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ABSTRACT

Optimization Studies on the Ducted Wind Turbine
by
Srinivas Guntur

University of New Hampshire, September, 2010
Advisor: Joseph C. Klewicki

The concept of the Ducted Wind Turbine (DWT) has received significant research
interest over the last fifty years. Several attempts to commercialize the DWT have

been made in the past, but a commercial version does not exist at present. One of the
primary concerns has been the size of the duct of the DWT and the economical and

structural challenges relative to its design. It has been observed, both from existing
as well as new experimental results at UNH, that significant reductions in the size
of the duct can be achieved by better modeling the three dimensional flow in the
duct. Specifically, the inherent swirling nature of the turbine wake flow is found to

have significant influence on delaying the boundary layer separation in the diffuser,
and thereby improving the diffuser performance considerably, concurring with Prasad

and Ostrach (1971); McDonald et al. (1971); Senoo et al. (1978); Okhio et al. (1983).
This improvement in diffuser performance facilitates a smaller diffuser, and hence a
smaller duct. The present work addresses a DWT design optimization study in two

parts: (1) a preliminary theoretical analysis showing a potential to reduce the length
of the diffuser by up to 40%, and (2) experiments that were carried out on three
DWT scale models that were prototyped at UNH to study the influence of swirl on
the diffuser pressure recovery. Additionally, results from experiments have also shown

scope of power augmentation of more than 40% through the use of a duct, compared
to a same-rotor-diameter unducted turbine.

?

CHAPTER 1
INTRODUCTION

The wind is one of the most abundant potential sources of renewable energy. Globally, the available wind power is estimated to be about 100 times greater than our
energy requirements at present (Danish Wind Industry Association (accessed - May

20, 2009)). Over the last decade, increased concern about climate change and global
warming has invoked tremendous interest in this form of renewable energy. The
American Wind Energy Association (AWEA) predicts a 30-fold increase in the US

wind power market in the next five years despite the recent economic recession, and
terms the mid-west region of the U.S. as "the Saudi Arabia of wind energy" (see
AWEA (2009)). Owing to this potential, there is an increased research emphasis on
wind energy technologies.

Wind turbines are classified into small-scale or large-scale based on their rated power
output. Turbines with a rated capacity greater than 100 kilowatts are classified as

large-scale. With emerging and established wind energy companies such as Vestas,
GE, Siemens, etc., the industrial growth in the large-scale sector has been exponential
over the past few years - in the year 2008 alone the global wind energy capacity grew
by 28.8% (see AWEA (2009)). Relative to the reality of opportunities, however,
large-scale wind energy systems have some inherent limitations. These relate to:

• Their integration with the electric grid, e.g., wind farms can only be situated
in certain suitable locations, which may be far away from cities;
1

• Owing to the limitation above, a requirement of high voltage lines spanning
across large distances;

• A variety of structural challenges - the installation of gigantic turbines is a
challenge (the rotor diameter of a 3.0 MW turbine from Vestas, the Vl 12, is
90m);

• Aesthetic and environmental concerns - The Cape-Cod wind project (Nantucket
Islands, MA) is an example of the extent to which aesthetic and environmental
concerns can impede a large-scale venture (e.g., wind turbines cause a threat to
birds, see Cape Wind (accessed May 20, 2009));
• Bulky gear boxes requiring high cut-in speeds;

• An inability to efficiently extract available energy from complex wind fields, i.e.,
non-uniform winds.

In potential support of efforts to reduce dependence on fossil fuels, wind energy
systems that can overcome these disadvantages are actively being sought. Small-scale
power generation, defined as those turbines having rated capacities of 100 kilowatts

and less, offers the advantages of generating localized, distributed power while being
much more adaptable to complex environments. Small-scale wind energy systems
are generally of two types: horizontal axis wind turbines (HAWT), and vertical axis

wind turbines (VAWT) . VAWTs are known to operate at low cut-in speeds, however
most VAWTs offer lower efficiencies than HAWTs (see Kitzinger and Frankel (1998)).
Examples of VAWTs are the Savonius turbine, Darrieus turbine, and the Gorlov
turbine. Gorlov (2000) claims to have achieved efficiencies on par with the HAWTs,

however there are no successful commercial models at present. An example of a small
scale HAWT is the Ducted Wind Turbine (DWT). A DWT consists of a HAWT

mounted inside a specially designed duct that serves to increase air flow through the
2

turbine compared to the unducted case. The duct of a DWT is a nozzle-diffuser

assembly that serves, in principle, to concentrate high speed now at the throat of the
duct. Through this power concentration mechanism the DWT has the potential to
positively address several limitations of the conventional large wind turbines. Namely,
• The DWT uses smaller rotors placed inside ducts

• With smaller rotor diameters it is possible to achieve higher rpms and so the
use of bulky gear boxes can be eliminated
• It can operate at lower wind speeds

• Smaller size also allows flexibility in location and installation, and
• Distributed, localized power generation eliminates the need for high voltage
lines over large distances.

It is due to these advantages that the need to explore the niche of small-scale wind
is warranted. This thesis presents an effort that has been made to study the flow
physics associated with the DWT. In the following section, we consider the basic
theory underlying the design of the DWT.

1.1

The DWT theory

To start, it is useful to compute an expression for the available power in a wind of
fixed direction and speed. Consider a uniform, steady flow with velocity v, then the
kinetic energy (K.E.) per unit volume of the flow can be written as

d(K.E.)

1

,2

dV =2'"'

<L1»

where, ? is the density of air, and dV defines the control volume. This can be rewritten as

3

K. E. = -pv2dx(dxdy)
1

(1.2)

,

= -?? dxdA.

The available power is simply the rate of change of the kinetic energy

,p

dK.E.

1 2dXj.
1

,

2 /¡ht<M.

(1.3)

Integrating over the cross-sectional area of the flow A yeilds,

P= I dP=l-pAv\
/1

(1.4)

which shows that the power available in the wind is proportional to the cube of the
velocity. Now consider a converging section having cross-sectional area and wind

velocity (Ai u¿), and (A0 v0) at the inlet and outlet, respectively. Then, by continuity,

A1Vi = A0V0.

(1.5)

From (1.5), a reduction in the cross-sectional area by a factor R increases the velocity
by the same factor. For illustrative purposes, suppose R = 2, and let us look at how
the available power changes between the nozzle inlet and outlet.
4

P0 = -pA0v30

(1.6)

F0 = 4 Qp^WJ = 4P1

(1.7)

Let A1 = 2A0, or 2^ = v0. Then,

which indicates a potential power increase by a factor of four.

There are, of course, a number of assumptions underlying this analysis that ultimately render this factor of four unattainable, and these are discussed in detail later.

Even so, this simple analysis reveals that by reducing the cross-sectional area by half
one can potentially generate a considerable amplification of the available wind power.
Exploiting this feature of power concentration/amplification in converging sections is
the central goal of DWT designs. Toward this aim, a typical duct of a DWT has a

converging inlet section (the nozzle), and a divergent outlet section (the diffuser). The
inlet nozzle accelerates the flow through the throat, where the turbine resides, and the
diffuser is used to recover the pressure drop due to the turbine to slightly below the
atmospheric pressure, so that in principle a suction effect is created through the duct.

Over the years various DWT designs have been proposed. One of such concepts even

claimed a theoretical power augmentation factor of as high as 5 (see Vortec Energy
(accessed - May 20, 2009)). In order to understand how power is augmented and
5

what the limitations are on the power augmentation factor, let us first briefly review
the classical wind turbine theory.

1.1.1

Betz limit

It is useful to examine ducted wind turbine designs relative to the theoretical ideas
for non-ducted wind turbines. Classical wind turbine theory, as given by the German
physicist Albert Betz, states that a conventional horizontal axis wind turbine can
extract a maximum of 59% of the power available, which is defined as the Betz limit

(Betz (1966); Wind Power (2009)). As energy is extracted from the wind, the wind
loses its kinetic energy (or velocity). The amount of energy extracted from wind can
never reach 100% of the kinetic energy in the wind, since a 100% power extraction
would correspond zero wind velocity downstream of the rotor, violating continuity.

i

Figure 1-1. Wind flow through a conventional wind turbine (from Wind Power
(accessed - May 20, 2009)

To show this more precisely, consider the following derivation for a 1-D case, neglecting
the turbine wake effects. Suppose the wind far upstream of the turbine is uniform
6

with a velocity ^1 , and V2 downstream of the turbine. The rate of energy extracted
by the turbine, Pe, can be written in two ways. One,

^e

-LuOstream.
upstream

*c
¿downstream

= -p?(?\-??)?

(1.8)

where m is the mass flow rate at the rotor. Power can also be defined as,

Power — Force ¦ Velocity.

(1.9)

If the fluid velocity at the rotor is vr, and the force that the rotor exerts on the fluid

is F = rh(vi — V2), then

Pe = rh(vi - V2) ¦ vr.

(1-10)

Equating (1.8) and (1.10), we get

rh{vi-v2)-vr = -rh(vl-vl),

(1.11)

and thus,

Vi +V2

vr = -L—l.
Also, if A is the rotor swept area and ? is the density of air, then
?

,

(1.12)

1 ?

m = -pAvr.

(1.13)

Substituting (1.13) and (1.12) into (1.8) yields

Pe = -pA(v¡ - ?22){?? + V2).

(1.14)

Cp, the ratio of the actual wind's kinetic energy compared to the mechanical energy
captured by the wind turbine, is called the power cefficient. It is a measure of how

efficiently a turbine converts wind energy into mechanical energy.

r _ Pe _ \pA(v¡ - V^)(V1 + V2)
P Pa

\pAv\

^(1-|(1 + ^).

(1.15)

Cp can be written as a function of the ratio f ^- J , and therefore the maximum value
of Cp can be calculated to be CPimax = ||. This limit to the maximum value of Cp is
known as Betz limit. Details on the Betz Law (or limit) are available in many texts
(eg. Betz (1966)).

1.2

DWT Background

Rainbird and Lilley (1956) were perhaps the first to investigate the DWT concept.
Prom this effort stemmed the claim that in theory a 65% increase in the power output
can be achieved by placing a cowling around a conventional wind turbine. The preliminary theoretical analysis was performed using a one-dimensional (1-D) formulation.

Remarkably, Foreman (1981) later concluded that, in theory, a power augmentation

factor of as high as 4.25 can be achieved by placing a wind turbine in an optimally
designed shroud with an exit-inlet diffuser area ratio, in this case, of 2.78.

Significant research on the DWT was also conducted by Igra (1976, 1981). It was
claimed that design modifications such as air bleeding into the diffuser and use of ring

shaped flap at the exit of the diffuser, could generate increases in power output by up
to 25%. Significantly, evidence was also given indicating that by placing a turbine in
a duct the need for yaw control mechanism, which is essential in case of conventional
HAWTs, is not necessary for yaw angles of up to 30°.
Hansen et al. (2000) concluded that the Betz limit "can be exceeded with a ratio corresponding to the relative increase in mass flow through the rotor", and thus further

supported the potential efficiency gains associated with the DWT concept. Again,
this claim was made in accordance with a 1-D CFD analysis. Matsushima et al. (2006)
also theoretically validated the advantage of the DWT in comparison to conventional

wind turbines, but also used a 1-D theoretical model. As a result of assuming 1D flow, however, one may rationally conclude that unnecessarily large diffusers are
required. Numerous flow complexities associated with the DWT also cause one to

question whether the relevant flow phenomenon can be accurately captured by a 1-D
model. These complexities mainly relate to the turbulent swirling flow of the turbine
wake, and this factors importantly in the present study.

Recent efforts by van Bussel (2007) sought to investigate the DWT flow phenomenon
in a greater detail. Specifically, he investigated the effect and importance of the dif-

fuser back pressure on the increase in the mass flow through the duct. A noteworthy
observation in this work was that high values of diffuser pressure recovery (Cpr > 0.8)
9

were necessary to facilitate the power augmentations that were claimed in previous
literature, whereas in practice Cpr > 0.5 are difficult to achieve in practice as it imposes certain limitations on the mass flow increase through the rotor.
Some more notable production models employing DWT concept have appeared over
the last decade. Vortec Energy (accessed - May 20, 2009) of New Zealand was one of
the first companies to attempt a commercial model of the DWT. A power augmentation of 5 to 8 was claimed when this venture was initially started in 1997. They
made a few prototype DWT units, though the overall attempt was unsuccessful as the
claimed power augmentations could not be achieved. Thus, their model proved not
to be commercially viable. A few other companies have also proposed different ren-

ditions of the DWT concept (Green Energy Technologies (accessed - May 20, 2009);
Marquiss Wind Power (2008)). In 2007, a Massachusetts based company FloDesign
(Phillips et al. (1999); Werle and Presz (Jr.)) proposed an innovative design for the
duct. The design incorporates two concentric ducts around the rotor in order to
facilitate mixing of free stream air with the air from the wake of the turbine. It is
claimed that this design concept allows for a much smaller diffuser, and thereby, a
more commercially feasible solution.

1.3

Scope of the current work

Although the DWT concept has been around for over half a century, it has not yet
been advanced sufficiently to yield a viable commercial product. A number of factors
influence commercial viability. For example, the added cost of manufacturing the
duct must be offset by the lower cost due to the reduced size of the rotor and the
addiotional power generated by the system. The bulky diffuser designs that were suggested by previous research models have been a major hurdle to achieving commercial
feasibility. This, for example, factored importantly in the failure of the Vortec Energy
10

(accessed - May 20, 2009) design.

Through experiments carried out as a part of this work it was observed that a bulky
diffuser design can be avoided. This potential motivates much of the current work.

Specifically, research on the performance of conical diffusers under swirling flow conditions provides evidence for enhanced diffuser performance.
1.3.1

Previous research on swirl in conical diffusers

Prasad and Ostrach (1971) conducted significant research pertaining to the effects of
secondary (swirling) flow on conical diffuser performance. They concluded that the
"diffuser performance can be remarkably improved by the use of swirl" and that there
exists an optimum swirl angle for each diffuser that increases with the increase in the

divergence angle. The effect of turbulence was also investigated, but the major factor
in delaying or avoiding separation in the diffuser was observed to have connection
with swirl.

McDonald et al. (1971) also carried out similar research in roughly the same period

of time. A large number of conical diffusers with divergence half-angles ranging from
2° to 15.6° were tested. Of these diffusers were separating diffusers-in which flow
would separate in 1-D flow conditions, and non-separating diffusers—in which the flow
would not separate in 1-D flow conditions. It was shown that in the case of separating

diffusers the addition of swirl remarkably improves performace, while no significant
improvement was observed in case of diffusers that did not see separation in 1-D flow.
Senoo et al. (1978) conducted pressure recovery calculations taking into consideration
the radial variation of static pressure. One observation was that in some diffusers the

key role in increasing the diffuser performance is essentially due to the baseline pres11

enee of swirl and not necessarily the magnitude of the swirling component.

Considerable amount of research has also been done on the same effect in the case

of annular diffusers, which are commonly used in turbomachinery. Swirling flow has
been seen to delay/avoid separation in many of these applications, for example see

Sieker and Seume (2008); Singh et al. (1994, 2006); Kumar and Kumar (2005); Stevens
and Williams (1980).

1.3.2

Current research

A number of observations made during the course of the current effort concurred

(either qualitatively or quantitatively) with many previously published results. Owing
to their simplified nature, most previous analytical models have failed to account for
swirling flow in the diffuser. The relavance of swirl in diffuser research is crucial. As
the swirl effect is inherent in the rotor-diffuser assembly, swirl comes as an inherent

feature of the DWT design that has potential advantages. A preliminary theoretical
analysis has shown that effective length of the diffuser can be decreased significantly
by taking into consideration the swirling flow in the diffuser. Wind tunnel as well
as field experiments were designed and conducted in order to analyze the flow in the
diffuser.

1.4

Layout

The remainder of this thesis is divided into four chapters:

• Theoretical Analysis - A preliminary theoretical analysis seeking to include
important elements of the 3-D flow in the diffuser of a DWT and its influence on
the diffuser performance is given here. Two important elements are considered:
12

- An analytical expression for the effective attainable reduction in diffuser

length is derived. This stems from pressure modification due to a secondary
(swirling) mean flow.
- In the current flow regime, it is shown that the radial variation in static

pressure can neglected. This simplifies some experimental procedures that
were suggested by Senoo et al. (1978).

• Experimental Methods - The experimental analysis was carried out in two

parts: (a) wind tunnel experiments on small scale models, and (6) field tests
on larger (Im ? 2 m) working model. The methods and apparatus used in
acquiring data are discussed in this chapter.

• Results and Discussion - The results from the experimental analysis were
found to be in agreement with some theoretical predictions detailed in Chapter
2. These experimental results and relevant discussions are presented in this
chapter.
• Conclusion - Finally, the conclusions drawn from this research are listed and
suggestions for future work are made here.

13

CHAPTER 2
THEORETICAL ANALYSIS

Results highlighted previously in the literature survey provide evidence that the dif-

fuser performance significantly benefits from a swirling flow. The diffuser being a
large portion of the duct of the DWT, it was felt necessary that a design analysis
that incorporates swirling flow be performed. This chapter presents some analysis and
results from CFD simulations that provide an insight into the physical mechanisms
associated with swirl.

2.1

Physics of swirling flow

Improved diffuser performance under swirling flow conditions is identified with two
likely mechanisms:

2.1.1

Mechanism I: Effect of the apparent diffuser angle

As the flow swirls along the walls of a conical diffuser it experiences a different angle

of divergence (a') than the actual diffuser half angle (a). This is because the flow
travels a greater distance along the diffuser's circumference. Consider Figures (2-1 (a))
and (2- 1(b)). The diffuser divergence angle is defined as

Q = Sm"1^).
On the other hand, the effective diffuser divergence angle is given by
14

(2.1)

a' = sin"1 (Z-

(2.2)

and the angle of swirl is defined as

?

,

? = tan

—1 ^tangential .
Vaxial

(2.3)

From Figure (2-l(b)), L can be written as L = L' coso. Therefore, equation (2.1)
becomes

H
sina =

L' cos B1

(2.4)

=> sin ?? = sin a ¦ cos Ö

(b) Top view

(a) Side view

Figure 2-1. Cross-sectional schematic of a diffuser showing the divergence half angle
(a), and the swirl angle (T)
For example, consider the diffuser of Cowling 1 that has a half angle of a = 10.5°.
According to the above calculation, the divergence angle locally experienced by a flow
15

with swirl angle ? = 23° is a1 = 9.5°. Theory suggests that separation may be present
at angles as small as 9o (Igra (1981)). Experiments of the current project, however,
have shown that separation in such a diffuser is eliminated under swirling flow with
? = 23° (see figure (3-9)). This leads one to surmise that mechanism I alone does not

fully explain the observed mitigation of separation in swirling flow.

\

/

\
/

Figure 2-2. Schematic of the turbine wake flow streamlines in the diffuser

2.1.2 Mechanism II: Effect of modified pressure in rotating flow
Just as a rotating mass experiences a centrifugal force radially outward, fluid in
a swirling flow experiences a centrifugal force that acts inward and normal to the

boundary. Hence, rotating flow imposes additional forces on the boundary layer. To

explore this we consider a diffuser of length / designed for a 1-D flow. From continuity,

AiUi = A(z)u(z),
(2.5)
16

Figure 2-3. Diametric cross-section of a DWT

or,

u(z) — Ui

A1

A(zY

(2.6)

and thus, the velocity along the axis of the diffuser can be expressed as a function
of the downstream distance z. Here, the subscripts V and 'e' stand for inlet and

exit respectively, R(z) is the cross-sectional radius of the diffuser at z, and ? = 0
represents the inlet of the diffuser (see figure (2-3)):

R(Z) = R1 + J(R6-R1)
(2.7)
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and thus,

(2or,

A(z)
?

/Ä(z)

',

2 (Ri

1+1U

-R7;

(2.9)

Substituting (2.9) into (2.6), we get

u(z)

Uj

1+

(2.10)

•Re

In the case of rotating flow, the total pressure at a point in the diffuser is the sum of

(a) the static pressure, (b) the dynamic pressure due to the velocity, and (c) the radial
pressure due to the centrifugal force. In such a case, the static pressure measured
with the help of a pitot-static tube at the wall p* is given by the modified pressure
equation (from Elkins and Eaton (1997)):
1

2

P =P+-put.

(2.11)

Now, a primary purpose of a diffuser is to recover the pressure deficit at the throat
with minimal losses. For this reason one seeks to avoid separation, and this geometrically constrains diffuser design. Thus, it is useful to examine what influence

the estimated modification in pressure owing to swirl has on the design length of the
18

diffuser required to avoid separation. The pressure recovery in a conical diffuser is
given by (see Igra (1981)):

Cpr = *Z».

(2.12)

The terms p¿ and pe in (2.12) are the cross-sectional static pressure averages at the
inlet and exit of the diffuser, given by

Tn p(r)dr

pava=Jo^>
Jo dr .

(2.13)

Therefore, the determination of Cpr requires computation (or estimation) of the crosssectional static pressure averages at the inlet as well as the outlet (as done, for example, by Senoo et al. (1978)). In this regard, we consider the following calculation.
By writing the tangential velocity, ut, as the product of the angular velocity, O, and
the radial distance from the axis, r, equation (2.11) can be rewritten as

P*(r) = p + -p(n ? ~?)2.

(2.14)

Substituting equation (2.14) in (2.13) yields

„

Pavg

¡0R(p+¡pü2(R(z))2)dr

Io 'dr
1 PU2R
p+2l2

Since (U2R2 = v2),
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,

N

(2·15)

1

2

Pavg=P+ Qpvt)

(2.16)

which can be subsequently written as

Pavg = [P+^Pvf]-^
2

Pavg =

Ps, wall

"3")

[2.Ii)

where, pStWaii is the static pressure measured at the wall, or p* = pS:Wau. This expression allows one to assess the relative importance of the swirling component on the
average pressure. As will be shown later, our experimental data it was observed that

(4)

the typical values of the ratio ^—'~ O(10 2). Therefore, we can approximate
Vs, wall
k

. . p^±_
=> Pavg ^ Ps1VHdI

(2.18)

which means that the static pressure readings obtained at the wall can be used to

reliably estimate the Cpr of the diffuser as

.-?

Pe

Pi

Pe,wall

-2Pui

Pi,wall

,„ . _·,

\Pul

Under the 1-D flow assumption, the pressure recovery of the diffuser is given by the
expression
20

F? = (Pe.wall ~ Pi,wall) = ~? (u? - ??)

(2.20)

where u is the axial velocity. In case of swirling flow, the tangential components of
the velocities at the inlet tzM (or, in fact, any arbitrary position ut{z)) can be written
as

V, tan ?

Figure 2-4. Swirling flow velocity triangle inside the diffuser

v>i¿ — Ui tan ?

ut(z) — u(z) tan ?.

Therefore, for this case the pressure recovered along the diffuser in given by
21

(2.21)

1

1

dp2 = -P
2 (u2 - u¡) + -? (ult - u%t) .

(2.22)

Substituting (2.21) into (2.22), one gets

dp2 = ? K - u2e) + -? (?} - u2e) tan2 T,

(2.23)

dp2 = ^P {u2 - u2) (1 + tan2 Q) .

(2.24)

or,

It now becomes apparent that, owing to the presence of swirl, the pressure recovery
in case of the swirling flow occurs at a shorter distance compared to linear flow. The
aim here is to determine the length of the diffuser (say I') that would achieve the
same pressure recovery as a diffuser of length / would in 1-D flow.

From (2.20) and (2.22),

dpi = (Ip2(I') = -p (u2 - u2(l')) (1 + tan2 ?) .

(2.25)

Substitution of (2.20) in (2.25) yields

fP \1-^)= J? {? - ^pJ i1 + tan ?) ¦
Further substitution of (2.10) in (2.26) yields
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i2·26)

'

1-

V (Ri

1 + tU

(l + tan2#),

(2.27)

or,

1-

Ri
Re

=

1-

'

V [Ri

(l + tan2#) ,

(2.28)

which can be rearranged into

=

1

Rj
Re

I

1-

-ii/?

1 + tan2 ?

\

(2.29)

)

Equation (2.29) provides an expression for estimating the net fractional reduction

in diffuser length resulting from the presence of swirl. Once again, the underlying
assumptions are:

a) negligible viscous effects;
b) axisymmetric flow;

c) dx,dy << dz;

d) all variables denote the mean values of the parameters.
Based upon the flow visualization results presented in the next chapter, in one of

the experiments on Cowling 1, for which g = ^, the observed swirl angles were
approximately ? = 7°, 15° and 23°. By equation (2.29), these values correspond

t0 (l) = °·93' °·76' and O·60 respectively, meaning that with the given swirl, the
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diffuser length can be reduced by 7%, 24%, and 40%, respectively, to achieve the
same pressure recovery as in the 1-D case. Further analysis of mechanism II, as well

as its importance relative to mechanism I, is presented in chapter 4.
2.2

Overview of CFD results

To gain better insight of the problem, CFD analysis was carried out. These analysis
were conducted with the help of Turbocam Inc., Barrington, NH. The results from the

CFD and those from the experiments on the prototypes served as the basis for gaining an improved understanding of the separation phenomenon in swirling flow and its
relation to the efficiency of the diffuser/DWT. The CFD analysis was performed for
the two cases of 1-D flow and swirling flow using ANSYS CFX 11 package. The simulations were carried out using the k - e turbulence model with the free stream air at

standard temperature and pressure and the results have shown qualitative agreement
with the experimental observations.

Figure (2-5) shows the simulation of a 1-D (no-swirl) flow inside a duct (a = 13.5°)
simulated at Re = 4 ? IO5. Here, the boundary layer separation is shown clearly
at the top boundary, in agreement with the theoretical prediction of Igra (1981) as
well as our experimental results (discussed in Chapter 3). In figure (2-6), a sector of
the DWT cross section is seen. The top edge of the cross-sectional triangle that is
seen here belongs to the circumference of the diffuser and the lower line indicates the

diffuser axis. A similar simulation was carried out with swirling flow conditions at
the diffuser inlet, and the boundary layer separation that was seen in the 1-D case
was eliminated as shown Figure (2-7).

It is hypothesized that the phenomenon that has been observed in the experiments is
a combined effect of the two mechanisms that were presented in this chapter. In order
24

to study this phenomenon in detail, one needs an understanding of the flow inside the

cowling as well as the pressure profiles along its length. Experiments were designed
to visualize the flow, and to obtain pressure profiles along the cowling. These are
described in the following chapter.
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Figure 2-5. CFD simulation of the flow inside the duct in the absence of swirl
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Figure 2-6. Sectional view of 1-D flow in the diffuser
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Figure 2-7. Sectional view of flow inside the diffuser in the presence of swirl
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CHAPTER 3

EXPERIMENTAL METHODS

In order to understand the fluid physics associated with the DWT, one needs information about the flow behavior inside the cowling, such as the pressure distribution
along the cowling, and the power output of the turbines in different scenarios. This

chapter presents the details of the experimental methods that were incorporated in
obtaining the relevant data.

MMmmm
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i
?

1

m

m
B

¦

Figure 3-1. Aluminum cowling (Cowling 1)

3.1

Cowling models

The first set of experiments was carried out on an aluminum cowling (this will henceforth be referred to as Cowling 1, see figure (3-1)), the dimensional schematic of
which is shown in figure (3-2). The second set of experiments were carried on a fiber-

glass working model (Cowling 2, see figures (3-3) and (3-15)). The third and final
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set of experiments was carried on a plastic rapid-prototype cowling (Cowling 3, see
figures (3-4) and (3-17)), which is a 1:10 scale model of Cowling 2. Experiments on
Cowling 1 and Cowling 3 were carried out in a wind tunnel of a test cross-section of

0.45m ? 0.45m (18" ? 18"), and those on Cowling 2 were performed by mounting the
cowling on a truck and driving the truck at different speeds. Compared to the wind

tunnel test section, the dimensions of Cowling 1 are big enough to have a significant
influence on blocking the flow-the blockage ratios are given in table (3.1). However,
since this study deals mainly with the flow inside the diffuser, the blockage effects
in the wind tunnel have been neglected. Taking the DWT throat diameter d as the
characteristic length scale, the Reynolds number is defined as

where ? is the kinematic viscosity of air at STP.

3.2 Flow visualization using surface oil film
Oil film visualization is a convenient technique by which surface flow can be visual-

ized. The primary interest was to visualize flow inside the diffuser, and in particular
the swirl angle. In this technique, oil dots are placed in a pattern on the surface over
which flow is being visualized, which in this case would be the diffuser interior. The

oil is preferably of high viscosity and is doped with a colored powder. The idea here
is that when wind passes over the surface, the shearing force that is exerted on the oil

results in the formation of streaks along the local direction of the mean flow (Tropea
et al. (2007)), see figures (3-8) and (3-9).
A 940-cS silicone oil doped with red chalk powder was used to create the oil dots.

Clear tape was placed on the surface of the diffusers, and oil dots were placed axially
29

Figure 3-2. Cross-sectional schematic of Cowling 1 with dimensions in meters.

O
^M

U,

1.73

Figure 3-3. Cross-sectional schematic of Cowling 2 with dimensions in meters.

at different points on the clear tape. The use of clear tape simplifies the repetition of
the procedure. The oil dots are placed on the clear tape, along the axis of the diffuser
as shown in figure (3-9). After every experiment, the tape with the oil streaks was
30

0.173

Figure 3-4. Cross-sectional schematic of Cowling 3 with dimensions in meters.

placed on a flat surface and was photographed for analysis. Using the photographs,
the angle that the streaks made with the axial direction (which is nothing but the
swirl angle T) was measured by hand using a protractor, see figure (3-5).
3.2.1 Instrumentation and Data acquisition

Pressure measurements along the length of the cowling are essential to understand
the flow and to calculate the Cw of the diffuser. The pressure distribution was ob-

tained using Motorola (Model No. MPX4115AP) pressure transducers. The pressure
transducers, which measure the absolute pressure, were calibrated against a GENEQ
Inc. manometer (Model No. 355 Smart Manometer), the calibration curve is shown
in figure (3-6). The maximum deviation of the data from MPX transducers with re-

spect to data from GENEQ manometer was found to be 0.0172 kPa, or, a maximum
percentage error e of

e^

0.0172?;?a

— x 100,

WOkPa

0.017%.
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(3.2)

/?

Figure 3-5. A photograph used to measure the swirl angle in one of the experiments

on Cowling 1.

The GENEQ manometer has an error of 0.02% full scale, according to the manufacturer's specifications. A set of eight MPX transducers each connected to a pressure
tap on the cowling were used to acquire pressure data. Data acquisition was done
using an Agilent DA unit (Model No. 34970A) connected to a computer. For a given
experiment, the parameters (pressure, torque, etc.) were recorded at a frequency of

2 Hz, and each experiment was repeated three times. The results shown throughout
this thesis are the cumulative averages of the data.
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Figure 3-6. Calibration curve for MPX4115 pressure transducers
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Figure 3-7. The picture shows Cowling 2 mounted on a truck, and to its left an
anemometer used to measure the wind speed and direction.

3.3 Experimental procedures

The initial observation that boundary layer separation is eliminated in the presence
of swirling flow was made during flow visualization experiments carried out in the
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diffuser of Cowling 1 in the presence and absence of a turbine, see in figures (3-8) and
(3-9). In these figures the rear view of the diffuser is shown such that the diffuser

exit is towards the bottom of the picture. The direction of flow is top to bottom,
and so one would expect oil streaks to form as in (3-9). However, in (3-8) flow shows
separation, highlighted in the picture by a circle. The oil dots to the left of the circle

form streaks moving away from the diffuser exit, and the oil dots on the right hand
side seem to be moving towards the diffuser exit. Several experiments were performed
on Cowling 1 and Cowling 3 following this observation.

Figure 3-8. Flow inside Cowling 1 without swirl. The direction of mean flow is
toward the bottom of the picture, and yet in the circled region oil streaks are formed
in the reverse direction, thus revealing the existence separation.

3.3.1

Cowling 1

Experiments on Cowling 1 were performed with the three turbines that were manufac-

tured by Turbocam Inc. Each of these turbines had a different blade angle and were
originally developed to study turbine blade design. The three turbines have blade

angles of approximately ß ~ 14°, 45°, and 60°, where ß is defined in figure (3-11).
Pressure taps along the length of Cowling 1 were connected to the MPX pressure
34
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Figure 3-9. Flow inside Cowling 1 with swirl created using to turbine 2 (T = 15°).

Here, all oil streaks formed are parallel to the mean now, revealing the absence of

separation.

transducers. The turbine was coupled with a DC generator and its speed was varied
by varying the resistance (load). Each turbine was tested at different loads, under an
assumption that different loads generate distinct swirl angles. The flow in the diffuser

was constantly monitored with the help of oil dots, as described in section (3.2). At

each turbine-load configuration, the pressure distribution as well as the swirl angle
were recorded. In these experiments, however, since the dimensions of Cowling 1 were
comparable to the dimensions of the wind tunnel test section, it is possible that the

results were influenced by the boundaries of the wind tunnel. Hence, smaller cowlings
(see section (4.4)) were also made and tested in the same wind tunnel. This provided
for useful comparisions.
35

Un

w

Figure 3-10. A picture of a Motorola MPX pressure transducer

thrust

torque

/radius

Figure 3-11. Schematic showing the aluminum turbine blade angle
3.3.2

Cowling 2

Several experiments were performed on Cowling 2 with and without the presence of a
rotor to analyze the swirl effects. Pressure taps were mounted in the working model
at different locations along its length (shown in figure (3-13)), each of which was
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connected to an MPX pressure transducer. An RM Young wind anemometer (Model
No. 05103V) was used to measure the wind speed/direction, as well as to monitor
any cross winds. This entire setup was mounted on top of a truck such that the lower

end of the cowling is three feet above the cab of the truck (see figure (3-12)). In this
experiment, the influence of the cab on the experimental data has been neglected.

The truck was driven at different speeds ranging from 25 mph to 50 mph (11.2 m/s
to 22.4 m/s) along a straight road. This was done in order to simulate different wind

speeds. Three sets of experiments were performed on Cowling 2 with the help of this
setup:

^N
?

?

1

¦HP«1

¦r^
n

?

Figure 3-12. Working model of Cowling 2 mounted on top of a truck.

• One set of experiments was carried out to obtain the cowling pressure profile in
the absence of a rotor;

• The second set of experiments was carried out by placing a freely rotating fan
at the neck of the diffuser in order to generate swirling flow in the diffuser (this
was done before a 17" (0.43m) diameter turbine was available for testing);
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Figure 3-13. Pressure taps mounted on the inner surface of Cowling 2
The third and final set of experiments was carried out with the 0.43m diameter

turbine (rapid-prototype plastic turbine, see figure (3-17)). The idea behind the

DWT is power augmentation in the presence of a cowling. In order to analyze
the effect of the cowling on the turbine power output, the 0.43m turbine was

also tested in the wind tunnel in the absence of a cowling. A "T8" torque
transducer (Interface rotary torque transducer, Model No. T8-LC) was coupled

with the turbine on one side and a disc-brake system on the other. The braking
system serves as a resistance (or "load"), and hence the braking power P of this
turbine was obtained by

P = t?,

(3.3)

where r is the torque and ? is the rotational speed of the turbine. The T8

transducer has a range of 0.2-200 N-m, and an accuracy of ±0.25% full scale,
according to manufacturer's specifications.
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Figure 3-14. Oil dots in the diffuser with a = 19° in the absence of swirl. In this

case closer examination of the oil patterns revealed the existence of separation.

mm

Hl

Figure 3-15. Photo of Cowling 3 during a wind tunnel test
3.3.3

Cowling 3

Two cowlings were rapid prototyped for wind tunnel studies: one with a diffuser
divergence half angle a = 19°, and the other with a = 13.5°. The former is a

1:10 scale model of Cowling 2 (figure (3-7)). The aim here is replicate the experimental conditions that occur in Cowling 2. The prototypes were made using FDM
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Figure 3-16. Torque transducer used to measure power output from the turbine

m
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Figure 3-17. Plastic (rapid-prototyped) turbine

rapid prototyping machine, Stratasys Dimension 880, at the Department of Mechanical Engineering, UNH. The testing was carried out in the UNH wind tunnel with
a 0.45m ? 0.45m test section, see figure (3-15). Two pressure taps were installed in
the rapid prototype cowling (diffuser angle = 19°)- one at the inlet and another at
the exit of the diffuser. These taps were connected to pressure transducers and the
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pressure measurements were recorded. Stators were used to generate swirl in these

experiments. Five plastic stator prototypes were made, each with a different blade

angle. As was the case with Cowling 1, oil dots were used to visualize swirl in the
diffuser and in each case, the Cw was determined based on the diffuser inlet and exit
pressures.

In sum, the experiments can be categorized into four sets as shown in table (3.1).
The column Setup shows the location of the experimental setup-the UNH wind
tunnel, or in the field mounted on a truck. Here, the wind tunnel blockage ratio is
computed as the ratio between the projected area of the object being tested on a plane

perpindicular to the flow, and wind tunnel test section (0.45m ? 0.45m = 0.2025m2).
Table 3.1. Summary of experiments.
Experiment

Setup

Reynolds

Wind

Number

tun-

nel blockage
ratio

Cowling 1

Wind Tunnel

2 ? 10°

<

28.6%

Re < 5 ? IQ5

Cowling 2

Field

Cowling 3

Wind Tunnel
Wind Tunnel
k Field

00.45m Turbine

2 ?
Re <
Re ~
Re ~

105 <
4 ? 105
5 x 10°
6 ? 10°

4.76 %
60%

An analysis of the data obtained through the experiments is presented in the following
chapter.
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Figure 3-18. A picture of Cowling 2 with a freely rorating fan mounted inside
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents a discussion on the observations from chapters 2 and 3. The

relavance of mechanisms I and II presented in chapter 2 are discussed here in detail,
and comments are made on the relative dominance of each mechanism. The following
sections in this chapter discuss the results obtained from the experiments described

in chapter 3, which are categorized into three sections corresponding to the three
cowling models. Recall that the primary objectives of the conducted experiments are
to study the following issues relating to the fundamental concept of the DWT:
• Effect of swirl on the boundary layer separation inside the diffuser, and in turn
on the pressure recovery of the diffuser,
» Net power augmentation due to the duct, relative to the theoretical ideal.

4.1

Comparing mechanisms I and II

In chapter 2, two physical mechanisms were used to describe the effect of swirl on

the flow in the diffuser. Mechanism II, however, was found to have greater influence
than mechanism I on the observed phenomena.
4.1.1

Mechanism I

From equation (2.4), a swirling streamline with a swirl angle ? sees a different diffuser
divergence angle a' than the actual a, given by
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sina' = sino; · coso.

Table (4.1) shows the values of a1 for different values of a and T. It was shown in

chapter 2 that mechanism I does not fully explain the observed dynamics in case of
the diffuser in Cowling 1. Examining the values of a' in table (4.1), it can be seen that
the change in the apparent diffuser angle due to swirl is less than 10% of a, for the
given set of a and ? values. From the experiments on Cowling 3 (a = 19°), it is also

known that separation can be eliminated by a swirling flow of ? > 13°, approximately.
According to table (4.1), the value of a' for such a case lies somewhere around 18°,
which leads one to believe that the effect of mechanism I on eliminating separation is
minor, and there is yet a more dominant mechanism, perhaps mechanism II.
Table 4.1. Sample vales of a' from equation (2.4) for different values of a and T.
a = 10°
Q
12°

9.96
11.95

a = 14°
a = 16°

13.95
15.94
17.93

a = 18°
a = 20°

4.1.2

19.92

? = 10°

? = 15e

9.85

9.66
11.59

11.82
13.78
15.75

13.51
15.44

17.72
19.68

17.37
19.29

? = 20°

? = 25°

9.39

9.05

11.27
13.14

10.86
12.67
14.47

15.01
16.89
18.75

16.26
18.06

Mechanism II

In chapter 2, an expression for the fractional reduction in the diffuser length (-) in
case of swirling flow as a function of the ratio g and ? was derived for a diffuser with
a given divergence angle, as given by (equation (2.29)) and repeated here,
44

(
=

ElY
Re)

?-

l/4\

1 + tan2 ?

Re

V

)

Table (4.2) shows the different values of the ratio (£) generated with the help of
equation (2.29) using some typical values of the diffuser area ratio and the swirl an-

gle. It can be seen that, for a given diffuser area ratio the length ratio (() decreases
with increase in the swirl angle T. This indicates an inverse relationship between ?
and (lj) -the stronger the swirl, the greater the fractional reduction in the diffuser
length. This relationship between ? and (f) can be seen in figure (4-1). Considering
one of the experiments on Cowling 1 for example, where jf = 5/12 and ? = 23°
the value of lj can be calculated to be 0.6, meaning that the fractional reduction in

length due to swirl for such a diffuser is roughly 40%, according to current analysis.
Table 4.2. This table shows sample values of the ratio (/'//) from equation (2.29)

for some typical values of Ri/Re and T.
A1,
Rr

? = 5°
? = 10°
? = 15°
? = 20°
0 = 25°

4.2

0.986
0.947
0.887
0.811
0.726

À',,

A,,

Ei. Re ~

' *7

Ar

El

E±

R1-

Rr

0.980
0.924
0.845

0.972
0.902
0.810
0.712

0.75f
0.660

0.611

0.965
0.882
0.781
0.679
0.582

aI
El _
Re ~

0.958
0.864
0.757
0.653
0.558

Cowling 1

The initial observations of swirl were made in Cowling 1. These results indicated
that boundary layer separation in the diffuser occurs only in the absence of a turbine
45
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Figure 4-1. A plot showing the relation between T, Rt/Re and I'/l, plotted using

the values from table (4.2).

and the flow stays attached in the presence of a turbine, see figures (3-8) and (3-9).
The objectives of the experiments on Cowling 1 that followed were to study the swirl
due to the three turbines discussed in section (3.3.1) and to better understand the
relation between the swirl angle and the diffuser pressure recovery.

Figure (4-2) shows the axial pressure distribution and figure (4-3) shows the relation
between the coefficient of pressure recovery Cpr and the swirl angle T. In figure (4-2),
the x-axis denotes the non-dimensional axial length, with x/L = 0 being the inlet and
x/L = 1 being the exit of the cowling, and the y-axis represents the non-dimensional
static pressure, p, at the wall of the duct:
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where patm is the atmospheric pressure, U00 is the now velocity outside the duct

boundary layer, and ? is the density of air. Owing to the position of the x/L = 0
tap on the leading edge of the cowling, the total pressure of the flow was measured at

this location. For the rest of the positions the static pressures were measured. The
experiment was carried out at U00 ~ 40m/s, or Re ~ 5 ? IO5. Owing to the fact

that the range of measurement is only a small fraction of the full scale, there may be
a biased error associated with the data (illustrated in section (3.2.1)) which causes
a consistent "shift" in the data. This, along with the possibility that stagnation is
not attained at the transducer at x/L = 0, is believed to be the reason why value of

? ~ 0.7 at x/L = 0 in (4-2) is non-zero. Since the transducers are self-consistently
calibrated, however, the trends shown in the graphs are believed to be preserved, and
therefore the emphasis on experimental observations throughout this thesis is made
on the qualitative trends rather than the quantitative values.

The throat of the cowling is located between 0.3 < x/L < 0.4. The pressure drop
between the inlet (x/L = 0) and the throat (x/L ~ 0.4) is due to the inlet nozzle
as well as the turbine. This pressure drop is maximal in case of ? = 7°, and the
least in the case of ? = 22°. The pressure profiles in the cowling was obtained for

the three turbines in order to relate the angle of swirl to diffuser pressure recovery.
Each turbine was tested with different loads so that a unique swirl angle could be

generated at each turbine speed. Interestingly, however, it was observed that only
three distinct angles of swirl were obtained, each associated with each of the tur-

bines, see figure (4-2). From this it is surmised that the angle of swirl depends more
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Figure 4-2. Non-dimensional pressure distribution along the length of Cowling 1
upon the blade design than the turbine speed-at least for the types of turbines tested.

Figure (4-3) shows the coefficient of pressure recovery Cn plotted against the swirl

angle T. The three data points correspond to the three turbines. Okhio et al. (1983)
showed that an increase in the swirl angle corresponds to an increase in the pressure
recovery. The same effect of swirl on pressure recovery is clearly observed here.
4.3

Cowling 2

The primary objectives behind the experiments on Cowling 2 were to examine the
viability of a diffuser with a = 19°, and to verify existence of and estimate the turbine
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Figure 4-3. Variation in pressure recovery relative to the swirl angle in Cowling 1
power augmentation in the presence of Cowling 2. It was also attempted to visualize
swirl by the same oil film technique, however, due to the test conditions and size of

the apparatus, reliable information regarding the swirl angles could not be obtained.

This, in fact, this was one of the reasons Cowling 3 was prototyped, see Section (4.4).
Figure (4-4) shows the pressure distribution along the length of Cowling 2 in the
absence of a turbine at different wind speeds. As before, position x/L = 0 corresponds to the inlet and x/L = 1 corresponds to the diffuser exit. The pressure drops
across the inlet nozzle 0 < x/L < 0.3, and the pressure is minimum along the throat
0.3 < x/L < 0.5. Beyond x/L = 0.5 is the diffuser. The plot shows that the static
49

pressure rises up to a point (x/L « 0.7) in the diffuser and then drops. This presence of a local high pressure point is a clear indication of boundary layer separation.

Since the pressure profile drops beyond the high pressure point, complete pressure
recovery is not achieved in the diffuser. The first set of experiments on Cowling 2
were performed in the absence of a turbine as shown in figure (3-12). These results
reveal separating flow in a wide-angled diffuser, in agreement with the earlier results
of Igra (1981, 1976). In this plot is important to note the variation in the value of
p, which should ideally be (or close to) unity. This error is believed to be a result

of stagnation not being reached exactly at the position of the pressure tap, meaning
that the value measured at x/L = 0 may not exactly be the total pressure. This
plot when normalized such that ? = 1 at x/L = 0, however, shows a similarity in the
trend of the data, see figure (4-5). As mentioned in section (4.2), note here too that
the emphasis is being made on the trends of the data, i.e., the behavior of the flow
in the absence of a turbine.

In a second set of experiments, Cowling 2 was tested with a freely rotating fan
mounted at its throat, see figure (3-18). This was done prior to manufacturing a
turbine suitable for Cowling 2, as the wake of the rotating fan simulates swirling flow
in the diffuser. The pressure distribution in such conditions along the length of the
cowling at different wind speeds is shown in figure (4-6). There is a large pressure
drop between 0.4 < x/L < 0.5 which is due to the presence of the freely rotating fan.
The static pressure data beyond x/L « 0.5, which correspond to the diffuser, show
a steady increase in the static pressure. Despite a diffuser divergence angle that is

much larger than the theoretical maximum limit of 9o (Igra (1981)) for attached flow,
pressure is recovered along the diffuser. Just as in the case of Cowling 1, separation
is eliminated in the presence of swirling flow in Cowling 2 as well.
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Figure 4-4. Pressure distribution along the length of Cowling 2 in the absence of

swirl.

Cowling 2 was also tested with the 0.5m diameter rapid-prototyped plastic turbine
shown in figure (3-17). Figure (4-8) shows the pressure profile in Cowling 2 for this
scenario. A high pressure region is seen close to the diffuser exit, which is an indication of an incomplete pressure recovery and therefore flow separation close to the

diffuser exit. It is a possibility that the turbine did not generate enough swirl required
to keep the flow attached through the length of the diffuser, which also suggests that

for a given diffuser angle there is likely a minimum threshold swirl angle for the separation to be eliminated completely.
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Figure 4-5. The plot from figure (4-2), where the profiles are renormalized (or

shifted) such that p=l at x/L = 0

In order to estimate any power augmentation due to the duct, the turbine power
output in Cowling 2 was measured at different wind speeds, along with wind tunnel
measurements of the un-ducted turbine. The un-ducted turbine was tested in the

wind tunnel at a free stream of U00 ~ 22.3 m/s (50 mph). A maximum power
Pmax - UOW, which corresponds to a rotor efficiency ?t of

Vr = ~ ~ 10.3%,
-W7
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Figure 4-6. Pressure distribution along the length of Cowling 2, under swirling flow

generated with the help of a freely rotating fan at Re ~ 6 ? IO5.

was obtained during this test (see figure (4-7)). Note that the turbine used here is not

optimized, which may be a reason for the poor efficiency. It was attempted to test

the turbine mounted in Cowling 2 at speeds of U00 ~ 13.4 m/s (30 mph), U00 ~ 17.88
m/s (40 mph) and U00 ~ 22.3 m/s (50 mph). However, due to unforeseen reasons the

turbine failed during U00 ~ 22.3 m/s test. Data was obtained for the other two speeds.
When placed inside the cowling, the turbine had a power output of Pmax ~ 158VF
at U00 ~ 17.88 m/s. This can be compared with the power during the un-ducted
wind tunnel test that was carried out at U00 = 22.3 m/s. It can be seen that the
power in the ducted case is about 40% higher than the un-ducted case, despite the
difference in U00. It is believed that a higher power augmentation can be achieved
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for the ducted turbine at U00 ~ 22.3 m/s. If separation is completely eliminated,
power augmentation could be still higher. This is evidence that the turbine design

and the diffuser design must be optimized in concert. Future studies in this regard
would seem to hold promise.
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Figure 4-7. Power characteristics of the un-ducted 17" plastic turbine at U00 = 50

mph.

4.4

Cowling 3

Experiments on Cowling 2, although more viable for making turbine power calculations, proved difficult in performing flow visualization. This was one of the main

reasons Cowling 3 was prototyped. The primary objectives of the experiments on

Cowling 3 were to visualize flow behavior in a diffuser with a = 19°, and also to
continue to study the swirl effect on the diffuser performance.

54

0.4

-i

Q

r

0.3
0.2
=>

O

Q

0.1

Cl
in
o

F

>^

0

Q.

-0.1

e
'S
CL

-0.2

O
o-

-0.3

-0.4 '

0.1

'

'

0.2

0.3

' "

0.4

—?

0.5

1

?

?

?

|

0.6

0.7

0.8

0.9

1

Position (x/L)

Figure
4-8. Pressure distribution along the length of Cowling 2 with rapid prototype
turbine
The swirl angle was controlled with the help of stators. Five different stators were

tested in Cowling 3. Figure (4-9) shows the coefficient of pressure recovery (Cpr)
values corresponding to each stator as a function of the swirl angle, for the diffuser
with a = 19°. In this figure, it can be seen that pressure is recovered for ? = 13°,
20°, and 28°. For the stators generating swirl of ? = 11° and ? = 0°, pressure is not
recovered. It can be seen that increase in the swirl angle corresponds to an increase
in the pressure recovery for ? > 13°. This indicates that there exists a critical value of

the flow swirl angle in order to facilitate an attached flow in the diffuser, and pressure
recovery fails below the minimum critical swirl angle. It must be noted, however, that
since there is no turbine in the cowling, the pressure drop that would exist across a
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Figure 4-9. Swirl angle Vs. Pressure recovery in Cowling 3 (a = 19°) showing a

critical swirl angle of ? ~ 12.7°. Meaningful values of Cpr for ? < 12.7° could not be
calculated due to separation.

rotor is not simulated by the stator.

It is a possibility that turbulent mixing due to the turbine may have delayed the
separation. This possibility was tested by using a stator with zero-angle blades (i.e.,
blades parallel to the flow) placed at the neck of the small scale prototype. This
simulated turbulent mixing caused due to the presence of a turbine but without the

swirl. The result of this test were the same as the tests without a stator, indicating
that turbulent mixing probably does not have a significant effect on separation in this

case (see Figure (4-10)). This is in concurrence with the earlier findings of Prasad
and Ostrach (1971).
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4.5

Observations

From these experiments the following observations are made:

• In section (4.2), it was seen that change in the rotational speed of a turbine

has very little impact on swirl, whereas blade geometry has significant impact.
Therefore, swirl is much more dependent on the blade geometry than the turbine's rotational speed.

• Separation in Cowling 1 (a = 10.5°) was seen to be eliminated with very subtle
swirl (T = 7°), whereas in Cowling 2 (a = 19°) a stronger swirl was required.
Thus, these results support the idea that the minimum critical swirl angle increases with increasing diffuser divergence angle.

ß Swirl angle depends upon the turbine design, and the minimum critical angle
is a function of diffuser divergence angle. Hence, for optimal performance the
DWT must be designed as a combined system and the design of the diffuser
and the turbine must compliment each other.

• There might exist a critical maximum swirl angle, above which the diffuser

performance starts deteriorating as claimed in Okhio et al. (1983), but so far it
seems that such a case will not arise in the DWT flow regime.
• For Cowling 2, it is possible to achieve a power augmentation of more than 40%.
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Figure 4-10. Oil film visualization experiment: Wind Tunnel tests on Cowling 3

show separation in the absence of swirl
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Figure 4-11. Oil film visualization experiment: Wind Tunnel tests on Cowling 3

show a non-seoaratiner flow in the nresence of a swirl.

CHAPTER 5
CONCLUSIONS

The importance of swirling now on conical diffuser design has been highlighted and
the observed phenomenon of increase in diffuser performance in swirling flow was
seen to be critical to an optimal DWT design. In the previous chapters, the relevant theoretical and experimental analysis were presented, and the results from the

experiments were discussed. Based on the discussions in the previous chapters the
following conclusions can be drawn:

• Swirl has significant influence on the diffuser boundary layer separation. This
phenomenon can be readily applied to the DWT design, as swirling flow is
inherent in the wake of the rotor;

• The swirl angle produced by a turbine depends on the blade geometry. This
rather strongly suggests that the DWT must be designed as a combined system,
where the turbine design and diffuser design compliment one another;

• As a result, sufficient presence of swirl yields a DWT with a wider (and hence
shorter) diffuser, and thus the smaller and lighter DWT eases manufacturing
and structural concerns;

• Cowling 2, which has a diffuser half angle of a = 19° showed a power augmentation of over 40%. Owing to the nature of the experiments, this is believed to

be a conservative estimate. Therefore, with further design optimization it may
be possible to achieve a power augmentation much higher than 40%.
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5.1

Scope of future work

• A study to test a turbine designed to generate high swirl to completely eliminate
separation in Cowling 2 would seem useful, as one would expect such a test to
yield a power augmentation higher than 40%;
• Pressure profiles similar to figure (4-2), and performance characteristics of Cowl-

ing 2 can be obtained by testing turbines of different blade geometry;
• Use of Stators to control swirl can be investigated;

• The effect of swirl angle on Cpr in a non-separating case is also worth investigating;

• Improvement in the braking mechanism used in Cowling 2 could ease conducting
some of the experiments;

• Long term studies can be carried out by installing Cowling 2 at a suitable site.
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