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A Parametric Experimental Investigation of the Operating
Conditions of Gravitational Vortex Hydropower (GVHP)
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Abstract—Global energy  consumption is  growing
considerably, raising such issues as increased energy-related
greenhouse gas emissions, reduced security of supply, and
growing fuel costs. Renewable resources, such as hydropower,
offer an alternative energy source to meet the growing demand.
Small hydropower (SHP) has been a major focus of hydropower
research in recent years, as many of the large scale hydroelectric
opportunities around the world have already been exploited. In
particular, low head SHP is gaining interest as traditional
turbines, such as the Kaplan and Pelton turbines, are typically
limited to heads greater than 3m. Gravitational vortex
hydropower (GVHP) is one such low head hydropower solution.
GVHP exploits the energy available in a vortex flow, enabling
hydropower generation at heads as low as 0.7m. A vertical axis
turbine is placed in the centre of a vortex flow and rotates with
the flow, thus generating mechanical energy.

This paper describes a parametric experimental investigation
of the operating conditions of GVHP. Various flow rates, inlet
conditions, blade sizes and blade numbers were tested and the
turbine rotational speed, vortex height and applied resistance
force were recorded for each setting. The power input, power
output and efficiency were then calculated and compared for the
various settings. It was found that the turbine efficiency
increases with blade size and blade number for the blade
configurations tested. Maximum power outputs were found for
the largest flow rate tested and when there was a considerable
resistance force applied to the turbine. Finally, of three inlet
heights tested, a height of 25 cm above the tank base (35% of the
overall tank height) was found to be optimum for turbine
performance. These results have implications both for future
research and for practice, with energy generating applications
in low head rivers and in wastewater networks.

Index Terms—Clean energy, experimental model,
gravitational vortex hydropower (GVHP), low head, new
energy device.

I. INTRODUCTION

Energy consumption around the world is increasing; the
global primary energy supply has more than doubled between
1973 and 2012. Furthermore, there is a strong dependence on
fossil fuel based energy. In 2012, 81.7% of the total primary
energy supply came from fossil fuels and only 13.5% was
from renewable sources [1]. This raises security of supply
issues as fossil fuels, the primary source in the current and
predicted future fuel mixes, are in finite supply. Increasing
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demand coupled with a limited supply has caused fossil fuel
prices to soar in recent years [2], [3]. There are also
significant environmental implications associated with our
growing consumption of fossil-fuel based energy. Global CO,
emissions from energy fuels more than doubled between 1973
and 2012 [1].

Renewable resources, such as hydro, offer an alternative
source of energy to meet the growing demand. Renewable
energy sources increase the sustainability and security of
supply of the energy sector. Hydropower is an age-old and
proven form of energy conversion, with the earliest evidence
dating back to B.C., when the energy available in water was
harnessed using water wheels [4], [5]. There have been
numerous improvements and applications since then and in
2012 hydropower contributed 16.2% to the total global
electricity generation [1]. The environmental impact of
hydropower generation is low, with zero greenhouse gas
emissions during the operation of hydropower plants. Small
hydropower (SHP), less than 10MW according to European
standards, is particularly beneficial as dams are not required,
thus further reducing the environmental impact [6]. Also,
whereas large scale hydropower generation is limited by a
scarcity of sites with adequate potential, it is estimated that
only 5% of the global SHP potential has been exploited to
date and that the total potential capacity could be as high as
150-200 GW [7], [8].

Traditional turbines, such as the Kaplan and Pelton
turbines, can be scaled down for SHP applications but are
typically limited to heads greater than 3m. However, many
sites with such heads available, particularly in Europe and
other developed regions, have already been exploited and so
the greatest scope for SHP often lies in low head sites which
tend to be more difficult and costly to exploit using
established turbine technology [9]. At low head sites,
relatively large flow rates are needed to generate useful power
outputs and so the physical size of the electromechanical
equipment is larger than that required for high-head low-flow
conditions [10], [11]. Various new low head hydropower
techniques and devices are therefore being developed, such as
gravitational vortex hydropower (GVHP) and hydrokinetic
turbines [12], [13].

GVHP exploits the energy available in a vortex flow. A
vortex is generated, typically in a circular basin with a
tangential inlet and a central outlet, as shown in Fig. 1. A
vertical axis turbine is placed in the centre of the vortex,
where the rotational speed is the highest. The turbine rotates
with the swirling flow, thus generating mechanical energy
which can be converted to electrical energy using a generator.
As detailed in Section 11, there have been few research studies
or commercial projects on this concept to date. The research
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study reported on in this paper was developed in response to
this gap in knowledge. A laboratory scale model of a GVHP
plant was developed and experimental tests were carried out
at a variety of tank and turbine settings to investigate and to
optimize the operating conditions for hydropower generation.

Fig. 1. Schematic diagram of GVHP [14].

Il. BACKGROUND

Vortex formation has been a subject of research interest
[15]-[17] as vortices can be both useful, such as for cyclone
separators [18], [19], and harmful, such as to hydraulic
machinery and structures in hydropower plants [20], [21].
However, the application of vortices for hydropower
generation, GVHP, has not been considered in detail to date.
GVHP research and practice is only a few years old, and thus
the operating conditions are largely unknown and/or untested.
The concept has been mentioned briefly in general papers
about low head SHP [13], [22], [23] but there are very few
studies such as this that are solely focused on the analysis of
GVHP in detail.

A. Numerical GVHP Studies

The earliest full paper on GVHP describes a numerical
simulation of a vertical axis turbine with blades of decreasing
radius at different depths within a conical tank [24]. In the
absence of a turbine, the cavern height formed by the vortex
was found to be proportional to the rotational speed of the
water and the tank radius. When the turbine was introduced in
the analysis, it was found that this cavern height is a major
influence on the power available to the turbine. While useful
flow descriptions were provided by [24], the implications for
power generation were not considered.

Wanchat and Suntivarakorn [25] used computational fluid
dynamics (CFD) to simulate and compare the vortex
formation in three tank configurations; a cylindrical tank with
a central outlet at the base, a rectangular tank with
pre-rotation using a guide plate and an outlet at the base, and a
cylindrical tank with pre-rotation and a central outlet at the
base. The effect of a turbine on vortex formation was not
considered in the numerical simulation. The most stable and
well-formed vortex was found in the cylindrical tank with
pre-rotation. The tank was 1 m in diameter and 1m high and
the outlet was 0.2 m in diameter. This is quite a large outlet
tank ratio so experimental verification would be required.
Also a direct comparison between the cylindrical tank with
and without and pre-rotation was missing, so it is inconclusive
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as to whether or not the inlet guide plate improves the vortex
flow field.

B. Numerical & Experimental GVHP Studies

While numerical modelling tools such as CFD are useful
for understanding the flow patterns within a GVHP plant,
experimental models are needed to verify the simulated
results. This is especially important for such a new and largely
untested concept as GVHP. For this reason, the cylindrical
tank with guiding inlet plate described in [25] was constructed
for laboratory testing by the same team of researchers [26]. A
5-blade vertical axis turbine connected by belt to a pulley and
generator was placed in the centre of the tank. The turbine and
generator speeds and the water height in the tank were
recorded for seven outlet diameters between 0.1 m and 0.4 m.
The authors concluded that the optimum outlet diameter for a
1 m diameter cylindrical tank was in the range of 0.2-0.3 m.
The resulting vortex height was between 0.3 mand 0.4 m. The
maximum power output was found to be 60 W at the 0.2m
diameter outlet (and a water height of 0.4 m), resulting in a
system efficiency of 30% [26]. However, the calculations
used to obtain the input and output powers were not provided.
Based on the flow rate and water height values given, we
calculated a lower efficiency range (of 13.6-25.5%) than that
reported by [26].

Kueh et al. [27] also used both numerical and experimental
models, but focused solely on the tank configuration for
vortex formation and did not consider the effect of a turbine
placed within the flow. The tank analyzed was open-topped
and cylindrical with a tangential inlet at the top and a central
outlet hole at the bottom. The tank was 0.75 m high and 0.4 m
in diameter. Two outlet diameters, 0.02 m and 0.025 m, and
various inflow rates in the range of 0.37-0.675 L/s were tested.
The resulting vortex heights, measured as the maximum water
height at the tank wall, ranged between 0.15 m and 0.53 m.
The flow within this experimental model was also simulated
using CFD and the results of both models were said to match.
The tank was assumed to be initially filled to 0.5 m. At both
outlet diameters, the tank drains initially until the outflow
matches the inflow at which point the steady state water height
was measured. In agreement with previous studies on vortices,
the vortex strength was seen to increase with increasing
vortex height.

C. Experimental GVHP Studies

GVHP was investigated experimentally as a solution for
the low head water resources available in the Terai region of
Nepal [28]. The laboratory model used consisted of a
cylindrical tank, 0.85 m high and 0.6 m in diameter, with
various vertical axis turbines placed in the centre. Turbines
with 3, 6 and 12 curved blades were tested. Two blade lengths
were compared for the various turbines. The outlet diameter,
0.11 m, was quite large relative to the tank diameter. A large
inflow rate of 8.6 L/s was therefore needed to ensure vortex
formation. A constant head of 0.78 m was assumed. In reality,
however, the water height in the tank varies with turbine type.
A Prony brake dynamometer, similar to that used for this
study, was used to measure the torque on the turbine. It
appears from the torque values given that the effective radius
of the dynamometer is 0.49 m. This is quite large, given that
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the tank radius is 0.3 m. As a result, the calculated torque and
therefore power output values are high and the turbine
efficiency was found to be in the range of 10.5% — 25.4%.

The optimal turbine location was found to be at the bottom
of the tank as the velocity head increases with depth. Also, the
maximum powers and efficiencies were found when fewer
blades were used. As will be discussed later, the results of this
paper show the opposite finding. However, 2 and 4 blades
were compared in this study whereas [28] use up to 12 blades.
This suggests that while more blades will extract greater
power due to increased torque, there is an optimum number
beyond which any additional blades will increase the turbine
weight too much. Of the two blade lengths tested, 0.08 m and
0.2 m, the shorter length was found to be more efficient. A
conical tank was also tested. Greater powers and efficiencies
were found compared to the cylindrical tank. However, only
two tests were conducted, both using the same 12-blade
turbine. Finally, a numerical test of a site rig on a river in
Nepal was discussed. However, the basis of analysis is vortex
strength rather than power output so it remains unclear how
GVHP would perform in a larger setting [28].

The final experimental paper found by the authors
describes a prototype model of an 8-blade vertical axis
turbine placed in the centre of a cylindrical tank (1.2 m high
and 1.5 m in diameter) with a tangential inlet and a central
outlet at the base [29]. The crucial parameters for vortex
strength are listed as inflow rate, tank radius and height and
outlet diameter. However, the outlet diameter for the
prototype is not given. The turbine blades are each 1m long
and reduce in width with distance from the top. An inflow rate
of 0.03 m3/s and a vortex rotational speed of 60 RPM were
recorded. The theoretical maximum power was calculated to
be 2.7 kW. However, the flow rate used to produce this result
is the product of the active turbine area and the velocity in the
tank. If the given flow rate of 0.03 m3/s is applied to the same
formula given, then the resulting power is 53 W. This is not
considered in the paper. Additionally, we used the traditional
flow and head formula to calculate the power and found a
theoretical maximum power of 294-353 W. The measured
power output from the prototype was reported to be 150 W.

D. Summary

Only six full papers concerned solely with GVHP have
been found by the authors to date, with the earliest being from
only 2013. Therefore, many questions concerning the
operation of GVHP remain unanswered and there is a
considerable knowledge gap. Experimental studies are
particularly useful at this early stage in technology
development. While four laboratory studies have been
described to date, the results are not sufficiently detailed or
generalizable. Also, the calculations used to generate the
results are not provided. Therefore, the high efficiency and
power claims, particularly in [29] need to be verified. Finally,
there appears to have been little attempt to review and build
on advances made in the area as none of the studies make
reference to one another. For instance, a review of ‘micro
hydro gravitational vortex power and turbine systems’
published in 2014 only mentions one of the studies reviewed
here and gives little specific detail on GVHP [30].

There is also little detailed information from practice. The
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main commercial companies operating in the area are:

» Zotloeterer (www.zotloeterer.com)

» Kourispower (www.kourispower.com)

* GWWHK (http://gwwk.ch/).

None of these companies have reached beyond prototype
stage of their designs. The largest plant to date was developed
in Switzerland by GWWK and has an annual energy output of
between 80,000 and 130,000 kwWh (depending on flow rate).

A literature review revealed that the optimal operating
conditions of GVHP are largely unknown. In light of this
knowledge gap, the objectives of this study are to explore the
various operating conditions through a parametric
experimental investigation and to find the optimal conditions
for the laboratory scale model. The implications for practice
of the results of this analysis are discussed in the final section.

OBJECTIVES

IV. METHODOLOGY

An experimental methodology was used for this study. The
laboratory scale model was developed based on a literature
review of previous experimental studies. A schematic
diagram of the model is shown in Fig. 2.
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05
Fig. 2. Schematic diagram of laboratory model.

The model consists of a cylindrical tank with a tangential
inlet pipe and a central outlet at the base. A vertical axis
turbine with various rectangular blade sizes (H > B) and
number configurations was located in the centre of the tank.
The turbine braking force was measured using a dynamometer,
which consisted of a pulley connected to the top of the turbine
shaft and which was connected to two adjustable spring
balances (SBs). The tension in the pulley and thus the SBs
could be adjusted by tightening the screw on the bars
connected to each of the SBs. The inflow rate was measured
using an in-line flow meter connected to the inlet pipe. The
turbine rotational speed was measured in RPM using a magnet
attached to the top of the turbine shaft and a switch on the steel
frame which opened and closed as the magnet passed by.
RPM was recorded with a data logger as the number of times
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the switch opened per minute. While a constant water height
was assumed by [28], the variation in vortex height with tank
and turbine conditions was accounted for here by measuring
the height for each new SB setting when testing the various
turbine and inlet configurations. In line with [27], the vortex
height was measured at its maximum, the outermost height at
the tank wall.

The parameters under investigation in this study were
selected based on a theoretical analysis of GVHP. The output
power from a turbine is the product of torque, T, and angular
speed, w, whereby the torque depends on the force of the
water on the blades [31]. The force on each blade can be
determined using (1), where p is the water density (kg/m3), w
is the turbine rotational speed (rad/s), B is the blade width (m)
and (H,— H,) is the height of the blade under water (m).

PO (H,—Hy)

B 1 1
Fiotade = J.BIEPC‘)ZBZ(HZ —H,)dB = E

According to (1), the force on the blades (and therefore the
power output) can be increased by increasing w, B and (H,—
H,). However, while a larger blade will have an increased
width, it will also be heavier thus having a negative impact on
w. Similarly, while the total force can be increased by
increasing the number of blades, the addition of each blade
increases the overall weight of the turbine, thus slowing it
down. Finally, w and (H,— H,) are also influenced by the rate
of flow into the tank and by the height at which the flow hits
the blades. Based on this theoretical understanding, the
parameters chosen for investigation were:

1) Blade size,

2) Blade number,

3) Inlet flow rate Q,

4) Inlet height, IH, and

5) Turbine braking force F.

A parametric study was undertaken to investigate the effect
of each of these parameters on the vortex height H, the turbine
rotational speed w, the power produced by the turbine Poyr,
and the turbine efficiency 5. Table | shows the various blade
configurations chosen for the study. Each blade configuration
is labelled; these labels will be used hereafter. For each blade
configuration, tests were carried out for three inlet heights; 15
cm, 25 cm and 35 cm above the base of the tank. The only
exception to this was turbine VI, which was tested only at two
IHs because the inlet pipe obstructed the turbine rotation
when placed 15 cm above the base. Two flow rates were
tested at each inlet setting, a maximum of 0.65 L/s when the
inlet valve was fully open and a lower flow of 0.5-0.59 L/s.

The blade and inlet settings were constant for each test. The
force resisting the turbine rotation was varied incrementally
during each test by adjusting the SBs. Each force setting was
allocated 3-4 minutes to allow the flow in the tank to stabilise
following the change in turbine rotational speed. The
resistance force was increased in steps from zero (turbine
free-flow and maximum RPM) to the braking force required
to stop the turbine. The procedure was repeated twice within
each test to improve the reliability of the results, with the
braking force being reached first by adjusting only the right
SB and secondly by adjusting only the left SB. The water
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height in the tank (m), the turbine speed (RPM), and the SB
readings (N), were recorded for each force setting. The
turbine RPM was periodically counted manually to verify the
data logger readings. The testing sequence is shown in Table
I1, using the 500><150>2 mm blade turbine as an example.

TABLE I: TURBINE BLADE CONFIGURATIONS

Label  Blade number H (mm) B (mm) W (mm)
| 2 500 150 2
I 4 500 150 2
11 2 500 150 15
1\ 2 500 75 15
\Y 4 500 75 15
\ 2 500 200 15
VII 2 250 150 15
VIl 4 250 150 15
1X 2 250 100 15

TABLE II: SAMPLE TESTING SEQUENCE (500>150>2MM BLADE TURBINE)

nilrz(é(;r Q(L/s) IH(cm) Measurements taken
2 0.65 15 15-18 SB settings. 3-4 min per
25 setting. Record time, SB forces, water
35 height and RPM per setting.
2 0.54 15 10-15 SB settings. 3-4 min per
25 setting. Record time, SB forces, water
35 height and RPM per setting.

Repeat procedure with 4 blades.

The input and output powers and the turbine efficiency
were calculated for all of the tests using equations (2)-(5).

Pn = pPgHQ )
T=Fr 3
Pour =Tw (4)
P
Jour (5)
n b .100

V. RESULTS AND DISCUSSION

A. Blade Size

As listed in Table I, six blade sizes were tested, ranging
from blade areas of 0.025 mm=o 0.1 mm=Because a larger
blade is heavier than a smaller one, the turbine weight
increases with increasing blade area, resulting in reduced
vortex heights and turbine speeds. In accordance with (2), the
power input was found to decrease as the vortex height H in
the tank dropped with increasing blade area. The decrease in
o with increased blade size impacts negatively on the power
produced by the turbine, as dictated by (4). However, the
resistance force (and therefore torque) needed to stop the
larger (and heavier) blades was found to be much greater than
for the smaller blades. This had the effect of increasing the
turbine power output with blade size. As can be seen in Fig. 3,
the efficiency was also found to mostly increase with blade
size. The largest recorded efficiency, 15.1%, was found with
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two of the largest blade turbines, 111 and VI. In both cases, this
occurred at the largest inflow rate (0.65 L/s) and at an IH of 25
cm.

(%)
S

X IV v vir vian I i i vr
Blade size from smallest to largest

Fig. 3. Variation in turbine efficiency with increasing blade size (Q = 0.65
L/s).

B. Blade Number

The increase in blade number had a similar overall effect as
the increase in blade area, since both increases led to heavier
turbines. The increased turbine weight due to the addition of
blades resulted in slower turbine rotation and a reduced
vortex height. The impact of blade number on braking force is
less clear, however, as F was found to both increase and
decrease with the addition of blades, depending on the blade
size. This variation in braking force with blade number is
shown in Table Ill, for all three IHs tested at the maximum
flow rate of 0.65 L/s. An increase in braking force caused by
the increase of the blade number from two to four is denoted
by (1), a decrease by (|) and no change by (-).

TABLE Ill: VARIATION IN TURBINE BRAKING FORCE WITH INCREASING
BLADE NUMBER (Q = 0.65 L/s)

Blade configuration IH=15cm IH=25cm  IH=35cm
(2—4 blades) F (N) F (N) F (N)
-1l ! | l
VoV 1 - 1
VII—VII 1 1 1

A stronger relationship was found between blade number
and turbine performance, with both power output and
efficiency, mostly increasing as the blade number increased
from two to four. The variation in turbine efficiency with
increasing blade number is shown in Table IV. The turbine
was more efficient with four blades rather than two in
two-thirds of the cases examined. At a 35 cm IH, the
efficiency decreased for two of the three blade sizes tested.

TABLE IV: VARIATION IN TURBINE EFFICIENCY WITH INCREASING BLADE
NUMBER (Q = 0.65 L/s)

Blade configuration IH=15cm  IH=25cm  IH =35cm
(2—4 blades) F (N) F(N) F (N)
il 1 1 !
V-V 1 1 1
VII-VII 1 1 1

C. Inlet Flow Rate

As to be expected, the greatest vortex heights, turbine
speeds, braking forces and power outputs were found for all
blade configurations and IHs at the maximum inflow rate of

0.65 L/s. This is in accordance with (2) which show that a
reduction in the inflow rate causes a decrease in the potential
power available. As can be seen in Fig. 4, the turbine
performance at partial flows varies with blade configuration.
Because different partial flow rates were tested for each blade
configuration, the ratios of partial flows to maximum flows
are shown on a line graph in Fig. 4.

120 memwm TH=15cm 195
IH=25cm
_ 1 90
100 s [H =35 cm
—&— Qp/Qmax (%)

%
<)
OF Q) mane (Vo)

I o m IV v ooV o vior  IxX

Blade configuration
Fig. 4. Variation in turbine efficiency with partial flows.

It is difficult to ascertain a trend as the turbines each
perform differently depending on the IH. On comparing the
partial efficiencies at the three IHs, the 15 cm IH resulted in
the smallest drops in efficiency with flow rate for five of the 8
turbines. Also the largest partial efficiency ratio was recorded
at an IH of 15 cm. Overall, the greatest drops in efficiency
with flow rate were found when the inlet was placed 35 cm
above the base of the tank. Fig. 4 shows that turbine IV
outperformed the other 7 turbines, as it resulted in the largest
partial efficiencies for the 15 cm and 25 cm IHs. Turbine IX
produced the largest partial efficiency at the 35 cm IH,
followed closely by Il and 1V.

The performance of turbine IV at the 15 cm IH is an
anomaly since the efficiency was found to be greater when the
inflow rate was reduced. While a considerably larger
resistance force was required to stop the turbine when the
valve was fully open (0.55 N versus 0.36 N at the lower flow
rate), the rotational speed was found to drop only slightly
when the flow rate was reduced. The larger inflow rate
produced a maximum turbine rotational speed of 50 RPM,
while the reduced inflow produced 49.5 RPM. Therefore, the
maximum power output dropped only marginally from 0.07
W to 0.067 W when the inflow rate was reduced. However,
the larger inflow rate produced a much higher vortex height
and therefore power input, resulting in a reduced turbine
efficiency at the larger flow rate. The efficiency increased
from 5.9% at 0.65 L/s to 6.9% at 0.59 L/s.

D. Inlet Height

A considerable variation in turbine performance was found
when the inlet pipe was placed at different heights within the
tank. The optimal IH was found to be 25 cm for all blade
configurations, as this inlet setting resulted in the greatest
water heights, turbine speeds and efficiencies. As can be seen
in Fig. 5, the maximum efficiency was found at an IH of 25 cm
for all flow rates in all cases except one, 1V, which performs
best at an IH of 15cm. However, the difference in efficiency
between the two IHs is minimal; 14.7% at an IH of 15¢cm and
14.5% at an IH of 25 cm. The overall tank height is 0.7 m, so
the optimal IH is just over one-third of the way up the tank.
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Fig. 5. Variation in turbine efficiency with inlet height (Q = 0.65 L/s).
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It is difficult to rank the 15 cm and 35 cm IHSs as they each
performed well for different parameters. After the 25 cm IH,
the 15 cm IH resulted mostly in the greatest water heights,
whereas the turbines were mostly faster when the inlet was
placed 35 cm from the base of the tank. For 6 of the 9 blade
configurations, the worst efficiencies were recorded when the
IH was 15 cm.

E. Turbine Resistance Force

As the SB was adjusted to increase the resistance to the
turbine movement, w naturally dropped leading to a reduced
water height in the tank. However, because the power output
depends not only on @ but also on the torque due to the
resistance force, the maximum power outputs and efficiencies
were found when a relatively large force was applied. For all
of the blade configurations, the optimum SB setting appears
to lie around half way between a zero force reading (turbine
free flow) and the maximum force reading which corresponds
to no turbine rotation. At both of these limiting points there is
no power output.

The effect of increasing the resistance force on both the
available power and the power produced by the turbine is
shown in Table V, using turbine | as an example. The results
shown are for a 0.65 L/s inflow rate and a 25 cm IH, as the
highest efficiencies were recorded at these settings. The
maximum values of each of the parameters are highlighted in
bold. As to be expected from (2), the maximum input power
was found at the minimum applied force since this resulted in
the greatest water height (head). The output power however
increased with increased resistance force. The highest
efficiency corresponded to the largest output power, at a force
just under half of the maximum applied force.

TABLE V: VARIATION IN TURBINE PERFORMANCE WITH INCREASING
RESISTANCE FORCE FOR TURBINE | (Q =0.65 L/S, IH = 25 cM)

F(N) H (m) o (radls) P (W) Pin(W) 75 (%)
0.2375  0.1875 5.131 0.099  1.195 8.28
0.2875  0.1775 4817 0112 1131 9.94
0.2875  0.1775 4.712 0.11 1.131 9.72
0.4375  0.1825 4.032 0.143 1163 12.31

0.5 0.1725 3.246 0132  1.100 11.99

0.525 0.1775 2.932 0125 1131 11.05

0.7 0.1675 1.414 0.08 1.068 7.53
0.7125  0.1675 1571 0.091  1.068 8.51
0.7125  0.1625 1.257 0.073  1.036 7.02
0.725 0.1675 1.466 0.0863  1.068 8.08
0.75 0.1675 1.466 0.089 1068 8.36
F. Summary

A parametric experimental study was carried out to
investigate the operating conditions of GVHP. The turbine
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parameters varied were blade size and blade number, with
both being found to have a similar effect on turbine
performance. Increasing the blade size and/or number had the
effect of increasing the turbine weight, resulting in lower
vortex heights and turbine speeds but higher turbine power
outputs and efficiencies. It can be said, therefore, that further
optimization studies should focus on larger blades and
increased blade numbers using lighter blade materials.

For all of the blade configurations tested, the maximum
vortex heights, turbine speeds, powers and efficiencies were
found when the inlet valve was fully open (producing a flow
rate of 0.65 L/s) compared with lower flow rates of 0.5-0.59
L/s. The maximum vortex height recorded when the valve was
fully open was 0.213 m (with turbine 1V). This is less than
one-third of the tank height. Therefore, a larger flow rate or a
smaller outlet diameter should be tested to increase the vortex
height and thus power input. With regards to the location of
the inlet pipe, the optimal height was found to be 25 cm, as
this resulted in the maximum turbine efficiencies for all
turbines except one.

Finally, a resistance force was applied using a SB
dynamometer during the testing of the turbines. Both the
vortex height and the turbine speed were found to decrease as
the applied force was increased. The power output and
efficiency of the turbine were found to increase to a maximum
point with increased force, then decrease thereafter with
additional force. The maximum efficiency occurred at
different SB settings depending on the blade configuration
and inlet settings. However, the optimal force was always
around half way between zero applied force and the maximum
force required to stop the turbine completely. The overall
maximum efficiency recorded was with the largest blade area,
the maximum inflow rate, the 25 cm IH, and a resistance force
equal to 60% of the maximum force applied.

VI. IMPLICATIONS FOR PRACTICE

A. Run-of-River

GVHP is a potential hydropower solution for low head
rivers because the power output depends on the vortex height,
as determined by the water flow rate and the tank size, rather
than the change in river elevation. In the past, SHP schemes
have often proven to be expensive and uneconomical due to
the use of conventional turbines designed for large
hydroelectric plants [8], [32]. Typically, turbine and
electro-mechanical costs account for around 30-40% of the
overall investment for an SHP scheme [33]. In comparing
GVHP with traditional run-of-river schemes, the turbine
arrangement is much simpler for GVHP and so turbine costs
will be lower. However, the overall civil construction costs
can still be expected to be high for GVHP as the river needs to
be directed (either partially or fully) into a man-made
concrete circular tank to generate the vortex.

Dimensional analysis should be used to scale the results of
the laboratory model presented here for a river setting. Based
on the results of this paper, future research will focus on a
smaller outlet diameter to generate higher water vortices, and
larger blade sizes and numbers. A cost-benefit analysis should
be included because costs (as well as power and efficiency)
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increase as the turbine size increases.

B. Water and Wastewater Networks

Given the considerable flows within water and wastewater
networks, hydropower presents an opportunity to reduce the
environmental and economic costs of the water industry.
Environmental benefits of using these networks for
hydropower generation include the absence of traditional
barriers, such as visual intrusion, impact on aquatic
ecosystems, loss of historical sites, interruption of sediment
transport and blockage of fish passage. Also, there are often
economic advantages over traditional SHP schemes due to

reduced earthworks and infrastructure requirements [34]-[36].

Because potable water is typically distributed by gravity from
an upper central reservoir to consumers at lower elevations,
high heads can be found within the water network.
Hydropower turbines are being installed at these locations of
high head and flow in the water network, such as at pressure
reducing valves and municipal supply dams [37], [38].

The wastewater network in comparison is typically
characterised as being low head. Hydropower opportunities
have been identified at the inlets and outlets of wastewater
treatment plants, particularly in large urban and industrial
plants where the presence of high flows makes up for the
small drops in elevation. The exploitation of these
opportunities in practice relies on the development of low
head hydropower solutions that are suitable for wastewater
flows. Hydropower generation is particularly challenging in
the untreated wastewater network, as the high solids content
of raw sewage can create problems for traditional turbines,
such as increased wear and tear and clogging of the rotating
parts [39], [40]. In addition to operating at ultra-low heads,
GVHP is especially suited to the wastewater network because
any solids are naturally separated by the vortex flow. As
illustrated in the operation of cyclonic separators, the
centrifugal action of a vortex forces the heavier fluid
(containing the solids) to separate from the lighter fluid [41].
Finally, GVHP has real potential for wastewater networks
because vortices are often found to occur naturally within the
infrastructure, such as at pumping stations.

VII. CONCLUSION AND RECOMMENDATIONS

The maximum efficiency was found to be 15.1%. This was
found with the largest blade area, the maximum inflow rate,
the 25 cm IH, and a resistance force equal to 60% of the
maximum force applied. Much higher efficiencies of up to
80% have been reported by commercial companies and up to
30% by experimental research studies. However, these results
largely lack validation. Future research will focus on further
testing the outcomes of this paper, by experimenting with
larger blades, increased blade numbers and smaller outlet
diameters to further optimize GVHP operation.
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