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ABSTRACT 15 

Two computational fluid dynamics models were developed to analyse the internal fluid 16 

mechanics of an Archimedes screw’s buckets. The models were evaluated against laboratory-17 

scale experimental data, which suggested that they were acceptably accurate. Results of power-18 

generating torque, internal fluid velocities, wall shear stress, and leakage flow rates were all 19 

explored with respect to changing rotational speeds. It was found that increasing rotational 20 

speed while maintaining “full” screw buckets would produce: similar torque values (by 21 

extension: power increased), higher velocity magnitudes of fluid parcels in a bucket, less gap 22 

leakage flow rate, and higher wall shear stress rates (by extension: more frictional losses). 23 

Keywords: Archimedes screw; computational fluid dynamics; gap flow; screw generator; 24 

steady state 25 

1 Introduction 26 

Archimedes screw generators (ASGs) have been used in run-of-river hydropower schemes 27 

since the 1990’s (Radlik, 1997). They are financially efficient, reliable and have low 28 

environmental impact [2]. Future Energy Yorkshire compared installation costs of a Kaplan 29 

turbine and an ASG at a specific UK site. The ASG had a 10% lower installation cost and 30 

supplied 15% more energy than the Kaplan turbine, making it 22% less expensive per unit 31 

power produced [3]. ASGs have relatively low maintenance requirements due to larger 32 

clearances and lower operating speeds than other microhydro turbines. Aside from regular 33 

inspections, a large maintenance commission should performed approximately every 20 years 34 

[4–7]. 35 

Unlike most common hydropower turbines, fish and sediment can pass directly through 36 

an operating ASG. Archimedes screws are commonly used to transfer fish between holding 37 

pens with a very low incidence rate of harm [8]. More recent studies have found ASGs are also 38 

fish-friendly [9,10]. A study of eel and kelt passage through the River Dart ASG (UK) found 39 

that both eels and fish were sometimes struck by the leading edge of the screw, which caused 40 

minimal injuries and a low mortality rate. It was suggested to add a rubber bumper to the leading 41 

edge of the screw flights to further minimize entrance trauma to marine life. Addition of the 42 

leading edge bumper resulted in less than 1% of eels sustaining injury (which was minimal and 43 

recoverable), and no injury to salmon kelts [10]. This study was used to inform guidelines on 44 

maximum rotation speeds for ASG installations [11].  45 



 

 

ASGs are most appropriate at low head sites (about 5 m or less) with moderate flow rates 46 

(on the order of 10 m3 s-1 or less). There are few viable alternative turbine technologies in this 47 

range: practical options include very low head (VLH) turbines and Kaplan turbines [12], as 48 

well as overshot and undershot water wheels [13]. Denny (2004) found overshot and undershot 49 

water wheels have maximum achievable mechanical efficiencies of about 71% and 30%, 50 

respectively. Conversely, water-to-wire efficiency values of actual ASG plants is between 60% 51 

and 80% [14].  52 

Screw generators are usually installed in an inclined orientation with the rotating screw 53 

contained in a fixed enclosing trough (Fig. 1). As the screw turns, water flows into the top of 54 

the screw from a forebay and fills the spaces between adjacent screw blades. The height of 55 

water in the screw forebay is termed the upper or inlet water level (hU). The helical volume 56 

between two adjacent screw blades is termed a “bucket” [15]. The static water pressure 57 

distribution on the screw blade surfaces imparts a net torque on the screw blades, causing the 58 

screw to rotate, turn an attached generator, and generate electricity. The buckets translate 59 

axially downward along the length of the turning screw between the moving blades and the 60 

fixed trough, and the water eventually exits out the bottom of the screw into a receiving basin 61 

(Fig. 1).  62 

 63 
Figure 1 Common Archimedes screw variables 64 

The optimal lower basin water level (hL) results in submergence of the lower 55% to 60% 65 

of the screw outlet (i.e. hL / Do cosβ = 0.55 to 0.60) [16–18]. This produces a slight back-pressure 66 

at the ASG outlet that maintains the water level of each bucket until it exits the screw, but is 67 

not so high that receiving basin water will flow back in to the top of the screw outlet.  68 

The water level within a bucket is quantified with the non-dimensional fill height f. Figure 69 

2 shows the elevation variables zwl, zmax, and zmin which are respectively the height of the actual 70 

water level, the maximum height of the water before it will begin to overflow the inner cylinder, 71 

and the minimum height of the bucket. The nondimensional fill height f is then defined as [19] 72 

f = 
zwl - zmin

zmax - zmin

 (1) 

Songin (2017) presents improved equations to calculate zmin and zmax based on screw geometry 73 

that account for how the the helical geometry of the screw shifts the maximum fill point away 74 



 

 

from top or bottom dead center. An empty bucket has f = 0, while a bucket filled with water 75 

just to the point where water would start to overflow over the central cylinder is considered full, 76 

with f = 1. Theoretically, f  close to 1 is the most efficient operating condition [20], although 77 

some experimental studies observed maximum ASG efficiency with slight overfilling (i.e. 78 

when f > 1) [21].  79 

 80 
Figure 2 Bucket water level definitions 81 

When f > 1 overflow leakage losses occur as water flows over the top of the inner cylinder 82 

from one bucket into a lower bucket. However, this efficiency loss is offset by the higher water 83 

levels in the buckets producing greater net torque than at lower fill levels. 84 

In all fixed-trough Archimedes screws, a narrow gap exists between the outer edge of the 85 

screw blade tips and the fixed trough. This gap allows the screw to turn freely but permits some 86 

water to leak between buckets. The width of this gap (Gw) is minimized to lessen the gap leakage 87 

losses.  88 

Screws are geometrically defined by outer diameter (Do), the inner diameter (Di) pitch (S), 89 

inclination angle (β), and number of blades (N) (Fig. 1). In a case study using Bayesian 90 

optimization techniques, it was found that the optimal ratio between inner diameter and outer 91 

diameter for the ASGs in the sample set was Di / Do ≈ 0.54 [22]. Interestingly this is the same 92 

value theoretically determined by Rorres (2000) for the optimal design of an Archimedes screw 93 

pump. Note this theoretical optimum does not fully account for energy losses in operating 94 

screws, and in practice slightly lower ratios are often used, with Di / Do ≈ 0.50 being perhaps 95 

the most common. 96 

The complex, helical geometry of ASGs makes it difficult to experimentally observe the 97 

details of fluid motion within a bucket of an operating ASG, even at laboratory scale. Recently, 98 

a small free-floating neutrally buoyant sensing system called “Sensor Fish” was developed to 99 

directly measure the hydraulic conditions experienced by fish in different hydroelectric plants, 100 

and validation testing included an ASG installation [12]. The Sensor Fish was able to measure 101 

three components of both linear acceleration and angular velocity, plus absolute pressure and 102 

temperature at a frequency of 2048 Hz [12]. The sensor was designed to be neutrally buoyant, 103 

so it can follow the flow paths of fluid through the hydropower installations. The study provided 104 

unique insight into the pressure characteristics within the buckets of a real-world ASG.  105 



 

 

Prior experimental studies of Archimedes screws have measured bulk parameters such as 106 

torque, rotation speed and water levels [21,23–26]. But it is not possible to directly measure 107 

important parameters such as gap leakage flow, wall shear stress, and overflow leakage flow 108 

[21]: this is currently a limiting factor in further model development. The authors are not aware 109 

of any information in the literature on the dynamics of water movement within an Archimedes 110 

screw bucket. This study seeks to begin to fill this knowledge gap by using computational fluid 111 

dynamics (CFD) to visualize and quantify the fluid motion within the buckets of an Archimedes 112 

screw. The CFD model is validated against laboratory-scale data used to develop prior 113 

parametric models [16].  114 

2 Methods 115 

CFD models of both a single bucket, and a four-bucket sequence, were developed for 116 

visualizing and quantifying the internal fluid mechanics in an ASG bucket. The single-bucket 117 

model simulates one bucket in an idealised screw without a gap region between the blades and 118 

the trough. The four-bucket model then introduces this gap region to see its effect on fluid flow 119 

within the screw. The four-bucket model is an extension of the single-bucket model both 120 

theoretically and geometrically. It is created by simulating four adjacent single-buckets 121 

together, with gap regions introduced between blade edges and the trough surface. Both models 122 

used the same mesh generation methods, and similar boundary conditions and simulation 123 

physics. These simulation similarities allow the single-bucket model validation to lend 124 

credibility to the four-bucket model. 125 

Both models simulate internal flow in an ASG under equilibrium conditions, but note that 126 

true equilibrium is rarely achieved in real ASGs. The inrush of water through the screw inlet, 127 

mediated by the rotating leading edges of the blades, results in an episodic filling event as a 128 

bucket is formed that is very transient. The water now contained in the bucket has initial 129 

momentum and can be seen to slosh back and forth in the bucket. Equilibrium within the bucket 130 

would not be reached until the sloshing was fully damped and initial spatial variations in water 131 

velocity diffuse to a steady state condition. In real-world screws, water is not present in the 132 

screw long enough to reach this dampened equilibrium condition before the water exits the 133 

screw at the outlet. Though equilibrium is not reached in practice, it is valuable to understand 134 

flow conditions at equilibrium since this is the limiting condition for fluid motion within ASG 135 

buckets.  136 

2.1 Laboratory Experiments 137 

Both the single-bucket and four-bucket model were validated with experimental data from 138 

the University of Guelph’s Archimedes Screw Laboratory. An Archimedes screw was tested 139 



 

 

by placing it between upper and lower basins. Water was pumped at a selected flow rate through 140 

an Omega FTB-740 inline turbine flow meter (with uncertainty of 1% of full scale) into an 141 

upstream supply basin that drained to the upper basin through a weir. The flow meter was 142 

calibrated in-situ prior to the experiments, and correct operation was verified during 143 

experiments with manual flow measurements based on supply basin water depths. Water level 144 

relative to the weir crest provided an independent measure of the flow rate through the 145 

recirculating loop.  146 

Water depths in each basin were measured with Keller Series 26 Y depth sensors (with 147 

uncertainties of 0.25% of full scale) located within stilling wells. Screw rotation speed was 148 

maintained using a variable frequency drive (VFD) gear motor fixed to the screw frame by a 149 

moment arm and load cell link. The screw rotation speed was set using the VFD and torque 150 

produced by the ASG was measured with the combination of the load cell force and moment 151 

arm. The torque measurements had an overall uncertainty of δT ≈ 0.22 N m [27]. Rotation speed 152 

was measured using a magnetic tachometer sampled at a very high frequency. The resulting 153 

rotation speed measurement uncertainty was found to be negligible relative to the depth and 154 

torque measurements [28]. The mechanical power produced by the screw is the product of the 155 

rotation speed and torque measurements. 156 

Each test involved first setting a system water flow rate and the screw rotation speed. The 157 

system was then allowed to reach system-wide quasi-equilibrium in which the upper and lower 158 

water levels remained constant (aside from surface fluctuations due to wave-action). Data 159 

acquisition was then started, with sensor readings recorded at a frequency of 1000 Hz for 60 160 

seconds. More specific protocols were followed to gather nominal sensor readings within 1% 161 

of desired data (speed and flow) points. This general process was carried out for each test run 162 

within an experimental data set.  163 

The test screw had the same geometry as the CFD models (Table 1). Experimental data 164 

was collected for six different rotation speeds (20, 30, 40, 50, 60, and 80 RPM), five different 165 

flow rates (6, 8, 10, 12, 14 L s-1), and three different outlet fill heights (hL/Dosin(β) = 0%, 30%, 166 

and 60%).  167 

Table 1 Experimental and CFD screw dimensions 168 

  169 

The data was post-processed to determine the mechanical power output of the ASG, the 170 

power available in the flow, the bucket fill height, bucket flow rate, estimated leakage flows, 171 

the overall screw efficiency, and other parameters. Once a test was completed, the settings were 172 

changed to map the next required data point. This process was carried out until a comprehensive 173 

Outer 

Diameter

Inner 

Diameter
Length Pitch

Number of 

Blades

Inclination 

Angle

Do Di L S N β

31.8 cm 16.8 cm 122 cm 31.8 cm 3 24.5°



 

 

dataset was acquired. The resulting dataset comprises nearly 200 unique points for this screw. 174 

Additional experimental information is reported by Songin and Lubitz (2018).  175 

3 Computational Fluid Dynamics Modelling 176 

Two three-dimensional, transient CFD models were developed and implemented in 177 

OpenFOAM 4.0 (The OpenFOAM Foundation Ltd., London, United Kingdom). A two phase 178 

(water, air) volume of fluid approach was utilized to reproduce water free surfaces [29], and 179 

Menter’s shear stress transport model was used for turbulent closure [30]. Both models were 180 

developed with high mesh resolution to allow investigation of phenomenon with length and 181 

time scales that can be several orders of magnitude smaller than the overall screw length and 182 

time scales. Inclusion of the blade-trough gap region in the four-bucket model allowed 183 

simulation of leakage flows in Archimedes screw generators (i.e. gap leakage and overflow 184 

leakage). Comparisons may be made between the single-bucket and four-bucket models to 185 

understand the effects of introducing the gap region. The models specifically simulate fluid 186 

motion within either one or four adjacent screw buckets under “quasi-steady” equilibrium 187 

conditions. Moving-wall boundary conditions are used to simulate ASG rotation. Simulating 188 

one or four buckets instead of an entire screw allows higher cell density and refinement, 189 

providing a more detailed characterisation of gap flow and flow within a bucket than would be 190 

possible simulating an entire screw plus inlet and outlet regions. 191 

Only a one-bucket simulation is needed to simulate bucket flow in an idealized, gapless 192 

screw. Four buckets were found to be the minimum number required to achieve a representative 193 

simulation of internal flows within a bucket and gap flow between adjacent buckets. 194 

Investigating gap flow between buckets requires simulation of adjacent buckets. A two-bucket 195 

simulation would allow gap leakage to be visualized, but the height of water in the buckets 196 

needs to be controlled at the inlet and outlet of the simulation domain. Simulating four adjacent 197 

buckets results in two internal buckets in which flow will be representative, with gap flow 198 

between the two buckets, as well as adjacent inflow and outflow buckets. The simulation 199 

domains of both one-bucket and four-bucket models are shown in Fig. 3 within a screw for 200 

reference. The four-bucket model’s buckets are numbered from top (left) to bottom (right) as 1 201 

through 4.  202 

   203 



 

 

Figure 3 Screw (made transparent) with simulation domain superimposed for the single-bucket (a, b) and four-204 
bucket (c, d) models. For clarity, the single-bucket model domain is shown with (b) and without (a) the trough 205 
boundary. The boundaries of this mesh are shown as: screw walls (red), atmosphere (green), and trough (yellow). 206 
The four-bucket model mesh is also shown with (d) and without (c) the trough boundary. Its boundaries are 207 
shown as: screw walls (red), atmosphere (green), trough (yellow), inlet (blue), and outlet (purple). 208 

Bucket 1 of the four-bucket model domain is the “inlet reservoir” bucket. It has an inlet 209 

flow of water as defined by the inlet boundary condition; this condition was set to maintain a 210 

fill height of f = 1 within the bucket. The fill height is artificially maintained in this bucket, so 211 

that the successive buckets will experience the correct upstream conditions of a screw at its 212 

equilibrium state. However, as previously mentioned, since the height and flow of water in this 213 

bucket are maintained artificially, it should not be sampled and acts as a reservoir in the 214 

simulation. Bucket 4 is an “outlet reservoir” bucket with fill height maintained by defining an 215 

outlet surface as a weir. Water overtops the weir at the outlet and outflows into a zero-gauge 216 

pressure environment (i.e. essentially flowing into open-air). Water level in this bucket is 217 

therefore also artificially maintained at a level to allow the immediately upstream bucket 3 to 218 

experience the correct downstream conditions of an ASG at equilibrium. 219 

The two middle buckets (bucket 2 and bucket 3) operate in conditions similar to those in 220 

the middle of an Archimedes screw operating at a steady rotation speed and flow, and should 221 

be representative of actual conditions within internal buckets in an operating screw. The 222 

following analysis will focus on the gap flow between bucket 2 and bucket 3, the overflow out 223 

of bucket 2, and the internal water motion in buckets 2 and 3. 224 

Figure 4 shows the mesh for both the single-bucket and four-bucket models. A hexahedral 225 

block mesh with cell size varying smoothly between 2.6 mm by 1.5° by 3 mm (r, θ, z) in the 226 

interior and 0.4 mm by 1.5° by 0.53 mm in the gap region was generated to allow for 10 mesh 227 

points within the gap region. Cell size was smoothly transitioned between the fine gap region 228 

and the coarser interior region. 229 

 230 

Figure 4 Single bucket mesh (a) shown with a section view (b) and detailed view of the near-wall refinement; 231 
note the single bucket mesh has no gap region. Four-bucket mesh (c) shown with a section view (d) and detailed 232 
view of the gap region and near-wall refinement. 233 



 

 

The simulation boundaries consist of an inlet on bucket 1, an outlet on bucket 4, and the 234 

atmospheric components at the top of the channels, as well as the wall boundaries at the blades, 235 

inner cylinder of the screw, and the trough. The single-bucket model was meshed with the same 236 

refinement parameters so that the mesh is geometrically identical to any of the buckets of the 237 

four-bucket model. This allows for direct comparisons between the results of the CFD 238 

simulations and allows both models to be developed with the exact same solver and boundary 239 

conditions. The only exception is that the single bucket model has no inlet or outlet boundaries 240 

since there is negligible flow exiting the screw during the simulation. Seven simulations were 241 

carried out at an inclination angle of β = 24.5° for both the single- and four-bucket models; one 242 

at each rotation speed of 0, 20, 30, 40, 50, 60, and 80 RPM.  243 

3.1 Governing Equations and Solver 244 

This problem was found to have Reynolds numbers of around 𝑅𝑒 = 3000 in the blade-245 

trough gap region and 𝑅𝑒 = 46000 in the buckets. In the gap, the characteristic length and 246 

velocity were the gap width (𝐺𝑤) and the average velocity through the gap (𝑣𝑔̅̅ ̅), respectively. 247 

In the buckets, the characteristic length and velocity were the hydraulic diameter of the screw 248 

(𝐷𝑜 − 𝐷𝑖) and the transport velocity (𝑣𝑡). The Froude number of a bucket was about 𝐹𝑟 = 0.30, 249 

meaning that the simulations were dealing with subcritical flows. The gap region was 250 

considered internal flow – so it was exhibiting low-Reynolds number turbulent flow.  251 

OpenFOAM’s interFoam solver was implemented to carry out the simulations; it is a two-252 

phase solver of the Reynolds Averaged Navier-Stokes (RANS) equations that was implemented 253 

to numerically approximate a solution to this transient, two-phase problem. To address the 254 

transience of the model, an adaptive timestep was chosen. With typical values on the order of 255 

10-4 s, the adaptive timestep ensured that the Courant-Friedrichs-Lewy (CFL) number never 256 

surpassed unity. 257 

Conservation of mass was applied to the solver,  258 

∂ρ

∂t
 + ∇∙(ρU) = 0 (2) 

where 𝜌 is the fluid density, 𝑡 is time, and 𝐔 is the three-dimensional velocity field. In the case 259 

of this simulation, both water and air phases were considered incompressible, and so the 260 

conservation of momentum was applied for a two-phase incompressible Newtonian fluid. 261 

∂ρU

∂t
 + ∇∙(ρUU) = -∇P + ∇∙τ + ρg + F (3) 

In Eqn. 3, 𝑃 is the pressure, 𝜏 is the sum of the viscosity stress tensor and Reynolds stress tensor, 262 

𝐠 is the gravitational acceleration vector, and 𝐹 accounts for the surface tension force.  263 



 

 

Finally, the traditional volume of fluid equation presented by Hirt and Nichols [29] was 264 

implemented to solve for the free surface. The method uses the continuum surface force model 265 

to evaluate the pressure gradient generated at the gas-liquid interface due to surface tension [31] 266 

(Eqn. 4).  267 

∂α

∂t
 + ∇∙(αU) = 0 (4) 

The variable 𝛼 represents the phase of the fluid; 𝛼 = 0 represents the air phase, and 𝛼 = 1 268 

represents water. 269 

Both models used the PIMPLE algorithm; a combination of the PISO (Pressure Implicit 270 

with Splitting of Operator) and SIMPLE (Semi-Implicit Method for Pressure-Linked 271 

Equations) algorithms. The PIMPLE algorithm is a transient variant of the SIMPLE algorithm 272 

as it uses the SIMPLE algorithm to approximate a solution at each timestep. 273 

The gradient terms in the system of equations were finite volume discretized and central 274 

differencing was applied for interpolation. The divergence schemes (advection and some 275 

diffuse terms) were finite volume discretised as well. Velocity gradients were calculated using 276 

the second order upwind scheme, and van Leer’s [32] reported differencing scheme was used 277 

for advection of the phase fraction. The diffusion term in the momentum equation utilized 278 

central differencing for interpolation. 279 

Menter’s shear stress transport (k-ω SST) was used for turbulent closure [30] since it is 280 

one of the most commonly used and widely verified models in hydropower turbine modelling 281 

[33]. This model implements either the k-ω model or the k-ε model in the most appropriate 282 

flow regions to increase model accuracy. Briefly: the k-ω model is applied in the sublayer 283 

region, since it has been shown that k-ω is the more accurate turbulence model in this region. 284 

However, k-ω tends to lose accuracy as the solver reaches the outer layer, and so the shear stress 285 

transport model switches to the k-ε model using a blending algorithm, since the k-ε model has 286 

been shown to be more accurate in the free-stream flow region [30]. This provided a robustness 287 

desired by the authors when modelling both the buckets and the gap region since the Reynolds 288 

number varied significantly between the two regions signifying the flow characteristics may be 289 

vary between them.   290 

The four-bucket simulation had an average 𝑦+ = 0.343 along the trough and 𝑦+ = 1.49 291 

along the blades. It was carefully ensured that y+ values in the gap never approached or 292 

exceeded 𝑦+ = 10 since it was shown that SST performs very well when modelling 293 

incompressible boundary layer flow with values of 𝑦+ < 10 and 𝑦+ > 100  [34]. 294 

3.2 Boundary Conditions 295 

The boundaries of the single- and four-bucket models are displayed in Fig. 3. Both the 296 

single- and four-bucket models have the same boundary treatments for the trough, inner 297 



 

 

cylinder, blades and the atmosphere. The four-bucket model also includes inlet and outlet 298 

regions to maintain the fill heights in the bucket by accounting for the leakage losses that are 299 

introduced when adding the gap region. Table 2 summarizes simulation boundary conditions. 300 

Table 2 Boundaries of single-bucket and four-bucket simulations with field values and field definitions. NOTE: 301 
the single-bucket model has neither inlet nor outlet regions. 302 

 303 

The dispersed phase volume fraction (α) is the variable used by interFoam’s volume of 304 

fluid method to define the two phases of the simulation. For the wall surfaces, the phase at the 305 

boundary was taken to be the value of the cell centre nearest to the boundary node (i.e. a zero-306 

normal gradient condition). Since the mesh is well-refined, this is a reasonable assumption as 307 

the nearest cell centre is very close to the boundary. For the outlet and atmospheric boundaries, 308 

a hybrid condition was applied. The condition allowed both the water and air phases to exit, but 309 

only allowed air to re-enter through the boundary. Finally, the inlet boundary had a fixed, 310 

uniform value of α = 1, meaning that all the flow into the system at the inlet was in the water 311 

phase. 312 

A k-wall function that applied the Neumann boundary condition was implemented at the 313 

walls – a pure zero-gradient boundary condition [35]. Again, the boundaries for the atmosphere 314 

and outlet were set to apply a zero-normal gradient in cases of outflow, and the nearest internal 315 

cell value in cases of inflow. This is because the atmosphere boundary is a non-confined surface 316 

and acts similarly to the internal fields of the simulation with respect to turbulence kinetic 317 

energy. Finally, a turbulence intensity of 5% was selected for the inlet boundary to match 318 

similar CFD studies [36]. 319 

The eddy kinematic viscosity (νT) field at all boundaries was calculated by the solver 320 

because a solution existed based on the other boundary condition definitions.  321 

The specific dissipation rate (ω) at wall boundaries was defined with Menter’s shear stress 322 

transport system, which switches between viscous and logarithmic relationships according to 323 

the position of the dimensionless wall distance (i.e. y+).  The values of y+ are very small through 324 

the 2 mm wide gap region because a high cell resolution (at least 10 nodes) is needed to simulate 325 
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the flow in this region. Menter’s SST turbulence closure model because it can handle the 326 

varying values of y+ more favourably than other models. At the outlet and atmosphere, ω was 327 

defined to be zero-gradient in cases of outflow, and the values of the adjacent internal cells – 328 

which were set to 0.003 s-1 based on the turbulence intensity and length-scale of the simulation 329 

– were used in cases of inflow. 330 

The dynamic pressure (ρrgh) at the outlet and atmosphere boundaries were set to zero-gauge 331 

pressure to simulate a non-confined, open-air environment. The inlet was given a zero normal 332 

gradient as specified by the inlet velocity boundary condition [37]. 333 

Wall boundaries were given non-zero velocities to simulate the rotating screw. The blades 334 

and inner cylinder of the screw rotate about the centre axis with a constant rotation speed. A 335 

radially varying velocity condition was applied to the blade surfaces to reflect this situation. 336 

The trough boundary translated parallel to that same centre-axis with the corresponding 337 

transport velocity (vT), found using: 338 

vT = 
Sω

2π
 (5) 

In the four-bucket model, the outlet and atmospheric boundaries were given a zero-normal 339 

gradient condition applied for outflow, while the component of the internal cell value that is 340 

normal to the boundaries was taken in instances of inflow. The inlet was set to a constant water 341 

inflow of 0.853 L s-1, which was equal the total leakage flow (QL) of the system, since the only 342 

water leaving the system passed as overflow and gap flow. Experimentation suggested that this 343 

leakage flow rate would result in a slightly overfull inlet-reservoir bucket, where some fluid 344 

would exit as overflow leakage, but the gap leakage flow rate would support a full bucket in 345 

the remaining buckets of the simulation. 346 

The single-bucket model runs were all initialized with the same water volume, 347 

corresponding to a fill height of f = 1 and neither inflow nor outflow. The four-bucket model 348 

runs were initialized with the same corresponding water volume per bucket as the single-bucket 349 

simulations. However, due to the non-zero inflow and resulting outflow (that accounts for 350 

leakage losses) they were run until an equilibrium was reached that allowed for more consistent 351 

bucket fill patterns. 352 

3.3 Mesh Sensitivity 353 

The CFD models were run for 30 seconds of simulation time with multiple levels of 354 

refinement to check for mesh convergence. All simulations reached equilibrium after about 10 355 

to 15 seconds of simulated flow. Time averages of the last 10 seconds of simulations were used 356 

for analysis to ensure that only representative equilibrium conditions were sampled. 357 

The distribution of static water pressure in each bucket generates a net torque on each of 358 

the screw blades. This torque value was determined for both sides of the blade between buckets 359 



 

 

2 and 3 in the simulation and multiplied by the average number of buckets in the screw being 360 

simulated to find the overall torque production in the screw. The values of this overall torque 361 

were used as the comparison variable for the mesh sensitivity study shown in Fig. 5. 362 

 363 

Figure 5 Mesh Sensitivity analysis using torque output for 80RPM single-bucket and four-bucket simulations 364 

The data in Fig. 5 suggest that the four-bucket model mesh had converged at a one million 365 

cell refinement level. However, the mesh with 1.3 x 106 cells was used to simulate the flow in 366 

the bucket domain throughout the study, since it offered better resolution for flow visualization 367 

with little added computational time. The single-bucket mesh was selected to match the four-368 

bucket mesh to allow for direct comparisons between the results. The selected single- and four-369 

bucket meshes were shown in Fig. 4. 370 

As Fig. 4 highlighted, a gradient was applied near the blade tips to refine the mesh in the 371 

gap region of the four-bucket model. The same gradient was applied to the single-bucket 372 

model for consistency. 373 

3.4 Model Evaluation 374 

Validation testing was similar for both the single-bucket and four-bucket models. The 375 

solver was run for 30 seconds of simulated flow in both models, and the last 10 seconds of 376 

simulated time was run with extra post processing scripts to sample all needed data fields. 377 

Unless otherwise noted in the following discussion, simulation results are the time-averaged 378 

values of parameters between 20 and 30 seconds in the simulations. For validation purposes, 379 

the torque and power generated by the screws were time-averaged and compared to the data.  380 

While all the simulations were designed to run at a fill height of f = 1, the experimental data 381 

were obtained across a wide range of flow rates, rotation speeds and outlet conditions, and in 382 

any particular test, the fill height (which is dependent on each of these inputs) may not 383 

necessarily have been exactly f = 1. Therefore, the experimental results were linearly 384 

interpolated to obtain a best estimate of the power generated that would have been observed at 385 

a fill height of f = 1 corresponding to the simulations based on the set of data with fill closest 386 

to f = 1.  387 



 

 

Fig. 5 shows a comparison between the experimental and simulated results. Note that in the 388 

laboratory, it was not possible to achieve low enough flow rates to test cases with f = 1 below 389 

40 RPM, so the mechanical power is not presented for those speeds. The results from the single-390 

bucket simulations were extrapolated to the entire screw assuming identical conditions in all 391 

buckets for comparisons to the experimental data. The experimental screw had an average of 392 

11.52 buckets during its operation (nb = L / SN) so the power predicted from a single bucket 393 

was multiplied by 11.52 to produce the power numbers shown in Fig. 6. 394 

 395 
Figure 6 Experimental and simulated power changing with respect to rotation speed 396 

Both the single-bucket and four-bucket simulations agree well with the experimental 397 

results (Fig. 6). The simulations predict a slightly higher power output than observed 398 

experimentally, and this difference increases with rotation speed. The single-bucket model 399 

over-predicts power up to 33% when compared to the experimental data, with an average 400 

deviation of 29%. The four-bucket model over-predicted power up to 25% when compared to 401 

the experiments with an average deviation of about 20%. It was expected that the simulations 402 

would predict higher power outputs than the experimental measurements, because the 403 

experimental data include several losses not included in the simulations that would reduce the 404 

measured shaft power, including losses at the screw inlet and outlet, and mechanical losses due 405 

to bearing friction.  406 

Also, the simulations were run at equilibrium conditions. In the experimental screw (and 407 

in full-size screws), equilibrium is not likely reached since any given bucket of water forms, 408 

traverses the screw, and exits within a few seconds. It is suggested that the kinetic energy within 409 

a bucket may be much larger when it is not under steady conditions. This will result in some 410 

additional losses associated with it that are not included in a simulation of the case where 411 

equilibrium is reached. 412 

The simulations are geometrically perfect cases, while the experimental screw has some 413 

imperfections along its blade surfaces that may change frictional losses. It also has a gap 414 

between the blades and the trough with an average width of 2 mm, incurring additional gap 415 

leakage losses not accounted for in the single-bucket simulation. The four-bucket simulations 416 
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include gap leakage loss but do not account for the minor imperfections in the experimental 417 

screw which may lead to varying gap widths along the perimeter of the blades. 418 

Divergence between the model and experimental results in Fig. 6 increases as the rotation 419 

speed increases. This is expected since most of the losses discussed above (e.g. bearing and 420 

losses due to flow in and out of the screw) will increase with the rotation speed. However, the 421 

results are consistent with the unavoidable aspects of the differences between the experiments 422 

and simulations, suggesting that overall the model predicts power output and by extension the 423 

fluid motion in an Archimedes screw bucket well.   424 

4 Results 425 

The results of both the single- and four-bucket models will be presented and discussed 426 

alongside one another throughout this section. Additional results are presented in Simmons 427 

(2018) [27]. 428 

4.1 Torque with Respect to Rotation Speed 429 

It is commonly suggested that screw torque is dominantly caused by the static pressure 430 

distribution in the bucket - so the ASG under normal operating conditions is considered a quasi-431 

static system (Nuernbergk 2012) and observed net torque from a bucket would be the same at 432 

any rotation speed. However, some small dynamic effects might be expected to occur in the 433 

screw as the rotation speed changes.  434 

Figure 7 shows bucket torque per wetted blade surface area versus rotation speed for the 435 

two CFD models. The torque was scaled by the wetted surface area of the screw blades to 436 

account for small variations in fill height. This was done because water exited the atmospheric 437 

boundaries as overflow leakage in both models, and this occurred more at high rotation speeds. 438 

As the rotation speed increases in Fig. 7, the wall shear stress increases and thus the friction 439 

losses on the blades would be expected to increase. While the total torque is not greatly affected 440 

by the rotation speed, there is an apparent trend of decreasing torque with increasing rotation 441 

speed in both simulations.  442 
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 444 
Figure 7 Effect of rotation speed on screw torque - scaled to wetted blade surface area in order to account for 445 
variations in fill height 446 

The data in Fig. 7 suggest that torque is closely correlated to bucket fill level and that static 447 

pressure is the dominant driver for torque in ASGs. Since the data is all time-averaged for 10 448 

seconds, the torque variations shown in Fig. 7, most notably for the single-bucket simulations, 449 

are suggested to be due to dynamic variations caused by the changing rotation speed. So, though 450 

the system is largely quasi-static, there is evidence that dynamic effects may exist on a small 451 

scale.  452 

4.2 Bucket Internal Fluid Motion 453 

Fluid motion within the buckets was analysed next to explore the dynamic effects 454 

mentioned above. Generally, fluid velocity magnitudes at any particular location in the bucket 455 

increased as the rotation speed of the screw increased. This might be expected, as relative 456 

motion between surfaces and the fluid volume increases with increasing rotation speed. Since 457 

screws are primarily driven by static pressure (i.e. converting mainly static pressure into 458 

mechanical power) any surplus fluid motion in the bucket could be considered an energy loss, 459 

because kinetic energy added to the fluid within the screw will not be recovered before the fluid 460 

exits the screw.  461 

In both simulations, the kinetic energy of the mean flow within a bucket was very small 462 

(less than 0.3 W for a screw that produces less than 60 W). However, it is theorized that under 463 

equilibrium conditions, the kinetic energy would be smaller than under normal non-equilibrium 464 

operating conditions. This is because the relative velocities of the fluid in the bucket will 465 

decrease as the blade walls continue to transfer some of their kinetic energy to the fluid as 466 

steady state is reached. 467 

It is very difficult to observe the flow structure in the interior of a bucket in a lab- or full-468 

scale screw. Figure 8 shows the overall bucket flow patterns from both simulations for the case 469 

with the median 40 RPM rotation speed. Recall that the single-bucket simulations have no gap 470 

or gap flow, while these are present in the four-bucket results. 471 



 

 

 472 
 473 
Figure 8 Velocity magnitude (colour) and direction (glyph arrows) of fluid within a single screw bucket for the 474 
40 RPM case of the (a) single-bucket (no gap), and (b) four-bucket (gap present) simulations 475 

In the single-bucket (i.e. the “no gap” screw bucket), water circulates in two primary cells 476 

across the bucket’s cross-section – not necessarily aiding in the rotation of the blades. The 477 

rotating blade surfaces and inner cylinder cause the water to move rotationally along with the 478 

screw adjacent to these surfaces. The relative translation of the trough forces the water into a 479 

pinch-point where the trough meets the upstream blade edge, inducing a flow that pushes up 480 

onto the upstream blade, and then along the blade wall rotationally – this can be seen in more 481 

detail in Fig. 9. 482 

 483 

Figure 9 Magnified view of the middle sample plane of Fig. 8 for the (a) single-bucket (no gap) and (b) four-484 
bucket (gap present) results. 485 

The presence of a gap (i.e. the four-bucket simulation) changes the flow patterns in the 486 

bucket. The flow near the downstream gap is drawn out of the bucket and therefore adjacent 487 

fluid from the bucket volume is drawn towards the gap. The fluid is still entrained along the 488 

walls of the blades, but now there is now a greater downward velocity component toward the 489 

gap region. Moreover, there is a small layer of fluid moving at distinctly different velocity (on 490 

the order of 1 m s-1) than the main volume of fluid (on the order of 0.1 m s-1), that forms along 491 

the trough and moves through the gaps from upstream to downstream.  492 

The total mean velocity kinetic energy in a bucket was about 2.16 mJ and 10.9 mJ (for the 493 

40 RPM cases of the single- and four-bucket simulations, respectively). The kinetic energy in 494 



 

 

the fluid increased several times with the introduction of the gap-region in the four-bucket 495 

simulation. This increase is mostly due to the introduction of the comparatively high velocity 496 

flow through the gap region.  497 

The rotating and translating surfaces of the screw and trough do add a certain amount of 498 

non-turbulence associated mean velocity kinetic energy to the water in a bucket as it passes 499 

through the screw, and this energy is a loss in the sense that it is not available to produce torque 500 

on the blades and increase shaft power. However, the magnitude of the loss associated with this 501 

effect is very small: on the order of 1% assuming all buckets reached equilibrium before they 502 

reached the end of the screw. However, a real-world installation will see water rush into the top 503 

bucket with significant kinetic energy which is present throughout the translation of the bucket 504 

in the form of “sloshing”. The water exits the bottom bucket with nearly the same kinetic energy 505 

as equilibrium is likely not reached – leading to no net losses. So, in practice, the power loss 506 

due to increasing bulk velocity in the bucket through shear interactions with the moving blades 507 

and trough is less than 1%. 508 

4.3 Wall Shear Stress 509 

Figure 10 shows the simulated wall shear stress on the blades for the 80 RPM case of both 510 

the single- and four-bucket simulations. The downstream portion of the blade (i.e. the portion 511 

that is on the lower side of the bucket and is driven by the pressure to produce positive torque) 512 

on the left, and the upstream blade surface (i.e. the part that will counteract the power-producing 513 

torque of the water) on the right.  514 

 515 
Figure 10 Time-averaged wall shear stress for the 40 RPM case of the single-bucket (a, b) and four-bucket (c, d) 516 
simulations. The left figures (a, c) show the blade face on the bottom end of the bucket and the right figures (b, 517 
d) show the blade face on the top end of the bucket. 518 

Near the blade tips the wall shear stress of the four-bucket simulation reaches on the order 519 

of 5 Pa, which is higher than the 3 Pa wall shear stresses seen in the single-bucket simulation. 520 



 

 

This demonstrates that the presence of the gap increases the shear stress on the blades on the 521 

tips of the downstream blade surface.  522 

Figure 11 shows the power loss due to the friction on the blades caused by shear for varying 523 

rotation speeds, and the effect of those shear stress losses on overall power output. In both 524 

simulations, the power losses due to wall shear stresses increased as a function of a third order 525 

polynomial of the rotation speed. Dellinger et al. (2016) showed similar results using CFD, 526 

finding that the wall shear stress increased rapidly with the rotation speed [26].  527 

 528 
Figure 11 Torque and power loss associated with wall shear stress for the 40 RPM single- and four-bucket 529 
simulations 530 

The single- and four-bucket cases in Fig. 11 have similar trends, but magnitudes differ 531 

slightly. The torque and power loss due to shear stress are lower in the four-bucket simulations 532 

than in the single-bucket simulations. It seems that, though the maximum shear stress is higher 533 

in the four-bucket simulations (Fig. 10), the overall shear stress is slightly lower than in the 534 

single-bucket simulation. This may be in part due to the change in flow patterns in the bucket 535 

caused by the introduction of the gap.  536 

4.4 Leakage Flows 537 

Flow through the gap is commonly modelled as being driven by the static pressure 538 

difference between adjacent buckets but does not account for screw rotation speed [19]. Figure 539 

12 shows the velocity through the gap non-dimensionalised by the transport velocity 540 

corresponding to the screw rotation speed in each simulation. 541 

 1 



 

 

  542 
Figure 12 Velocity through the blade-trough gap relative to the transport velocity (the axial translation velocity 543 
of the blade tips). The position in the gap is measured from the bottom of the trough (0 mm) to the blade tip (2 544 
mm). 545 

The gap relative velocity is proportionally largest when the rotation speed is lower. 546 

Theoretically, there is a rotation speed at which there would be no net gap flow, since the blades 547 

are moving at a transport velocity that is faster than the fluid can move through the gap due to 548 

static pressure difference. So as the rotation speed increases, relative gap velocity and flow will 549 

decrease. It is suggested that this is the reason that the total kinetic energy in the buckets is 550 

decreasing as the rotation speed increases.  551 

The maximum velocity in the gap reached about 0.9 m/s in the 50 RPM simulation. At the 552 

top of the gap (i.e. adjacent to the blade tips) velocity was zero relative to the blade tips. Fluid 553 

velocity increases in the middle of the gap, with a maximum nearly mid-way through the gap 554 

and then decreasing to match the transport velocity adjacent to the trough. The average velocity 555 

is higher than the transport velocity, and so the fluid adjacent to the trough is moving faster 556 

than the relative velocity of the blade tips. As the transport velocity is increased by increasing 557 

rotation speed, the velocity magnitudes in the gap decrease (Fig. 12).  558 

The leakage flow QL is the sum of the gap leakage Qgl and overflow leakage Qo. The total 559 

flow through the screw Q is  560 

Q = Q
b
 + Q

L
 = Q

b
 + Q

gl
 + Q

o
 (6) 

where bucket flow rate QB is rate at which the volume in a bucket passes through the screw. In 561 

the four bucket simulations, QL is equal to the inlet flow to the system, since the only flow paths 562 

between the buckets are through the gap or as overflow over the central cylinder. The overall 563 

leakage flow was therefore set as the input flow to the system, and the overflow leakage was 564 

sampled out. Overflow leakage for each rotation speed is shown in Table 3; fill height is also 565 

included to verify the simulations were run under similar conditions. 566 

Table 3 Bucket flow rate, gap and overflow leakage and fill height values for each rotation speed of the four-567 
bucket simulations 568 
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 570 

For cases with inflow of QL = 0.853 L s-1, and varying rotation speed, the overflow leakage 571 

increased as the rotation speed increased. Sloshing and overflow leakage were observed to 572 

increase both experimentally and in simulation with rotation speed. It is believed this is largely 573 

due to skin friction, an observation supported by previous studies [21]. The gap leakage in each 574 

simulation was calculated using the observed overflow leakage and recasting Eqn. 6. The gap 575 

leakage decreased as overflow increased since it is a function of the overall leakage and the 576 

overflow leakage. This agrees with the theory stated above – the gap flow will reach zero when 577 

the rotation speed is fast enough that the blades “outrun” the leakage flow rate. It is suggested 578 

that there would be a rotation speed corresponding to negative gap leakage. This is a state in 579 

which the velocity resulting from static pressure difference between adjacent buckets would be 580 

less than the transport velocity of the screw (𝑣𝑡). In this case, fluid would leak into the previous 581 

bucket, rather than the next bucket. However, though the leakage may reach a zero or negative 582 

relative velocity, the fluid in the gap region does not interact with a blade surface in which the 583 

screw converts its pressure into a mechanical torque. Therefore, it may always be considered a 584 

form of power loss.  585 

Next, the simulated gap leakage results were compared to the predictions of gap leakage 586 

model from Lubitz et al. (2014), which estimates gap leakage as 587 

Q
gl

 = CGw (lw + 
le

1.5
) √

2gS

N
sin β (7) 

This equation requires the wetted length (lw) and the extended wetted length of the upper bucket 588 

(le), which are determined numerically, and a gap width Gw. The leakage constant C was set to 589 

0.89 according to Kozyn [28], and the model was run under the same conditions as the 590 

simulation. Figure 13 shows the results of the simulation compared to the Lubitz model 591 

calculations for both bucket flow rate and gap leakage. 592 
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0 0 0.873 0.0007 1.04

20 3.09 0.648 0.0197 1.03

30 4.69 0.673 0.0161 1.03

40 6.21 0.649 0.0187 1.03

50 7.72 0.626 0.0142 1.03

60 9.21 0.585 0.0144 1.03

80 12.0 0.560 0.0151 1.01
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 593 
Figure 13 Bucket flow rate and gap leakage flow for each simulated speed 594 

The Lubitz et al. (2014) model slightly overpredicted both the bucket flow and the gap 595 

leakage from the simulation, but it captured the correct trends from the simulations. Kozyn 596 

(2016) suspected that the model overestimates the gap leakage flow rate slightly, and these 597 

results support that conclusion. In Fig. 13, the gap flow is overpredicted by the CFD simulations 598 

by an average of about 8%, which is still a relatively accurate model prediction. However, since 599 

the simulation validations have uncertainties on this order, this conclusion should be regarded 600 

with caution as well. 601 

5 Conclusions 602 

This study used CFD simulations of the bucket regions in an Archimedes screw to provide 603 

insight into the internal fluid mechanics of Archimedes screw generators. The single-bucket 604 

simulation helped to visualize internal bucket flow without the effects of gap leakage. It was 605 

found that some variation between rotation speed and torque was present, suggesting that 606 

dynamic effects have a small impact on power loss, but it also showed that power output was 607 

primarily a function of the static pressure distribution in the bucket.  608 

Simulating gaps between adjacent buckets had a notable effect on the internal flow within 609 

the screw. It changed the bulk flow in the overall bucket volume from a single to double cell 610 

configuration and introduced a completely different flow regime in the corners of the bucket. 611 

The change in flow near the bucket corners was mostly due to the pressure gradients near and 612 

across the gaps, as they were much greater than anywhere else in the bucket and drove changes 613 

to flow patterns. 614 

The introduction of the gap region also changed some of the phenomenon associated with 615 

power loss within screw buckets: namely the kinetic energy and wall shear stress. When gap 616 

flow was present, it was associated with a significant portion of the total kinetic energy within 617 

a bucket. This may not necessarily demonstrate that the screw is adding kinetic energy to the 618 

water and a loss to its power production, but it is interesting to note the change. In a real-world 619 

screw, the water within the bucket would not achieve equilibrium conditions. Rather, it would 620 



 

 

initially have a very large amount of kinetic energy as it entered the screw and formed a bucket. 621 

Water “sloshes” within the bucket until it is discharged at the bottom of the screw. So, it is 622 

suggested that the additional kinetic energy that is observed within the buckets of these 623 

equilibrium simulations would be negligible when compared to that of a real-world installation. 624 

The introduction of the gap changed the maximum wall shear stress on the blades of each 625 

bucket. The overall shear stress on the blades decreased since the introduction of the gap 626 

changed the circulation pattern of the fluid in the bucket. However, it introduced high-stress 627 

regions where the water leaked from a higher bucket to its adjacent lower counterpart (i.e. the 628 

high pressure “red regions” of Figure 10) and along the blade tips. This showed that the 629 

frictional losses in the screw were changed due to the dynamic effects of the gap flow region. 630 

Though the simulations have been shown to agree reasonably well with experimental 631 

results (cf. Fig. 6), they should still be taken as suggestions of the internal fluid tendencies of 632 

Archimedes screw generators since they are resolved by mathematical approximation. There 633 

are some drawbacks with all CFD modelling techniques. For this study Menter’s Shear Stress 634 

Transport (SST), a two-equation RANS model, was used for turbulent closure. As with other 635 

eddy-viscosity models, recirculation and turbulence anisotropy can lead to excessive levels of 636 

turbulence production during the simulations [38]. As well, in two-phase flow problems the 637 

free surface dampens turbulence generation in the bucket. The SST model does not fully 638 

account for this phenomenon and may generate higher levels of turbulence as such [39]. 639 

However, with everything considered, these simulations provided valuable insight into the 640 

fluid mechanics within an Archimedes screw generator bucket and may be a valuable step 641 

forward into continued improvement and development of ASG performance models. 642 
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Notation 651 

C = leakage constant (-) 652 

Di = inner diameter (m) 653 



 

 

Do = outer diameter (m) 654 

Ek = kinetic energy (J) 655 

f = fill height ratio (-) 656 

hL = lower water level (m) 657 

hU = upper water level (m) 658 

k = turbulence kinetic energy (J) 659 

le = extended wetted length (m) 660 

lw = wetted length (m) 661 

m = mass of water (kg) 662 

nb = number of buckets (-) 663 

N = number of blades (-) 664 

P = pressure (N m-2) 665 

PL = power loss (W) 666 

Prgh = dynamic kinematic pressure (m2 s-2) 667 

Q = total flow rate (m3 s-1) 668 

QB = bucket flow rate (m3 s-1) 669 

Qgl = gap leakage flow rate (m3 s-1) 670 

QL = leakage flow rate (m3 s-1) 671 

Qo = overflow leakage rate (m3 s-1) 672 

S = screw pitch (m) 673 

t = time (s) 674 

T = torque (N m) 675 

u, U = fluid velocity (m s-1) 676 

vg = gap velocity (m s-1) 677 

vT = transport velocity (m s-1) 678 

x = distance (m) 679 

y+ = dimensionless wall distance (-) 680 

zmin = minimum bucket water level (m) 681 

zmax = maximum bucket water level (m) 682 

zwl = bucket water level (m) 683 

α = dispersed phase volume fraction (-) 684 

β = inclination angle (°) 685 

β* = k-ω SST closure coefficient 686 

γ = k-ω SST closure coefficient 687 

λij = turbulent stress tensor (N m-2) 688 

μt = eddy viscosity (Pa s) 689 



 

 

νt = kinematic eddy viscosity (m2 s-2) 690 

ρ = water density (kg m-3) 691 

σk, σω = k-ω SST closure coefficient 692 

ij = fluid stress tensor (N m-2) 693 

τw = wall shear stress (N m-2) 694 

ω = screw rotation speed (rad s-1) 695 

ωt = specific dissipation rate (s-1) 696 
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