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Analysis of Internal Fluid Motion in an Archimedes Screw using

Computational Fluid Mechanics

ABSTRACT

Two computational fluid dynamics models were developed to analyse the internal fluid
mechanics of an Archimedes screw’s buckets. The models were evaluated against laboratory-
scale experimental data, which suggested that they were acceptably accurate. Results of power-
generating torque, internal fluid velocities, wall shear stress, and leakage flow rates were all
explored with respect to changing rotational speeds. It was found that increasing rotational
speed while maintaining “full” screw buckets would produce: similar torque values (by
extension: power increased), higher velocity magnitudes of fluid parcels in a bucket, less gap

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

Keywords: Archimedes screw; computational fluid dynamics; gap flow; screw generator;
steady state

1 Introduction

Archimedes screw generators (ASGs) have been used in run-of-river hydropower schemes
since the 1990’s (Radlik, 1997). They are financially efficient, reliable and have low
environmental impact [2]. Future Energy Yorkshire compared installation costs of a Kaplan
turbine and an ASG at a specific UK site. The ASG had a 10% lower installation cost and
supplied 15% more energy than the Kaplan turbine, making it 22% less expensive per unit
power produced [3]. ASGs have relatively low maintenance requirements due to larger
clearances and lower operating speeds than other microhydro turbines. Aside from regular
inspections, a large maintenance commission should performed approximately every 20 years
[4-T7].

Unlike most common hydropower turbines, fish and sediment can pass directly through
an operating ASG. Archimedes screws are commonly used to transfer fish between holding
pens with a very low incidence rate of harm [8]. More recent studies have found ASGs are also
fish-friendly [9,10]. A study of eel and kelt passage through the River Dart ASG (UK) found
that both eels and fish were sometimes struck by the leading edge of the screw, which caused
minimal injuries and a low mortality rate. It was suggested to add a rubber bumper to the leading
edge of the screw flights to further minimize entrance trauma to marine life. Addition of the
leading edge bumper resulted in less than 1% of eels sustaining injury (which was minimal and
recoverable), and no injury to salmon kelts [10]. This study was used to inform guidelines on

maximum rotation speeds for ASG installations [11].
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ASGs are most appropriate at low head sites (about 5 m or less) with moderate flow rates
(on the order of 10 m® s or less). There are few viable alternative turbine technologies in this
range: practical options include very low head (VLH) turbines and Kaplan turbines [12], as
well as overshot and undershot water wheels [13]. Denny (2004) found overshot and undershot
water wheels have maximum achievable mechanical efficiencies of about 71% and 30%,
respectively. Conversely, water-to-wire efficiency values of actual ASG plants is between 60%
and 80% [14].

Screw generators are usually installed in an inclined orientation with the rotating screw
contained in a fixed enclosing trough (Fig. 1). As the screw turns, water flows into the top of
the screw from a forebay and fills the spaces between adjacent screw blades. The height of
water in the screw forebay is termed the upper or inlet water level (hy). The helical volume
between two adjacent screw blades is termed a “bucket” [15]. The static water pressure
distribution on the screw blade surfaces imparts a net torque on the screw blades, causing the
screw to rotate, turn an attached generator, and generate electricity. The buckets translate
axially downward along the length of the turning screw between the moving blades and the
fixed trough, and the water eventually exits out the bottom of the screw into a receiving basin

(Fig. 1).

Figure 1 Common Archimedes screw variables

The optimal lower basin water level (h.) results in submergence of the lower 55% to 60%
of the screw outlet (i.e. h. / Docosp = 0.55 to 0.60) [16-18]. This produces a slight back-pressure
at the ASG outlet that maintains the water level of each bucket until it exits the screw, but is
not so high that receiving basin water will flow back in to the top of the screw outlet.

The water level within a bucket is quantified with the non-dimensional fill height f. Figure
2 shows the elevation variables zw, Zmax, and zmin Which are respectively the height of the actual
water level, the maximum height of the water before it will begin to overflow the inner cylinder,

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

f: Zwl ~ Zmin (1)

z V4

max ~ “min

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

that account for how the the helical geometry of the screw shifts the maximum fill point away
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from top or bottom dead center. An empty bucket has f = 0, while a bucket filled with water
just to the point where water would start to overflow over the central cylinder is considered full,
with f = 1. Theoretically, f close to 1 is the most efficient operating condition [20], although
some experimental studies observed maximum ASG efficiency with slight overfilling (i.e.
when f > 1) [21].

\

an\
Zn 1

o7 =
Figure 2 Bucket water level definitions

When f > 1 overflow leakage losses occur as water flows over the top of the inner cylinder
from one bucket into a lower bucket. However, this efficiency loss is offset by the higher water
levels in the buckets producing greater net torque than at lower fill levels.

In all fixed-trough Archimedes screws, a narrow gap exists between the outer edge of the
screw blade tips and the fixed trough. This gap allows the screw to turn freely but permits some
water to leak between buckets. The width of this gap (Gw) is minimized to lessen the gap leakage
losses.

Screws are geometrically defined by outer diameter (Do), the inner diameter (D;) pitch (S),
inclination angle (B), and number of blades (N) (Fig. 1). In a case study using Bayesian
optimization techniques, it was found that the optimal ratio between inner diameter and outer
diameter for the ASGs in the sample set was D; / D, = 0.54 [22]. Interestingly this is the same
value theoretically determined by Rorres (2000) for the optimal design of an Archimedes screw
pump. Note this theoretical optimum does not fully account for energy losses in operating
screws, and in practice slightly lower ratios are often used, with Di/ D, = 0.50 being perhaps
the most common.

The complex, helical geometry of ASGs makes it difficult to experimentally observe the
details of fluid motion within a bucket of an operating ASG, even at laboratory scale. Recently,
a small free-floating neutrally buoyant sensing system called “Sensor Fish”” was developed to
directly measure the hydraulic conditions experienced by fish in different hydroelectric plants,
and validation testing included an ASG installation [12]. The Sensor Fish was able to measure
three components of both linear acceleration and angular velocity, plus absolute pressure and
temperature at a frequency of 2048 Hz [12]. The sensor was designed to be neutrally buoyant,
so it can follow the flow paths of fluid through the hydropower installations. The study provided

unique insight into the pressure characteristics within the buckets of a real-world ASG.
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Prior experimental studies of Archimedes screws have measured bulk parameters such as
torque, rotation speed and water levels [21,23-26]. But it is not possible to directly measure
important parameters such as gap leakage flow, wall shear stress, and overflow leakage flow
[21]: this is currently a limiting factor in further model development. The authors are not aware
of any information in the literature on the dynamics of water movement within an Archimedes
screw bucket. This study seeks to begin to fill this knowledge gap by using computational fluid
dynamics (CFD) to visualize and quantify the fluid motion within the buckets of an Archimedes
screw. The CFD model is validated against laboratory-scale data used to develop prior

parametric models [16].

2 Methods

CFD models of both a single bucket, and a four-bucket sequence, were developed for
visualizing and quantifying the internal fluid mechanics in an ASG bucket. The single-bucket
model simulates one bucket in an idealised screw without a gap region between the blades and
the trough. The four-bucket model then introduces this gap region to see its effect on fluid flow
within the screw. The four-bucket model is an extension of the single-bucket model both
theoretically and geometrically. It is created by simulating four adjacent single-buckets
together, with gap regions introduced between blade edges and the trough surface. Both models
used the same mesh generation methods, and similar boundary conditions and simulation
physics. These simulation similarities allow the single-bucket model validation to lend
credibility to the four-bucket model.

Both models simulate internal flow in an ASG under equilibrium conditions, but note that
true equilibrium is rarely achieved in real ASGs. The inrush of water through the screw inlet,
mediated by the rotating leading edges of the blades, results in an episodic filling event as a
bucket is formed that is very transient. The water now contained in the bucket has initial
momentum and can be seen to slosh back and forth in the bucket. Equilibrium within the bucket
would not be reached until the sloshing was fully damped and initial spatial variations in water
velocity diffuse to a steady state condition. In real-world screws, water is not present in the
screw long enough to reach this dampened equilibrium condition before the water exits the
screw at the outlet. Though equilibrium is not reached in practice, it is valuable to understand
flow conditions at equilibrium since this is the limiting condition for fluid motion within ASG

buckets.

2.1 Laboratory Experiments

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

the University of Guelph’s Archimedes Screw Laboratory. An Archimedes screw was tested
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by placing it between upper and lower basins. Water was pumped at a selected flow rate through
an Omega FTB-740 inline turbine flow meter (with uncertainty of 1% of full scale) into an
upstream supply basin that drained to the upper basin through a weir. The flow meter was
calibrated in-situ prior to the experiments, and correct operation was verified during
experiments with manual flow measurements based on supply basin water depths. Water level
relative to the weir crest provided an independent measure of the flow rate through the
recirculating loop.

Water depths in each basin were measured with Keller Series 26 Y depth sensors (with
uncertainties of 0.25% of full scale) located within stilling wells. Screw rotation speed was
maintained using a variable frequency drive (VFD) gear motor fixed to the screw frame by a
moment arm and load cell link. The screw rotation speed was set using the VFD and torque
produced by the ASG was measured with the combination of the load cell force and moment
arm. The torque measurements had an overall uncertainty of 67~ 0.22 N 'm [27]. Rotation speed
was measured using a magnetic tachometer sampled at a very high frequency. The resulting
rotation speed measurement uncertainty was found to be negligible relative to the depth and
torque measurements [28]. The mechanical power produced by the screw is the product of the
rotation speed and torque measurements.

Each test involved first setting a system water flow rate and the screw rotation speed. The
system was then allowed to reach system-wide quasi-equilibrium in which the upper and lower
water levels remained constant (aside from surface fluctuations due to wave-action). Data
acquisition was then started, with sensor readings recorded at a frequency of 1000 Hz for 60
seconds. More specific protocols were followed to gather nominal sensor readings within 1%
of desired data (speed and flow) points. This general process was carried out for each test run
within an experimental data set.

The test screw had the same geometry as the CFD models (Table 1). Experimental data
was collected for six different rotation speeds (20, 30, 40, 50, 60, and 80 RPM), five different
flow rates (6, 8, 10, 12, 14 L s%), and three different outlet fill heights (h./Dosin(8) = 0%, 30%,
and 60%).

Table 1 Experimental and CFD screw dimensions

Quter _Inner Length| Pitch Number of | Inclination
Diameter | Diameter Blades Angle
D, D; L S N B
31.8cm | 16.8cm |122cm|31.8cm 3 24.5°

The data was post-processed to determine the mechanical power output of the ASG, the
power available in the flow, the bucket fill height, bucket flow rate, estimated leakage flows,
the overall screw efficiency, and other parameters. Once a test was completed, the settings were

changed to map the next required data point. This process was carried out until a comprehensive
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dataset was acquired. The resulting dataset comprises nearly 200 unique points for this screw.
Additional experimental information is reported by Songin and Lubitz (2018).

3 Computational Fluid Dynamics Modelling

Two three-dimensional, transient CFD models were developed and implemented in
OpenFOAM 4.0 (The OpenFOAM Foundation Ltd., London, United Kingdom). A two phase
(water, air) volume of fluid approach was utilized to reproduce water free surfaces [29], and
Menter’s shear stress transport model was used for turbulent closure [30]. Both models were
developed with high mesh resolution to allow investigation of phenomenon with length and
time scales that can be several orders of magnitude smaller than the overall screw length and
time scales. Inclusion of the blade-trough gap region in the four-bucket model allowed
simulation of leakage flows in Archimedes screw generators (i.e. gap leakage and overflow
leakage). Comparisons may be made between the single-bucket and four-bucket models to
understand the effects of introducing the gap region. The models specifically simulate fluid
motion within either one or four adjacent screw buckets under “quasi-steady” equilibrium
conditions. Moving-wall boundary conditions are used to simulate ASG rotation. Simulating
one or four buckets instead of an entire screw allows higher cell density and refinement,
providing a more detailed characterisation of gap flow and flow within a bucket than would be
possible simulating an entire screw plus inlet and outlet regions.

Only a one-bucket simulation is needed to simulate bucket flow in an idealized, gapless
screw. Four buckets were found to be the minimum number required to achieve a representative
simulation of internal flows within a bucket and gap flow between adjacent buckets.
Investigating gap flow between buckets requires simulation of adjacent buckets. A two-bucket
simulation would allow gap leakage to be visualized, but the height of water in the buckets
needs to be controlled at the inlet and outlet of the simulation domain. Simulating four adjacent
buckets results in two internal buckets in which flow will be representative, with gap flow
between the two buckets, as well as adjacent inflow and outflow buckets. The simulation
domains of both one-bucket and four-bucket models are shown in Fig. 3 within a screw for
reference. The four-bucket model’s buckets are numbered from top (left) to bottom (right) as 1
through 4.

(a) (b)
F 1
(©) (d)
» i A
o
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Figure 3 Screw (made transparent) with simulation domain superimposed for the single-bucket (a, b) and four-
bucket (c, d) models. For clarity, the single-bucket model domain is shown with (b) and without (a) the trough
boundary. The boundaries of this mesh are shown as: screw walls (red), atmosphere (green), and trough (yellow).
The four-bucket model mesh is also shown with (d) and without (c) the trough boundary. Its boundaries are
shown as: screw walls (red), atmosphere (green), trough (yellow), inlet (blue), and outlet (purple).

Bucket 1 of the four-bucket model domain is the “inlet reservoir” bucket. It has an inlet
flow of water as defined by the inlet boundary condition; this condition was set to maintain a
fill height of f = 1 within the bucket. The fill height is artificially maintained in this bucket, so
that the successive buckets will experience the correct upstream conditions of a screw at its
equilibrium state. However, as previously mentioned, since the height and flow of water in this
bucket are maintained artificially, it should not be sampled and acts as a reservoir in the
simulation. Bucket 4 is an “outlet reservoir” bucket with fill height maintained by defining an
outlet surface as a weir. Water overtops the weir at the outlet and outflows into a zero-gauge
pressure environment (i.e. essentially flowing into open-air). Water level in this bucket is
therefore also artificially maintained at a level to allow the immediately upstream bucket 3 to
experience the correct downstream conditions of an ASG at equilibrium.

The two middle buckets (bucket 2 and bucket 3) operate in conditions similar to those in
the middle of an Archimedes screw operating at a steady rotation speed and flow, and should
be representative of actual conditions within internal buckets in an operating screw. The
following analysis will focus on the gap flow between bucket 2 and bucket 3, the overflow out
of bucket 2, and the internal water motion in buckets 2 and 3.

Figure 4 shows the mesh for both the single-bucket and four-bucket models. A hexahedral
block mesh with cell size varying smoothly between 2.6 mm by 1.5° by 3 mm (r, 6, z) in the
interior and 0.4 mm by 1.5° by 0.53 mm in the gap region was generated to allow for 10 mesh
points within the gap region. Cell size was smoothly transitioned between the fine gap region

and the coarser interior region.

Figure 4 Single bucket mesh (a) shown with a section view (b) and detailed view of the near-wall refinement;
note the single bucket mesh has no gap region. Four-bucket mesh (c) shown with a section view (d) and detailed
view of the gap region and near-wall refinement.
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The simulation boundaries consist of an inlet on bucket 1, an outlet on bucket 4, and the
atmospheric components at the top of the channels, as well as the wall boundaries at the blades,
inner cylinder of the screw, and the trough. The single-bucket model was meshed with the same
refinement parameters so that the mesh is geometrically identical to any of the buckets of the
four-bucket model. This allows for direct comparisons between the results of the CFD
simulations and allows both models to be developed with the exact same solver and boundary
conditions. The only exception is that the single bucket model has no inlet or outlet boundaries
since there is negligible flow exiting the screw during the simulation. Seven simulations were
carried out at an inclination angle of p = 24.5° for both the single- and four-bucket models; one
at each rotation speed of 0, 20, 30, 40, 50, 60, and 80 RPM.

3.1 Governing Equations and Solver

This problem was found to have Reynolds numbers of around Re = 3000 in the blade-
trough gap region and Re = 46000 in the buckets. In the gap, the characteristic length and
velocity were the gap width (G,,) and the average velocity through the gap (7,), respectively.
In the buckets, the characteristic length and velocity were the hydraulic diameter of the screw
(D, — D;) and the transport velocity (v,). The Froude number of a bucket was about Fr = 0.30,
meaning that the simulations were dealing with subcritical flows. The gap region was
considered internal flow — so it was exhibiting low-Reynolds number turbulent flow.

OpenFOAM’s interFoam solver was implemented to carry out the simulations; it is a two-
phase solver of the Reynolds Averaged Navier-Stokes (RANS) equations that was implemented
to numerically approximate a solution to this transient, two-phase problem. To address the
transience of the model, an adaptive timestep was chosen. With typical values on the order of
10* s, the adaptive timestep ensured that the Courant-Friedrichs-Lewy (CFL) number never
surpassed unity.

Conservation of mass was applied to the solver,
0
Z v (1) =0 (2)
ot
where p is the fluid density, t is time, and U is the three-dimensional velocity field. In the case

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

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

opU
% +V-(pUU)=-VP+V-r+pg+F (3)

In Eqgn. 3, P is the pressure, 7 is the sum of the viscosity stress tensor and Reynolds stress tensor,

g is the gravitational acceleration vector, and F accounts for the surface tension force.
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Finally, the traditional volume of fluid equation presented by Hirt and Nichols [29] was
implemented to solve for the free surface. The method uses the continuum surface force model
to evaluate the pressure gradient generated at the gas-liquid interface due to surface tension [31]
(Eqgn. 4).

oo,

o +V-(a)=0 4)

The variable a represents the phase of the fluid; @ = 0 represents the air phase, and a = 1
represents water.

Both models used the PIMPLE algorithm; a combination of the PISO (Pressure Implicit
with Splitting of Operator) and SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithms. The PIMPLE algorithm is a transient variant of the SIMPLE algorithm
as it uses the SIMPLE algorithm to approximate a solution at each timestep.

The gradient terms in the system of equations were finite volume discretized and central
differencing was applied for interpolation. The divergence schemes (advection and some
diffuse terms) were finite volume discretised as well. Velocity gradients were calculated using
the second order upwind scheme, and van Leer’s [32] reported differencing scheme was used
for advection of the phase fraction. The diffusion term in the momentum equation utilized
central differencing for interpolation.

Menter’s shear stress transport (k-0 SST) was used for turbulent closure [30] since it is
one of the most commonly used and widely verified models in hydropower turbine modelling
[33]. This model implements either the k-o model or the k- model in the most appropriate
flow regions to increase model accuracy. Briefly: the k-w model is applied in the sublayer
region, since it has been shown that k-e is the more accurate turbulence model in this region.
However, k- tends to lose accuracy as the solver reaches the outer layer, and so the shear stress
transport model switches to the k- model using a blending algorithm, since the k-¢ model has
been shown to be more accurate in the free-stream flow region [30]. This provided a robustness
desired by the authors when modelling both the buckets and the gap region since the Reynolds
number varied significantly between the two regions signifying the flow characteristics may be
vary between them.

The four-bucket simulation had an average y* = 0.343 along the trough and y* = 1.49
along the blades. It was carefully ensured that y* values in the gap never approached or
exceeded y* = 10 since it was shown that SST performs very well when modelling

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

3.2 Boundary Conditions

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

single- and four-bucket models have the same boundary treatments for the trough, inner
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cylinder, blades and the atmosphere. The four-bucket model also includes inlet and outlet
regions to maintain the fill heights in the bucket by accounting for the leakage losses that are
introduced when adding the gap region. Table 2 summarizes simulation boundary conditions.

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

. . Walls
Field Symbol  Unit Atmosphere Inlet Outlet
Screw Trough
hzlssep\%fzfne " zero-normal | zero-normal | conditional zero- uniform value of conditional zero-
P fraction gradient gradient | normal gradient 1 normal gradient
Turbulence Neumann | Neumann . ; .
S ) conditional zero- uniform conditional zero-
kinetic energy K m*s* | boundary k- | boundary k- | o, oodient |intensity of 0.05 | normal gradient
(TKE) wall function wall function g e g
ifi Menter's Menter's - . o
_S p_eC|f!c a conditional zero- uniform value of conditional zero-
dissipation 0} 3 shear stress | shear stress normal aradient 0.003 5™ normal aradient
rate transport transport g oS g
. found b found b
Dynamic ka m <2 | solver usi)r: solver USi)I,’I total pressure of | flux pressure of | total pressure of
pressure Prgn - KgM =S . SIng 0Pa 0Pa 0Pa
velocity velocity
Velocit U ., | rotating wall  moving wall conditional zero- inflow rate of | conditional zero-
Y ms velocity velocity | normal gradient |  0.853 L s* normal gradient

The dispersed phase volume fraction () is the variable used by interFoam’s volume of
fluid method to define the two phases of the simulation. For the wall surfaces, the phase at the
boundary was taken to be the value of the cell centre nearest to the boundary node (i.e. a zero-
normal gradient condition). Since the mesh is well-refined, this is a reasonable assumption as
the nearest cell centre is very close to the boundary. For the outlet and atmospheric boundaries,
a hybrid condition was applied. The condition allowed both the water and air phases to exit, but
only allowed air to re-enter through the boundary. Finally, the inlet boundary had a fixed,
uniform value of a = 1, meaning that all the flow into the system at the inlet was in the water
phase.

A k-wall function that applied the Neumann boundary condition was implemented at the
walls — a pure zero-gradient boundary condition [35]. Again, the boundaries for the atmosphere
and outlet were set to apply a zero-normal gradient in cases of outflow, and the nearest internal
cell value in cases of inflow. This is because the atmosphere boundary is a non-confined surface
and acts similarly to the internal fields of the simulation with respect to turbulence kinetic
energy. Finally, a turbulence intensity of 5% was selected for the inlet boundary to match
similar CFD studies [36].

The eddy kinematic viscosity (vr) field at all boundaries was calculated by the solver
because a solution existed based on the other boundary condition definitions.

The specific dissipation rate (®) at wall boundaries was defined with Menter’s shear stress
transport system, which switches between viscous and logarithmic relationships according to
the position of the dimensionless wall distance (i.e. y*). The values of y* are very small through

the 2 mm wide gap region because a high cell resolution (at least 10 nodes) is needed to simulate
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the flow in this region. Menter’s SST turbulence closure model because it can handle the
varying values of y* more favourably than other models. At the outlet and atmosphere, o was
defined to be zero-gradient in cases of outflow, and the values of the adjacent internal cells —
which were set to 0.003 s based on the turbulence intensity and length-scale of the simulation
— were used in cases of inflow.

The dynamic pressure (prgn) at the outlet and atmosphere boundaries were set to zero-gauge
pressure to simulate a non-confined, open-air environment. The inlet was given a zero normal
gradient as specified by the inlet velocity boundary condition [37].

Wall boundaries were given non-zero velocities to simulate the rotating screw. The blades
and inner cylinder of the screw rotate about the centre axis with a constant rotation speed. A
radially varying velocity condition was applied to the blade surfaces to reflect this situation.
The trough boundary translated parallel to that same centre-axis with the corresponding
transport velocity (vr), found using:

Sw
=S ©)

In the four-bucket model, the outlet and atmospheric boundaries were given a zero-normal
gradient condition applied for outflow, while the component of the internal cell value that is
normal to the boundaries was taken in instances of inflow. The inlet was set to a constant water
inflow of 0.853 L s, which was equal the total leakage flow (Q.) of the system, since the only
water leaving the system passed as overflow and gap flow. Experimentation suggested that this
leakage flow rate would result in a slightly overfull inlet-reservoir bucket, where some fluid
would exit as overflow leakage, but the gap leakage flow rate would support a full bucket in
the remaining buckets of the simulation.

The single-bucket model runs were all initialized with the same water volume,
corresponding to a fill height of f = 1 and neither inflow nor outflow. The four-bucket model
runs were initialized with the same corresponding water volume per bucket as the single-bucket
simulations. However, due to the non-zero inflow and resulting outflow (that accounts for
leakage losses) they were run until an equilibrium was reached that allowed for more consistent

bucket fill patterns.

3.3 Mesh Sensitivity

The CFD models were run for 30 seconds of simulation time with multiple levels of
refinement to check for mesh convergence. All simulations reached equilibrium after about 10
to 15 seconds of simulated flow. Time averages of the last 10 seconds of simulations were used
for analysis to ensure that only representative equilibrium conditions were sampled.

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

the screw blades. This torque value was determined for both sides of the blade between buckets
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2 and 3 in the simulation and multiplied by the average number of buckets in the screw being
simulated to find the overall torque production in the screw. The values of this overall torque
were used as the comparison variable for the mesh sensitivity study shown in Fig. 5.

8 . . .
X X X X X XRXX
+++-+EBH-
+

[e)]

Torque (Nm)
EAN

N

X Single-bucket Model
+  Four-bucket Model
O  Selected Mesh

102 10°  10* 10®° 10® 107
Number of Cells

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

The data in Fig. 5 suggest that the four-bucket model mesh had converged at a one million
cell refinement level. However, the mesh with 1.3 x 10° cells was used to simulate the flow in
the bucket domain throughout the study, since it offered better resolution for flow visualization
with little added computational time. The single-bucket mesh was selected to match the four-
bucket mesh to allow for direct comparisons between the results. The selected single- and four-
bucket meshes were shown in Fig. 4.

As Fig. 4 highlighted, a gradient was applied near the blade tips to refine the mesh in the
gap region of the four-bucket model. The same gradient was applied to the single-bucket

model for consistency.

3.4 Model Evaluation

Validation testing was similar for both the single-bucket and four-bucket models. The
solver was run for 30 seconds of simulated flow in both models, and the last 10 seconds of
simulated time was run with extra post processing scripts to sample all needed data fields.
Unless otherwise noted in the following discussion, simulation results are the time-averaged
values of parameters between 20 and 30 seconds in the simulations. For validation purposes,
the torque and power generated by the screws were time-averaged and compared to the data.

While all the simulations were designed to run at a fill height of f = 1, the experimental data
were obtained across a wide range of flow rates, rotation speeds and outlet conditions, and in
any particular test, the fill height (which is dependent on each of these inputs) may not
necessarily have been exactly f = 1. Therefore, the experimental results were linearly
interpolated to obtain a best estimate of the power generated that would have been observed at
a fill height of f = 1 corresponding to the simulations based on the set of data with fill closest
tof=1.
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Fig. 5 shows a comparison between the experimental and simulated results. Note that in the
laboratory, it was not possible to achieve low enough flow rates to test cases with f = 1 below
40 RPM, so the mechanical power is not presented for those speeds. The results from the single-
bucket simulations were extrapolated to the entire screw assuming identical conditions in all
buckets for comparisons to the experimental data. The experimental screw had an average of
11.52 buckets during its operation (n, = L / SN) so the power predicted from a single bucket

was multiplied by 11.52 to produce the power numbers shown in Fig. 6.
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Figure 6 Experimental and simulated power changing with respect to rotation speed

Both the single-bucket and four-bucket simulations agree well with the experimental
results (Fig. 6). The simulations predict a slightly higher power output than observed
experimentally, and this difference increases with rotation speed. The single-bucket model
over-predicts power up to 33% when compared to the experimental data, with an average
deviation of 29%. The four-bucket model over-predicted power up to 25% when compared to
the experiments with an average deviation of about 20%. It was expected that the simulations
would predict higher power outputs than the experimental measurements, because the
experimental data include several losses not included in the simulations that would reduce the
measured shaft power, including losses at the screw inlet and outlet, and mechanical losses due
to bearing friction.

Also, the simulations were run at equilibrium conditions. In the experimental screw (and
in full-size screws), equilibrium is not likely reached since any given bucket of water forms,
traverses the screw, and exits within a few seconds. It is suggested that the kinetic energy within
a bucket may be much larger when it is not under steady conditions. This will result in some
additional losses associated with it that are not included in a simulation of the case where
equilibrium is reached.

The simulations are geometrically perfect cases, while the experimental screw has some
imperfections along its blade surfaces that may change frictional losses. It also has a gap
between the blades and the trough with an average width of 2 mm, incurring additional gap

leakage losses not accounted for in the single-bucket simulation. The four-bucket simulations
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include gap leakage loss but do not account for the minor imperfections in the experimental
screw which may lead to varying gap widths along the perimeter of the blades.

Divergence between the model and experimental results in Fig. 6 increases as the rotation
speed increases. This is expected since most of the losses discussed above (e.g. bearing and
losses due to flow in and out of the screw) will increase with the rotation speed. However, the
results are consistent with the unavoidable aspects of the differences between the experiments
and simulations, suggesting that overall the model predicts power output and by extension the

fluid motion in an Archimedes screw bucket well.

4  Results

The results of both the single- and four-bucket models will be presented and discussed
alongside one another throughout this section. Additional results are presented in Simmons
(2018) [27].

4.1 Torque with Respect to Rotation Speed

It is commonly suggested that screw torque is dominantly caused by the static pressure
distribution in the bucket - so the ASG under normal operating conditions is considered a quasi-
static system (Nuernbergk 2012) and observed net torque from a bucket would be the same at
any rotation speed. However, some small dynamic effects might be expected to occur in the
screw as the rotation speed changes.

Figure 7 shows bucket torque per wetted blade surface area versus rotation speed for the
two CFD models. The torque was scaled by the wetted surface area of the screw blades to
account for small variations in fill height. This was done because water exited the atmospheric
boundaries as overflow leakage in both models, and this occurred more at high rotation speeds.
As the rotation speed increases in Fig. 7, the wall shear stress increases and thus the friction
losses on the blades would be expected to increase. While the total torque is not greatly affected
by the rotation speed, there is an apparent trend of decreasing torque with increasing rotation

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

The data in Fig. 7 suggest that torque is closely correlated to bucket fill level and that static
pressure is the dominant driver for torque in ASGs. Since the data is all time-averaged for 10
seconds, the torque variations shown in Fig. 7, most notably for the single-bucket simulations,
are suggested to be due to dynamic variations caused by the changing rotation speed. So, though
the system is largely quasi-static, there is evidence that dynamic effects may exist on a small
scale.

4.2 Bucket Internal Fluid Motion

Fluid motion within the buckets was analysed next to explore the dynamic effects
mentioned above. Generally, fluid velocity magnitudes at any particular location in the bucket
increased as the rotation speed of the screw increased. This might be expected, as relative
motion between surfaces and the fluid volume increases with increasing rotation speed. Since
screws are primarily driven by static pressure (i.e. converting mainly static pressure into
mechanical power) any surplus fluid motion in the bucket could be considered an energy loss,
because kinetic energy added to the fluid within the screw will not be recovered before the fluid
exits the screw.

In both simulations, the kinetic energy of the mean flow within a bucket was very small
(less than 0.3 W for a screw that produces less than 60 W). However, it is theorized that under
equilibrium conditions, the kinetic energy would be smaller than under normal non-equilibrium
operating conditions. This is because the relative velocities of the fluid in the bucket will
decrease as the blade walls continue to transfer some of their kinetic energy to the fluid as
steady state is reached.

It is very difficult to observe the flow structure in the interior of a bucket in a lab- or full-
scale screw. Figure 8 shows the overall bucket flow patterns from both simulations for the case
with the median 40 RPM rotation speed. Recall that the single-bucket simulations have no gap

or gap flow, while these are present in the four-bucket results.
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Figure 8 Velocity magnitude (colour) and direction (glyph arrows) of fluid within a single screw bucket for the
40 RPM case of the (a) single-bucket (no gap), and (b) four-bucket (gap present) simulations

In the single-bucket (i.e. the “no gap” screw bucket), water circulates in two primary cells
across the bucket’s cross-section — not necessarily aiding in the rotation of the blades. The
rotating blade surfaces and inner cylinder cause the water to move rotationally along with the
screw adjacent to these surfaces. The relative translation of the trough forces the water into a
pinch-point where the trough meets the upstream blade edge, inducing a flow that pushes up
onto the upstream blade, and then along the blade wall rotationally — this can be seen in more

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

The presence of a gap (i.e. the four-bucket simulation) changes the flow patterns in the
bucket. The flow near the downstream gap is drawn out of the bucket and therefore adjacent
fluid from the bucket volume is drawn towards the gap. The fluid is still entrained along the
walls of the blades, but now there is now a greater downward velocity component toward the
gap region. Moreover, there is a small layer of fluid moving at distinctly different velocity (on
the order of 1 m s*) than the main volume of fluid (on the order of 0.1 m s%), that forms along
the trough and moves through the gaps from upstream to downstream.

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

40 RPM cases of the single- and four-bucket simulations, respectively). The kinetic energy in
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the fluid increased several times with the introduction of the gap-region in the four-bucket
simulation. This increase is mostly due to the introduction of the comparatively high velocity
flow through the gap region.

The rotating and translating surfaces of the screw and trough do add a certain amount of
non-turbulence associated mean velocity kinetic energy to the water in a bucket as it passes
through the screw, and this energy is a loss in the sense that it is not available to produce torque
on the blades and increase shaft power. However, the magnitude of the loss associated with this
effect is very small: on the order of 1% assuming all buckets reached equilibrium before they
reached the end of the screw. However, a real-world installation will see water rush into the top
bucket with significant kinetic energy which is present throughout the translation of the bucket
in the form of “sloshing”. The water exits the bottom bucket with nearly the same kinetic energy
as equilibrium is likely not reached — leading to no net losses. So, in practice, the power loss
due to increasing bulk velocity in the bucket through shear interactions with the moving blades

and trough is less than 1%.

4.3  Wall Shear Stress

Figure 10 shows the simulated wall shear stress on the blades for the 80 RPM case of both
the single- and four-bucket simulations. The downstream portion of the blade (i.e. the portion
that is on the lower side of the bucket and is driven by the pressure to produce positive torque)
on the left, and the upstream blade surface (i.e. the part that will counteract the power-producing

torque of the water) on the right.

V\ all Sheal Stress Magnm\de
0.0e+00 2.5e+00

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

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

of 5 Pa, which is higher than the 3 Pa wall shear stresses seen in the single-bucket simulation.
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This demonstrates that the presence of the gap increases the shear stress on the blades on the
tips of the downstream blade surface.

Figure 11 shows the power loss due to the friction on the blades caused by shear for varying
rotation speeds, and the effect of those shear stress losses on overall power output. In both
simulations, the power losses due to wall shear stresses increased as a function of a third order
polynomial of the rotation speed. Dellinger et al. (2016) showed similar results using CFD,

finding that the wall shear stress increased rapidly with the rotation speed [26].
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Figure 11 Torque and power loss associated with wall shear stress for the 40 RPM single- and four-bucket
simulations

The single- and four-bucket cases in Fig. 11 have similar trends, but magnitudes differ
slightly. The torque and power loss due to shear stress are lower in the four-bucket simulations
than in the single-bucket simulations. It seems that, though the maximum shear stress is higher
in the four-bucket simulations (Fig. 10), the overall shear stress is slightly lower than in the
single-bucket simulation. This may be in part due to the change in flow patterns in the bucket
caused by the introduction of the gap.

4.4 Leakage Flows

Flow through the gap is commonly modelled as being driven by the static pressure
difference between adjacent buckets but does not account for screw rotation speed [19]. Figure
12 shows the velocity through the gap non-dimensionalised by the transport velocity

corresponding to the screw rotation speed in each simulation.
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Figure 12 Velocity through the blade-trough gap relative to the transport velocity (the axial translation velocity
of the blade tips). The position in the gap is measured from the bottom of the trough (0 mm) to the blade tip (2
mm).

The gap relative velocity is proportionally largest when the rotation speed is lower.
Theoretically, there is a rotation speed at which there would be no net gap flow, since the blades
are moving at a transport velocity that is faster than the fluid can move through the gap due to
static pressure difference. So as the rotation speed increases, relative gap velocity and flow will
decrease. It is suggested that this is the reason that the total kinetic energy in the buckets is
decreasing as the rotation speed increases.

The maximum velocity in the gap reached about 0.9 m/s in the 50 RPM simulation. At the
top of the gap (i.e. adjacent to the blade tips) velocity was zero relative to the blade tips. Fluid
velocity increases in the middle of the gap, with a maximum nearly mid-way through the gap
and then decreasing to match the transport velocity adjacent to the trough. The average velocity
is higher than the transport velocity, and so the fluid adjacent to the trough is moving faster
than the relative velocity of the blade tips. As the transport velocity is increased by increasing
rotation speed, the velocity magnitudes in the gap decrease (Fig. 12).

The leakage flow Q. is the sum of the gap leakage Qg and overflow leakage Q.. The total

flow through the screw Q is
0=0,+0,=0,+0,+0,  (6)

where bucket flow rate Qg is rate at which the volume in a bucket passes through the screw. In
the four bucket simulations, Q. is equal to the inlet flow to the system, since the only flow paths
between the buckets are through the gap or as overflow over the central cylinder. The overall
leakage flow was therefore set as the input flow to the system, and the overflow leakage was
sampled out. Overflow leakage for each rotation speed is shown in Table 3; fill height is also

included to verify the simulations were run under similar conditions.

Table 3 Bucket flow rate, gap and overflow leakage and fill height values for each rotation speed of the four-
bucket simulations
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Bucket Gap |Overflow| Fill
Flow Rate| Leakage | Leakage |Height
(Lsh | (Lsh | Lsh) | O

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

Rotational Speed

80 12.0 0.560 0.0151 | 1.01

For cases with inflow of Q. = 0.853 L s, and varying rotation speed, the overflow leakage
increased as the rotation speed increased. Sloshing and overflow leakage were observed to
increase both experimentally and in simulation with rotation speed. It is believed this is largely
due to skin friction, an observation supported by previous studies [21]. The gap leakage in each
simulation was calculated using the observed overflow leakage and recasting Eqn. 6. The gap
leakage decreased as overflow increased since it is a function of the overall leakage and the
overflow leakage. This agrees with the theory stated above — the gap flow will reach zero when
the rotation speed is fast enough that the blades “outrun” the leakage flow rate. It is suggested
that there would be a rotation speed corresponding to negative gap leakage. This is a state in
which the velocity resulting from static pressure difference between adjacent buckets would be
less than the transport velocity of the screw (v;). In this case, fluid would leak into the previous
bucket, rather than the next bucket. However, though the leakage may reach a zero or negative
relative velocity, the fluid in the gap region does not interact with a blade surface in which the
screw converts its pressure into a mechanical torque. Therefore, it may always be considered a
form of power loss.

Next, the simulated gap leakage results were compared to the predictions of gap leakage
model from Lubitz et al. (2014), which estimates gap leakage as

0, =CG, (zw + I—e) 285 sin 8 )

This equation requires the wetted length (lw) and the extended wetted length of the upper bucket
(le), which are determined numerically, and a gap width Gy. The leakage constant C was set to
0.89 according to Kozyn [28], and the model was run under the same conditions as the
simulation. Figure 13 shows the results of the simulation compared to the Lubitz model

calculations for both bucket flow rate and gap leakage.
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Figure 13 Bucket flow rate and gap leakage flow for each simulated speed

The Lubitz et al. (2014) model slightly overpredicted both the bucket flow and the gap
leakage from the simulation, but it captured the correct trends from the simulations. Kozyn
(2016) suspected that the model overestimates the gap leakage flow rate slightly, and these
results support that conclusion. In Fig. 13, the gap flow is overpredicted by the CFD simulations
by an average of about 8%, which is still a relatively accurate model prediction. However, since
the simulation validations have uncertainties on this order, this conclusion should be regarded

with caution as well.

5 Conclusions

This study used CFD simulations of the bucket regions in an Archimedes screw to provide
insight into the internal fluid mechanics of Archimedes screw generators. The single-bucket
simulation helped to visualize internal bucket flow without the effects of gap leakage. It was
found that some variation between rotation speed and torque was present, suggesting that
dynamic effects have a small impact on power loss, but it also showed that power output was
primarily a function of the static pressure distribution in the bucket.

Simulating gaps between adjacent buckets had a notable effect on the internal flow within
the screw. It changed the bulk flow in the overall bucket volume from a single to double cell
configuration and introduced a completely different flow regime in the corners of the bucket.
The change in flow near the bucket corners was mostly due to the pressure gradients near and
across the gaps, as they were much greater than anywhere else in the bucket and drove changes
to flow patterns.

The introduction of the gap region also changed some of the phenomenon associated with
power loss within screw buckets: namely the kinetic energy and wall shear stress. When gap
flow was present, it was associated with a significant portion of the total kinetic energy within
a bucket. This may not necessarily demonstrate that the screw is adding kinetic energy to the
water and a loss to its power production, but it is interesting to note the change. In a real-world

screw, the water within the bucket would not achieve equilibrium conditions. Rather, it would
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initially have a very large amount of kinetic energy as it entered the screw and formed a bucket.
Water “sloshes” within the bucket until it is discharged at the bottom of the screw. So, it is
suggested that the additional kinetic energy that is observed within the buckets of these
equilibrium simulations would be negligible when compared to that of a real-world installation.
The introduction of the gap changed the maximum wall shear stress on the blades of each
bucket. The overall shear stress on the blades decreased since the introduction of the gap
changed the circulation pattern of the fluid in the bucket. However, it introduced high-stress
regions where the water leaked from a higher bucket to its adjacent lower counterpart (i.e. the
high pressure “red regions” of Figure 10) and along the blade tips. This showed that the
frictional losses in the screw were changed due to the dynamic effects of the gap flow region.
Though the simulations have been shown to agree reasonably well with experimental
results (cf. Fig. 6), they should still be taken as suggestions of the internal fluid tendencies of
Archimedes screw generators since they are resolved by mathematical approximation. There
are some drawbacks with all CFD modelling techniques. For this study Menter’s Shear Stress
Transport (SST), a two-equation RANS model, was used for turbulent closure. As with other
eddy-viscosity models, recirculation and turbulence anisotropy can lead to excessive levels of
turbulence production during the simulations [38]. As well, in two-phase flow problems the
free surface dampens turbulence generation in the bucket. The SST model does not fully
account for this phenomenon and may generate higher levels of turbulence as such [39].
However, with everything considered, these simulations provided valuable insight into the
fluid mechanics within an Archimedes screw generator bucket and may be a valuable step

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

C = leakage constant (-)

Di = inner diameter (m)
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D, = outer diameter (m)

Ex = kinetic energy (J)

f = fill height ratio (-)

h. = lower water level (m)

hu = upper water level (m)

k = turbulence kinetic energy (J)

le = extended wetted length (m)

lw = wetted length (m)

m = mass of water (kg)

npy = number of buckets (-)

N = number of blades (-)

P = pressure (N m?)

P. = power loss (W)

Prgh = dynamic kinematic pressure (m? s?)
Q = total flow rate (m®s?)

Qs = bucket flow rate (m?s™)

Qg = gap leakage flow rate (m®s™)

Q. = leakage flow rate (m®s™)

Q. = overflow leakage rate (m® s?)

S = screw pitch (m)

t =time (s)

T =torque (N m)

u, U = fluid velocity (m s?)

Vg = gap velocity (m s™)

vr = transport velocity (m s?)

x = distance (m)

y*" = dimensionless wall distance (-)
Zmin = minimum bucket water level (m)
Zmax = maximum bucket water level (m)
zw = bucket water level (m)

a = dispersed phase volume fraction (-)
B = inclination angle (°)

B" = k-w SST closure coefficient

¥ = k-w SST closure coefficient

Aij = turbulent stress tensor (N m2)

u: = eddy viscosity (Pa s)
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vt = kinematic eddy viscosity (m? s?)

p = water density (kg m=)

Ok, 0w = k-w SST closure coefficient

Ty = fluid stress tensor (N m™)

w = wall shear stress (N m)

w = screw rotation speed (rad s?)

w; = specific dissipation rate (s?)
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