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Introduction

The recent interest in the development of new hydropower plants, the exploitation of lower head sites for energy
production or storage, and the refurbishment of old hydro and pump units, as also the adoption, on the other hand, of
stricter environmental terms and restrictions, make necessary the design of new hydroturbines and reversible
machines with improved environmental performance.

A significant environmental impact of hydropower plants is the injury and fatality of the fish fauna passing through
the hydroturbines. The present work aims to contribute in the research to mitigate this impact, by the development of
a computational tool that can be used to assess the fish-friendly performance of hydroturbines, and to improve and
optimize their design.

The methodology is based on the simulation of the motion of a solid body through the turbine guide vanes and rotor,
during which the hydrodynamic forces acting on the body due to pressure, shear, acceleration and turbulence are
calculated and recorded, as also any possible impacts of the body on the blades or hub/shroud surface. The shape and
size of the solid body can be determined so as to approximate a real fish species.

At first, the solid body is tracked into a converged flow field in a 2D blade-to-blade domain of a Francis turbine
rotor, and the collected data are used to quantify the combined effect of the rotor on the body, based on relevant
indexes from the literature. Next, a fluid structure interaction procedure is implemented for the same test case, in
order to estimate the differences between the object pathway and the flow streamlines, assuming a passive response
of the solid body to the surrounding flow.

Sensitivity tests are carried out in order to assess the effect of the turbine operation parameters (e.g. flow rate), as
well as of the fish morphology (e.g. size). Also, the effect of the hydrodynamic design of the rotor (e.g. blades
number) is studied. The results are analyzed and processed in order to start formulating a multivariable function that
could be used as a quantitative fish-friendliness index for the customized optimum design of hydroturbines for a
specific site and fish species

1. Background

The increased complexity of blade passage simulation has led to the development of fish mortality evaluation
algorithms based on biological performance indicators derived from the CFD simulation of the turbine's operation.
Specifically past attempts to predict fish mortality on a specific turbine environment have focused on identifying the
locations and size of potentially hazardous regions (Garrison et al., 2002; Keller et al., 2006; Cada et al., 2006).
Limiting the number and volume of such regions was the main objective towards reduction of fish mortality during
turbine passage. However this methodology does not take into account the probability of fish passage through those
areas.

Minimum pressure threshold is considered a similar criterion guiding the design of turbine with regards to fish
friendliness (Brown et al., 2012). While minimum pressure criterion is easy to implement on the design of a turbine
it still does not take into account the probability of fish passage through the minimum pressure area of the turbine.



More recent work has led to the development of probabilistic methodologies taking into consideration the probability
of a fish to be exposed in an injury mechanism. Specifically, the Pacific Northwest National Laboratory (PNNL) has
developed the Biological Performance Assessment (BioPA), a design methodology utilizing biological performance
indicators for injury and mortality calculated on data from a CFD model of a proposed turbine design. In order to
calculate the probability of fish mortality, those biological performance indicators are calculated on streamlines on a
CFD simulation that model potential fish pathways through the turbine. By using an appropriate sample of these
streamlines it is possible to calculate the fish survival rate, taking into consideration different mortality criteria along
each streamline. This way the total turbine biological performance can be assessed. (Richmond et al., 2014).

It is obvious that the streamline tracing method greatly improves the quality of the simulation results regarding the
turbine's true biological performance. It relies, though, in the general assumption that fish pathways through the
turbine are identical or can be modeled with the numerically solved streamlines, hence biological indicators are
calculated on those turbine streamlines. In order to overcome this assumption different modeling techniques have
been developed. Specifically, with the method of Lagrangian particles a fish is simulated with spherical Lagrangian
particles with mass, adding additional physical realism compared to streamlines albeit at increased computational
cost. Lagrangian particles are not passively advected through the flow but instead, the particle velocity is determined
by solving an ordinary differential equation that includes fluid forces acting upon the particle such as drag, pressure
gradients, virtual mass effects and gravity when fish are made non-neutrally buoyant (Richmond and Romero-
Gomez, 2014).

Towards greater fidelity on the fish true pathline, the method of composite discrete element modeling —an
improvement of the Lagrangian particle method— is used. In this method fish is simulated with a series of discrete
spherical sub-particles. The motion of the spherical sub-particles is determined by the equation of motion of particles
along with the angular momentum balance equations, leading to a six degree of freedom for the composite body.
This approach takes into account the target fish length compared to the Lagrangian particle simulation, which affects
the simulations fidelity. The method, though, does not simulate the fluid forces on the fish body.

The abovementioned methodologies present certain advantages and disadvantages, rendering each appropriate for
certain applications. It is for instance safe to assume that on a large scale turbine, where fish are very small compared
to the turbine size, the streamline tracing method leads to similar results with the Lagrangian method. But if the fish
size is comparable with the turbine size, the fish mass, density and shape should be taken into account, the fluid
forces acting on the fish should be modelled, while the effect of the fish passage on the flow field may be also
included.

The present methodology is based on the simulation of the fish passage through a reaction turbine, by modelling the
fluid forces acting on a solid object that has mass and dimensions. The biological performance indicators can be
recorded along the calculated pathway, offering a more realistic evaluation of the conditions encountered by the
passing fish, and allowing for an assessment of the impact of the turbine on their mortality.

2. Numerical methodology

The 2D computational domain considered here is a spiral casing with a simple runner model consisting of 7 or 9
blades (Fig. 1a). In order to simulate the fish passage, a cylindrical object with thickness ¢ and length 1 was
considered (Fig. 1b) and released from different locations in the inlet section of the spiral casing (e.g. points A, B
and C in Fig. 1a). The commercial code Ansys Fluent™ was used to solve the incompressible Navier stokes
equations. The k-¢ realizable turbulence model with scalable wall functions was used, while the object movement
was simulated using the dynamic mesh model. In order to avoid re-meshing of the domain as the object moves
through the flow field, the Overset technique is implemented [8]. Based on this technique, the domain is discretised
using a background mesh, on which individual component meshes are overlain. In the present application two
component meshes, one for the runner and one for the object/fish, were considered (Fig. 1b).

As the object moves through the flow field, the location of the overset interface and at the same time, the active cells,
where the flow equations are computed, are updated. The information between the meshes is passed by interpolating
the flow variables across the interface. In this way it is possible to avoid re-meshing, while at the same time the grid
quality is maintained. Using this approach, the final mesh consisted of 214,143 cells, of which 32,917 were used for
the runner and 1,046 cells for the object/fish.



A second order in space and first order discretization in time was employed, while the flow equations were solved in
a coupled manner. The velocity was prescribed at the inlet of the domain, while a zero pressure boundary conditions
was applied at the outlet. Finally, a no-slip boundary condition was applied on all walls. In order to ensure stability
of the solution, the flow filed is initialized using a steady state solution and the Moving Reference Frame (MRF)
model [9]. After an initial steady state solution is obtained, the MRF model is activated and the runner is set to rotate
at the prescribed rotational speed. Once convergence is achieved the transient simulation is activated, with the object
fixed in the initial position. The solution is evaluated with a time step equivalent to a runner rotation of 2 degr/step.
Once the flow behind the object is stabilized, the object movement is initiated by solving the equations describing
the object motion. The motion of the object was described as a solid body motion using the 6-DOF model [10].
During this solution process, the flow equations are not updated, and therefore the motion of the object is dictated by
the initial field. The fish/body retains mass and density properties, while custom functions are used to simulate its
possible rigid body impacts with the turbine internal walls or runner blades.
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Fig. 1. The computational domain (left), and details of the overset meshes (right).

3. Results and Discussion

A simplified 2D domain of a Francis turbine without wicket gate is considered for first application and evaluation of
the above numerical methodology (Fig. 1). The turbine dimensions correspond to laboratory model turbine, and the
nominal operating conditions were: Flow rate 0.03 m’/s, hydraulic head 2.5 m, and rotation speed 333 rpm.

The present parametric simulations of the object/body motion in the turbine are carried out for two different flow
rates and two object shapes with different aspect ratio. Also, two runners, one with five and one with seven blades
are examined. These test cases are tabulated in Table 1, below. For each of them, the object/fish can be released from
three different positions in the inlet section (A, B, C, Fig. 2). The corresponding stream lines of the converged flow
field for the cases C1 to C4, that are passing through these release points, are drawn in Fig. 2a. It can be seen from
this figure that the outer streamlines (point C) are quite similar, whereas more pronounced are the differences of the
inner streamlines (point A).

The same is valid for the corresponding trajectories of the object/fish motion, which are drawn in Fig. 2b. But the
differences between cases C1 to C4 are quite more enlarged, while all deviate considerably from the fluid
streamlines. This behaviour is the result of the present modelling, by which the object has not only mass but also
dimensions, and hence it may also rotate along its pathway due to the action of pressure and shear forces. This can be



Table 2. The various test conditions examined numerically.

observed in the indicative pictures of the object position and orientation along its pathway through the turbine, given
in Fig. 3. In this particular trajectory, the object impacts on a rotating blade and its trajectory calculation terminates.

Cases Flow rate (% Qn) | Number of blades | Object shape (l:c)
C1 (reference) High 100 7 Thin 4:1
C2 Low 70 7 Thin 4:1
C3 High 100 9 Thin 4:1
C4 High 100 7 Thick 4:2
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Fig. 2. Flow streamlines through points A, B and C (a); and object pathways released from position A (b).

Fig. 3. Indicative snapshots from the simulated motion of an object/fish motion through the turbine flow field.

The differences between the object pathway and the flow streamlines observed in Fig. 2b, result in different
behaviour of the object, regarding the imparted velocity and acceleration along its pathway, as can be shown in Fig.
4, where the angular position of the trajectories is defined in Fig. 1a. The object velocity components, u and v (Fig.
4a and 4b, respectively), exhibit remarkable deviation from the corresponding fluid velocities along a streamline



passing through the object release position (position A). This, in turn, results in even larger differences regarding the
corresponding acceleration components (Fig. 4c and 4d). The latter becomes quite higher for a fluid particle than for
the solid object as the trajectories approach the runner inlet (angular position > 180 deg). Therefore, the use of the
fluid streamlines to assess the possible impact of the turbine on the survivability of the passing fishes cannot produce
realistic results in the present case.
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Fig. 4. Comparison between fluid and object velocity components (a, b), and acceleration components (c, d).

4. Conclusions

The overset mesh technique was implemented in a numerical methodology that simulates the pathway of a solid
object/fish. The new method was tested for a simplified 2D reaction turbine geometry. It was found that the object
trajectories deviate from the calculated flow streamlines and follow a different route through the turbine casing and
runner. As a result, the object acquires different velocities and acceleration than the fluid particles.

Consequently, the present method seems capable to produce more realistic results than a simplified approach using a
Lagrangian or streamline method. However, its computational demands are much higher, and hence further research
is required to reduce the numerical evaluation time, in order to be used for complete statistical analysis of the impact
of the turbine design parameters on the passing fish survivability.
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