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A VERTICAL AXIS WIND TURBINE GENERATOR BASED ON THE
TANGENTIAL WALL-JET ACTION

ABSTRACT G E L Perera

Introduction of a tangential wall-jet at an appropriate

location on an octagonal cylinder results in a high 1ift
force. Theoretical investigation is undertaken;

(1) To determine the aerodynamic lift and drag due to the
boundary layer modification caused by the tangential
wall-jet.

(11) To evaluate the power out-put of a vertical axis wind

turbine generator working on the aerodynamic 1lift due to
the tangential wall-jet.

Mathematical analysis for two types of two-dimensional
models have been developed to represent the flow
conditions due to the tangential wall-jet. The flow is
divided into "Main Flow" and a "Boundary Layer Flow".
Stream lines representing the '"Main Flow" around the

octagonal cylinder have been plotted for evaluating the
two mathematical models and for studying the flow

conditions created by the tangential wall-jets.

The "Main Flow" 1is determined by the potential flow theory
and 1s corrected for the ’‘circulation’ by a super-position
technique, making use of the experimental values of the
l1ft coefficient. Both the laminar and the turbulent flow
conditions have been considered within the "Boundary Layer
Flow". Momentum Integral equation has been used to
determine both the laminar and the turbulent boundary

layer development and surface shear stress for correcting
the measured pressure components of the 1lift and the drag

coefficients.

The 1nstantaneous net power generated by the octagonal
cylinder is integrated to determine the power out-put of
the wind turbine generator. Power required for the
formation of the wall-jets and the effect of the jet
height on the jet-momentum coefficient are also estab-

lished.

The possibility of pressure recovery within the region
enclosed by the orbiting cylinders of the wind machilne
results in a modification of the flow stream tube of the
air flow past the machine. A modified Betz limit 1is
derived by allowing for the pressure variation associated

with a given shape of the stream tube.

Wind tunnel tests have been carried out on a stationary
octagonal cylinder subjected to tangential wall-jet for
the measurement of static pressure distribution on the
surface. The pressure components of the 1i1ft and the drag

forces are evaluated. The circulation due to the
tangential wall-jet is calculated from the magnitude of

the pressure component of the lift forces assuming the
validity of the Joukovski’s theorem. A wind tunnel model

of the proposed wind machine was fabricated and the
feasibility of the application of the lift generated by

tangential wall-jet is established.
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NOMENCLATURE

A Cross-sectional area of the stream tube (m?)

b Height of the jet (m)

B Number of cylinders / Blades

C, Jet Momentum Coefficient defined as |} |/ 2

2rL/;

C, Performance Coefficient defined as P
oHRIV?

C, L1ft Coefficient

C, Drag Coefficient

D Modelled Infinity (n-d4d)

F | X Component of the resultant force (n-4d)

F, y Component of the resultant force (n-4d)

f Friction Factor (n-d4d)

2 External force on the fluid within the

controlled volume defined by the stream tube

Fij,. X component of the force due to the jet
momentum (3.8-24)

Fj.. Y component of the force due to the jet
momentum (3.8-25)

H Height of the cylinder (m)

J Defined 1n the equation 3.7-25

K Mean pressure variation coefficient (Chapter
2)

K Defined i1in equation 3.7-40 (Chapter 3)

K Pressure variation coefficient for upstream

of the actuator disc (Chapter 2)

K Pressure variliation coefficient for the down
stream of the actuator disc

k Gas constant of air



Re

Re

X Component of the 1lift force due to the
tangential wall jet / Magnus effect (n-d)

Y Component of the 1lift force due to the
tangential wall jet / Magnus effect (n-d)

Length of the octagonal side (m)

Mass flow rate of air through the stream
tube

Defined in equation 2.2-8
Radian angular velocity of VAWTG

Non-dimensional distance measured normal to
the octagonal surface

Static pressure (NUWnQ)
Instantaneous power (n-d)

Dissipated power due to the viscous action
(n-d)

Net Power produced by the VAWTG / Madaras
Rotor Concept

Atmospheric pressure (AUHnQ)
Defined 1n equation 3.7-24

Circumferential radius of the octagonal
cylinder (m)

Radius of the orbit (m)

Defined in equation 3.7-27
Reynolds number (See Appendix 3A)
Reynolds number (See Appendlx 3A)
Solidity ratio

Distance measured along the surface 1n the
down stream direction

=g/

Atmospheric alr temperature (K)

11



™ ™®

\1

n-d

Non-dimensional jet height used in the
equation 2.6-1

Velocity at the edge of the boundary layer
(m/s)

Jet alr velocity (m/s)

X component of the non-dimensional free
stream velocity

Yy component of the non-dimensional free
stream velocity

Wall-jet air velocity (n-4d)

Maximum value of V|

Velocity of air used in the (¢, analysis
Mean value of -

Wind velocity (m/s)

Wind velocity relative to the orbiting
cylinder / blade

Co-ordinates 1n the x- direction

{

Co-ordinates in the y- direction

=Y
z

Defined 1n equation 3.7-31

Unit Vectors as defined in section 2.3
=(4-K)/(2-K) 1n section 2.7.1

Defined 1n equation 3.8-7 (Chapter 3)
=(K)/(2-K) 1n section 2.7.1

Defined 1n equation 3.8-5 (Chapter 3)
Effective circulation (nf%Qﬂ

Non-dimensional Effective circulation (See
Appendix 3A)

111



5 boundary layer thickness (m)

5 Displacement thickness

/] Non-dimensional boundary layer thickness
n Defined as y/6 in Chapter 3

1, Nozzle 1sentropic expansion efficiency

0 Momentum thickness

0,0, Angle between the jet axis and the free

stream velocity

/ Shape factor defined by the equation 3.7-21
1 Viscosity of air (kg/m:s)

e Density of air (kg/nfﬂ

V Kinematic viscosity (nfﬂ%ﬂ

o Solidity Ratio

T Surface shear stress (A“qn2)

T, Non-dimensional surface shear stress
& Stream function (nfﬂ%ﬂ

& In section 2.7.1 defined as |V /I,

¢ Non-dimensional stream function

0 in Section 2.7.1 defined as | /I,
W, W, Axial rotational speed (rad/sec)
0,0 Orbital speed (rad/sec)
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INTRODUCTION

Motivation

It 1s estimated that there is a technical potential for
generation of power around 45 Twh/year from land-based
wind energy conversion systems, equivalent to 17 % of
current electricity demand of UK. Wind energy is
considered to be the most promising renewable energqgy
source for electricity generation. The cost of
electricity generation by the use of wind power is
predicted to be 1n the range of 2.5 to 3.2 p/kWh, by
the year 2000 A.D. This figure compares very
favourably with the corresponding cost of 3.0 to 4.7
p/kWh predicted for electricity generation by coal.
This makes it extremely attractive to consider large
scale expansion of wind power utilisation. Hence
research and development activities for improving
existing types of wind machines and exploring new 1deas
will be useful. The principle of tangential wall-jets
for high 1ift generation, and its utilisation to a
vertical axis wind turbine generator is investigated 1n
this Thesis, for possible application to medium/ large

scale wind turbiline generators.



Background

Kinetic energy of natural wind may be exploited in a

wind energy conversion system for generating electric
power or for directly operating devices requiring
mechanical work. Such systems may broadly be cate-
gorised i1nto (1) Wind turbines operating with 1lift
generated by aerofoilil sections, (11) Wind turbines

operating with aerodynamic 1lift generated by the

boundary layer modification.

The research and development work on the first of the
above two categories has been 1in progress for
considerable time and systems have been constructed for
generating electric power with magnitudes of the order
of a few hundreds of kilo-Watts. These machines where
designed utilising the principles of aerodynamics
achieve high efficiencies of operation. The research
and development work on the second category of the
devices progressed only to a limited extent. This 1s
due to inadequate theoretical studies and practical
difficulties encountered in actual operation. The
Madaras Rotor Concept belongs to this category and
utilises the Magnus effect created by axially rotating
cylinders. Detailed studies on the Madaras Rotor
Concept have shown that the theoretical advantages of
the Magnus Effect are unable to find a successful
application in a Wind Energy Conversion System.

Boundary layer theory shows that the flow field around



an axially rotating cylinder can be simulated with an
introduction of a tangential wall-jet at an appropriate
location of the surface of a non-rotating cylinder.
Pressure distribution around the cylinder created by
the boundary layer flow modification results in an

aerodynamlic lift. Such a lift may successfully be

utilised to a Vertical Axis Wind Turbine Generator.

Theoretical Work

In the present work theoretical investigation 1is
undertaken for evaluating the performance of a wind
machine using the wall-jet principle. This work 1s

divided into the following two categories;

(1) Evaluation of the power out-put of the vertical
axis wind turbine generator working on the aerodynamic

1lift due to the tangential wall-jet.
(1i) Determination of the aerodynamic 1lift and drag

due to the boundary layer modification caused by the

tangential wall-jet on an octagonal cylinder.

The work carried-out under category (i) 1s presented 1n
chapter 2 of the Thesis. Here the 1lnstantaneous net
power generated by the octagonal cylinder due to the
aerodynamic l1ift is used to determine the power out-put
of the wind turbine generator. Power requilred for the
formation of the wall-jets and the effect of the
non-dimensional jet height, on the momentum coefficilent

are also established. In the new concept of vertical



axis wind turbine generator the 1lift generated by the
boundary layer modification due to the tangential
wall-jet 1s aerodynamically similar to the Magnus
effect. In order to compare the application of the

1ift generation by both of these principles the

theoretical power out-put of the traditional Madaras

Rotor Concept 1s compared with a concept having fixed

cylinders with tangential wall-jets.

The proposed VAWTG has orbiting octagonal cylinders
which allows for the pressure recovery within the
elements of the wind machine and results 1n a
modification of the flow stream tube of the air flow
past the machine. This lead to the re-examination of
the Betz limit, the traditional theoretical 1limit of
the power coefficient. Basic assumptions of the
traditional derivation, are found to be inconsistent
with the steady flow energy equation for inviscid flow.
Therefore, by allowing for a pressure variation and the
associated shape of the stream tube through the

introduction of a coefficient "K", a modified Betz

limit 1s derived.

ILift and the drag coefficients on an octagonal cylinder
due to the tangential wall-jet required for the
prediction of the power out-put of the proposed wind
machine are determined by considering a two-dimensional
steady flow model in chapter 3. The two types of
two-dimensional mathematical models have been developed

to represent the flow conditions due to the tangential




wall-jet. The flow is divided into "Main Flow" and a

"Boundary Layer Flow". Governing partial differential
equations have been set-up and solutions have been
obtained. For the evaluation of the two mathematical
models and to understand the flow conditions created by

the tangential wall-jets, stream lines representing the

"Main Flow" around the octagonal cylinder have been

plotted.

The "Main Flow" which was determined by the potential
flow theory as above, was corrected for the circulation
by a super-position technique making use of the
experimental studies of the lift/drag coefficients.
Both the laminar and the turbulent flow conditions have
been considered with in the "Boundary Layer Flow".
Momentum Integral equation has been used to determine
both the laminar and the turbulent boundary layer
development within the "Boundary Layer Flow". For the
laminar flow conditions Pohlhausens approximate method
has been used. The traditional 1/7 th Power Law
turbulent velocity profile was modified by 1ncluding a
parabolic sub-layer profile which on using of the
Blasius formula for pipe wall shear-stress enabled the

determination of the turbulent boundary layer develop-

ment.

The theoretical static pressure variation around the
octagonal cylinder, determined for the "Maln Flow"

velocity field using the Bernoulli’s equation has been



used to calculate the pressure components of the
aerodynamic lift and the drag due to the tangential
wall-jet. These components of 1ift and drag forces
together with the jet momentum force at the jet
entrance and the forces due to surface shear stress,

obtained from the "Boundary Layer Flow" gave the Lift

and the drag forces.

Experimental Work

Experimental investigation, consisting of wind tunnel

studies may be divided into two parts:

(1) Measurement of the pressure components of the lift
and drag forces for an octagonal cylinder subjected to

tangential wall-jet.

(11) Practical application of the aerodynamic lift due
to the tangential wall-jet 1n a new concept of a

vertical axis wind turbiline generator.

Wind tunnel tests have been carried-out on a stationary
octagonal cylinder having sides of the octagon
measuring 42 mm and having a height of 600 mm. Static
pressure distribution on the surface of the octagonal
cylinder has been measured and the pressure components
of the 1lift and the drag forces produced by the
tangential wall-jet are evaluated. The circulation due
to the tangential wall-jet 1s calculated from the

experimentally determined magnitudes of the pressure



component of the 1lift forces for the octagonal

cylinder, assumlng the validity of the Joukovski’s

theorem.

A wind tunnel model of the proposed wind machine was

fabricated. The feasibility of the engineering

application of the tangential wall-jet for a wind
turbine generator and the working of a rotary axial

valve through which jet air supply occurs were tested.

The first part of the experimental work indicated was
carried out in the wind tunnel at Huddersfield
Polytechnic and the second part of the experiment was
carried out in the wind tunnel at Central Electricity
Research Laboratories in Leatherhead. In the first
part of the work electronic data logging facilities
have been used. The programme of the experimental work

is fully discussed in the chapter 4 of the Thesis.

Theoretical and experimental investigation clearly
indicates the potential for the use of Tangential
Wall-Jet principle for a Vertical Axis Wind Turbine
Generator. Prototype testing will however be required

to obtain data on performance coefficients and evaluate

the practical operating problems.



CHAPTER 1



l. LITERATURE SURVEY

l.1 Introduction

Conventional wind energy conversion system has been the
leader 1n harnessing the energy from the wind. Since
the discovery of the primary advantage of the Vertical
Ax1s Wind Turbine Generator (VAWTG) design, unlike
Horizontal Axis Wind Turbine Generators (HAWTG), they
do not require a yaw control to turn the machine into
or away from the wind, VAWTG has been regarded as a
replacement to the Horizontal Axis Wind Turbine
Generator. Hence considerable amount of research and
development has been done on the existing, VAWTG and
also into the new types of Wind Turbine Generators with

the hope that from the dark-horse pack a bilig wilinner 1s

golng to emerge.

Vertical Axis Wind Turbine Generators

l.2

Among many different types of VAWTG Darrieus concept
has drawn greater attention in research and development

in the recent years (1). Thilis by no means a new

design. Almost 45 years after its patent in USA, 1t

was rediscovered by National Research Council, Ottawa,



Canada, during the early 1970’s (2). 1In 1974 engineers
at Sandila Laboratories, Albuquerque, N.M also started

work on the Darrius concept.

Its blade 1s shaped much like an aircraft wing with a
leading edge. Therefore the aerofoil drives the blade
ilnto the wind regardless of its direction. Each
Darrieus blade is curved in the symmetrical shape a
rope would take 1f spun around a vertical axis. A
major advantage of this design is the blades do not
requlre a variable -pitch mechanism to protect them
from damage 1n the high winds. To strike the balance
between the cost and the performance, wind machines are
designed to obtain power from winds with in the
operational wind speeds. When the Darrieus machine
exceeds the maxlimum that the machine 1s designed to
operate, the propeller feathers. Because of the
aerodynamic characteristics, the Darrieus blades go
into a stall in high winds. But while the Darrieus
machine has this positive no-pitch characteristic, 1t
will not self start like a HAWTG. (Typlcal Darrileus
blades will not create 1ift until brought upto speed)
Hence in one of the latest Sandia machines, the
electric generator doubles as a starter motor. The
machine also delivers mechanical power to the base of
the shaft allowing heavy power generating equilpment to
be placed and supported near to the ground line. But

one of the main disadvantages is low rotational speeds



and hence costly transmissions. The predictions about
the Darrieus machine is that the coefficient of

performance (Cp) is as that of the HAWTG. (2).

A machine which has several advantages over a Darriues
concept has been developed. This Cyclogyro vertical
axis wind turbine generator has straight, variable
pitch blades. This 1s a self starting machine and
pitch control permits the extraction of a greater
amount of power. Wind tunnel studies have 1indicated,
at low rotational speeds Cyclogyro has better power
coefficients, than the Darrieus type machines (1). The

straight Cyclogyro blades are also comparably cheaper

to manufacture.

Circulation-controlled vertical axis wind turbine
generator has the same basic configuration as the
Cyclogyro, but the rotors are designed to take
advantage of a STOL (Short Take-0Off and Landing)
aircraft-wing design as the circulation control wing.
In the concept the trailing edge is rounded 1nstead of
having the knife-edge configuration. High pressure air
is blown over the trailing edge. The alr adheres to
the trailing edge, then shoots off sideways. In the
case of an aircraft this acts like a flap, causing the
air to flow down-wind, giving increased 1lift. The use
of same configuration on vertical axis Cyclogyro rotor

will both increase the torque at a given speed and
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allow the turbine to operate at a lower optimum speed.
Since it can operate at low speeds to create high
efficiencies, it cuts-down the centrifugal forces
greatly, resulting in an easy structural design.
Predicted theoretical limit of the coefficient of
performance was 40-50 percent, operating at about half
the speed of a conventional blade horizontal axis wind

turbine generator (3,4). This shows the circulation

controlled machines has a high inherent coefficient of
performance. The Darrieus machine, has a coefficient
of performance in the range of 20 to 40 percent (1).

The propeller types generally operates 1in the 40 to 45

range.

Another machine which may be the possible successor to
the Darrieus wind turbine generator 1s the Variable
Geometry Vertical Axis Wind Turbine Generator. It has
been designed originally to retain all the advantages
of vertical axls operation while eliminating the
complex blades of the Darrieus machine, replacing them
with straight, un-tapered, untwisted aerofoils. De-
signers of this machine also claim that this machine
has a power and structural load control and the
resilience to the cyclic stalling. The first prototype
testing has been completed in 1976 and a coefficient of

performance of 0.35 has been obtained. Since 1986 a
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test and monitoring programme has been under taken by
the Department of Energy, on a 25 m machine in

Carmarthen Bay, South Wales, UK (5,6).

1.3 Different Wind Power Generator Concepts

Tornado wind turbine generator is a augmentor machine.
Which uses the idea of getting more out of the
propeller, which enables the propeller to shrunk in
size, reducing costs. However, in this type of machine
additional static structures are needed to increase the
wind speeds to the propeller (7). Tornado concept
designed by Dr. James Yen of Grunnan Aerospace
Corporation, Bethpage, N. Y. predicts the power in the
wind to be increased by a factor of upto 1000 (8).

This system consists of a tower with operable vertical
vents. The vents on the side toward the wind would
open while those opposite the flow would close. As the
wind blows 1nto the tower 1t would spiral towards the
top, creating a vortex (A miniature tornado). In the
centre of this vortex is a low pressure area, which
causes the outside air to be sucked 1n through openings
around the base of the tower. As this 1s sucked to

£fill the low pressure void, 1t would drive rotor blades
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near the bottom of the tower. One of the major

draw-backs in this system is the necessity of a huge

tower.

Electro Fluid Dynamic concept (EFD) 1s one of the most
theoretically promising concepts. This wind power
generator concept has no moving parts. EFD reproduce
nature’s way of producing a thunderstorm, causing the
charged raln drops accumulating 1n the cloud and giving
rise to an electric field and consequent discharge
leading to lightning. On this basic principle EFD wind
power generator has been developed. In this concept
wind blows water droplets through a highly charged
grids evenly causing the droplets to become charged.
The wind would then blow these particles towards
another charged grid. The mechanical energy of the
wind does work in overcoming electro static repulsion,

and the energy is translated into electric current

(9,10).

As the EFD concept, Humid Air wind Machine 1is also
based on the principles of nature. About one-third of
the solar energy that reaches the surface of the earth
goes into evaporating the moisture. The idea of the
device is to capture this energy. It 1s the
natural-draft tower in which humid air would be brought
in at the bottom. The wet air, being lighter than dry

air, would rise and expand, causing 1ts temperature to
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drop. The cooling of air results 1n condensation of
molsture and the latent heat in the humid air would be
given off to the now drier air. The warmer air would
have 1ncreased buoyancy and would continue to rise upto
the tower, passing a wind turbine on 1ts way out.

Agalin the major draw back of the system has been the
height of the tower. A mechanized expansion-compres-
sion cycle to boost this natural process and reduce the
tower height has been considered. But the energy
requlired for the expansion-compression machilnes are

considerable compared with total power out-put of the

concept (11).

l1.4.1 Madaras Rotor Concept

Madaras rotor power plant (12,13) was originally
proposed by Julius D Madaras in 1929 for generation of
power on a large scale. This system utilises the
Magnus Effect of rotating cylinders vertically mounted
on flat cars form an endless train around a closed
track and alternators geared to the wheels of each car
generate the electric power. Analytical, wind tunnel
and full-scale aerodynamic studies of the wind powered,
Madaras concept were conducted between 1929 and 1934
(14). Since then there was little progress of the

originally proposed "Madaras Concept” in the absence of

14



pressing need for wind energy systems owing to the then
cheap fossil fuels. 1In 1970’s a detailed study of the
"Madaras Concept" was undertaken by the Dayton
University Research Institute, Ohio, USA. This study
lndicated several practical problems in using the

"Magnus Effect" especially for medium / Small scale

power generation as detaililed below.

(1) The complexity of using large rotating cylinders
and the energy losses during angular acceleration and

deceleration.

(11) The disadvantage of additional frictional losses

during the motion of the rather heavy supporting cars

along the race track.

(iii) The requirement of essentially unidirectional

wind for a race track configuration.

(iv) The difficulties in adjusting and controlling the

operating parameters for optimum performance.

1.4.2 Background Theory to The Magnus Effect

The boundary layer theory shows that the 1lift force on
a rotating cylinder in a fluid flow 1s due to the
modification in the boundary layer flow resulting from

the reduced difference between the velocities of the
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fluid and the solid wall. Where the angular velocity
of the rotating cylinder is adequate, separation is
completely eliminated on that side of the cylinder
where the fluid and the surface of the cylinder move in
the same direction, but on the other side of the
cylinder where the direction of the fluid motion is
opposite to that of the solid wall, separation occurs
over a consilderable region, towards the trailing side.
The flow pattern produced i1n the above situation
approximates to that of the two-dimensional non-viscous
fluid flow past a circular cylinder with a superimposed
circulation. For such a case potential flow theory

establishes the "Magnus Effect" 1.e., The presence of a

high 1ift force (15).

1.5.1 Previous Work on The Tangential Wall-Jet

Principle

In the presence of a tangential wall-jet on one side of
a body, reduces the pressure distribution and modifies
the boundary layer separation. Use of such a boundary
layer control to alter the 1lift and drag forces on a

bluff body in an air stream goes back to the beginning

of the centenary. In 1904 Prandtl demonstrated lift
generation on a circular cylinder by suction on the

upper surface, which was mainly due to the unsymmetri-
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cal pressure distribution around the cylinder (15).
Similarly the injection of fluid as a tangential jet at
the upper surface of a cylinder will also create an
unsymmetrical pressure distribution giving rise to the
l1i1ft force. This is mainly due to the boundary layer
separation delay, brought about by the energy input of
the jet. The delay of the boundary layer separation

has been widely used to increase the 1lift to drag ratio

and 1s usually referred to as the "Circulation Control"

(17) .

Due to the wide practical application of this
principle, the tangential wall-jet has drawn attention
(4) of many researchers 1n the past. Such 1nvestiga-
tions on boundary layer control by blown alir through
narrow tangential slots dates back to 1921 (17). Since
then there are many reported investigations on
wall-jets 1n the absence of external stream, while only
few considered the detailed aspects of the velocity

profile and pressure distribution, 1n the presence of

an external strean.

The work on measurements on skin friction 1n a plane
turbulent wall-jet (18) by Sigalla refers several
studies in 1930’s including the work on turbulent jet
expansion (19) by Forrthmann in 1934. Bradshaw (20)
refers to these little known work as "Scattered

Literature" on the subject. However published work by

17



Glauert (21) in 1956 on theoretical solution for the

wall-jet was supported by the experiments of Bakke (22)
1n 1957 and Sigalla (23) in 1958. Further analysis of
the laminar jet by Tetervin (24) has obtained results
1n good agreement with Glauert (21). However these
works carry only little practical i1nterest in view of
the extremely low critical Reynolds numbers of the
mixing layer flows. The work on turbulent wall-jets
with and without an external stream by Bradshaw (20)
produces some useful results. In hils work Bradshaw
(20) make a fair criticism on previous workers for
neglecting 1in theilr calculation the shear-stress
between the postulated fluid layers. Bradshaw (20)
developed theoretical model including the effect of the
shear-stress based on concepts of mixing lengths and

eddy viscosity profile as given below;

- I/ 65 -0.182
: 2=o.0315( 60
0.0pU " V
iy
3000 < < 15000
%4

Although, the theory due to Glauert (21) gives a good
general description of the flow, Bradshaw (20) has
achieved better results for the surface shear—-stress
where Glauert (21) has underestimated the shear-stress

by about 25 % by using the Blasius’s plipe flow formula.
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Literature survey shows that the most of the work
(4,20) has been concentrated on tangential wall-jet
blowing over a curved surface in the absence of
external stream. The attachment of the jet to the
surface 1s the well-known "Coanda Effect". 1In these
studies mainly the overall features of the flow had
been dealt with, although there was little reference to

the shear-stress distribution.

Carriere and Eichelbrennen (25) give results of mean
velocity profile traverses in a jet blowing tangential-

ly beneath the boundary layer on a wind tunnel wall and
on the deflected flap of an aerofoilil, and also present
a step-by-step calculation method i1n which the profile
1s divided 1n to layers between the velocity extremum,
where each layer was treated independently by empirical

formulas for both the eddy viscosity and the

shear-stress.

Carrriere and Eichelbrennen (25) also established
theory of the flow attachment by tangential air jet
discharging against a adverse pressure gradient. This
work also discusses a series of (i) basic experiments

and (ii) overall calculations of the boundary layer,

down stream of a tangential wall-jet.

Theoretical investigation 1nto circulation control by
slot blowing, applied to a circular cylinder by Dunham

(17) discusses the theory developed on the basis of
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Spalding’s unified boundary layer theory (17). Dunham
has used this work for calculating the wall-jet
momentum and velocity to delay the boundary layer
separation until a specified point in a given pressure
distribution. This has enabled, estimates to be made
of the 1ift generated, on a circular cylinder with
narrow tangential slots on the upper surface for
boundary layer control. He also highlighted the
distinction between the circulation control and the

Jjet-flap. The circulation control uses a small amount
of slot air to energize the boundary layer where the
Jet-flap uses as much as ten times the quantity of air
forming a Jjet sheet to the inviscid flow as 1lift (17).
A jJet-flap generates thrust as well as 1lift. The
calculation of two-dimensional flow field around a
cylinder or aerofoil of given shape and incidence 1s
indeterminate until the circulation around an aerofoil
with a sharp trailing edge 1s fixed by the
Kutta-Joukowskl condition. In the case of a rounded
trailing edge, this condition 1s replaced by the
generalized condition, that the boundary layer on the
upper surface separates at almost exactly the same
pressure as does the boundary layer on the lower
surface. And the circulation could be increased by
delaying the separation on the upper surface. Dunham
(17) has also confirmed experimentally, that the

pressures at which the upper and lower surface
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separation occurs remain equal, even on a circulation
controlled cylinder. This provides the the 1link for
matching the boundary layer calculations with the
inviscid flow calculations. In his theoretical model
Dunham has used a high Reynolds number to ensure the
turbulent boundary layer separation. In this theoreti-
cal model Dunham has used a numerical step-by-step
procedure for calculation of the velocity distribution
within the boundary layer around the surface, including
the down stream of a jet, by the method developed by

Spalding (1964) , until the separation criteria was

satlisfied. The results of these theoretical investiga-

tion were in good agreement with their own experimental

results.

Cheeseman (1966, 1967) (3,4) has proposed the

application of circular controlled helicopter rotors.

He devised a novel parkable rotor with blades of
circular cross-section on which 1lift would be generated
by circulation control. The scope for moving the
effective rear stagnation point and hence generating
1ift was obviously maximized by choosing a circular
cylinder, though Cheesman explained other important
reasons for this choice such as reducing the gust
sensitivity of the rotor in a rotating wing aircraft by
using a bluff body with a blown-jet. 1In his work (3,4)
Cheesman described the generation of the 1lift by the

circulation control technique and results obtained by
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testing of a scale model "Hingeless Rotor" (4), at the
National Gas Turbine Establishment. In particular he
has shown that the operating rotors at high values of
thrust coefficient per blade which has lead to high
induced power factors, to be used in Vertical Take-Off

and Landing (VTOL) circulation control stopped rotor

alrcraft.

1.5.2 Aerodynamic Forces Due to Tangential Wall-jets

Furuya and Yoshino (26) have 1nvestiligated the
aerodynamic forces acting on a circular cylinder with
tangential jet of air. This 1investigation was
carried-out to establish the characteristics of flow
surrounding a circular cylinder with tangential
injection of air immersed in a uniform flow. As a
result it was found, that the separation has taken
place where the radius of curvature of the the cylinder
was discontinuously increased even if the wall 1itself
was smoothly connected. A systematical investigation
was carried-out on aerodynamic forces acting on
two-dimensional circular cylinder and on velocity
profiles of mixing region of jet when the station of a

jet and intensity of jet were varied at rather small

Reynolds numbers.
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Furuya and Yoshino (28) have established the
Characteristics of the jet by conducting the
experiments in the absence and in the presence of the
main flow. 1In the absence of the main flow the
Reynolds number and the location of the jet, has shown
little influence on the boundary layer thickness and
velocity profiles. The obtained results were in
agreement with the Newman’s experimental data of static

pressure distribution (61) on the wall in the direction

of the flow.

Further the characteristics of the jet in the presence
of the main flow have been investigated. 1In this case
the velocity of the jet was seen to be reduced and
eventually reversed with respect to the main flow in
the vicinity of the main flow (27). Furuya and Yoshino
have also observed that the velocity profile of the
mixling region of the jet has almost a fixed shape
across the whole span, except at the points near to the
end plates. The velocity profiles of mixing region and
various cilrcumferential stations at the centre of the
span in two cases for Cp=0.085 and 0.0544 were similar in
shape. Yoshino and Furuya have also observed that the
profiles were seen to preserve 1ts similarity even
after the point of separation. In this work pressure
distribution has been used to calculate the 1li1ft and
drag coefficients generated by the wall-jet. The

maximum of the 1lift to drag ratios were all alike for
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the jet angle ¢,20° while the maximum of (,/C, and the
value of the cux at that maximum 1ncrease as 6, increases
for 6,<0° In this case (C,C,=10 and C,=3.3 were obtained
at cu=0.4- C,/C,>10 were also obtained as Cu was

further increased and (C,/C, had reached the maximum

somewhere at Cu>0.4,

Furuya and Yoshino (28) both theoretically and
experimentally 1nvestigated the static pressure
distribution and velocity profile of jet about a
clrcular cylinder. Followling are the major conclusions

that may be drawn on thelr reported work;

a) On the Jet
(1) Velocity profiles of the mixing region of the jet
are throughout geometrically similar 1n shape even

after passing the point of separation of the flow.

b) On the Lift and Drag Coefficients

i) The case of small cu<0.1) for the 6,<-20° the (,>0 and
c, once decreases and increases after passing through
the point of minimum as Cu increases. In the mean time
c, decreases after passing through the local minimum.
For 6,>0° the boundary layer control like 6<#6,,<90°+6, 1s

impossible.

ii) In the case of large Cu(>0.1), the rate of increase
of ¢, with an increase of Cu 1s nearly constant

regardless of 6. Greater the ¢, is, greater the (C, 1s,
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when the Cx is maintained constant. On the other hand,
the rate of increase of C,with an increase of C i

increases as §, increases.

Further 1investigations on the aerodynamic characters of
the circular cylinder with the tangential blowing with
the effect of a side-wall has been carried-out by
Yoshino, Waka et. al. (27). 1In this study, the
span-wise distributions of characteristic values such
as lift and drag coefficients of a circular cylinder
with tangential blowing immersed in a uniform flow have
been measured. From the obtained results, the
variation in these coefficients due to the presence of
the side-wall of a wind tunnel has been determined.
This range of variation has become narrower when the

location of the slot for introducing the jet-air

farther downstream. The induced angle of attack and
trailing vortices has also been calculated. Yoshino
et. al. have given the importance to systematic
investigation of the overall "Wing" characteristics,
such as span-wlse distribution of them, characteristics
at the mid-span and so forth, and the flow around the
cylinder i1n the wind tunnel. This Kkind of 1nvestiga-
tion has a greater importance in the industrial
application, not limited to the circular cylinder. For
instance this method is applicable for a problem of a
separated flow near the wling root of an axial flow

machine or for meeting the demand of "designers"
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requiring the two-dimensional characteristics of an
aerofoil with the separated flow. However these
methods have very limited application for the
theoretical and experimental investigation for the

aerodynamic lift i1n the present problemn.

However, further work by Waka, Yoshino et. al. (27) on
the aerodynamic characteristics at the mid-span of a
circular cylinder with tangential blowing has some
importance to the present work on wall-jets. 1In their
work, three different methods have been devised to
determine the induced angle of attack as a function of
lift coefficient at the mid-span of a circular cylinder
with tangential blowing immersed 1n a uniform flow.

The 1lift and drag coefficients on the circular cylinder
have been corrected to give data for two-dimensional
flow conditions by making use of the 1nduced angle of
attack thus obtained. The circumferential static
pressure distribution on the surface of the cylinder
has also been calculated by modified Parkinson-Jandalil

method to apply to an asymmetric flow around the

cylinder with blowing.

Waka et al. have carried-out experiments by varying
aspect ratio of the cylinder, angular location of the
jet, and the jet momentum coefficilent under the

conditions of constant Re=2.1x10°% Then the calculated

pressure distributions for symmetric (cux=0)and
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asymmetric (cu>0) flow with respect to the x-axis have
been compared with the Dunhams (17) calculated pressure
distributions. Further the relationship between the
li1ft coefficient and the drag coefficient and the
momentum coefficient have been established. Results
show that as (, increases, (C, decreases once and takes a
minimum value, after that ¢, increases again. ¢, is
mainly given by the sum of the profile drag coefficient
C,o and the induced drag coefficient ¢, for the
conslidered Reynolds number. As the (, increases, C,,
decreases and (C, 1ncreases. When (, 1s small, the
decrement of (C,, 1s greater than the increment of C,, so
that as whole, (C, decreases. As (C, attains greater
values, however, the 1ncrement of (C_, comes to exceed
the decrement of C,, so that (¢, begins to decrease

(28). The ratio of the increase of (C, to that of C, 1is
larger and is in the same order of aspect ratio of 4,

6, 8 and the values of (C, becomes to the values of the

same order. Hence the influence of the aspect ratio on
1ift and drag coefficient relation appears clearly with

an increase of the 1ift coefficient.
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1.6 Numerical Methods For The Determination of The

Flow Past Symmetrical Bluff Bodies

Work by Parkinson and Jandalil (34) describe a way of
predicting the important features of flows past bluff
bodies whose shapes cause flow separation and the
formation of a broad wake. A two-dimensional 1ncom-
pressible potential flow was considered for the flow
external to a symmetrical bluff body and with 1its wake.
In this work the desired flow separation polnts were
made the critical points of a conformal transformation
to a complex plane in which surface "sources" 1n the
wake create stagnation conditions at the critical
points. The stagnation stream lines have then
transformed to tangential separation stream lines 1n
the physical plane, with separation at the desired
pressure. The position and length of the sources have
been determined by the requirement of separation
position and the coefficient of pressure. The flow
inside the separation stream lines was ignored and base
pressure was assumed to be constant at the separation
point. This work also gives features of the
theoretical model which includes a finite wake width, a
pressure distribution on the separation stream lines
decreasing asymptotically towards the free stream value
at infinity and simple analytical expression for the

pressure distribution on the body. Comparison of the
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theory with the experimental data and with other
theories were also presented for the normal plate, the
circular cylinder, the 90° wedge and the elliptical
cylinder. Parkinson and Jandali’s theory appears to be

1n good agreement with their own experimental results

(34) .

Head and Patel (37) 1n 1968, presented a i1integral
method for the calculation of two-dimensional incom-
pressible turbulent boundary layer. In this method
entrainment has increased when the rate of growth of
the layer was less than that of the corresponding
equilibrium layer and has decreased 1t when the rate of
growth was greater. This variation of entrainment was
in accordance with observation, and a simple physical
explanation has been proposed to account for 1it. In
this work the comparisons with measured boundary layer
developments show the general accuracy of the method.
They have increased the accuracy of the predictions by

taking to account the effects of the convergence and

the divergence of the flow.

Further work by Patel and Celik (61) presented a method
for the calculation of the mean flow past a circular
cylinder. It utilizes the interactive procedure that
couples a boundary layer calculation method, by which
the location of separation and the displacement

thickness of the boundary layer were predicted, and the
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two-parameter irrotational flow model, which predicts
the pressure distribution. The displacement effect of
the boundary layer was explicitly taken into account in
the i1rrotational flow model. The point of separation,
drag coefficient, and pressure distribution parameters
has been predicted at high Reynold numbers of 10% This
work shows the importance of boundary layer in a
critical flow regime. Thilis was presumed to be a result
of the rapid thickening of the boundary layer in the
intensive pressure- rise 1n thilis regime. They also
have observed the continuity of the Reynold number

dependence even upto Re=10° This was due to the way 1n

which the available minimum pressure coefficient data

has been extrapolated to high Reynolds numbers, or may
be due to the increased 1nfluence of surface roughness

with increased Reynolds number which was not considered

in thelr model.

El-sharawi, El-Refai and El-Bedeawi (29) have developed
a finite deference method for solving the boundary
layer equations governing the laminar flow about a
rotating sphere which was subjected to a uniform stream
in the direction of the axis of rotation. Although the
work deals with a special case of this problem; namely,
the flow around a sphere rotating about its axis and
simultaneously subjected to a stream in the direction
of the axis of rotation, method of solution and results

carry a greater interest. This work shows that large
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gradlients exist near the stagnation point and also near
the separation point. For the chosen Re=10000
El-Sharawi and others give the position separation
point 6 as a function of the rotational speed. And
also thelr results show for the investigated range of
rotational speed (0 - 10000) the separation point
always lies equational plane (29) and shifts forward as
the value of the rotational speed increases. This is
1n agreement with the conclusions of Schlichting (15),
that the displacement of the separation point is due to
the effect of centrifugal forces which, behind the
equational plane (52). This has the effect of an
additional pressure increase in flow direction and

therefore cause the separation point to shift forward.

Investigation into aerodynamics of a circular cylinder
in cross-flow, by Bychkov and Kovalenko (30) discuss
the aerodynamic forces, the distribution of pressure
and 1ts fluctuations. These tests have been car-
ried-out in a low-turbulence subsonic wind-tunnel at
10°<Re<5-10°. In these i1nvestiligations for different
turbulence level of the flow and cylinder surface
roughness they have observed "sign-variable" 1ift (30)
with a variable drag. In the case of low-turbulence
flow at critical values of Reynolds number, over a
smooth cylinder, suggesting asymmetric and unsteady
position of boundary layer separation. Pressure

fluctuations on the cylinder surface have attained a
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maximum in the pre-separation region. Greater the
turbulence of the free stream and higher the roughness
of the cylinder surface stabilize the positions of the

separation polint and also results in a greater symmetry

of the flow over the cylinder.

Buchkov and Kovalenko have extended this work to

aerodynamlic forces on a smooth rotating cylinder (31).

These experiments have also been carried-out in the

same low-turbulence subsonic wind tunnel at 10°<Re<é6-10°
In these 1nvestigations Buchkov and Kovalenko have
observed significant changes 1n the location of
asymmetric points of the boundary layer separation.
They also have showed that at the critical Reynolds
number, rotation stabilizes and the flow about the
cylinder and reduces the fluctuations of the
aerodynamic forces. Turbulent flow have also produced
a smoother variation in aerodynamic forces, due to the

more stable location of separation points.

Buchkov and Kovalenko have investigated further on
aerodynamic forces on a rough cylinder 1n cross-flow
(32). These experiments have also been carried-out 1in
the same low turbulence wind tunnel at the same
Reynolds numbers (31). During these tests they have
established that the magnitude and the nature of
variation in aerodynamic forces of a rotating rough

cylinder which differed significally from the case of
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the smooth cylinder. This was due to properties of the
flow 1n the wall-region and the location of the points
Oof the separation of the boundary layer. They also
have found that the higher turbulence level did not
have any significant effect on the aerodynamic forces

of the rough cylinder in the critical range of the

Reynolds numbers.

Another detailed investigation has been carried-out by
Zubarev (33) on the same phenomenon but on a "moving
surface". This study has been made of the boundary
layer on a cylinder with a "moving surface" while the
cylinder was travelling with a constant velocity 1in an
incompressible fluid. Zubarev (33) have obtailined
expressions for the distributions of the frictional
stress on the surface of the cylinder and the
coordinate of the singular point in the solution of the
boundary layer equations that indicates the appearance
of a region of a reverse flow for different values of
the relative velocity of the motion of the cylinder.

In this work numerical calculations have also been made

of the work of the forces of friction associated with

displacement of the cylinder.
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l.7 Numerical Methods For The Determination of The

Aerodynamic Lift Due To The Tangential Wall-jet

Presence of a tangential wall-jet at an appropriate
location on a curved surface, in a main stream creates
an unsymmetrical pressure distribution. Among pub-
lished literature only very few have concentrated in

reaching a possible analytical / numerical solution to

the problenm.

Waka and Yoshino (28) have calculated the circumferen-
tial static pressure distribution by extending the
Parkinson Jandali (34) which can be applied to
two-dimensional flow around a symmetrical bluff body
with a broad wake. Assuming frictionless flow and a
imaginary plane (t-plane (28)) they have managed to
transfer points from the original T-plane using a

transformation equation;

- |
t=f(t)=e 7| T-cosb
f{t)=e [ oo 7’~coh5)

Where’ T:Y-*'IZ . = X +1Z
= imaginary untt

y - angle between the incident flow and the X-axils, ¢
angle between the stagnation point and the T- plane.

waka and Yoshino have transformed a complete circle
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with radius R the centre of which is at the origin, to
a circular arc slit, in the t- plane. This slit mapped
from the circle is not symmetric with respect to the
X-axls. It has also been considered the complex

potential of a flow around a circle with radius R

the T-plane. Along with this were the two sources of
different strengths 201 and a Q2 at symmetric angular
positions E and -E on the circumference of the circle
respectively, a sink of strength (Q1 +Q2) at the origin
and a circulation of strength 7 around the circle. By
using the total complex potential of the asymmetric
flow 1n the T-plane and separation velocities which
were obtalned by using empirical pressure coefficients,
circumferential static pressure distribution has been
calculated. Since Waka and Yoshino have adopted a
method of transformation of a circle into a slit,
limits the use of the given method for different

configurations. They also have ignored the skin

friction and hence the surface shear stress.

A modified finite element method for solving the time
dependent 1ncompressible Navier-Stokes equations has
been developed by Gresho and others (35). This has
been achieved by utilizing the Galerkin finite element
(36) and the simplest approximate isoparametric element

for modelling the Navier-Stokes equations. The
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approximation has been modified in two ways in the
lnterest of cost effectiveness. After appending and
"hour-glass" connection (35) term to the diffusion
matrixes, the modified equations have been integrated
in time using the forward Euller method (51) in a
speclal way to compensate for that portion of the time
truncation error. However in the absence of the
correction due to the shear-stress and owing to the
complicity of introducing such a factor to the
equations finite element technique introduced by Gresho
was not considered 1n obtalining a numerical solution to

the problemn.

Turbulent wall-jets by Rajarathnam (38) gives a detail
account of the behaviour of the plane turbulent
wall-jets. A plane jet coming out of a nozzle
tangentially to a smooth flat plate which 1s submerged

in a semifinite expanse of the same fluid. As the jet
leaves the nozzle due to the velocity discontinuity, a
shear layer develops on the fluid side and a boundary
layer develops on the wall side. If the surrounding

fluid is also in motion in the same direction,

phenomenon is referred as the plane turbulent compound

wall-jet.

A detail study on compound wall-jets has been
undertaken by Eskinazi and Kruka (39) in 1962. Thelr

first work on mixing of a wall-jet into a free-stream
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has been done with a zero pressure gradient.
EXperiments have been carried-out for various ratios of
jet to free-stream velocities and have obtained results
1n agreement with the Blasius’s frictional law (49).
And also the non-dimensional shear-stresses have found
to be 1n agreement with Fortmann’s (19) results which
were computed from the momentum considerations. Since
this work was carried-out only for the zero pressure
gradient, comparisons with the results of the present
work can not be made. However the work give a good
general understanding of the compound wall-jet and the

mixing layers which enabled to formulate the present

problem.

In thelir further work Kruka and Eskinazi (40) have
carried-out experimental 1nvestigations on a plane,
steady, turbulent wall-jet i1n a free-stream of air.
Here they have considered a negligible longitudinal
pressure gradient. In that investigation Kruka and
Eskinazi have observed that the 1nner layer has
constantly lost its momentum caused by the frictional
stresses at the wall while the outer layer has
preserved its momentum. These analysils have been

carried-out by using empirical equations.
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1.8 Aerodynamic Theory of Wind Turbine Generators

Betz limit (55,56) for the performance coefficient 1is
one of the factors useful in evaluating the aerodynamic
design of a wind turbine generator. However the "Betz
limit" does not represent the maximum possible

performance coefficient for a wind energy conversion

system (57).

Loth (58,59) has carried-out series of investigations
on the power coefficient of wind turbine generators.
For the work on optimization of Darrieus turbine, with
upwind and downwind momentum model (58) a generalilsed
Betz limit has been derived. In this work an arbitrary
number of actuator discs in series has been used. A
momentum-type velocity model has been introduced with
separate cosine -type interference coefficients for the
upwind and downwind half of the rotor. The values for
the optimum rotor efficiency, solidity, and correspond-
ing interference coefficients have been obtained in a
closed -form analytical solution by maximizing the

power extracted from the downwind rotor half as well as

from the entire rotor.

Further work by Loth and McCoy (59) on wind power
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