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2. Methodology
2.1. Laboratory Experiments
Laboratory experiments were conducted in the University of Guelph’s Archimedes Screw Laboratory. The laboratory was set up to run experiments on ASGs and Archimedes screw pumps. When set up for ASG experiments, three basins were used for experimentation: the lower basin, upper basin, and weir basin (Fig. 3).
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Fig. SI-1. Layout of the Archimedes screw apparatus when configured for screw generator experiments.
To set up an experiment, the lower basin was filled corresponding to a desired lower water level. A recirculating pump was set to deliver the desired flow rate; it pumped water through an inline turbine flow meter (Omega, FTB-740) into the weir basin. Water upwelled into the weir basin and passed through a Cipoletti weir into the upper basin; the Cipoletti weir was installed to redundantly measure flow and verify sensor operation. Water in the upper basin passed through the screw with a known height and flow rate. It was converted within the screw then returned to the lower basin. All three basin water levels were measured with depth sensors (Keller, Series 26 Y) held within stilling wells to reduce dynamic impacts. Basin water levels were redundantly measured by manually reading water height against markings on the side of the basins. With the flow and water heights measured, the available power in the water was computed to help determine system performance.
Mechanical power conversion was characterized by the product of torque and rotation speed during operation. A gear motor with variable frequency drive (VFD) was mounted to the shaft of the Archimedes screw and fixed to the screw frame via a moment arm. The VFD allowed for speed control, and a magnetic tachometer was used to measure and record rotation speed. Rotation speed was redundantly measured with a handheld optical tachometer to verify sensor operation. The moment arm and frame were connected via a load cell (Omega, LC703-25) to quantify and record mechanical torque. A pressure sensor (Omega, PX309) measured the fill height of water within screw buckets during operation. Photographs were regularly taken to document manual readings and observe free surface phenomenon. More details on the apparatus can be found in the literature (Kozyn, 2016; Lyons, 2014; Simmons, 2018; Songin, 2017).
To collect a datapoint, the pump was set to a desired system flow rate, and the VFD 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 seconds 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 second 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.

Table 1. Three different scale-sized laboratory screw generator datapoints used for the evaluation of numerical simulations.
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 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 details 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 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.
Typically, the level of uncertainty in torque measurements is too high form modelling purposes. Torque is usually back-calculated from the measured electrical power produced by the powerplant. Performance estimates are predicted for each component in the mechanical-to-electrical power conversion system. There may be significant uncertainties incurred using this approach. A direct torque measuring system would need to be included in powerplant designs before installation is complete. If a system is not in place, direct torque measurements would be intrusive, costly, and difficult to perform. The authors are not aware of an instrument that could inexpensively measure torque in a full-scale, operating screw in an unintrusive manner. However, all screw powerplants, by necessity, accurately measure electrical power production, especially when grid-connected, so this data was readily available.
After surveying many powerplants, it seemed that flow rate was the least commonly recorded measurement on site. Flow rate can be estimated based on upper water level and rotation speed; this is often done in practice. However, these estimates are often not accurate enough to use for modelling purposes. To address this, four of the surveyed powerplants were selected for further study since they had sufficient access for inlet channel measurements.
Field measurements were conducted at hydro plants in Waterford (Greenbug Energy Inc., Canada), Buckfastleigh (Buckfast Abbey, UK), Ruswarp (Whitby Esk Energy Ltd., UK), and Ferrara (HydroSmart Srl., Italy). The powerplants had on-site data collection and sufficient access to measure flow rate, up- and downstream water levels, and rotation speed. All sites were grid-connected and recorded accurate measurements of electrical power production. The powerplants are shown in Supplementary Information, Fig. SI-2.
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Fig. SI-2. Archimedes screw generator powerplants at Waterford (top left), Buckfastleigh (top right), Ruswarp (bottom left), and Ferrara (bottom right).
Table 2 shows the dimensions, operating parameters, and electrical power production of each site. The sites were all surveyed with a transit level (Johnson, 40-6912) to verify water levels and site dimensions. Screw rotation speed was measured optically to verify sensor readings. All equipment details and model numbers were recorded, and equipment specifications were gathered to back out more accurate torque estimates based on electrical power readings.
Table 2. Representative data points from field measurement campaign.
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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 was much more difficult to gather. Both the Waterford and Ferrara screw powerplants measured and recorded their own flow rate data. A Cipoletti weir was installed upstream of the Waterford screw generator to calculate and record flow rate using known weir relationships. Details for setup and data collection can be found in the literature (Kozyn, 2016). The Ferrara powerplant had a depth sensor installed within its inlet channel. A depth-flow rating curve was experimentally determined for the installed system. Depth measurements were then used to predict flow rate during operation. Details regarding setup and data collection at the Ferrara powerplant can be found in the literature (Fergnani & Silva, 2015; Fergnani et al., 2016, 2017).
Neither the Buckfast nor Ruswarp powerplants collected flow rate data. So, flow rate was measured at a cross-section within a straight section of the inlet channel at each site. An acoustic doppler velocimeter (Sontek, FlowTracker2) was used to measure water velocity in a grid pattern along the channel cross section. The measurements were then spatially integrated to yield the average flow rate within the inlet channel. The Ruswarp powerplant had a complex inlet channel geometry that caused a high degree of uncertainty in its flow rate measurements. Further details regarding the setup and data collection can be found in the literature (Simmons et al., 2021).

2.3. Numerical Simulations
A transient, two-phase, dynamically meshed, three-dimensional computational fluid dynamics (CFD) model of an Archimedes screw generator was developed with OpenFOAM (v4.0, The OpenFOAM Foundation). The model was developed to accurately approximate screw generator behaviour across a wide range of geometries and operating conditions. Fig. 5 shows the CFD simulation domain.
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Fig. SI-3. Simulation domain with colour-coded boundaries.
The Reynolds-averaged Navier-Stokes equations (RANS) with a Boussinesq eddy-viscosity assumption were used to model flow. The two-phase immiscible Volume of Fluid (VoF) algorithm was used for free surface modelling. Menter’s Shear Stress Transport (k-ω SST) (Menter, 1994) was used to model turbulence; this was selected due to the relative importance of mesh size in this problem, and since it has precedence when modelling hydraulic machinery (Dhakal & Walters, 2010).
Time was discretized with an Euler scheme, and both gradient and Laplacian terms were discretized with second order central schemes. The divergence of velocity term was discretized with a second order upwind scheme, and an adaptive timestep was used to satisfy the Courant-Freidrichs-Lewy (CFL) condition. Timesteps were generally selected to keep the CFL number less than unity, with typical timesteps on the order of 10-4 seconds. Due to the periodic filling and emptying of screw buckets in normal operation, convergence was reached when torque measurements achieved a state of regular oscillation – termed “quasi-steady state” (cf. Fig. 6).
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Fig. SI-4. Convergence study of Simulation 4 (cf. upcoming Table 3). Quasi-steady state is reached at about 18 seconds.
To get a characteristic datapoint for each simulation, at least 10 seconds of quasi-steady state operation were simulated. Quasi-steady state operation was then time-averaged to mitigate the impacts of torque oscillations during normal operation. Further details of model setup, grid sensitivity studies, and initial data collection can be found in the literature (Simmons et al., 2023). Since the laboratory data and field measurements discussed in this article were used for model evaluation, the comparison between the experimental data points (cf. Table 1 and 2) and corresponding simulation data points are shown in Fig. 7.
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Fig. SI-5. Comparison between experimentally collected laboratory and field data with matching CFD simulation data.
The simulation results have reasonable agreement with the experimental and field measurements, suggesting that the CFD model can be used as an accurate approximation of operating ASGs. The datapoints were compared against screws of scale diameters sized Do = 0.15 to 3.6 m. So, this CFD model may reasonably be used to approximate performance of any practical configuration of screw within this size range. Gathering a wide range of data from screws with varying configurations would neither be practical nor economically feasible in the real-world. 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.

[bookmark: _Hlk165373284]Table 3. Simulated screw dimensions and operating parameters. All screws have the same design ratios (i.e., Di / Do, S / Do, S / L).
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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 computationally 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 simulations on Screw 2 and 5, a preliminary analysis was conducted. Results of the preliminary analysis suggested that the remaining screws (Screw 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
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Fig. SI-6. Buckfast screw generator powerplant experimental data compared to both proposed (R2 = 0.967) and Kozyn models (R2 = 0.945). Shaft power is compared across a range of normalized outlet submergence (a) as well as absolute error (b).
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Fig. SI-7. Waterford screw generator powerplant experimental data compared to both proposed (R2 = 0.537) and Kozyn models (R2 = 0.946). Shaft power is compared across a range of normalized outlet submergence (a) as well as absolute error (b).
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Fig. SI-8. Laboratory Screw 15 experimental data compared to both proposed (R2 = 0.131) and Kozyn models (R2 = 0.062). Shaft power is compared across a range of normalized outlet submergence (a) as well as absolute error (b).
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