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A novel discharge dispersion model is developed to simulate the complex three-dimensional flow behaviour of
thermal-induced buoyant water jets under current-wave coexisting conditions. The model solved the governing
fluid flow and energy equations for two immiscible and incompressible phases (water and air) which were
weakly coupled by applying the Boberbeck-Boussinesq approximation. Different turbulence models, such as k—e
multiphase, k-o SST, k-@ SST-multiphase, k-0 SST-stable, and realizable k—¢ were applied. Extensive verification
of the model’s performance is conducted by comparing the developed model results against a diverse range of
analytical and experimental data. First, a series of simulations are carried out to evaluate the performance of the
model in reproducing the results of the wave hydrodynamic and interactions with the submerged trapezoid bar.
This is followed by numerically replicating the experimental results of a vertical non-buoyant submerged jet
under current-only and current-wave environments. Finally, the potency of the coupled hydro-thermal algorithm
is assessed by validating against different thermal-induced buoyant submerged jet experimental tests. For this
purpose, numerical prediction of the developed model is tested against physical experiments for a series of tests
for thermal-induced buoyant submerged horizontal jets in stationary water and inclined thermal-induced
buoyant water jet under the influence of current-wave environments. Results showed that the k-o SST-
multiphase provides the best agreement with the laboratory measured data in terms of flow, temperature dis-
tribution field, plume trajectory and dilution. The findings confirmed that the developed model can be used as a
reliable tool in precisely modelling characteristic of thermal-induced buoyant water jet in shallow coastal waters.

1. Introduction maintains the same qualities (e.g. salinity and nutrient loading) but has

different temperatures [4]. This temperature gradient enhances the

The growth and deployment of large-scale Waterbodies Thermal
Energy Based Systems (WTEBSs) (i.e. seawater air-conditioning, surface
water heat pump, and ocean energy thermal conversion systems or their
combinations) raise concerns about their adverse impacts on sustain-
ability to marine environments and ecosystems. During their operation,
these systems discharge a large volume of water into the surrounding
environment which can potentially change water characteristics and
consequently affect marine ecosystems [1-3].

In shallow water WTEBSs that represent systems that abstract surface
water, the returning fluid is discharged into the shallow water which

* Corresponding author.

potential of change in near-field water temperature which may have an
extreme effect on local marine ecology [4-7]. A control measure to
avoid this adverse impact is to achieve maximum effluent mixing effi-
ciency which requires a full understanding of the behaviour of WTEBS
discharge mixing zone in coastal water environments.

From the pertinent literature, numerical and experimental in-
vestigations on the characteristics of the submerged jets in non-
stationary environments (i.e. wave-current flow condition) have been
extensively covered. In these studies, the mixing behaviour of jet plumes
in near-field dilution, P, can be derived from the effective variables
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Table 1

advantages and disadvantages of numerical models in simulation of submerged

jet into non-stationary environment [4].

Submerged jet into Advantages Disadvantages
nonstationary flow modelling
[9] and Yu et al. [10] - Simulate seawater - Can only be applied in

Chen et al. [11]

Pat Grandelli et al. [12]

Kim and Kim [13]

JETLAG/VISJET [14],
VISUAL PLUMES [15],
COREJET/CORMIX Jirka
and Domeker [16]

Xuetal. [17], Xuetal. [8], Xu
et al. [18], and Xu et al.

temperature field in
two-dimensional field

Consider buoyancy
effect

Validated against
laboratory data
Large-scale modelling
Consider buoyancy
effect

Capable of biological
modelling

- Can reproduce the
plume behaviour in
coastal water

- Capable of fast
prediction of mixing
zone characteristics -
Platform for mixing
zone

modelling

- Simulate jet flow under
different combination of

shallow water

- Lack of validation
- No buoyancy effect
modelling

- Only valid under
wave condition with
no current flow

- Only designed for
OTEC systems - Not
applicable for shallow
water

modelling

- Lack of validation

- Insensitive in
predicting the
influence of crossflow
direction on jet
behaviour

- Commercial software
- No temperature
distribution modelling

[19] current and wave
conditions

- Predict the
characteristic behaviour
of a buoyant jet in a
wavy

crossflow environment

FANG et al. [20] - No temperature

distribution modelling

associated with the water jet and the surrounding water as a function of,

P= f (U, d, h, Ap, D, U, 0) (€H)

where Uj is the jet flow speed, d is the hydraulic diameter of the nozzle, h
is nozzle outlet height from the seabed, Ap density difference between
the discharge and ambient water which can be classified as a positive-,
negative-, or non-buoyant flow (e.g. salinity or thermal-induced buoy-
ancy), D is water depth, U, ambient current-wave flow velocity, and 0 is
the angle between the discharge and ambient flow direction [8].
Nevertheless, a very limited number of studies were focused on the
thermal-induced buoyancy jet flow into non-stationary environments.
Bordbar et al. [4] provide a comprehensive review of the research in the
field and revealed the lack of a comprehensive and sophisticated
computational fluid dynamics (CFD) model to simulate the
hydro-thermal behaviour of thermal-induced effluents in shallow waters
under combined current-wave conditions. A non-exclusive list of the
advantages and disadvantages of the numerical investigations on
effluent dispersion into non-stationary environments is supplied in
Table 1.

The present study aims to bridge this knowledge gap by providing a
novel discharge dispersion modelling tool that can be applied for
studying near-field jet dilution and plume trajectory of discharged water
from shallow water WTEBS. The model numerically solves the govern-
ing hydro-thermal equations to simulate the characteristics of thermal-
induced turbulent jet under shallow water coastal environments. A
broad range of analytical and experimental data from the literature were
taken to verify the hydrodynamic and hydro-thermal capabilities of the
model. This is followed by validation with physical model experiment
developed at the COAST laboratory at the University of Plymouth, to
accurately predict and model inclined buoyant hot-water jet under the
influence of currents and waves. The next section details the applied
numerical model setup and the governing equations. In Section 3, the
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results of validation against a range of hydrodynamic and hydro-thermal
data are presented. Finally, in the conclusion section, the findings of this
study are summarised.

2. Description of the numerical model

The developed solver is capable of simulating submerged buoyant
water jets discharged into the marine environment under current and
wave conditions. The model is developed for cases where the discharged
fluid is water with different temperatures to that of the ambient water.
Therefore, the discharge water has the same properties of the ambient
water, and the only contribution for buoyancy effect is from the differ-
ence in the water volume due to temperature gradient (i.e. thermal-
induced flow). This is typical the case for the returning water into the
sea or lake in shallow water-based ocean thermal energy systems.
Interested readers are referred to Bordbar et al. [4], for more informa-
tion regarding WTEBSs.

2.1. Governing equations

A hydro-thermal model is developed using OpenFOAM®. An avail-
able solver for solving two immiscible and incompressible phase flow,
interFoam, was chosen as the base for the model development. The fluid
flow and energy equations were weakly coupled by applying the
Boberbeck-Boussinesq approximation; this approximation theory as-
sumes that variation in fluid properties due to temperature change are
negligible except for density, whereas the density variation only appears
in terms that represent buoyancy effect.

From the viewpoint of environmental hydraulics, the discharge
water from WTEBS into marine environments can be characterised in
the form of a turbulent jet. Therefore, the flow field including two phases
of water and air was governed by using the incompressible Reynolds
Averaged Navier-Stokes (RANS) equations, which has a proven capa-
bility in modelling of most coastal engineering practical applications via
solving the following system of conservation equations,

Vu=0 2)
opu T
T V.[puu"] = =Vp + V.[(u + p,) VU] + p;8 + orcVa 3)

where p is density, u is the velocity vector, p is the pressure, g is gravi-
tational acceleration vector, and p is molecular dynamic viscosity; p is
turbulent dynamic viscosity which is calculated by the chosen turbu-
lence model, o7 is surface tension constant and « is the curvature of
water-air interface. Note that a is the indicator phase function to define
the quantities of phases per unit of volume at each computational cell,
which is defined as a value between 0 and 1, where o = 0 imply that the
cell consists of only air, conversely when o = 1 the cell is fulfilled with
water. Any other values represent the air-water interface (i.e. 0 < o < 1).
Based on this definition, water-air property, @&, at each computational
cells for the mixture are calculated using,

@ =ady+ (1—a)@a @

where @,, and @, are water and air properties, respectively. The
tracking of the two immiscible phases of water-air interface is done
using an adapted Volume of Fluid (VoF) method in OpenFOAM® as
follows,

oa
5 + V.]ou]+ V. [ura(l—a)] =0 5)
where u, is an interface compression velocity to suppress the diffusive
behaviour of the interface [21,22]. pr, in Eq. (3), is the density function
of temperature to encompass the impact of density changes in gravita-
tional term for water phase, which is defined by,
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Pr = apw.o[l 7ﬂ(T7 TO)] + (1 - a)pair (6)

where B is coefficient of volume expansion for water, T is the tempera-
ture, and py o, T are density and temperature of the water phase for a
reference point, respectively.

The energy conservation equation is also computed, given by,

dpc, T

5T V.[pc,uT] = V2[KT] )

where k and c, are thermal conductivity and specific heat capacities of
the mixtures, respectively. However, discretising the energy equation in
this format produces a persistent instability and unbounded growth of
temperature field in the water-air interface as a consequence of sharp
jumps in material properties at the interface. Hence, a more stable form
of the energy equation is implemented in the code, as follows,

opT

BV lpuT] = V.[ K/ ¢,VT]. ®
Eq. (8) is valid if ¢, is constant or is assumed a weak function of

temperature.

A finite volume numerical discretisation method is used to discretize
the governing equations in the computational fields. The Pressure Im-
plicit with Splitting of Operators (PISO) algorithm, by Ferziger et al.
[23] and Issa [24] was applied for the pressure-velocity calculation
procedure. The discretization of temporal terms was carried out using
the mixed Euler and Crank-Nicolson schemes. The mixed schemes used a
coefficient, c, for blending function where ¢ = 0 is pure Euler, and ¢ = 1
is Crank-Nicolson; following Weller et al. [22], ¢ = 0.9 is recommended
for a good compromise between accuracy and robustness.

2.2. Wave generation and absorption boundaries

To be able to reproduce the laboratory wavemaker velocity profiles
in a numerical wave tank (NWT), a specific boundary conditions for
wave propagation and wave breaking is required. Recently, different
methods for numerical wave generator and absorber have been devel-
oped in OpenFOAM® that is supported in interFoam. Jacobsen et al.
[25] implemented a toolbox, wave2Foam that utilised a generic wave
generation and absorption method known as wave relaxation zones. A
main disadvantage of this method is that the existence of a wave
damping region produces an increment of mean water levels [26,27].
The other drawback of this method is that extending the computational
domain for relaxation zones adds up to increased computational cost.
Higuera et al. [26], Higuera et al. [28] and Higuera [29] further
developed the IHFoam/OlaFlow toolbox. This toolbox has a wave
generator boundary that included all the widely used theories plus
specific piston-type wavemaker replication and an active wave absorp-
tion boundary using linear shallow water theory to dissipate the out-
going waves. The active wave absorber has a good capability in
improving solution stability and presenting very low reflection co-
efficients, however its capability in absorbing large amplitude waves is
controversial [30]. Mohseni and Soares [30] suggested using cell
stretching wave damping technique as a supplement to olaFlow active
wave absorption to ensure suppression of wave reflections. Using the
cell stretching technique, a mesh stretching zone is defined before the
outlet where the spatial discretization in the wave direction is gradually
increased towards the outlet boundary which filters any wavelengths
shorter that the cell size [30,31]. Applying porous media tool available
in OpenFOAM® by Hafsteinsson [32] as a porous beach has also been
employed for wave dissipation in Dao et al. [33].

In the present study, the developed hydro-thermal model was inte-
grated with the olaFlow tool to produce a solver that can mimic the
discharge of submerged buoyant water jet into the marine environment
with current and wave conditions.
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Fig. 1. Limits of validity for various wave theories by Le Méhauté [34].
3. Validation and results

3.1. Hydrodynamic modelling

This section aims to validate the developed model against unsteady
free-surface flow subjected to gravitational forces known as water
waves. Water wave motions are extremely diverse and complex to define
and any mathematical definition of them is corresponded to idealized
situations that never occur exactly but are only approximated [34].
Fig. 1 shows a well-known diagram of two-dimensional periodic waves
by Le Méhauté [34] that describes the validity of different regular wave
theories that are dependent on the relative water depth (H/gr?) and the
wave steepness (h/g'rz), where H is wave height, h is static water depth,
and t is wave period. A pure two-dimensional wave motion does not
exist, but it is a convenient way to mathematical define physics of water
waves in a tank with parallel walls, such as those observed in a long fluid
flume [34].

In this study, four different turbulence closure models (k-® SST, k—e
multiphase, k-o SST-multiphase, k-o SST-stable) are considered to
investigate the wave hydrodynamics and their interactions with the
submerged trapezoid bar, see, test cases 3.1.1 to 3.1.4. k- SST is chosen
for its proven capability in predicting adverse pressure gradient and
separating flow [35]. In the other hand, k—e multiphase, and k-o
SST-multiphase are variants built on the standard k—e and k-o SST
models in OpenFOAM® for multiphase flows [29]. It is noted that the
default version of incompressible turbulence models in OpenFOAM® are
not designed for multiphase flow modelling, due to the density has being
considered constant [29]. Finally, the k- SST-stable turbulence closure
model is selected for its capability in predicting wave surface elevations,
as well as turbulence and undertow velocity profiles [36].

The applied boundaries for the flow parameters of the two-
dimensional computational domains are listed in Table 2. A wave
generator and wave absorber, as defined in olaflow, were employed at
the inlet and outlet, respectively. This involved specifying Dirichlet
boundary conditions for the free surface (VoF function) and velocity
components at the inlet, while applying an active wave absorber at the
outlet. The bottom and top boundaries are satisfied using OpenFOAM
built-in boundary conditions; top boundary is resolved with an open
atmosphere boundary and no-slip is used for the bottom boundary and
the turbulence properties are treated using different wall functions for
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Table 2
Applied boundary condition for two-dimensional flow modelling test cases.
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Boundaries FrontAndBack  Top (patch/atmospheric) Bottom/ Pipe wall (no-slip wall)  Inlet (wave generator)  Outlet (wave absorber)
Velocity (u) empty pressurelnletOutletVelocity ~ fixedValue waveVelocity waveAbsorbtion
Pressure (p) empty totalPressure zeroGradient zeroGradient zeroGradient
Phase fraction () empty inletOutlet zeroGradient waveAlpha zeroGradient
Turbulent kinetic energy (k) empty inletOutlet kqRWallFunction fixedValue inletOutlet
Turbulent dissipation (¢) empty inletOutlet epsilonWallFunction fixedValue inletOutlet
Specific turbulent dissipation rate (®) empty inletOutlet omegaWallFunction fixedValue inletOutlet
Kinematic turbulent viscosity (v, = p/p) ~ empty calculated nutkWallFunction calculated Calculated
Table 3 Table 4
Specifications of the applied linear wave. Mesh dependency study for linear wave theory simulations.
Period t© Wave amplitude Water depth ~ Wave number Wavelength L Mesh resolution Number of cells Smallest cell size (m?) RMSE (-)
H h k(m!
© m (m) m m Very coarse 160 x 10° 0.02 x 0.01 0.04086
2 0.02 1 1.2039 5.2163 Coarse 238 x 10° 0.015 x 0.007 0.02059
Fine 325 x 10° 0.012 x 0.006 0.01682
Very fine 420 x 10° 0.01 x 0.005 0.01547

smooth-surfaces, see Cebeci and Bradshaw [37] and Cebeci and Chang
[38] with respect to the applied turbulence models.

In the following, the results of hydrodynamic modelling using the
developed model in comparison with results of several analytical models
and experimental data from the literature is provided.

3.1.1. Generation and propagation of the linear wave

The linear wave theory provides the simplest analytical solution for
regular waves which are sinusoidal with constant wave height (H),
wavelength (L) and wave period (t) [39]. Despite of the easy imple-
mentation, linear wave theory, known as Stokes I or Airy wave theory, is
accurate and practical for wide range of engineering applications [29].
Here, water is assumed to be incompressible, inviscid and its motion
irrotational. In this case, the motion of gravity waves on a fluid surface
can be described using potential flow [40]. Other assumptions are that
the surface tension is negligible and the pressure at the free-surface is
constant. The bottom is fixed and impermeable and wave height is
relatively small (H/h < 1) [41,29]. For a two-dimensional Airy wave
propagating in x-direction, the free surface displacement and velocity
components (1, w) in x- and z- direction as described in Dean and Dal-
rymple [42] are:

(6.3 = 1 cos(0) ©
_ H cosh(kz)

u(t,x) = 3 wisinh(kh) cos(6) (10)
__H sinh(kz) .

w(t,x) = Ea)msm(ﬂ) an

0=kx—wt+y (12)

where k is wave number, o is angular frequency, and y is wave phase
shift. Angular frequency is calculated using,

o =T 13)

and wave number calculated using dispersion relation for water waves,

? = gktanh(kh) as

where g is acceleration of gravity.

A linear wave with the specifications in Table 3 is employed. It is
noted that using the wave theories (e.g. Stokes I) outside of their range of
applicability may cause wave decomposition in simulation, as equilib-
rium cannot be satisfied [29].

For the simulation, a 2D rectangular computational domain, 30 m
long and 2 m height, is created. Finer grid cells are considered near the

free-surface interface area to ensure any disturbances are captures
accurately. A mesh dependency study was conducted employing k-o
SST-multiphase turbulence model with four different mesh resolutions,
as listed in Table 4. For each case, the Root Mean Squared Error (RMSE)
as a standard deviation of the residual was used to compare the devia-
tion of the simulation outcomes from the analytical data for time evo-
lution of the surface elevation in a specific distance from the inlet wave
generator boundary. The outcomes indicated a high level of mesh in-
dependence, particularly for cases with fine and very fine mesh resolu-
tions. The very fine mesh (mesh with 420 x 10° grid cells) was chosen
for the simulations as shown in Fig. 2, where the red and blue colour
shows the initial phase distribution field for water and air, respectively.

The simulation results, in terms of the time evolution of the surface
elevation of propagating waves, were compared with analytical solu-
tions at four different distances from the inlet of the computational
domain(i.e. x= 0.5L, 1L, 2L, 3L), asshown in Fig. 3 to see the
impact of distance from the wave generator boundary in propagating
wave characteristics. In general, no evidence of wave reflection from the
wave active absorber could be detected in the results. In all cases, good
agreement between CFD and analytical results are observed, however,
with long progression in time and distance from the wave generator
boundary, small variations from the analytical solution could be seen.
These variations are more visible in Fig. 3d where k- SST and k-o SST-
multiphase models yield more precise results compared to the other
solutions.

3.1.2. Generation and propagation of the non-linear stokes II wave

Stokes in 1847 for the first time established the nonlinear solution
using the perturbation theory for the regular waves, known as Stokes
expansion [43]. Based on this Stokes expansion, the relevant equations
for the Stokes II wave surface displacement and velocity components are
described by adding the second order (quadratic) term into linear wave
theory as follows:

H H? 3 — tanh®(kh)
n(t,x) = Ecos(@) + kT Wcos(w) (15)
H cosh(kz) 3 H2wkcosh(2kz)
ll(t, x) Ea) mcos(()) + Z 451T4(kh) COS(ZH) (16)
__H sinh(kz) . 3 H?wksinh(2kz) .
w(t,x) = 3 wm sin(0) + 2 m sin(20) a7

The specification for the simulated non-linear Stokes II wave theory
is listed in Table 5 .

For this test case, a similar two-dimensional rectangular
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13¢10sqy A
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Fig. 2. Generate mesh with red and blue colours representing water and air phases, respectively.

----- Analytical ceeeee K=0) SST -~ k—¢ Multiphase

k-w SSTStable —— Kk-w SSTMultiphase
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-0.2
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t/t

-0.6

n /H 0.6
0.4

0.2
0
0.2

t/t
(d)

-0.4
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Fig. 3. Computed results using different turbulent models and comparison with analytical solution using applied linear wave at (a) x = 0.5L, (b) x = 1L, (c) x = 2L,

(d) x = 3L.
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Table 5

Specifications of the applied non-linear wave.
Period © Wave amplitude Water depth ~ Wave number Wavelength L
O] H (m) h (m) k(m™) (m)
2.2 0.04 0.4 1.5259 4.1156

Table 6

Mesh dependency study for non-linear Stokes II wave theory simulations.
Mesh Number of cells Smallest cell size (m?) RMSE (-)
Very coarse 86 x 10° 0.02 x 0.01 0.017063
Coarse 142 x 10° 0.015 x 0.007 0.011201
Fine 192 x 10° 0.012 x 0.006 0.008477
Very fine 267 x 10° 0.01 x 0.005 0.008362

computational domain, 30 m long and 1 m height is employed, and finer
grid cells are considered near the free-surface interface area. A mesh
dependency study similar to what was conducted for linear wave theory
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test case is performed as shown in Table 6 using k-o SST-multiphase
turbulence model with four different mesh resolutions, and very fine
mesh with approximately 267 x 103 grid cells was chosen for the rest of
the simulations. The results were compared with analytical solution for
the surface elevation displacement at 4 different distances from the inlet
(i.e.x= 05L, 1L, 2L, 3L), asshown in Fig. 4. Analogously, for
linear waves, good agreement between computational fluid dynamics
and analytical results are observed, while with progression in time and
distance from the wave generator boundary, a small deviation from the
analytical solution could be distinguished. The results in Fig. 4d
demonstrate that simulating flow using turbulent models k-0 SST-stable
and K-o SST-multiphase offer better prediction of the non-linear Stokes
1T model.

3.1.3. Generation and propagation of the irregular wave

An irregular wave is constructed by linear superposition of regular
wave components [44]. Here, for the purpose of the validation of the
numerical model for an irregular wave, generation of an irregular wave
was done using linear superposition of a group of four regular linear

----- Analytical

k-w SSTStable

k—e Multiphase

—— k-w SSTMultiphase

0.8

0.4

0.2
0.0
(a) |
-0.2
-0.4
-0.6

t/t

n/H

(b)

-0.6

t/t

n/H

(c)

t/t

0.6
0.4
0.2
0.0
(d) 0.2
-0.4
-0.6

n/H

t/t

Fig. 4. Simulation results using different turbulent models and analytical solution for the applied non-linear wave at (a) x = 0.5L, (b) x = 1L, (c) x = 2L, (d) x = 3L.
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Table 7
specifications of the applied linear waves for generation of an irregular wave.

Waves  Period © Wave amplitude H ~ Water depth L Wave number k
O] (m) (m) m™

No.1 1.8 0.02 1 1.4011

No.2 0.95 0.008 1 4.4557

No.3 1.3 0.01 1 2.417

No.4 2.5 0.03 1 0.8988

waves with different wave phase shift as listed in Table 7 and presented
in Fig. 5a.

A same computational domain as used in the regular linear wave test
was deployed. The simulation results of wave surface elevation at x =
3 maway from the inlet was compared with the analytical solution as
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shown in Fig. 5b. The computed results confirm the high capability of
the numerical model in simulating irregular waves; however, some
discrepancy with analytical findings observed in the use of different
turbulence closure models. The results of k-@ SST-stable and k-o SST-
multiphase turbulent models are quite similar and also close to the
analytical solution, while k-¢ multiphase and k-o SST show some devi-
ation from the analytical solution which grows in time.

3.1.4. Wave flume with a submerged trapezoidal bar

In this test case, the model is validated against the experimental data
from Beji and Battjes [45] to evaluate interaction of regular waves with a
submerged breakwater. Beji and Battjes [46], Beji and Battjes [45]
conducted a series of experimental tests in a wave flume with a sub-
merged trapezoid bar for regular and irregular waves. The test was

—— No.1

Regular
—— No.2

Irregular analytical

No.3 No.4

t(s)

Analytical

k-w SSTStable

k—e Multiphase

—— Kk-w SSTMultiphase

t(s)

Fig. 5. (a) Applied linear waves to generate an irregular wave, (b) simulation results using different turbulent models and analytical solution for the applied irregular

wave at x = 3 m from the wave generator boundary.

S1 S3 S5
Air (6.5m) (9.5 m) (12.7m)
S6
Wave (8?52 m) (13%5 m) (13.3m)
v $ v Mesh stretching zone —-

: A —

i
c
',9_, | i 0.4 lf,
g Water \ ! 4 m ;
5 i . T
O 1 ! o
2 : ! g
2 : | 3

: A : 4
0.0 2.0 X (m) 8.0 10.0 13.0 15.0 21.0

Fig. 6. Schematic of the generated computational domain for wave flume test with submerged trapezoid bar following Beji and Battjes [45].
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Table 8 conducted in a flume with dimension 37.7 m long, 0.8 wide, and 0.75 m
Generated mesh for mesh dependency study for wave flume with a submerged deep. The entire set of experiments were done using still water at a level
trapezoid bar test case. of 0.4 m. The toe of the trapezoid bar was located at 6 m from the

Mesh Number of cells Smallest cell size (m?) RMSE (-) wave-generation board, while a beach with a 1:25 slope was constructed

at the other end of the flume to serve as a wave absorber. Additional

Coarse 215 x 10° 0.01 x 0.003 0.05632 . . ‘ o .
Medium 320 x 10° 0.007 x 0.002 0.04989 details of the experiment can be found in Beji and Battjes [46].
Fine 410 x 10° 0.005 x 0.0013 0.04734 Of particular relevance for this study is the experiment performed in
Beji and Battjes [45], where the tests was run using periodic incident
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Fig. 7. Computed results using different turbulent models and experimental result by Beji and Battjes [45] for wave flume test with submerged trapezoid bar at (a)
S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6.
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Fig. 8. Schematic of experimental setup by Xu et al. [17].

nonbreaking waves with period of T = 2 s and wave height of H =
0.02 m. Surface elevation changes at 6 different stations above and
downstream of the breakwater for 10 s were reported.

To reproduce the above experiment using the developed model, a
numerical setup for the test included a two-dimensional computational
domain 21 m long and 1 m high were generated as shown in Fig. 6.
Following a similar configuration to the experimental flume of Beji and

Battjes [45], the breakwater toe is placed 2 m from the wave generator
boundary, while the beach located at the end of the flume is replaced
with a wave absorption boundary. A cell stretching wave damping
technique, as suggested by Mohseni and Soares [30], is considered in
last 6 m of the mesh to ensure wave reflections are suppressed. A
second-order regular wave was generated at the wave generator
boundary and propagated towards the trapezoid-bar. An initial mesh

Top
Mesh stretching zone

wave generator/ >4 7 wave absorber/
inlet // ! outlet
Side wall e 1
7 I
l/ 4
|
! I
I
(a) 4[ : |
Water jet inlet ! !
. ! .
. 1
! }
1
, Side wall — Water jet nozzle —» | e
i 7 Bottom 0.5m
A L
12 m 15m 4m

water-air
interface

T~

(b)

Nozzle —

Fig. 9. (a) Schematic of the computational domain; and (b) Zoomed in section of the generated mesh in the x-z plane around the non-buoyant jet under current-only

and current-wave environments.
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Table 9
Generated mesh for mesh dependency study for non-buoyant jet under current-
only and wave-current environments case.

Mesh Number of cells Background mesh cell size m®) RMSE (-)
Coarse 1.8 x 10° (0.06)° 0.04627
Medium 2.2 x 10° (0.055)° 0.03409
Fine 2.8 x 10° (0.05)° 0.03103

dependency study was carried out using meshes of different sizes as
provided in Table 8. For each case, RMSE was calculated in comparison
with experimental data for time evolution of the surface elevation in a
specific point from the wave generator boundary. A mesh with around
0.41 million grid cells with the smallest grid cell size, 0.5 cm x 0.13 cm,
distributed near the free-surface region along the whole domain was
chosen.

Simulations with different turbulence models (i.e. k-0 SST, k- SST-
stable, k-o SST-multiphase, k-¢ multiphase) are carried out over the
duration of 40 s. The results shown in Fig. 7 presents a comparison be-
tween the results at the last 10 s of the simulations with the experiment
performed by Beji and Battjes [45]. Overall, a good qualitative and
quantitative agreement can be drawn between the results for all stations
in terms of generation of the crest and trough, in particular those per-
formed here using k- SST-multiphase shows the closest agreement with
experimental data. Overall, the simulation results from Sections
3.1.1-3.1.4 disclosed that k-0 SST-multiphase can be used as a reliable
turbulence model in simulation of different wave propagations. This can
be justified by considering that this turbulence model is an enhanced
multiphase version of original k-® SST in OpenFOAM®,which has a
proven capability in predicting adverse pressure gradient and separating
flow [29].

3.1.5. Non-buoyant jet under current-only and wave-current environments

To evaluate the capability of the developed model in predicting flow
field of a submerged jet under wave and current conditions, results of the
empirical and numerical study that were carried out by Xu et al. [17] for
modelling of three-dimensional flow structure of a non-buoyant jet
under current-only and wave-current conditions were considered. The
experiments were performed in a flume that was 46 m long, 0.5 m wide,
and 1.0 m deep. The static water depth in the experiments were kept at
0.5 m, and their test ran using currents with mean velocity of u.= 0.066
m/s, waves with a period of t = 1.4 s with a height of H=0.03 m. A
vertical water jet with mean velocity of uj= 0.5 m/s was discharged
from a round pipe with an inner diameter of, d= 0.01 m, located at the
centre of the flume with the jet orifice positioned 0.1 m above the bottom
bed. The schematic of the experimental setup is shown in Fig. 8. In Xu
et al. [17], a numerical solution was computed using a
three-dimensional Large Eddy Simulation (LES) model. The experi-
mental and numerical results were compared in terms of vertical profile
of mean velocity at eight downstream locations.

The capability and accuracy of the presently developed solver is
measured against the experiment of Xu et al. [17] to accurately predict

Table 10
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the flow of non-buoyant jet under both current-only and wave-current
conditions. For this purpose, a three-dimensional computational
domain with 17.5 m long, 0.5 m wide, and 1.0 m deep is considered,
where the vertical pipe jet is located at the symmetry plane and 12 m
from the inlet boundary condition as shown in Fig. 9a. The mesh is
generated using the snappyHexMesh technique and a mesh dependency
study is performed for three different mesh sizes as reported in Table 9.
RMSE is calculated in comparison with experimental data which in-
dicates a high level of mesh independence for medium and fine meshes.
A computational domain with approximately 2.8 million mesh cells is
selected for the rest of the study. Fig. 9b shows part of the generated
mesh around the area of the interest near the vertical pipe in the x-z
plane. A cell stretching wave damping technique was used in last 4 m of
the right of the domain to ensure wave reflections are suppressed.
Findings from Sections 3.1.1-3.1.4 informed the wuse of k-0
SST-multiphase and therefore is chosen as the turbulence closure model.

To be able to track the plume of the water jet, an advection-diffusion
equation for concentration, C, was passively solved alongside of the flow
field equations, given by the following,
opC

%% 4 V.[puc] = v.[DVC,

Jat as)

where D is the diffusion coefficient and is defined by p + p.

The applied boundary conditions for the setup is defined in Table 10,
which is similar to the one defined for two-dimensional test cases
(Table 2) with additional terms to account for water jet inlet boundary
and concentration, C. The transverse flow patterns associated with the
presence of side walls are assumed to be negligible. Consequently, the
side walls are treated using symmetry boundary conditions to reduce the
required mesh refinement near the side walls which leads to a decrease
in computational mesh required and accordingly reducing computa-
tional cost. To mimic the velocity profile at the vertical water jet inlet, a
partially developed flow profile is set at the water jet inlet. This is ob-
tained by conducting a preliminary simulation with a 0.1 m length hy-
draulically smooth pipe where a uniform velocity (uje= 0.5 m/s) was
provided at the inlet of the pipe, and the outlet velocity profile is
extracted. In the present version of olaFlow, the current flow at the inlet
is defined using a uniform mean velocity. Therefore, the computational
domain has to be chosen with an appropriate upstream length to ensure
fully developed flow at the region of interest, close to the water jet
discharge area. Furthermore, olaFlow is currently not capable of
modelling the current-wave interaction, hence wave and current are
generated independently (uncoupled). Interested readers are referred to
Xu et al. [17] and Li and Herbich [47] for more information.

The results for the present model are compared against the numerical
and experimental results of Xu et al. [17] for both current-only and
current-wave coexisting environments, shown in Fig. 10 and Fig. 12,
respectively. Xu et al. [17] reported the mean flow velocity profile at
eight different downstream vertical lines located at x/d =0, 1, 2, 4, 7,
10, 14, 18 on the symmetry plane (y/d= 0) in each case. A very good
agreement between the results can be observed in terms of the flow

Applied boundary conditions for non-buoyant jet under current-only and current-wave environment.

Boundaries Vertical water jet Side walls  Top (patch/atmospheric) Bottom/ Pipe wall (no-slip Inlet (wave Outlet (wave
inlet wall) generator) absorber)

Velocity (u) fixedValue Symmetry  pressurelnletOutletVelocity  fixedValue waveVelocity waveAbsorbtion

Pressure (p) zeroGradient Symmetry  totalPressure zeroGradient zeroGradient zeroGradient

Phase fraction (a) fixedValue Symmetry  inletOutlet zeroGradient waveAlpha zeroGradient

Turbulent kinetic energy (k) fixedvalue Symmetry  inletOutlet kqRWallFunction fixedValue inletOutlet

Turbulent dissipation (¢ ) fixedValue Symmetry  inletOutlet epsilonWallFunction fixedValue inletOutlet

Specific turbulent dissipation fixedValue Symmetry  inletOutlet omegaWallFunction fixedValue inletOutlet
rate(w)

Kinematic turbulent viscosity calculated Symmetry  Calculated nutkWallFunction calculated calculated
e = pe/p)

Concentration (C) fixedValue (C=1) Symmetry  inletOutlet zeroGradient fixedValue (C=0) inletOutlet

10
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Fig. 10. Comparison of the mean flow velocity profile between experimental and numerical results at eight different downstream vertical lines located at x/d =0, 1,
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Fig. 11. Comparison of the instantaneous concentration profile between the experimental result of Xu et al. [17] and numerical results of the developed model under

current-only condition.

profile pattern and magnitude of the flow velocity for each case. The
results prove the capability and accuracy of the present developed model
in predicting flow hydrodynamics of a submerged water jet under
current-only and current-wave coexisting environments. Furthermore,

11

the instantaneous flow pattern resulted from the injection of dye into the
water jet in Xu et al. [17] are compared with isosurfaces of the instan-
taneous concentration profile of the present model, shown in Figs. 11
and 13 for current-only and current-wave conditions, respectively. Apart
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Fig. 12. Comparison of the mean flow velocity profile between experimental and numerical results at eight different downstream vertical lines located at x/d = 0, 1,
2, 4,7,10, 14, 18 on the symmetry plane (y/d = 0) under current-wave condition.

from the identified higher diffusion rate near the discharge outlet, the
numerical model precisely estimated most of the flow characteristics in
terms of shape, height, and location of the mixing jet in both
current-only and current-wave environments.

3.2. Hydro-Thermal modelling

In the following, the robustness of the coupled hydro-thermal algo-
rithm is assessed by validating the model against different thermal-
induced buoyant submerged jet experiments. For this purpose, the re-
sults of a series of tests for thermal-induced buoyant submerged hori-
zontal jets in stationary water are considered, followed by an ultimate
experimental test conducted at the coastal laboratory of the University
of Plymouth for an inclined thermal-induced buoyant water jet oper-
ating under both current-wave coexisting environments.

3.2.1. Horizontal buoyant jet in stagnant shallow water

To validate the hydro-thermal model, experimental data conducted
by Sobey et al. [48] for a horizontal round buoyant jet in stagnant
shallow water was adopted. The experiment took place ina 3 m x 3 m
square tank with a depth of 0.35 m. A horizontal hot water jet inlet with
a diameter, Dy= 27.5 mm, was positioned at the horizontal centreline at
one end of the tank, as shown in Fig. 14. The buoyancy parameter, (p,, —
p)/pw, was held constant at nominally 0.003, where p and p,, represents

12

the density of the jet and tank water, respectively.

A total of 75 tests were conducted with variation in water depth and
different, jet depth and speed. In all tests, the Reynolds number was
sufficiently high (Re > 3900) to ensure turbulent flow. Temperature
fields in vertical planes through the jet were measured at 8 different
locations, at x = 60, 100, 200, 270, 360, 400, 500, and 570 mm. The
measurements were performed when a reasonably close approximation
to a steady flow situation was established.

The results were categorized based on the range of free surface
parameter, (H — Zy)/ly;, where H was water depth, Z, was jet inlet height
from the bed, and Iy; was length scale parameter. Source momentum and
buoyancy fluxes were assumed to be the dominant parameters [48],
therefore Iy was calculated using,

7 0.25

by = <Z) D, Fr (19)

where Fr is the source densimetric Froude number,

Fre— Yo 20)
(8Do)

and Vj is the water source jet velocity, and g, is defined as,
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Fig. 14. Schematic of the horizontal buoyant jet in stagnant shallow water by
Sobey et al. [48].

(Pw —P)8
p

% (21)
with g denoting the gravitational acceleration.

Sobey et al. [48] reported results on four categories. Three tests from
each category were selected for numerical modelling are listed in
Table 11. The chosen tests represent a wide spectrum of free surface
parameter within each category.

The dispersion models were conducted in a three-dimensional
computational domain with dimensions of 3 m length, 1.5 m width,
and 0.4 m depth as depicted in Fig. 16. A vertical symmetry plane was
applied at the centreline, where water jet inlet was located at x = 0 to
reduce the numerical burden and computational time. The computa-
tional domain was discretized using unstructured hexahedral grids.

A mesh dependency study was performed for the cases, and the re-
sults of the centreline path of the jet for test No.36 from Table 11 for
three different mesh sizes were presented in Fig. 15. The results revealed

International Journal of Thermofluids 24 (2024) 100857

that mesh resolution was sufficient for all meshes as no significant dif-
ferences were observed. A computational domain with roughly 1.3
million mesh cells was chosen for the simulations in each case.

To maintain a similar state to the experiments for buoyancy
parameter, the jet and tank water temperature of 294 K and 305 K was
specified, respectively, providing a small density variation (p,, — p)/pw =~
0.003.

The applied boundary conditions for the computational domain,
which also includes boundaries for temperature field for hydro-thermal
modelling, are reported in Table 12. A fully developed flow profile was
provided at the water jet inlet. This was done by conducting a pre-
liminary test with a 1 m length pipe where a constant velocity was
provided at the inlet of the pipe, calculated based on the provided flow
rate in each test, to yield fully developed flow at the outlet.

To ensure that a fully developed flow jet was achieved in each case,
simulated results were compared over time. It was realized that simu-
lation time of 40 s was sufficiently long enough to enable fully
developed flow to be attained, as no substantial changes in water jet
behaviour could be observed thereafter.

In the pertinent literature, Huai et al. [49] and Kheirkhah Gildeh
et al. [50], Kheirkhah Gildeh et al. [51] conducted numerical modelling
of turbulent buoyant jets in stationary ambient water. These studies
applied RANS combined with different turbulence closure models. In
result, the linear eddy viscosity model, realizable k—e¢ turbulence model,
Reynolds Stress Models, and LRR, were claimed to be the most reliable
and accurate in modelling of Coanda effect, buoyant and non-buoyant
jet in stagnant environment. In the present study, to evaluate the per-
formance of the applied turbulence model (i.e. k- SST-multiphase) in
discharge dispersion modelling, similar simulations using the realizable

Table 11
Test categories by Sobey et al. [48] and chosen tests for simulation from each category.
Category Number Categories range No. test in the category Sim. test number H (m) Zy (m) Ly(m) Flow rate (I/s) (H—2y) (=)
I
1 0.075 < (H — Zp)/lyy < 0.1 5 03 0.3 0.278 0.241 0.169 0.0911
58 0.1 0.075 0.266 0.173 0.0939
59 0.1 0.075 0.327 0.212 0.0764
2 0.125 < (H — Zp)/ly < 0.15 3 35 0.2 0.15 0.385 0.254 0.1298
57 0.1 0.075 0.191 0.125 0.1305
65 0.1 0.05 0.393 0.254 0.1273
3 0.3 < (H-Zp)/ly <0.4 8 38 0.2 0.1 0.259 0.172 0.3855
45 0.2 0.05 0.382 0.252 0.3923
61 0.1 0.05 0.135 0.088 0.3714
4 0.5 < (H - Zp)/ly < 1.0 16 36 0.2 0.1 0.128 0.083 0.5185
37 0.2 0.1 0.193 0.127 0.5906
43 0.2 0.05 0.254 0.170 0.7835
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Fig. 15. Centreline path of the jet of the three generated meshes for horizontal buoyant jet in stagnant shallow water case for test No.36.
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Fig. 16. Computational domain for hydro-thermal modelling of horizontal buoyant jet in the stagnant shallow water case.

Table 12

Applied boundary condition for hydro-thermal modelling of horizontal buoyant jet in the stagnant shallow water case.

Boundaries Water jet inlet Symmetry Top (patch/atmospheric) Bottom/Wall (no-slip wall)
Velocity (u) fixedValue Symmetry pressurelnletOutletVelocity fixedValue

Pressure (p) zeroGradient Symmetry totalPressure zeroGradient

Phase fraction (o) fixedValue Symmetry inletOutlet zeroGradient

Turbulent kinetic energy (k) fixedValue Symmetry inletOutlet kgRWallFunction

Specific turbulent dissipation rate(w) fixedValue Symmetry inletOutlet omegaWallFunction
Turbulent dissipation (¢) fixedValue Symmetry inletOutlet epsilonWallFunction
Kinematic turbulent viscosity (v, = p,/p) Calculated Symmetry Calculated nutkWallFunction
Temperature (T) fixedValue Symmetry inletOutlet zeroGradient
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Fig. 17. Simulation results for the centreline path using k-0 SST-multiphase and realizable k—e turbulence models, along with measurement data by Sobey et al. [48]
for categories: (a) No.1, (b) No.2, (c) No.3, and (d) No.4.

k—e¢ turbulence model were performed.

Fig. 17 illustrates the simulations and experimental data for the
centreline path of the jet for the tests in each category. The root mean
squared error (RMSE) was used to quantify the deviation of the simu-
lation outcomes from the experimental data as shown in Table 13. The

RMSE in each category represents the average computed RMSE for each
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case. To calculate the residuals of the simulation results and the exper-
imental data, a nonlinear asymmetrical sigmoidal curve was fitted to
each result.

The findings indicated that simulations with realizable k—e showed
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Table 13
RMSE of the simulations with k-0 SST-multiphase and realizable k—e turbulence models with the experimental data.
categories No.1 No.2 No.3 No.4
Turbulence model Real. k—¢ k-0 SST-Multi Real. k—¢ k-0 SST-Multi. Real. k—¢ k-0 SST-Multi Real. k—¢ k-o SST-Multi
Ave. RMSE 0.01275 0.01624 0.01688 0.02330 0.0780 0.0681 0.2041 0.1480
by bz by bz
+ Exp-Sobey X Exp-Sobey + Exp-Sobey X Exp-Sobey
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Fig. 18. Simulation results for horizontal, by, and vertical, b,, half-widths of the water jet using k-o SST-multiphase and realizable k—¢ turbulence models, along with
measurement data by Sobey et al. [48] for categories: (a) No.1, (b) No.2, (c) No.3, and (d) No.4.

better agreement with experimental data for cases with a small free
surface parameter, such as category No.1 and No.2. With an increase in
the free surface parameter, e.g., in categories No.3 and No.4, k-o SST-
multiphase demonstrated better consistency with the laboratory mea-
surement data. Overall, k-0 SST-multiphase provided the most prom-
ising results in the hydro-thermal modelling of buoyant jet.

Fig. 18 showed the experimental and simulation results for the
horizontal, by, and vertical, b,, half-widths of the water jet for the tests.
The measurement of half-widths indicates the capability of numerical
models in simulating dispersion rates compared to experimental data. A
small discrepancy can be observed between simulations and experi-
mental data in the first two categories (i.e., No.1 & No.2), while the
results for categories No.3 and No.4 agree very well with one another.
Overall, the k-o SST-multiphase model demonstrates strong potential in
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accurately modelling the experimental data conducted by Sobey et al.
[48] and is therefore employed in subsequent simulations.

3.2.2. Inclined buoyant hot-water jet under current-wave environment

To evaluate the performance of the developed hydro-thermal model
in a shallow-water coastal environment, an ultimate test was designed
involving the discharge of a submerged hot water jet under current-
wave coexisting conditions. The test configuration, primarily inspired
by the work of Xu et al. [17], as shown in Fig. 8, utilised supplier tanks
equipped with heaters to provide a hot water jet. An experimental test
was designed and conducted in a 20 m long, 0.6 m wide and 0.8 m deep
flume in the coastal laboratory of the University of Plymouth, that is
capable of generating a combination of current and linear waves.

A round nozzle with a 45° inclined angle towards the end of the
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flume with an inner diameter of d = 0.9 cm was fixed at the bed and on
the symmetry plane at 9 m from the start of the flume. The nozzle outlet
was located 10 cm above the bed level and the water jet’s mean velocity
was set to 0.5 m/s. The static water depth in the experiment was
maintained at 0.4 m, and the test ran under a current with a mean ve-
locity of u.= 0.045 m/s and a wave with a period of T = 2 s and a wave
height of H = 0.014 m. Food colouring was injected into the supplier
tanks to monitor the hot water jet’s instantaneous flow pattern. The
impact of the food colouring concentration on water density was
considered negligible.

Throughout the experiment, the flume water temperature was
maintained at 18 °C, and the temperature of the hot water jet, measured
inside of the nozzle, was kept at 32 °C. To capture the temperature
distribution pattern of the hot water jet, mean water temperature
measurements were carried out by moving a group of four temperature
probes at different horizontal distances (L) downstream of the nozzle.
The probes were positioned in a vertical line on the symmetry plane with
a fixed spacing (S) between them. The described arrangement was
chosen to minimize flow disturbance during measurements due to the
presence of temperature probes. Temperature measurements were
conducted using the EL-SGD 43-ATP, a four-channel temperature data
logger equipped with real-time readings, trend graphing, and data
analysis tools. Each probe, EL-PROBE2-1.0M-TP, measured 20 mm in
length with a thickness of 3.5 mm and a temperature accuracy of +0.5 °C
within a temperature range of —10 °C to 70 °C. These probes were
calibrated prior to testing and were attached to metal rods with a
thickness of 1 mm. A fork-shaped structure, featuring two parallel
plexiglass columns with a series of holes spaced at specific intervals (d =
0.9 cm), was designed to fix the metal rods at various heights from the
flume bottom, as depicted in Fig. 19a and Fig. 19b. This structure was
mounted on a dolly on top of the flume, allowing it to move along the
flume length. At each specified distance from the nozzle, the spacing
between the probes was arranged to ensure comprehensive coverage of
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(b)

Fig. 19. (a) Designed setup for temperature measurement, (b) Positioning of the probes downstream of the nozzle outlet.

Table 14
Position of the temperature measurement points at the symmetry plane of the
flume and downstream of the nozzle.

Vertical distance (V) of the
lowest probe from the nozzle

Horizontal distance of the
probes from the nozzle outlet

Spacing between
the probes (S/d)

€L/d) outlet (V/d)
4 3 2
6 3 2
8 3 2
10 4 3
14 6 3
18 6 3
22 8 3

the jet plume cloud, as detailed in Table 14. The experiment was
repeated three times, and measurements were taken for one minute at
each point, with the average values subsequently calculated.

The hydro-thermal model was applied to replicate the results of the
experiment in the modelling of the buoyant hot-water jet under current-
wave coexisting conditions. A three-dimensional computational domain
measuring 15 m in length, 0.6 m in width, and 0.8 m in depth was
considered. The inclined pipe jet outlet was located at the symmetry
plane and positioned 9 m from the inlet boundary condition, as shown in
Fig. 20a. The mesh was generated using the snappyHexMesh technique,
and a mesh dependency study was carried out with three different mesh
sizes. The centreline path of the jet for the cases for the mean flow ve-
locity are compared as shown in Fig. 21. The findings indicate that the
mesh resolution was satisfactory for all mesh configurations, as there
were no discernible significant differences in the results. A computa-
tional domain with roughly 2.6 million mesh cells was chosen for sub-
sequent simulations. Fig. 20b showed part of the generated mesh around
the area of the interest near the nozzle in the x-z plane. A cell stretching
wave damping technique was used in last 4 m of the mesh to ensure wave
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Fig. 21. Centreline path of the jet of the three generated meshes for inclined buoyant hot-water jet under current-wave environment case.

Table 15

Applied boundary conditions for temperature parameter in buoyant hot-water jet under current-wave condition.

Boundaries Hot-water jet inlet Side walls Top (patch/ atmospheric)

Bottom/ Nozzle wall (no-slip wall)

Inlet (wave generator) Outlet (wave absorber)

Temperature (T) Fixed Value Symmetry inletOutlet

ZeroGradient

fixedValue inletOutlet

reflections were suppressed. k-o SST-multiphase was chosen for turbu-
lence closure modelling.

The adopted boundary conditions for all flow parameters (except for
temperature) were as those defined in Table 10, while the applied
boundary conditions for temperature were provided in Table 15. To
mimic the velocity profile of the water jet outlet, the boundary for the
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hot-water jet was defined 0.11 m inside the nozzle outlet.

The mean temperature distribution field for simulation and experi-
mental results was compared in Fig. 22. A noticeable discrepancy be-
tween the experimental and numerical results was observed at a
measurement point very close to the centreline of the water jet outlet (at
the point with measured temperature of T= 22.4°). The main reason for
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Fig. 22. Comparison of the mean temperature distribution field in ( °C) between numerical and experimental results on symmetry Plane downstream of the Nozzle.

this difference was the inaccuracy of experimental measurements in
close proximity to the nozzle jet outlet, where the plume jet diameter
was relatively thin compared to the size of the probes. Nevertheless, the
results reveal that the model was remarkably capable of predicting the
temperature field and distribution pattern of the hot water jet mixing
zone under current-wave coexisting conditions.

Plume tracking was also performed using Eq. (18) by solving the
concentration equation. Fig. 23 presents a comparison between the
instantaneous flow pattern that resulted from the injection of dye in the
water jet in the experimental test with the isosurfaces of the instanta-
neous concentration profile of the simulation result for current-wave
conditions at different time periods of the wave. Again, apart from the
identified higher diffusion rate near the discharge outlet, the developed
numerical model precisely estimates most of the flow characteristics in
terms of shape, hight and location of the mixing jet for the buoyant hot-
water jet under the current-wave environment.

4. Conclusion

A novel three-dimensional discharge dispersion model for evaluating
the near-field dilution, trajectory, and temperature distribution of
thermal-induced buoyant water jet under the shallow coastal water
condition was developed. The model solved the governing fluid flow and
energy equations for two immiscible and incompressible phases (e.g.
water-air) which were weakly coupled by applying Boberbeck-
Boussinesq approximation. Different turbulence models, such as k—e
Multiphase, k- SST, k-o SST-multiphase, k-o SST-stable, realizable k—e,
were tested. k- SST turbulence model was chosen for its proven capa-
bility in predicting adverse pressure gradient and separating flow [35];
k—e multiphase, k-® SST-multiphase are modified version of the k—e,
k-0 SST for multiphase flow system, respectively [29]. k-0 SST-stable
turbulence closure model was selected for its capability on predicting
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wave surface elevations, as well as turbulence and undertow velocity
profiles [36], and the realizable k—e model was reliable in capturing
phenomena such as the Coanda effect, buoyant, and non-buoyant jets in
stagnant environments [50,51].

Extensive verification of the model’s performance was conducted by
comparing the developed model against a diverse range of analytical
and experimental data, both conducted experimentally and those from
literature. First, a series of simulations were carried out to evaluate the
performance of the model in reproducing the results of the wave hy-
drodynamic and interactions with the submerged trapezoid bar. This
was followed by numerically replicating the experimental results of the
non-buoyant submerged jet under current-only and current-wave envi-
ronments. Then, the potency of the coupled hydro-thermal algorithm
was assessed by validating the model against different thermal-induced
buoyant submerged jet experimental tests. For this purpose, the results
of a series of tests for the thermal-induced buoyant submerged hori-
zontal jets in stationary water were conducted. Finally, the developed
model was employed to an ultimate experimental test which is con-
ducted at the coastal laboratory at the University of Plymouth for an
inclined thermal-induced buoyant water jet under the current-wave
environment.

Overall, analysing the results illustrated that among all, the simu-
lation results of k-o SST-multiphase provides remarkable agreement
with the laboratory measurement data in terms of flow and temperature
distribution field and plume trajectory and dilution. The findings
confirmed that the developed model can be used as a reliable numerical
tool in the precise prediction of characteristic thermal-induced buoyant
water jet under current-wave coexistence. This contributed to better
appreciation of the behaviour such as shallow water WTEBS effluent
plume, and mixing zone for achieving maximum effluent mixing
efficiencies.
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