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Abstract: The European eel (Anguilla anguilla) is distributed from the North Cape in Norway, southwards along the coast of 

Scandinavia and the Baltic states throughout Atlantic Europe and all the coasts of the Mediterranean including North and West 

African Coast. It can be found in a wide variety of freshwater and estuarine habitats. In the past three decades, a dramatic 

decline in the number of eels reaching European river systems has been recorded. European eel is listed as "critically 

endangered" under the IUCN red list of the threatened species. Hydraulic structures across rivers (e.g. low-head weirs) and 

other in-river anthropogenic barriers (e.g., pumping stations, hydropower facilities) impede downstream migration of European 

eels. The identification of hazardous regions in technical facilities and their assessment in an early design phase is necessary to 

achieve safe migration. Computational fluid dynamics (CFD) provide a great variety of approaches to simulate fluid flows and 

allow for the implementation of fish and eel surrogate models without the need of doing live fish tests. Various numerical 

approaches with varying modelling complexities for tracking European eel motion including streamlines, particle-based 

methods, and Dynamic fluid/body Interaction (DFBI) were investigated in the present study. A closed-conduit component, 

typically, a flanged eccentric reducer is considered as a test case to demonstrate the different numerical approaches. One of the 

early attempts is to treat a fish trajectory as a streamline and all relevant flow quantities (e.g., velocity, pressure, shear stress) 

could be derived along this path. A more recent tracking method for fish or eel motion is to include a Lagrangian approach, in 

which the eel is approximated as a super-ellipsoid particle, composite particles, or a Flexible Fiber composed of bonded 

segments with the aid of the Discrete Element Method (DEM). Finally, a boundary resolved approach, Dynamic Fluid-Body 

Interaction (DFBI), can be used efficiently to track the eel motion by solving the equations of motion with 6 degrees of freedom 

(6-DOF) coupled with the fluid flow. The DFBI motion can be combined either with overset Chimera or overlapping meshes to 

track rigid bodies or with an additional body morphing function which allows for the tracking of flexible bodies. DFBI combined 

with overset meshes is a highly accurate approach and provides very precise insights in the fluid-body interactions of eels in a 

surrounding fluid due to the resolved boundaries. However, it has drawbacks in terms of computational cost and complexity of 

mesh construction. A qualitative comparison of the proposed numerical approaches for tracking eel motion through a closed-

conduit is addressed in terms of accuracy, computational cost, and contact modelling. 

Keywords: Closed-conduit, pipe fittings, eel motion, CFD-DEM, overset 6-DOF. 

1. Introduction

The European eel (Anguilla anguilla) is classified as critically endangered under the IUCN red list of the threatened 

species (Pike et al., 2020). Mature adult eels (known as silver eels) migrate down rivers and travel thousands of 

kilometers to spawn in the Sargasso Sea in the North Atlantic Ocean (Wright et al., 2022). The leptocephalus return 

across the North Atlantic Ocean to Europe and North Africa to migrate up rivers as glass eels and elvers (Piper and 

Wright, 2017). Its complex life cycle makes this species vulnerable to man-made barriers and hydraulic structures 

that hinder its upstream immigration and downstream spawning migration, such as weirs, low- to high-head dams, 

sluices, spillways and closed-conduit systems for pumping water or hydropower generation (Belletti et al., 2020, 

Watson et al. 2018). Fishways, sluices and bypass facilities could be solutions to remediate the migration of 

vulnerable species like European eels, protect biodiversity and maintain healthy eel populations (Carter et al., 2023). 

Generally, fish and eels go through two main categories of hydraulic structures, open-channel flow, and closed-

conduit fishways and could be blocked by barriers on rivers (Cox et al., 2023). Fish and eels can migrate upstream 

or downstream through fishways, spillways or be entrained into hydraulic turbines and pumps. This paper focus only 

on closed-conduit components to assess the efficiency of various numerical approaches in tracking motion of eel-

like objects through a contraction. It is common to find pipes of different diameters in any piping system; reducers 

are used to transition from a larger pipe to a smaller pipe, while expanders are used to transition from a smaller pipe 



 

to a larger pipe. Fish and eels experience sudden changes through contractions and expansions which could cause 

injuries or mortality (Cox et al., 2023).  

In recent years, there has been a steadily increasing interest in hydraulic structures that provide safe passage for 

the migrating fish, i.e., minimising the risk of fish injury and mortality. This requires reliable methods that empower 

hydraulic engineers and planners to design efficient hydraulic structures without harming fish and eels. Numerical 

methods, particularly Computational fluid dynamics (CFD) have been proven to be a valuable, reliable tool to 

enhance our understanding of flows across hydraulic structures and to quantify the sources of injury or mortality to 

fish and eels under some assumptions. Early approaches involved the simple assumption that a fish or an eel act as a 

flow streamline and all relevant quantities including velocity, pressure and shear stress were derived along this 

pathway (Garrison et al., 2002; Elena-Maria & Holger, 2020; Richmond et al., 2014). Streamlines are the most 

common geometric technique to represent fish paths, where a massless point seed at pre-defined release position is 

advected through the main flow, assuming that the seed velocity is equal to the flow velocity (Richmond & Romero-

Gómez, 2014). The resulting pathway represents a case in which fish are passively carried along with the flow. 

Accordingly, using flow streamlines can be misleading since it ignores fish inertia (streamlines neither account for 

the mass nor the body length of a fish), own fish movement, and other body or surface forces that act on the fish 

(Koukouvinis and Anagnostopoulos, 2023).  

Lagrangian approaches have since been used in fish tracking studies, in which the fish is approximated as a particle 

with a mass (sphere, cylinder, super-ellipse) or composite particles with the aid of Discrete Element Method (DEM) 

(Richmond & Romero-Gómez, 2014; Powalla et al., 2022). Compared to streamlines, a physical realism is added to 

the Lagrangian particles which results in increased computational cost. Unlike massless point seeds, Lagrangian 

particles are not simply passively advected through the domain but instead, the motion is determined by the fluid 

forces acting on the particle such as drag, pressure gradient, virtual mass effects and gravity. 

The Flexible Fiber model can also do the same function by connecting several identical DEM cylinders bonded end 

to end and these bonds can do axial extension and compression and bending deformations (Siemens Digital 

Industries Software 2023). More accurate and complex methods such as overset six-degree of freedom (6-DOF) and 

Immersed Boundary Method (IBM, see Huang et al., 2022) have recently been adopted to track fish motion. 

However, such methods commonly result in extremely high computational cost and not suitable for neither practical 

applications nor statistical analyses. Recently, an uncoupled 6-DOF tracking approach has been suggested by 

Koukouvinis and Anagnostopoulos (2023) using an approximated pressure field about the tracked object. The 

advantage of such an approach is that the pressure field can be obtained from a steady-state flow simulation. Contact 

modeling in-between the tracked object and the walls has been considered in the uncoupled 6-DOF approach. 

However, the current work only focuses on the computationally expensive coupled overset 6-DOF approach to 

predict rigid eel motion in a closed-conduit fishway and compare it to other fast numerical approaches based on 

CFD-DEM which apply empirical laws for fluid interactions. Most of the current research focused on either 

experimental work or low-fidelity numerical methods that ignore important physics related to the fish motion 

through different hydraulic structures and a general lack of base studies which validate more advanced numerical 

methods has to be stated. In this work, a flanged eccentric reducer (ASME/ANSI B16.1 – Class 125), as a simple 

closed-conduit component, was considered to demonstrate and compare four numerical methods in terms of 

accuracy, computational cost, and modeling of the contact in-between traveling objects and walls. Based upon this 

comparison, new insights into the features and costs of various numerical approaches with varying modelling 

complexities ranging from flow streamlines (the simplest approach) to particle-based methods ending with the 

boundary-resolved 6-DOF method (the most complex approach) for fish/eel tracking were presented. 

2. Methodology 

In this study, all numerical simulations were carried out using the commercial CFD software Star-CCM+ to model 

the flow through a closed-conduit component. The particles are described in a Lagrangian framework, which means 

that each path of an injected particle is tracked when traveling through the domain. The continuous phase is 

described in an Eulerian framework and the combination of both leads to an Eulerian-Lagrangian multiphase flow 

model. The deployed Eulerian-Lagrangian multiphase model calculates the trajectory of each particle and the 

momentum equations for the fluid flow – taking all interactions between the dispersed phase (particles) and the 

continuous phase (water) into account. Different coupling levels are possible, in which only flow to particle 

information transfer is considered (one-way-coupling), or additionally the feedback of the particle onto the flow 

(two-way-coupling). Choosing the DEM model as a Lagrangian representation of the particle adds two more 

coupling levels, when considering particle-particle and/or particle-wall interaction. For this study, the particle-wall 



 

interactions are more interesting because they correspond to eel-like objects (i.e., particle) – piping system (i.e., 

wall) interactions. The DEM model enables the recording of contact forces for collisions, which can be used for 

prediction models regarding eel mortality and injury risk. Overset meshing is a meshing technique which allows for 

a relatively convenient handling of complex motions and deformations (Sharma et al., 2020). It requires a 

background mesh, and one or more component meshes which overlap with the background mesh to deal with 

moving and deformed bodies. The connectivity between the background mesh and the component meshes is 

performed through interpolation techniques for the overlapping cells. Generally, it is well-established, accurate and 

reliable technique to handle 6-DOF moving bodies. However, it has some drawbacks: (1) very computationally 

expensive, (2) special requirements on mesh sizing for the overlapping cells, and (3) sensitivity of schemes for cell-

cutting and grid priorities. For the CFD-DEM approach, three Lagrangian particle types are compared, namely, 1) 

super-ellipsoid particles, 2) composite particles which consist of 20 spherical sub-particles arranged together to 

represent the eel-like object, and 3) flexible fibers which use a number of identical segments (typically, 110 

segments to resemble the number of vertebrae in the real European eel (Boetius, 1980) bonded end to end (see, 

Figure 1(a)-(c)). All the bonds of the flexible fiber can perform axial extension and compression and bending 

deformations. Each bond is controlled by normal stiffness and bending stiffness of two springs. For all CFD-DEM 

particles emulating the eel, drag models using Schiller-Naumann correlation, pressure gradient, and virtual mass are 

activated. Taking the advantage that overset 6-DOF methods can handle the complexity of real shapes including all 

geometrical features of objects, a real European eel geometry is also used in the present study (see Figure 1(d)). The 

real geometry of the European eel is created from a Computed Tomography (CT) scanned STL file provided by 

collaboration partners from Centre for Environmental Intelligence and Sensing, Tallinn University of Technology 

(TalTech). It has dimensions 37.73 × 2.16 × 3.47 cm (length × width × height), mass of 81 g to maintain neutral 

buoyancy in water, and principal moments of inertia defined as I1 = 38.74 g⋅cm2, I2 = 5360.5 g⋅cm2
, I3 = 5347.02 

g⋅cm2 (all off-diagonal moment of inertia components are set to zero). Based on the understanding of kinematics of 

fish and eels, it is found that rolling and pitching motions can be ignored for moving in 3D space (Xue et al. 2023). 

In the current numerical setup, the rigid eel has four-degrees of freedom; representing three translation motions in X, 

Y, and Z and one rotational motion around Y to achieve yawing motion. All the external forces including contact 

and fluid forces (drag, pressure and shear forces) are considered except for the gravitational force as the swim 

bladders in fishes and eels make them neutrally buoyant. It should be mentioned that all objects have the same 

length (37.73 cm) to allow for a fair comparison between the four different tracking approaches. For all numerical 

simulations, the tested flow velocity at the pipe inlet (Vinlet) is 390 cm⋅s-1 resulting in average flow rate (Q = 191.44 

L⋅s-1) and average Reynolds number (Re = 9.71×105) for water at ambient conditions. 

   

Figure 1. Representation of eel-like objects used for different tracking approaches. (a) CFD-DEM super-ellipsoid particle, (b) 

CFD-DEM composite particle, (c) CFD-DEM flexible fiber, compared to (d) Overset 6-DOF of a real, rigid eel. 

 

2.1 Computational domain 

During this study, a flanged eccentric reducer in a closed-conduit fishway (Figure 2) was considered to demonstrate 

different numerical methods used for tracking a European eel motion and quantify the flow conditions they 

experience. There are different forms of reducers, including concentric, eccentric, square and tapered. Here, a 

flanged eccentric reducer (ASME/ANSI B16.1 – Class 125) with an inlet diameter (D) of 25 cm and an outlet 



 

diameter (d) of 15 cm was chosen to introduce both flow deflection and acceleration, and a rapid pressure drop 

across the pipe contraction. 

  

Figure 2. Assembly for the considered flanged eccentric reducer (ASME/ANSI B16.1 – Class 125). 

 

As an essential step for the CFD simulation, the geometry for a flanged eccentric reducer, representing contractions 

in closed-conduit fishways was created. The reducer has a length l = 1D to connect a 25 cm pipe in diameter to a 15 

cm. The entry and delivery pipes connected to the reducer are made of sufficient length to avoid secondary flow 

effects from contraction on the eel-like object transport. It is important for the entrance length to be sufficiently long 

to allow the flow to fully develop over the entrance to the closed-conduit component. Accordingly, the pipe sections 

are set to 7D for the entry pipe and 5D for the delivery pipe which is found to be sufficiently long to prevent any 

abrupt termination of the flow as shown in Figure 3. The inlet was set to a velocity inlet condition, where a uniform 

velocity profile was assumed for all faces on the boundary. For the outlet, a pressure outlet condition was defined, 

with a static pressure of 0 Pa relative to the operating pressure which is set to atmospheric pressure (101,325 Pa) in 

this simulation. The pipe walls were modeled as no-slip walls, and the roughness of the closed-conduit components 

is assumed to be like the roughness of the connecting pipes. 

 

Figure 3. Computational domain showing the main dimensions and boundary conditions. 

 

2.2 Computational mesh 

A sample of the computational mesh for reducer is shown in Figure 4. The computational mesh in both 

configurations uses hexahedral trimmed cells with refinement towards the pipe walls. Five prism layers with 

stretching of 1.5 are adopted at the pipe walls to capture the near-wall gradients adequately, ensuring a maximum y+ 

at inlet flow velocity of 390 cm⋅s-1 of around 102. The total number of cells for the reducer is about 0.678 million 

cells. Special setup is usually required for the overset 6-DOF approach to accommodate for the overset region that is 

embedded in the background region. The rigid eel was introduced into the computational domain as a component 

mesh, enclosed within a cylinder discretized with a lower prioritized cell size. All the relevant 6-DOF properties of 

the overset region containing the rigid eel (e.g., mass, principal moments of inertia) are defined. The background 

region representing the closed-conduit component (eccentric reducer) was discretized with a higher prioritized cell 



 

size. The distance weighted interpolation option in Star-CCM+ was chosen to set the overset interface between a 

lower prioritized region (cylinder containing the rigid eel) and a higher prioritized region (closed-conduit). 

Furthermore, the Adaptive Mesh Refinement (AMR) technique was applied to the overset interface to match the cell 

size of the background region to the cell size of the overset region. It helps to ensure successful interpolation at the 

overset interface in each time-step without the need to increase number of cells of the background region.  

 

Figure 4. A sample of hexahedral mesh generated by the trimmed cell mesher at the outlet boundary. 

 

2.3. Solver settings 

The calculations were based on incompressible Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations. 

To allow the closure of the time-averaged Navier-Stokes equations, the Reynolds stresses are estimated by 

employing a turbulence model. The high-Reynolds turbulence model SST k - ω was chosen due to its accuracy and 

reliability for wall-bounded flows (Rezaeiha et al., 2019). The pressure-velocity coupling is carried out using the 

segregated SIMPLE solver. The Venkatakrishnan limiter method is used to compute gradients (Siemens Digital 

Industries Software, 2023). The adaptive y+ wall treatment model was enabled to accommodate all distinguished 

viscous regions within the boundary layer close to the wall. The spatial discretization was carried out using 

hexahedral trimmed cells alongside a mesh refinement in the vicinity of the pipe walls. The prism layer mesher was 

also enabled to accurately capture the high gradients that occur close to the walls. The Lagrangian multiphase model 

was used to describe the dispersed phase, in addition to the phase interaction models for DEM particles emulating 

the European eel properties and its behavior during contact with the pipe walls. For the CFD-DEM simulations in 

this study, the material properties of standard solid rubber (Arlon Thermabond 99180010) are used for all the 

different particle types to add some flexibility to the assigned particles. The density of the particles was set to be the 

density of water (ρ = 0.998 g⋅cm-3), allowing the particles to act as a neutrally-buoyant object. When it comes to the 

6-DOF approach, the Dynamic Fluid-Body Interaction (DFBI) combined with the overset mesh technique is 

required to simulate the motion of the rigid eel through the piping system. In the solver framework, the DFBI 

rotation and translation motion drives the 6-DOF overset region that contains the rigid eel body. The convergence of 

the numerical solution is judged by two parameters which are (1) maximum inner iterations in each time-step and 

(2) maximum physical time.  It was found that 35 iterations per time step is enough to reduce the scaled residuals of 

the continuity and X-, Y- and Z-momentum equations by two orders of magnitude. The through-flow time (Tf) is 

defined based on the average flow velocity in the upstream and downstream pipes. Generally, the center of mass of 

the eel-like object is tracked over time using CFD-DEM and overset 6-DOF approaches, resulted in the object 

trajectory. All the tracked eel-like objects in this study were released from the center of the pipe near the inlet 

boundary at x = 3D and at release time ts = 8.90 s (≈15Tf) with initial traveling speed equal to zero. To reach a quasi-

steady state and converged solution for the flow around the eel-like objects, the simulation was allowed to run for a 

physical time equal to 15 times the corresponding through-flow time. All the relevant solver settings for the current 

numerical setup are listed in Table 1.  

Table 1. Overview of solver settings. 

Solver physics Three dimensional, Implicit unsteady, Incompressible, 

Turbulent, Segregated flow 

Pressure-velocity coupling algorithm SIMPLE 

Gradients model Venkatakrishnan limiter 



 

Turbulence model (Menter) SST k - ω 

Wall treatment model Adaptive y+ wall treatment 

Mesh motion model (only for overset 6-DOF approach) DFBI rotation and translation 

Eulerian-Lagrangian multiphase model (only for CFD-

DEM approach) 

Discrete Element Method (DEM) 

Overset mesh (only for overset 6-DOF approach) 

Background region 

Overset region 

Interpolation option 

 

Piping system (base cell size = 1 cm) 

Rigid eel (base cell size = 0.5 cm) 

Distance weighted 

Spatial discretization 

Mesher 

 

Trimmed cell mesher, prism layer mesher 

Temporal discretization 

Accuracy level 

Time-step 

 

1st-order 

1 ⋅ 10-3 s 

Stopping criteria 

Maximum inner iterations in each time-step 

Maximum physical time 

 

35 iterations 

15Tf  s (Tf  = Through-flow time) 

3. Results 

It is known from the continuity equation that the reduction in cross-section area results in an increase in flow 

velocity. According to Bernoulli’s equation, static pressure before the eccentric reducer is proportionately higher in 

comparison to the static pressure in the outlet pipe. It was found that the flow accelerated from 390 cm⋅s-1 to a 

maximum flow velocity of 1500 cm⋅s-1 at the exit of an eccentric reducer of length l = 1D, as shown in Figure 5. 

Referring to the velocity contours (see Figure 5) at entry and exit of eccentric reducer cross-section, a low-velocity 

zone close to the extrados at location 1 (x = 7D) is switched to a high-velocity zone at location 2 (x = 8D). 

  

Figure 5. Contour of velocity magnitude V of an eccentric reducer at inlet flow velocity Vinlet = 390 cm⋅s-1. 

 

Figure 6 shows the trajectories corresponding to four CFD methods at different instants in time corresponding to 

four spatial positions; release location, entrance into the eccentric reducer, passing through the eccentric reducer, 

and pipe outlet where atmospheric pressure is defined. The objects generally accelerated through the eccentric 

reducer then the rate of change of velocity became constant after leaving the eccentric reducer heading toward the 

outlet. The comparison of acceleration, yaw angle (the third Euler angle), pressure and contact force data for the four 

tracking numerical approaches at the same inlet flow velocity showed remarkable disparity (Figure 7(a)-(d)). At the 

entrance of the eccentric reducer, a sharp acceleration was observed with a maximum acceleration greater than 500 

L⋅s-2 (where L is the eel-like object length) in case of both super-ellipsoid particle and composite particles whereas 

the predicted maximum acceleration is less than 500 L⋅s-2 for flexible fiber and rigid eel methods. It can be noticed 

in Figure 7(a) and 7(b) (middle panel) that there was an acceleration spike of negative value once the object left the 

eccentric reducer. This spike of negative acceleration occurred due to the contact between the object (here, super-

ellipsoid particle and composite particles) and the pipe walls which is not the case in Figure 7(c) and (d) in which no 

contact is detected. The yaw angle of the traveling objects was constant and showed a slight change near the exit of 



 

the delivery pipe. The gauge pressure became stable (≈ 56.51 kPa) along the distance between the release location 

and the entrance of the eccentric reducer as shown in Figure 7 (lower panel). A sharp dip in pressure was recorded 

as the eel-like object traveled through the eccentric reducer due to contraction. As the eel-like object left the 

eccentric reducer, it traveled through the delivery pipe and the gauge pressure was atmospheric (0 kPa). The spike in 

the contact force diagram (lower panel) indicates a collision of the object with the pipe wall as seen in Figure 7(a) 

and (b) while the contact force is zero when flexible fiber and rigid eel are employed (Figure 7(c) and (d)). In the 

same context, similar observations have been reported in (Cox et al. 2022) using life fish experiments on juvenile 

silver perch and compared it to the data obtained from a neutrally buoyant sensor travelling through a tube fishway. 

For the tested flow rate (Q =8.4 L⋅s-1), the sensor measured an acceleration of 16G and a ratio pressure change 

(RPC) of 1.25 when it passed through a tapered contraction which has a contraction ratio equal to 3 and exit pipe 

diameter of 5 cm (Cox et al. 2022).  

 

Figure 6. Object trajectories colored by traveling speed magnitude U (see, colormap) with overlaid object shapes at several 

instants in time t - ts through an eccentric reducer for an inlet flow velocity Vinlet = 390 cm⋅s-1. The object trajectory is compared 

to the corresponding streamline using massless point seed (black line with markers at geometric distance of 15 cm). (a) CFD-

DEM super-ellipsoid particle, (b) CFD-DEM composite particle, (c) CFD-DEM flexible fiber, (d) Overset 6-DOF rigid eel. 
 

 



 

 

Figure 7. Upper panel: the graph displays acceleration magnitude a (red) and object orientation around Y-axis known as yaw 

angle ψ (blue) of the object over the time t - ts. Lower panel: the graph displays pressure P (yellow) and contact force magnitude 

Fcontact (green) in-between the object and the pipe walls. (a) CFD-DEM super-ellipsoid particle, (b) CFD-DEM composite 

particle, (c) CFD-DEM flexible fiber, (d) Overset 6-DOF rigid eel. 

 

It must be mentioned that the numerical tracking approaches required additional computations to account for either 

the motion of interacting discrete objects or the motion of 6-DOF bodies. For comparison purposes, the 

computational cost of the numerical setup corresponding to each tracking approach was quantified. Table 2 lists the 

computational costs expressed in CPU time for the suggested tracking approaches and compared to the reference 

approach when no eel-like object is introduced to the computational domain. For the reference approach, streamlines 

were used to indicate the trajectory assuming that the object follows the flow streams. The solver was allowed to run 

for a physical time of almost 8.9 s to obtain a convergent hydrodynamic solution. When CFD-DEM model was 

activated, the CPU time increased by 11%, 10.6%, and 4.5% for super-ellipsoid particle, composite particles, and 

flexible fiber, respectively. On the other hand, the overset 6-DOF rigid eel increased the CPU time by a factor of ≈ 

6.3 compared to the reference, pure hydrodynamic simulation (no tracked eel-like objects). 

Table 2. Computational cost expressed in CPU time for different numerical tracking approaches. 

Tracking approach 
Streamline  

(no object) 

CFD-DEM super-

ellipsoid particle 

 

CFD-DEM 

composite particle 

 

CFD-DEM 

flexible fiber 

 

Overset 6-DOF 

rigid eel 

 

Computational 

overhead 
1 (reference) 1.110 1.106 1.045 6.285 

 

Table 3 presents a qualitative comparison of the different numerical methods used for fish/eel tracking for the 

above-discussed test case (here, an eccentric reducer). The comparison criteria include accuracy, computational cost, 

and the capability to model contacts between the object and the wall boundaries. 

 

 

 

 



 

Table 3. Qualitative comparison between different numerical tracking approaches in terms of accuracy, computational cost, and 

modeling of the contact in-between traveling objects and walls. 

Tracking approach 
Streamline  

(no object) 

CFD-DEM super-

ellipsoid particle 

 

CFD-DEM 

composite particle 

 

CFD-DEM 

flexible fiber 

 

Overset 6-DOF 

rigid eel 

 

Accuracy - + ++ +++ ++++ 

Computational cost ++++ + ++ +++ - 

Contact modeling - + + + + 

The plus sign (+) indicates advantage, the minus sign (-) indicates disadvantage 

4. Discussions 

Based on the present findings, it can be said that traditional CFD-DEM methods such as super-ellipsoid particle and 

composite particles totally failed to accurately predict the eel motion and so the flow-fish interactions in this study.  

When greater physical realism is required, the boundary-resolved approach using overset 6-DOF rigid eel should be 

the best choice. However, the overset 6-DOF approach showed more complexity and needs far more computational 

efforts. The CFD-DEM flexible fiber method gave results close to the one obtained by the overset 6-DOF approach 

with low computational overhead. It should be noted that all eel-like objects in the current study are modeled as 

passive objects. Eel behavior, such as escape response and other activities as well as undulatory swimming 

kinematics, were not considered. Accordingly, future work will seek to implement additional body forces that 

account for eel activities in our numerical model to mimic more realistically the eel motion. To account for the 

undulatory swimming in case of flexible fibers, additional deformations can be added under the action of 1) active 

bending moment due to internal muscular stimulation and 2) passive moment coming from viscoelasticity and 

damping effects of the eel body. In case of overset 6-DOF eel, the morphing function can be enabled to define an 

undulatory motion for the rigid eel, corresponding to how eels act in nature. 

5. Conclusions 

 A fish-safe design of hydraulic structures to minimise the risk of fish injury and mortality is necessary for 

preservation of biodiversity. To achieve this, the development of valuable reliable numerical tools to quantify the 

sources of injury or mortality to fish and eels during movement is of great importance. Various numerical 

approaches with varying modelling complexities ranging from flow streamlines to particle-based methods ending 

with coupled 6-DOF for fish/eel tracking were tested. An eccentric reducer, as a simple closed-conduit component, 

was considered to demonstrate and compare four numerical methods in terms of accuracy, computational cost, and 

modeling of the contact in-between traveling objects and walls. It should be noted that the introduced tracking 

approaches are not limited to pipe flows (the case considered here). They are also applicable for a variety of 

hydraulic structures including pumps and turbines as well as fishways and bypass facilities. Furthermore, these 

approaches allow for tracking more than one object traveling through the computational domain for statistical data 

analyses. 
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