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 A B S T R A C T

Recent advancements have demonstrated that collectors based on the Coandă effect can effectively harvest 
polymetallic nodules from the seabed. However, the hydrodynamics of the flow around such collectors, 
particularly the mechanisms of ambient water entrainment, remain insufficiently explored. To address this 
gap, we performed three-dimensional numerical simulations to investigate the flow characteristics surrounding 
a Coandă effect -based collector, focusing on the effects of main jet velocity, secondary jet velocity, radius 
of curvature, and bottom clearance. The results show that increasing the main jet velocity enhances flow 
attachment and strengthens the pressure gradients beneath the collector, thereby increasing the entrainment of 
ambient water into the collection duct. Similarly, higher secondary jet velocities improve flow attachment and 
raise the collection duct flow rate but also lead to greater sideways water spillage. Furthermore, a larger radius 
of curvature reduces sideways spillage, consequently promoting greater ambient water entrainment beneath 
the collector. Likewise, increasing the bottom clearance enhances ambient water entrainment. Overall, these 
findings provide valuable insights for optimizing the operational parameters of Coandă effect -based collectors 
to maximize collection efficiency while minimizing water spillage.
1. Introduction

The need for mineral resources has increased in recent years due 
to the rapid development of civilization. As terrestrial reserves rapidly 
deplete, the search for alternatives has shifted towards the deep-sea 
ocean (Toro et al., 2020). This transition is mainly driven by the 
demand for critical metals such as manganese, cobalt, nickel, and 
copper, which has accelerated the development of deep-sea mining 
technologies. Such metals are abundantly present in polymetallic nod-
ules discovered at the seabed, and these are essential for the creation 
of advanced technology like electronics, smartphones, and electric 
cars. However, mining these nodules has environmental consequences, 
including disturbance of seabed sediments, which poses a threat to the 
marine ecosystem (Amudha et al., 2024; Q. Zhang et al., 2024).

Numerous studies have examined the practicality and economic fea-
sibility of mining polymetallic nodules from the deep sea (Boetius and 
Haeckel, 2018; Elerian et al., 2021). The extraction of these nodules 
generally employs mechanical, hydraulic, or hybrid techniques (Min 
et al., 1997), among these, hydraulic methods are the most popular 
due to their high collection efficiency and lower environmental impact. 

∗ Corresponding author.
E-mail address: S.M.S.Alhaddad@tudelft.nl (S. Alhaddad).

Generally, hydraulic collectors are divided into two types: (i) wall-
attached jet and (ii) double-drainage jet flushing collector (Jia et al., 
2023; Yue et al., 2021a; Zhao et al., 2021). The wall-attached jet 
collector is preferred over the double-drainage jet flushing collector, 
because it gently lifts the nodules, rather than pushing them with strong 
water jets. The wall-attached jet collector, also referred to as the Coandă 
effect -based collector, guides the nodules smoothly into the collection 
duct. However, the nodules are lifted by front and rear jet flows in 
the double-row hydraulic sluicing method (Yue et al., 2021). Recent 
developments in the Coandă effect -based collector (Lee et al., 2013; 
Alhaddad et al., 2023), are intended to improve cost-effectiveness and 
easy operation, while reducing environmental impacts (Hao and di 
Mare, 2023; Mao et al., 2024).

The term Coandă effect was introduced by the Romanian physicist 
Henri Coandă. This phenomenon refers to the tendency of fluid parti-
cles to adhere to a solid boundary, a property that plays an important 
role in nodule collection. The collector generates a high-speed jet flow, 
creating a pressure difference between the seabed and a curved plate, 
which lifts nodules from the seabed (Kim et al., 2018). Subsequently, 
the nodules are drawn into the collection duct by the suction generated 
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by the fast-moving water jet along the curved surface. Unlike tradi-
tional hydraulic collectors, designs based on the Coandă effect reduce 
sediment resuspension by directing the jet flow along the contour of 
a specially adapted curved base plate. This regulated flow decreases 
turbulence inside the collector head, improving pick-up efficiency while 
minimizing environmental disturbance (Alhaddad and Helmons, 2023).

The flow field beneath the Coandă effect -based collector has been 
investigated in a limited number of studies. Rodman et al. (1989) con-
ducted jet experiments to study the impact of curved-wall jet curvature 
on flow fields. The authors proposed a semi-theoretical and semi-
empirical technique for analyzing velocity and pressure distributions. 
Further, Kim et al. (2018) studied the effect of the jet impinging angle 
and Reynolds number with a constant distance from nozzle-to-surface 
distance of the circular cylinder. The authors observed that increasing 
the impinging angle of the jet enhances the momentum of the jet 
as it leaves the nozzle, causing the wall jet to adhere longer to the 
cylinder surface and shifting the flow separation point downstream at 
a given Reynolds number. Zhao et al. (2021) studied the flow field 
behavior beneath the collector using PIV measurements. The authors 
observed that the Coandă effect -based method requires lower flow rates 
but induces greater flow field disturbances, whereas the suction method 
offers flow field stability at higher energy costs.

In terms of collector design and performance, Cho et al. (2019) 
developed a collector prototype mounted on a crawler to examine its 
performance for manganese collection. The authors observed that the 
water flow rate through the nozzle, radius of the nozzle, radius of 
the attached plate, clearance, and track length are essential design 
components for nodule collection. Further, Hu et al. (2020) studied 
the suck-up-based and Coandă-effect-based devices using 3D printed 
models and particle image velocimetry (PIV) technology. The authors 
observed that the velocity change in the vortex region developed 
at the sphere’s top improves the collection efficiency and reduces 
bottom disturbances in the Coandă effect -based collector. Yue et al. 
(2021) conducted experiments and numerical simulations comparing 
suck-up-based, Coandă effect -based, and double-row hydraulic sluicing 
collectors. The Coandă effect -based collectors outperformed the others 
in terms of energy efficiency and reduced flow field disturbance. B. 
Zhang et al. (2024) used a computational fluid dynamics–discrete 
element method (CFD-DEM) to examine the flow field and collection 
efficiency. The authors also provided a design method for a wall-jet 
nodule collection device that adjusts its geometric shape to produce a 
flow field that makes it easy to start nodule collection while keeping 
the flow velocity in the near-bottom region low.

Alhaddad and Helmons (2023) conducted small-scale experiments 
to quantify sediment erosion by a Coandă effect -based collector. The 
authors observed that increased jet velocity and decreased collector 
velocity enhance erosion depth, while reducing the clearance between 
the collector and the bed results in stronger interaction between the 
jet flow and the sediment surface, leading to greater erosion depths. 
Further, the study also utilizes secondary jets along with the main 
jet flow to enhance the Coandă effect and regulate the flow field 
inside the collection duct. This not only improves nodule transport 
efficiency but also minimizes sediment resuspension and ambient water 
entrainment (Li et al., 2023; Jia et al., 2023). Furthermore, Alhaddad 
et al. (2023) utilized 2D CFD simulations to create an efficient design 
for a Coandă effect -based collector. Their design achieved high nodule 
pick-up efficiency with little disturbance to the seabed sediment. The 
authors also performed full-scale experiments and found that greater 
forward velocity decreases collection efficiency because the collector 
lacks adequate time to capture the nodules effectively. However, in-
creasing the jet velocity increases the efficiency of nodule pick-up. The 
continuation of this research is evident in the study of Alhaddad et al. 
(2024), which provides a quantitative dataset on cohesive sediment 
erosion and turbidity currents from a moving Coandă effect -based col-
lector. Their findings reveal a logarithmic relationship between erosion 
depth and flow impinging force applied on the clayey bed, while 
2 
higher flow in the collection duct reduces the velocity of turbidity 
currents. These insights are valuable for enhancing erosion predictions 
and optimizing collector operations to minimize sediment plumes.

Using a theoretical model of curved wall jets, Jia et al. (2022) pre-
dicted the lift index (defined as the ratio of lift force to nodule weight), 
and found that higher jet velocity and greater jet duct height enhance 
the Coandă effect. By minimizing the need for extensive prototyping, 
this theoretical framework optimizes the design of nodule collectors 
based on the Coandă effect. Furthermore, Jia et al. (2023) examined the 
flow field underneath the collector to evaluate lift capabilities while 
studying jet flow on logarithmic spiral surfaces. The results indicate 
that although the jet growth rate increases with downstream distance, 
lift is enhanced by higher jet velocity, local curvature, and jet duct 
height. Further, Jia et al. (2024) explored the impact of curvature 
radius on a Coandă effect -based collector using CFD-DEM. The curved 
jet entrains seawater, preventing erosion and generating lift through 
pressure gradients and jet energy. A higher curvature radius increases 
jet diffusion but reduces collection efficiency.

The above-mentioned literature on experimental, numerical, and 
theoretical studies on Coandă effect -based collectors have mainly fo-
cused on jet attachment behavior, lift force or lift index, collection 
efficiency, and sediment erosion. Several works have examined the 
effects of jet velocity, curvature radius, and clearance on nodule pick-
up performance and seabed disturbance. The available literature shows 
that seabed disturbances are largely controlled by the flow around the 
collector, which governs sediment transport (Alhaddad and Helmons, 
2023; Li et al., 2024), plume generation (Wu et al., 2025; Li et al., 
2025), turbidity current formation (Stoffers et al., 2024; Alhaddad 
et al., 2024), and particle flocculation (Peacock and Ouillon, 2023).

Despite these advances, the ambient-water entrainment has not 
been directly quantified, nor has its dependence on collector geometry 
and operating conditions been systematically examined, particularly 
in three-dimensional flow fields. Moreover, a detailed analysis of the 
flow hydrodynamics, including the distinction between ambient water 
entering the collection duct and water spillage from the collector, 
have not been quantified. To address these gaps, the present study 
uses three-dimensional numerical simulations to investigate the flow 
hydrodynamics and to quantify ambient-water entrainment around a
Coandă effect -based collector. It systematically examines the effects 
of jet configuration, jet velocity, plate curvature radius, and bottom 
clearance on flow behavior and entrainment, providing new insights 
and practical guidance for optimizing collector design and operating 
conditions. The main contributions of this work are:

1. Investigation of flow behavior around single-jet and double-jet 
configurations, providing new insights into their hydrodynamics, 
including differences in ambient water entrainment and water 
spillage around the collector.

2. Examination of the impact of jet velocities on the flow attach-
ment, pressure gradient development, and the resulting ambient 
water entrainment.

3. Evaluation of the effects of plate curvature radius and bottom 
clearance on the flow rate in the collection duct, of the ambient 
water entrainment and spillage.

This paper is structured as follows. Section 2 outlines the methodol-
ogy, including the Coandă effect -based collector, its design parameters, 
and the three-dimensional numerical modeling framework. Section 3 
presents the numerical results and discusses the findings, focusing 
on the flow field characteristics and water entrainment behavior be-
neath the collector. Section 4 summarizes the main conclusions of the 
study. Finally, Section 5 presents limitations and directions for future 
research.
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Fig. 1.  A schematic diagram of the Coandă effect -based hydraulic collector, 
where 𝐶 is the bottom clearance between collector and rigid bed and 𝑅 is 
the upper plate’s radius of curvature. 𝑄mj and 𝑄sj represent the volumetric 
flow rates in the main jet duct and secondary jet duct, respectively. 𝑄c is the 
volumetric flow rate in the collection duct. 𝑄us, 𝑄ds, and 𝑄ss represent the 
upstream, downstream, and sideways spillage, respectively.

2. Methodology

This section describes the Coandă effect -based collector design, 
along with the computational Fluid Dynamics (CFD) approach used to 
model the three-dimensional flow field around the collector. It includes 
the numerical modeling techniques, the boundary conditions applied to 
the computational domain and the collector, mesh generation, and val-
idation studies to ensure the accuracy and reliability of the numerical 
results.

This study uses the collector design introduced by Alhaddad and 
Helmons (2023) to explore the flow dynamics. Fig.  1 presents a
schematic of the basic design of the collector, comprising four surfaces 
that form three ducts: the main jet duct, the secondary jet duct, and 
the collection duct. The bottom clearance (𝐶) is defined as the vertical 
distance beneath the rear cowl of the collection duct, whereas 𝑅
represents the radius of curvature of the collector’s upper plate. In this 
configuration, the high-velocity flow in the main jet duct (𝑄mj) follows 
the curvature of the upper plate due to the Coandă effect, allowing it to 
remain attached to the surface. Due to the development of a pressure 
gradient under the collector, the surrounding water is drawn into the 
collector, creating a suction effect that lifts seabed polymetallic nodules 
and transports them towards the collection duct (𝑄c). This causes water 
spillage downstream (𝑄ds), upstream (𝑄us) and sideways (𝑄ss) of the 
collector, as will be presented later in this study.

2.1. Three-dimensional (3D) numerical modeling

To examine the flow hydrodynamics around the collector, a three-
dimensional computational fluid dynamics (CFD) modeling is per-
formed using ANSYS Fluent. This solver simulates fluid flow problems 
by solving the Navier–Stokes equations (Pan et al., 2024). The Finite 
Volume Method (FVM) is utilized to discretize the computational 
domain into smaller control volumes. Further, the governing equations 
are solved iteratively within each volume. ANSYS Fluent computes key 
flow parameters such as velocity, pressure, density, and volume fraction 
at the centroids of these control volumes. The iteration continues until 
the solution converges, ensuring that flow properties are conserved and 
the specified boundary conditions are satisfied.

In the present numerical model, the 𝑘-𝜔 SST turbulence model 
was employed to simulate turbulence, as it offers high accuracy in 
capturing boundary layer effects and flow separation zones (Coughtrie 
et al., 2013). For pressure-velocity coupling, the SIMPLE (Semi-Implicit 
Method for Pressure Linked Equations) scheme was employed. Spatial 
discretization was carried out using second-order accurate schemes to 
ensure higher fidelity in capturing flow gradients, while a second-order 
3 
Fig. 2. Boundary conditions for (a) the computational domain and (b) the 
collector. In (a), the computational domain is defined with a velocity inlet on 
the left side, an outflow condition on the right side, a rigid bed at the bottom, 
and a top wall modeled as a wall with a zero shear stress to represent the 
free surface. In (b), the collector geometry is shown with jet ducts as velocity 
inlets, the collector outlet defined as outflow, and solid walls representing the 
collector sidewalls.

implicit scheme was used for time advancement to maintain stability 
and accuracy in transient simulations. The scaled residual convergence 
criteria for the governing equations (continuity, momentum, 𝑘, and 𝜔) 
were set to 10−4, 10−7, 10−6, and 10−6, respectively. A fixed time-step 
size of 0.00325 s was used for all numerical simulations. The numerical 
setup was also tested with a smaller time-step size, which showed 
no differences in the monitored flow variables, thereby confirming 
time-step independence. During the simulations, flow variables such as 
velocity and pressure were continuously monitored. Convergence was 
achieved after approximately 2000 time steps, with 22 iterations per 
time step. To ensure solution stability and robustness, the simulations 
were extended to 2400 time steps.

2.2. Boundary conditions

The computational domain used in this study is shown in Fig.  2, in 
which the boundary conditions used for (a) the computational domain 
and (b) the collector are illustrated. In Fig.  2(a), the computational 
domain is defined with a velocity inlet on the left side, an outflow 
condition on the right side, a rigid bed at the bottom, and a top 
wall modeled as a wall with a zero shear stress to represent the free 
surface. In Fig.  2(b), the collector geometry is shown with jet ducts 
as velocity inlets, the collector outlet defined as outflow, and solid 
walls representing the collector sidewalls. These boundary conditions 
were applied to each side of the computational domain to accurately 
replicate the physical conditions of the available experiments, which 
were used for validation purposes. The rigid bed was modeled as a 
no-slip wall boundary condition to accurately simulate the resistance 
offered by the rigid bed to fluid flow.

2.3. Mesh generation

The present study employs an unstructured mesh configuration 
composed of quadrilateral elements to discretize the water surface 
within the computational domain, offering greater flexibility for rep-
resenting the complex geometry of the collector compared to struc-
tured meshes. The unstructured elements allow for localized refinement 
(smaller mesh) around regions of high velocity gradients, and a coarse 
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Fig. 3. 3D mesh in the computational domain, where (a) shows the overall 
unstructured 3D mesh used to capture the flow field around the collector, 
ensuring adequate resolution in the domain, and (b) highlights the prism layers 
near the collector, which are refined to accurately resolve velocity gradients 
and near-wall effects.

mesh size is used in less critical regions, which helps in improving com-
putational efficiency. Further, the prism layers were also employed at 
the solid surface of the collector and rigid bed to effectively capture the 
boundary layer flow behavior since flow gradients are steep near solid 
walls and require fine resolution normal to the surface for adequate 
representation.

The computational domain meshes were generated using Salome, an 
open-source platform (Lande, 2021; Michelsen et al., 2012) well-suited 
for generating unstructured meshes around complex curved geometries. 
The three-dimensional unstructured mesh within the computational 
domain is shown in Fig.  3(a). Further, Fig.  3(b) represents the boundary 
layer elements of the mesh with a visible prism layer, at the collector 
sidewalls and the rigid bed.

2.4. Model validation

The numerical model is first validated against the experimental 
dataset of Suleman (2023), which reports a series of experiments on 
the interaction of a Coandă effect -based collector with a rigid bed. Sule-
man (2023) utilized the collector head introduced in Alhaddad and 
Helmons (2023). The collector was installed in the center of the flume, 
ensuring a constant bottom clearance of 18 mm from the bed surface. 
The flume width was 0.4 m, and the water depth was maintained at 
37 cm. A series of small-scale tests were performed by varying the 
main jet velocity (𝑉mj) at 2.0, 3.0, and 4.4 m/s, while the secondary 
jet velocity was kept constant at zero. An electromagnetic flow meter 
(EMF) working with ±1% of accuracy mounted at the collector outlet 
measured corresponding collector outflow velocities (𝑉𝑐) of 0.09, 0.36, 
and 0.51 m/s, respectively.

For validation, the computational domain was designed to repre-
sent the same laboratory-scale environment, and the simulations were 
carried out under identical conditions, using the same hydraulic param-
eters as described in Suleman (2023). Similar to the experiments, the 
main jet velocity 𝑉  was varied between 2.0, 3.0, and 4.4 m/s. The 
mj

4 
Fig. 4. Comparison of experimental and numerical results for the flow velocity 
through the collection duct with respect to the main jet velocity for a clearance 
of 18 mm. A good agreement between the numerical model and experimental 
data is observed, indicating that the simulation accurately captures the flow 
hydrodynamics around the collector.

corresponding velocities achieved in the collection duct 𝑉c obtained 
from the simulations were 0.11, 0.34, and 0.50 m/s, respectively. The 
comparison of the experimental and numerical results is shown in Fig. 
4, where very good agreement is observed, confirming the accuracy and 
reliability of the present numerical model. The results show an increase 
in collection duct velocity 𝑉c corresponding to the main jet velocity 𝑉mj.

The numerical model is also validated for the velocity profiles 
underneath and downstream of the collector (0.25 m away from the 
center of the collector) with the experimental findings of Alhaddad 
et al. (2023). In the experiments, a primary jet flow velocity of 4 m/s 
and a secondary jet velocity of 0.75 m/s were provided with a bot-
tom clearance of 7.5 mm. Additionally, a collection duct velocity of 
1.16 m/s was imposed. Considering the same hydraulic parameters, a 
numerical simulation was performed using the present CFD model. The 
velocity profiles are retrieved at two locations, marked as locations A 
and B, shown in Fig.  5(a). Location A was placed in a confined down-
stream area where the flow accelerates due to the collector sidewalls 
and the rigid bed. Although the geometry is narrow, this location is 
suitable for checking the downstream flow consistency and ensuring 
correct outflow development in the model. Further, location B was 
positioned outside the collection region to evaluate the flow velocity 
and to confirm that the numerical results capture the water spillage 
accurately.

The comparison plot of the velocity profile at location A is shown in 
Fig.  5(b). It can be observed that the numerical results of the velocity 
profile closely match the experimental data of Alhaddad et al. (2023). 
However, a relatively larger discrepancy between the experimental and 
numerical velocities is observed in the region 1–4 mm above the bottom 
wall. This zone corresponds to the near wall boundary layer, where the 
flow is strongly affected by steep velocity gradients, surface roughness 
effects, and local pressure variations. Such near wall dynamics are 
highly sensitive to small geometric or surface irregularities, which can 
amplify measurement uncertainty in experiments (Spalart and Wat-
muff, 1993). In the numerical model, the use of a RANS formulation 
with the 𝑘-𝜔 SST turbulence model limits the ability to fully resolve 
the fine-scale structure of the boundary layer, particularly in regions 
of strong shear (Menter, 1994; Wilcox et al., 1998). These combined 
factors contribute to the relatively larger error observed in this narrow 
near-wall region.

Despite this localized deviation, the result shows good agreement 
between the numerical and experimental velocity profiles remains 
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Fig. 5. (a) Locations of extracted velocity profiles (b) Validation of the velocity profile at location A, demonstrating close agreement between experimental data 
and numerical simulation (c) Validation of the velocity profile at location B, including a mesh convergence study; results indicate that the medium (1108081 
Nodes) and fine meshes (1781731 Nodes) yield nearly identical velocity profiles and closely match experimental data, confirming grid independence and reliable 
model accuracy.
strong, indicated by statistical metrics. These yield a low root mean 
square error (𝑅𝑀𝑆𝐸) of 0.149, a mean absolute error (𝑀𝐴𝐸) of 
0.02021, and a high coefficient of determination (𝑅2) of 0.987. The 
low 𝑅𝑀𝑆𝐸 and 𝑀𝐴𝐸 indicate small average deviations between the 
numerical and experimental results, while the high 𝑅2 value confirms 
that the numerical model accurately captures the measured velocity 
profiles. Further, the velocity profile at location B is also validated and 
used for the mesh size study in the following subsection.

2.5. Mesh dependency

The velocity profile at location B (marked in Fig.  5(a)) is also 
investigated with different numbers of nodes and compared with the 
experimental data (Fig.  5(c)). It can be observed that the velocities 
obtained using a coarse mesh (51,863 nodes) are larger than the exper-
imental ones, indicating inadequate resolution. The statistical metrics 
indicate a relatively large 𝑅𝑀𝑆𝐸 of 0.0493 and 𝑀𝐴𝐸 of 0.0441, 
reflecting poor agreement with the experimental data, along with a low 
𝑅2 value of 0.622, which indicates weak predictive accuracy for the 
coarse mesh. As the mesh size is refined to a medium mesh (1,108,081 
nodes), the numerical results of the velocity profile become much 
closer to the experimental data. The statistical metrics also indicate a 
relatively lower 𝑅𝑀𝑆𝐸 of 0.0096 and 𝑀𝐴𝐸 of 0.0074, reflecting good 
agreement with the experimental velocity data, along with a higher 
𝑅2 value of 0.972, which indicates better predictive accuracy than the 
coarse mesh.

Further refinement of the mesh (1,781,731 nodes) shows minimal 
variations in the velocity profile compared to the medium mesh, indi-
cating numerical convergence. The statistical values also confirm this, 
with only small improvements in 𝑅𝑀𝑆𝐸 (0.0079), 𝑀𝐴𝐸 (0.0063), 
and 𝑅2 (0.981). A higher 𝑅2 value of 0.981 represents a stronger 
5 
match between the numerical predictions and the experimental mea-
surements of velocity profiles. Since the medium and fine mesh results 
are comparable, the medium mesh is adopted for all the numerical 
simulations in the present study. Based on the validation results, it 
can be observed that the developed numerical model is reliable and 
accurate. A sufficiently large computational domain of 3 m in length, 
2 m in width, and 1.5 m in depth will be adopted in the present study 
to ensure that boundary effects, including free-surface influence and 
lateral confinement, remain minimal in the region of interest around 
the collector.

3. Results and discussion

This section presents numerical results and discusses the flow hydro-
dynamics around the collector, quantifying the ambient water entrain-
ment and spillage. The ambient water entrainment (𝑄𝑎𝑤) is defined as 
the total flow rate of the ambient water that ends up in the collection 
duct. The term ‘spillage’ refers to the portion of the supplied flow rate 
through the jet ducts that does not end up in the collection duct. The 
spilled water can flow in four directions – upstream, downstream, left, 
and right – with the lateral components (left and right) collectively 
termed sideways spillage. The flow rate of the net entrained ambient 
water into the collection duct can be calculated from the following 
continuity equation: 
𝑄𝑎𝑤 = (𝑄𝑐 +𝑄𝑢𝑠 +𝑄𝑑𝑠 +𝑄𝑠𝑠) − (𝑄𝑚𝑗 +𝑄𝑠𝑗 ) (1)

where 𝑄c is the flow rate through the collection duct, 𝑄us is the up-
stream spillage, 𝑄ds is the downstream spillage and 𝑄ss is the sideways 
spillage.

The main jet velocity, secondary jet velocity, radius of curvature, 
and bottom clearance are the key parameters of the collector (B. Zhang 
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Table 1
A summary of numerical experiments with variation in hydraulic and geometric parameters.
 Sim.# Qmj (l/s) Vmj (m/s) Qsj (l/s) V sj (m/s) C (mm) R (mm) h (mm) Frmj (-) Frsj (-) Fr(-) Qc (l/s) Inflow Qus (l/s) Outflow Qus (l/s) Qds (l/s) Qss (l/s) Qaw (l/s) 
 1 3 3 NA NA 7.5 125 40 13.54 NA 4.50 1.44 0.08 2.98 0.95 −0.48 1.80  
 2 4.4 4.4 NA NA 7.5 125 40 19.86 NA 10.54 2.11 0.27 5.18 1.23 −0.79 3.05  
 3 5.8 5.8 NA NA 7.5 125 40 26.18 NA 20.78 2.90 0.28 7.80 1.92 −0.92 5.63  
 4 3 3 0 0 7.5 125 40 13.54 0 3.13 1.02 0 2.30 0.62 −0.32 0.63  
 5 4.4 4.4 0 0 7.5 125 40 19.86 0 10.14 2.11 0 1.73 1.37 −0.52 0.29  
 6 5.8 5.8 0 0 7.5 125 40 26.18 0 17.26 2.80 0 4.66 1.45 −0.82 3.93  
 7 5.8 5.8 3 0.48 7.5 125 40 26.18 0.86 11.39 4.26 0.11 0.32 1.19 1.72 3.08  
 8 5.8 5.8 6 0.96 7.5 125 40 26.18 1.73 10.51 5.70 0.28 2.87 1.53 2.54 0.55  
 9 5.8 5.8 6 0.96 7.5 100 40 26.18 1.73 8.04 5.72 0.14 2.86 0.99 1.95 −0.40  
 10 5.8 5.8 6 0.96 7.5 150 40 26.18 1.73 11.60 5.69 0.15 2.88 1.18 2.60 0.40  
 11 5.8 5.8 6 0.96 13 125 45.5 26.18 1.73 12.64 5.69 0.12 2.23 2.02 2.92 0.94  
 12 5.8 5.8 6 0.96 18 125 50.5 26.18 1.73 17.73 5.69 0.54 1.62 2.65 3.64 1.26  
Note: ‘NA’ represents the cases of a single-jet collector, where the secondary jet duct is not available.
et al., 2024; Alhaddad and Helmons, 2023). Therefore, we investigate 
the effect of these parameters on the ambient water entrainment and 
flow behavior. To this end, the velocity field, pressure field, and 
streamline patterns around the collector are analyzed. In total, a set 
of 12 numerical simulations was performed, and a summary of these 
simulations is given in Table  1, where ℎ represents the vertical distance 
between the rigid bed and the lower point of the upper curved plate.

3.1. Effect of main jet flow velocity 𝑉𝑚𝑗

To examine the effect of the main jet velocity, 𝑉𝑚𝑗 was system-
atically varied between 3.0, 4.4, and 5.8 m/s. The other parameters, 
such as the radius of curvature of the upper plate of the collector (R = 
125 mm) and the bottom clearance (c = 7.5 mm), were kept constant. 
Since the results of Alhaddad et al. (2024) suggested that the presence 
of a secondary jet itself affects the flow hydrodynamics, we considered 
cases in which the secondary jet was absent (Simulations 1–3) and cases 
in which it was present but had a zero flow rate (Sim. 4–Sim. 6).

The results show that increased 𝑉mj results in an increased velocity 
inside the collection duct (𝑉c), due to the larger supply of water and 
a stronger ambient water entrainment around the collector. For the 
single-jet collector (Sim. 3), the entrained water mainly entrains from 
the lower part of the upstream direction, which extends from the lower 
wall of the jet duct at the duct exit to the bed. However, no incoming 
ambient water is observed from the upstream direction in the double-
jet collector (Sim. 6), as illustrated in Fig.  6. In this figure, positive 
𝑥-velocity values represent incoming flow contributing to the system, 
while negative values indicate upstream spillage. Similar to Sim. 6, the 
𝑥-component velocity profiles consistently indicate upstream spillage in 
Sim. 6–Sim. 12.

In addition to the upstream entrainment, ambient water is also 
drawn laterally into the system. The velocity profiles in the 𝑦-direction 
(Fig.  7) demonstrate that the collector entrains water from its lateral 
sides, which subsequently contributes to the flow underneath the col-
lector. Positive 𝑦-velocity values correspond to incoming lateral flow, 
whereas negative values indicate sideways spillage. The results show 
that while both the single-jet and double-jet configurations entrain lat-
eral water, the double-jet collector exhibits stronger sideways spillage 
compared to the single-jet case. This lateral spillage reduces the net 
inflow and indicates that a portion of the supplied water is spilled 
sideways rather than being directed into the collection duct. Similar to 
Sim. 6, the 𝑦-component velocity profiles consistently indicate sideways 
spillage in cases Sim. 6 to Sim. 12.

Further, the downstream velocity profiles for 𝑉mj = 5.8 m∕s (Fig. 
8) show that no incoming flow is observed from the downstream 
direction for either the single-jet or double-jet collector. In both config-
urations, the flow is consistently running backward, indicating that the 
downstream region only experiences spillage and no entrainment. This 
behavior confirms that no water entrainment occurs in the downstream 
direction. This is consistently observed across all simulations performed 
in this study.

Fig.  9 presents the static pressure contours for different main 
jet velocities (𝑉 ) in both single-jet (Figs.  9(a)–9(c)) and double-jet 
mj
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Fig. 6. Velocity profiles in the 𝑥-direction at the upstream section for the 
single-jet collector (Sim. 3) and the double-jet collector (Sim. 6). In the single-
jet case, entrained water originates mainly from the lower bed upstream of 
the collector, while in the double-jet case no upstream inflow is observed. 
Positive 𝑥-velocity values denote incoming flow contributing to the system, 
whereas negative values indicate upstream spillage.

Fig. 7. Lateral velocity profiles in 𝑦-direction illustrating sideways entrain-
ment and spillage for the single-jet collector (Sim. 3) and the double-jet 
collector (Sim. 6). Positive 𝑦-velocity values represent incoming ambient flow 
contributing beneath the collector, while negative values indicate sideways 
spillage away from the system. The results show that although both configu-
rations entrain lateral flow, the double-jet collector exhibits stronger sideways 
spillage compared to the single-jet case.

(Figs.  9(d)–9(f)) configurations. In the single-jet configuration, under-

pressure zone is observed at the main jet duct exit and near the upper 
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Fig. 8. Downstream velocity profiles for the single-jet (Sim. 3) and double-jet 
(Sim. 6) collectors at 𝑉mj = 5.8 m∕s. No incoming flow is observed from the 
downstream direction in either configuration.

curved surface of the collector (Figs.  9(a)–9(c)). However, the pressure 
at the rigid bed beneath the collector remains relatively higher in 
comparison to the pressure along the collector’s upper curved plate. 
This pressure difference between the upper surface of the collector 
and the rigid bed establishes a vertical pressure gradient, which pro-
motes the entrainment of ambient water into the collection duct. 
The effect becomes more pronounced with higher main jet velocity 
(Fig.  9(c)). Similar results of under pressures can be observed in the 
case of a double-jet collector, where the secondary jet duct has a 
zero velocity (Figs.  9(d)–9(f)). However, the magnitude of the under 
pressure is lower in the double-jet case compared to the single-jet 
configuration, resulting in a weaker suction effect and reduced ambient 
water entrainment in the double-jet collector. These observations are 
further supported by the variation of pressure drops (with respect to 
the ambient pressures) right under the collector along the 𝑦-axis for 
different 𝑉mj in both single-jet and double-jet configurations, shown 
in Fig.  30 in the Appendix. All reported results in the present study, 
are time-averaged and correspond to quasi-steady-state flow conditions 
obtained after the numerical solution is fully converged. In the three-
dimensional numerical simulations, flow variables such as velocity 
and pressure were continuously monitored and the convergence was 
confirmed.

Fig.  10 presents the velocity contours for varying main jet veloc-
ities (𝑉mj) in both single-jet (Figs.  10(a)–10(c)) and double-jet (Figs. 
10(d)–10(f)) configurations. In a single-jet collector, the increase in 
the main jet velocity (3-5.58 m/s) leads to improved adherence of the 
flow to the upper curved plate of the collector. The term ‘improved 
adherence’ refers to the ability of the jet to remain attached to the upper 
curved plate over a longer arc length, with a delayed separation point. 
This interpretation is consistent with available literature (Kim et al., 
2018), which shows that increased jet momentum enhances near-wall 
pressure gradients and shifts the detachment point downstream.

This adherence increases the velocity magnitude underneath the 
collector and results in a higher 𝑄c in the collection duct, as evident 
in Fig.  10(c). A similar trend is observed in the double-jet (𝑉sj = 0 m/s) 
configuration, where a higher 𝑄c is achieved for the case of 𝑉𝑚𝑗 =
5.8 m∕s (Fig.  10(f)). This occurs mainly due to the increased water 
entrainment and suction effect generated by the high-speed jets. It can 
also be observed that the increase in the main jet velocity leads to an 
increase in spillage flow rates 𝑄us and 𝑄ds. This is because a larger 
main jet flow velocity induces a greater pressure drop beneath the 
collector, increasing the suction effect and drawing more surrounding 
water. However, in the case of the double-jet collector with 𝑉  = 3 m/s, 
mj
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the sideways spillage is evident (Table  1, Sim.# 4). This is mainly due 
to the smaller main jet velocity, which fails to generate a pressure drop 
comparable to that of Sim. #1. As a result, the jet diffuses laterally, 
resulting in sideways spillage and lower 𝑄c.

Fig.  11 presents a close-up of the velocity vector fields for different 
main jet velocities (𝑉mj) in single-jet (Figs.  11(a)–11(c)) and double-
jet (Figs.  11(d)–11(f)) configurations. It can be observed that the flow 
behavior does not change significantly. However, the magnitude of 
velocity increases in the upstream, downstream, and the collection duct 
in both single-jet and double-jet collectors. The double-jet collector 
exhibits a lower velocity magnitude in the flow field compared to the 
single-jet collector, primarily due to the presence of the zero-velocity 
secondary jet duct towards which the recirculated water flow. These 
observations are further supported by the streamline plots presented in 
Fig.  34 in the Appendix.

Fig.  12 shows the velocity profiles underneath the collector for both 
single-jet (dashed lines) and double-jet (solid lines) configurations. In 
the near-bottom region (ℎ = 0–20 mm), small negative x-velocity com-
ponents are observed due to flow recirculation in both configurations. 
The velocity is zero at mid-height and peaks at ℎ = 35 mm, and then 
decreases to zero at ℎ = 40 mm owing to the solid boundary. As 𝑉mj
increases, the flow velocities under the collector rise significantly due 
to the larger backflow, reflecting stronger recirculation. This trend is 
consistent across both configurations, with higher 𝑉mj producing more 
pronounced recirculation zones beneath the collector.

Fig.  13 presents the effect of 𝑄mj on the flow rates in and around the 
collector (i.e., 𝑄c, 𝑄us, 𝑄ds, 𝑄aw, and 𝑄ss). As shown in Fig.  13(a), 𝑄c
increases with 𝑄mj in both configurations due to the enhanced Coandă 
effect (Alhaddad et al., 2023). The double-jet configuration exhibits 
slightly lower values, mainly because the secondary jet duct is inactive 
(zero velocity), which induces fluid movement into it due to backflow 
when the water separates from the upper curved surface. Fig.  13(b) 
shows that the single-jet collector has more upstream spillage compared 
to the double-jet configuration, because the absence of a secondary jet 
slot reduces flow confinement and allows more ambient water to escape 
upstream. Higher 𝑄us values are observed for larger main jet velocity in 
both configurations. Similarly, the increase in 𝑄mj leads to higher 𝑄ds
(Fig.  13(c)). It can be observed that the flow from the sides contributes 
to the system in the single-jet collector due to the larger pressure 
difference. A similar contribution from the side flows is observed in 
the double-jet configuration for 𝑄mj = 3 and 4.4 m/s. At a higher main 
jet velocity (𝑄mj = 5.8 m/s) in the double-jet configuration, sideways 
spillage becomes significant. Using the continuity equation (Eq.  (1)), 
the net ambient water entrainment 𝑄𝑎𝑠 is computed for varying 𝑄mj, 
shown in Fig.  13(d). It can be observed that the rise in 𝑄mj leads to an 
increase in 𝑄aw.

3.2. Effect of secondary jet velocity

The secondary jet velocity (𝑉sj) was systematically varied to 0, 0.48, 
and 0.96 m/s, while the main jet velocity (𝑉mj) was fixed at 5.8 m/s. 
The radius of curvature of the collector’s upper plate (𝑅 = 125 mm) and 
the bottom clearance (𝐶 = 7.5 mm) were also kept constant.

Fig.  14 presents the static pressure contours for varying secondary 
jet velocities (𝑉sj) in a double-jet configuration. When 𝑉sj = 0 m/s, a 
larger under-pressure region develops near the main jet attachment 
zone, producing strong suction and enhanced entrainment from the 
ambient flow. As the secondary jet velocity increases (𝑉sj = 0.48 m/s), 
this under-pressure region gradually decreases and spreads more uni-
formly along the underside of the collector. At the highest secondary jet 
velocity 𝑉sj = 0.96 m/s), the contours indicate a significant reduction in 
the magnitude of under pressure, resulting in lesser net ambient water 
entrainment (Table  1, Sim. # 8), which is consistent with the findings 
of Alhaddad et al. (2024). These observations are further supported by 
the variation of the pressure drop just under the collector’s plate for 
double-jet configurations, shown in Fig.  31 in the Appendix.
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Fig. 9. Effect of main jet velocity (𝑉mj) on static pressure contours for single and double-jet configurations. In the single-jet cases, strong pressure gradients form 
between the collector’s upper surface and the rigid bed, enhancing ambient water entrainment with increasing 𝑉mj. The double-jet configuration shows a similar 
trend but with weaker pressure gradients, leading to reduced suction and entrainment.

Fig. 10. Effect of main jet velocity (𝑉mj) on velocity contours for single and double-jet configurations. In both the collector, higher (𝑉mj) improves flow adherence 
to the upper curved plate, enhances suction, and increases collection duct flow rate (𝑄c) through stronger entrainment. However, lower (𝑉mj) in the double-jet 
collector causes lateral sideways spillage, reducing 𝑄c.
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Fig. 11. Effect of main jet velocity (𝑉mj) on velocity vector under single and double-jet configurations. The overall flow pattern remains similar; increasing 𝑉mj
enhances velocity magnitudes upstream, downstream, and within the collection duct. The double-jet collector shows lower velocities due to the zero velocity in 
the secondary jet duct, which recirculates part of the flow back into the secondary duct.
Fig. 12. Time-averaged velocity profiles beneath the collector for single-jet 
(dashed) and double-jet (solid) configurations. X-component of velocities are 
small and negative near the bed due to recirculation, increase sharply with 
height, and slightly decrease near the collector upper plate. Higher 𝑉mj leads 
to larger velocity magnitudes, broader profiles, and stronger recirculation, with 
double-jet cases consistently producing higher velocities.

Fig.  15 presents the velocity contours for varying secondary jet 
velocities (𝑉sj) in a double-jet configuration (Figs.  15(a)–15(c)). It can 
be seen that the introduction of a secondary jet significantly alters 
the velocity field and increases the velocity magnitude underneath the 
collector, resulting in higher volumetric flow rates inside the collection 
duct 𝑄c, upstream spillage 𝑄us, and downstream spillage 𝑄ds. This is 
mainly due to the interaction of the main jet flow with the secondary jet 
flow. At the same time, the secondary jet partly suppresses backflow be-
neath the collector by weakening recirculating vortices and maintaining 
flow attachment.
9 
Fig.  16 presents a close-up of the velocity vector fields for varying 
secondary jet velocities (𝑉sj) in double-jet configurations. When 𝑉sj is 
0 m/s (Fig.  16(a)) and 0.48 m/s (Fig.  16(b)), a noticeable recirculation 
zone forms underneath the collector. This occurs because the jet mo-
mentum is not strong enough to direct the incoming flow fully into the 
collection duct, allowing reverse flow and vortices to develop below 
the collector. However, when the secondary jet velocity is increased to 
0.96 m/s (Fig.  16(c)), this recirculation zone disappears. The stronger 
jet provides sufficient momentum to overcome flow separation and 
guides most of the water directly into the collection duct. As a result, 
the flow beneath the collector becomes streamlined, leading to higher 
𝑄c in collection for secondary jet velocity of 0.96 m/s (Table  1, Sim. 
# 8). These observations are further supported by the streamline plots 
presented in Fig.  35 in the Appendix.

Fig.  17 presents the time-averaged velocity profiles underneath 
the collector for different secondary jet velocities in the double-jet 
configuration. When 𝑉𝑠𝑗 = 0, a strong recirculation zone develops near 
the bed, resulting in negative velocities in the 𝑥 - direction close to 
the seabed. Introducing the secondary jet alters the flow field pattern: 
at 𝑉𝑠𝑗 = 0.48 m∕s, the flow reversal weakens but still exhibits a 
negative 𝑥-velocity component near the bed. At the higher velocity 
(𝑉𝑠𝑗 = 0.96 m∕s), the near-bed flow direction shifts to a positive 𝑥-
velocity component, which helps to suppress strong flow reversal and 
recirculation close to the seabed. In the upper region of the velocity pro-
file, all cases converge to similar values, suggesting that the influence 
of the secondary jet is mainly limited to the near-bed region. It is also 
observed that at lower secondary jet velocities (𝑉𝑠𝑗 = 0 and 0.48 m∕s), 
negative velocities occur near the bed due to strong recirculation zones 
generated beneath the collector.

Fig.  18 presents the effect of 𝑄sj on the flow rates in and around 
the collector head. The increase in 𝑄sj causes a linear increase in the 
𝑄c values, which is mainly due to the presence of a stronger secondary 
jet that develops a larger pressure drop underneath the collector and 
pushes more water into the collection duct. However, a significant 
decrease can be observed in 𝑄us, while 𝑄ds values remain almost 
constant with respect to 𝑄sj. The sideways spillage increases with an 
increase in 𝑄𝑠𝑗 , which leads to an increase in net water entrainment. 
This means that the secondary jet helps to draw more water into the 
collection duct. However, it causes more sideways spillage.
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Fig. 13. Effect of 𝑄mj on the flow rates in and around the collector head for single and double-jet collector. Increasing 𝑄mj enhances the Coandă effect, leading 
to higher 𝑄c, 𝑄us, and 𝑄ds, with the double-jet collector showing slightly lower 𝑄c due to backflow into the inactive secondary slot. The sideways flows (𝑄ss) 
contribute to the system, except for noticeable spillage at 𝑄mj = 5.8 m/s in the double-jet configuration. The net ambient water entrainment (𝑄aw) also becomes 
larger with an increase in 𝑄mj in the single-jet collector.

Fig. 14. Static pressure contours for varying secondary jet velocities (𝑉sj) in the double-jet configuration. The increase in 𝑉sj leads to a decrease in maximum 
pressure drop compared to the zero-velocity case, thereby reducing the net ambient water entrainment.

Fig. 15. Velocity contours for varying secondary jet velocities (𝑉sj) in the double-jet configuration. Increasing 𝑉sj strengthens the velocity field beneath the 
collector, resulting in higher 𝑄c, 𝑄us, and 𝑄ds. The interaction of the main and secondary jets reduces ambient water entrainment and spillage while suppressing 
backflow by weakening recirculation zones and maintaining flow attachment.
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Fig. 16. Velocity vector fields for varying secondary jet velocities (𝑉sj) in the double-jet configuration. At low 𝑉sj (0 – 0.48 m/s), the recirculation zone forms 
beneath the collector due to insufficient jet momentum, allowing reverse flow and vortices to develop. Increasing 𝑉sj to 0.96 m/s eliminates this recirculation, 
streamlines the flow into the collection duct, and increases 𝑄c.
Fig. 17. Time-averaged 𝑥-component of velocity underneath the collector for 
different secondary jet velocities (𝑉𝑠𝑗 = 0, 0.48, and 0.96 m∕s). Increasing 
𝑉sj modifies the velocity distribution by reducing near-bed velocities, thereby 
suppressing recirculation, while enhancing momentum transfer in the mid-
region. At higher 𝑉sj, the profiles converge in the upper region, indicating 
that the influence of the secondary jet is mainly confined to the near-bed and 
mid-depth regions.

3.3. Effect of radius of curvature (R)

The radius of curvature 𝑅 was systematically varied to 100, 125, 
and 150 mm. The main jet velocity (𝑉mj), secondary jet velocity (𝑉sj), 
and bottom clearance were kept constant at 5.8 m/s, 0.96 m/s, and 
7.5 mm, respectively.

Fig.  19 presents the pressure contours for varying radius of cur-
vature (𝑅) in the double-jet configuration. It can be observed that 
the pressure gradient becomes smaller underneath the collector as the 
radius of curvature (𝑅) increases (Figs.  19(a)–19(c)). This leads to 
a weaker flow attachment along the curved surface, which leads to 
reduced suction and lesser net ambient water entrainment (Fig.  19(a)). 
These observations are further supported by the variation of the pres-
sure drop just under the collector’s plate for double-jet configurations, 
shown in Fig.  32 in Appendix.

Fig.  20 presents the velocity contours for varying radius of curva-
ture (𝑅) in the double-jet configuration. As the radius of curvature 
increases, the high-velocity jet remains more closely attached to the 
curved surface of the upper plate due to a stronger Coandă effect. This 
promotes a more directed and smoother movement of flow towards 
the collection duct (Fig.  20(c)). However, at smaller values of 𝑅 equal 
11 
Fig. 18. Effect of 𝑄sj on the flow rates in and around the collector head. 
Increasing 𝑄sj produces a nearly linear rise in 𝑄c, due to larger maximum 
pressure drop beneath the collector, while 𝑄us shows a significant decrease 
with larger values of 𝑄sj. A higher 𝑄sj also causes more sideways spillage (𝑄ss). 
However, a decrease in net water entrainment 𝑄aw is observed with increase 
in 𝑄sj.

to 100 mm (Fig.  20(a)) and 125 mm (Fig.  20(b)), the jet detaches 
earlier from the curved surface, leading to a broader spreading of the 
jet and the formation of a recirculation zone underneath the collector, 
which results in higher sideways spillage of the collector. Similarly, the 
velocity vector diagrams (Fig.  21) show the adherence and recirculation 
zones underneath the collector. A large recirculation zone extended up 
to the collection duct entrance can be observed for 𝑅 equal 100 mm 
(Fig.  21(a)). However, for larger values of 𝑅, the recirculation zone 
underneath the collector is partially suppressed (Fig.  21(c)). These 
findings are further confirmed by streamline plots presented in Fig.  36 
of Appendix.

Fig.  22 shows the time-averaged 𝑥-component of velocity under-
neath the collector for different radii of curvature (𝑅 = 100, 125, and 
150 mm). For the smaller radius (𝑅 = 100 mm and 𝑅 = 125), the 𝑥-
component of velocity shows negative values near the bed, indicating 
stronger recirculation of flow (𝑅 = 100). However, as the radius of 
curvature increases to 150 mm, the near-bed velocity becomes positive 
and smoother, meaning reduced recirculation and more stable flow 
conditions.

Fig.  23 presents the effect of the radius of curvature of the upper 
plate of the collector on the flow rates in and around the collector 
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Fig. 19. Static pressure contours for varying radius of curvature (𝑅) in the double-jet configuration. Increasing 𝑅 strengthens the Coandă attachment of the jet 
along the upper plate, producing a more distinct under-pressure region beneath the collector. This enhances suction and ambient water entrainment, with the 
largest effect observed at 𝑅 = 150 mm.

Fig. 20. Velocity contours for varying radius of curvature (𝑅) of the upper plate in the double-jet configuration. Larger 𝑅 values strengthen the Coandă effect, 
keeping the jet attached to the curved surface and directing flow smoothly into the collection duct. At smaller 𝑅 (100–125 mm), early jet detachment causes 
broader spreading and recirculation beneath the collector, leading to increased sideways spillage.

Fig. 21. Velocity vector fields for varying radius of curvature (𝑅) in the double-jet configuration. Increasing 𝑅 improves Coandă attachment, keeping the jet 
aligned with the curved surface and smoothly directing flow into the collection duct. At a smaller 𝑅 = 100 mm, early jet detachment induces strong recirculation 
and lateral spreading beneath the collector.
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Fig. 22. Time-averaged 𝑥-component of velocity underneath the collector for 
different radius of curvature (𝑅 = 100, 125, and 150 mm). Increasing the radius 
of curvature reduces near-bed velocities and recirculation while promoting 
smoother momentum transfer in the mid-region. All profiles converge in the 
upper region, indicating that the effect is mainly confined to the near-bed and 
mid-depth zones.

Fig. 23. Effect of radius of curvature (𝑅) of the collector’s upper plate on 
the flow rates in and around the collector head. The flow rate 𝑄c and 𝑄us in 
the collection duct remains nearly constant for all values of 𝑅. Downstream 
spillage (𝑄ds) increases with 𝑅. A gradual increase in sideways spillage is 
also observed with larger 𝑅, as the jet diffuses more widely along the curved 
surface and a greater portion of the entrained flow escapes laterally rather than 
entering the collection duct. Therefore, a mild net ambient water entrainment 
is observed with an increase in radius of curvature 𝑅.

head. The volumetric flow rate 𝑄c is almost constant for each radius 
of curvature (𝑅). As the radius of curvature 𝑅 increases, the upstream 
spillage 𝑄us remains nearly constant up to 125 mm but shows a 
slight decrease at 125 mm, likely due to stronger flow recirculation 
causing more upstream flow reversal. The downstream spillage 𝑄ds, 
increases with 𝑅. Further, the radius of curvature does not significantly 
influence 𝑄aw, since the sideways spillage is larger under the applied 
jet velocity conditions. Further, a gentle increase in sideways spillage 
can be observed with an increase in 𝑅, similar to results observed in Jia 
et al. (2024).
13 
3.4. Effect of bottom clearance (C)

The bottom clearance (C) was systematically varied to 7.5, 13, and 
18 mm, while the main jet velocity (𝑉mj) and secondary jet velocity (𝑉sj) 
were kept constant at 5.8 m/s and 0.96 m/s, respectively. The radius 
of curvature (𝑅) was also kept constant at 125 mm.

Fig.  24 presents the static pressure contours for varying bottom 
clearance (𝐶) in double-jet configuration. At a smaller bottom clearance 
of 7.5 mm (Fig.  24(a)) and 13 mm (Fig.  24(b)), a relatively smaller 
under-pressure zone develops beneath the collector. In contrast, at a 
larger bottom clearance of 18 mm (Fig.  24(c)), a wider and larger 
under-pressure region is observed. As shown in the pressure-drop dia-
gram along the 𝑦-axis underneath the collector, from bed to upper plate 
of the collector (Fig.  33), a smaller bottom clearance produces a smaller 
pressure drop, signifying a weaker suction effect.

Fig.  25 shows the velocity contours for different bottom clearances 
(𝐶) in the double-jet configuration. At the smallest clearance of 7.5 mm, 
the jet velocity near the curved plate is relatively weak, resulting in 
lower suction beneath the collector and limited entrainment of ambient 
water. When the clearance is increased to 13 mm, the velocity core 
strengthens, leading to greater suction and enhanced inflow of ambient 
water. At the largest clearance of 18 mm, the velocity distribution 
further intensifies, allowing maximum net ambient water entrainment 
(Fig.  25(c)). Similarly, the close-up of the velocity vectors (Fig.  26 
shows the recirculation zones and flow reversal beneath the collector 
for varying bottom clearance. The larger recirculation zone is evident 
in the case of bottom clearance equal to 7.5 mm (Fig.  26(a)). How-
ever, as the bottom clearance 𝐶 increases to 13 mm (Fig.  26(b)) and 
18 mm (Fig.  26(c)), a noticeable recirculation zone forms just outside 
the secondary jet opening. This recirculating flow helps guide more 
surrounding water towards the suction region of the collector. These 
findings are further confirmed by the streamline plots presented in Fig. 
37 in Appendix.

In Fig.  27, time-averaged velocity profiles beneath the collector are 
shown for varying bottom clearances (𝐶). For the smallest clearance 
of 7.5 mm, the x-component of velocity remains positive near the bed, 
primarily due to better flow adherence to the Tabled plate and the for-
mation of a stable flow beneath the collector. As the bottom clearance 
(𝐶) increases to 13 and 18 mm, the larger gap allows more space for 
flow development and entrainment, as well as stronger jet acceleration 
along the bed. This results in flow recirculation beneath the collector, 
producing negative velocities near the bed before recovering to positive 
values and reaching a peak velocity.

Fig.  28 presents the effect of bottom clearance on the flow rates 
in and around the collector head. It can be observed that the flow 
rate in the collection duct 𝑄c remains constant across different bottom 
clearance (𝐶) values. The increase in bottom clearance leads to a rapid 
decrease in upstream spillage 𝑄us, which is due to smaller backflow and 
larger opening to the flow upstream of the collector. Further, a gentle 
increase in the downstream spillage 𝑄ds is observed with an increase 
in bottom clearance. Further, it can be seen that the increase in bottom 
clearance (𝐶) significantly enhances the ambient water entrainment 
𝑄aw due to the larger volumetric space available for water to be drawn 
in from underneath the collector, which is consistent with the findings 
of Alhaddad et al. (2024).

3.5. Effect of froude number 𝐹𝑟

The Froude number (𝐹𝑟) plays an important role in governing the 
hydrodynamic behavior of jet-induced flows. Since the collector has 
two water jets, the Froude number used here is defined as: 

𝐹𝑟 = 𝑈
√

𝑔ℎ
(2)

where 𝑈 is the layer-average velocity at the center beneath the collec-
tor, 𝑔 is the acceleration due to gravity, and ℎ is the vertical distance 
from the rigid bed to the upper plate of the collector.
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Fig. 24. Pressure contours for varying bottom clearance (𝐶) in the double-jet configuration. At smaller clearances (7.5 mm and 13 mm), a relatively small and 
lower-pressure zone forms beneath the collector. Increasing the clearance to 18 mm produces a broader and larger under-pressure region, which increases ambient 
water entrainment.
Fig. 25. Velocity contours for varying bottom clearance (𝐶) in the double-jet configuration. At smaller clearance, the jet velocity is weaker, resulting in lower 
suction and limited entrainment. Increasing clearance strengthens the velocity core, enhances suction, and allows greater ambient-water entrainment.
Fig. 26. Velocity vector fields for varying bottom clearance (𝐶) in the double-jet configuration. At a small clearance of 7.5 mm, strong downward jets interact 
with the rigid bed, producing pronounced recirculation zones and flow reversal beneath the collector, causing sideways deflection and less efficient suction. 
Increasing 𝐶 to 13 mm and 18 mm reduces jet-bed interaction, resulting in smoother and more streamlined flow paths. At 18 mm, a recirculation zone forms 
just outside the secondary jet opening, guiding more surrounding water towards the suction region and enhancing ambient water entrainment.
14 
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Fig. 27. Time-averaged 𝑥-component of velocity beneath the collector for 
different bottom clearances (𝐶 = 7.5, 13, and 18 mm). A smaller clearance 
promotes stable flow with positive near-bed velocity, while larger clearances 
allow greater flow entrainment and jet acceleration, leading to recirculation 
and negative velocities near the bed before attaining similar peak values.

Fig. 28. Effect of bottom clearance (𝐶) on the flow rates in and around the 
collector head for a double-jet collector. The flow rate 𝑄c in the collection duct 
remains nearly constant for all bottom clearances. Increasing the 𝐶 leads to 
smaller upstream spillage 𝑄us, and a gradual increase in downstream spillage 
(𝑄ds). At the same time, sideways spillage (𝑄ss) also gradually increases with 
increased 𝐶. However, a rapid change in the (𝑄aw) is observed due to the 
larger space beneath the collector.

Fig.  29 presents the effect of Froude number 𝐹𝑟 on the flow rates 
in and around the collector head. It can be observed that increasing 
𝑄mj leads to higher Froude number 𝐹𝑟 in both configurations due 
to the increased flow velocities under the collector (Alhaddad et al., 
2023). The results show that the upstream spillage (𝑄us) is higher in the 
single-jet configuration than in the double-jet case. This occurs because 
the presence of two jet ducts generates stronger suction beneath the 
collector. Furthermore, in the case of a single jet, larger backflow is 
observed, creating a stronger recirculation zone underneath the collec-
tor and leading to larger upstream spillage. A milder rise in the 𝑄ds
values is observed with an increase in 𝐹𝑟 for both the configurations. 
This suggests that the majority of entrained flow follows the collector 
surface, limiting the downward spillage 𝑄 ; a higher 𝐹𝑟 amplifies the
ds
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Coandă effect. In the single-jet configuration, the 𝑄ss are observed to 
be smaller for all 𝐹𝑟 values, since almost all of the entrained flow 
is directed into the collector. However, the double-jet configuration 
exhibits a mild increase in 𝑄ss with an increase in 𝐹𝑟, indicating that 
part of the entrained water is diverted laterally due to recirculation 
induced by the secondary duct. Therefore, a larger 𝑄aw can be observed 
in the case of single-jet collectors compared to double-jet collectors for 
all values of 𝐹𝑟.

4. Conclusions

This study investigated the flow behavior in a Coandă effect -based 
collector under different operational and geometric parameters. The 
results show that the main jet adheres to the curved upper plate due 
to the Coandă effect, generating an under-pressure zone that entrains 
ambient water into the collection duct. As the jet moves along the sur-
face, flow separation from the curved upper plate and flow recirculation 
may occur, leading to upstream, downstream and sideways spillage. In 
a single-jet collector, the increase in main jet velocity enhances the flow 
attachment and the developed pressure gradient, resulting in higher 
ambient water entrainment.

In the case of a double-jet collector, when a secondary jet duct is 
present but inactive (i.e., zero velocity), the backflow diverts ambient 
water towards the inactive jet duct, causing more spillage, particularly 
at lower main jet velocities (3 m/s). At higher main jet velocities 
(4.4 – 5.8 m/s), even with the secondary jet inactive, larger pressure 
differences develop, allowing greater ambient water entrainment. This 
increases the flow rate in the collection duct and also promotes the 
spillage upstream, downstream and sideways. Further, the introduction 
of a secondary jet to the collector enhances suction and helps to main-
tain flow adherence to the curved surface, increasing the collection duct 
flow rate (𝑄c). However, higher secondary jet velocities also promote 
significant sideways spillage.

The increase in radius of curvature (100 - 150 mm) of the collector 
has minimal effect on the volumetric flow rate in the collection duct 
𝑄c. However, at a higher radius of curvature (R =  150 mm), the 
smoother upper plate profile leads to lesser sideways spillage. Similarly, 
an increase in the bottom clearance (7.5 - 18 mm) does not affect the 
flow rate inside the collection duct. The increase in bottom clearance 
increases the net ambient water entrainment. However, at a larger 
bottom clearance, more surrounding water enters beneath the collector. 
As the collection duct is unable to carry flow beyond its capacity, this 
excess flow results in increased spillage around the collector.

Finally, the effect of the Froude number (𝐹𝑟) on the flow behavior 
around the collector is also investigated. It is observed that an increase 
in 𝐹𝑟 enhances the Coandă effect, drawing more surrounding water into 
the system and resulting in a higher flow rate in the collection duct. In 
the single-jet collector, ambient water entrainment is higher compared 
to the double-jet collector, primarily due to the larger upstream flow 
area available for inflow and the reduced upstream outflow from the 
collector.

5. Limitations and future scope

In this section, selected limitations of the present study are discussed 
to help identify directions for future research.

The numerical simulations in this study employ a Reynolds-averaged
Navier–Stokes (RANS) formulation with the 𝑘–𝜔 SST turbulence model. 
While this approach is computationally efficient and widely used, it 
limits the ability to fully resolve fine-scale boundary-layer structures, 
particularly in regions of strong shear (Menter, 1994; Wilcox et al., 
1998). As a result, predictions of near-wall velocities, turbulence-
induced mixing, and jet attachment may be affected, all of which 
are critical for accurately estimating water entrainment and sediment 
transport. Higher-fidelity turbulence modeling approaches, such as 
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Fig. 29. Effect of Froude number (𝐹𝑟) on the flow rates in and around the collector head for single and double-jet collector. The increase in 𝐹𝑟 leads to larger 
𝑄c and 𝑄us, with upstream spillage being higher in the single-jet configuration due to smaller recirculation of flow. The downstream spillage (𝑄ds) shows a mild 
increase as most flow stays attached to the collector. The sideways spillage also increases with the rise in 𝐹𝑟, that results in rapid increase in ambient water 
entrainment (𝑄aw) in single-jet configuration.
large-eddy simulation (LES) or hybrid RANS–LES methods, could pro-
vide improved resolution of near-wall and recirculation dynamics and 
represent an important direction for future work.

In addition, the seabed is represented as a rigid bed with a no-slip 
boundary condition to simplify the numerical setup and enable compar-
ison with previous experimental studies. Although this assumption cap-
tures the primary flow features and ambient-water entrainment around 
the Coandă-effect-based collector, it does not fully reflect realistic 
deep-sea conditions, where the seabed may deform or erode. Bed defor-
mation or erosion could alter near-bed velocities, modify recirculation 
zones, and increase sediment suspension. Moreover, sediment-laden 
flow may influence turbulence characteristics, jet attachment, and en-
trainment efficiency. In the present simulations, no two-way coupling 
between sediment transport and the flow is considered. These effects 
could change the relative amounts of water entering the collection 
duct versus spilling around the collector. Future studies incorporating 
deformable or erodible seabeds and coupled sediment-transport models 
are therefore required to improve predictive capability and better assess 
environmental impacts.

With respect to the generation of deep-sea sediment plumes, it 
should be noted that this process cannot be explained solely by the 
amount of entrained water. As reported by Alhaddad et al. (2024), two 
primary sources contribute to plume formation: (i) the sediment–water 
mixture discharged at the rear of the collector through the discharge 
duct, and (ii) sediment–water spillage behind the collector head. Both 
sources generate turbidity currents that eventually interact downstream 
of the collector. In this context, water entrainment plays an important 
role by contributing to the flow rate through the collection duct. During 
operation, the discharged fluid is a sediment–water mixture, and its 
flow rate is a key parameter in numerical models used to predict 
plume extent. Furthermore, increased entrained-water flow rates result 
in higher near-bed velocities, enhancing the erosive capacity of the 
flow and promoting sediment disturbance. Although sediment transport 
and plume development are not explicitly modeled in this study, the 
16 
quantified water entrainment provides essential hydrodynamic input 
for future coupled sediment–plume modeling efforts.

Finally, the simulations presented in this study consider stationary 
collectors, whereas collectors will be in motion during real mining op-
erations. The forward speed of the collector can significantly influence 
the flow dynamics around the collector, including water entrainment 
and near-bed flow characteristics (Alhaddad et al., 2023). Accounting 
for collector motion therefore represents another important direction 
for future modeling studies.
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Appendix. Additional numerical results

The appendix presents additional numerical results that comple-
ment and extend the findings discussed in the main text. These results 
provide further insights into the influence of main jet velocity, sec-
ondary jet velocity, radius of curvature, and bottom clearance on the 
flow behavior and pressure distribution beneath the collector. The 
supplementary figures illustrate detailed variations in pressure drop, 
streamline patterns, and velocity fields, across different configurations.

Fig. 30. Variation of pressure drop, with respect to the ambient pressure, right 
underneath the collector along the 𝑦-axis for different 𝑉mj in both single-jet and 
double-jet configurations. For all cases, an increase in 𝑉mj results in a higher 
pressure drop, indicating stronger suction beneath the collector. The double-jet 
configuration consistently produces a smaller pressure drop compared to the 
single-jet case at the same jet velocity, reflecting reduced suction and weaker 
ambient water entrainment.

Fig. 31. Variation of maximum pressure drop underneath the collector along 
the 𝑦-axis for different 𝑉sj in double-jet configurations. The increase in 𝑉sj
results in a lower pressure drop, indicating lesser suction and weaker ambient 
water entrainment beneath the collector.
17 
Fig. 32. Variation of pressure drop, with respect to the ambient pressure, 
right underneath the collector along the 𝑦-axis for different radius of curvature 
𝑅 of the collector. A smaller radius of curvature (𝑅 = 100 mm) produces a 
stronger suction beneath the collector due to enhanced jet attachment. With 
increasing radius of curvature of collector, the pressure drop reduces and 
becomes more uniform, indicating weaker suction and reduced net ambient 
water entrainment beneath the collector.

Fig. 33. Variation of pressure drop, with respect to the ambient pressure, 
right underneath the collector along the 𝑦-axis for different bottom clearances 
(7.5 mm, 13 mm, and 18 mm). The results indicate that smaller clearances 
(7.5 mm) produce a lower pressure difference, reflecting smaller suction 
beneath the collector. Increasing the clearance increases the pressure gradient, 
leading to a larger suction effect but larger ambient-water entrainment.
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Fig. 34. Effect of main jet velocity (𝑉mj) on flow behavior under single and double-jet configurations. At higher 𝑉mj, the jet forms a larger high-velocity zone, 
stronger turbulent mixing, and a larger recirculation region beneath the collector, enhancing ambient water entrainment and increasing 𝑄us and 𝑄ds. However, 
a lower 𝑉mj produces a narrower jet core with weaker turbulent mixing and reduced ambient water entrainment.

Fig. 35. Streamline plots for varying secondary jet velocities (𝑉sj) in the double-jet configuration. At low 𝑉sj (0–0.48 m/s), a recirculation zone develops beneath 
the collector, reflecting weak secondary jet influence. Increasing 𝑉sj to 0.96 m/s aligns the streamlines towards the collection duct, enhancing entrainment, 
suppressing backflow, and increasing 𝑄c.

Fig. 36. Streamline plots showing flow behavior in the double-jet configuration for varying radius of curvature (𝑅). At smaller 𝑅 = 100 mm, the jet adheres 
sharply to the curved surface, producing a confined trajectory, while larger 𝑅 = 150 mm yields smoother attachment, stronger suction, reduced sideways spillage, 
and greater flow directed into the collection duct. The larger radius also generates stronger downstream wakes, which may enhance plume dispersion, although 
centerline velocity beneath the collector remains nearly unchanged, indicating that 𝑄c is largely unaffected.

Fig. 37. Streamline plots showing flow behavior in the double-jet configuration for varying bottom clearance (𝐶). At a small clearance of 7.5 mm, the jets strongly 
interact with the rigid bed, creating pronounced recirculation zones, flow reversal, and sideways spillage. Higher clearance (𝐶= 18 mm) generates additional 
recirculation near the secondary jet, enhancing ambient water entrainment, while stronger downstream wakes contribute to increased plume dispersion.

Applied Ocean Research 170 (2026) 105032 
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