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Abstract: 30 

Three laboratory-scale Archimedes screw generators were tested for their power production. They were 31 

tested at different inclination angles corresponding to their lengths in order to maintain a constant head 32 

for each screw. Experimentation was used to develop initial insight into the effect of inclination angle on 33 

Archimedes screw power production. Computational fluid dynamic simulations were then compared to 34 

the experimental data and evaluated for their accuracy. The model was found to be acceptable and was 35 

then used to extend the dataset to a total of 7 inclination angles across the range of 𝛽 = 10° to 40°. It 36 

was found that Archimedes screw generators with shallower inclination angles produce more power. It 37 

is noted that shallower inclination angles correspond to longer screws and thusly more civil 38 

infrastructure costs. So, the authors suggest that the ideal inclination angle for an Archimedes screw 39 

generator installation is between 𝛽 = 20° and 25° based on this laboratory-scale testing. 40 

  41 



 

 

1. Introduction 42 

The Archimedes screw is an ancient technology that was developed to pump water from lower to 43 

higher elevations. It has been used as a hydropower generator (as an “Archimedes screw generator” or 44 

“ASG”) since the early 1990’s (Radlik 1997). As such, much of its design and implementation is 45 

experience-driven and could potentially be optimized through experimental study and analysis. This 46 

paper will discuss the optimization of the inclination angle design parameter for ASGs to improve 47 

mechanical performance. 48 

Archimedes screws have very simple and robust geometries. They are a helical array of blades 49 

wrapped around a central cylindrical tube and are often described by their outer diameter (𝐷𝑜), inner 50 

diameter (𝐷𝑖), pitch (𝑆), flighted length (𝐿), number of blades (𝑁), and inclination angle (𝛽) (Figure 1). 51 

When operating as a generator, water enters the top of the inclined screw at an inlet water level (ℎ𝑈) 52 

and begins filling the spaces in between each successive blade - forming a “bucket” of water (Rorres 53 

2000). Each bucket of water imparts a distribution of hydrostatic pressure on the screw blades which 54 

generates a torque and rotates the screw, the screw’s shaft, and an electric generator. As the screw 55 

turns, the buckets of water translate along the screw’s trough and get deposited back into the main 56 

streamflow at the bottom of the screw. It should be noted that, due to this robust design, sediment, 57 

debris, and even aquatic flora and fauna can pass through the screw unharmed (Havn et al. 2017; Kibel 58 

2008; McNabb et al. 2003) – which is one of the reasons that the technology has become more 59 

attractive in the micro-hydropower sector (Simmons and Lubitz 2017). 60 



 

 

 61 

Figure 1: Archimedes screw generator geometry. 62 

A real-world ASG plant usually operates at river-to-wire efficiencies between 60% and 80% (Kozyn et 63 

al. 2015; Lashofer et al. 2012), while some well-designed installations can operate at even greater 64 

efficiencies (Lyons and Lubitz 2013). Some work has been done in the literature to predict Archimedes 65 

screw generator performance (Kozyn 2016; Lubitz et al. 2014; Müller and Senior 2009; Nuernbergk 66 

2012), though much of the work lacks robust experimental validation. There are some experimental 67 

studies in the literature that seem to agree well with much of the theory presented in the 68 

aforementioned models, but much of the data is on small, laboratory-scale screws (Dellinger et al. 69 

2016b; Hawle et al. 2012; Khan et al. 2018; Kozyn 2016; Rohmer et al. 2016; Simmons et al. 2017; Songin 70 

2017; Songin and Lubitz 2018). Computational fluid dynamics has been implemented to extend some of 71 

the data in the literature, allowing researchers to visualize flow patterns within the screw and quantify 72 

the performance of different geometry screws without having to manufacture them (Dellinger et al. 73 

2016a, 2018a; b; Simmons 2018). 74 



 

 

There are a few studies in the literature that explore the effect of screw geometry on hydropower 75 

production. Songin (Songin 2017) carried out laboratory-scale experiments to see the effects of varying 76 

screw length, number of blades, inner and outer diameter, pitch, and outlet fill height (ℎ𝐿). A few 77 

conclusions were drawn that seemed to match the industry standard for ASG design. For example, it was 78 

found that a diameter ratio of 𝐷𝑖/𝐷𝑜 ≈ 0.5 performed most efficiently. This value was also found when 79 

a Bayesian Optimization study was carried out on the screw’s design (Lisicki et al. 2016). This diameter 80 

ratio is very commonly used in industry (Lashofer et al. 2012), and that is most likely because it was the 81 

most optimal design for an Archimedes screw when operating as a pump (Nagel 1968; Rorres 2000).  82 

Songin also found that the screw performed most efficiently when about 60% of the outlet was 83 

submerged (i.e. ℎ𝐿/𝐷𝑜 cos 𝛽 = 0.60) (Songin 2017). Experience suggests that many ASG installations 84 

have an outlet fill height of about 50-60% when the screw is operating at its design flow and head. It 85 

seems that some manufacturers recognize the potential efficiency improvements of maintaining this 86 

outlet fill level even as receiving basin water levels vary, and have installed varying inclination ASGs, for 87 

example, at the Romney Weir plant on the Thames River in Windsor, UK. The lower end of a screw can 88 

be raised or lowered by a hydraulic cylinder to maintain a consistent outlet immersion level. There is a 89 

lack of robust evidence in the literature to show if this is economically advantageous or not. 90 

Another design parameter that has been investigated briefly in the literature is the inclination angle 91 

𝛽 (or slope) of the screw. The authors previously published a paper exploring the effects of inclination 92 

angle on ASG performance (Dellinger et al. 2018b). The inclination angle of a single laboratory-scale 93 

screw was set to three inclination angles (β = 20, 24.5, and 29°) to observe how the mechanical 94 

efficiency of the ASG was affected. The data set was extended using computational fluid dynamic (CFD) 95 

simulations to observe a wider range of inclinations (β = 10, 15.5, 20, 24.5, 29, 33.5, and 38°) and the 96 

effect of adding more blades on screw performance. The β = 15.5° simulation had the highest efficiency. 97 

However, in a real-world installation the available head and flow rate would be defined by the site. So, 98 



 

 

as the inclination angle of a proposed screw design changes, the length of the screw 𝐿 would change to 99 

match the site head Δ𝐻. As such, the authors decided that it would be valuable to follow-up with a 100 

study that maintained constant head and constant flow rate but varied the inclination angle of the ASGs 101 

(cf. Figure 3). 102 

This paper presents data collected experimentally (on small, laboratory-scale ASGs) for varying 103 

inclination angle with constant head. This was done by testing a set of three screws that were identical 104 

except for length, so that if the screws were installed at the same head, each screw would have a 105 

different inclination angle. As well, computational fluid dynamic (CFD) simulations were used to extend 106 

the dataset to other inclination angles and different sized screws. The lab-scale data was used to 107 

evaluate the CFD model’s accuracy and draw some conclusions. The CFD simulations were then used to 108 

simulate a wider range of conditions that were not possible to test experimentally. 109 

2. Experimental Methods 110 

Experiments were carried out in the University of Guelph’s Archimedes screw laboratory. The lab 111 

houses a test rig that runs a recirculating pump through a series of water basins. Figure 2 shows the 112 

screws position within the system, it is placed between an upper and lower basin. A weir basin is used 113 

provide secondary flow measurements at the inflow to the upper basin. A recirculating water loop 114 

started in the lower basin, where a variable speed pump was used to pump water from the end of the 115 

lower receiving basin up to the weir basin through a long, straight return pipe. An Omega FTB-740 inline 116 

turbine flow meter was located midway along the return pipe and measured the flow rate with an 117 

accuracy of ±1% FS. Water entered the weir basin through a perforated tube and upfilled to the weir 118 

crest. It spilled through two Cipoletti weirs and into the upper basin; the water depth in the weir basin 119 

was measured and used with a calibration curve to redundantly measure flow through the system. The 120 

water then passed through an Archimedes screw from the upper basin into the lower basin where it 121 



 

 

began the recirculation again. Two Keller Series 26 Y depth sensors (0.25% FS accuracy) were installed in 122 

stilling wells in the upper and lower basins to measure the head. 123 

 124 

Figure 2: the University of Guelph's Archimedes screw laboratory setup. The screw is placed between an upper and lower 125 
basin (a) and a VFD motor is mounted on the top end (b) to control speed and measure torque using a strain gauge and 126 
torque arm. 127 

A torque arm with a mounted strain gauge was attached to the ASG’s trough framework and a 128 

Variable Frequency Drive (VFD) motor to measure the torque about the screw’s rotational axis (Figure 2 129 

(b)). The torque measurement apparatus had an overall uncertainty of 𝛿𝑇 = 0.22 𝑁𝑚 (Simmons 2018). 130 

The VFD was used to control the rotational speed of the screw, and a magnetic tachometer was used at 131 

a very high sample rate to measure and record the speed. The sample rate of the tachometer was above 132 

1000 Hz and the rotational speed of the screw was no greater than 100 RPM, therefore the uncertainty 133 

in the rotational speed measurements were neglected. A handheld tachometer was often used to verify 134 

the measurements. Once both the torque and rotational speed were measured, the mechanical power 135 

at the shaft was calculated (i.e. the power that would be available to turn an electric generator in a real-136 

world installation). Since the flow rate and the upper and lower water levels were also measured, the 137 

hydraulic power in the water was calculated, and the efficiency of the screw was determined. The total 138 

uncertainty in efficiency measurements was found to be about 𝛿𝜂𝑎𝑣𝑔 ≈ ±0.054 or ± 5.4%. 139 



 

 

The system was instrumented with a pressure tap in the screw trough at the bottom centre location 140 

midway down the screw to measure the water level (𝑧𝑤𝑙) in the buckets of the screw (Songin and Lubitz, 141 

2019). To verify the measurement was successful, the experimenter visually inspected the fill height 142 

during operation and documented it with a photograph. A DSLR camera was mounted to the test rig to 143 

consistently photograph and document the screw’s filling patterns. The dimensionless fill height ratio (𝑓) 144 

was calculated from the bucket water level using Eqn. 1, where the maximum and minimum water level 145 

in the bucket are 𝑧𝑚𝑎𝑥 and 𝑧𝑚𝑖𝑛, respectively (cf. Figure 3). 146 

 147 

Figure 3: maximum (zmax), minimum (zmin), and actual (zwl) water levels in an Archimedes screw bucket. 148 

The fill height ratio is then (Songin and Lubitz 2018): 149 

 𝑓 =
𝑧𝑤𝑙 − 𝑧𝑚𝑖𝑛

𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛
 (1) 

Essentially, when the fill height ratio is 𝑓 = 1 the screw is full, and when 𝑓 = 0, the screw is empty. 150 

Theoretically, the optimal fill height for a screw is 𝑓 = 1, although it has been shown experimentally 151 

that this is not always the case (Songin and Lubitz 2018).The fill height ratio will exceed unity for 152 

instances of overflow leakage, when water overtops the inner cylinder of the screw. 153 

The authors have selected the baseline inclination angle to be 24.4° to match previous experiments 154 

in the literature (Lyons 2014) and fit within the wide range of ASG inclination angles seen in practice. 155 

Based on Lashofer’s Archimedes screw site map (Lashofer 2019) and previous study (Lashofer et al. 156 



 

 

2012) the inclination angle of most ASGs is 𝛽 = 22° to 26°, with some extreme values (e.g. 𝛽 = 30°). 157 

Details from a few full-scale installations are shown in Table 1. 158 

The University of Guelph Archimedes screw laboratory has 16 laboratory-scale Archimedes screws. 159 

This study used the three screws in Table 2 (termed the short, medium, and long screws) that match in 160 

every parameter except overall length.  161 

The medium length screw was selected as the baseline screw so that a steeper and shallower screw 162 

could be tested. The inclination angles of the screws needed for a consistent head were found using 163 

basic trigonometry: the opposite side of the triangle from the inclination angle was kept constant (i.e. 164 

the head was constant) and the inclination angle was solved corresponding to its respective hypotenuse 165 

length (i.e. the length of the inclined screw) (cf. Figure 4). If the medium-length screw is installed at 166 

24.4°, then the corresponding inclination angles of the short and long screws were 33.8° and 15.6°, 167 

respectively. 168 

 169 

Figure 4: from left to right: the long, medium, and short screws shown with their respective lengths and inclination angles. 170 

As mentioned above, ASGs operate with higher efficiencies when the outlet is nearly 60% 171 

submerged, and so this value was maintained throughout all tests and simulations. During 172 

experimentation it was difficult to maintain a constant head difference across the screw since the upper 173 

water level (ℎ𝑈) was dependent on the rotational speed of the screw and the flow rate. So, tests were 174 

carried out for each of the three screws at the same flow rate and across the same range of rotational 175 



 

 

speeds (15 to 60 RPM). The results were then processed to find the corresponding rotational speeds for 176 

each screw to operate with the desired head. Those points were then compared against each other and 177 

used to develop the CFD experiments. 178 

The first tests were carried out to experimentally determine the flow rate that was to stay constant 179 

across all tests and simulations. The medium screw was installed in the test rig and experiments were 180 

carried out with the recirculated flow rate set to 9, 9.5, 10, 10.5, and 11 L/s through a range of 30 RPM 181 

to 39 RPM. For each test, the test rig was set to a flow rate, rotational speed, and an outlet fill height of 182 

60% and sampled for one minute. The collected data from a test was time-averaged over the sample 183 

period and used to generate one data point. This helped to eliminate the variability caused by sloshing 184 

of water and other dynamic effects. Figure 5 shows the resulting measured mechanical efficiency with 185 

respect to screw rotational speed for each of the five flow rates. It was noted that the highest efficiency 186 

point seemed to shift to a higher rotational speed as the flow rate increased. 187 

 188 

Figure 5: determining the optimal flow rate and rotational speed (Ω) for the medium length screw and the subsequent 189 
studies on both the long and short screws. The mechanical efficiency (η) is plotted against the rotational speed of the 190 
installation. 191 



 

 

As can be seen, the uncertainty was high enough (𝜂𝑎𝑣𝑔 ≈ ± 0.054) that any of the five flow rates 192 

could be reasonably assumed to contain the most efficient point. Measurement uncertainty was high 193 

due to propagation of uncertainties from multiple independent measurements through the calculations; 194 

efficiency is a function of the head (based on two water depth measurements), flow rate, torque, and 195 

rotational speed measurements. However, the most efficient points were sampled multiple times and 196 

the results were highly repeatable – suggesting actual measurement error may be smaller.  197 

Due to the high uncertainty, some previous experimental worked was used to help suggest a flow 198 

rate for these tests. In some earlier experimentation the medium screw was tested along flow rates of 6, 199 

8, 10, 12, and 14 L/s; it had its highest efficiencies at approximately 10 L/s (Simmons et al. 2017). So, the 200 

flow rate of 10 L/s was selected for the remaining experiments and simulations. The two remaining 201 

screws were tested through the same range of rotational speeds. Immediately prior to testing, each 202 

screw was maintained, balanced and had new bearings installed. The same one-minute time-averaged 203 

sampling technique was used for each data point. 204 

3. Experimental Results 205 

The results of this study will be presented in a few different sections. First, the results of the 206 

laboratory experiment are presented. Then, the CFD model will be used to simulate a subset of 207 

datapoints for validation. The results of the extended CFD dataset will be presented in Section 5 208 

following the discussion of the CFD model setup and implementation. Discussions of the experimental 209 

and simulation results will be carried out together at the end of the paper. 210 

The experiments were carried out on three different length screws with corresponding inclination 211 

angles that maintained the geometric head (ℎ𝐺 = 𝐿 sin 𝛽) across the screws. The results of these 212 

experiments are shown in Figure 6, where the measured mechanical efficiency (accounting for all losses 213 



 

 

in the system; i.e. gap leakage, overflow leakage, etc.) is compared against the rotational speed for each 214 

screw. 215 

 216 

Figure 6: mechanical efficiency (η) with respect to rotational speed (Ω) of the long, medium, and short screws for a 10 L/s 217 
flow rate with fill height ratios of f = 1 highlighted for reference. The left plot (a) shows the full range of rotation speeds 218 
while the right plot (b) magnifies the plot to show the higher resolution data points clearly. 219 

Figure 6 demonstrates that the longest screw (with 𝛽 = 15.6°) performed with the highest overall 220 

efficiency. As the inclination angle increased (and the screw shortened) the overall efficiency decreased. 221 

However, it was interesting to see that the steeper inclination lead to the highest efficiency occurring at 222 

somewhat higher rotational speed; this was in part due to the changing bucket geometry. As the screw 223 

inclination angle increased the total water volume in a full bucket decreased (cf. Figure 7). 224 



 

 

 225 

Figure 7: effect of inclination angle on total bucket volume of a full bucket (i.e., f = 1). 226 

In Figure 6, points are highlighted that have a fill height ratio of unity. At lower rotational speeds, 227 

the fill height ratio exceeded unity (i.e. 𝑓 > 1), meaning the screws began to exhibit overflow leakage. 228 

When the rotation speed of the screw was low, the water level of the buckets filled higher, the upper 229 

water level backed up, and there were significant overflow leakage losses.  230 

As the rotation speed increased, less overflow leakage occurred. High rotation speed corresponded 231 

to lower bucket water levels as the screw began to “outrun” the speed of water filling into the first 232 

bucket. Overflow leakage occurred at different rotation speeds depending on the inclination of the 233 

screw, with the least overflow occurred in the screw with the lowest inclination angle. For example, 234 

overflow leakage was no longer present in the longest screw at speeds above 30 RPM, while in the 235 

shortest screw (with 𝛽 = 33.8°) overflow ceased at speeds above 39 RPM.  236 

To explore the effect of the changing bucket volumes, a pressure tap was used to measure the water 237 

depth of each screw halfway along the trough bottom (i.e. at a point where the bucket should be fully 238 

formed). More details on the pressure tap and fill height measurements at the University of Guelph 239 

Archimedes screw laboratory may be found in (Songin and Lubitz 2018). Figure 8 plots the dimensionless 240 

water depth measured immediately above the pressure tap sensor installed on the screw troughs for 241 

the short, medium, and long screw’s most efficient operating points (cf. Figure 6). Since the sensor was 242 



 

 

fixed on the trough, it caught the high and low water depths in the bucket due to the inclined geometry. 243 

It should be noted that Figure 8 shows the measurement of time-varying water depth above a specific 244 

point along the screw’s length; these values may be time-averaged to find the fill height ratio (𝑓) for 245 

each screw under the specified operating conditions. 246 

 247 

Figure 8: non-dimensional water depth in screw buckets (zwl,nd) changing with time (t) for 10 L/s flow at the most efficient 248 
operating point for each inclination – measured with pressure tap sensor on the short, medium, and long screw's troughs 249 
during operation. 250 

It should be noted that the measurements of the water depth in the shortest screw (𝛽 = 33.8°) did 251 

not seem to match up to the bucket fill levels observed visually during the screw’s operation. The 252 

measured fill heights in this case seemed lower than expected based on visual observation.  It is 253 

suggested that the pressure tap was installed at a location that did not have fully formed buckets (i.e. 254 

either too high or too low along the trough). The short screw has a pitch ratio of S/L = 0.80, which 255 

indicates that the screw is not much longer than one full revolution of a flight. When this screw was 256 

operating, there was little time between the inrush of water at the formation of the bucket and the exit 257 

of water from the bottom of the bucket. Essentially, the screw was too short, and a quasi-steady state 258 

bucket of water could not form in the middle of the screw. 259 

This brings up an important point when working with steep inclination screws: as the inclination 260 

angle increased and the screw shortened there was much less length along the screw axis for the 261 

buckets to fully form and properly extract a torque from the water. Additionally, the slope of each 262 



 

 

sawtooth in Figure 8 is proportional to the inclination angle of the screw. This is because the pressure 263 

tap measured the fill height from the highest point to the lowest point of the bucket as it passed by, and 264 

since the free surface formed along the horizontal plane, the angle of the trough to the free surface was 265 

equal to the inclination angle.  266 

This plot demonstrates some phenomena that were observed by the experimenter: the longer 267 

screw with less inclination had a more moderate sawtooth pattern and so it was less susceptible to 268 

overflowing in its optimal operating range. As well, the experimented noted that the torque in the 269 

system oscillated. The measured instantaneous torque varied depending on the position of the buckets 270 

in the screw. It was observed that the torque was lower while the initial bucket was forming at the top 271 

of the screw. As the bucket formed and translated down the trough, the torque increased to a point 272 

when a new top bucket began to form. A similar effect was noticed with the CFD simulations and will be 273 

discussed further in Section 5. 274 

4. Computational Fluid Dynamics Model 275 

A three-dimensional, transient, two-phase Reynolds-Averaged Navier Stokes (RANS) CFD model of 276 

an Archimedes screw system was developed at the ICUBE Laboratory (Strasbourg, France). Details of 277 

governing equations and overall formulation are given by (Dellinger et al. 2018a). Generally, an Euler 278 

scheme was used for time discretization, while second order central schemes were used for Laplacian 279 

and gradient discretization. The divergence of the velocity was discretized using a second order upwind 280 

scheme. Finally, to address the transient nature of the problem, an adaptive time step was 281 

implemented, with typical values on the order of 10-4 s.  282 

The CFD model was implemented in OpenFOAM 4.1 using the dynamic mesh functionality (cf. Figure 283 

9). The model was built with upper and lower basins connected by a dynamic mesh containing the screw 284 

and trough. The dynamic portion of the mesh simulated the rotation of the screw within the fixed 285 



 

 

trough and was connected at the top and bottom ends to the upper and lower basin through arbitrary 286 

mesh interfaces (AMIs). A small gap was included between the screw’s blade tips and the trough to 287 

match the experimental setup. This allowed the simulation to account for gap leakage losses. 288 

 289 

Figure 9: dynamic mesh CFD model of Archimedes screw generators (Dellinger et al. 2018a) with boundaries highlighted. 290 
Inlet boundary (dark blue) is shown to upwell flow into the upper basin reservoir where it passes through the screw (green) 291 
into the lower basin and into the outlet (red). The atmospheric boundaries are shown in light blue, all other boundaries are 292 
stationary walls. 293 

The flow inlet was implemented as uniform upwelling from the base of the upper basin reservoir. An 294 

overall flow rate of 10 L/s was used to match the experiments. The arrangement was like the 295 

experimental apparatus, in which water flowed into the upper basin, developed a fill height based on 296 

the flow rate and rotational speed of the screw, and entered the screw through the top inlet. The fill 297 

height of the buckets that formed within the screw was dependent on the water level of the upper 298 

basin, the rotational speed of the screw, and the flow rate of the water in the system. After travelling 299 

down the screw as buckets, the water exited into the lower basin. The lower basin water level was set to 300 

submerge 60% of the screw outlet (i.e. ℎ𝐿/𝐷𝑜 cos 𝛽 = 0.60) by defining the outlet boundary condition 301 

in the simulation. The free surface level was set to a constant height at the point of the vertical axis 302 

origin in the lower basin. 303 

Menter’s Shear Stress Transport model (or k-ω SST) (Menter 1994) was used for turbulent closure in 304 

the simulation and wall functions were used to simulate the effects of the trough and moving blade wall 305 



 

 

boundaries. SST turbulent closure was applied to the simulation due to the relative importance of mesh 306 

size in the Archimedes screw; a gradient was applied along the blade tips to appropriately model the gap 307 

region between the blades and the trough. The SST model is a weighted function that can switch 308 

between the k-ω model (at the wall) and the k-ε model (in the log layer) to improve accuracy; this 309 

provided a desirable “robustness” to more accurately model the gap region. As well, Menter’s Shear 310 

Stress Transport model is one of the most commonly used and widely verified models in hydropower 311 

turbine modelling (Dhakal and Walters 2010). 312 

The atmospheric boundaries were set to allow the flow of air and water out of the system, and air 313 

into the system to keep it operating at atmospheric pressure. The mesh was constructed with 314 

refinement along the blade tips so the gap region could be modelled without significant changes in the 315 

mesh’s aspect ratio. The flow rate and rotational speed of the screw were defined to match the 316 

experiments. After all the conditions were defined for a specific test case, the simulation was run until it 317 

reached convergence for its torque measurements (Figure 10). OpenFOAM’s “forces” post processing 318 

utility was used to find the forces and moments of the screw – the moments were transformed and 319 

taken as torque about the screw’s inclined rotational axis. The overall torque as a function of time was 320 

sampled and plotted to see if the simulation had reached convergence. Once a converged value was 321 

reached for the torque, the simulation concluded and the last timestep was recorded. Figure 10 shows 322 

that the simulations reached convergence at a regularly-oscillating state – termed quasi-steady-state. 323 



 

 

 324 

Figure 10: simulation convergence is checked by finding the quasi-steady state period of operation for the screw's torque 325 
measurements (T) - here depicted for the shortest and longest simulated screw's (i.e. β = 40° and 10°, respectively). The 326 
instantaneous torque is plotted over time(t). 327 

The simulations converged when the same volumetric flow rate of water was entering and exiting 328 

the system. The screw was required to fill its bucket volumes and reach a quasi-steady torque to satisfy 329 

convergence.  330 

A mesh sensitivity study was carried out to determine the acceptable mesh resolution for the study. 331 

Five different levels of refinement were simulated, the results are plotted in Figure 11. 332 

 333 

Figure 11: sensitivity study for CFD model. The simulated torques (T) are compared against the level of mesh refinement (i.e., 334 
number of cells). The data point corresponding to the selected mesh marked with a red circle. 335 



 

 

Figure 11 shows that the mesh resolution converged with 1862828 cells. The mesh with 3335920 336 

cells was selected for the simulation since it did not require much additional computation time but 337 

yielded much higher resolution results. 338 

Since the steeper inclination screws were shorter (and had less volume) they reached convergence 339 

quicker. The less inclined screw had much less amplitude in its oscillation than the steeper screws. 340 

Experimentally, it was observed that torque was not constant during operation since the screw had 341 

discreet blades and the buckets formed and emptied; however, the effect was small and relative to 342 

experimental uncertainty. However, the torque settling time plot (Figure 10) demonstrated the variance 343 

in instantaneous torque for the longest and shortest simulated screws (𝛽 = 10° and 40°, respectively) 344 

via numerical simulation. The magnitude of the oscillations in torque (and by extension, power 345 

production) were higher for the 𝛽 = 40° screw than for the 10° screw. This was largely due to the 346 

change in volume of the first and last bucket during the filling and emptying phase of the screw’s 347 

rotation. When the screw was carrying the most volume in its cycle it produced the most torque, but 348 

when it was filling up its top bucket and emptying out its bottom bucket, there was a point where it 349 

operated at its most empty state and produced the least torque. Shorter screws have fewer buckets that 350 

form along the screw during operation, and so the first and last bucket have a proportionally larger 351 

effect on overall screw power production than a longer screw with a shallower inclination. This 352 

suggested that electrical control circuits might be more complicated for shorter screws since they must 353 

deal with large oscillations in power production during operation.  354 

4.1 Validation Study 355 

Three runs from the experimental data were selected for a validation study since the head values 356 

were constant throughout the tests. Other comparisons in a previous paper presented by the authors 357 

were made with experimental efficiency measurements since the same screw was used for all tests, 358 



 

 

meaning that the overall head changed (since the length did not) (Dellinger et al. 2018b). In this case, 359 

keeping the head constant allowed for further exploration into the inclination angle’s effect on power 360 

production, and it allowed for more direct comparisons across the dataset.  361 

Finding points with matching heads between the experimental tests was difficult since the upper 362 

water level was not directly set; it depended on flow and screw rotational speed. To account for this, the 363 

experiments were carried out with small changes to the rotational speed to gather data across a wide 364 

range of changing head values. The results of these high-resolution measurements were then processed 365 

to find the rotational speed corresponding to the desired upper water level (hU). The desired head 366 

difference across the screws was Δ𝐻 = 0.180 𝑚; this value occurred for the short screw at 35 RPM, the 367 

medium screw at 32 RPM, and the long screw at 38 RPM. These three data points were used to verify 368 

the CFD study’s accuracy. The lower water level (hL) was set at a height corresponding to 60% outlet 369 

submergence and was kept constant throughout the test – just like the experiments.  370 

Figure 12 shows the comparisons between the simulated values and the experimental values. The 371 

simulations agree reasonably well with the experimental results. The convergence is very close for the 372 

15.8° simulation, but the difference between simulation and experimental values is much more evident 373 

in the higher inclination screws. These results are consistent with prior validation studies of the CFD 374 

model in similar test cases (Dellinger et al. 2018b). 375 



 

 

 376 

Figure 12: validation data for CFD model. The measured and simulated torques (T) are compared for each inclination angle 377 
(β) tested. 378 

The experimental torque measurements have an uncertainty of ±0.22 Nm. The simulation agrees 379 

within the experimental uncertainty for the 𝛽 = 15.8° and 24.4° simulations but not for the 𝛽 = 33.8° 380 

simulation. This deviance may be explained by a few factors: the simulation does not account for 381 

bearing losses, the weight of the screw and net buoyant force, and other mechanical losses in the 382 

system.  383 

In the experimental apparatus, a sealed deep-groove ball bearing was used for the lower bearing, 384 

and a spherical roller bearing was used for the upper bearing of the screw. Both bearing arrangements 385 

were designed to handle some axial loading but have more losses as axial loads increase (Norton 2011). 386 

Shallower inclination screws have more proportion of their weight distributed at the bearings as radial 387 

loads. Much of this weight was counter-acted by the net buoyancy of the partially submerged screw 388 

since it had a sealed, hollow cylindrical tube for its inner diameter. The axial force on the bearings 389 

increased as the screw inclination steepened, and bearing losses increased. 390 

4.2 Model Runs 391 

Table 3 shows the dimensions of the screws for the extended screw geometry set as well as the 392 

number of control volumes (CVs) used in each simulation. The bolded row matches the 𝛽 = 24.4° 393 



 

 

experimental lab screw, and the other lines at β = 10°, 15°, 20°, 30°, 35°, and 40° are all screw 394 

geometries that were created for the CFD simulations. The input values of flow rate, fill height ratio, and 395 

head were kept constant at 𝑄 = 10 𝐿/𝑠, 𝑓 = 1.0, and 𝛥𝐻 = 0.191 m for the simulations. Mesh 396 

sensitivity analysis for the CFD model used in the paper are included in Section 4.5 of Dellinger et al. 397 

(Dellinger et al. 2018a). The number of control volumes varied across each simulation since the mesh 398 

implemented for each screw was scaled to have the same cell size across all simulations. 399 

The length was the only dimension changed amongst the various screw geometries so that a 400 

constant geometric head was maintained. The rotational speed was the only operational setting that 401 

was changed to maintain a constant fill height ratio of f = 1 across all studies. It was shown in the 402 

literature that the most efficient operating point of an ASG will be close to f = 1 (Nuernbergk 2012). 403 

Though a bucket fill height of f = 1 might not correspond to exactly the highest efficiency operating point 404 

for a screw generator (cf. Figure 5), it does offer a fair comparison across the range of simulated screws 405 

as they were each filled with their respective maximum bucket volumes. Overall, the performance of an 406 

ASG with full buckets (𝑓 = 1) provided a strong characterisation of overall screw performance and a way 407 

to fairly compare different screw geometries. 408 

A performance model for Archimedes screws (Lubitz et al. 2014) was used to make a first guess at 409 

the rotational speed and lengths for each simulation of the extended set of Table 3. The simulations 410 

were run until convergence and checked to see if they met the head and fill height constraints. Some 411 

simulations were run again with a new screw length to meet the head and fill height requirements of 412 

the study; the final screw lengths are shown in Table 3. The results of this testing are presented in the 413 

following section. 414 



 

 

5. Simulation Results 415 

The results from each simulation in Table 3 were post-processed to find the total shaft torque, the 416 

inlet water level, and the overall head. The mechanical power available at the screw shaft (termed the 417 

“shaft power”) is the product of torque and rotational speed (in rad/s). The hydraulic power (or power 418 

available in the water) was calculated using the known head and flow rate. The mechanical efficiency of 419 

the screw was calculated as 420 

 𝜂 =
𝑇𝜔

𝜌𝑔𝑄Δ𝐻
 (2) 

where the density of water  = 998 kg/m3, gravitational constant g = 9.81 m/s2, T is shaft torque and ω 421 

is screw rotational speed in rad/s. The shaft power and mechanical efficiency for each simulated case 422 

are shown Figure 13. 423 

 424 

Figure 13: simulation results for shaft power (Ps) and mechanical efficiency (η) with respect to inclination angle (β). 425 

Figure 13 shows that there was a region of almost-constant efficiency between 15 and 24.4. The 426 

power production and efficiency decreased as the slope increased past this range. It was observed that 427 

the buckets had less volume of water when full and exhibited more overflow leakage as the inclination 428 

steepened (cf. Figure 7). Based on these results it would be reasonable to suggest the optimal inclination 429 



 

 

angle for power production is within the range of 15 and 24.4. It is noted that other practical factors 430 

play a role in selecting the optimal inclination angle – these will be discussed in the following section. 431 

It was desired to isolate the power production results from the rotation speed for further 432 

investigation. Since mechanical power is a product of the torque and rotation speed (i.e. 𝑃 = 𝑇𝜔), 433 

Figure 14 presents the torque with respect to inclination angle; which is analogous to power production 434 

results independent of rotation speed. Isolating for the torque was desirable since the rotation speed 435 

varied with the inclination angle to maintain a bucket fill height of 𝑓 = 1 across all simulations for the 436 

constant head and constant flow rate.  437 

 438 

Figure 14: power-generating torque (T) variation with inclination angle (β). 439 

There is an obvious trend in decreasing torque as the inclination angle increased. This demonstrates 440 

that screws with a high inclination angle must operate at higher rotational speeds to maintain a similar 441 

flow rate and power production. This is because screws with high inclination angles have less capacity in 442 

each bucket (cf. Figure 7), therefore they produce less torque. The more deeply inclined, smaller buckets 443 

tend to fill faster, and so the screw must operate at higher rotational speeds to reduce overflow leakage 444 

losses. There is a balance between speed and power production however: as the speed increases the 445 

screw can accommodate more flow rate, but the turbulent and frictional losses increase as well. 446 



 

 

The results of the simulations are shown in Table 4 with some additional columns to aid in further 447 

discussions. The inclination angle (β), screw length (L), percent change in screw length (ΔL), head 448 

difference (ΔH) , flow rate (Q), shaft power produced (Ps), the change in volume of water (where α = 1 449 

is the water phase) in the screw based on the inclination angle (Δ(α × Vs)), and the percent change in 450 

the wetted surface area in the screw (ΔAw) with 𝛽 = 24.4° as the origin for the difference 451 

measurements. The rotation speed (Ω) and blade tip speed (ω x R) are also presented to give context to 452 

the velocity of the boundaries and better visualize the effects of frictional loss (PL, f) as the inclination 453 

changed. 454 

Table 4 demonstrates that there were significant increases in length, overall volume, and wetted 455 

surface area as the inclination angle decreased. These results helped to suggest a reason for the 456 

“constant efficiency” region shown in Figure 13. This phenomenon was very likely due to the changing 457 

minor losses in the screw. As the screw’s inclination angle decreased (and the screw lengthened) more 458 

volume was entrapped in the buckets and there was more surface area for the blades to convert the 459 

flow and head into mechanical power. However, a larger surface area also increased frictional losses in 460 

the system.  461 

In the simulations, the least friction loss was observed in the 𝛽 = 20° screw. Above this inclination, 462 

frictional loss was most effected by the velocity and increased with the inclination. Below this 463 

inclination, frictional loss was most effected by surface area and increased as the inclination decreased. 464 

It is possible that the increase in power conversion by the longer, less inclined screws was counter-465 

balanced by the increase in frictional losses in this particular region of inclination angles (i.e. 𝛽 =466 

10° to 24.4°). 467 



 

 

6. Discussion 468 

This section will discuss the theories and practical applications of this paper. Theories will be 469 

presented to explain some phenomena exhibited in the experiments and simulations, and the results 470 

will be used to suggest a practical optimal inclination angle.  471 

6.1 Initial flow-varying experiment 472 

In the initial flow-rate-varying experiments on the medium screw (presented in Figure 5), it was 473 

noted that the highest efficiency point seemed to shift to a higher rotational speed as the flow rate 474 

increased. It is suggested that this was because the higher flow rates fill the inlet bucket of the ASG 475 

faster. Since the buckets fill faster, they translate down the screw at a faster rate to avoid over-filling at 476 

the inlet. If the bucket was under-filled (i.e. the rotational speed was too high to fill the bucket to its 477 

maximum volume for the current flow rate) the screw would underperform since it was converting 478 

hydrostatic pressure from a smaller volume of water than it was capable of. If it is over-filled (i.e. the 479 

rotational speed is too low) water will overflow from each bucket into the successive buckets causing a 480 

loss in the system. It is very important that the screw has an optimal filling pattern, which is why it is 481 

common to see variable speed ASGs installations in real-world applications (Fergnani and Silva 2016). 482 

6.2 Inclination angle experiments 483 

A similar shift in the highest efficiency point occurred in the inclination experiments. Specifically, 484 

Figure 6 showed that screws at higher inclination angles exhibited a shift in maximum efficiency. More 485 

steeply inclined screws must operate at higher rotational speeds to maintain high efficiencies. It is 486 

suggested that this is mainly due to the changes in geometry of the screw as the inclination angle 487 

increased – as Figure 7 showed. When the inclination angle increased the volume of water in the screw 488 

decreased; however, the steeper screws filled to their maximum volume faster. So, as ASG rotation 489 

speed increased, a shallower inclined screw was not able to fill its bucket volume to a similar level as the 490 



 

 

steeper screw – leading to the slight advantage in performance of steeper screws in the high-speed 491 

range. In contrast, a less inclined screw has more surface area for viscous friction to act on. Since wall 492 

shear stress increases with the square of velocity, this can also explain why the steeper screws may be 493 

more efficient at higher rotation speeds. 494 

6.3 Simulations 495 

Based on Figure 4 and the results shown in Table 4, it is suggested that the civil infrastructure of an 496 

ASG plant will be significantly altered based on the inclination angle. The most obvious effect is the 497 

shortening of the screw as the inclination angle steepens; in this instance there will be less civil 498 

infrastructure required to construct a screw plant. Another change due to the inclination angle is the 499 

placement of the screw’s inlet. It was found that the inlet water level required to provide constant flow 500 

varied significantly with inclination angle (Figure 15). And so, the height at which the top of the screw is 501 

placed with respect to the weir varies with the inclination angle as well, requiring other adjustments to 502 

the civil infrastructure of a screw plant. 503 

 504 

Figure 15: variation of upper water level (hU), lower water level (hL), and geometric head (hG) with inclination angle (β) for a 505 
constant head of ΔH = 19.1 ± 0.1 cm and a constant flow rate of Q = 10 L/s. 506 



 

 

The inlet water level depends on screw inclination, rotational speed, and flow rate. As screw 507 

inclination angle changed, the geometry of the screw inlet changed, which varied the minor head losses 508 

at the inlet and changed the upstream water level (i.e. the inlet water level). As well, when the 509 

inclination angle increased, the screw rotation speed was also increased which removed some 510 

resistance to upstream flow. Thusly, as screw inclination angle increases, the inlet water level should 511 

decrease to maintain a constant rate of filling in the buckets. However, it should be noted that the inlet 512 

water level first increases for 𝛽 = 10° and 𝛽 = 15° before decreasing across the remainder of the 513 

range. It is suggested that this phenomenon was due to the change in losses at the inlet. As the 514 

inclination angle changed, the cross section at the inlet changed which varied the entrance losses at the 515 

screw’s inlet. This might be less prevalent at higher inclination angles since they have respectively higher 516 

rotation speeds. At higher speeds, the screw acts as though it has less resistance to flow.  517 

In practice, the inlet water level cannot be modified directly since it is set at the available water level 518 

– usually with respect to the height of an adjacent weir. So, to reach a desirable inlet water level, a 519 

screw with a steeper inclination should be installed higher than a shallower inclined screw, with respect 520 

to weir height. Figure 16 demonstrates that the inlet water level (ℎ𝑈) is smaller for an ASG with a steep 521 

inclination angle, and that the centre pivot offset (𝐶𝑝𝑜) must be higher to ensure the level of water at 522 

the weir will not flood the screw at its inlet.  523 

 524 

Figure 16: inlet water level and centre pivot offset for a screw with an inclination of β = 15° (left) and β = 34° (right). 525 



 

 

Placing the screw at the correct elevation with respect to weir height is essential. If the screw is 526 

placed too low (the inlet water level is too high) than it will flood at its inlet. Conversely, if the screw is 527 

placed too high (the inlet water level is too low) it will be starved at its inlet. Many real-world 528 

installations will adjust the inlet water level by opening or closing a sluice gate at the start of the 529 

delivery channel. While this is practical solution if the screw inlet was installed too low, designing the 530 

installation with the correct height in the first place will have it performing optimally – utilizing the full 531 

available head and discharge of the installation when possible. 532 

6.4 Practical applications 533 

While the long screw (𝛽 = 15.6°) was the most efficient in these experiments – and longer screws 534 

were most efficient in the simulations – there are likely other reasons why long screws with 535 

correspondingly low inclination angles are not implemented in real-world installations. Firstly, these 536 

experiments were carried out on laboratory-scale ASGs. It is expected that the minor losses, friction 537 

losses, and bearing losses in the system will scale up to have a different effect in a real-world 538 

installation. The 𝛽 = 15.6° screw is 100% longer than the 𝛽 = 33.8° screw for the same head, and while 539 

this is only about a 50 cm different in the lab, it is a difference of tens of meters for a full-scale screw 540 

with a rated power on the order of 100 kW.  541 

Commonly observed inclination angles of 𝛽 = 22° in full-scale ASGs may make for a more 542 

economically efficient installation. There is a lot of expense in lengthening a screw. First and foremost is 543 

the civil infrastructure; a less-inclined, longer screw costs more to install. The screw itself requires 544 

changes to the manufacturing process (larger work holdings), more materials for the screw and civil 545 

infrastructure, a longer frame, and possible changes to bearing arrangement and fixturing. So, though a 546 

longer screw may prove to be the most mechanically efficient, shortening the screw to a less-than-547 

optimal power producing inclination angle may prove to be more economically efficient overall.  548 



 

 

In practise, ASG construction costs would be minimized to maximize the return on investment for a 549 

site owner. Since screw and infrastructure costs increase as the inclination angle decreases (and the 550 

screw becomes longer) this suggests that ASG installations should be built at inclination angles between 551 

approximately 𝛽 = 20° to 25°. In these simulations, the 𝛽 = 20° simulation efficiency (𝜂 = 85.0%) was 552 

essentially identical to the 𝛽 = 25° case (𝜂 = 84.8%). Since the 𝛽 = 20° screw was 13.2% longer than 553 

the 𝛽 = 25° case, there is potentially a significant cost savings installing the steeper, shorter screw 554 

(depending on the scale of the installation) than there is increased power production in implementing 555 

the longer screw.  556 

This leads into the issue of scaling. This study was carried out on laboratory-scale Archimedes screw 557 

generators with outer diameters of 𝐷𝑜 = 0.381 𝑚, a head difference of Δ𝐻 = 0.18 to 0.19 𝑚, and a 558 

flow rate of 𝑄 = 0.010 𝑚3/𝑠. Table 1 shows that a small real-world ASG site (Fletcher’s Horse World) 559 

has an outer diameter of 1.4 m, a head difference of about 1.7 m and a flow rate of about 0.54 m3/s. A 560 

larger installation, like the Valpagliaro Plant, has an outer diameter of 3.6 m, head of 3 m, and flow rate 561 

of 5.5 m. Some plants are even larger, like the Widdington plant on Linton Lock (Yorkshire, England), 562 

which has an outer diameter of 5 m and was the largest screw plant in the world at time of construction 563 

(Landustrie Sneek BV 2017).  564 

Generally, the power available for energy conversion is a function the flow rate and the head at the 565 

site (i.e. Eq. 2). As the scale of the screw increases (as the diameter and length), the volume of water 566 

that the screw can hold increases to the third power. This means that power production will scale to the 567 

third power of the length-scale of the plant (i.e. diameter and length). 568 

Conversely, losses due to fluid friction are due to the wetted area of the screw, and inflow and 569 

outflow losses are due to the cross-sectional area of the screw. Each of these area measurements 570 



 

 

increase as a function of the square of the screw’s length-scale. So, the laboratory-scale screws are 571 

expected to have proportionally larger friction and entrance losses, than a full-scale screw. 572 

Similarly, the gap leakage and overflow leakage losses are expected to change with the scale of the 573 

installation. The gap leakage is theorized to scale by the same order as the diameter (Lubitz 2014), or as 574 

diameter to the power of 1.5 (Nagel 1968). So, the gap leakage is expected to contribute a very small 575 

proportion to the overall system losses as the scale-size of the installation increases. Current models 576 

predict the overflow leakage as a function of bucket water level (Nuernbergk and Rorres 2012; Songin 577 

and Lubitz 2018). By extension, the overflow leakage scales as the length-scale to the power of 2.5, and 578 

so the overflow leakage also scales at a lower rate than the overall power production. 579 

Essentially, the all the major fluidic losses in the system scale to a lesser power than the power 580 

production, and so the overall power production of a larger-scale plant is higher than that of a small, 581 

laboratory-scale screw. The authors have planned follow-up research into the effects of scaling on 582 

Archimedes screw power production and losses. 583 

7. Conclusions 584 

This study gave several important insights into Archimedes screw generator operation and 585 

installation. The experiments showed that for a given available head and flow rate, installing an 586 

Archimedes screw generator with a lower inclination angle can result in more efficient operation. In the 587 

case of the laboratory study, the laboratory-scale screw with an inclination angle of 𝛽 = 15.6° (the “long 588 

screw”) produced the most power at the highest efficiency. It had these results when compared to 589 

similar screws that were identical in every parameter except length and installed at inclination angles of 590 

𝛽 = 24.4° and 33.8° (termed the “medium” and “short” screws, respectively). The long screw 591 

outperformed the short screw outside the realm of experimental uncertainty, but performance of the 592 

medium and long screw was not notably different with the range of experimental uncertainty. This 593 



 

 

suggested that both the long and medium screw performed similarly. These data points were then used 594 

to validate a CFD model, which was implemented to extend the dataset. 595 

The CFD results agreed well with the experimental measurements, diverging slightly at high 596 

inclination angles. It was suggested that this divergence was due to the exclusion of bearing loss and 597 

buoyancy in the CFD models, since these phenomena will likely have a greater impact at high inclination 598 

angles. Overall, the divergence was still relatively low, and the model was sufficiently accurate to use to 599 

examine the effect of by the authors, particularly since the divergence was occurring within the high 600 

range of inclination angles that had been shown to be impractical and have poor performance 601 

experimentally. 602 

The CFD model was then used to extend the dataset for laboratory-scale ASG installations with 603 

constant head, constant flow rate, and a bucket fill height ratio of 𝑓 = 1. It was found that the 604 

mechanical power produced at the shaft (i.e. the power available for conversion by the generator) 605 

reached a plateau for inclination angles between 𝛽 ≈ 15° and 25° - which was like the results of the 606 

experiment. The authors note that the most mechanically efficient screw may not necessarily be the 607 

most economically efficient screw. Since the data returned results so similar in power production for this 608 

range of inclination angles, it is suggested that the steepest of these inclination angles is optimal (i.e. 609 

𝛽 ≈ 25°). A steeper inclination angle will minimize the cost of materials and civil infrastructure.  610 

It should be noted that these results were found for laboratory-scale screws and might differ as the 611 

size of the ASG installation increases. Future research plans include investigating the effect of scaling of 612 

hydropower systems between laboratory and full-scale sizes. This paper discussed Archimedes screw 613 

generators at the laboratory scale, but real-world installations are much larger and experience different 614 

scales of fluid mechanics.  615 
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10. Notation 624 

Aw = wetted area of screw (m2); 

Cpo = centre-pivot offset (m); 

Di = inner diameter (m); 

Do = outer diameter (m); 

f = fill height ratio (-); 

g = gravitational constant (9.81 m/s2); 

Gw = gap width (m); 

ΔH = overall head (m); 

hG = geometric head (m); 

hL = lower water level (m); 

hU = upper water level (m); 

L = flighted length (m); 

N = number of blades (-); 

Ps = mechanical power at the screw’s shaft (W); 

PL, f = power loss due to friction (W); 

Q = flow rate (m3/s); 

R = outer radius (m) 

S = screw pitch (m); 

T = torque (Nm); 

Vb = bucket volume (m3); 

Vs = volume within screw’s flights (m3); 

zmin = minimum bucket water level (m); 



 

 

zmax = maximum bucket water level (m); 

zwl = bucket water level (m); 

zwl,nd = dimensionless bucket water level (-); 

α = fluid phase, α = 1 (water), α = 0 (air); 

β = inclination angle (°); 

η = efficiency (-); 

ρ = water density (998 kg/m3); 

ω = screw rotation speed (rad/s); and 

Ω = screw rotation speed (RPM); 

 625 
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Table 1: dimensions of four full-scale ASG sites by increasing inclination angle and design head. Details of the WKS Marsberg-715 
Padberg site are cited from Lashofer (Lashofer 2019). 716 

Site Name Location 
β 

(°) 

Do 

(m) 

L 

(m) 

Design 

Head 

(m) 

Discharge 

Capacity 

(m3/s) 

Rated 

Power 

(kW) 

Fletcher's 

Horse World 

Waterford, 

Ontario, 

Canada 

22 1.4 4.5 1.7 0.54 7.2 

Valpagliaro 

Plant 

Ferrara, 

Emilia-Romagna, 

Italy 

22 3.6 7.4 3 2 x 5.5 
2 x 

121 

Buckfast 

Abbey 

Buckfastleigh, 

Devon, 

England 

26 2.5 10.562 4.2 2.8 84 

WKS 

Marsberg-

Padberg 

Marsberg,  

North Rhine-

Westphalia,  

Germany 

30 2 8.9 4.47 1 37 
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Table 2: laboratory screw dimensions. 718 

  Symbol 
Short 

Screw 

Medium 

Screw 

Long 

Screw 

Number of 

Blades 

(-) 

N 4 4 4 

Inner Diameter 

(mm) 
Di 168 168 168 

Outer Diameter 

(mm) 
Do 381 381 381 

Pitch 

(mm) 
S 381 381 381 

Flighted Length 

(mm) 
L 478 617 952 

Inclination 

Angle (mm) 
β 33.8 24.4 15.6 

 719 
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Table 3: geometry and input values for CFD simulations of each inclination angle. 721 

β 

(°) 

Do 

(cm) 

Di 

(cm) 

S 

(cm) 

L 

(cm) 

Number 

of 

Blades 

Number 

of Cells 

(x106) 

10 38.1 16.8 38.1 108.6 4 16.3 

15 38.1 16.8 38.1 83.6 4 12.7 

20 38.1 16.8 38.1 69.9 4 11.4 

24.4 38.1 16.8 38.1 61.7 4 9.9 

30 38.1 16.8 38.1 55.1 4 9.7 

35 38.1 16.8 38.1 49.3 4 8.9 

40 38.1 16.8 38.1 44.4 4 8.8 

  722 



 

 

Table 4: Simulation results for each inclination angle. The percent change of the length of the screw (ΔL), change in volume of 723 
water in the screw (ΔVs, α=1, where α = 1 is the water phase and Vs is the screw volume), and percent change in wetted 724 

surface area of the screw (ΔAw) are shown for reference. 725 

β 

(°) 

L 

(cm) 

ΔL 

(%) 

ΔH 

(m) 

Q 

(L/s) 

Δ(α x Vs) 

(L) 
ΔAw 

(%) 
Ω 

(RPM) 
ω x R 

(m/s) 
Ps 

(W) 

PL, f 

(W) 

10 108.6 76.0% 0.19 10.0 61.0 119.6% 25.3 0.504 16.1 0.281 

15 83.6 35.5% 0.19 10.0 35.2 56.3% 27.0 0.539 16.1 0.211 

20 69.9 13.2% 0.19 10.0 15.3 21.7% 29.0 0.579 16.1 0.200 

24.4 61.7 - 0.19 10.0 - - 31.0 0.618 16.3 0.213 

30 55.1 
-

10.8% 
0.19 10.0 -17.0 -22.2% 35.5 0.708 15.7 0.242 

35 49.3 
-

20.2% 
0.19 10.0 -30.8 -40.5% 42.0 0.838 14.9 0.322 

40 44.4 
-

28.1% 
0.19 10.0 -43.5 -56.3% 54.5 1.087 13.1 0.519 

 726 
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12. Figure Captions 728 

Figure 1: Archimedes screw generator geometry. 729 

Figure 2: the University of Guelph's Archimedes screw laboratory setup. The screw is placed between an 730 

upper and lower basin (a) and a VFD motor is mounted on the top end (b) to control speed and 731 

measure torque using a strain gauge and torque arm. 732 

Figure 3: maximum (zmax), minimum (zmin), and actual (zwl) water levels in an Archimedes screw bucket. 733 

Figure 4: from left to right: the long, medium, and short screws shown with their respective lengths and 734 

inclination angles. 735 

Figure 5: determining the optimal flow rate and rotational speed (Ω) for the medium length screw and 736 

the subsequent studies on both the long and short screws. The mechanical efficiency (η) is plotted 737 

against the rotational speed of the installation. 738 

Figure 6: mechanical efficiency (η) with respect to rotational speed (Ω) of the long, medium, and short 739 

screws for a 10 L/s flow rate with fill height ratios of f = 1 highlighted for reference. The left plot 740 

(a) shows the full range of rotation speeds, while the right plot (b) magnifies the plot to show the 741 

higher resolution data points clearly. 742 

Figure 7: effect of inclination angle on total bucket volume of a full bucket (i.e. f = 1). 743 

Figure 8: non-dimensional water depth in screw buckets (𝑧𝑤𝑙,𝑛𝑑) changing with time (𝑡) for 10 L/s flow at 744 

the most efficient operating point for each inclination – measured with pressure tap sensor on the 745 

short, medium, and long screw's troughs during operation. 746 

Figure 9: dynamic mesh CFD model of Archimedes screw generators (Dellinger et al. 2018a) with 747 

boundaries highlighted. Inlet boundary (dark blue) is shown to upwell flow into the upper basin 748 



 

 

reservoir where it passes through the screw (green) into the lower basin and into the outlet (red). 749 

The atmospheric boundaries are shown in light blue, all other boundaries are stationary walls. 750 

Figure 10: simulation convergence is checked by finding the quasi-steady state period of operation for 751 

the screw's torque measurements (T) - here depicted for the shortest and longest simulated 752 

screw's (i.e. β = 40° and 10°, respectively). The instantaneous torque is plotted over time(t). 753 

Figure 11: sensitivity study for CFD model. The simulated torques (T) are compared against the level of 754 

mesh refinement (i.e. number of cells). The data point corresponding to the selected mesh 755 

marked with a red circle. 756 

Figure 12: validation data for CFD model. The measured and simulated torques (T) are compared for 757 

each inclination angle (β) tested. 758 

Figure 13: simulation results for shaft power (Ps) and mechanical efficiency (η) with respect to 759 

inclination angle (β). 760 

Figure 14: power-generating torque (T) variation with inclination angle (β). 761 

Figure 15: variation of upper water level (hU), lower water level (hL), and geometric head (hG) with 762 

inclination angle (β) for a constant head of ΔH = 19.1 ± 0.1 cm and a constant flow rate of Q = 10 763 

L/s. 764 

Figure 16: inlet water level and centre pivot offset for a screw with an inclination of β = 15° (left) and β = 765 

34° (right). 766 


