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Abstract. We presented the performance of H-type vertical axis
hydrokinetic turbine (VAHKTs). To study the hydrodynamics of
VAHKTs an analytical method using a double multi-stream tube
(DMST) model was used and an experimental study was employed to
validate the DMST results. The key difficulty in the development of
VAHKTSs technologies is the limited number of researches that show
the actual performance under different water velocities. We developed a
Matlab code to predict the performance and for validation experimental
investigations were performed. The performance operational parameters
of power coefficient (C'p) and torque coefficient (Cq) were used with tips
speed ratio (TSR). To validate the DMST and experimental results we
used a reference turbine (RM2) developed by the USA Department of
Energy’s (DOE). A good agreement was found between the analytical
and experimental results with the reference turbine. From the study, it
is found that the Cp of VAHKTSs show an increment and then decrease
as the TSR increased. The operating region for VAHKTSs is between
1.2 < TSR < 3.8. The study illustrated that at TSR > 4 it is found
that there is no power generation from VAHKTSs. As s result, the Mat-
lab code we developed based on DMST can be used as a cost effect and
robust tool to design and predict the performance of VAHKTs.

Keywords: DMST model - RM2 reference turbine -+ Hydrodynamics
performance + Power coefficient - VAHKTSs

1 Introduction

Hydropower conversion is the use of energy contained in the flowing water into
the mechanical rotation. It has been used to run wheels for grinding grain in
ancient times and to generate electricity in modern times.
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A | Swept area m? N | Number of blades (-)

aup | Upwind induction factor (-) Np, | Number of stream tubes (-)

agn | Downwind induction factor (-) |Q | Torque (N.m)

c Blade chord (m) R | Rotor radius (m)

Cp | Drag coefficient (-) Re | Reynolds number (-)

Cp, | Lift coefficient (-) Vaup | Upstream velocity (m/s)
Cn | Normal force coefficients (-) Vin | Downstream velocity (m/s)

Cr | Tangential force coefficient (-) | Ve | Equilibrium velocity (m/s)

Cq | Torque coefficient (-) Vo | Free wind velocity (m/s)
Cp | Power coefficient (-) W | Relative velocity (m/s)
Fn | Normal force component (N) «a angle of attack

Fr | Tangential force component (N) |6 azimuth angle

According to the International Renewable Energy Agency (IRENA) today,
hydropower is among the most cost-effective means of generating electricity with
a total installed capacity of 1308 GW worldwide and 3817 MW for Ethiopia in
2019. The basic principle of hydropower energy conversion is the use of water
to drive the turbines. The energy contained in the water can be used to drive
the turbine in two different ways, (1) by use of large reservoirs such as dams to
store water and the stored water potential energy used to drive the turbine and
(2) without dams and reservoirs, only the kinetic energy of the water is used
to drive the turbine. However, recent criticisms have been raised against dam-
based hydropower plants (for example, [19,20,25]) due to their versatile effect
on the ecosystem, land use, and aquatic life. According to the status report of
International Hydropower Association [2] the five years between 2015-2019, the
growth in installed capacity was limited 2.1% and 1.2% in 2019.

On the other hand without dam hydropower plant has got considerable atten-
tion as an environmentally-friendly option due to smaller effect on the ecosystem.
A key aspect of without dam hydropower is producing power at a smaller scale,
the frequent term to describe such technologies is hydrokinetic turbines (HKTSs).
HKTs is a collective term used to refer to the energy generated from the moving
water of the currents in oceans, tidal, rivers, and human-made water structures.
HKT technologies can be categorized into two main groups by M. Anyi and B.
Kirke [1], (1) the axial flow turbine and (2) the cross-flow turbine (other kinds of
literature also used vertical axis). There are two types of cross-flow turbine — also
called vertical axis turbines: The Savonius type (based on the drag force) and the
Darrieus type turbines (based on the lift force). Furthermore, the Darrieus type
can also be classified based on the type of rotor as helical or straight (H-type).
A detailed review on the classification of HKTs is provided by [13], this paper
will focus on H-type Darrieus Vertical axis hydrokinetic turbine (VAHKTS).

The merits of generating electricity using VAHKTSs include simple structural
components, independence to water current direction, generating power from any
direction of the current, no need for a yaw mechanism, and easier maintenance.
The working principle and design Methodology of HKTs are similar to the wind
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energy conversion system. For an equal cross-sectional area, a wind speed of
10m/s has the same incoming kinetic power as a water flow speed of 1.1m/s
and in general, VAHKTs can be installed in a flow of water velocity starting
from 0.5m/s and above [8]. However, the wind energy sector is matured and at
a fully commercialized stage while HKTs still in a developmental phase and have
not been fully commercialized yet, due to their reliability and low power density
[6]. The study of HKTs is a growing field of renewable energy research, and it
can make a big difference to power communities in remote locations [23].

Due to poor conversion efficiency, the performance investigation of VAHKTSs
has received considerable critical attention such as [9,22,23]. However, most of
the studies have been carried out and available in the open literature on the
performance investigation of vertical axis wind turbines, experimental by [24,
26] Analytical parametric performance investigation by [4,14,17]. For VAHKTs
limited studies are available on the actual performance of VAHKTSs (for example,
[12] presented the design consideration and performance of VAHKTS for river
applications). However, the research efforts in HKT's technology are rather scarce
and the knowledge base is quite deficient. Therefore, this study makes a major
contribution to research on VAHKTSs by investigating the actual performance.

The hydrodynamics of VAHKTSs is quite complex due to variation in the
local angle of attack, local relative flow velocity, tangential, and normal forces
[8]. Several mathematical models have been developed to investigate the perfor-
mance of VAHKTSs, a detailed compressive review of these models is given by
[7,11]. Under the current investigation, this paper used the double multi-stream
tube model (DMST) which was first introduced by Paraschivoiu [16].

This paper aims to investigate the performance of VAHKTSs using Analyt-
ical and experimental methodologies. A Matlab code based on DMST is used
to predict the performance and further experimental results were used to val-
idate the analytical method. The importance and originality of this study are
that it explores the actual performance of VAHKTSs and develops a cost effect
prediction model for fast implementation and design. The findings should make
an important contribution to the applicability of VAHKTSs for remote regions in
off-grid areas where the operating cost of fuel-based power generation is high.

2 DMaterials and Methods

2.1 Mathematical Formulation of the Hydrodynamics Model

The design methodology for VAHKT's shares similar principles with the vertical
axis wind turbine. The philosophy applied to the study of vertical axis wind
turbines is aerodynamics whereas for VAHKTs similar hydrodynamic models
can be used. The total power generated from HKTs is determined in a similar
fashion with that of wind energy converters as shown in Eq. (1);

P= %C'ppAV?’ (1)

where Cp is the turbine power coefficient which typically lies between 0.2 and
0.4. V is the velocity, p is the water density, and A is the swept area of the rotor.
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Double-multiple Stream Tube Model (DMST). is based on the calculation
of flow velocity through the turbine by equating the stream-wise hydrodynamics
force imparted on the blades with the rate of change of momentum. The key
future of DMST is dividing the turbine swept area into two parts as upstream
half-cycle of the rotor and downstream half-cycle of the rotor. Throughout this
paper, the term ‘up’ will refer to the upwind half cycle and ‘dn’ for the downwind
half cycle. DMST model is capable of calculating the difference in the induced
velocities at the upstream (V,,) and downstream (Vy,). Vip and Vg, at each
level of the rotor were obtained using the principle of two actuator disks (an
ideal model used to represent the rotor as an infinitely thin disk) in tandem as
illustrated in Fig.1. Then by averaging the contribution of each stream- tubes
the torque, power, lift, and drag can be calculated. In the DMST model the
upcoming free stream velocity, V., is reduced by interference factors of a,, in
the upstream and a4, in the downstream. The axial induction factors proceed
by discretization of each disk into multiple stream tube models. Azimuthal dis-
cretization of stream tubes is the first step in DMST, each stream-tubes located
by the Azimuthal angle as shown in Fig. 2. For simplicity, it can be considered
that each stream tubes are parallel to each other and each stream tube can be
assumed as independent of each other. The area occupied by each stream-tube
A; can be calculated by discretization the azimuthal angle to infinitesimal §6 as
shown in Fig. 2.
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Fig. 1. Double multi stream-tube model diagram [15]

A; = (R60)(0hsinb;) (2)

Hence, the induced V,,;, at equilibrium, V,, and Vg, is calculated using;
Vip = GupVoo (3)
Ve = (2aup — 1)V (4)

Vdn - adn(2aup - 1)Voo (5)
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Fig. 2. Azimuthal discretization of stream tubes (shown in the straight lines), the
azimuthal location of the blade is shown in the figure at every 10° for 0 < 6 < 90

The remaining part of this section will present the DMST mathematical
formulation for the upwind half cycle, the same procedure can be performed for
the downstream half cycle only by replacing V,,;, by Vg,. The velocity diagram
for DMST is expressed in Fig. 3 considering the pitch angle as zero. Then the
local angle of attack can be calculated using the following equation,

Vaupsind;
=t -1 _upTrvr 6
a=an (Vupcosﬁi + wR) (6)

where TSR is calculated as TSR = (wR)/Vs, similar the relative velocity is
expressed as follows;

w= \/(Vupcos&- + wR)? + (Vypsinb;)? (7)

180

Fig. 3. Velocity triangle diagram and Force components [3]
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The Reynolds number then can be computed as

cw
Re = — 8
: (5)
After the velocity diagram is resolved the next step is to calculate the force
components which are shown in Fig. 3. The normal force F;, and tangential force
F; can be expressed by the force coefficients for each as;

Cn = Crcosa + Cpsina (9)
Cr = Cpsina — Cpcosa (10)
Then
1
F, = P c6hCy (11)
Fy = %wzcdhCT (12)

The total effect of F; and F,, on hydrofoil will create an axial force F'y, for
one turbine blade it can be found by decomposing in the axial direction as

Fx = Fysin0; — Frcos0; (13)

for N number of blades the total axial force will be

— 0
Fx = Ng_Fx (14)

Then the axial thrust coefficient computed as;

Fy Nec w? 1

C = = —_—
YT IV2ZA T 27RV2 [sinGy

(Cn sinf; — Cr cos ;) (15)

The axial trust coefficient then computed with the momentum theory to solve
the iteration scheme of DMST to find a,,

__Fx _ New? 1
~ 1pv2A T 27RV2 |sindy

4a,p(1 — ayp) = Cx (Cnsinb; — Cpcosb;) (16)

The calculations at downstream, as repeated previously, can be performed
in a identical manner to those of the upstream by considering the following
modification of the stream velocity as

Vin = (1 = aup) Ve = (1 = aan) (1 — 2aup) Voo (17)
C¥ = dagn (1 — agn) (1 — 2a.p)° (18)
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The torque, power, and power coefficient then can be determined as

T, = %pwgo’icAth,i * R (19)
1 Ny Ny
Tiot = Np lm (Z T + Z Tidn> (20)
k=1 k=1
P = Ty (21)
P
r= 3PV A #2)

2.2 Analytical Performance Predication of Vertical-Axis
Hydrokinetic Turbines

To predict the performance of VAHKTSs the process started by specifying the
turbine geometric and working condition parameters. The design flow is shown
in Fig. 4, to implement the design procedure a NACA 0021 hydrofoil was used.
We refer to the design guideline proposed by [5] for optimizing the annual energy
yield.

Using the flow chart shown in Fig.4 a design specification parameter were
developed for the performance prediction as shown in Table1. The required
water velocity data was referred from the work of [21], and the experimental
result of the hydrofoil data for NACA 0021 was taken from the [18]. However,
the data provided by the [18] only contain the range of 0 < a < 180 and
limited Re. Hence, a panel method using an XFoil is available at https://web.
mit.edu/drela/Public/web/xfoil/ to generate the hydrofoil data of the rang of
—20 < a < 20 for different Re of 50,000, 100,000, 200,000, 500,000, and 1,000,000
was used. For the other range of a the influence of Re is limited to the region of
low «, Hence experimental data of [18] were used. Using the experimental result
of [18] the relation for C; and Cp above o > 20&& a < —20 a polynomial fit

Table 1. Geometric and working condition specification of VAHKT's

Parameters Value

Radius of the rotor (m) 0.125

Diameter of the rotor (m) 0.25

Height of the blade (m) 0.4

Number of blades 3

Chord length (m) of the hydrofoil 0.03

Type of hydrofoil NACA0021

Operating Reynolds number 50,000, 100,000, 200,000,
500,000, and 1,000,000

Kinematic viscosity of water at 20 °C (m”2/s) | 1.004e — 6

Incoming velocity range (m/s) 0.75,1.5,2,2.5, and 3



https://web.mit.edu/drela/Public/web/xfoil/
https://web.mit.edu/drela/Public/web/xfoil/

Performance Investigation of Vertical-Axis Hydrokinetic Turbine 513
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Fig. 4. Design flow chart for H-VAHKTs

were generated using a MATLAB cure fitting tool with the 4" order with the
R? = 0.9817 at Coefficients with 95% confidence bounds and express as follows.

C; = —1.232 x 10780 4+ 8.605 x 10750 — 0.0017a% + 0.1047a — 0.9 (23)
Cp =2.178 x 10~ 8a* — 7.569 x 10~%a> 4 0.00056a2 + 0.01912c — 0.3 (24)

To predict the performance, equations presented in Sect. 2.1 were used to develop
a Matlab code. The general Proceeder used to solve the DMST using a Matlab
code is given as;

1. The analytical simulation using the DMST model begins by specifying the
geometries and working conditions of VAHKTS a seen from Table 1.

2. Then the discretization of the rotor into 36 stream tubes was followed i.e.

18 stream tubes for each up and downstream of the rotor and the azimuthal

discretization is performed for every 10°.

The iterations initiated for the upstream section by a wild guess of a,, = 1.

4. Then the angle of attack, relative velocity, and Reynolds number calculated
using Eq. (6), (7), and (8) respectively.

©w



514 M. T. Tigabu et al.

5. Using the Panel data of Xfoil and experimental data of [18] the C; and Cp
at different o were used to estimate the required Cp and Cy, Eq. (9) and
(10) used.

6. The required hydrodynamics forces then calculated using Eqgs. (11), (12),
and (13).

7. Then the first induction factor is estimated using Eq. (16), then the iteration
continues until the difference between the induction factors is < 107°.

8. Once the value of induction factor in desired range Cp is calculated for the
up-stream of half the rotor using Eq. (22).

9. Then the same procedure is repeated for the other half of the downstream
rotor by replacing the velocity relation given in Eq. (3), (4), and (5).

10. Finally the C'p for both half of the rotor will be added to get the total Cp.

2.3 Experimental Setup and Validation

The primary objective of the experimental work is to validate the results of
DMST model performance prediction. The experiment was conducted based on
a water loop flume of S6-MKII. S6-MKII flume is assembled from a modular
section of 2m length and 300 mm wide by 450 mm deep cross-section as shown
in the schematic of Fig.5. The experimental work is carried for a velocity of
1.2m/s.

We developed the prototype of the VAHKT based on the specifications pro-
vided in Table 1, it is made with a thermoplastic polymer Polylactic Acid (PLA)
material using a 3D printer. The 3D model and the developed prototype is as
shown in Fig. 6.

The instruments used for measurements were a Valeport BFM002 S-N 2065
current meter to measure the velocity, a tachometer, to measure the angular
velocity w, and a load cell-based torque measurement, to measure 7', as shown
in Fig. 7.

The procedure we followed to conduct the experiment started by first plac-
ing the turbine’s unit assembly in the test rig of the S6-MKII flume, then the
experiment was started by measuring the upstream velocity using the current
meter and then a 5 min. time has given the turbine to be in the fully developed
rotation and w was measured then we the torque measurements were carried
out. The available C'p was calculated using the fowling equation;

Tw

Cp=7 /2pAV3

(25)

To further validate both the experimental and DMST results we used also the
experimental result of a reference model (RM2) developed by U.S. Department
of Energy’s (DOE) [10] the for validation, the specification of RM2 is given in
Table 2.
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Fig. 5. S6-MKII Test rig flume, the section shown in red is the location of the test.

(Color figure online)

NACA 0021

Strut

Fig. 6. (a) 3D model of the VAHKTS and (b) prototype used for the test

3 Results and Discussion

3.1 DMST Performance Evaluation

We developed a Matlab code to predict the performance of VAHKTSs under
different water velocities of 0.75, 1.5, 2, 2.5, and 3m/s for each V,, we solve for
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Valeport BFM002 S-N 2065
urrent meter

tachometer

Fig. 7. Measuring instruments

Table 2. Specification of RM2 reference turbine

Parameter RM2 turbine geometries
Blade Profile NACA 0021

Max Blade Chord Length | 0.0267 m

Rotor Height 0.323 m

Rotor Diameter 0.43 m

Rotor Shaft Diameter 0.0254 m

Solidity 0.047

Tip-Speed Ratios 1to4

different tip speed ratio of 1, 2, 3, 4) and Cp is predicted. For each case 1000
iterations were carried out, the convergence criteria are set to bellow 1076,

It is evident from Fig.8 the maximum operating condition with high per-
formance Cp is when the V., is 2.5m/s and at 2.5 TSR. DMST also provides
insightful velocity distributions across the azimuthal location of the turbine. For
example, referring to Fig. 9 the reduction of V,, by the turbine in the upwind
and downwind of the rotor can be demonstrated when Vo, of 1.5m/s and 2.5m/s
and at 3 TSR. Figure 10 showed the contribution of each blade to the generation
of torque, it can be shown that the first power starts produced by the first blade
and then the second blade while blade three produces net zero positive torque.
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Fig. 9. Velocity distribution in the half up and down stream of the rotor.

3.2 Experimental Performance Evaluation

The experimental investigation were carried out to validate the DMST results
at the Voo of 1.2m/s, the TSR is calculated as TSR = (wR)/Vs. The result
from measurement is summarized in the following Table 3.
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Torque coefficient, (C

—O— First blade
—&— Second blade
=8—Third blade

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Azimuth angle, (9)

Fig. 10. Torque coefficient performance of single blade at different azimuthal angle

Table 3. Experimental results

Voo =1.2m/s

Measurements TSR | Cp
Torque (Nm) |w (RPM)
0.051 95 1.03 | 0.0115

3.3 Compression of DMST and Experimental Performance
with Reference Turbine

Performance studies of RM2 reference turbine were carried out in a large open
channel facility where the volumetric flow rate, Q@ = 2.35m3/s, the velocity of
Voo = 1.2m/s, and with Re = 6.1x 10*. From the performance test at TSR = 2.2
Optimal performance occurred with Cp = 0.07. The comparison made between
the DMST, experimental, and RM2 reference model, which is shown in Table 4;

Table 4. Compression of DMST and experimental performance with reference turbine,

at Voo = 1.2m/s

TSR | DMST | Experiment | RM2
1.10 | 0.098 0.0115 0.007
1.33 | 0.165 - 0.017
1.55 [0.2449 |- 0.029
2.20 10.18 - 0.070
2.90 | —0.0636 | — —0.05

From Table4 Cp were over predicted by DMST, while the experimental and

RM2 result showed a good agreement.
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4 Conclusions

The purpose of the current study was to predict the performance of VAHKT'Ss
through DMST and experimental study. The Performance investigation using
DMST was carried out for different water velocities. The DMST model showed
that higher C'p is observed when TSR is 2.5 and the upcoming upstream velocity
is 3m/s. To validate the DMST model experimental studies were carried out, the
experiments confirmed the Result obtained from DMST. Further compression is
made by RM2 with the DMST and experimental which showed good consistency.
The simulation tools are therefore useful for designing vertical axis turbines.
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