for the current velocities and profiles chosen here, it is observed that
when most waves interact with following and opposing currents, the
change in wave height of the first and second harmonics increases ini-
tially and then decreases with increasing wave height and wavelength.
Custom and shear current profiles strongly influence 𝐻 ′ indicating that
the current profile near the free surface is more dominant. It is found
that the current profile strongly influences the change in wave height of
the second harmonics when waves interact with following currents. The
change in wavelength of the first and second harmonics seem invariant
when the incoming waves become larger and longer.

A study of the effect of currents on horizontal particle velocity
shows that currents interacting with larger and longer waves have
weaker effect on the change in horizontal particle velocity, 𝑢′𝑥. Ad-
ditionally, all current profiles exhibit weaker change in horizontal
particle velocity at points further away from the free surface. All
current profiles considered in this study result in nearly symmetrical
distribution of 𝑢′𝑥, when assessed near the free surface. It is concluded
that the current profile near the free surface bears greater significance
on 𝑢′𝑥 than that close to the tank floor.

A study of the velocity profile under the wave crest shows that the
distribution of horizontal particle velocity closely follows the current
profile. The interaction between wave W3 and all three current profiles
resulted in a symmetrical distribution of horizontal particle velocity
profile about the wave-only case. It is inferred that a summation of
wave and current velocities does not depict correctly the velocities
under combined wave–current interaction.

A study of the effect of currents on hydrodynamic pressure shows
that currents interacting with larger waves have a stronger effect on
the change in hydrodynamic pressure. 𝑃 ′ initially varies with increase
in wavelength, but then remains invariant for 𝜆 > 26. The current
direction plays a significant role in the change of the pressure field.
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