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Design and Performance Comparison of a Horizontal Axis Wind
Turbine and Cross Flow Type Wind Turbine
Joji Vulibeci Wata
Department of Mechanical Engineering
Graduate School of Korea Maritime University

Abstract

A major concern these days is the adverse effect of human activities on the
environment. Carbon emissions especially have been linked to global warming and
climate change. In addition, the rising demand for energy has led many countries to
look for new, renewable and environmentally friendly power sources for supply. One
of these sources is the wind and this study looks two alternatives to harness the energy.

These two alternatives are wind turbines that are able to convert the kinetic energy
available in the wind to useful mechanical energy which then can be used to generate
electrical power. This study will investigate and compare the performance of the two
types of wind turbines by using commercial CFD software. The following are several
objectives of the investigation.

The first objective is to study and utilize the current theories in wind turbine
technology to design a 10kW horizontal axis wind turbine blade. Once the blade is
designed, the performance characteristics of the blade will be studied by using a
commercial CFD code ANSYS CFX 13.0.

Once the investigation on the 10kW blade was completed, the next objective is to
simulate a 10kW cross flow type wind turbine using ANSYS CFX 13.0. Also, several
simulations were done to study the effect of a nozzle and diffuser on the performance
of the cross flow wind turbine.

The final objective is to compare the performance characteristics of the 10kW
horizontal type wind turbine to the 10kW cross flow type turbine with a nozzle and
diffuser.

At the completion of this study, a horizontal axis wind turbine using 3 different
airfoils was designed using various theories that were studied. This turbine was
simulated using ANSYS CFX v13 and achieved an output power of 11.54kW at 10m/s
and a power coefficient of 0.45 at the rated wind speed of 10m/s.

The cross flow turbine was numerically analyzed in the commercial code ANSYS
CFEX v13 with the nozzle and diffuser. It was found that the nozzle increased the
velocity of the air entering the turbine and therefore increased the power output and
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power coefficient of the turbine. The diffuser did not have much effect on the
performance characteristics. Furthermore, the best case turbine with a nozzle and
diffuser attached produced about 2.8kW and a power coefficient of 0.11 at a wind
speed of 10m/s.
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Chapter 1 Introduction
1.1 Background

One of the major concerns nowadays is the impact of human activity on the
environment. Particularly, the emission of carbon dioxide from the use of non-
renewable fossil fuels is a topic of much concern and debate. This is due to the fact that
these fuels have been linked to global warming. In addition, an increasing demand for
energy and the steady rise in fuel prices has led many countries to look for new sources
of energy that are environmentally friendly and as well as renewable.

The International Energy Agency explains that [1]: “Renewable energy is derived
from natural processes that are replenished constantly. In its various forms, it derives
directly from the sun or from heat generated from the earth. Included in the definition
is electricity and heat generated from solar, wind, ocean, hydropower, biomass,
geothermal resources and bio-fuels and hydrogen derived from renewable sources”.
With numerous sources of renewable energy sources available, much research is
currently been undertaken to create or optimize methods to extract the energy. This
study will focus on the extraction of energy from the wind.

The World Wind Energy Association published a report stating that the worldwide
wind installed capacity had reached 254 GW by the first half of 2012 and it was
expected to increase to 273GW by the end of 2012 [2]. It was also reported that
although growth had slowed in some countries like China and United States, which
currently lead the wind industry market, many other emerging countries such as Brazil
and Mexico were adopting wind power to supplement the current power supplies.
Furthermore, it reported that the growth in wind sector is expected to continue to
increase even though some countries were experiencing financial difficulties. As
interest in wind power continues to grow, more research is done to understand the wind
and the methods to extract power.

The wind is caused by the pressure differences as a result of the uneven heating of
the earth by the sun. At the equator, more solar radiation is absorbed than at the poles.
Therefore, in a simple model, the air would rise from the equator and sink at the poles.
But due to the earth’s rotation and seasonal variations in solar radiation, the circulation
of the wind is much more complex. The wind blows primarily along the horizontal
plane (as the vertical pressure gradient force tends to be cancelled by the gravitational
force), moving from a high pressure region to a lower pressure one. A simplified figure
of the directions of the wind around the earth [3] is given in Fig.1.1. This figure does
not show the effect of land masses have on wind distribution.
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Figure 1.1: A simplified diagram of the global wind flow patterns
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In addition to the pressure differences, seasonal variations of solar radiation and the
earth’s rotation, the movement of the wind also affected by the inertial forces of the
wind itself and the friction on the earth’s surface [4]. The movement or the kinetic
energy of the wind can converted to some other form of energy by wind machines in
order to be utilized in a useful manner. There are many types of wind machines
available and it is useful to classify them into several categories.

1.1.1 Classifications of wind turbines

There are several ways to classify the wind machines. Some of these categories
classify wind machines as lift or drag type wind machines, horizontal or vertical axis
wind machines or according to their size and scale.
1.1.1.1 Lift and drag wind machines

The first type that will be discussed is the drag type wind machines. These are
simplest kinds of machines that utilize the force of the wind impinging on the surface
of the rotor blade/vane to drive the turbine, converting the kinetic energy into
mechanical energy. An example of a drag type wind machine is given in Fig.1.2.



Figure 1.2: A Savonius rotor is an example of a Drag type Wind turbine

The second type is the lift type wind turbines that have rotor blade shapes that
generate lift to turn the turbine. This type of turbine is mostly used today and the most
common type is the propeller type turbine with a horizontal axis that uses airfoils as
blade sections.

Mathematically, drag type turbines are less efficient than lift type turbines and lift
type wind turbines are able to produce more power for the same surface area as a drag
type wind machine [5, 6, 7]. This is due to the fact that the power producing surfaces
of a drag type turbine cannot move faster than the wind and limit the relative wind
speed. The relative wind is proportional to the power produced and thus a lower
relative wind speed would mean that low power will produced by the turbine. On the
contrary, lift type turbines are able to achieve relative wind velocities that are much
greater in magnitude than the free stream velocity. Because of this, lift type turbines
are utilized for power generation. Some wind machines can use a combination of lift
and drag forces to convert the wind energy. These are generally not as efficient as more
technologically advanced lift type turbines.

Another classification method used to classify turbines is to categorize the turbines
by the rotational axis of the rotor.
1.1.1.2 Horizontal and vertical axis wind turbines

Wind machines or wind turbines are also classified by their rotational axis. These
categories are known as horizontal axis wind turbines (HAWT) or vertical axis wind
turbines (VAWT).

Vertical axis wind turbines are some of the oldest designs of wind rotors. Initially,
VAWTSs were built as drag type rotors but in 1925, the Darrieus rotor was invented that
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used lift. Some of examples of other types VAWTSs are given in Fig.1.3. VAWTSs have
some advantages such as simple design, the housing of mechanical and electrical
components near the ground and no yaw system.

Disadvantages include low tip ratios, low self-starting ability and the inability to
control the power or speed by pitching the blades.

Horizontal axis wind turbines rotate around a horizontal axis. Most of these are
designed on a propeller type concept and are the most common types of turbines used
for commercial power generation. HAWTSs are used because of several advantages.

Firstly, the rotor speed and power output can be controlled by pitching the rotor
blades around the longitudinal axis. Secondly, the blade can be optimized
aerodynamically and this will lead to higher efficiency and power output. Finally, the
technology of HAWT designs is more advanced compared to that of VAWT designs.

However, HAWTSs require a yawing system to ensure the wind is flowing directly
into the rotor swept area for maximum efficiency and are sensitive to the turbulence in
the wind. In addition, the generator must also be mounted on the nacelle at the rotor
height which can complicate maintenance.

The final method that will be described here, classifies wind turbines by the size of
the rotor diameter.

Savonius-Rator Darrieus-Rotar H-Rator

[

L -

Figure 1.3: Examples of VAWTSs
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1.1.1.3 Rotor size classification of turbines

Both the output power and size of the wind turbines can vary from one machine to
another. Thus a classification system that can group the various sizes into a category is
very useful. The table below shows a summary of the scale and the respective power
rating according to the rotor diameter of the turbine [8, 9].



Table 1.1: Classification of wind turbine systems by rotor size

Scale Power Rating Rotor Diameter
Micro 50 W to 2 kW less than 3m
Small 2 kW to 40 kW 3mto 12m
Medium 40kW to 999kW 12m to 45m
Large More than 1 MW 46m and larger

1.2 Motivation for study

This study will be looking at the design and performance of two types of small scale
10kW wind turbines that can be used for power production.

By using commercial computer-based software, a lift type HAWT and a drag type
cross flow type wind turbine will be modeled and the power and performance

characteristics of these two turbines will be analyzed and compared.

In order to understand the relationship between the power produced by a turbine and
the physics of the flow, several theories have been developed and the accepted theories

will be discussed in the next section.




Chapter 2 Basic theory of wind turbines

2.1 Betz theory

As discussed earlier, the wind turbine converts the kinetic energy of the stream into
mechanical energy. The principle of this conversion was shown by Albert Betz. Betz
showed how for a certain cross sectional area of an air stream, the extractable
mechanical energy was restricted to a proportion of the available energy in the stream.
He also found that the optimal point at which power conversion was the highest could
be determined by the ratio of the flow velocity in front of the convertor to the flow
velocity behind the convertor [10].

Fig.2.1 shows the flow conditions for a disk shaped wind convertor.
The Kinetic energy of the air of mass (m) at a velocity (v) is given by the equation (2.1):

KE=-mv? (Nm) (2.1)

The volume flow rate (V’) through a cross sectional area (A) can be expressed as the
equation (2.2):
V=vA (m%s) (2.2)

Now the mass flow rate is given as equation (2.3):
m=pvA (kg/s) (2.3)

Combining these equations, the equation (2.4) for power in the air stream can be
written as:

1
Pair = 3 p viA (W) (2-4)

Because mechanical energy is extracted the kinetic energy of the airstream will
decrease. This means that at a constant flow rate, the reduction of the flow velocity
behind the convertor will increase the size of the cross sectional area of the airstream.
Therefore the mechanical energy extracted is the difference in the power of the air
stream before and after the convertor given in equation (2.5):

1 1 1
P = ZP A1V13 — 3P Asz3 = 3P (A1V13 - A2V23) (W) (2.5)

7
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Figure 2.1: Flow conditions for a disk shaped wind convertor

Since the mass flow must be maintained, the continuity equation can be written as

equation (2.6)
pviAL = pvaA; (kgls) (2.6)

So therefore equation (1.5) is rewritten as shown in equation (2.7),

P=-m(v;2—v;?) (W) 2.7)

Using equation (2.7) only, the maximum power output would be obtained if v, was
zero. However, this implies that the flow behind the convertor is stopped and there
would be no more flow through the turbine. In order to obtain a physically meaningful
result, the maximum extractable power output must be related to the ratio between the
outflow and inflow velocities (vo/vy).

To do this, another relation must be made to express the power of the convertor by
using the law of conservation of momentum.

The force of the air (thrust) exerts on the convertor is shown by equation (2.8):

Finr = m (vy —v3) (N) (2.8)

This thrust is counteracted by equal and opposite force by the convertor on the airflow.
8



The thrust pushes the airflow at a velocity (v’). The power can be calculated by
equation (2.9):

P =Fy, v = vy —vy)v' (W) (2.9)

Therefore the mechanical power can be extracted either from the power difference
before and after the convertor or from the thrust and flow velocity. Equating the two
equations (2.7) and (2.9) giving equation (2.10), the relationship for the flow velocity v’
can be found as equation (2.11):

L (22 = v,2) = h(v, vV (W) (2.10)

vi= 2 (mis) (2.11)

The mass flow rate for the airstream can be written as equation (2.12):
m=pAv = -pAVi+vs) (kofs) (2.12)

The mechanical output power of the convertor can be then written as equation (2.13):
Pmech = 7P A (V12 = v;2)(vy +v5) (W) (2.13)

The ratio between the mechanical power extracted by the convertor and the available
power in the wind is called the power coefficient (Cp) and this can be written as
equations (2.14) and (2.15):

1 A(vi2—v,2 +
Cp = Pmesh - (o ve v (2.14)
air PV A
_ Pmech _ 1|, _ (V2 2 V2
Cp = Tmech = 21 (Vl) ||1+ = (2.15)

By using this relationship between the power coefficient and the ratio of the air
9



velocities, a graph can be drawn to easily determine the point at which the optimal
power extraction occurs as shown in Fig.2.2 [11].
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Figure 2.2: The relationship between the power coefficient and the velocity ratio

When v,/v; = 1/3, the maximum power coefficient becomes Cp = 16/27= 0.593 [10].
This is called the Betz factor.

These equations describe the conditions for optimal power extraction for an ideal
airflow without any losses during conversion.

The flow just before the convertor has to reduce to two thirds of the airstream
velocity and behind the convertor the velocity should be a third of the airstream
velocity.

Moreover, the maximum possible extractable mechanical work is limited to 59.3% of
the power available in the wind.

In reality, the amount extracted is much lower than this due to various factors such as
friction and aerodynamic losses.

2.2 Blade element momentum theory

The blade element momentum theory describes the operation of the wind turbine by
equating two methods; the momentum balance on a rotating annular stream passing
through the turbine and the lift and drag forces generated by the airfoils along the blade.

2.2.1 The momentum theory
10



To develop the equations for the momentum theory, we consider Fig.2.3, a stream
tube with stations 1 to 4. The disc is considered ideal, the flow is frictionless and there
is no rotational component in the wake. The velocity far ahead of the disk is (V1) and
far downstream is (V,). Between stations 2-3, a pressure difference occurs due to

energy extraction.

Blades
Vi ik Vi

— N
‘ .\Hub

Y

1 23 4

Figure 2.3: The simplified flow with several points for consideration
Applying Bernoulli’s equation:

From station 1 to station 2 yields equation (2.16):

P +-pVi? = Py 4oV, (2.16)

From station 2 to station 4 gives equation (2.17)

P,—AP+ -pVi= P+ - pV,’ (2.17)
Combining equations (2.16) and (2.17) gives the following equation (2.18):
1
AP = - p (Vi? = V,?) (2.18)

The thrust resulting from the pressure drop over the area of the disk (A) is shown by
11



equations (2.19) and (2.20):

Fuyr = APA (2.19)

Fenr = 5p(V2* — Vs*)A (2.20)
In addition, the induction factor (a) is defined by equation (2.21):

_Vi-V;
a= "t (2.21)

Using equation (2.21), the velocities V, and V, can be written as shown by equations
(2.22) and (2.23):

V, = V,(1 - 2a) (2.23)

The thrust force equation can be rewritten as equation (2.24):
1
Fonr = 5 pV1°[4a(1 — 2)]A (2.24)

2.2.2 Rotating wake/ Rotating annular stream tube

In the previous discussions, there was no rotation that affected the flow. In an actual
flow, the rotation of the rotor imparts some rotational component to the flow and the
wake rotates in the opposite direction of the rotation of the rotor.

Fig.2.4 shows the convertor with a radius of r, rotating with an angular velocity of Q
and the angular velocity of the flow is given by ®. The stream-tube thickness of a small
element is dr.

12



Figure 2.4: The wind turbine in the rotating wake theory

By applying the energy equation across the convertor, the expression for the pressure
difference is given by equation (2.25)

P,—P;=p (Q + %w) wr? (2.25)
On an annular element, the thrust is written as equation (2.26):

dThr = (P, — P;) dA = [p (Q + %w) oorz] 2mr dr (2.26)
The angular induction factor, a’ written as equation (2.27):

q = = (2.27)
The tangential force on an annular element can be rewritten as equation (2.28):

dTan = 4a’(1 + a") % pQ%r?2mr dr (2.28)

13



Or by using the equation (2.22) to give equation (2.29):
dFra, = 4a’(1 — a)pV, Qri3mdr (2.29)

There is less energy available for extraction by the convertor due to the generation of
the rotational energy in the wake.

2.2.3 Blade element theory
The blade element theory analyses the forces at sections of the blade. The theory has
two important assumptions that are made:
a) There is no interaction between the different blade sections
b) The lift and drag coefficients of the airfoils on the blade determine the forces
on the blade

The blade is divided into N sections and each section will have slightly different flow

conditions due to the different air velocities, chord lengths and twist angles as shown in
Fig.2.5.
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Figure 2.5: The Blade Element Theory analyses forces at N sections of the blade

Fig.2.6 below shows the variables and the relationships between the angles,
velocities and forces at the blade.
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Figure 2.6: Relationships between the flow velocities and forces on an airfoil

The angle between the chord line and the relative wind is the angle of attack (a). The
pitch angle of the section (6y) is the angle between the angle between the plane of
rotation and the chord line. Generally, horizontal axis wind turbine blades are slightly
twisted at various sections to ensure optimal flow conditions due to the fact that the
blade tip moves faster than the root of the blade. The angle of the relative wind is the
addition of the angle of attack and section pitch angle.

The incremental lift force (dF_) acts normal to the chord and the incremental drag
force (dFp) acts in the direction. The incremental force acting normal to the plane of
blade rotation (dFy) contributes to the thrust. The incremental tangential force in the
acting along the plane of blade rotation (dF+) is the force that creates the torque.

The relative wind speed (V) is at an angle ¢ to the plane of rotation. Using Fig.2.9,
the following relationships can be expressed in equation (2.30):

tan@ = —u—2 _ _1-a 2.30
¢ = ar(1+ar)  (1+ani, (2.30)
Where the tip speed ratio, A, is given by the equation (2.31):
Qr
A = ™ (2.31)

The relative wind speed relationship with the wind speed is expressed by equation
(2.32):
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V(1-a)
Viel =

(2.32)

sin ¢

The incremental lift and drag forces on a chord length (c) are expressed as equations
(2.33) and (2.34) respectively:

dFy = G 5 p Vi *cdr (2.33)

dFp = Cq 5 p Vi *cdr (2.34)

The expressions for the incremental normal and tangential force are given by the
equations (2.35) and (2.36):

dFy = dF, cos @ + dFp sin@ (2.35)
dFt = dF}, sin¢@ — dFpcos @ (2.36)

For a turbine with a blade number B, the incremental thrust is given by equation (2.37):

dFyr =B %erelz(Cl cos @ + Cq sin@)cdr (2.37)

The incremental tangential force acting at a distance, r, from the center gives the
expression for differential torque given by equation (1.38).

dF,r = B %erelz(Cl sin@ — Cq cos@)crdr (2.38)

The equation for local solidity is written as shown by equation (2.39):

y _ CB
= Tor (2.39)

Using the equation for relative wind velocity, equation (2.32), and the local solidity,
equation (2.39), the thrust and torque at a section is given respectively as equations
(2.40) and (2.41):
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V2(1-a)?

dFy, = o'mp —m (Cjcos @ + Cq sin )dr (2.40)
2(1_3)2
dFor = o'mp Vsi(iz :) (Cysing — Cqcos @) rdr (2.41)

2.3 Prandtl’s tip loss factor
A correction Q is used to account for the blade losses due to blade tip vortices.
The equation is written in equation (2.42):

Q= %cos_l(exp_f) (2.42)
Where:
B R-
f==—" (2.43)
2 rsing

Also the results from cos™ must be in radians.
Using this factor, the equations for axial and tangential force in equations (2.24) and
(2.29) can be re-written into equations (2.44) and (2.45):

dFay = 4mrpVy%a(l —a)Fdr (2.44)
dFran = 4mr3p Viw (1 —a)a’Fdr (2.45)
Using these equations, horizontal axis wind turbine blade geometry can be designed
for certain flow conditions.

Using these theories, this study will look at designing a 10kW Horizontal Axis Wind
turbine blade and comparing the performance with a Cross Flow type Wind Turbine.
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2.4 Design of a horizontal axis wind turbine blade
In order to design a HAWT, selection of several initial design parameters are needed.
Using the following formula, the radius of the blade was calculated by equation (2.46):

P = Cpan;pmR?V? (2.46)

Where P is the power output (10kW), Cpq is the expected power coefficient (0.43), n
is the electrical and mechanical efficiency (0.9), V is the velocity of the air (10m/s) and
R is the radius of the blade. The radius was calculated to be 3.70m.

The parameters for the design of the turbine are shown in the table below.

Table 2.1: Design Parameters for the HAWT

Rated wind speed 10m/s
RPM 167.76
Rated power 10kw
Stall control type Passive
Blades 3
Diameter 7.4m

The HAWT will be a passive stall controlled turbine. This means that the blade will
undergo stall at speeds over the rated speed. Stall occurs when the flow over the
surface of the blade is separated. This reduces the power output of the turbine and in
addition, reduces the damage to the turbine that might occur at higher speeds [12].
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Figure 2.7: Power versus wind speed curve for two types of power control methods

Fig.2.7 shows the power output versus wind speed for two turbines using two
different power control methods. The advantage that stall controlled rotors have is that
they have few moving parts in the turbine which reduces maintenance.

For the blade geometry of a HAWT, the airfoil sections are important in producing
the necessary forces to convert the kinetic energy of the wind into mechanical energy.
There several factors to consider before selecting certain airfoils for HAWTSs.

One of these is the thickness of the rotor blade. Generally, thinner rotor blades allow
the use of high performance airfoils enabling more energy to be converted and increase
the wind rotor power coefficient. However, thinner blades have reduced strength and
stiffness. Thicker airfoils increase the thickness of the blade and provide more strength
but have lower aerodynamic performance characteristics [13].

Another factor is the roughness sensitivity of an airfoil. Wind turbines get
contaminated with dirt/insects/ice during operation. The contamination often reduces
the aerodynamic performance of the airfoils and the turbine. The low roughness
sensitivity is needed to ensure that the airfoils do not suffer a large amount of
derogation in aerodynamic performance due to dirt accumulation on the blade. Using
certain airfoils that have low sensitivity to the contamination is therefore important.
Once the airfoils are selected, the performance of a turbine can be predicted.
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In addition, since the blade of the wind turbine experiences different flow conditions
over the blade geometry, airfoils that are selected to be used in blade must fulfill
certain conditions ensure that gives the turbine optimum performance in most
conditions.

Some of the factors that are needed to be considered depend on which section of the
blade the airfoil is located.

As shown in Fig.2.8, from 12% to 40% of a turbine blade, thick airfoils of about 30-
40% thickness are needed to provide more structural stability rather than aerodynamic
performance [14, 15].

From 40-60% of a blade, airfoils of about 25% thickness are needed, provided that
the airfoils also have low roughness sensitivity [14, 15].

At 60% to 100% of the blade geometry, the aerodynamic performance is important as
most of the power produced comes from this section. Low thickness (from 18%-25%)
airfoils with large lift to drag ratios are used. Also, the maximum lift coefficient (C,) of
the airfoil should around 1.2-1.4 to avoid sudden fluctuations in loading when gusts
occur. Moreover, airfoils used in this region should display lift curves that do not have
sharp drops in C_ value past the stall angle [14, 15].

7 % l E:' _I ¥ | ! ' _ ______ ™
L/

10 20 30 40 50 &0 70 80 90 100
Rodius (Percent)

Figure 2.8: Top view of a HAWT blade span with the highlighted areas indicating the
regions for various airfoils

Several airfoils were initially selected and the performance curves were taken from
literature.
The selected airfoils were DU-W-300, DU 91-W2-250, S819, Risg-Al-24,
SG6043_Eppler422 and DU-96-W-180.
By using the blade element and momentum theories, the 2D lift and drag coefficients
of the airfoil can be used to predict the performance and power output of a wind
20



turbine.

The BEMT-based in house code POSEIDON [16] was used to predict the
performance of several geometries of the blade before selecting the most suitable one.
It was found that the most suitable airfoils for design were the DU-W-300, DU 91-W2-
250 and DU-96-W-180 airfoils. These 3 airfoils were placed in the 12-40%, 40-60%
and 60-100% of the blade length respectively as shown in the previous figure.

The chord length and twist distribution of the turbine is given below in Fig.2.9 to
Fig.2.10.

The chord length formula, shown as equation (2.47), was suggested by Grant Ingram
[17]:

__ 8mrcosp 247
" 3B, (2.47)
Where C is the chord length at a section, [ relative angle of the flow to the section, B is

the number of blades and A is the local speed ratio of the section.
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Figure 2.9: Chord distribution of the airfoil along the blade span
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Figure 2.10: The twist distribution of the airfoils on the HAWT

The twist angle was configured in POSEIDON. The twist angles form 40% of the
blade section was twisted so that the coefficient of lift produced at 10m/s was close to
the maximum coefficient of lift value.

The blade was then modeled in NX 5.0 and analyzed in commercial CFD software,
CFX 13.

2.5 Cross flow type wind turbine

Cross flow type turbines have been used primarily in hydropower applications. These
types of turbines are simple to manufacture and can operate over a wide range of flow
rates quite efficiently.

Cross flow type turbines have been studied in the past for possible applications in
wind power. One advantage that the cross flow type has over the conventional type of
turbines is that the noise emission is low or negligible. However, cross flow type
turbines have a low efficiency compared to that of conventional turbines (Cp = 0.1
compared to 0.4 for most modern day HAWTS) and are therefore generally not
economically feasible [18].
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Previous studies done by Shigetmitsu et al [19] and Kishinami et al [20] looked at
two different ways to increase the power output.

Shigetmitsu used symmetrical casings to influence the flow around the turbine and
obtained a maximum Cp of 0.19 whereas Kishinami installed guide vanes that
increased the power output up to a Cp value of 0.2.

This study will look at the effect of using a nozzle and diffuser on a cross flow type
wind Turbine. The performance characteristics of the cross flow type wind turbine will
compared to the HAWT.

The next chapter will describe the modeling of the two turbines and the method used
to analyze them.
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Chapter 3 Methodology

This section discusses the method numerical modeling, the design of the horizontal
axis wind turbine and cross flow turbine and well as the various geometric
configurations used for the investigation.
3.1 Numerical modeling

This study involves the use of Computational Fluid Dynamics (CFD) which is a
computer-based tool that is widely used for analysis and design purposes. By utilizing
the advances in computing power and graphics, creation and analysis of a certain
model is much less labor intensive and cheaper than experimental methods.

ANSYS CFX solves the unsteady Navier-Stokes equations in their conservation form
[20]. The instantaneous equation of mass (continuity) in the stationary frame is
expressed as equation (3.1):

24V (pU) =0 (3.1)
And the instantaneous equation for momentum is expressed as shown in equation (3.2):
24V (pURU) = —Vp+V-T+Sy (3.2)

Where 1 is the stress tensor.

These instantaneous equations are averaged for turbulent flows leading to additional
terms that need to be solved. While the Navier-Stokes equations describe both laminar
and turbulent flows without addition terms, realistic flows involve length scales much
smaller than the smallest finite volume mesh. A Direct Numerical Simulation of these
flows would require significantly more computing power than what is available now or
in the future.

Therefore, much research has been done to predict the effects of turbulence by using
turbulence models. These models account for the effects of turbulence without the use
of a very fine mesh or direct numerical simulation.

These turbulence models modify the transport equations by adding averaged and
fluctuating components. The transport equations are changed to equations (3.3) and
(3.4):

24V (pU) =0 (3.3)
2L4+V-{pURUY = —Vp+V-{r — pu®u} + S, (3.4)

The mass equation is not changed but the momentum equation contains extra terms

which are the Reynolds stresses, p u®u and the Reynolds flux, p u ¢. These Reynolds
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stresses need to be modeled by additional equations to obtain closure. Obtaining
closure implies that there are a sufficient number of equations to solve for all the
unknowns including the Reynolds stresses and Reynolds fluxes.

Various turbulence models provide various ways to obtain closure. In this
investigation, the model utilized was the Shear Stress Transport (SST) model. The
advantage of using this model is that combines the advantages of other turbulence
models (the k-g, Wilcox k-o and BSL k-w). In order to understand the advantage the
SST model gives, the 3 other turbulence models will be discussed briefly.

3.2 Turbulence models
3.2.1 Two equation turbulence models

Two-equation turbulence models are widely used in CFD as they give a good
compromise between computational power needed and accuracy. The term ‘two
equation’ refers to the fact that these models solve for the velocity and length scales
using separate transport equations. The turbulence velocity scale is obtained by solving
the transport equation. The turbulent length scale is estimated from two properties of
the turbulence field, namely the turbulent kinetic energy and the dissipation rate. The
dissipation rate of the kinetic energy is obtained from its transport equation. The most
widely used are the the k-¢ and k-o two equation models. In the next section, the k-g,
Wilcox k-o, BSL k- and SST models will be briefly discussed. More details on the
models are in reference [22].
3.2.1.1 k-g Turbulence model

The k-¢ model introduces k (m?/s®) as the turbulence kinetic energy and & (m?/s®) as
the turbulence eddy dissipation. The continuity equation remains the same:

0
2+v-(pU)=0 (3.4)

The momentum equation changes, as shown by equation (3.5):

2L+ V- (pURU) = —Vp' + V- (iter (VU + (VU)T)) + Sy (3.5)
Where Sy is the sum of body forces, s IS the effective viscosity accounting for
turbulence and p’ is the modified pressure. The k-&¢ model uses the concept of eddy
viscosity giving the equation for effective viscosity as shown by equation (3.6):

Herr = 1+ U (3.6)
W is the turbulence viscosity is linked to the turbulence kinetic energy and dissipation
by the equation (3.7):
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k2
:ut = up —_— (37)

&
Where C, is a constant.

The values for k and & come from the differential transport equations for the turbulence
kinetic energy and the turbulence dissipation rate.
The turbulence Kkinetic energy equation is given as equation (3.8):

d(pk)
at

+V-(pUk) = V- [(u + ;‘—;) Vk] + P + Py, — pe (3.8)

The turbulence dissipation rate is given by equation (3.9):

a(pe)

T TV U =V (1 + ) Ve| 4 £ (Ca(P+ Py = Cope)  (39)

Where C,i, Cy, ok, ¢ are constants.

Pk is the turbulence production due to viscous forces and is modeled by the equation
(3.10):

Pe = VU - (VU + VUT) =2V - U(31,Y - U + pk) (3.10)

A buoyancy term may be added to the previous equation if the full buoyancy model is
used. However, it this option is not used in this study.

3.2.1.2 Wilcox k- turbulence model

This model has an advantage over the k- model, where it does not involve complex
linear damping functions for near wall calculations at low Reynolds numbers.
The k- model assumes that the turbulence viscosity is related to the turbulence kinetic
energy, k, and the turbulent frequency, ®, by the equation (3.11):

k
He=p (3.11)
The transport equation for k is given by the equation (3.12):
a(pk) '
%+V-(pUk)=V-[(u+g—;)Vk]+Pk+Pkb—ﬁpkw (3.12)

The transport equation for @ is shown as equation (3.13):

%+V-(pr)=V-[(u+5—;)Vw]+a%Pk+wa—ﬁpwz (3.13)
The production rate of turbulence (Py) is calculated as shown previously in the k-¢
section.
The model constants are given by equations (3.14) to (3.19):
B’ =0.09 (3.14)
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a=">/q (3.15)

B = 0.075 (3.16)
g, =2 (3.18)

The Reynolds stress tensor, p u®u, is calculated by:
—pu®u = y, (VU + (VU)T) — ga(pk + u,V-U) (3.19)

3.2.1.3 Shear stress transport model

The disadvantage of the Wilcox model is the strong sensitivity to free-stream
conditions. Therefore a blending of the k- model near the surface and the k-¢ in the
outer region was made by Menter [23] which resulted in the formulation of the BSL k-
o turbulence model. It consists of a transformation of the k-¢ model to a k-®
formulation and subsequently adding the resulting equations. The Wilcox model is
multiplied by a blending function F; and the transformed k-¢ by another function 1-F;.
F1 is a function of wall distance (being the value of one near the surface and zero
outside the boundary layer). Outside the boundary and on the edge of the boundary
layer, the standard k-& model is used [22].

However, while the BSL k-o model combines the advantages of both the k-g and
Wilcox k- turbulence models, it fails to properly predict the onset and amount of flow
separation from smooth surfaces. The k-e and Wilcox k-o turbulence models do not
account for the transport of the turbulent shear stress resulting in an over-prediction of
eddy-viscosity. A limiter on the formulation can be used to obtain the proper results.
These limiters are given by equation (3.20):

alk

YT ma@os 820
Where

Ut
Vy = — 3.21
t p (3.21)

F, is a blending function which restricts the limiter to the wall boundary and S is the
invariant measure of the strain rate.

The blending functions are given by the equations (3.22) to (3.23):

F, = tanh(arg;*) (3.22)

vk 500 v) 4pk )

arg, = min|{max
91 ( (.B’wy’ yiw ’ CDkWC"a)Zy2

(3.23)
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y is the distance to the nearest wall and v is the kinematic viscosity. In addition:

1

Op2W

C Dy, = max (Zp VkVw, 1.0 X 10—10)

F, = tanh(arg,?)
2vk SOOv)
Blwy’ y?w

arg, = max(

To perform a simulation using CFD, the primary steps taken are:

a) Creation of the geometry

b) Generating the mesh of the geometry
c) Define the physics of the model

d) Solving the model

e) Process and Analyse the results of the simulation

These steps will be further discussed in the sections below.
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3.3 Creating the geometry

The three dimensional models of the geometry for the horizontal axis wind turbine
and cross flow turbine were made using the commercial computer aided drawing
software, Uni-graphics NX 5.0.

3.3.1 Model of horizontal axis wind turbine (HAWT)
The geometry of the blade in Fig.3.1 was made using NX 5.0 software using the
information previously calculated in Fig.1.12 to Fig.1.13.

%
//,///
///

o

Figure 3.1: Cross sections of the horizontal axis wind turbine

Near the trailing edge of the airfoils (approx. 0.99C), the sharp trailing edge was
modified into a blunt trailing edge in order to avoid bad mesh generation near this area.

3.3.2 Model of the cross flow turbine

The cross flow turbine geometry was constructed in NX 5.0. The dimensions of the
turbine blade were taken from a study done by Kipyoung et el [24]. The turbine has 30
blades and had an inlet angle of 30° and blade outlet angle of 90°. The model of this
turbine is shown in Fig.3.2.



Figure 3.2: Cross flow turbine

For comparison purposes, the swept area of the HAWT is made equal to the inlet area
of the nozzle for the cross flow type turbine to ensure the power to area ratio was the
same for both turbines. The cross flow turbine inlet dimensions are shown in Fig.3.3
below.

Figure 3.3: Overall geometry of the cross flow turbine with the nozzle and turbine

The blade length spanned the entire width of the turbine and the outer radius of the
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turbine was 1m while the inner radius was 0.615m. The distance from the inlet to the
center of the turbine was 4m.

3.3.2.1 Cross flow turbine nozzle analysis: Method and geometry

To analyze the effect of the nozzle on the performance of the cross flow turbine, two
geometric factors were looked at. These two factors were the entry arc angle and the
shape of the nozzle walls.

3.3.2.1.1 Analysis by turbine entry arc angle

The entry arc is the angle of the arc made by the intersection top and bottom walls of
the nozzle with the outer diameter of the turbine as shown by the angle & in Fig.345
below.

Figure 3.4: The Turbine Entry Arc angle

This angle was varied from 30° to 135° and the geometry of the 4 cases is presented
from Fig.3.5 to Fig.3.8 below.
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Figure 3.5: Entry arc angle 30° case

Figure 3.6: Entry arc angle 90°

32



Figure 3.7: Entry arc angle 120°

Figure 3.8: Entry arc angle 135°
After the analysis on the entry arc angle was done, the shape of the nozzle wall was

investigated.

3.3.2.1.2 Analysis by Nozzle shape
For this analysis the walls of the nozzle was varied as shown from Fig.3.9 to Fig.3.14.

There were a total of six nozzle shapes used for analysis. All dimensions shown are in
millimeters (mm).
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Figure 3.9: Nozzle analysis: Case 1

Figure 3.10: Nozzle analysis: Case 2
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Figure 3.12: Nozzle analysis: Case 4
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Figure 3.14: Nozzle analysis: Case 6
After the conclusion of the analysis of the nozzle geometries, the nozzle that gave the
highest power output utilizing the results of the previous analysis was selected and was
used as the default nozzle for subsequent simulations of the effect of the diffuser. The
effect of the diffuser geometry was studied in two parts. The first analysis was the
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effect of the diffuser entry arc followed by a second analysis which investigated the
effect of different diffuser shapes on the performance characteristics of the turbine.

3.3.2.1.3 Diffuser Entry Arc

In similar manner to the turbine entry arc angle, the diffuser arc angle is the angle of
the arc made by the intersection of the top and bottom walls of the diffuser with the
outer diameter of the turbine shown in Fig.3.15 as 3.

Figure 3.15: Diffuser entry angle 90°

Figure 3.16: Diffuser entry arc Angle 135°

Once this investigation was completed, the effect of the geometry of the shape of the
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of the turbine was investigated.
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Figure 3.20: Diffuser analysis: Case 4

After the geometries were all created, the mesh of the geometries for numerical
modeling was generated.
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3.4 Mesh generation

Mesh generation refers to the creation of a numerical domain over a certain geometry
in which the computer can use to solve the required equations. After the completion of
the geometry, a number of computer based software may be used to generate the
numerical domain. In this study, ICEM CFD was used to generate the mesh of the two
wind turbines and output the required file for the solver.

ICEM CFD allows for the generation of several types of meshes including
tetrahedral, hexahedral or even hybrid meshes. Tetrahedral meshes are generally less
time consuming to build whereas hexahedral meshes provide more accurate results
provided that the mesh quality is high.

In addition to this, ICEM CFD allows for the generation of structured or unstructured
meshes. Structured meshes have cells that are regular in shape and each grid point is
uniquely identified by indices and coordinates. Unstructured meshes contain cells that
are not necessarily regular in shape and have grid points in no particular ordering. The
main advantage of unstructured meshes is the flexibility it provides in the generation of
a computational grid in complex geometries.

The computational grid of all the geometries in this investigation was made of
unstructured hexahedral volumes to ensure accurate results.

3.4.1 Horizontal axis wind turbine mesh

The mesh of the HAWT blade is given in Fig.3.21. Only one blade is modeled in a
120° angled domain. The remaining blades are accounted for by using periodic
conditions. This method saves computational power by reducing the complexity of the
mesh and retains accuracy of the simulation. The distance from the inlet to the blade is
about 29.6m and the distance from the blade to the outlet is 37m. The domain is 14.8m
in width.

40



Figure 3.21: Computational Grid of the domain for the wind turbine
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Near the blade of the HAWT, the detail of the flow is very important. Therefore the
distance of the first node from the surface of the blade (or Y-Plus) must be taken into
consideration. For the simulation of the HAWT, the average Y-Plus around the blade

was around 6-8.
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Figure 3.23: Mesh volumes Surrounding the blade

The total number of nodes for mesh of the HAWT is approximately 3.1 million nodes.

3.4.2 Cross flow turbine mesh

Unlike the HAWT blade, the cross flow turbine simulation required several meshes
which were generated independently before combining the several meshes together.
The parts were named as The Main Domain, Nozzle domain, Turbine domain, Internal
Fluid domain, Top Strip/Lower Strip domain and the Diffuser domain. For all analysis
involving the cross flow turbine, approximately the same number of nodes for the
various domains were used.

The mesh of the various parts is shown in Fig.3.24.
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Figure 3.24: Computational grid of the domain for the cross flow turbine
The inlet and outlet is 100m from the turbine. A large domain is used to ensure
convergence in the simulations. In addition, a casing is surrounding the nozzle, top

strip, internal fluid, turbine and diffuser domains. This is done to make a higher quality
mesh around the regions and simplify the mesh generation.
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Figure 3.25: Mesh of the nozzle

Figure 3.26: Mesh of the top strip part of the turbine
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The top and lower strip meshes were similar except for their location in the geometry.
The lower strip mesh was only used in Case 6 of the nozzle shape analysis and the 90°

diffuser entry arc angle case.

Figure 3.27: Mesh of the internal fluid domain
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Figure 3.28: Mesh for the turbine blade
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The mesh of the blade of the turbine is shown in Fig.3.28. Only one blade was meshed

and the remaining 29 blades were added in CFX-Pre by mesh transformation. This
method made the blade mesh generation much more simple.
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Figure 3.29: Mesh for the diffuser
A summary of the number of nodes is given in the following table.

Domain name

Table 3.1: Number of nodes in various domains

Number of nodes
MAIN ~189280
NOZZLE ~19200
TURBINE ~1776000
TOP STRIP/LOWER STRIP ~4000
INTERNAL FLUID ~36880
DIFFUSER ~37440
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The next step after mesh generation is to define the necessary boundary conditions,
fluid velocities and rotational speeds for analysis.

3.5 Simulation setup

In order to simulate the physical conditions of the two turbines, the conditions of the
flow must be defined. In this study, the boundary conditions, fluid speeds and other
variables are set using CFX Pre.

CFX Pre allows for specifications of fluid properties, various conditions at specified
boundary regions and as well as the creation of user created expressions for monitoring
during the solver process. Both simulations were analyzed as steady state simulations.

3.5.1 HAWT setup in CFX Pre
The setup for the HAWT is shown in Fg.3.30 below.
Outlet

Figure 3.30: The setup of the HAWT simulation

For the simulation, the HAWT had to be tested over a range of wind speeds. For this
project the wind speed range was from 7m/s to 20m/s. At the outlet and opening
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boundary above the blade, the relative pressure was set at 0 Pascal.

Since only one blade was modeled, the other two blades had to be accounted for using
periodic conditions. Fig.3.31 shows the interface boundary where the rotational
periodicity was selected as the interface model. Table 3.2 shows the summary of the
conditions specified in CFX Pre.

Opening »

Inlet Interface

Figure 3.31: Setup of the HAWT simulation indicating the interface region

Table 3.2: Summary of the conditions in CFX Pre for the HAWT simulation

Simulation type Steady State
Nodes 3,172,544
Turbulence model Shear Stress Transport (SST)
Yplus (average) 6-8
Wind speed cases (m/s) 7,10, 13,15, 20
Rotational speed (RPM) 167.14
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3.5.2 Cross flow turbine setup in CFX Pre
Fig.3.32 below shows setup for the cross flow turbine of the analysis in CFX-Pre.

Figure 3.32: Overview of the whole domain with the various boundary conditions
shown

Fig.3.33 shows a casing that surrounds the various parts of the turbine. This casing was
added to simplify the meshing of the various parts.
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DIFFUSER
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TURBINE

INTERNAL FLUID

Figure 3.33: The setup of the cross flow turbine parts. A case surrounds the turbine
parts.

The rotational speed of the turbine was varied for various tip speed ratios. The formula
used to calculate the tip speed ratio and the angular rotational speed was given by
equation (3.42):

Tip Speed Ratio = (3.27)

inlet

Where o is the angular speed (rads/sec), r is the radius of the turbine (m) and Vipet IS
the velocity at the inlet (m/s) which was set at 10m/s for all the simulations.
Table 3.3 shows the summary of the conditions that were selected in CFX Pre.
Table 3.3: Summary of the conditions for the cross flow turbine

Simulation Type Steady state
Inlet Velocity (m/s) 10
Turbulence Model Shear stress transport model
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Rotational Speed (rads/sec) 2,4,6,8

3.6 Solving the simulation

Once the models have had the various variables and boundary conditions specified,
the following step is to solve for the solutions using a solver. This study used the CFX-
Solver 13.0 software as the solver.

There are several techniques that can be used to solve the governing equations that
were described earlier. CFX uses the Finite Volume Method (FVM) approach to solve
the required equations. This approach divides a region of interest into smaller control
volumes where the required properties are calculated at the centroid of the volume [21]
shown by Fig.3.34.

afand] - —— e

Figure 3.34: A cell centered FVM approach

The next step requires the integration of the differential form of the governing
equations for each of the control volumes. To describe the variation of the said property,
interpolation profiles are assumed resulting in the discretization equation. The
discretization equation describes the conservation principle for a property inside of the
control volume.

At the completion of the simulation using the solver, the final step for analysis is the
post-processing step.

3.7 Post processing
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The post processing takes place after the required simulation is completed. Post
Processing refers to processing the result of the simulation by a number of ways:

e Generating a visual representation of various flow variables over the geometry
e Generating animations of flow vectors
e Analyzing flow variable distributions
e Processing of results for output onto a chart
The ANSYS software provides CFX-Post as a Post processor function. The results

obtained from the simulations of the two turbines were analyzed in CFX-Post and the
results will be discussed in the next chapter.
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Chapter 4 Results and Discussion

The results of the two simulations are presented in this chapter. This chapter will first
analyze the results of the horizontal axis wind turbine simulation. The power output,
the efficiency and as well the flow over the blade will be discussed.

The analysis of the results of the cross flow turbine will then be discussed. In a
similar manner, the output power, efficiency and flow characteristics will be looked at.

After the two turbines have been analyzed, the final section will compare the
performances of the two turbines.

4.1 Horizontal axis wind turbine analysis
4.1.1 Power output
The power output of the HAWT versus the wind speed is given by Fig.4.1.
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Figure 4.1: HAWT power output (kW) at various wind speeds (m/s)

The graph shows a linear increasing trend for the power output as the wind speed
increases. At the design wind speed of 10m/s, the power output is 11.54kW. While this
was slightly over the design target of 10kW, the objective of 10kW design was
achieved given the initial design parameters.

However, from the graph it is clear that the turbine power control method is not that
effective. The power output increases as the wind speed increases. This could lead to
damage on the wind turbine [12].
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Since the blade was fixed at 0° pitch angle for this simulation, the blade pitch angle
can be changed to improve the passive stall power control on the turbine. In addition,
the twist and chord length distribution can also be changed to ensure that the blade
output power is only reduced at wind speeds that can be damaging to the turbine.

This graph showed that the blade could achieve the required power output and in the
following section, the blade efficiency in power production will be discussed.

Fig.4.2 shows the power coefficient (Cp) at the various wind speeds tested. The
power coefficient is the ratio of the output power of the wind turbine to the available
kinetic power of the wind, essentially the efficiency of the turbine at a certain wind
speed.
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Figure 4.2: Power coefficient at various wind speeds

At 7m/s, the Cp value is 0.33 and as the wind speed is increased to 10m/s, the Cp
increases to a maximum of 0.45. After this wind speed, the Cp graph shows a declining
trend until it reduces to a minimum of 0.22 at 20m/s.

The design Cp of the blade was 0.43 at 10m/s was surpassed and the blade achieved a
higher Cp value.

To further investigate the flow field over the wind turbine, the streamlines of the flow
over the blade was analyzed.
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4.1.2 Streamlines
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Figure 4.4: Streamlines over the suction side of the blade at 10m/s
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Figure 4.6: Streamlines over the Suction side of the blade at 20m/s

The streamlines of the flow are given in Fig.4.3 to Fig.4.6. At 7m/s, the streamlines
56



show the flow remains attached over majority of the blade with slight stall occurring
near the root of the blade. This stall is primarily due to the high angle of attack on the
blade at this section. As the wind speed increases to 10m/s, more stall occurs near the
root of the blade but most of the flow elsewhere on the blade remains attached. It can
also be seen that the separated flow at the root moves toward the tip of the blade.

This movement toward the tip can be more clearly seen at 15m/s where most of the
blade, especially near the trailing edge, is under stall. This movement of the stalled
flow is due to the centrifugal force [25, 26]. Most of the flow at the leading edge
remains attached. This effect is attributed to the Coriolis force, which acts toward the
trailing and can be considered as a favorable pressure gradient [25, 26]. The increase in
the amount of stall at this wind speed also corresponds to the decrease in Cp value
shown in the previous graph of the coefficient against wind speed. Stall decreases the
lift force on wind turbine blade and greatly increases drag force [12]. Passive stall
controlled turbines utilize this fact to control the output of the turbine. However, as it
was seen beforehand in the Fig.4.1, the power continued to increase as the wind speed
increased. Therefore, to improve the power control at wind speeds past 10m/s, the
blade may be fixed at different pitch angle to increase the amount of stall at higher
wind speeds.

Finally at 20m/s, most of the blade is under stall although the flow still remains
attached from the leading edge of the blade to approximately the middle point on the
suction side of the blade.

4.2 Cross flow wind turbine analysis
4.2.1 Turbine entry arc analysis results

The power coefficient (Cp) versus the tip speed ratio (TSR) is presented in Figure 4.7.
The cases have some similarities in between them. All cases have produce low power
at low tip speed ranges and peak at a TSR of 0.4 before decreasing as the TSR
increases.

The 90° case shows the lowest Cp at TSR of 0.4 with 0.05. The next highest Cp
occurs in the 30° case, where the maximum power coefficient is about 0.07. As the
angle increases to 120°, the max Cp is increased up to 0.072. At 135°, the maximum Cp
is about 0.087
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Figure 4.7: Power coefficient versus tip speed ratio for turbine entry arc analysis

To further analyze the shapes, the velocity and pressure contours for all the cases at a
TSR of 0.4 are shown from Fig.4.8 to Fig.4.15.

58



Figure 4.8: Velocity contours at turbine entry arc at 30°

Figure 4.9: Pressure contours at the turbine entry arc at 30°
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Figure 4.10: Velocity contours at the turbine entry arc at 90°

Figure 4.11: Pressure contours at the turbine entry arc at 90°
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Figure 4.12: Velocity contours at the turbine entry arc at 120°

Figure 4.13: Pressure contours at the turbine entry arc at 120°
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Figure 4.14: Velocity contours at the Turbine Entry Arc at 135°

Figure 4.15: Pressure Contours at the Turbine Entry Arc at 135°
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The pressure contours show that a high pressure region at the inlet and within the
nozzle. At the turbine the pressure reduces and a region of lower pressure is seen at the
turbine and diffuser area.

The velocity contours show the flow slowing down from the inlet speed of 10m/s to
below 5m/s before the flow enters the turbine. The flow accelerates and increases on
the wall of the nozzle whereas the flow within the middle of the nozzle remains low.
The best case (135°) showed larger volume of air accelerating through the entry arc
and exiting the turbine than all the other cases as shown by the velocity contours. This
larger volume flow rate can be plotted and seen in the volume flow rate of the air just
before entering the turbine at the different tip speeds is given in Fig.4.16. The figure
shows that at 135° entry arc angle the flow rate is remains the highest out of the all the
cases. As the tip speed ratio increases, the flow rate also decreases for all cases.
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Figure 4.16: Flow rate at the turbine entry arc for the arc angle analysis

As arc angle increases, the area for the air to enter the turbine also increases. This
increase in area allows for a larger volume of air to go enter the turbine, providing
more Kinetic energy for extraction. In addition, the area increase reduces the flow
resistance near the nozzle inlet allowing a higher velocity air into the turbine as shown
in the next figure. Here u/V is a non-dimensionalised number which is the ratio of the
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velocity at a given point to the velocity at the inlet (10m/s).
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Figure 4.17: Velocity profile over the inlet of the nozzle

Fig.4.17 shows the velocity profile of the flow at the inlet of the nozzle. As the arc
angle increased, the velocity profile improves and the magnitude of the flow into the
turbine also increases.

For the next analysis of nozzle shapes, all cases (except for case 6) had an entry arc
of 135°.

4.2.2 Nozzle shape analysis

The graph of Cp against TSR is shown in Fig.4.18. The case with the highest output
is case 3 with a maximum Cp of approximately 0.105 which increased by 20%
compared to the previous analysis. With cases 2, 4, 5 and 6, there was not much
difference in Cp yielding a maximum of 0.087, 0.092, 0.089 and 0.093 respectively.
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Figure 4.18: Power coefficient versus TSR for the nozzle shape analysis
The flow rate at the entry arc into the turbine for the various cases was studied and

this is presented in Fig.4.19, where the flow rate of the air at the various tip speed
ratios is compared.
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Figure 4.19: Flow rate at the entry arc for the nozzle case analysis

The case with highest Cp (case 3) shows higher flow rate into the turbine than all
other cases except for case 5. However, case 5 had a lower Cp of 0.089. The lower
performance despite the higher flow rate can be attributed to the geometry of the lower
nozzle wall near the turbine entrance. This effect can be seen in Fig.4.20 which shows
the magnitude of velocity at the entry arc angle. The sharp drop in velocity corresponds
to the area in which the drop occurs in the geometry of the bottom wall in case 5.
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Figure 4.20: Velocity profile at the turbine entry arc

The velocity vectors with the corresponding velocity contours are shown in Fig.4.21
to Fig.4.32.

In a similar manner as discussed in the previous section, the figures show how the
fluid velocity slows down at the inlet of the nozzle. The velocity vectors also show
how the approaching flow near the top and bottom of the nozzle tend to flow around
the nozzle instead of into the nozzle.
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Figure 4.21: Velocity vectors of case 1 of the nozzle analysis

Figure 4.22: Velocity contours of case 1 of the analysis
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Figure 4.23: Velocity vectors of case 2 of the nozzle analysis

Figure 4.24: Velocity contours of case 2 of the nozzle analysis
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Figure 4.25: Velocity vectors of case 3 of the nozzle analysis

Figure 4.26: Velocity contours of case 3 of the nozzle analysis
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Figure 4.27: Velocity vectors of case 4 of the nozzle analysis

Figure 4.28: Velocity contours of case 4 of the nozzle analysis
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Figure 4.29: Velocity vectors of case 5 of the nozzle analysis

Figure 4.30: Velocity contours of case 5 of the nozzle analysis
72



Velocity
Vector

18.75

12.50

6.25

0.00 o=

m s™1]

_ 0 . 2,500 ) < 5.000 (m)
— - — ) (m)

Figure 4.31: Velocity vectors of case 6 of the nozzle analysis

Figure 4.32: Velocity contours of case 6 of the nozzle analysis
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Case 3 nozzle shapes were then selected to be used in the subsequent analysis of the
effects of the diffuser geometry.

4.2.3 Diffuser entry arc analysis

The results of the diffuser entry arc analysis are shown in Fig.4.33. The Cp versus the
TSR for both cases show that the 135° diffuser arc angle with the highest Cp of 0.11 at
TSR. This was an improvement by 4.76%. In the next step of analysis, the diffuser arc
was set 135° for all cases.
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Figure 4.33: Coefficient of power over various tip speed ratios for diffuser entry arc
analysis

The flow rate at the turbine entry arc and the flow rate at the diffuser entry arc areas
are compared for the two cases in Fig.4.34 over the range of tip speed ratios tested.
This figure shows that the 135° diffuser entry arc case has a higher flow rate into and
out of the turbine than the 90° case. This significant difference between flow rates for
these 2 cases can affect the efficiency of the turbine.
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Figure 4.34: Flow rate for both cases at the turbine and diffuser entry arc areas

4.2.4 Diffuser shape analysis

The Cp vs TSR graph for all 4 cases of diffuser shapes is presented in Fig.4.35. All
the cases showed very little differences in maximum Cp value. Case 4 had the highest
with 0.11 and cases 1, 2 and 3 had 0.098, 0.106 and 0.106 respectively. It should be
noted that the case without a diffuser (case 2) provided almost the same amount of
power output as the other cases. Therefore, it can be interpreted that the effect of the
diffuser is minimal compared to the effect that the diffuser entry arc angle and nozzle.
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Figure 4.35: Coefficient of power at different tip speed ratios for the diffuser shape
analysis

In Fig.4.36, the flow rate at the turbine entry arc region is compared for all 4 cases.
Case 1, 3 and 4 is seen to have similar flow rates over the various speed ranges except
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for Case 2 which has a slightly higher flow rate into the turbine section.
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Figure 4.36: The flow rate of the 4 cases at the turbine entry arc region

The following figure, Fig.4.37, shows that Cases 1, 3 and 4 have similar flow rates
over the various tip speeds. However, case 2 shows a much lower flow rate out of the

turbine.

77



200 —+

180 +

160 +

140 +

—
(72]
o 120 +
E
@ —o—Case 1
= 100 +
|-
=
oS 80 T —i— Case 2
L
60 +
—&— Case 3
40 +
- -9 - Case4d
20 +
0 f f f f |
0 0.2 0.4 0.6 0.8 1

TSR

Figure 4.37: Flow for the 4 cases at the diffuser entry arc region

The minimum effect that the diffuser shapes had can be attributed to the two figures,
Fig.4.36 and Fig.4.37, showing that cases did not affect the flow rates into the turbine
as significantly as the nozzle shapes.

4.3 Comparison of the HAWT and cross flow turbine

Both turbines simulated had the same power to area ratio which meant that the
available wind power for both turbines was the same for the area the turbines had to
extract the turbine. It was seen that the HAWT had a maximum Cp of 0.45 and a power
output of 11.54kW compared to the highest Cp of 0.11 and output power of 2.89kW.

This difference in power output and efficiency is due to the way the turbines extract
energy. The HAWT extracts energy by lift forces while the cross flow type turbine uses
the drag force. The lift type turbine was able to produce more power per surface area
than the drag type turbine.

In addition, in the case of the cross flow turbine, the incoming velocity of the wind
slowed down considerably before entering the nozzle. This resulted in a lower kinetic
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energy available for extraction compared to the HAWT.
Also, it was seen that that if the nozzle shapes improved the flow rate into the turbine,
the efficiency of the cross flow turbine improved.
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Chapter 5 Conclusion

This study looked at two designs of wind turbines, a conventional horizontal axis
wind turbine (HAWT) and a cross flow turbine. The study then analyzed both turbines
ensuring that the power to area ratio for the turbines were identical to provide a fair
comparison. The study used a finite volume based commercial CFD code ANSYS
CFX 13.0 to simulate the performance and analyze the results of the simulation. It was
found that:

a)

b)

The HAWT produced 11.54kW and had a power coefficient (Cp) of 0.45 at the
rated speed of 10m/s.

While the HAWT achieved some design goals, the power versus wind speed
curve showed that the turbine required more power control at higher speeds.
Possible improvements to the turbine included changing the fixed pitch angle
or changing the twist and chord distribution of the turbine.

The streamlines show how the flow behaved over the turbine blades at various
wind speeds. At higher speeds, stall occurred and this corresponded to the drop
in efficiency of the HAWT but it was suggested to improve the power control
method (stall) at higher wind speeds to prevent damage to the turbine.

A cross flow turbine for wind applications had been simulated and through
various steps the most effective turbine using a nozzle and diffuser was found.
The turbine entry arc analysis found that the 135° case gave the best Cp value
of 0.089. The increase in the entry arc angle before the turbine was seen to
increase the flow rate in to the turbine allowing more wind power for extraction.
In addition, the increase in angle reduced the flow resistance of the turbine and
improved the velocity profile at the inlet resulting in a higher entry velocity.
The nozzle shape analysis showed that the best case nozzle improved the Cp by
20% to 0.105. The flow rate graph showed this case had the second highest
flow rate into the turbine.

In analyzing the diffuser arc angle, the 135° case gave the higher Cp of about
0.11 with an improvement of 4.76%. This case had a higher flow rate into the

turbine entry arc than the 90° case.
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In the case of the diffuser shape analysis, the most efficient diffuser shape had a
Cp of 0.11 compared the other shapes. However, the graph showed that the
diffuser shape was not as effective in increasing the power output compared to
the nozzle. The flow rates were not significantly improved compared to the
nozzle shapes. It was also seen, that the case without a diffuser was almost as
good as the best case.

Even though the power to area ratio of both turbines was the same, the HAWT
had a much higher efficiency and power output compared to the cross flow
turbine. This can be attributed to the way the turbines extract energy. Because
the HAWT uses lift forces, it is able to produce more power than the cross flow
type turbine.

Furthermore, the air velocity was seen to decrease significantly before entering

the turbine. The nozzle increased the velocity of the air and improved the
power coefficient.
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