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Abstract— Small hydropower systems are a future concept for urban regeneration development. Such
a system should function properly under tropical conditions, where rainfall is especially abundant. To
implement a small-scale urban hydropower system, a special design is needed to handle diverse
sedimentary sizes and deposition characteristics of particles in stormwater, which if unattended may
disrupt the functioning of turbine-generator components. Combining the effects of stormwater vortex
and Coanda was previously suggested to enhance particulate removal efficiency. This paper was prepared
based on this concept. The paper specifically aims to quantify the design parameters which are vital for a
high removal efficiency system. These optimal design parameters are also presented in detail in this
paper.
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I. INTRODUCTION

A small hydropower system within stormwater infrastructure is technically feasible as part of the future urban
regeneration concept [1],[2],[3],[4] and [S]. Previous studies have highlighted the need to modify the detention
outlet to ensure constant flow rates for a more efficient small-scale urban hydropower system [5]. In this paper,
stormwater infrastructure refers to a detention pond which could be used for developing small-scale urban
hydropower.

Specific challenges to the implementation of small-scale urban hydropower systems include stormwater
quality and flow fluctuation. In terms of stormwater quality, the infinite variety of sedimentary sizes and
deposition characteristics complicate the design of a detention outlet. Stormwater particles range from coarse
grains to silts, and are highly dependent on site topography. It is therefore necessary to design a new and unique
system that can handle these stormwater particulate varieties. A clean stormwater source is needed for energy
generation purposes to avoid problem on turbine erosion which may reduce the performance of energy
generation. For example, in big hydropower system, treatments such as screen intake are used to filter large
particles from entering the turbine and generator components.

Two theories about vortex and Coanda had been investigated in order to ensure the applicability of the effects
for removing the particles in stormwater. These effects also may help cope with the fluctuation of water. Vortex
effects had been applied in the hydrocyclone and may easily remove fine particles by using centrifugal force
especially when the high velocity is observed [6],[7],[8],[9] and [10] Coanda effects had been well applied in
aerodynamic design [11], hydropower [12] and stormwater system [13]. Coandd may help to remove light and
coarse particles and could regulate the flow water based on its optimized slope condition. In referring of above
challenges, one possible solution is to utilize combined effects of stormwater Coanda and vortex, which may not
only solve particulate problems, but also stabilize stormwater flow rate. It nevertheless remains imperative to
assure clean water source for a small-scale urban hydropower system.

The authors therefore proposed a new system designed based on the combined effects of vortex and Coanda,
which should be in particular practical for tropical countries with high intensities of rainfall. The build-in
technique for these combination effects is established after the detention outlet of urban stormwater
infrastructure system. The paper specifically aims to quantify crucial design parameters that may the system
efficiency. Several initial limitations considered included (1) the design shall be installed in a fully covered and
paved area; and (2) a rainwater storage site or pond must already be available. One should also note that while
stormwater particles in urban areas typically range from 50 um to 900 pm( [14],[9], [15] and [16]) ,the proposed
design only works with fine particles ranging between 50 um and 250 um. This is because coarser particles,
making up about 40 to 60% of total stormwater, settle easily in the detention pond. Therefore, in the short term,
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fine particles (50 um to 250 pm) are the major source of inefficiencies in the small-scale urban hydropower
designs.

II. METHODOLOGY
A. Design of the Experimental Setup

Thorough literature reviews on flow pattern and performance efficiency of vortex and Coanda effects were
carried out prior to the design of the experimental setup ( [7], [17], [12] and [13]). It was then clear that specific
hydraulic conditions such as pressure head differences and inlet velocity openings must properly be quantified.
The formulae of hydro cyclone components used to design vortex effects in this study are briefly summarized in
Table 1.

TABLE 1. Detailed calculation design for each important component in hydrocyclone

Components Description Formulae Expected Results
Inlet Velocity Fast inlet wvelocity is Inlet  velocity of the
needed to produce high | Qinflow =2nRLV, hydrocyclone should be same
turbulent flow in  the or maybe higher than the
hydrocyclone. This is velocity from Coanda effect.
important for getting the So, expected range of inlet
reasonable results of flow velocity is around 0.9 to 2m/s
patterns especially at the based on the flow equality
centrifugal section of AV coands =AViorex
hydrocyclone. *Detailed explanation of the
inlet velocity of hydrocyclone
had been compiled from a
thorough review of literature;
and it is dependent on the size
of the hydrocyclone
Separation Normally it is also called a | E1 =w, E2=w,
Efficiencies function of particle size. In | E3=0/F
this study efficiencies are | E4=Ow,/Fw,
determined based on total and | E5=U/F
solid balances. E6=Uw,/Fw,
E7=0/U
E8=Ow,/Uw,
*F = Total mass
flows
O = Outflow
U = Underflow
w= weight of solids
*expression until will
be in
Liter/second(L/s)
Normal Based on velocity u; of uf* Inlet velocity range of
Acceleration incoming liquid and inner e= D £2 0.9m/s to 2m/s
diameter D of the top . . .
. Which u; = incoming . .
The design must ensure liquid Inner diameter is around
that a>9.81m/s2 for the flow . . 0.075m
D=inner diameter
to go upward and outflow.
Range of 309m/s’ to
152m/s*> 9.81m/s’

As such, an experimental setup was designed as shown in Figure 1. As depicted in Figures 1 and 2, the top of
the circular section was used to screen for Coanda effects, while its bottom was used to drain treated water into
the main container. One notes that how much the wedge wire was titled significantly affects efficiency of the
Coanda screen. Figures 2a, b and c illustrate the Coanda effect screen in detail. The hydraulic performance of
the Coanda effect design was measured using Coanda effect software established by [18]. However, the
software needed to be modified because of the different shape of Coanda effect used in this study.
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Fig. 1. Detail dimensions of the experimental setup to quantify the combination Fig. 2. Details of the Coanda effect screen
effects of vortex and coanda.

B. Experimental Work

In order to determine the removal efficiency for these combination effects, detailed analysis of the selection
of important design parameters must be conducted. 10 parameters have been selected as the important design
parameters in the experimental work.

Equation 1 shows the 10 parameters selected based on dependencies from the list of important parameter.
Equation 2 shows the basic design parameters from dimensional analysis. Dimensional analysis is conducted to
reduce amount of the experiment time and to develop the basic design parameters which influence the removal
efficiency of these combination techniques. Other than that, dimensional analysis also helps maintain dynamic
similarity with real conditions at the field site.

AC =Py Co. Q; Vi s p; d; & Waor; Sp - (Equation 1)
AC = Change of Concentration
P,= Particle Size
C,= initial concentration
O = Qinfiow to the vortex section
V; = inlet velocity
U = viscosity of water
p = Density of water
D = hydraulic diameter= inlet diameter of hydrocyclone
G = gravity at accelerator plate of Coanda
Wioe - Width of slot
Sp- Slope degree

QLEE'P QLFBW B

e e .
AC/C, =f1[ & Re; 2 ; Sp] (Equation 2)

Equation 2 is used as the basis condition for conducting all the experiment cases. Total number of scenario
based on the dimensionless design parameter for conducting all experiments was 81 cases. The experiment was
conduct based on the scenario case number to examine the removal efficiency of stormwater particles. Relevant
values of control parameters were obtained from references. Table 2 tabulates ranges of the control parameters
used in this experiment.
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TABLE 2. Range of Control Parameters in the Experiment

Control

Parameter Range Important Value

0.5m’/s to 15m /s
Q (L/s) Design in this study is based on similar kinematic design. 0.5;1.0; 1.5
Scale down factor is 1/10 ([10], [19] & [20])

P.<100; 100<P.<150;

P, (um) 50 ~ 900 city area [14 — 16] 150<P <250
W, (mm) 0.5~1.5([12],[13] & [18]) 0.5
Sa 10°~60° ([12] &[18]) 15,30, 45

Figure 3 shows the three main components of the experimental setup, namely detention storage, hydro-
cyclone for evaluation of vortex effects, and Coanda effect screen. Ranges of particle sizes used were 150 pm
<P;<250 pm; 100 pm <Py<150 pum; and <100 um, respectively. These different particulate sizes were chosen
since they are the most difficult to settle in a real detention pond shortly after rainfall. These particles were first
mixed with water to the required concentration and then poured into the detention storage tank. The valve was
opened accordingly to yield the required flow rates of 0.5 L/s, 1.0 L/s, and 1.5 L/s. Slot width for the Coanda
screen was 0.5 mm as recommended in previous researchers for its particulate removal efficiency. Inclinations
of the Coanda screen were adjustable between 15° and 45°. Outflow volume and particulate concentrations of
the treated water were later measured through a filtration test
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Fig. 3.The experimental setup to quantify the combination effects of vortex and Coanda for the small urban hydropower system.
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III.RESULTS & DISCUSSION

Relying on the combined effects of vortex and Coanda is in essence relying on their differences in flow
characteristics and particulate removal functions. A previous study on the vortex effects by Kwon et al., (2012)
reported that removal efficiency of fine particles was greater by 3% to 10% when the flow rate of water (Q) was
increased. The total removal efficiency was, however, only between 26.7% and 34.5%. It can therefore be
concluded that the inlet valve in the hydro-cyclone plays a major role in ensuring a high inlet velocity flow.
Meanwhile, the Coanda screen was designed accordingly to the flow rate of water (Q), the targeted particulate
sizes and their distributions within the area. Slot width and inclination of the Coanda effect screen also affects
total particle removals. All these observations lead to a conclusion that substantial particulate removal efficiency
may be recovered by combining the effects of vortex and Coanda. This paper presents the authors’ findings for
optimal design parameters for the high-efficiency particulate removal in the newly-proposed system.

The Q effect factor refers to the dependency of particle removal based on the flow rate of water (Q).
Manipulation of different Qs is imperative, especially in the real scenario of system implementation. Figure 4, 5
and 6 depict the Q-effect factors based on three different inclinations of the Coanda effect screens. Overall,
these figures show that a low flow rate of 0.5 L/s consistently resulted in higher removal efficiencies than those
of higher flow rates (1.0 and 1.5 L/s). It is also clear that finer particles require a low flow rate (0.5 L/s) for a
greater removal efficiency. The range of removal efficiency from the experiment with the 3 main Q’s
experiment is around 70% to 100% depending on the slope degree and particle size range. This indicates that
the combination effects were sufficient to cope with different flow rates in the system, especially for practical
implementation in an urban stormwater site.

Q- Effect based on 15° slope
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Fig.4. Effects of flow rate Q-effect on particulate removal efficiencies for the 15° coanda screen
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Q-Effect based on 30° slope
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Fig.5. Effects of flow rate Q-effect on particulate removal efficiencies for the 30° coanda screen
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Fig.6. Effects of flow rate Q-effect on particulate removal efficiencies for the 45° coanda screen

Figure 7 also clearly illustrates that a low flow rate (e.g. 0.5 L/s) consistently produces high removal
efficiencies for all particulate sizes. Higher flow rates, nevertheless, also resulted in high removal efficiencies
for coarse particles. This implies a positive correlation between removal efficiencies and particulate sizes, as
well as water flow rates and Coanda screen inclinations. Wahl, (2001) in a Coanda effects study found that
lower flow rate contributed to the greater removal efficiency; but Hsieh & Rajamani, (1988); Quaian et al.,
(1989) & Kwon et al., (2012) found that higher velocities in the vortex were contributed to the higher removal
efficiency especially for the finest particle. The high inlet velocity in the vortex plays an important role in
increase the centrifugal force of the swirling motion and the effluent flow was regulated in the Coanda screen.
Therefore, through a combination of vortex and Coanda effects, the lower flow rate (0.5 L/s) demonstrates
greater removal efficiency. However, the difference of removal efficiency in between each coarser particle does
not vary much compared to the finest particles.
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Coanda screen inclinations also leads to different removal rates for different particulate sizes, as depicted in
Figure 8. High fine particulate removal efficiency was obtained with the 30° slope. For coarse particles, effects
of the Coanda screen inclinations on the particulate removal efficiencies are, however, not evident. It can

therefore safely be deduced that the 30° Coanda screen is quite optimal.
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Figure 7: Impacts of flow rate Q-effect on the average removal efficiencies
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Figure 8: Effects of the Coanda screen slope on average removal efficiencies

To fully understand effects of water flow rate and Coandd screen inclination on particulate removal
efficiencies, mixed particulate sizes were assumed instead, as plotted in Figure 9. It was discovered that a 30°
Coanda screen and 0.5 L/s flow rate resulted in the highest recorded removal efficiency. These removal
efficiencies slightly declined with increasing water flow rates for all Coanda screen slopes.
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Flowrate, Q and slope degree relationship
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Fig.9.Relationship between flow rate and Coanda screen slope on average particulate removal efficiencies

IV. CONCLUSION

This paper addresses significant design parameters based on vortex and Coanda effects which are relevant in
stormwater treatment from detention pond outlets in order to develop a small hydropower system. 81 case
scenarios were examined in order to evaluate the performance of particle removal. The system is only applicable
for the tropical countries which receive abundance of rainfall and have detention pond as their stormwater
infrastructure.

As shown in Section II, combining the effects of vortex and Coanda is quite effective in removing stormwater
particles. In particular, flow pattern factors are significant in removing different particulate sizes. The optimal
flow rate and Coanda screen inclination found in this study are quite practical for sites where stormwater
oscillate for a period of time. This means high particulate removal efficiency can be achieved by combining the
vortex and Coanda effects for any range of stormwater flow rate.

In the future, the authors intend to investigate the cost efficiency of developing a real small-scale urban
hydropower system. The examination of cost efficiency results will be useful in replicating the system in the
other cities and areas.
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