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Abstract—The aim of this paper is to investigate two key
methods of improving the performance of Ruswarp Hydro, a
50kW Archimedes screw turbine electrical generation system
near Whitby, UK. This would increase its power output, in turn
giving environmental and economic benefit due to an in increase
in renewably generated electricity.

Computational fluid dynamics software and the open-channel
standard-step method is used to determine and quantify sources
of loss in the inlet channel to the turbine, and subsequently
attempt to validate the impact of a previously proposed inlet
channel geometry modification. A mathematical model is used to
determine the optimal head into the turbine taking into account
gap and overflow leakage losses. This is compared with the
turbine geometry to propose an extension to its bladed-section.

The computational fluid dynamics method used shows that
there is little head loss caused by the channel geometry for both
geometry cases. An additional calculation shows that friction
losses in the channel are also small. Therefore, a channel geome-
try modification would not significantly improve performance. An
optimal value for the head of the flow into the turbine is found,
and it is calculated that an extension to the turbine bladed-section
could indeed improve system performance.

I. INTRODUCTION

ARCHIMEDES screw hydroelectric turbines (AST’s) are
growing in popularity as a renewable method to generate

electricity. Although the technology only came into fruition in
the 1990’s due to prior technological limitations, there are now
hundreds of installations worldwide [1]. This can be attributed
to the numerous advantages of AST’s, outlined as follows:

1) A relatively simple design eases maintenance, and AST’s
work more efficiently at low head (1-10 m) sites than
conventional reaction and impulse turbines. This makes
them well suited for small-scale energy generation
projects - often community owned and locally operated.

2) AST’s produce little environmental impact. Because
they are usually built alongside weirs, they have little
additional visual and audio impact on their surroundings.
Their rotational speed and geometry ensures river debris
do not damage the turbine, and allows aquatic life to pass
through unharmed.

3) Variable Speed AST’s can be used as a device to
dynamically control river level by controlling flow past a
weir. This is the case for the AST studied in this project.

4) AST’s can operate whilst other notable renewable gen-
eration methods cannot. During a windless night for
example.

Ruswarp Hydro is a 50kW AST scheme owned and operated
by Whitby Esk Energy. A labelled birds-eye view of the site
is shown in Fig. 2. It is located adjacent to a weir on the

Fig. 1: Example 100kW AST installation in Durham, UK.

Fig. 2: Annotated birds-eye diagram of Ruswarp Hydro. Blue
arrows represent direction of flow. Original image source:
Whitby Esk Energy [2]

River Esk, with an inlet channel that branches off the river
upstream of the weir. Flow is guided via an inlet channel
to an inclined AST that rotates due to the water weight. A
dimensioned construction drawing of the channel and turbine
is shown as Appendix. 1.
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Ruswarp Hydro is community owned and operated and states
the reduction of the local carbon footprint as its primary goal
[1]. It must generate sufficient electricity to offer a reasonable
return to those invested in the project. To realise this objective,
the performance of the turbine should be maximised. This can
be achieved by enhancing the efficiency of the inlet channel
to the system and ensuring the geometry, e.g. length of the
AST is optimised to achieve the maximum power output given
particular water inflow conditions.

This project uses Computational Fluid Dynamics (CFD) to
investigate and quantify how a suggested modification to the
geometry of the inlet channel can improve the performance
of the system. A head loss of 0.16-0.18 m is currently
observed between the upstream river level and the water level
in the forebay immediately upstream of the turbine. This is a
significant reduction in the total head available, reducing the
turbine power output. Whether this head loss can be reduced
by a change to the channel geometry is to be investigated.
The proposed geometry change to the inlet channel is obtained
from a previous analysis of the channel by L. Wood [3]. In
Woods’ report, filleting the corners of the channel was found
to reduce head losses. This result requires review and further
quantification using more realistic flow conditions in the inlet
channel.

The second aspect of this project analyses the geometry of
the AST itself. This uses an analytical model developed by C.
Rorres and D. Nuernbergk [4]. Accounting for the geometry
and operating speed of the AST, it gives the total flow through
the turbine as a sum of its significant individual components.
If the unwanted leakage flow over the turbine central shaft is
assumed to be zero, the highest possible flow rate in the turbine
without leakage losses is obtained - i.e. the most efficient
turbine total flow rate. From this and the turbine geometry,
the ideal head/depth of the flow into the turbine is found - i.e.
the head/depth that would intercept the AST at a point to avoid
overflow leakage. At Ruswarp Hydro, the water level in the
forebay immediately upstream of the turbine is controlled by
the turbine speed and the penstock position. An AST analysis
can suggest the most efficient setpoint for the forebay level,
and an axial length extension to the turbine bladed section
that ensures the forebay level setpoint is consistent with the
optimal turbine inflow level.

Whether any proposed change to the geometry of the
inlet channel or the AST is suitable is subject to cost and
practical constraints. To be viable, a modification could not be
excessively expensive or laborious to implement, because any
improvement will likely not be significant enough to warrant it.
Data indicates that there should be the opportunity to improve
the performance of Ruswarp Hydro. In 2012, an independent
study of the site stated that 160,000 KWh/annum could be
generated by the turbine. However, between 2012-2017 this
has been approximately 120,000 KWh/annum [2]. Therefore,
there is theoretical room to gain greater performance from the
system.

II. THEORY

This section outlines the theory applied in this project. It is
subdivided into CFD, head loss and AST optimisation theory.

A. CFD Theory

Computational fluid dynamics is used to solve fluid flow
problems using computerised calculation to perform numerical
analysis. A key theoretical consideration during CFD inlet
channel analysis is the modelling of turbulence. In the case of
Ruswarp Hydro for example, this is because the geometry of
the channel can provoke turbulence in the flow which in turn
dissipates energy and produces a pressure loss. It is therefore
crucial to deploy a turbulence model best suited for the
problem being analysed as that produces the most accurate
results obtainable. For this project Reynolds-Averaged
Navier-Stokes (RANS) models were considered as they
are best-suited. Other mathematical modelling techniques
such as Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) are overly computationally intensive for the
available hardware. The most widely used RANS turbulence
models are:

Standard K − ε :
• Developed by Launder and Sharma (1974) [5]
• Two-equation model that solves transport equations for

the numerical quantities k (turbulent kinetic energy) and
ε (rate of dissipation of kinetic energy).

• Contains terms that cannot be calculated at the wall,
requiring additional wall functions and does not perform
well in flows with separation and significant streamline
curvature. [6]

Realisable K − ε :
• Developed by Shih et al. (1995) [7]
• Modifies the transport equation for ε and introduces the

effect of the mean flow distortion on turbulent dissipation;
improving the accuracy of the model compared to the
Standard K − ε model in most cases.

Standard K − ω :

• Based on Wilcox (1988) [8]
• Integrable to the wall so does not require additional wall

functions. Therefore requires a very fine mesh close to
the walls.

• Due to lack of wall functions, flow calculations close to
the wall depends on the flow properties of the free-stream.
Therefore, this model is sensitive to free-stream boundary
conditions.

SST K − ω :

• Developed by Menter (1993) [9]
• Uses a blending function, enabling the K − ω model to

be used close to the walls, then transitions to the K −
ε model away from the walls in the free stream. This
mitigates the free-stream boundary condition sensitivity
of the Standard K − ω model.

These considerations should be taken into account when
deciding which turbulence model is best suited for the ge-
ometry, boundary conditions, and computational intensity of a
particular problem. For K − ε models, a near-wall treatment
need also be selected based on the resolution of the mesh.
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B. Head Loss Anaysis

This subsection discusses theory used in analysing head losses
in open-channel flow based on the standard-step method [10].
The head form of the Bernoulli energy conservation equation
can be simplified for open-channel flow:
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where 1 is a reference point of the channel, 2 is a point further
downstream. Q is the volumetric flow rate in the channel
(m3/s), d is the depth of the flow (m), w is the channel
width (m) and V is the average flow velocity (m/s). hloss
(m) is a combination of head losses associated with kinetic
energy conversion to heat due to channel-geometry induced
turbulence, and friction losses due to flow interaction with the
roughness of the walls:

hloss = hturbulence + hfriction (2)

where hturbulence, the head loss due to flow turbulence (m),
is found from CFD flow simulation. hfriction, the head loss
due to friction (m), is approximated from an adaption of the
Manning formula [11]:
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where nm is the Manning coefficient, Rh is the hydraulic
radius (m) and L is the distance between points 1 and 2 of
the channel (m). In terms of d2, Equation (3) can be written
as
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Equations (1), (2) and (4) show that if d1, Q, V1, nm, Rh1, L,
w2 and hturbulence are known or derivable constants, V2 and
hfriction depend only on d2. Combining Equations (1) and (2)
yields the following non-linear algebraic equation for d2
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V 2
1

2g
= 0

⇒ d2 +
V 2
2

2g
+ hfriction + constant = 0 (5)

This can be solved numerically using MATLAB, or more
manually using an iterative numerical method such as the
Newton-Raphson method.

C. AST Optimisation

This section discusses theory surrounding AST optimisation.
It is largely based on Analytical Model for Water Inflow of an
Archimedes Screw Used in Hydropower Generation by Rorres
and Nuernbergk [4] (itself utilising theory from Rorres’
previous work [12]). This model enables the computation
of an optimal inflow head and flow rate into the AST for a
given rotational speed. This is to minimise leakage losses
over the central shaft of the turbine and therefore maximise

turbine efficiency. This Author recommends that the detail of
the Rorres and Nuernbergk model be examined, but because
it is used for a significant element of this project, a summary
is provided below. Fig 3. shows the bladed section of the
Ruswarp AST, and gives an indication of the dimensions and
key values used.

The volume-per-turn ratio λνu is a dimensionless quantity
expressed as

λνu =
Vutanβ

2π2R3
a

(6)

where λ is the pitch ratio (dimensionless), νu is the volume
ratio (dimensionless), Vu is the wetted volume of N buckets
(m3), β is the screw inclination (degrees), Ra is the outer
(bladed) radius of the AST (m). For a 3 bladed AST, λνu can
also be found from Fig. 4. in Rorres and Nuernbergk [4].
The torque generating (useful) flow (m3/s) is then:
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where n is the rotational speed of the screw (RPM). The
other important component of the flow through the AST is
the leakage flow between the outer-edge of the blade and the
turbine channel wall. This is referred to as the gap flow, Qg

(m3/s):
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where µa is the contraction discharge coefficient, ssp is the
maximum gap between the blade outer edge and AST channel
wall (m), S is the pitch of screw (or period of one complete
blade turn) (m) and N is the number of blades. a3, a4 and
a5 are angles determined by Ra, the AST inner (central shaft)
radius Ri (m), λ, and N .
The total flow rate Qt (m

3/s) through the turbine is then

Qt = QW +Qg (9)

A total normalised volume νT is introduced:

νt =
60Qt

R2
a × S × n

(10)

νt is used to derive a hydraulic loss factor ζ and the optimal
head into the turbine hopt (m) is found by numerically solving
the following Bernoulli-derived equation:
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1
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(11)

where b2 is the channel width at the turbine entrance (m). h2
(m) is the approximated depth of the flow at the exact point it
enters the turbine after rapid acceleration due to the incline of
the turbine. It can be approximated based on νt, Ra, Ri, and β.

The Ruswarp Hydro control system has two setpoints. One for
the upstream river level and the other for the water level in
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Fig. 3: Side-profile diagram of the Ruswarp AST bladed section, showing key dimensions and values used in the Rorres and
Nuernbergk model. Dimensions are provided from manufacturer specification, and/or confirmed from measurements during
site visits. Blue arrows represent direction of flow. All lengths in m.

the forebay immediately before the turbine. With a datum set
at 2.22 m below the channel floor (Fig. 3.), the upstream river
level and forebay level setpoints are currently at 3.53 and 3.43
m above the datum respectively.

• If the upstream river level rises above its setpoint the
penstock opens slightly/moves up and the forebay level
increases. If the forebay water level then rises above its
setpoint, the turbine speeds up so the turbine flow rate
increases and the upstream river level decreases. If after
a certain time the upstream river level is still excessively
high, the process repeats until setpoints are reached or
the penstock is fully open.

• If the upstream level falls below its setpoint the pen-
stock closes slightly/moves down and the forebay level
decreases. If the forebay water level then falls below its
setpoint, the turbine speeds down so the turbine flow rate
decreases and the upstream river level increases. If after
a certain time the upstream river level is still excessively
low, the process repeats until setpoints are reached or the
penstock is fully closed.

The forebay water level setpoint should be set so that the flow
enters the turbine with the optimal head hopt. This ensures
maximum useful head is obtained for a given turbine flow
rate and AST power is a function of head. A head into the
AST above hopt causes wasteful flow over the central shaft
of the turbine. A head below hopt causes the AST to be
underfilled, reducing its useful torque potential. Furthermore,
an underfilled AST requires a greater speed to deliver a certain
flow rate. This leads to increased shaft friction and turbulence
losses.

D. AST Power

The basic general equation for determining the electrical power
output, P (kW) of an AST is

P = Q×H ××g × η (12)

where H is the total head available to the AST (m) - the
difference in water level between the inflow and the outflow.
η is the overall ’water-to-wire’ efficiency of the system.

III. METHODS

A. Inlet Channel CFD Simulation

This subsection describes the main settings used in the CFD
simulation of the inlet channel. The CFD programme used is
ANSYS Fluent [13].

Simulation is carried out in 2D because a sufficiently fine
mesh in a 3D simulation is computationally too intensive.
This was determined by attempts to carry out 3D simula-
tions proving unsuccessful with the computational resource
available. A multiphase volume of fluid (VoF) 3D open-
channel flow problem was set up in ANSYS, but calculated
simulation residuals and report values would not decrease to a
value low and/or stable enough to indicate convergence after
thousands of iterations and 12+ hours processing time. Various
turbulence models and boundary condition definition methods
were experimented with but this author was not satisfied with
any of the 3D results obtainable. Lack of convergence could
be because the mesh was excessively coarse, but increasing its
number of elements would further extend simulation time.

A section of a used mapped mesh is shown in Fig. 4.
Mapping ensures the vast majority of mesh elements have
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minimal skewness, an aspect ratio close to 1, and a very high
orthogonal quality. To ensure the mesh has a suitable number
of elements, a mesh convergence Study was used and is shown
in Fig. 5.

Fig. 4: A crop of the mesh at a corner of the inlet channel
(prior to Mesh Adaption). A crop is required because an image
of the full mesh produces a moiré effect due to high resolution

Fig. 5: Mesh Convergence Study. From this, the base number
of elements used for simulations is approximately 160000
prior to the implementation of Mesh Adaption. With Mesh
Adaption this increases to approximately 720000 but with the
same element size in the central free-stream zone

The turbulence model utilised is the SST K − ω. This is
because it is appropriate for enclosed channel flow. The SST
K − ω model used near the walls is capable at simulating
flow separation, whilst the K − ε model is well suited to
the central free-stream. The K − ω calculates up to the wall,
necessitating a very fine mesh close to the walls. Therefore,
the ANSYS Fluent feature Mesh Adaption is used to further
divide the cells at the channel walls to ensure they possess a
dimensionless wall distance value, y+ approximately equal to
1.

The boundary condition at the inlet of the channel is a mass-
flow Inlet. Because the simulation is 2D, this allows results for
a particular mass flow per unit depth at the channel inlet (m) to
be obtained, with the assumption the flow velocity is constant
across the wetted area of the inlet. This method is required
due to computational constraints, and because it allows the
calculation of head loss values for a wide range and variety of

flow rates and flow depths. These values at a specific time are
available from Whitby Esk Energy, allowing the actual flow
rate per unit depth at the channel inlet at a specific time to
be obtained and subsequently compared to CFD results. The
boundary condition at the outlet of the channel is a pressure
outlet and the channel walls are set as no-slip walls.

Simulations were run for two geometry cases: the current
inlet channel - shown in Fig.2 and Appendix. 1 - and a
modified channel. The modification is that proposed by Wood
[3]: to fillet/smooth the corners of the channel. Fillets of 4 m
for both sides of the first (furthest upstream) corner, and of 5
m for both sides of the second corner. This Author agrees that
this is the most suitable proposed modification to the channel
because its geometry cannot be largely modified owing to cost
and practical constraints. The geometry in Woods’ simulations
included the screening vanes at the channel inlet designed
to prevent debris entering the system. The geometry in this
project does not include these, instead using a heightened
turbulence setting at the inlet. This is because these vanes
are essential and cannot be modified yet increase the compu-
tational demand of the simulation. So modelling them into the
boundary condition is more efficient.

22 simulations were carried out in total. 11 for both the
original and filleted geometry. The mass flow per unit depth
was varied from 500 to 3000 with increments of 250 kg/s/m.

B. Head Loss Analysis
Referring to Equation (1), Point 1 is taken to be the inlet of the
Ruswarp Hydro inlet channel. Point 2 is taken to be its outlet.
At these points, the channel has widths w1 and w2 of 7.33 and
3.28 m respectively. ANSYS Fluent provides area weighted
average surface reports for total pressure at the channel inlet
and outlet, P1 (Pa) and P2 (Pa) respectively. The head loss
per unit depth, hCFD is then

hCFD =
P1 − P2

ρ ∗ g
∴ hturbulence = hCFD × d1 (13)

where ρ is water density at 12◦C = 999.5 kg/m3. d1 is used
with the Ruswarp channel case because the majority of the
turbulence losses due to geometry occur in an area of the
channel close to its inlet. In a channel with more uniform
turbulence losses along its length, an averaged depth value
would be more appropriate.
hfriction is calculated using a Manning coefficient nm of

0.015 - this is typical for concrete. The length of the channel
L is taken as 15.345 (m)

A steady-step method calculator was originally produced
manually in Microsoft Excel using the Newton-Raphson
method as proof of concept. This has been replaced by a tidier
MATLAB program that solves Equation (5) using MATLAB’s
inbuilt numerical solver. This outputs a value for d2 based on
the varying input values Q, d1 and hturbulence.

C. AST Optimisation
A program implementing a modified Rorres and Nurnbergk
model was produced using MATLAB [14]. This was config-
ured for the geometry of the Ruswarp Hydro AST, shown in
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Fig. 3. The program is set to output the optimal head into the
turbine hopt and the optimal turbine speed n for a given total
flow Qt through the turbine.

IV. RESULTS AND DISCUSSION

A. Inlet Channel Analysis

Fig. 6 shows the CFD-obtained drop in total pressure in the
channel for both geometries.

Fig. 6: The value of total pressure drop measured along the
channel for different flow rates per unit depth.

It is clear that there is a reduced drop/loss with the filleted
geometry. At all flow rates simulated, the filleted geometry
consistently shows a pressure drop approximately 60% lower
than that of the current geometry. Figs. 7 and 8 indicate the
reason for this. The first (furthest upstream) inner corner of
the channel produces an area of high turbulence and relatively
low fluid velocity. This, as shown in Fig. 8 is attributed to
flow separation. Streamlines of higher fluid velocity curve
away from the wall, leaving a region with local eddies close
to the wall. This dissipates kinetic energy into heat, causing
a pressure and consequent head loss. Such separation is not
apparent with the filleted geometry so it is clear that there are
fewer turbulence losses. The pressure drop appears to increase
polynomially with the flow rate per unit depth. Equations for
best-fit curves for the points shown in Fig. 6 are

P1 − P2 =[(2.7457× 10−6)ṁ2 + (7.6412× 10−4)ṁ

− 0.039105] (14)

P1 − P2 =[(1.1467× 10−6)ṁ2 + (3.7649× 10−4)ṁ

− 0.035733] (15)

where Equations (14) and (15) represent the current and
filleted geometry respectively. P1 − P2 is the total pressure
drop per unit depth (Pa/m). ṁ is the flow rate per unit depth
(Kg/s/m). With Equation (13), these allow the pressure/head
loss due to geometry-created turbulence, hturbulence to be
estimated for any flow rate and depth at the inlet of the
channel, for both considered geometries.

Fig. 7: Contour plots showing the turbulent kinetic energy in
the inlet channel for a) the current geometry b) the filleted
geometry.

Fig. 8: Contour plots showing the flow velocity in the inlet
channel for a) the current geometry b) the filleted geometry.

The impact of this head loss difference on the flow charac-
teristics of the channel requires further quantification using
historical data from Whitby Esk Energy.

On April 24th 2018, the system experienced a flow rate of
0.25 m3/s and an inlet channel inlet depth of 1.32 m.[15].
This yields a flow rate per unit depth of 189 kg/s (channel
inlet depth = upstream river depth). On February 7th 2019,
the system experienced a flow rate of 4 m3/s and an inlet
channel inlet depth of 1.48 m [15]. This yields a flow rate per
unit depth of 2700 kg/s.

These cases represent the maximum and minimum values
for ṁ in the Ruswarp Hydro inlet channel. Because hturbulence
and hfriction both increase with ṁ, these cases also constitute
the minimum and maximum head loss due to turbulence and
friction in the channel. Table 1 shows the values obtained using
these flow cases, Equations (13),(14),(15) then the standard-
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TABLE I: Values obtained for two channel inlet flow cases.

step based method. Because the flow depth also varies with
the channel width, hloss represents the change in flow depth
exclusively due to friction and turbulence losses. himpv is
the difference in hloss between the current and the filleted
geometry.

The values of hturbulence are small for any value of ṁ -
in the order of mm. The values of himpv are even smaller,
implying the head advantage gained from smoothing/filleting
in corners of the inlet channel is not significant. Based on this,
it is likely not cost-reasonable to modify the geometry of the
Ruswarp inlet channel. Given the length of the channel, head
loss due to friction is also deemed insignificant, so lining the
concrete walls with a smoother material would provide little
improvement.

The 2D model used has limitations. It does not model the
channel free surface. Therefore the impact of energy dissipa-
tion due to wave drag on the free surface is not considered.
The 2D model used assumes a constant velocity profile in the
inlet channel. Particularly, constant velocity with depth, which
in reality will not be the case due to the effect of shear stresses
at the channel bottom. In reality for a given flow rate, the flow
velocity close to the free surface of the fluid, away from the
shear effect of the channel bottom, would likely be greater
than that of the averaged velocity used in a 2D simulation
in this project. 3D would simulate the real case, therefore
reducing the quantity of doubt (due to the aforementioned
factors/assumptions) in the accuracy of the results.

B. AST Analysis

The Rorres and Nurnbergk model [4] was implemented using
values for the Ruswarp Hydro turbine. It was modified to
output an optimal turbine speed n that can sustain a particular
flow rate and an optimal forebay water depth, or height of
flow into the turbine, hopt. This was obtained by solving
Equation (9) for n, using fixed values of Qt, then solving
Equation (11). Fig 9. shows the calculated values of n and
hopt required to prevent overflow leakage with a particular
total flow rate through the current turbine geometry. It is shown
that the optimal speed of the turbine varies linearly with the
flow rate, and the optimal inflow height varies polynomially.
The value of hopt is greater for lower turbine flow rates. This is

Fig. 9: The Optimal Speed of rotation of the AST to sustain
a certain flow rate with an inflow depth of hopt.

because the leakage flow between the outer-edge of the blade
and turbine channel wall is independent of turbine speed, so
has a greater proportional impact on the flow in the turbine
with a lower total flow rate. Therefore, hopt is calculated as
larger to compensate for this.

The Ruswarp AST has a speed range of 6.4 - 26.5 RPM,
therefore only flow rates that deliver an optimum speed within
this range can be optimised. So comparing n and Q in Fig. 9, a
forebay level of hopt can be maintained with the turbine flow
rate between 0.9 and 3.4 m3/s using turbine speed control
alone. Below 0.9 m3/s, the turbine cannot rotate sufficiently
slow to prevent the forebay water level decreasing below hopt.
Above 3.4 m3/s, the turbine cannot rotate sufficiently fast to
prevent the forebay water level increasing above hopt.
hopt trends towards a steady value of approx. 1.22 m. This

is the optimal head/depth of water entering the AST, and lies
just below the central axis of the Ruswarp AST. This is in good
agreement with the example case, backed up with experimental
data, shown in Rorres and Nuernbergk 2013 [4]. Therefore,
these results alone suggest an optimal head/depth into the
Ruswarp AST of 1.22 m and the rotational speed required
to maintain that depth, so as to minimise overflow losses and
subsequently maximise turbine efficiency.

The Rorres and Nurnbergk model assumes the top end of
the turbine bladed section is positioned flush with the top of
its inclined channel (as if the 0.412 m distance in Fig. 3. were
zero). At Ruswarp Hydro, the AST bladed section is positioned
approximately 0.412 m axially downwards from the top of the
inclined channel. Therefore, an extension of 0.412 m in the
AST’s axial direction would be required for the calculated hopt
value of 1.22 m to be directly applied as the forebay water
level setpoint. It must be noted that the current forebay level
setpoint of 1.21 m above the channel bottom is very close
to the calculated hopt value of 1.22 m, and would intercept
the AST at approximately its optimal point assuming the free
surface of the flow is as shown in Fig. 10. This will be referred
to as case (1).
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Fig. 10: Water free Surface profile that would allow intercep-
tion with the turbine at the optimal position - case (1). Blue
arrow represents the direction of flow. Lengths in m.

If the free surface profile does not curve down to the extent
shown in Fig. 10, then the current setpoint for the forebay
level leads to the flow intercepting the AST at a point above
that proposed by hopt. This will be referred to as case (2),
and in theory would lead to overflow losses. However in real-
world practice at Ruswarp Hydro, it has been observed that
reducing the forebay level setpoint below 1.21 m decreases
turbine power output. Therefore, other factors would have to
compensate for the increased overflow losses. These could be
as follows - and could provide content for further investigation:

1) To maintain a decreased forebay level setpoint, the AST
must rotate at a greater speed for the same flow rate.
This leads to an increase in friction losses within the
turbine bearings and gearbox.

2) An increase in the turbine speed would lead to an
increase in friction losses within it, as they increase
with the relative flow velocity between the water and
the turbine.

These two sources of power loss in the system are not
considered in the model used in this project. If they were
implemented into the model a more complete analysis of the
optimal forebay setpoint would be obtained.

Whether the flow between the forebay and the top of the
AST bladed section currently adheres to case (1) or case (2)
requires an investigation of the free surface profile of the flow
in the inclined channel before intercepting the turbine bladed
section, but assuming case (1) is true, i.e. that it is optimal for
the flow to intercept the turbine at a level consistent with hopt,
the impact of a length extension is to be considered: There
is a reduction in total head H (m) available to the turbine
if the water flows down the inclined channel before entering
its bladed section. Furthermore, as the water flows down this

incline, its velocity would increase. Because the speed of the
turbine is determined by the level upstream in the forebay -
there may be a disparity between turbine rotational speed and
the velocity of the flow into the turbine that increases loss-
causing turbulence and sloshing.

A bladed length extension of 0.412 m in the axial direction
would bring the top of the Ruswarp Hydro AST bladed
section flush with the top of its inclined channel, allowing
the flow to enter the turbine at the forebay setpoint depth, at
a greater height in metres above ordnance datum (maOD),
increasing the average value of H available to the AST
(Equation 12). Assuming the flow profile is currently as shown
in Fig. 10, with the forebay depth setpoint set at 1.22 m an
0.412 axial length extension would yield an increase in H of
approximately 0.154 m. Using Equation 12 with Q between
0.9 - 3.4 m3/s and a system efficiency of 70%, a 0.154 m
increase in H gives a power increase of 0.95 - 3.60 kW.
Above 3.4 m3/s, the power increase due to the 0.154 m head
increase is at least 3.6 kW but cannot be directly calculated
using Equation (12) because overflow losses come into effect.

A power increase of up to at least 3.6 kW is substantial.
It is 7.2% of Ruswarp Hydros 50 kW maximum capacity
and would produce enough extra power to provide for several
homes. However, further investigation, particularly regarding
the current nature of the flow profile into the turbine is required
to validate these findings. And the practical and economic
aspects of extending the bladed section of the Ruswarp AST
axially by 0.412 m warrants consideration.

V. CONCLUSIONS

In this project, CFD was used to analyse the head loss due
to turbulence in the inlet Ruswarp Hydro inlet channel. This
was compared to the channel with geometry modifications
proposed by Wood [3].

An optimal inflow head into the Ruswarp Hydro AST
was obtained, its geometry considered and a length extension
proposed.

• The modified, filleted geometry proposed by Wood re-
duces pressure loss due to turbulence by approximately
60%. This is due to the curved corners of the filleted
geometry preventing flow separation and associated tur-
bulence.

• Using historical data for channel flow conditions, it is
found that pressure drop due to friction and channel-
geometry induced turbulence translates to little head loss.
Therefore, based on the simulations discussed in this
paper, a modification to the channel geometry is likely
not cost-effective. However there are limitations in the 2D
model used and a 3D simulation would be more realistic,
if possible, due to its extra computational requirement.

• Using a model based on that of Rorres and Nuernbergk,
the inflow head hopt into the turbine that minimises losses
due to overflow over the AST central cylinder is 1.22 m.
Considering the 6.4-26.5 RPM operating speed of the
Ruswarp AST, this value of hopt can be maintained with
a flow rate range of 0.9-3.4 m3/s. Above or below this
the turbine is under or over filled.
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• The Ruswarp AST is not positioned flush with the top of
its inclined channel as assumed in the model. Therefore,
the calculated value of hopt is not directly applicable as
the forebay water level setpoint because there is flow
down the inclined channel before the water enters the
turbine bladed section. The current forebay level setpoint
of 1.21 m may cause the flow to intercept the turbine in an
approximately optimal manner, validating the calculated
value of hopt, but this requires further investigation. The
model used in this project is limited in that it only
assesses the impact of turbine overflow and gap losses.
A more complete model would consider the impact of
other loss factors, such as the influence of turbine speed
on gearbox friction loss.

• A turbine length extension of 0.412 m in its axial
direction would render the turbine flush with the top of
its incline. This would prevent flow down the inclined
channel before the water enters the turbine bladed section
and associated head loss. In this case, the forebay level
setpoint could be set directly equal to hopt to prevent
overflow loss, the average total head H available to the
AST would increase by 0.154 m, and that could yield a
power increase of at least 0.9-3.6 kW.
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APPENDIX 1: Construction drawing of the Ruswarp Hydro Archimedes Screw Turbine System.


