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Abstract
Archimedes screw generators are a small-scale, eco-friendly hydropower technology. Despite their promise as a
sustainable energy technology, the design specifics of the technology are not well documented in the published
literature. Existing performance prediction models often fail to accurately forecast power loss, particularly as it
relates to the outlet of the screw generator. To address this, a comprehensive computational fluid dynamic model
was developed and evaluated using both laboratory-scale experiments and real-world data. This yielded an extensive
dataset that covered wide variations in design parameters. The dataset was then used to inform the development
and evaluation of an outlet power loss prediction model. The resulting model significantly improved the accuracy
of overall performance predictions, reducing average error to 13.68 % compared with nominal experimental data
– a substantial improvement over previous models, which averaged around 42.55 % error for the same test cases.
Notably, the new model achieved an absolute error of 5 % or less in over 26 % of comparison points, marking a
remarkable advancement by predicting outlet power loss by more than 28.8 %.

Impact Statement
When properly designed, Archimedes screw generators are an efficient, fish-friendly, eco-friendly sustainable
energy solution. They are capable of operating effectively under a wide range of conditions and schemes.
They have been shown to be very efficient when operating at low heads and moderate flow rates; ranges
that are not commonly occupied efficiently by other hydropower technologies. However, their design is not
well documented in the literature. This paper presents a model that offers a significant improvement to state-
of-the art design and performance predictions in Archimedes screw generators. When integrated into a full
performance model, this outlet power loss model is able to substantially improve overall prediction accuracy,
and consequently improve design optimization of the technology.

1. Introduction

This paper outlines the design, development and evaluation of a power loss prediction model for outlet
power loss in Archimedes screw generators (ASGs). The model was able to improve overall ASG
powerplant performance predictions when implemented as a module in full performance prediction
software.

An ASG is a micro-hydropower technology often used at sites with low heads and moderate flow
rates to convert hydraulic power into rotation mechanical power. Archimedes screw generators are
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Figure 1. Simplified ASG powerplant layout. Parameters used to quantify filling levels of screw buckets
are shown in Detail A, parameters used to describe gap leakage are shown in Section B and the outlet
water level and gap width are magnified in Detail C.

commonly installed in run-of-river schemes, which contributes to its reputation as an eco-friendly
hydropower technology (Simmons & Lubitz 2021). Powerplants using ASGs often operate with river-
to-wire efficiencies of approximately 75 %; however, some screw generator powerplants operate more
efficiently (Fergnani, Silva & Bavera 2017).

Archimedes screws have a simple, robust design in comparison with other hydropower technologies.
They are made up of a helical array of blades that are fixed along a central, cylindrical tube. In its most
common orientation, the screw is held between bearings and rotates within a fixed trough. With some
exceptions, screws most commonly have three or four blades. A small intentional gap exists between the
blade tips and the fixed trough. Although the gap introduces a phenomenon called ‘gap leakage’ flow
(Qg) into the system, it improves mechanical performance by reducing friction and preventing wearing
of the blades and trough.

The screw is connected to a generator at the top of the screw via a gearbox. Screw generators usually
operate at low speeds (between 10 and 80 rev min−1), so a gearbox is required to convert rotation speed to
a speed more suitable for a standard electrical generator. Larger screws tend to operate more effectively
at lower rotation speeds. The generator is used to convert rotational mechanical energy into electricity
for on- or off-grid use. The layout of a common ASG installation is shown in figure 1 with annotations
to indicate variables and operating parameters.

Archimedes screws are often described geometrically by their outer diameter (Do), inclination angle
(𝛽) and number of blades (N). Dimensionless design ratios are often employed to fully define the
geometry of a screw generator. The diameter ratio is the ratio between the inner and outer diameters of
the screw (Di/Do). The pitch ratio is the ratio between the screw pitch and the outer diameter (S/Do).
Lastly, the length ratio is the ratio between the flighted length of the screw and the pitch (L/S).
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During operation, water enters the screw at a known upper water level (hU) and flow rate (Q). The
screw rotates at a given speed (𝜔), allowing water to enter between its blades. Water enters the space
between the screw blades. Once the blades fully enclose the volume of water, that volume of water is
described as a ‘bucket’ of water (Rorres 2000). The water level within each bucket (zwl) depends on the
flow, rotation speed and geometry of the screw. Buckets are formed and travel along the length of the
screw within chutes. Chute is the term used to describe the volume between two adjacent blades. For
example, all the buckets formed between the green and red blades of figure 1 would be within the same
chute.

Buckets are usually described by the dimensionless bucket fill height ratio ( f ), which is calculated as

f =
zwl − zmin

zmax − zmin
, (1.1)

where zmin is the minimum water level of a bucket and zmax is the maximum water level before water
overtops the inner cylinder and spills into the next successive bucket along the chute.

The flow of water overtopping the inner cylinder is called overflow leakage (Qo). Overflow leakage
occurs when the bucket fill height ratio is f > 1. When f = 1, the buckets are as full as they can be
without experiencing overflow leakage. When f < 1, the buckets are underfilled and only experience
leakage losses in the form of gap leakage. When an ASG has underfilled buckets, it tends to operate with
less energetic efficiency. Power conversion is largely due to hydrostatic pressure differences between the
screw buckets. Generally, dynamic pressure has a proportionally very small effect on screw performance
(Simmons & Lubitz 2020).

Archimedes screws have been used for pumping since roughly the 7th century BCE (Dalley & Oleson
2003). It appears that their development has been influenced by many generations of experience-based
design and heuristic modelling. In turn, screw generator design appears to be largely experience based
and empirical as well. Until recently, screw generator design methods in the published literature did not
yield site-optimized designs. The main goal of the authors’ research is to develop tools that optimize
site-specific ASG design and improve return on investment, energetic efficiencies or a combination of
both.

When considering the performance of an ASG, the net mechanical power output is described with
the following equation:

P = Ps − PL,f − PL,o. (1.2)

In the equation, the net mechanical power (P) is equal to the ideal shaft power (Ps), minus the
frictional power loss (PL,f ) and outlet power loss (PL,o). The ideal shaft power is the total frictionless
mechanical power that the screw blades convert from water pressures within the screw buckets. The
frictional power loss describes the viscous pressure effects in the system; for example, an increasing
rotation speed can increase the wall shear stress and its associated frictional power loss. Finally, the
outlet loss, which is the focus of this study, is the loss incurred as water exits the lower end of the screw
into a channel or reservoir at a given lower water level (hL).

The total flow rate (Q) also describes the net performance of an ASG. Screw generator efficiency is
impacted by leakage losses during operation. The total flow rate through an ASG is

Q = Qb + Qg + Qo, (1.3)

where Qg is the gap leakage flow rate, Qo is the overflow leakage rate and Qb is the bucket flow rate. The
bucket flow rate is directly associated with power production, while the leakage flow rates are directly
associated with power loss.

To optimize the design of an ASG powerplant, accurate prediction models for all components of
power and flow are required. With accurate modelling, optimization software can be used to run through
design iterations and determine the best geometry and configuration for a powerplant with the goal of
achieving the highest mechanical or economic efficiency.
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In general, current performance prediction models in the literature lack accuracy. More modern
models are based on laboratory-scale experimental data on screws with small diameters (Do = 0.15 to
0.38 m). So, these models have not been robustly proven to accurately predict performance of large,
real-scale screw generator installations (i.e. Do = 0.6 to 5.0 m).

Prediction models for power production are present in the published literature (Lubitz, Lyons & Sim-
mons 2014; Nuernbergk 2020). One of the models was developed empirically based on data gathered
from a range of laboratory experiments and field measurements (Nuernbergk 2020). It predicts mechan-
ical efficiency based on experimental evidence, then uses efficiency and available hydraulic power to
predict power production. The other model uses a first-principles approach to predict screw generator
performance and was validated with laboratory-scale experimentation (Lubitz et al. 2014). The model
uses flow, water levels and screw geometry to compute bucket fill heights. Then, using the fill height,
integrates along a finely meshed representation of a screw blade to find hydrostatic pressure and con-
sequently torque conversion during screw operation. Power loss models are also present in the model;
they include a frictional power loss model that was similarly developed from first principles (Kozyn &
Lubitz 2017).

There are some models in the published literature that predict components of a screw outlet. Current
gap leakage models were developed from first principles using basic fluid mechanics concepts (Lubitz
et al. 2014; Nuernbergk 2020). Data from a more recent study suggest there is room to improve these
models (Simmons & Lubitz 2020). An empirical update to the gap leakage model presented by Lubitz
(2014) was posed; it demonstrated accuracy improvements to predictions by an average of 14.3 % across
all scale sizes of screw generator installations (i.e. Do = 0.15 to 5 m) (Simmons & Lubitz 2022).

Overflow leakage rates were also modelled using a first-principles approach (Aigner 2008; Nuern-
bergk & Rorres 2013; Kozyn & Lubitz 2017; Nuernbergk 2020); however, the resulting model was
shown to lack accuracy, and an empirical correction was applied (Songin & Lubitz 2019). The correc-
tion relationship was exclusively informed by laboratory-scale experimental data and there are some
indications that the model may be less accurate for large-scale screw generators.

Power loss associated with the outlet of screw generators has also been modelled the literature (Kozyn
& Lubitz 2017; Nuernbergk 2020). The outlet is located at the lower end of a screw generator. At the
outlet, water drawings from the final buckets into a lower reservoir, basin, or channel. Recent computa-
tional fluid dynamic (CFD) analysis and field measurements taken at full-scale ASG powerplants have
suggested that current outlet loss models in the literature lack accuracy in full-scale screw installations
(Simmons et al. 2021).

The Kozyn (2016) model separated outlet power loss into two components to make analysis easier
(Kozyn & Lubitz 2017). The outlet power loss was described as a function of losses due to submersion,
and hydraulic losses due to expansion into the lower basin. The outlet expansion loss was described as
the power loss associated with the changing cross-sectional geometry as water exited the screw into a
reservoir or channel. Outlet expansion loss was modelled using the principles of Borda–Carnot head
loss (Kozyn & Lubitz 2017). Outlet submersion loss was more complicated; it related to the concepts
of an optimal lower water level. For improved mechanical efficiency, the lower water level must be set
at a screw-specific optimal height. Nuernbergk proposed the following geometric relationship to define
the optimal lower water level (Nuernbergk 2020):

h′
L =

Do + Di

2

√
1 −

(
S tan 𝛽

𝜋Do

)2

cos 𝛽 −
S
N

sin 𝛽. (1.4)

Figure 2 shows an illustration of a screw set to its optimal lower water level.
The lower water level is often described in dimensionless terms as the lower submergence (𝜓L)

𝜓L =
hL

Do cos 𝛽
. (1.5)
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Figure 2. Optimal lower water level and the parameters used by Nuernbergk (2020) to define it.

Correspondingly, the optimal lower submergence is

𝜓 ′
L =

h′
L

Do cos 𝛽
. (1.6)

The optimal outlet submersion provides the screw with an amount of backpressure that helps the
final buckets drain more effectively. When the lower water level is too high (i.e. 𝜓L > 𝜓 ′

L), the screw
outlet becomes flooded. Under this condition, water will flood back into the last buckets of the screw
from the lower basin or reservoir and begin to counteract the power generator capabilities of the last
buckets. When the lower water level is below optimal (i.e. 𝜓L > 𝜓 ′

L), the final buckets of the screw drain
prematurely since the backpressure at the outlet is not sufficient. There exists an optimal lower water
level (𝜓 ′

L) where the power losses associated with back flooding and premature drainage are minimized
(Nuernbergk 2020). The optimal lower water level is very screw-dependent; it is based on the geometry of
a screw generator installation. However, in the most common ASG orientation, the optimal submergence
is roughly 𝜓L ≈ 0.60 (i.e. the outlet is approximately 60 % submerged) (Nuernbergk 2020).

Considering all models used for performance predictions in ASGs, the authors have determined that
the outlet loss models require the most immediate attention. Outlet water levels can vary widely at
screw generator installations; there are large seasonal variations in outlet water levels, and one unique
installation was subject to tidal variations (Simmons et al. 2021). Varying low and high water levels at
a screw outlet has been observed to significantly impact screw generator performance (Kozyn & Lubitz
2017; Simmons et al. 2021) – the existing methods to model these impacts are limited. The focus of
this study is to address these limitations and present an improved outlet power loss model that could be
implemented to make overall power predictions more accurate in design optimization. Additionally, the
relationship for the optimal lower water level that Nuernbergk proposed (i.e. (1.4)) is only valid when
the screw buckets are full, but not overflowing (i.e. f = 1). So, one goal of the model proposed by the
authors in this study is to suggest improvements that have validity across all practical fill heights.

2. Methodology

Until recently, there has been a lack of comprehensive large-scale screw generator performance data in
the literature. To address this issue, laboratory experimentation and field measurements were conducted
to quantify ASG performance across a range of scale sizes (Simmons et al. 2021). Since it is difficult to
vary input parameters in an operating screw generator powerplant, only a few high-quality datapoints
were collected for large-scale ASG performance. So, the laboratory and field data were collected to
inform the design of a CFD model. The CFD model was evaluated across a wide range of scale-sized
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Table 1. Three different scale-sized laboratory screw generator datapoints used for the evaluation of
numerical simulations.

Screw name Do (m) Di (m) S (m) L (m) N (–) B (°) 𝜔 (rad s−1) Q (m3 s−1) Pexp (kW)

Lab Screw A 0.150 0.078 0.150 0.600 3 24.9 6.28 0.001 0.0021
Lab Screw 2 0.316 0.168 0.318 1.219 3 24.5 5.24 0.008 0.0299
Lab Screw 15 0.381 0.168 0.381 0.617 4 24.5 3.36 0.01 0.0224

Table 2. Representative datapoints from field measurement campaign.

Screw name Do (m) Di (m) S (m) L (m) N (–) B (°) 𝜔 (rad s−1) Q (m3 s−1) Pexp (kW)

Waterford 1.390 0.762 1.390 4.538 3 22 4.26 0.462 7.386
Buckfast 2.500 1.220 2.500 10.562 4 26 3.01 2.095 92.88
Ruswarp 2.900 1.200 3.070 5.117 3 22 2.80 3.754 32.50
Ferrara 3.600 1.800 4.300 7.400 3 22 2.34 5.030 133.35

screw data so that it could be reasonably run with any combination of geometry or operating parameters
(within the evaluated range) to produce accurate approximations of screw generator performance. Data
from the laboratory, field measurements and CFD simulations were used to inform the development of
an improved outlet power loss model. Data from each source were also used to evaluate the outlet power
loss model.

2.1. Laboratory experiments

Laboratory experiments were conducted in the University of Guelph’s Archimedes Screw Laboratory.
To collect a datapoint, the pump was set to a desired system flow rate, and the the motor’s variable
frequency drive was set for a desired screw rotation speed. The system was allowed time to equilibrate;
at equilibrium, the average water levels in each basin remained constant. At this point, datalogging
software was run to collect 60 s of sensor readings. Due to the nature of filling and emptying buckets,
screw torque and water levels have slight oscillations during normal operation. So, the 60 s sensor
readings were time averaged to better characterize the performance of the screw generator.

Three different laboratory screws were used to evaluate the CFD model, they varied by scale size.
The geometry, nominal flow rate and measured power for characteristic run points are shown in table 1.

More detailed information about the collection of each datapoint of table 1 can be found in the
literature. This apparatus was used to collect data for Lab Screw 2 (Kozyn 2016) and Lab Screw 15
(Simmons 2018). A similar but smaller apparatus was used in the same laboratory to conduct experiments
on Lab Screw A (Lyons 2014).

2.2. Field measurements

It is very difficult to gather data from an operational ASG powerplant that is both high quality and
has enough detail to be useful for model evaluation and development. To gather a useful, high-quality
datapoint that describes screw generator performance, the flow rate, water levels, torque (or generated
power) and rotation speed must be quantified. It is specifically the flow rate and torque that are most
difficult to gather in an operating powerplant; usually neither are directly measured, but rather estimated
based on other measurements. Table 2 shows the dimensions, operating parameters and electrical power
production of each site.

For all four powerplants, measurements of electrical power, rotation speed and water levels were
either readily available or straightforward to gather while on site. Flow rate data were much more
difficult to gather. Each site had unique characteristics that called for unique solutions to quantify flow
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Table 3. Simulated screw dimensions and operating parameters. All screws have the same design ratios
(i.e. Di/Do, S/Do, S/L).

Screw number Scale Do (m) Di (m) S (m) L (m) N (–) B (°) Gw (m) 𝜔 (rad s−1) Q (m3 s−1)

1 0.47 0.148 0.079 0.149 0.572 3 24.5 0.002 6.02 0.00115
2 1 0.316 0.168 0.318 1.220 3 24.5 0.002 5.24 0.00827
3 2.13 0.675 0.359 0.678 2.600 3 24.5 0.004 4.69 0.0699
4 3.16 1.000 0.532 1.000 3.860 3 24.5 0.006 4.19 0.202
5 6.33 2.000 1.060 2.010 7.710 3 24.5 0.008 3.30 1.23
6 11.1 3.500 1.860 3.510 13.500 3 24.5 0.010 2.27 4.51
7 15.8 5.000 2.660 5.020 19.300 3 24.5 0.010 1.79 10.3

rate. Further details regarding the set-up and data collection can be found in the supplementary material
available at https://doi.org/10.1017/flo.2024.29, or in the literature (Simmons et al. 2021).

2.3. Numerical simulations

A transient, two-phase, dynamically meshed, three-dimensional CFD model of an ASG was developed
with OpenFOAM (v4.0, The OpenFOAM Foundation). The model was developed to accurately approx-
imate screw generator behaviour across a wide range of geometries and operating conditions. Model
details, grid sensitivity and evaluation are shown in the supplementary material, and further details can
be found in the literature (Simmons et al. 2021; Simmons, Dellinger & Lubitz 2023).

The simulation results had reasonable agreement with the experimental and field measurements,
suggesting that the CFD model can be used as an accurate approximation of operating ASGs. To take
advantage of the CFD model’s ability to approximate screw performance across a wide range of scale
sizes and configurations, sets of simulations were run for seven different scale-sized screw generators
(cf. table 3) representing a range from pico- to small-scale hydropower sites.

The geometry of the simulated screws was based on the most tested laboratory-scale screw at the
University of Guelph’s Archimedes Screw Laboratory. The seven scales were selected to represent the
full range of ASGs. Screw 2 in table 3 is identical to the most tested laboratory-scale screw. Screw 1
represents the scale size of the smallest laboratory screw in the Archimedes Screw Laboratory. Screws
3 to 6 roughly match the scale of the screws in the field studies. And screw 7 is the scale of the
largest operating screw at time of publication (Simmons et al. 2021). Though the simulations varied
in length scale, they were otherwise geometrically identical; all screws had the same design ratios (i.e.
Di/Do, S/Do, S/L), proportions and inclination angles. Keeping proportions constant allowed for direct
comparisons of performance against length scale.

All screws operated with fill ratios of f = 1, and outlet submergence was varied. To be compu-
tationally economical, outlet submergence was varied from 𝜓L = 0.1 to 1.0 by increments of 0.1 for
screw 2 and screw 5. Screw 2 was selected since it represents the real laboratory screw, and screw
5 was selected since it represents the length scale of a standard operating ASG. After running simu-
lations on screws 2 and 5, a preliminary analysis was conducted. Results of the preliminary analysis
suggested that the remaining screws (screws 1, 3, 4, 6 and 7) could be simulated with submergence
levels of 𝜓L = 0.2, 0.5, 0.6 and 0.7 while still capturing the main trends observed in the preliminary
data.

3. Data and model development

This section outlines analysis of the initial data as well as the development of the new outlet power
loss model, correction terms and an evaluation of the new model with comparisons with the current
state-of-the-art outlet power loss model.

https://doi.org/10.1017/flo.2024.29 Published online by Cambridge University Press

https://doi.org/10.1017/flo.2024.29
https://doi.org/10.1017/flo.2024.29


E32-8 S.C. Simmons and W.D. Lubitz

y
z

Inlet section

Ideal section

Outlet section

Figure 3. Three sections of simulated screw domain: inlet section, ideal section and outlet section.

3.1. Initial data and analysis

Numerical simulations yielded two components that were dimensionally homogeneous to pressure:
static pressure distribution and viscous drag. To determine total mechanical torque on the simulated
screws, the two terms were integrated over all submerged surfaces yielding component forces. The
resultant forces were taken as a moment about the screw axis of rotation. To find the torque contribution
due to hydrostatic pressure (the ‘power-producing torque’) and the torque component that represents
frictional power loss. To determine the net mechanical torque at the screw shaft, the difference of the
two components is found.

Since it is difficult to directly measure outlet effects, the simulation domain was split into three
sections corresponding to figure 3 (the inlet section, ideal section and outlet section).

A bucket of the screw requires one full pitch length to form, so the ideal section was selected as
one pitch length at the longitudinal centre of the screw. The inlet and outlet section were set as the
remaining segments of screw at their respective inlet or outlet ends of the screw. Theoretically, in a very
long Archimedes screw, the buckets at the longitudinal centre should operate with negligible impact on
the inlet or outlet of the screw; they would be operating in an ideal, undisturbed state. The ideal bucket
is a great characteristic representation of an Archimedes screw; many models use an idealized bucket
to calculate the ideal power-producing torque, then use power loss models to subtract of system loss
estimates.

Screws tested in this study had a length ratio of approximately 4.2, meaning that the screw is approxi-
mately 4.2 pitch lengths long. This is relatively long for an Archimedes screw, so the ideal section should
be less impacted from the inlet and outlet, respectively. To quantify the loss, mechanical power and its
components were calculated for each section of the screw. Figure 4 demonstrates the power and power
components as panels for each section of screw 2 across the full range of outlet submergence levels. In
the figure, power is shown as a static pressure component (Pp, left) and viscous pressure component
(Pv, centre) alongside the resultant power (P, right). Each panel has curves representing the inlet, ideal
and outlet sections as well as the full screw, and the idealized full screw power. The idealized full screw
power was found by scaling the ideal section power to the full screw length with the length ratio; it
represents the power that an ASG would produce were it not subject to inlet or outlet effects and if both
the top and bottom of the screw were immersed at ideal, nominal levels.

The power values for the inlet and ideal sections were constant throughout the range of submergence
levels; an expected result since only the lower water level was varied in these simulations. Variations
in the lower water level mean that each simulation has varying hydraulic potential energy, so further
processing was required to compare the results, as shown in the following section. Note that figure 4
does not show data for submergence levels of 𝜓L = 0.9 or 1.0; this was because of domain geometry. For
a rotational, dynamic mesh, it was easiest to fully enclose the cylindrical screw trough. In reality, the
screw trough is only enclosed for three quarters of its circumference, with the top open to atmosphere.
In the simulation, when submergence levels reached 90 % and 100 %, the lower end of the screw was
sealed with the fully enclosed trough and water surface. That created an air pocket that seemed to
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Figure 5. Outlet loss calculated with (1.6) for the range of submergence values for screw 2.

cause backpressures that significantly impacted the flow dynamics in the first few buckets of the screw.
Effectively, this caused the system to transition from open channel flow to a complex, partially filled
pipe flow.

Since a screw generator is an array of translating buckets, it seemed reasonable to scale the ideal
section by the length ratio (S/L) to find the ideal power production of the full screw. This gave very
reasonable results since it yielded slightly higher power values than the actual total, and the results did
not seem to be impacted by varying lower water levels. The consistency of the scaled ideal screw power
indicated that the simulated screw was long enough that its ideal section was effectively free of inlet
and outlet effects.

Since the ideal section seemed to be free from outlet effects, it was used to quantify the outlet power
loss (PL,o) using the following relationship:

PLo =
Lo

Lid
Pid − Po, (3.1)

where PL,o is the outlet power loss, Lo is the outlet section length, Lid = S is the ideal section length, Pid
is the ideal section power and Po is the outlet section power.

An example of the outlet power loss is shown in figure 5 for the results of figure 4. The outlet power
loss represents power loss due to phenomena specifically at the screw outlet.
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Figure 6. An ASG just before the final bucket begins to empty into the lower basin. The optimal lower
water level and a local bucket head drop are shown in dimensional terms.

After this preliminary analysis, the authors decided that more data were required to quantify the
effects that varying fill height, inclination angle and number of blades had on outlet power loss in ASGs.
It was also determined that screws 4 and 5 were both excellent representations of ASG performance in
all full-scale screws (i.e. all screws other than screws 1 and 2 – the laboratory-scale screws). So, screw
4 was simulated across the range of submergences with N = 3, 4 and 5 blades. Screw 4 was also used
to examine the effects of inclination angle on power loss. Inclination angle was varied from 𝛽 = 15°
to 35° by increments of 5°; this range included the most common inclination angle for installed ASG
powerplants, 𝛽 = 22° (Lashofer 2018). Since it was already running for a parallel study, screw 5 was
used to simulate the effects of varying fill height on outlet power loss. The fill ratio was varied from
f = 0.5 to 1.3 by increments of 0.1. Results of these simulations are presented in figures 7 to 11 and were
used for the model development presented in this article.

3.2. Model development

To reiterate, the initial simulations (cf. figure 4, table 3) were run with a constant fill height ( f = 1),
inclination angle (𝛽 = 24.5°) and number of blades (N = 3); subsequent simulations varied these param-
eters. To allow for direct comparisons across the range of simulations, the outlet submergence was first
normalized. The difference between the optimal submergence was used for normalization. However, the
optimal lower water level described by Nuernbergk (1.5) is only valid when fill heights are f = 1. Since
some of the data gathered in this study varied fill height, a new optimal submergence level treatment
was first developed before further analysis began.

In theory, at the optimal lower submergence, the outlet of the screw provides a similar amount of
backpressure in its last buckets of the screw such that they operate like a bucket within the ideal section
of the screw. For context, the optimal lower water level and head drop between buckets (Δhb) are shown
in figure 6.

Gap flow caused screw buckets to exhibit minor drainage earlier than the screw outlet; however, most
of the bucket volume drains as the blades move to a position below the free surface of water at the screw
outlet. So, the ideal lower water level can be found when the blade is at its last position before it drops
beneath the fill height of the final bucket. When the blade is in this position, the head drop between the
last bucket and lower basin water levels should be equal to the bucket head drop (Δhb).

The presence of a non-zero lower water level had a few benefits during operation. It allowed back-
pressures to remain relatively consistent through bucket transport through the screw. It also prevented
early drainage of screw buckets since the gap flow was more consistent. Finally, it prevented backfill-
ing since the lower basin water level was lower than the last bucket height; water was prevented from
spilling from the lower basin into the last bucket at the outlet.

Informed by these observations, the following equation was developed to estimate optimal lower
submergence (i.e. the dimensionless optimal lower water level). Effectively, the bucket head drop
was found for any bucket fill height and corresponding screw geometry. It was the used to find the
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Figure 7. Effects of varying lower submergence on outlet power loss – and its two components – for
the seven simulated ASG length scales.

corresponding lower water level

𝜓 ′
L =

1
Do cos 𝛽

[(
S
2
−

S
N

)
sin 𝛽 + zwl − zmin

]
. (3.2)

With a new, more general optimal lower water level relationship, the outlet power loss model could
be further developed. Outlet power loss was separated into two components: outlet head effect (Poh) and
dynamic outlet loss (PL,od). Total outlet power loss was then written as

PL,o = Poh + PL, od . (3.3)

The outlet head effect was developed with first principles. It was proposed as the magnitude of
hydrostatic pressure present when the lower water level was above or below optimal submergence.
When water levels were lower than optimal submergence, outlet head effect was negative; in this case,
the outlet would be considered under-submerged (i.e. 𝜓L < 𝜓 ′

L). This parameter accounts for variations
in hydraulic potential between the simulations.

Outlet head effect was written as

Poh = 𝜌gQDo(𝜓L − 𝜓 ′
L) cos 𝛽. (3.4)

Dynamic outlet power loss was defined as the difference between total outlet loss measured in the
simulations (PL,o) and the outlet head effect. It was defined by rearranging (3.2) as

PL,od = PL,o − Poh. (3.5)

All length-scale simulations (cf. table 3) were compared in figure 7. In the figure, submergence
levels were normalized by the optimal submergence such that an x-axis value of 𝜓L − 𝜓 ′

L = 0 would
correspond to the optimal submergence. Screw diameter (i.e. length scale) is indicated in the panel titles.
Each panel compares outlet power loss, and its two components, for the range of lower submergences.
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Figure 8. Impact of normalized outlet submergence on dimensionless dynamic outlet loss. Results shown
with a local trendline and a global trendline (based on screws 3 to 7 results) to aide in visualizations
and comparisons.

Trendlines were fit to the data to improve readability and illustrate the seemingly predictable nature of
system behaviours.

The results of figure 7 suggest that dynamic outlet power loss may be approximated with a second-
order polynomial fit to a high degree of accuracy. Theoretically, this relationship seemed reasonable
since the dynamic outlet power loss would be expected to vary with the wetted area of blades in the
outlet region; an attribute that scales to the second order of outlet water level.

Analysing outlet power loss in components seemed advantageous since it allowed one component
to be modelled with first principles. Additionally, it helped normalize data before modelling: the outlet
power loss varied from positive to negative, where the dynamic outlet loss was always positive. Dynamic
outlet loss was much more suitable for empirical fitting since its always-positive nature added stability
benefits to the final model.

A similarity study and dimensional analysis were conducted to allow direct comparisons between
each length-scale screw with respect to outlet submergence. Dimensionless dynamic outlet loss was
written as

𝛱L,od =
PL,od

𝜌gDoQ
. (3.6)

Figure 7 was recast as the dimensionless dynamic outlet power loss on the y-axis (figure 8). To
aide visualization, a local second-order polynomial trendline was fit to the dynamic outlet loss for each
length-scale simulation set. A global trendline was also fit to the datapoints. The global trendline was
fit to the full-scale ASGs (screws 3 to 7) since they were the practical, powerplant-sized screws and
seemed to yield very consistent results compared with each other. The laboratory-scale screws (screws
1 and 2) appeared to exhibit slight deviation from the global trendline. The results seemed reasonable
since laboratory-scale screws would be proportionally more impacted by losses like viscous drag.

The global quadratic trend applied across the dataset seemed to effectively approximate dynamic
outlet loss for all scale-sized screws. It seemed to have very high accuracy in full-scale screws (i.e.
Do = 0.675 to 5 m), and maintained reasonable accuracies for the laboratory-scale simulations (i.e.
Do = 0.148 and 0.316 m). The smallest laboratory screw seemed to deviate from the global trend in cases
of non-optimal submergence, with the largest deviation for higher than optimal submergences. The larger
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Figure 9. Effects of varying fill height on dimensionless dynamic outlet power loss for screw 5.

laboratory-scale screw (Do = 0.316 m) exhibited similar deviation only in cases of low submergence
levels. Altogether, it is suggested that the dimensional analysis was successful in normalizing the scaling
effects seen in the dimensional data. It yielded a reasonable universal fit for all scale-sized screws.
The universal dynamic outlet loss fit performed particularly well when predicting outlet power loss in
practical, full-scale ASGs.

3.3. Correction terms

Figure 8 was created from data with constant fill height, inclination angle and number of blades. So,
additional simulations were conducted to quantify the impacts of varying these parameters.

3.3.1. Fill height
The impact of fill height on dimensionless dynamic outlet power loss was investigated first. The results
of the fill height simulations are shown in figure 8. Simulations were performed on screw 5 with an outlet
submergence level of 𝜓L = 0.6. Fill height can be varied by either maintaining flow rate and adjusting
rotation speed, or maintaining rotation speed and adjusting flow rate. To better observe the impact fill
height had on dynamic outlet power loss, rotation speed was maintained. So, the flow rate was varied to
set fill height in this simulation set.

The volume of water in the screw buckets effectively varied to the third power of bucket height.
A third-order polynomial trendline was fit to the data. The polynomial seemed to be a reasonably
accurate approximation, which suggested that the dynamic outlet power loss scaled with volume of
water discharging from the buckets at the outlet. This seemed reasonable since dynamic effects like
drainage or backfilling at the outlet were impacted by variations in flow rate and flow rate scales to the
third power of height (length scale). The third-order fit from figure 9 yields the following equation:

𝛱L,od ( f ) = −1.449f 3 + 4.378f 2 − 4.292f + 1.444. (3.7)

The fill height relationship in (3.7) was normalized with respect to a fill height of f = 1 since that is
usually the target nominal fill height. So, the (3.7) relationship was divided by itself evaluated at f = 1,
and recast as the fill height correction term (𝜆f )

𝜆f =
𝛱L,od ( f )

𝛱L,od ( f=1)
=
−1.449f 3 + 4.378f 2 − 4.292f + 1.444

0.08100
. (3.8)
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Figure 10. Effect of varying inclination angle on dimensionless dynamic outlet power loss for screw 4.

3.3.2. Inclination angle
A similar process was carried out to quantify the impact of inclination angle on dynamic outlet power
loss. Screw 4 was simulated across a range of inclination angles to observe its impacts. Fill height was
maintained at f = 1 for all simulations; all other parameters were kept consistent with screw 4 in table 3.
To maintain stability, the x-axis of figure 10 was set as the cosine of the inclination angle to prevent
x-axis values exceeding a magnitude of unity.

Inclination angle had a notable impact on the dynamic outlet power loss. It seemed to be approximated
with reasonable accuracy by a second-order polynomial fit. Interestingly, the minimum point of the
quadratic fit function (the point corresponding to the least dynamic outlet loss) was at an inclination
angle of approximately 𝛽 = 22°, which is the most common inclination angle in real, full-scale screw
generator powerplants. The second-order trendline had the following form:

𝛱L,od (𝛽) = −2.3267 cos2 𝛽 + 4.2921 cos 𝛽 − 1.9305. (3.9)

Similarly to the fill height correction term, this relationship was centred around the minimum dynamic
outlet power loss to normalize the results and develop the correction term

𝜆𝛽 =
𝛱L,od (𝛽)

𝛱L,od (𝛽=22◦)
=
−2.3267 cos2 𝛽 + 4.2921 cos 𝛽 − 1.9305

−0.04887
. (3.10)

3.3.3. Number of blades
The number of blades was varied in screw 4 to determine its impact on the dynamic outlet power loss.
Results are shown in figure 11 plotted alongside the global fit from figure 8. All parameters were kept
consistent with the initial runs of screw 4 (cf. table 3), except the number of blades was varied between
N = 3, 4 and 5 – the most practical range for the number of blades. Screws with N = 1 or 2 blades are not
practical for hydropower systems since they tend to underfill during operation and operate with lower
efficiencies. Screws with N ≥ 6 blades are also uncommon since the added friction associated with the
additional blade surfaces outweighs any practical gains in power production. So, practically, but with
some exceptions, screw generators have been installed with N = 3, 4 or 5 blades (Lashofer 2018).

The second-order local fit of each panel varied in curvature, magnitude and y-intercept location. It was
determined that a treatment was required to model dynamic outlet loss with respect to a varying number
of blades. Due to the discrete nature of this design parameter, it was necessary to generate individual
curve-based fits for each number of blades. Altogether, the proposed form of the dimensionless dynamic
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Figure 11. Impact of varying number of blades and submergence on dimensionless dynamic outlet
power loss.

outlet loss takes the following conditional form:

𝛱L,od =

⎧⎪⎪⎨⎪⎪⎩
0.8373(𝜓L − 𝜓 ′

L)
2 − 0.2069(𝜓L − 𝜓 ′

L) + 0.06244, N = 3,
0.8520(𝜓L − 𝜓 ′

L)
2 − 0.1327(𝜓L − 𝜓 ′

L) + 0.09344, N = 4,
0.8268(𝜓L − 𝜓 ′

L)
2 − 0.1131(𝜓L − 𝜓 ′

L) + 0.1002, N = 5.
(3.11)

Since all correction factors were developed by isolating variations to individual parameters and
resulting relationships yielded single correction factors, the principle of linear superposition was used
to combine all relationships and define a single equation for the dynamic outlet power loss

PL,od =
𝜌gQDo

𝜆f𝜆𝛽
𝛱L,od . (3.12)

The total outlet loss (3.3) can then be written as the sum of the dynamic outlet loss (3.12) and the
outlet head effect (3.4)

PL,o = 𝜌gQDo

(
ΠL,od

𝜆f𝜆𝛽
+ (𝜓L − 𝜓 ′

L) cos 𝛽
)
. (3.13)

This system of equations yields a practical outlet power loss model that can be implemented with the
following algorithm.

(i) Calculate dimensionless dynamic outlet loss for a given lower water level using (3.11).
(ii) Calculate the fill height correction factor with (3.8).
(iii) Calculate the inclination angle correction factor with (3.10).
(iv) Calculate the outlet loss with (3.13). If outlet power loss components are required, use (3.4) to

estimate outlet head effect and (3.12) to estimate dynamic outlet loss.

After using simplifications to produce (3.12), the model was more straightforward to implement.
This model (hereafter the ‘proposed model’) was compared with the current outlet power loss model
presented by Kozyn & Lubitz (2017) (hereafter the ‘Kozyn model’).

3.4. Model evaluation

Given the challenges associated with directly measuring outlet loss in an operating ASG, it was imper-
ative to compare model predictions by applying them to a full-scale performance prediction model. The
Kozyn model was applied as a built-in update to the original Lubitz model (Lubitz et al. 2014; Kozyn
& Lubitz 2017). So, the proposed outlet loss model defined in the previous section was applied as an
update to the Lubitz model as well.
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Figure 12. Comparison between proposed model, Kozyn model and experimental data from laboratory-
scale and full-scale screw generators. Shaft power is compared across a range of outer diameters (a)
and the absolute error with respect to experimental datapoints are compared as well (b). R2 = 0.990
(proposed model) and R2 = 0.910 (Kozyn model).

The mechanical power generated (termed ‘shaft power’, Ps) is described as the product of torque and
rotation speed transmitted by the screw shaft into the gearbox/generator assembly. The full Lubitz model
was run with both the Kozyn model and proposed model outlet loss corrections applied and the resulting
shaft power predictions were compared between the models and experimental data. Experimental
datapoints were gathered from laboratory experiments and field measurements that had a wide range of
length scales. A log plot was used so data could be more easily visualized on the same plot. The absolute
error between model predictions and the experimental data was plotted as well to aide in observations
and evaluations (figure 12).

The experimental measurements for shaft power had a measurement uncertainty between 3.3 % and
7.4 % for the range of scale measurements used in this analysis and evaluation (Simmons et al. 2021).
The proposed model had a coefficient of determination of R2 = 0.990, and the Kozyn model R2 = 0.910
when compared with the data. The proposed model consistently demonstrated higher accuracy for all
screws; it yielded improvements between 1.7 % and 20.4 % to model prediction accuracy. The Kozyn
model tended to overestimate outlet losses, especially in cases of sub-optimal submergence. To more
robustly assess model performance, the models were used to predict performance across multiple screw
generator datasets, including data from the Ruswarp, Buckfast and Waterford powerplants as well as in
the laboratory. The Ruswarp powerplant comparison is shown in figure 13; all other comparisons are
shown in the supplementary material for brevity.

Both models demonstrated reasonable accuracy across all scenarios. The Kozyn model had coeffi-
cients of determination of R2 = 0.529, 0.945, 0.946, 0.062 and 0.746 with data from respective figures
in this article’s supplementary material document. When the performance model was updated to use
the proposed outlet power loss model presented in this paper, the coefficients of determination became
R2 = 0.928, 0.967, 0.537, 0.131 and 0.961 for the same respective range. Generally, the proposed model
yielded overall performance prediction model accuracy once implemented.

While the proposed model was based on a comprehensive range of simulated data that spanned mul-
tiple length scales, its accuracy lessened for normalized submergence levels above 0.2 (over-submerged
outlets). Some tested datapoints extended beyond training conditions, so the model was extrapolating to
predict performance. The Kozyn model was only validated against a robust set of laboratory-scale data
and the data from the Waterford screw generator powerplant (cf. supplementary figures). Neither model
was expected to be highly accurate for the Buckfast or Ruswarp screw data considering the differences
in scale between the powerplants. However, it is important to note that the Kozyn model was trained
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Figure 13. Ruswarp screw generator powerplant experimental data compared with both proposed
(R2 = 0.928) and Kozyn models (R2 = 0.529). Shaft power is compared across a range of normalized
outlet submergence (a) as well as absolute error (b).

with the Waterford powerplant data and data collected from screw 2 (which is of a similar scale to screw
15). Hence, for these screws, the Kozyn model was expected to exhibit artificially high agreement. The
comparisons are still shown since they help to evaluate and visualize the accuracy of the proposed model.

The Kozyn model appeared to diminish in accuracy when applied to real-world, full-scale screw
generator installations. The proposed model demonstrated reasonable accuracy improvements. It con-
sistently forecasted greater power loss as submergence levels rose; a phenomenon that was observed
in real screw installations with flooded outlets. So, it seemed the proposed model was able to perform
well, even when extrapolating beyond its training range.

The proposed model exhibited superior performance when submergence levels were lower than
optimal. Performance improvements were not as drastic for high submergence levels. It is noted that the
Waterford powerplant is unique since it is fully enclosed for year-round operation in a cold climate. To
enclose the screw at its outlet, an airlock curtain is installed to seal the outlet of the screw; it penetrates
into the water at the outlet similarly to a sluice gate. The airlock may have influenced the outlet
fluid dynamics since outflow must traverse under the curtain before returning to the main waterway,
potentially altering the dynamic outlet losses when compared with an open-air screw. Nevertheless, the
proposed model seemed to perform reasonably well overall with a higher margin of error in excessive
submergences.

Observing the Ruswarp data comparisons (figure 13), there was a marked improvement in shaft power
prediction accuracy with the proposed outlet power loss model implemented. Despite all data occupying
the over-submerged range, the proposed model achieved higher accuracy for almost every datapoint. It
yielded absolute errors of 5 % or less in 26.25 % of datapoints, and 10 % or less in 48.75 % of datapoints.
The proposed model predicted power with approximately 13.68 % margin of error compared with the
nominal experimental data. In comparison, the Kozyn model exhibited 5 % or less error in 1.25 % of
the datapoints, and 10 % or less error in those same 1.25 % of datapoints. Altogether, the Kozyn model
had an average absolute error of 42.55 % compared with the experimental data. So, the proposed model
achieved an accuracy improve of 28.87 % for the Ruswarp powerplant performance predictions.

The proposed model predicted similar outlet power loss levels as the Kozyn model for the laboratory-
scale screw (cf. supplementary figures). While the proposed model demonstrated greater accuracy in
under-submerged cases, the Kozyn model was more accurate in highly over-submerged scenarios. This
pattern mirrored the comparisons between local and global fits illustrated in figure 13. Specifically,
the accuracy of laboratory-scale screw outlet power loss predictions diminished when normalized
submergence levels exceeded 𝜓L − −𝜓 ′

L > 0.1, or fell below 𝜓L − −𝜓 ′
L < −0.3 (cf. figure 13). The
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results suggest potential accuracy issues with the proposed outlet power loss models when applied to
very small screw generators. So, although the proposed outlet power loss model demonstrates broad
prediction accuracy improvements, it should be used with caution when applied to pico-scale ASGs.

4. Conclusion

This study presented a new outlet power loss prediction model for ASGs. The proposed model is a drop-in
replacement for existing performance prediction models. The proposed model offered notably enhanced
accuracy when compared with the state-of-the-art outlet power loss model presented by Kozyn & Lubitz
(2017). It yielded the highest increase in prediction accuracy for real, full-scale ASG powerplants.

The proposed model and the Kozyn model for outlet power loss were evaluated and compared against
experimental data collected from laboratory screw generators and powerplants. While the Kozyn model
appeared effective in predicting performance in laboratory-scale screws and the smaller Waterford
powerplant, it had not yet been evaluated against medium to large screw generator powerplants. The
comparisons drawn in this study suggest that the proposed model offers substantial accuracy improve-
ments, especially when predicting outlet power loss in real, full-scale ASG powerplants. Since the
proposed model was developed using simulated data collected from ASGs ranging from Do = 0.15 to
5 m, it is implicitly more universal. The proposed model saw large accuracy improvements, particu-
larly on real-world screws within normal operating bands. However, analysis has demonstrated that the
proposed model has accuracy issues when predicting outlet power loss for pico-scale (laboratory-scale)
screw generators that are over-submerged, or highly under-submerged.

The introduction of these data and the newly developed outlet power loss model to the literature
can significantly enhance performance prediction accuracy for ASGs. Integrating this new model into
optimization software will help refine the site-specific design of screw generators to yield higher
efficiencies and returns on investment. The novel analysis and data presented in this article also serve
as a foundation for ongoing model refinement, enhancement and evaluation.
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