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Abstract: The shaft hydropower plant (SHPP) is a novel hydraulic concept for low-head
hydropower sites with several environmental and operational advantages over conventional
layouts. However, the first two projects implementing this concept have shown comparatively high
construction costs and project risks. Therefore, further optimization is required to the economic
attractiveness and enabling broader market adoption. Initial model tests recommend a square-
shaped shaft inlet with a three-sided approach flow for low-loss and fish-friendly inflow conditions.
Yet, this design requires significant space for structural implementation and may be unsuitable for
use with multiple shafts or as an extension of non-powered dams and weirs. This research paper
presents the application of a computational fluid dynamics simulation setup to evaluate the
hydraulic performance of various design configurations, especially, alternative design layouts with
one-sided approach flow without further physical model tests. The simulation setup is calibrated
against observations including head loss and velocity measurements from the physical model tests,
and its satisfactory performance enables the analysis of alternative design layouts. This aims to
derive the most significant design parameters for achieving the desired hydraulic conditions at the
intake. Increasing the flow depth before the intake and enlarging the inlet area have the most
significant impact, while increasing the overflow of the front gate has the least significant effect..
The chosen CFD application is deemed suitable for hydraulic design optimization and provides
guidance on the key parameters to focus on for tailored site-specific design development.

Keywords: small hydropower; sustainable hydropower; hydraulic engineering; computational
fluid dynamics; CFD; numerical modeling; porous media; trash rack

1. Introduction

In the context of climate change and the corresponding global need to increase the share of
renewable generation in the energy mix, with >140 GW of estimated unexploited potential, small-
scale hydropower — considering plants with an installed nominal capacity of <10 MW — offers a
significant opportunity to get closer to this goal [1].

Small-scale hydropower is often referred to as having less negative ecological and social impacts
than conventional large hydropower systems [2]; however, a distinguished and project-specific
assessment is crucial, and a general statement should be considered carefully. SHP can come in
various individual layouts, and determining impacts is often only possible after a thorough, specific
assessment [3,4]. Evidently, no straightforward classification supports general statements, such as
the claim that small-scale hydropower only has minor negative environmental impacts. Designing
each facility using ecologically, technically, and economically viable concepts and tools is crucial to
ensure the sustainable exploitation of the aforementioned untapped potential.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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One innovative approach for harnessing hydropower in a sustainable way is the Shaft
Hydropower Plant (SHPP). This type of plant is designed for low-head, in-river locations and features
a unique hydraulic arrangement for its components. The design of the SHPP was developed based
on physical model testing at the hydraulic laboratory of the Technical University of Munich (TUM).
Initially, small-scale indoor model tests were conducted to explore different arrangements and derive
a well-suited layout and basic dimensioning guidelines for its hydraulic design. Subsequent
experiments were carried out at an outdoor prototype facility to further validate the concept and
conduct comprehensive functionality tests. The conceptual scheme in Figure 1 illustrates a shaft
chamber with a horizontal inlet area that is covered by a trash rack with narrow bar clearance (15-
20 mm) and an incorporated rack cleaning mechanism. At this type of hydropower plant, the water
withdrawal takes place vertically downwards, in contrast to conventional run-of-river hydropower
plants. The water flow passes through the horizontal inlet plane, moves vertically through the shaft,
drives the turbine, and then is released towards the tailwater through the draft tube. To ensure a
vortex-free, low-loss, and uniform inflow into the shaft, it is important to have a relatively large intake
area with a slow, three-sided upstream approach flow, adequate submergence of the inlet area (at
least 1/4 of the intake length), and a continuous overflow of the vertically adjustable sluice gate [5,6].
In order to create a safe passage for fish swimming downstream near the intake, openings can be
provided arranged in the gate. The tests with live fish have shown that this concept provides an
effective fish protection measure and migration corridor. It combines the trash rack as a physical
barrier and the vertical flow deflection as a behavioral barrier, along with permanently discharged
openings at the downstream end of the intake.[7,8]

Figure 1. Conceptual section view of a Shaft Hydropower Plant. Figure recreation based on [5].

The SHPP concept offers further operational advantages. Since all electro-mechanical and
hydraulic steelworks components are submerged, there is no need for a conventional powerhouse
with complex flood protection requirements. This means that the system can withstand floods of any
size without damaging the equipment. Additionally, positioning the inlet plane parallel to the
riverbed promotes sediment continuity. When the water flow is high, sediment and debris are
transported to and deposited on the trash rack. The submerged cleaning mechanism then pushes this
material towards the downstream end of the gate, which is then raised, creating a flushing effect that
moves the material towards the tailwater. Sediment fractions smaller than the spaces between the
rack bars are discharged through the turbine into the tailwater. The gate can also be fully lowered to
increase the flood discharge capacity.[5,6].

Despite the advantages of the concept, only two commercial-scale projects - SHPP Grofsweil and
SHPP Dietenheim — have been implemented using it in the first decade since its development. Both
implemented projects used hydraulic designs that relied on scaling up the dimensions of the physical
model tests and prototype facility from TUM. These reference projects have proven the technical
functionality of the SHPP concept but shared a common problem: they were very expensive to
implement. These projects were financed in Germany due to high feed-in tariffs, low financing costs,
and a substantial state grant in the case of Grofiweil. However, for countries with less attractive
market framework conditions for hydropower financing and realization, it is necessary to
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significantly reduce the costs, complexity of implementation, and associated risks to enable the
application of this technology while maintaining its proven advantages [9-12].

One of the main reasons for the high implementation costs (apart from site-specific constraints
we won't go into) is the hydraulic layout with a three-sided upstream approach flow. This
configuration requires a large amount of space and also restricts the use of this concept, as it cannot
be implemented at certain sites with existing hydraulic infrastructure, such as weirs with fixed field
widths. Additionally, it has the disadvantage that when the shaft needs to be drained for equipment
maintenance, a three-sided massive stop log is needed, which requires large mobile cranes and limits
maintenance work to low-flow periods [12].

The physical model test results from the SHPP prototype allow for upscaling this design while
maintaining the relative dimensions of the SHPP arrangement. However, we cannot predict flow
patterns that would occur when deviating from this base geometry. Despite this, it might be necessary
to adapt the design accordingly due to the potential disadvantages of this basic configuration in
certain site conditions. Therefore, it may not be possible to directly implement a scaled design similar
to that of the prototype facility. When designing an SHPP layout with a significantly modified
geometrical configuration, there is a risk of resulting flow conditions causing operational problems
such as vortex formation with air entrainment, increased head loss, or unfavorable velocity
distributions affecting fish protection. Additionally, conducting physical model tests for any new site
would require substantial efforts at an early stage of project development.

Due to these reasons, it was important to apply and test a computer-based approach to
accurately size SHPP layouts with alternative design configurations. Our approach is focused on a
one-sided upstream approach flow. While such an approach should require less effort than physical
model testing, it still has to provide sufficient certainty in predicting the resulting flow patterns. In
our initial review, we examined various 3D computational fluid dynamics (CFD) approaches to
establish a workflow that allows for predicting flow patterns and optimizing the design of SHPP
arrangements for any suitable site. Previous studies have shown that applying a simplified
representation of fine trash racks within such numerical models with a baffle or a porous medium is
feasible to account for the pressure loss that occurs during flow through them. [13-15].

Based on the findings in the literature, we therefore utilized a 3D CFD approach to achieve the
two main objectives of our study:

Replicating the flow conditions observed at the SHPP prototype by calibrating numerical
parameters and validating them through quantitative comparison with physical results;

Applying the calibrated settings to analyze modified geometrical configurations with one-sided
approach flow while determining relevant hydraulic parameters for assessing flow patterns and
subsequent hydraulic design optimization.

2. Materials and Methods

2.1. Physical Model Testing

The presented study is centered around previous physical model testing at the prototype SHPP
facility built and commissioned at the Oskar-von-Miller Hydraulic Research Institute of TUM in 2013.
In accordance with objective (1) of our study, we are using the data and observations made during
two different experimental setups for which we chose the following nomenclature for our study:

Experimental setup 01 (E01) is referred to when we describe observations with the basic hydraulic
configuration of the prototype with a three-sided upstream approach flow.

Experimental setup 02 (E02) is referred to when we describe observations with a modified
configuration of the prototype with a one-sided upstream approach flow.

The overall arrangement of the prototype facility is displayed in Figure 2.
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Figure 2. Left: Prototype SHPP in operation with overflown gate and lower fish bypass in open
position (Photo by Albert Sepp, 2013). Right: Longitudinal section through the facility [7]: (a) inlet
plane covered with trash-rack modules, (b) turbine-generator unit, (c) gate with fish bypass opening.

At this facility, experiments focused on analyzing fish behavior and assessing bypass
functionality (EO1) were carried out in 2013 using the basic arrangement of the SHPP concept with a
three-sided upstream approach flow towards the shaft intake. As part of these experiments, flow
velocity measurements were carried out to confirm the maximum velocities at the screen and the
flow field distribution. These measurements utilized a 3D Nortek Field Acoustic Doppler Velocimeter
(ADV) probe. The measurement grid had a lateral resolution of 39 cm in both directions (x and y),
covering the entire intake plane, and was positioned 4.6 cm above the trash rack (see Figure 3). At
each point, velocities for all three dimensions (x, y, z) were recorded for 60 seconds, and the time-
averaged velocities were calculated [7].

Figure 3. 3D CAD Model of the Prototype SHPP with measurement grid above the inlet. Measurement
points were defined by letters A — G on the x-axis and numbers 1 — 8 on the y-axis.

Several discharges and configurations (i.e., with top or bottom bypass opening) were tested with
this experimental setup. For the first objective of our study, only the case with full turbine discharge
of 1.5 m?¥s, an overflow height at the gate of 7.3 cm, and the bottom bypass in operation is relevant —
as the physical measurements from this case are used for validation of the numerical model results.
In the course of E01, the intake area exhibited a relatively smooth flow surface with minimal vortex
activity. Irregular local vortices appeared sporadically in the areas where the sluice gate connected
to the weir's corners. Nevertheless, this undesirable geometric feature did not impact the overall
hydraulics of the intake [7]. Further data from the E0I setup includes measured head losses at the
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intake, including losses resulting both from the three-dimensional flow deflection above the intake
as well as the losses resulting from the increased flow velocities and friction during the flow through
the trash rack [16].

One further experiment (E02) was conducted at the same prototype facility in 2017. The objective
of this experiment E02 was to find out how the inflow conditions and the overall efficiency of the
power plant will change in the case of a one-sided upstream approach flow instead of the original
design with a three-sided approach flow. For this experiment, they installed channel guide walls
parallel to the main flow direction starting at the gate of the SHPP and reaching 7.5 m upstream,
therefore creating a channeled approach flow towards the SHPP intake, as shown in Figure 4. The
experiment was conducted at different flow rates, and the resulting conditions were recorded
qualitatively by photos and quantitatively by ADV measurements following the same principle as
during the experiments of EO1 in 2013. The findings showed that the one-sided approach flow leads
to an increased approach velocity and inhomogeneous flow patterns above the intake with the risk
of vortex formation [17].

Figure 4. Modified SHPP prototype facility with lateral guide walls, overflown gate, and closed fish
bypass openings during setup E02 [17].

2.2. Numerical Model Testing

According to the first objective of the present study, the physically determined data from the
two experimental setups, E01 and E02, at the prototype facility was used to set up, calibrate, and
validate a numerical model of the two presented geometrically different arrangements. Following
validation, the geometry of the model was modified to assess different configurations and their
impact on the flow field. This forms the foundation for further design optimization of the SHPP
concept. The numerical model testing process is organized into three simulation sets.

Simulation set MO1 refers to all simulations we conducted to generate a calibrated and validated
numerical model of the experimental setup E01 with a three-sided upstream approach flow.

In simulation set M02 we used the calibrated and validated model of the set M01 and added lateral
guide walls in accordance with the experimental setup E02 with a one-sided up-stream
approach flow.

Finally, in the simulation set M03, we conducted three further simulations with a one-sided
upstream approach flow and additionally varying one relevant design parameter during each
of them in order to determine their relevance and for subsequent hydraulic design optimization
according to the second objective of our study.

For the 3D-CFD simulations, the commercial software FLOW-3D® HYDRO (Version 2023R1)
was applied. It employs the finite difference and finite volume methods to solve the equations of
motion for fluids and obtain three-dimensional solutions to flow problems. The software utilizes
structured rectangular grids (i.e., computational mesh) to discretize the problem into a numerical
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model following the immersed boundary method, simplifying the process of importing diverse solid
geometries and integrating the solid model into the software, as the base mesh can remain unchanged
when importing an altered geometry. Within the computational mesh, the software solves the
Reynolds-averaged Navier-Stokes equations, consisting of three-dimensional mass and momentum
conservation equations to replicate the flow field. It also addresses the challenge of modeling free
surfaces in computational environments by neglecting the inertia of gas adjacent to the liquid and
replacing it with an empty space represented only by uniform pressure and temperature, defined as
the Volume of Fluid (VOF) method [18,19]. The software offers the further advantage that sub-models
can be easily added to the basic hydraulic-numerical model. For the presented cases, this is relevant
for two reasons.

First, simulating the flow through the trash-rack with 20 mm bar spacing and 12 mm bar
thickness would require an extremely fine resolution of the computational mesh with
correspondingly long and unfeasible computation times. Instead, the trash rack was defined here as
a porous medium with directional porosity characteristics, allowing the simplified yet accurate
representation of the flow through it. The porous-media model is implemented as a sub-grid process
by applying volume-averaged quantities to the porous region and calculating bulk fluid velocity and
pressure drop with an appropriate drag model [13,18].

Second, the rotation of the turbine runner is represented in a simplified way as a fan model,
which imparts momentum to the fluid in a region defined by a special type of geometry component.
This model induces both swirl and axial velocity components to the fluid that enters the volume
inside the fan component, which is defined by a cylinder of the actual turbine runner's dimensions
(diameter, thickness) [18].

For the presented numerical model tests the following basic settings have been chosen within
the software:

The turbulence model chosen was the Renormalized Group (RNG) k-epsilon model with
dynamically computed mixing length.;

To represent the trash rack as a porous medium, the Forchheimer saturated drag model was
applied with constant drag coefficient A throughout all simulations and variable drag coefficient B,
which was modified for model calibration during simulation set M01 by varying the underlying f-
value. The drag coefficient B is calculated according to equation (1):

B

B =
dfiber

@™

with S being a roughness factor typically ranging between 1.8 and 4.0 (representing smooth through
rough fibers), and d;p., the average equivalent spherical diameter of the porous medium’s fibers —
i.e., in our case the trash rack bar depth of 6.5 mm [13,14,18]. The porosity, defined as the open volume
divided by the total volume in each direction as well as the specific surface area, was determined
based on the actual geometry of the trash rack (i.e., number of bars, their length, depth, thickness,
and spacing). Once the numerical model during set M01 was calibrated and validated, we did not
further vary the porosity settings for the subsequent sets M02 and M03.

For the representation of the turbine runner in motion, the fan model properties were set as
follows: Spin rate 34.87 rad/s (333 rpm); Thickness 0.16 m; Blade tip thickness 0.014 m; Number of
blades: 4.

2.2.1. Simulation Set M01-SHPP with Three-Sided Approach Flow

The first set of simulations, M01, aimed at determining the suitable numerical settings that are
needed to replicate the physically measured flow fields as accurately as possible, aligning with
objective (1) of this study. The geometry is generated as a 3D-CAD Model based on the technical
drawings included in the Annex of [2]. The small-scale components not depicted with sufficient detail
in these drawings (trash rack with cleaning mechanism, gate with bypass openings) were modeled
based on their description and figures presented within that report.

d0i:10.20944/preprints202409.0128.v1
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The measured head loss from the experimental setup E01 [16] was used for primary grid
independence analysis and model calibration. The recorded (unpublished) data containing ADV-
measured flow velocities of EO1 has been made available by the authors of [7] and was subsequently
used to validate the calibrated numerical model. The model was established using three mesh blocks
with a coarser resolution for the upstream area and three mesh blocks with a finer resolution (factor
0.5 of the coarser resolution) surrounding the shaft, the gate, and the draft tube. To reduce the
computation times during the calibration process, an initial model was simulated for 600 seconds in
order to reach steady-state flow conditions. All further simulations were restarted using this first one
as the initial hydraulic condition. The configuration of the M01 setup with mesh regions and relevant
boundary conditions is shown in Figure 5:

Inlet BC: ConstantWL0.9m
above shaftintake

Outlet BC: atmospheric pressure

—

Outlet BC: Volume flow rate 1.5 m3/s

Figure 5. General model setup during simulation set M0I. (c) indicates coarse mesh blocks, (f)
indicates fine mesh blocks.

The subsequently computed simulation set M01 contains five simulations and serves three
purposes: to analyze the grid dependency, to calibrate the model by means of changing the drag
coefficient B, and to validate the results of the calibrated model by means of statistical analysis. The
five simulations with their decisive differences are listed in Table 1.

Table 1. Simulation set M01.

. . Mesh Porosity configuration
Simulation configuration (¢/f) Cell count ty ® /B)g
MO01-mesh01-por01 10cm /5 cm 659,900 1.8/225
MO01-mesh02-por01 8cm /4 cm 1,283,880 1.8/22.5
MO01-mesh03-por01 6cm /3 cm 3,033,732 1.8/225
MO01-mesh02-por(02 8cm/4cm 1,283,880 0.95/11.875
MO01-mesh02-por03 8cm /4 cm 1,283,880 0.1/1.25

We chose the head loss along the flow section from the headwater area on the orographic left
side to after the trash rack as the parameter for determining the grid dependency, as this value was
also recorded at the prototype SHPP for different discharges. Further, the simulated head loss is also
used to determine which porosity configuration, i.e., the simulation with which drag coefficient B,
can approximate the measured head loss the closest. Within the simulation results, we then extracted
velocities in X, y, and z directions along the prototype's measurement grid points (Figure 3),
averaging the values within a 5 cm radius of each point. Additionally, we averaged the simulated
velocities over time (60 s), similar to the ADV measurements at the physical prototype, to enable a
better direct comparison between the measured and simulated velocities.
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We compared the simulated and measured velocities both qualitatively and quantitatively. We
assessed velocity deviations using statistical methods such as standard deviation and mean absolute
error (MAE) for the quantitative analysis. These metrics provided insights into the absolute
deviations between the two velocity datasets. We also used statistical evaluation metrics that
normalize the datasets, including R-squared (R?) and Nash-Sutcliffe-Efficiency (NSE) to further
contextualize the model results.

To enhance comparability, we normalized the x, y, and z velocities of both observed and
simulated data against the respective maximum measured velocities. Scatter plots and 2D velocity
plots were used to visually highlight the discrepancies between the simulated and observed velocities
above the trash rack.

2.2.2. Simulation Set M02-SHPP with One-Sided Approach Flow

The second set of simulations (M02) within this study focused on reproducing the flow
conditions at the SHPP prototype facility that were observed during the experimental setup E02 with
a one-sided, channel-type approach flow. Our specific objective with this set was to prove that the
calibrated model of the initial set M01 can also be used for a strongly modified upstream approach
flow condition by only changing the relevant geometry — in this case, adding the two lateral channel
walls — but leaving all other relevant settings (i.e., mesh resolution, hydraulic boundary conditions,
porosity parameters) unchanged, therefore using the same simulation settings as in the simulation
MO01-mesh02-por02 (Table 1). Using these settings and the updated geometry with lateral walls for the
simulations, we then qualitatively compared the resulting flow fields to the flow conditions recorded
during experiment E02 at the prototype facility.

We simulated two cases with the following hydraulic boundary conditions per the physically
tested settings during experiment E02 as shown in Table 2.

Table 2. Simulation set M02.

Turbi Disch
Simulation .urbme Overflow height at gate 1scharge over
discharge gate
MO02-C01-mesh02-por(2 1.27 m¥/s 7.3 cm 0.8 m¥/s
MO02-C02-mesh02-por02 1.5 md/s 7.3 cm 0.8 m3/s

As the raw dataset containing the ADV measurements during E02 was unavailable for
comparison with the simulation results, we only conducted a qualitative assessment based on the
photos available in [17] related to E02. For this purpose, the flow field for the case with full turbine
discharge (M02-C02) was visualized from a similar position and angle to compare the simulated and
photo-documented case.

2.2.3. Simulation Set M03-One-Sided Approach Flow and Modified Design Parameters

With the third set of simulations (M03), we aimed to analyze alternative hydraulic designs for
the case of a one-sided upstream approach flow previously not tested with physical experiments. The
relevant settings (mesh resolution, porosity configuration, turbine discharge) within the numerical
simulation setup remained unchanged compared to M02-C02-mesh02-por02 (Table 2). At the same
time, three design parameters that are assumed to significantly influence the flow fields at the area
of interest (i.e., at the shaft inlet) were individually increased by a factor of 1.5, targeting to reach
optimized flow conditions. That means one parameter was increased while the other two remained
unchanged in order to identify resulting effects individually, avoiding multiplier effects. The three
chosen design parameters (DP) are:

DP01 = The length of the shaft intake (i.e., trash rack length). It is assumed that increasing the length
and, therefore, the horizontal inlet area will lead to decreased z-velocities with more
homogeneous, low-loss inflow conditions.
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DP02 = The flow depth in the approach channel and above the shaft inlet. It is assumed that
increasing the flow depth and, therefore, the cross-section of the channel will lead to reduced
x-velocities and, therefore, more homogeneous, low-loss inflow conditions.

DP03 = The overflow height (and therefore discharge) over the front gate. It is assumed that
increasing the permanent overflow height at the gate will lead to a decreased risk of vortex
formation above the intake due to increased x-velocities in the surface near water layers
towards the gate. This assumption is based on the findings during the experimental
development of the initial three-sided approach flow variant, where the developers resumed
that a permanent overflow over the spill gate contributes to a vortex-free inflow into the shaft
[5].

In the same way as the previous two sets, we conducted an initial simulation using a coarse
mesh setup for each case. We then restarted the simulation, running it for 90 seconds with a more
detailed mesh configuration (mesh02). We evaluated the results based on the data captured at the
final time step. The analyzed simulations in set M03 are shown in Table 3 with the modified DPs
below M02-mesh02-por02 in the first row for comparison.

Table 3. Simulation set M03.

Simulation DP01 DP02 DP03
flow depth trash rack length gate overflow height
MO02-mesh02-por02 09m 21m 7.3 cm
M03-C01-mesh02-por02 | 1.35m 21m 7.3 cm
MO03-C01-mesh(02-por(02 09m 3.15m 7.3 cm
MO03-C01-mesh02-por02 0.9 m 21m 11.0 cm

To classify the significance of the individual design modifications, we compared relevant
resulting hydraulic parameters of the simulations within set M03 but for reference, also with those of
the calibrated cases of M01 (three-sided approach flow) and M02 (one-sided approach flow. We chose
the following parameters for the classification:

Head loss [m] — a lower value indicates optimized inflow conditions;

Average z-velocity above the trash rack vzmen [m/s] — a lower value indicates optimized inflow
conditions;

The share of the inlet area with z-velocities vz below a benchmark value [%] — a higher percentage
indicates optimized inflow conditions;

Qualitative visual classification with focus on the tendency for vortex formation.
3. Results

3.1. Comparison of Simulated and Physically Determined Head Losses in Set M01

The results of the simulation set M01 shown in Table 4 suggest that the head loss determined
with these simulations does not significantly change by only varying the mesh resolution. There is a
slight decrease in head loss (0.2 cm / 4%) from the configuration mesh01 to mesh02, which is probably
due to the fact that the coarsest resolution cannot completely dissolve the small-scale components of
the geometry, which might have an influence on the head loss due to their position in the shaft inlet
area. The mesh02 configuration with a cell size of 4 cm can already resolve this geometry sufficiently,
and a slightly higher resolution with mesh03 (3 cm) no longer leads to any change in the analyzed
parameter. Based on this finding, we decided to focus on the configuration mesh02 for the subsequent
calibration process, considering that this configuration seems to be the best compromise between
accurate geometry resolution and acceptable computation times. The findings presented in Table 4
also reveal a significant dependency between the head loss obtained from the simulations and the
chosen calibration parameter: the drag coefficient B. The analysis indicates that a lower value results
in a smaller head loss, as it was also determined in a previous study [14]. This is attributed to the fact
that the drag coefficient B is derived from the § value, which, in turn, reflects the roughness of the
porous material. At the SHPP prototype a head loss of 4.06 cm was measured along the same flow
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section for the same turbine discharge (1.5 m3/s), corresponding well with our simulation setup
mesh02-por02. The calibrated porosity value of § =0.95 places us below its typical range [18].

Table 4. Results of simulation set M01.

Simulation Computational time Head loss
MO1-mesh01-por01 2:15h 4.6 cm
MO01-mesh02-por01 6:25h 44 cm
MO01-mesh03-por01 20:34h 44 cm
MO01-mesh02-por02 6:47 h 4.1 cm
MO1-mesh02-por03 844 h 3.6 cm

To validate the calibrated model, we compare the flow fields of the simulations (focusing on
those with configuration mesh02 and varied porosity settings) with those of the physical test recorded
during experiment EO1 [7]. Figure 6 shows scatter plots of the three velocity components for each
MO01-mesh02 simulation in direct comparison with the ADV measurements observed during the
physical experiment.
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The plots show that all three simulation results generally align well with the observed physical
measurements without a clear indication of which of the porosity configurations fits best. The
comparison of the x-velocities reveals a slightly higher deviation than the y- and z-velocities. Table 5
depicts statistical metrics of the velocity deviations.

Table 5. Deviations between physically measured (E01) and simulated (MO01) results.

Simulation Standard deviation MAE R? NSE
MO1-mesh02-por01

x velocity 0.140 -0.044 0.775 0.633

y velocity 0.096 -0.014 0.903 0.900

z velocity 0.094 -0.031 0.863 0.814
MO1-mesh02-por02

x velocity 0.127 -0.031 0.818 0.707

y velocity 0.097 -0.015 0.901 0.898

z velocity 0.094 -0.030 0.857 0.816
MO1-mesh02-por03

x velocity 0.129 -0.027 0.806 0.703

y velocity 0.100 -0.017 0.894 0.891

z velocity 0.098 -0.029 0.829 0.804

Similar to the scatter plots, also these metrics don’t show a clear optimum but rather a generally
satisfactory agreement between the three different simulation configurations and the physical
observations, with the deviations of the x-velocities being consistently the highest. Looking at the
normalized metrics R2 and NSE we can conclude that the configuration M01-mesh02-por02 fits best,
which is validating the result of the calibration process, where we observed that this configuration
can reproduce the physically determined head loss the closest. For a final visual comparison, the
colored 2D velocity plots of the ADV-measured and simulated (MO01-mesh02-por02) data sets are
shown in Figure 7.
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Figure 7. 2D absolute x,- y- and z-velocities of the observed and simulated data sets in direct visual
Top row: ADV-measurements; Bottom row: Simulation results (M01-mesh02-por02).
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Upon visual comparison, it is evident that the general patterns appear similar, but the higher
resolution of the simulation compared to the ADV measurements (4 cm grid vs. 39 cm grid) reveals
more details, such as the small-scale trash rack cleaning mechanism on the orographic left side of the
inlet. The slightly higher deviations in the x-velocities can be partially attributed to the difference in
resolution, as the flow is significantly influenced by these small-scale structures, particularly in the
main flow directions (x and z, with higher absolute velocities observed for x), leading to a higher
error. Another probable factor is that the precise geometry and positioning of these small-scale
mechanical components during the physical experiment were not recorded using a CAD model, but
rather using only photographs and descriptions. This likely resulted in some inaccuracies during the
process of recreating them for the simulation setup. Despite this, the overall agreement is satisfactory,
and there is an excellent agreement in the y- and z-velocities. It can be inferred that the x-velocities
of the simulation likely represent the real flow field more accurately than an interpolation between
the ADV-measured points.

3.2. Qualitative Validation and Analysis of the Flow Fields with One-Sided Approach Flow

We utilized the outcomes obtained from simulation set M02 for further validation of our model
settings developed during set M01 in contrast to the experimental results E02 conducted at the SHPP
prototype and a subsequent qualitative assessment of the flow fields. This evaluation allowed us to
analyze the flow conditions within the modified SHPP setup, characterized by a one-sided approach
flow using lateral guide walls. The visual comparison for the case with full turbine discharge of 1.5
m?3/s (C02) is shown in Figure 8.

Figure 8. 3D flow fields at the SHPP intake with one-sided approach flow. Left: Photo of the prototype
SHPP; Right: 3D-velocity plot from the simulation result M02-C02-mesh02-por02 with streamlines
indicating vortex regions.

Our simulation reveals an inhomogeneous velocity distribution around the area of interest. By
employing streamlines for visualization, we have identified a strong tendency towards vortex
formation associated with this design. Interestingly, the simulation projects the appearance of
vortices on the right side of the intake. This contrasts sharply with the physical experiments, where
only a vortex was observed on the left side. This discrepancy leads us to conclude that while our
numerical model may not precisely mimic the observed flow condition in terms of the exact locations
of induced vortices, it successfully signals the clear risk of vortex formation given the geometrical
setup we have chosen.

3.3. Assessment of Alternative Geometry Configurations for One-Sided Approach Flow

Finally, we are examining the results of simulation set M03 with the goal of identifying the
design parameters (DP) of the SHPP layout that could have a positive influence on flow conditions
for a configuration with a one-sided approach flow upstream of the intake. The 3D flow fields for the
three different cases are depicted in Figure 9.
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Figure 9. 3D flow fields and 2D z-velocity plots at the SHPP intake with one-sided approach flow and
modified design parameters. Left column: Modified DP01 — increased flow depth; Middle column:
Modified DP02 — increased trash rack length; Right column: Modified DP03 - increased gate
overflow.

For setup M03-C01, with increased flow depth across the approach channel and above the intake,
a rather uniform flow is observed, showing no tendency for vortex formation and rather
homogeneous z-velocity distribution above the inlet, indicating consistent flow.

In contrast, setup M03-C02, with increased intake / trash rack area, displays an inhomogeneous
flow, leading to a strong tendency for vortex formation with uneven z-velocity distribution above the
inlet. The 2D plot shows vortices reaching the trash rack plane with backflow within the vortex core,
marked by positive z-velocities.

For setup M03-C03, with increased gate overflow, vortex formation is observed but less intense
than in setup M03-C02. The velocity pattern above the intake highlights peak negative z-velocities
concentrated on the intake's right side.

To complement this evaluation with a quantitative assessment, relevant hydraulic parameters
were extracted from the simulation results, as shown in Table 6. This was done in order to better
assess the significance of DPs with the objective of optimizing the flow conditions.

Table 6. Resulting hydraulic parameters for classification of the tested design parameters in M03.

Simulation Head loss vzmean vzmin % of inlet area vortex formation
with v:<- 0.5 m/s tendency
MO01-mesh02-por02 4.1 -0.38 -0.62 6% None
MO02-mesh02-por02 7.9 -0.34 -0.68 14% Medium
M03-C01-mesh02-por02 52 -0.32 -0.81 7% Weak
MO03-C01-mesh02-por02 7.4 -0.21 -0.53 1% Strong
MO03-C01-mesh02-por02 8.2 -0.34 -0.69 14% Medium

The comprehensive evaluation of these findings suggests that determining the superior design
configuration is challenging, as it relies on the hydraulic parameter being assessed and its relative
importance in our ranking process. When considering the head loss, which reflects pre-turbine energy
conversion and intake area turbulence, adjusting the flow depth (DP01) has a notably positive impact on
reducing head loss. The parameters mean z-velocity (v. mean) and minimum z-velocity (v- min) have less
informative value due to their interpolated or punctual nature. Consequently, we have quantified the
percentage of the inlet area where the z velocity falls below a threshold of - 0.5 m/s, as 0.5 m/s is the
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recommended maximum trash-rack normal approach velocity for consistency with established fish
protection standards [7]. In terms of this parameter, the variant with increased trash rack length (DP02)
yields the best result, with only 1% of the area exhibiting z velocities below the threshold, followed by
variant DP01 with 7%. Based on these parameters and the qualitative assessment of vortex formation
tendencies, it is evident that increasing DP01 and DPO02 offers the most significant improvements in this
optimization problem, while increasing DP03 does not enhance flow conditions as targeted. Additionally,
raising the permanent overflow over the gate decreases the proportion of total flow available for energy
production, making it an overall unsuitable choice for increase.

4. Discussion

The study involves using a 3D-CFD workflow to replicate existing physical models of the Shaft
Hydropower Plant prototype facility (objective 1) with the calibration of numerical parameters and
to evaluate alternative designs for an implementation with one-sided upstream approach flow
deriving indications for future optimization of such configurations (objective 2). This is done using
the commercial software Flow3D® HYDRO with specific sub-models activated, such as representing
the trash rack as a porous medium and defining the turbine rotation using a fan-model.

The methodology partially builds on previously tested methods, such as studies on the general
applicability of using porous media for trash-rack representation. While some studies found that
trash racks at hydropower intakes can be represented using baffles instead of porous media due to
ease of calibration and reproducing targeted pressure loss [13], for this study we chose porous media
to more accurately represent the architecture of the trash rack in the model and assign directional
porosity settings, similar to [14].

The study results demonstrate that it is feasible to accurately replicate the flow fields at a SHPP intake
using the chosen method. This is particularly true for low-turbulent upstream flow conditions, such as
those found in the three-sided approach flow in simulation set M01. Both the quantitative and qualitative
comparisons with physically determined measurements indicate that the calibrated settings can be
effectively used to predict similar flow patterns. Error analysis as part of the quantitative comparison of
directional velocities show excellent agreement between numerical and physical models for the y-velocity,
good agreement for the z-velocity, and satisfactory agreement for the x-velocity. The slightly larger
deviation for the x-velocity can be attributed to differences in the upstream inlet boundary conditions. In
the numerical model, we have an even inflow along the x-axis, while in reality, the water passes through
a natural channel before reaching the head pond area. This presumably results in a not completely even
velocity profile. Additionally, some small-scale geometry components could only be represented in a
simplified manner based on photos and descriptions. Comparing our results of the simulation set M01
with the findings of [14] shows that our calibrated model settings, along with our 3D geometry including
small-scale elements, allowed us to more accurately reproduce the physical experiment E01. For example,
the R? value of the compared z-velocities was 0.78 in [14] and 0.9 in our study.

Contrary the good agreement observed in the first set of simulations, we were unable to exactly
replicate the flow pattern with higher turbulence in the second set of simulations using a one-sided
approach flow with the tested settings. However, the results still provide useful indications for using
the presented 3D CFD technique for hydraulic optimization of SHPP intakes. The results reveal
important information about the flow quality, such as turbulence intensity, tendencies for vortex
formation, and head loss. Although we couldn't precisely predict the location of the vortex observed
during the physical experiment, it's important to note that the documentation for the second
experiment with one-sided inflow is less detailed, which could be a factor contributing to the weaker
agreement between numerical and physical observations, since there is uncertainty regarding
whether the described flow state (i.e., steady/unsteady) correspond accurately with the image
material used in the referenced report [17].

Regarding our second objective, which was to determine the relevant design parameters and
their significance in optimizing the overall flow situation at the intake of a Shaft Hydropower Plant
with one-sided approach flow, we have identified the relevant parameters and derived indications
of which ones are important to focus on when aiming to improve the hydraulic design. It has become
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clear that increasing the permanent overflow over the gate does not have a significant beneficial effect
on the design objective and, at the same time, reduces the total inflow available for energy
production. Therefore, we do not recommend increasing the value of this parameter. However, the
analysis of the other two parameters shows that modifying (i.e. increasing) them promises an
improved flow situation. While it seems that reaching the objective with only modifying one of them
is not possible, we conclude that both the trash rack area and the flow depth in the intake area should
be increased compared to the values chosen for the originally developed SHPP configuration with
three-sided approach flow. The reason why we have focused on altering the trash rack length instead
of increasing the originally quadratic inlet area with equal proportions in the x and y directions is that
the SHPP concept has significant potential for non-powered dams/weirs with movable gates and
therefore fixed field widths. At such sites, like in the case of the 1.2 MW “At-Bashy” Shaft hydropower
plant currently being developed in the Kyrgyz Republic [20-22], the SHPP concept can be integrated
downstream of a weir field, but at the same time, it needs to be dimensioned considering the width
limits given by the existing structure. As this case is expected to be the norm, we decided to focus on
altering the length, as it can be more easily implemented in real-world situations.

When designing the intake of SHPP with one-sided approach flow, it is challenging to derive a
rule-based methodology from our results. Instead, it is advisable to utilize the informative indicators
we provided to guide the focus on specific parameters when developing the optimal hydraulic design
for a site-specific SHPP layout using comparable numerical methods.

5. Conclusions

In conclusion, the 3D CFD application workflow presented here is a valuable tool for the future
hydraulic design of SHPP intakes, even for heavily modified layouts compared to the original
prototype setup. It enables the design of the facility with a focus on low-loss, uniform inflow
conditions, and allows for detailed analysis with high resolution in areas of interest. This could be
particularly relevant for assessing operational details, fish protection measures or sediment
connectivity. The methodology presented will be applied to real-world cases in the future, leading to
further validation and acceptance. Additionally, the application of the SHPP concept with one-sided
approach flow layouts provides further opportunities for the exploitation of hydropower at existing
hydraulic infrastructure, especially for non-powered dams and weirs with spillway gates. These
SHPP modules can be implemented below the spillway gates without the need for diversion
structures and without negative effects on the flood discharge capacities of such facilities

6. Patents

The study focuses on a hydraulic design application related to the Shaft Power Plant Concept.
This concept is patented under the European patent number EP2499353B1. The authors of this study
do not own the patents. The owner of all relevant SHPP patents is the Technical University of Munich.
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