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“ Ex gibt iiberhaupt keine Moglichkewt, in logischer Strenge aus vergangener Erfahrung auf
die Zukunft zu schlicfen. Und doch st der Schlufs auf die Zukunft die ganze Pointe der
Phvsik. Die Phvsik prophezeit. Sie verdndert die Welt. Die Technik ist im Stadium des
Entwurfs immer zukiinftice Technik, Das heift der Empirismus vermag einen Grundzug der
empirischen Wissenschaften nicht wirklich aufzuhellen. Er sagt zwar, als Beschreihung,

richtige Dinge dariiber, aber er scheint nicht zu wissen, was er sagt.”

Carl Friedrich Freiherr von Weizsdcker
[Dic Eimheit der Natur, Studien
Carl Hanser Verlage, Minchen, 1971
Deutscher Taschenbuch Verlage, Reihe Wissenschaft, Miinchen, 1995



Abstract

Wind is now established in Europe as a major ‘renewable energy’ resource, but its large
scale exploitation is increasingly limited by environmental issues. Hence, on the way to a
more sustainable development, it is desirable to seek ways to incorporate it into small scale
embedded generation. As a first step, a prototype of a small scale Ducted Wind Turbine has
been developed and tested, which seems to be feasible for integration into a conventional
building. The wind flow around the building generates differential pressures which may

cause an enhanced massflow through the turbine.
This thesis is concerned with the investigation of the flow through building integrated duct

configurations. Hence, pressure and wind speed measurements have been carried out on a
wind tunnel model at different angles of incident wind. Different duct geometries with
attached spoilers have been tested, and it was confirmed that wind speeds up to 30 % higher
than in the approaching free stream are induced in the duct, in some cases tolerating an angle
of tncident wind up to + 60°,

The experimental work proceeded in parallel with Computational Fluid Dynamics
modelling. Adaptive gridding of the complex full model geometry required a two
dimensional approach, which was used to compare the predicted flow behaviour
qualitatively. Three dimensional simulation of the flow field in the building integrated duct
could be compared with experimental results. A new flow field mapping approach was
initialised to form a two stage process in which conditions in the large-scale flow domain,
modelled in a coarse three dimensional simulation, are used as boundary conditions for a
localised simulation of the duct flow.

Based on performance measurements of a free standing prototype in field trials and the
experimentally determined wind speed in the duct, a power prediction model was developed.

For the Scottish climate, the proposed device compares favorably with conventional small

wind turbines and photovoltaics.
The presented work evaluates the concept of harvesting wind energy in the built environment

and provides outlines for the future design of a building integrated Ducted Wind Turbine

module.
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1. Introduction

1.1. Wind Energy in Europe: towards Embedded Generation in the Built

Environment

Early cultures 1in Europe had already sailing boats, and wind energy conversion through
windmills goes in many regions in Europe back to the early 13™ century. Since this time, it
has fascinated and inspired scientists and artists, and wind energy has become part of the
cultural scene. Ancient satlors understood hitt and influenced the development of windmill
sails. and 500 vears later windmill sails had major features of modem wind turbine blades
(Dodge 2000). The introduction of fossil fuels, the development of the steam engine with
external condenser through James Watt in Scotland. and more recently electnfication closed
down step by step all the windmills. They remained either as ruins or were refurbished as
museums and tounst attractions. But 1t 1s remarkable. that the last histoncal tower windmills
(for example behind Greenock near Glasgow) stopped their operation only 1n the second half
of the 20" centunv. working as hybnd systems in tandem with electric and diesel motors.
There was a penod without any significant new development. Without the economic need
and the necessary awareness of environmental i1ssucs. only a few machines were built mainly
as research and demonstrauon projects rather than for power production. Significant
contributions came especially from Denmark from the end of the 19" century (Poul la Cour)
and from Germany since the 1930s, and the basic design of modern wind energy plants was
laid down (Hutter 1942).

The oil cnses in the early 1970s sparked political awarencess of Europe’s dependency upon
the world energy market. and among other considerations the feasibihity to harvest wind
energy arose. The development started slowly. supported by both national and European
agencies. and failures of several early prototypes in the 1980s (for example the GROWIAN
project in Germany) jeopardised the concept of wind power generation in larger scale.
Meanwhile. the sudden emergence of a market in California created a proving-ground. which
manufacturers (principally Danish) used to advance the technology and to improve
reliability. With increasing environmental awareness manifested in the 1990s in the World
Climate Conferences in Rio and Kyoto, ‘renewable energy’ became a major topic on the

European agenda (European Commission 1997. 2000), and many countries opened their



clectncity market to private clectricity providers under certain trade regulations. This
measures among others provided the framework for the expansion of European wind
technology. which has 1n the space of less than 20 years evolved from an insignificant
industry making small and simple machines into a technology which can compete with the
well established torms of powcer generation (European Commission 1998).

Scotland has the largest wind energy resource in Europe. The exploitation of this resource is
regulated by planning authonties, and the contribution of wind energy to the overall supply
1s still minor.

In general. wind energy has many positive environmental and economical facets, but cntical
voices anse against the visual impact of large scalc power devices and their profitability. and
discussion about wind energy pervades all parts of the society with expert opinions for and
against (Alt et alt. 1998: Wolfrum 1997). Imtaung effects of flickenng sunlight and shadow-
play are reported. and complaints about noise pollution generally confine wind energy
devices to sparsely populated areas. Emitted low frequencies out of the audible range. the
infrasound. are claimed by some cntics: these are ditficult to shield and affect the well-
being. Wind energy plants in remote areas still need local infrastructure like access roads and
foundations. gnd connection. and their impact on wildhife and local microclimate 1s
controversial.

These cntical issues do not affect the wind energy device which is under consideration here.
The submitted investigation (Dannecker and Grant 1999) concems the development of an
approach for wind energy exploitation in an urban environment. using Ducted Wind
Turbines which are integrated within the building structure as modular units. These devices
make use of pressure differences and local accelerated flow which anse in wind flow around
buildings. Both effects may increase the mass flow through the turbine and therefore
enhance power output. Integration and ducting minimises visual impact. power 1s created
close to the demand site in the building, and their small size keeps possible noise emission
out of the infrasound range. Perhaps this fundamental investigation presented here opens the

way for a sound method to harvest wind energy as a new source of embedded ‘renewable

energy’ in the built environment.



1.2. Objective and Content of this Thesis

The objective of the present work is to prove a new concept of a building integrated Ducted
Wind Turbine module.

In order to understand this concept. Chapter 2 will combine a literature review with the
outline of the basic wind flow pattern around building structures.

Currently. the development of the Ducted Wind Turbine deals with two basically different
design options:

|. fee standing but integrable into a cladding structure

-. complete integration through a inserted duct at the wall roof comer of a building

As the development of the first device type has already proceeded towards a testing

prototype. results from its field tnals are reported.

But the tocal point of the present work is the investigation of the complete integration of a
possible turbine in an inserted duct at the wall / roof edge of a building. This idea is born out
of a combination of thoughts conceming the wind flow around the leading wall / roof edge
and the use of pressure differenuals for power augmented wind turbines. which is reviewed
in Chapter 3.

This aim 1s achieved by means of expenmental and numencal methods. Therefore.
investigations of the aerodynamical behaviour of a small scale model building with different
integrated duct modificatons have been camed out in the department’s open section wind
tunnel. which will be subject of Chapter 4.

Chapter 5 covers the theoretical background of Computational Fluid Dynamics (CFD). The
outhine of the two- and three dimensional set up of the numencal model has been analysed 1n
Chapter 6. which concemns the modelling of complex flow fields in particular in the duct
region (Chapter 7). In the context of this work, the author has attempted to trace out a
method for a coupled three dimensional / two dimensional flow field simulation approach.
Finally in Chapter 8. a power prediction model 1s proposed on the base of the achieved
results, to estimate the performance of the building integrated Ducted Wind Turbine Module
In companson with established renewable energy technologies in the built environment.

The conclusion in Chapter 9 evaluates the whole concept based on the results of the present

work and will outline a programme of necessary future investigations.
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2. Wind Energy in the Built Environment

2.1. The Structure of the Wind in Urban Areas

Wind appears through pressure differentals between regions in the atmosphere. Due to
surface charactensucs the fncuon gencrates a certain boundary layer, the shear flow. It
determines the verucal protile of flow parameters. like velocity and turbulent intensity.
Atmosphenc boundary laver models anticipate surface related parameters (roughness height.
tncuon velocity. displacement height) which adjust the model to the specific wind site. The
equations of mouion are all based on the conservation of momentum, but they differ because
of the forces which are taken into account (Singer et al. 1967, Harms and Deaves 1980,
Bergmann 1995). Therefore. predicted wind velocity profiles differ significantly.

The charactenstics of the wind depend among others on the vertical exchange in the
atmosphere.

Temperature differences. as they anse from heated surtaces. cause a buoyant flow. The
different wind situations may be classified in three main sections. according to the turbulent
exchange (Singer et al.1967).

An unstable boundary layer occurs, when the temperature is higher at the ground and rapidly
decreases with height. In this thermal stratified (Monin and Obuchov 1954) boundary layer,
at low average wind velocities (less then 3 m/s honzontally). vertical buoyant flow
dominates and thermal turbulence exceeds frictional turbulence. The air may nse up many
hundreds of meters and may create a dome effect over cities. Especially at night. cooled air
drops down and there is wind flow into the city from its outskirts. Pollution and moisture
play an important role in heat storage in the atmosphere over the city and may disturb the
turbulent exchange significantly (Dargent 1996). At higher wind velocities, the buoyant flow
becomes less important and the frictional turbulence dominates.

Neutral atmosphere is approached with negligible heat flux. The height of the boundary layer
can rise to hundreds of meters. The turbulence i1s due to frniction. A wind approaching a city
will create a highly turbulent zone from the ground to approximately twice the average
building height (Dargent 1996). Above, the wind will generate a mean profile according to
the vertical gradient of the wind due to the shear force. The displacement height may be

interpreted as the vertical shift of the effective ground level for the wind veloctty profile over



the cuy. In this case the vertical velocity gradient is much larger than 1n thermal
stratification.

A stable boundary layver occurs when the air is cooled at the ground. In this case the vertical
velocity gradient 1s also large and the height of the boundary layer may drop down to 100 m
over a smooth terrain. Approaching the city, the wind will behave in similar manner to the
case of the neutral atmosphere.

In all cases. over the rougher urban terrain the wind i1s more turbulent. or gusty, than over
smooth terrain. The average longitudinal turbulence length scale is in the range of 100 to
1000 m. The turbulent intensity declines from around SO0 % and reaches a level of
approximately 10 % 1in the upper part of the atmosphenc boundary layer over the city. The
wind velocity may increase by SO % in a height of two times the average building height
above the city. Data senes have been taken on tall buildings over the years, in Europe
probably starting with Gustave Eiffel at his tower (305 m) in Pans at the end of the 19"
century (Eittel 1900). Since the sixties 1t became a common practice to record the wind
chmate data on extended high nse buildings 1n cities. for example on broadcasting towers
(Helhiwell 1971). Based on theoretical considerations and measured data senes., Davenport
was one of the first to descnbe the properties of gustiness 1n terms of the spectra and the
scales. Reliable estimates of these quantities could be made from the mean wind velocity and
the ground roughness (Davenport 1963, Davenport 1967). Today. vanous standard functions
including tables with appropnate adapting parameters have been developed for wind
engineenng and civil engineenng purposes (ESDU 1993, ASHRAE 1993, European Wind
Atlas 1989. BRE 1989). In order to predict the wind speed above a town, the average wind
speed of the region (at standard 10 m height) may be requested at the nearest airport or taken
from the standard wind speced map (BRE 1989, Mcteorological Office 1976). This wind
speed value may be extrapolated to city condiions by means of one ot the standard
functions. The resulting standard wind profile often is extended to levels below the average
building height down to the ground level. In reality this process might not be very rehiable. If
this method fails for the specific case, a detailed investigation may have to take place.
Generally it can be stated. that in the turbulent zone below the displacement height. the wind
will be determined by local effects in interaction with the building. At an open site. the wind
speed at pedestrian height may be about three-quarters of the speed measured at the standard
10 m height, but in the city it may be only about one-quarter to one-third. If the wind meets a

building which is considerably taller than its neighbours, this general shelter effect may not



occur and the local tlow situation may be completely reversed. Much of the approaching
wind 1s detlected downwards, carrying high speed winds towards ground level. Some of this
wind torms honzontal vortices in the space between the buildings in the neighbourhood. At
the building comers the flow accelerates and may form high speed jets which stretch
downwind tor a considerable distance. Theretore the grouping of the buildings may have a
significant influence on the local flow situation. Also, the interaction of the wind with local
small scale obstructions hke balconies and plant rooms might shorten the turbulence length
locally. As the wind creates a suction area on any leeward faces. communication between
windward and leeward areas will cause a strong wind which penetrates into the wake region
behind the building. The extension of the recirculation zone leeward of the building depends
on the aspect ratio of the building itself. but the influence of the building wake may persist
for a distance downstream which corresponds to several building heights. Hence the flow
situation for a grouping of several high nse buildings may differ very much from the pattern
around any single one.

In order to give guidance to city planners., some practical standard functions have been
created which determine the different arcas of the flow field according to the aspect ratio of a
single rectangular building (BRE 1994, ASHRAE 1993). But buildings of an even
moderately complex shape can generate flow patterns which are too complex to model with
a scaled funcuon. The effect of nearby buildings 1s also very difficult to generalise. Accurate
representation of the local wind flow can usually take place only by means of expenmental

or computational modelling of the whole flow domain.
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2.2. The Interaction of the Wind with the Building in Urban Areas

With the appearance of modem high rise buildings, it became urgent to provide a sound
basis tor structural design. Hence. senes of data have been recorded at selected buildings
worldwide. Values of pressures and its fluctuations on the building faces have been related to
the wind speed and the charactenstics of turbulence and gustiness, at different heights over
built up areas.

One ot the early field tnals was camed out at the Empire State Building in New York 1932-
1936 (Rathbun 1940). The obtained results showed irregularity to a very high degree. Even
negative pressures were recorded on the windward face. and high wind speeds at the top of
the building did not correspond with low readings at half of the building height. The
investigauon indicated that there was no consistency between wind tunnel results for the
Emprire State Building model and its real load patterns in New York. But the frequency
response of the manometer syvstem in use was too low to indicate gusty patterns, and the
readings from different parts of the building were not made simultaneously. Hence changes
in the incident wind may have caused misleading observations.

In Europe. investigauons started in the sixties in Great Bntain. The Building Research
Estabhshment (BRE) developed a pressure transducer and conducted a senes of tests at
different buildings 1in London. up to 130 m height (Newberry 1963). Successive records for
the same wind direcion show a general similanty to wind tunnel results. However, the
expenments were not able to deliver non-dimensionahsed pressure coetficients because of
insecunity in the reference pressure of the gauges used. But very interesting observations
were made of the dynamic changes 1n pressure distnibution. Positive pressure built up fast
and simultaneously over a wide surface. but the suction peaks are of very short duration and
act only over small areas at any one 1nstant. It was stated that this pressure pattern tluctuation
1s linked to gusty changes in wind direction rather than by changes in the incident wind
speed. Therefore. gust factors should be taken into account for any design predictions, as the
steady condition in wind tunnel testing may not represent the natural wind flow.

For the case that the wind traverses several tall buildings in its approach towards the building

under investigation, a large reduction of the wind load was found. Generally. the suction load

on the leeward side was remarkably low (Newberry et al. 1968). The stagnation point seems
to occur on the windward face at approximately 80 % of the building height, and above this

the pressure coefficient drops by only 10 %. which contradicts wind tunnel observations.

10



Pressure recordings on a 40 m high building in an Australian university campus area support
the latter obscervation (Mclboume 1971). The pressure coetficient agrees with the wind
tunnel measurements only at the stagnation point at approximately 80 % building height. On
the upper halt. the wind pressure on the building exceceds the model data, whereas on the
leeward side the suction in the wake of the real building is 20 to 30 % less than in the wind
tunnel. The charactenstic of the turbulence in the approaching flow affects the wake behind
the obstacle.

In a similar companson at a ca. 200 m high building 1n Montreal, it is stated that only in the
lower levels 1s a reasonable agreement between wind tunnel data and full scale data
achievable (Standen et al.1971). In particular the pressure fluctuations on the model due to
simulated turbulence do not correspond to measured values on the building.

In order to include the effect of gustiness. the approach of the design wind pressure has been
developed. It 1s the product of the reference mean velocity pressure at full scale building roof
height. the pressure coefficient obtained by wind tunnel tests with simulated boundary layer
shear flow. and at least one correction factor which allows for gusts (Davenport et al. 1971).
Values for the correction factor for short gusts are obtained by recording the power spectra
of the wind pressures. At a 147 m high building in Tokyo. gust penods over a range from
10" Hz to the shortest at 10 Hz have been measured at an average wind velocity of 25 m/s.
which increased the short term pressure on exposed cladding by a gust factor of up to 3.5
(Mivoshi et al. 1971). But the relationship of wind structure to wind loading as first stated by
Davenport (Davenport 1963) seems to be more complex, according to an investigation in the
1980s. At a 59 m high building in Tokyo, the turbulence intensity has been measured 1n the
range of 19 to 33 % at a longitudinal scale of turbulence of 38 to 287 m (Matsui et al. 1982).
As the wind was nearly normal to the windward face. wind pressure fluctuations onginate
from upstream velocity fluctuations. The wave number of the recorded power spectral
density of the wind pressures exceeds the range of the turbulence scale. Also, maximum
instantaneous static pressures did not occur necessanly simultaneously with maximum
instantaneous dynamic pressure. In particular wind pressure fluctuations on the leeward face
are very moderate and they hardly follow the wind speed fluctuations. The turbulence

intensity of the wind pressure has a minimum in the area of the stagnation point. which is

extended from 75 to 90 % building height. Above, the pressure coefficient exceeds 0.9,
below the pressure coefficient takes on values over 0.8. On the leeward side. the pressure

coefficient is nearly constant at zero or even slightly positive. On the one hand. this could be
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caused by the intemnal pressure situation which balances ansing suction, but the case of zero

suction at the leeward side was also confirmed at another building with proven minimal

permeability (no windows or other openings) at the leeward side.

It seems to be that the interaction of the building with turbulent and gusty flow is not
completely understood. Davenport theretore includes a safety factor, based on statistical

uncertainty. in the National Building Code of Canada (Davenport 1983). which lays down

the basis for the civil engineenng standards in many other countnes.
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2.3. Wind Tunnel Experiments of Wind Flow around Buildings

Parallel to tull scale measurements at buildings in the city as descnbed above, series of wind
tunnel tests on model houses have been conducted in order to investigate the aerodynamical
loads tor civil engineenng purposes. Aerodynamic loads on a fixed solid object correspond
to the loss of momentum 1 ats wake. Hence important work has been camed out to extend
the onginal theory of wake flow (Schlichting 1965). Based on detailed measurements of
mean and turbulent wake tlow parameters behind a cube and behind a rectangular block.
empincal equatons could be denved which descrnibe the wake flow parameterised in terms
of the obstacle dimension. Drag and overturming moment is related to the spatial integral of
the momentum loss 1n the wake tlow. and theoretical prediction of the wake flow may result
in the prediction of forces on the object (Counithan and Hunt 1969-1971).

Todayv. standards are available for very simple geometry like rectangular blocks, measured in
a smooth uniform tlow at Revnolds number 10" -10" (ESDU 1993). The given standards for
blocks of different aspect ratios mayv be applied to estimate wind loads on buildings under
certain constraints. When the building 1s smaller then the length scale of turbulence in the
wind (according to ESDU 1993 this 1s 60 m high and SO m wide). it may be enveloped by
whole gusts. Therefore the static loading can be estimated using the ESDU standards.
modified with the wind speed profile. It the dvnamic component of loading 1s significant. the
standard coefficient mayv be scaled with the design gust factor and the exposure tactor as
developed from Davenport (Davenport and Dalgliesh 1971, Davenport 1983). For the design
purpose. drag- and force coefficients as integrative values acting on the object as a whole or
on its surfaces are often sufficient. Under difterent flow conditions, an additional allowance
of + 20 % should be made for uncentainties. In the case of pressure coefficients. small
variations in the flow caused by turbulence and gusts may alter the overall magnitude of
pressure and its distnbution over the surface. because of flow separation, possible
reattachment and vortex generation. Increased turbulence has litle effect on front face
pressures. but turbulence tends to promote reattachment of the flow at the wall of the object

due to increased mixing and a thicker shear layer (Roberson and Rutherford 1969). Hence,

not only do the pressures on the object change in the extreme case from suction (separated
flow) to overpressure (reattached flow). also the suction in the wake behind the house
declines by up to 40 % and alters its extension. With increasing turbulence in the

approaching flow. the near wake at the object may be affected by a surrounding turbulence
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tield which cames small scale vorticity and increases momentum and mass transfer into the
thicker laver (Laneville et al. 1975). Therefore. for pressure coetficients the standards refer
to the datum conditions which have not much in common with the real wind tlow around
butldings. But these standards have the advantage. that for simple geometry the measured
distnbution may be parametncally analysed and the influence of different aspect ratios, wind
directions and incident velocity profiles can be predicted.

In the 1960s. substantial work was done to make the flow in a wind tunnel more similar to
real conditions and to find scaling laws which allow the prediction of pressure coefficients at

real buildings trom those observed on small scale models. Those Investigations show certain

trends. but generalisation towards standardised pressure coefficients even for single
rectangular blocks with certain aspect ratios is not yet possible. In particular work has to be
done to investigate the combination of all effects caused by the wind velocity profile over the

city. the turbulence intensity and length scale. gusts at various angles of incidence and the

influence of shelter and wake flow through neighbouring buildings.

First investigations to achieve more realistic wind tunnel model conditions result in a linear
model-law (Jensen 1958). The product of the wind velocity and the size of the object should
be alike 1n the model test and in nature (Reynolds number similanty). In fact. wind tunnel
tests are often camed out at values of Reynolds number which are in magnitude 100 times
too small. The general flow pattem around objects with sharp edges is not greatly affected by
changes 1n the Reynolds number. in particular if the flow is either normal or tangential to the
object surfaces. The flow always separates at the sharp edges. In the case of rounded shapes.
the separation point migrates with changes in Reynolds number, hence a wind tunnel
expenment with a rounded tower model 1s much more delicate. Jensen even argues that in
case of rectangular blocks. the natural wind flow is fully turbulent and therefore the
Reynolds number 1s of no significance. This underlines the requirement for a simulated
turbulent boundary layer flow 1n the wind tunnel. The roughness height of the natural flow
should be linearly downscaled according to the model scale. A rough surface upstream of the
working section of the tunnel creates the required turbulent boundary layer wind velocity
profile. For small models of one storey houses. the values of suction depend significantly on

the correct scaling of the roughness parameter. A smoother wind flow creates much less

suction above the roof and on the leeward face.

Jensen’s approach of linear scaling can be extended to the longitudinal length scale of

turbulence which is a measure of the dominant eddy size (Cook 1977). The turbulent length
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scale 1s a tunction of height above the ground. The linear scale of any building model should
be matched to the boundary laver scale factor, otherwise the building model generated

turbulence will not match the simulated atmosphenc turbulence. The result of this mismatch

has been investigated by Baines.

For taller building models. the influence of the wind speed distribution on the pressure
coetficients differed from Jensen's observation. In a simulated boundary layer produced by a
gnd at the entrance of the working section. the effect of the wind speed gradient on a
skyscraper model was to reduce the suction on the roof by as much as half (Baines 1963).
Generally. taller buildings have a higher suction on the roof. On a lower building of four to
five storeys. the velocity distnibution of the incident flow is stated to have no significant
effect on roof suctions. According to Baines. the areas of flow reattachment will be very
ditterent for the model building and the real structure. In a conventional wind tunnel the

eddies are an order of magnitude or more smaller than the size of the model, whereas in the

field the eddies are mostly an order of magnitude larger than the structure. The Reynolds
number of the flow over the building was 500 times that over the model. Therefore the
turbulent structure 1s completely different from the real wind situation.

Simulation of turbulence charactenstics of the flow should include the intensities, probability
distnbutions and spectra (both shape and scale) of the individual components and their
higher order correlatons (Reynold stresses) (Davenport and Isyumov 1967). Therefore the
expenmental set up should be a combination of roughness element surface and a low gnill at
the entrance of the wind tunnel working section. Due to the resulting velocity gradient with
height, a general reduction of all positive pressures 1s observed. Along the roof and on the
leeward face, the suction i1s reduced significantly. When the extended building 1s surrounded
by a lower built up area. Davenport observed also effects due to the grouping. Fluctuating
pressures are much lower where the extended building 1s sheltered by lower buildings
upstream. whereas the wind induced pressures on the lower buildings showed a much higher
peak suction. Pressure fluctuations along the edge of the building are seen to contain a strong
component at the vortex shedding frequency.

The dependence of the Strouhal number. a measure of the vortex shedding frequency. on the
mean drag coefficient of the obstacle shows that the occurrence of vortex shedding is very
likely in the built environment (Maccabee 1968). Investigations of vortex shedding from two

different plates normal to the airflow, the plates set up a certain distance behind each other,

16




showed a strong dependence of the distance between the plates. These carly experiments
support the 1dea of turbulence ‘resonance’, due to spacing.

The transition in the vortex pattern from the horse shoe type to the von Kérman type seems
to depend on the aspect ratio (height / width) (Sakamoto 1985). Namely when the width of
the obstacle 1s relanvely large. the flow from the top joins with the tlow from the side and
torms the horse shoe type vortex. With the decrease of the width of the object, the flows
separating from cach side become stronger then the flow from the top. hence the wake is
rather controlled by the side tlow which form the von Kdrman type vortex. The strength of
circulation of the horseshoe vortex surrounding the base of the prism decreases with increase
In aspect ratio.

As soon as the model 15 not 1solated. prediction of the flow and pressure field in its vicinity
becomes complex. In an early work, for a pair of cuboids a theoretical model has been
proposed. based on fundamental fluid mechanics (Bnttner and Hunt 1979). It is assumed that
the tlow between the paired armangement ts dnven by the pressures on each single building
as measured 1n a model test. In physics, this kind of superposition normally takes an
Interacuon term or a perturbation term 1nto account. Solutions to this new system are tound
by opuimisation. Although this 1s missed out 1n the presented model. the authors claim 1t
could predict to some extend measured wind spceds above the ground in vicinity of the
models. Length scales for vorticity are determined through the geometncal arrangement of
the pair (for example from the gap width between models).

For groups of buildings. the flow field has to be reassessed as a whole. The findings for a
single obstacle in the flow can not be extrapolated to descnbe the situation of different
obstacles interacting in one flow field. Investigations for single rectangular blocks of
different aspect ratios show the limitations of a general law of spacing. Even with constant
flow and two simple rectangular models. the geometry of the single models and their local
arrangement lead to a huge variety in flow patterns (Lauff 1989). For a pair of 1dentical
models. the upstream model experiences a higher suction over the roof than a single 1solated
model. The expansion and the intensity of flow separation seems to be increased by a second
sheltered model. If the second shielded model does not extend beyond the upstream model.
positive pressure coefficients appear over a wide area of the roof. The vorticity 1n the gap 1n
between causes suction at the windward face of the sheltered model and reduces the suction
at the leeward wall of the upstream model. Comer vortices from the upstream model entrain

the vortex in front of the downstream model. The width of the upstream model attects the
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pressure on the root of the sheltered model, even it both models have similar height. If the
wind turns through 90° and the models lay side by side, the effect of proximity is to reduce
the suction over the roof of both models equally. A change of wind direction causes quite
complex tlow situations, and combination with vanations of the geometrical parameters like
spacing and the model size for two, three and more models creates a vast amount of data
which will not tollow parametnc laws.

A way out of the dilemma of interaction between separate models. i1s to model the general
ettect ot a built up area in the surrounding of the building under investigation. The number
of models 1s now so large that the single interaction can be replaced by observing the impact
on the building under investugation 1n the matnx of the surrounding lower sheltering
buildings. vaning the plane area density ( = built up plane area / whole plane area) (Hussain
and Lee 1980). Wake interference starts at a plane area density larger than 12 %, which
causes a reduction of pressure at the windward face with negative pressure coefficients
possible. Suction above the roof decreases up to 20 to 40 % of its value on a single model. At
higher plane area densities. the values of the measured pressure coefficients stabilise. With
increasing the height of the building under invesugation above the surrounding models.
positive values of pressure coefficient establish on the windward side but with shifting
stagnation area. The suction above the roof is generally lower than for an 1solated model. but
nses with relauve building height quite sharply.

Based on parametnical analy<is of wind tunnel test results on models of simple geometry. an
empirical numencal model has been developed which takes the geometncal parameters of
the obstacle and its surrounding as well as wind parameters nto account (Grosso 1992).
Here. the distribution of the pressure coefficient over the surfaces was fitted to polynomial

functions. This model tnes to combine the vanous results to an entirety.
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2.4. Numerical Modelling of Wind Flow around Buildings

Since the 1980s. with progress in computer technology and the development of
Computational Fluid Dynamic codes. a lot of work has been carried out to explore
Computational Fluid Dynamics as a prediction tool for the purpose of wind engineering.
Simulation of wind flow in the built environment Incorporates a large flow domain. whereas
the turbulent flow requires a fine mesh for good resolution. The number of cells is limited
through the required memony space of the computer. and the computational time nises
signticantly. Therefore. expenience had to be gained in gnd refinement and choice of
opumum gnd size. Nodes must be closely spaced near the obstacle where steep gradients of
flow properties occur. but can be distributed more widely towards the domain boundaries.
The flow boundary should be so far away. that the impact of the obstacle on the flow field at
the boundary is neghigibly small. A flow domain may be vertically 5 times obstacle height,
and to capture the wake extension it may be necessary to expand the domain to 15 times
obstacle height downstream (Moustafa 1988).

The standard approach 1s to apply boundary conditions for the solved variables to the cells at
the boundary. either as Dinchlet or Neumann type. A further model of a homogenous
turbulent flow field supplies the open boundary on top of the flow domain with a constant
shear stress through an inter-fluid fnction velocity. similar to the retarding shear stress at the
ground (Richards and Hoxey 1993). Initialisation in steady state simulation is less important.
The approach of initial approximation combines boundary layer inflow with axis-symmetnic
potential flow generated by a fluid source and a fluid sink (Paterson and Apelt 1989). The
purpose of this potential flow is to minimise the effect of the building on the far field flow so
that the boundanes can be brought in close to the building without distorting the flow. The
values at the open boundanes are fixed to the iniialised values.

For a typical Reynolds number of 10° the surface boundary layer at the building walls is of
magnitude 10~ m. the atmospheric boundary layer and the outer wake region is of magnitude
10° m. One approach has been to use a variable grid with spacing ranging from one to five
meters in the vicinity of buildings and from ten to twenty meters in the free stream and in the
wake region. For grid points adjacent to solid surfaces appropnate frictional source terms are
included in the momentum equation. Turbulence modelling was not applied. The solution of

the flow field was purely based on momentum conservation (steady Navier-Stokes) and mass

conservation. The general wake structure was found to be 1n good agreement (+ 20 %) with
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mcasured data, and as tar as the reverse vortex flow for a paired arrangement of blocks is
concerned. turbulence seems to be of secondary influence (Hannson et al. 1986).

A more detailed view of the wake structure and quantitative comparison of predicted and
measured values of foree and pressure coefficients show significant discrepancies between
measurements and simulation. For the paired arrangement. the general structure of separated
tlow 15 well predicted. but the steady state solution Incorporating the standard k-e model fails
to predict longitudinal horseshoe vortices teracting with the recirculation zone in between
the two buildings. In particular for the case of two cqually tall butldings, the predicted
sucion on the leeward side of the first building is too low and also the suction on the
windward side of the sheltered building is much higher than predicted. On the windward side
tacing the approaching flow directly. the prediction of the pressure coefficient distnibution is
fairly accurate. In regions of flow separation. the distribution of pressure at the walls seems
to depend highly upon the turbulence structure (Latiff 1989).

The latter can be directly compared with results of a single low rise building. modelled in the
same manner using the same version of the same software package (PHOENICS) (Richards
1989). Companson of the scale measurements and three dimensional simulation results show
excellent agreement on the windward roof slope. but the predicted suction in the wake at the
leeward slope 15 too high. But generally the agreement of three dimensional simulation with
observed flow patterns and pressure coefficients i1s good. The three dimensional simulation

shows significant lower suction over the roof than a two dimensional simulation.

A transient solution with the k-€ model predicted successtully the vortex flow around a
rectangular block (Baetke et al. 1987). A first investigation dealt with the influence of the

domain size on the pressure values. In particular a flow domain which is too close to the top

of the cube (1.5 heights above the cube) causes an increase in suction of AC, = -0.2. The
shape of the distnbution 1s undisturbed. but the values sufter an “offset’. This reinforces the
need to model a flow domain which is significantly larger than the flow region of interest. In
order to investigate the influence of turbulence on the flow pattern around the building, two
cases were simulated: nearly uniform flow with low turbulence intensity. and a simulated
atmosphenc boundary layer with high turbulence intensity. The numencal approach made
use of a special averaging procedure for the eddy viscosity which allows physically
consistent treatment of the boundary conditions at sharp edges. Smooth uniform flow did
separate at the upper windward edge, but did not reattach on the roof and created a

separation bubble expanding over the whole top of the cube. A small horseshoe vortex on the
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ground develops towards the leading edge and is camed downstream. In the case of high
turbulence level in the simulated shear inflow, just a small separation bubble 1s found over
the front part of the roof. after which the flow reattaches and the values of suction fall close
to zero. Two strong counter rotating vortices are generated at swept-back Ieading edges, they
influence the flow field above the top surface and interact with the wake of the cube.
Diagonal intlow generates a vertical vortex behind the trailing edge. and on the windward
side the stagnation point may switch intermittently from one side to the other of the vertical
leading edge. This work shows that probably only a transient simulation is able to generate
tlow pattern and pressure distnbutions, which actually correspond with the measured mean
values 1n all respects. Correct prediction of transient phenomena like vortex shedding is a
demanding task and may need the implementation of a different scheme to reduce numerical
talse diffusion (Scanlon 1992). For general wind engineenng applications, the steady state
solution 1s rather more feasible.

To disunguish the effects of turbulence intensity and modelled velocity distribution in steady

state. the flow around a group of small houses has been simulated according to a wind tunnel

expenment (Haggkvist et al. 1989). The standard k-€¢ model allows one upstream to
implement inflow profiles for momentum and the turbulent parameters independently. The
pressure field was not sensitive to alterations of turbulence level. Changes of velocity
distribution led to different pressure distnbutions on the windward face. but the leeward face
remained pretty much unchanged. Vanation of turbulence level does mainly affect the wake
and hence the pressure field at the leeward face.

High turbulence intensity in a sheared boundary layer results in a reduced size of
recirculation wake directly behind a building (Zhang et al. 1992). A low level of turbulence
intensity upstream generates an inner wake of 1.7 obstacle heights. whereas a high level of
turbulence leads to a reduced wake of just 1.5 obstacle heights downstream. A high level of
turbulence at the inflow boundary seems to increase the turbulent kinetic energy in the whole
flow field. which raises the mean velocity deficit in the inner wake. The outer wake shows

even after a distance of ten obstacle heights a significant loss of momentum compared with

the upstream approaching profile.

A similar k-€ approach shows that the simulated values of suction on the roof tend to be over

predicted due to inadequate modelling of turbulence generated by smaller eddies at the

separation point and in the reattachment zone (Baskaran and Stathopoulos 1989).
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Improvements were achieved with the streamline curvature correction and a preterential
dissipation correction.

The modelling of turbulence in the near wall region was the main topic of a study which was
based on precise measurements of the turbulent kinetic energy k in vicinity of the wind
tunnel model (Murakami and Mochida 1989). The most important factor for small numerical
errors in predicted pressure distnibution is a high mesh resolution at the windward corner. In
a tlow domain of 15.7 obstacle heights in total length. 5.2 and 9.7 obstacle heights as domain

height and lateral width respectively. an adequate near wall mesh size was determined as the
24" part of the total obstacle height. With this fine mesh it was possible to predict separation.
recirculation and reattachment of the flow very well. but the standard k-¢ turbulence model
did not deliver the measured values of the turbulent kinetic energy. In the wake. it predicted
lower levels of turbulent kinetic energy. hence the mean flow velocity in the wake and its
extension was larger than measured. At the windward comer. the calculated zone of high
turbulent kinetic energy k exceeded the measured region greatly. hence the overall
magnitude of turbulence at the windward comer is over predicted. This is where high values
of suction anse. The values of kinetic energy dissipation € as assigned to the cell by means
of the appropnate wall function (log. law) have a significant influence on the local flow
behaviour. If the near wall cell size is too large. the value of the kinetic energy dissipation
will be very small and the turbulent kinetic energy will be increased. Therefore increased
turbulent viscosity will make the flow too diffusive. and large turbulent flow mixing hinders
the occurrence of reverse flow at windward comners.

The previous work was extended in particular with regard to the flow behaviour in the wake
(Murakami et al. 1992). The recirculation zone 1n the wake 1s seen as an area where turbulent
energy production and turbulent energy dissipation are not in local equihibnum. As the
turbulent energy dissipation 1s too large, the turbulent mixing due to the turbulent eddy

viscosity 1s too weak to cause the velocity deficit which would diminish the large reverse

velocity. The k-€ model poorly reproduces anisotropic properties of normal stress which
cause the anisotropy of turbulence. This anisotropy i1s especially large 1n the von Karman
vortex street. In comparison, steady large eddy simulation (LES) showed the best agreement
with experimental wind tunnel data. Hence the study continued with unsteady LES, two
dimensional and three dimensional. In the three dimensional case the distribution of the
mean surface pressure coefficient corresponded well to the expenmental data. Two

dimensional simulation predicted too large suction on the side faces caused by highly
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aceelerated tlow and the separation at the edges. In the transient simulation, the spectrum of

velocuty fluctuation 1s for the two dimensional case a narrow band with a sharp peak
trequency. while in the three dimensional simulation the turbulent cnergy transfer takes place
throughout a wide spectrum rainge. Energy cascade happens through the mechanism of
vortex stretching which is essentially three dimensional even though the mean flow field
may be two dimensional. Therefore, a two dimensional transient simulation may not
reproduce unsteady flow phenomena and related wrbulence structures.

Even though turbulent flow in the built environment may be highly determined by transient

phenomena. the transient turbulent simulation cxceeds the constraints for common wind

engineenng applicauons. Therefore. a hybnd steady/transient model is suggested (Richards

and Wanigaratne 1993). While using the steady k-€ turbulence model. the solution embodies
intormation on the turbulent state of the flow. This information may be used to predict rms
(root mean square) pressure fluctuations of the mean pressure coefficient at the wall. taking
the mean turbulent Kkinetic energy at the relevant height and the local turbulent kinetic energy
at the zone of interest into account. Serious difficulties anise in this model when directional
fluctuations cause strong fluctuations of the pressure coefficient.

Steady state simulation of turbulent cross flow through a building with communication from
the windward to the leeward face was undertaken with the standard k-€ model and a new k-
model for low Reynolds numbers (Yaghoubi 1998). The simulation is conducted purely two-
dimensionally. which results in the typical extreme expanded wake structure. Interesting is
the observed Reynolds number dependency of the wake structure. which is somehow in
contradiction to the expenence of similar flow patterns for rectangular bodies at different
Reynolds numbers. Obviously, with higher Reynolds numbers the turbulent kinetic energy
concentrates significantly close to the solid boundary. 1n particular at the roof corners and
above the flat roof. The reattachment point of the separated flow above the roof moves
towards the leading edge with increasing Reynolds number from 2 x 10’ to S x 10°. The
vanation of the reattachment point of the wake 1s 1n the range of 10 % but without clear
tendency.

The basic limitation of Computational Fluid Dynamic models for wind flow 1n the built
environment is the size of the structure and the whole flow domain. The influence of the cell

sizing and the distribution of cells is very significant, but the limited number of cells and the

required runtime is a serious constraint. Only in rare cases for very simple structures it is
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possible to model the three dimensional wind flow  around buildings accurately

corresponding to measured pressure and velocity fields.
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2.5. The Standard Wind Pressure Coefficient for Buildings

Compauble with the Bnush Standard BS 6399: Part 2. data for pressure coefficients for the
walls and roofs of bluff-shaped buildings are provided for civil engineering purposes (BRE
1989). They form the basis to denve loads, in combination with gust and wind direction
related factors. The distnbution of pressure coefficients is approximated in different regions
or zones on the surface of the building. For the wall they are vertical stripes. For the flat roof.
these are rectangular zones. The extent of the zones is determined by the slenderness ratio
(height / width) and depends also on the direction of the incident wind. For a cube, the mean
stagnation pressure coefficient for a stnpe in the middle of the windward wall for a frontal
wind 1s Cp = 0.88. The lowest suction of Cp = -1.21 appears on the sidewalls in the separated
region. The highest pressure on the roof 1s generally on the downstream part and could reach
Cp = 0.2 1n the case of reattachment. The lowest suction 1s indicated at an angle of incidence
of 30° stating Cp = -2.0 on the roof near the windward edge. Standards are also given for

monopitch and duopitch. hipped and intersecting duopitch roofs.
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2.6. The Assessment of Wind Energy in the Built Environment

The nature of wind flow interacting with buildings offers many possibilities to harvest wind
energy. but investigations to assess the wind energy potential in the built environment are
rare. Jenkins and Graham obtained expenmental data on the capturable flux of wind energy
passing through predetermined cross sections (the ‘turbine areas’) adjacent to representative
building models 1n the wind tunnel (WEB. Jenkins and Graham 1995, 1997). As the effective
resistance of an operating turbine may affect the flow. the wind turbines itself were modelled
by pre-charactensed woven wire mesh. The wind flow through the mesh was measured by
means of hot wire anemometry. In this way a building wind energy response factor was
created. tor ditferent heights and different wall faces dependent on the adjacent wind. In
combinauion with local chmate data and the charactenstics of a proposed vertical axis wind
conversion system. it is then possible to estimate mean annual wind energy yield. For a
tyvpical multi-storey building 1n an urban area. the annual prediction is in the range of 2/3 of
its usual lighting load (around 24 kWh/m’ floor area). Energy capture is enhanced by siting
in a gap between building blocks (twin towers 1n close vicinity) given a suitable prevailing
wind direction. The wind energy generation there 1s about twice that of a stand alone turbine
of the same area in an open site. Of course. the turbine area of building integrated turbines is
limited.

Without modelling the turbine itself. esimation of wind energy potential might sometimes
be based on the wind surface pressure. local mean wind velocities and turbulent velocities.
Given the adjacent regions of large pressure differentials likewise at sharp edges of
rectangular shaped buildings (for example the upper wall roof edge). an integrated turbine
should be able to make use of an induced accelerated flow. where the intake 1s located 1n the
high stagnation pressure region, and the flow expands in the low under pressure region at the
outlet. It is the same principle as the concentrator / diffuser augmented turbine (see Chapter
3), and the same basic fluid mechanics can be applied. Therefore. the increase in momentum

is directly proportional the square root of the difference between the pressure coefficients at
inlet and outlet. As the power rises with the cube of wind speed, a difference ot AC, = 1.5,

caused by C, = +0.8 on the windward side and C, = -0.7 at the roof. may increase the wind

power by 83 %. The same suggestion was made to determine the local flow velocity induced

by vortices on the roof while recording the pressure ( V = Ve - (1 - C,)'"” ) (Kind 1975). Of

course. this fluid mechanical consideration does not take many features into account which
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significantly attect the energy available in the wind. On the device side, it misses out the
charactenstic of the turbine / generator. Further, this simple approach disregards any kinetic
energy losses in the mean flow due to turbulence and recirculation, and it does not take any
vortex development into account. The latter may play an important role in the power
augmention of an integrated turbine. Another problem is that the impact of the turbine
outtlow. expanding in the low pressure region. on the pressure values in the outlet region
iselt 1s ditficult to predict. It depends very much on the character of the flow, which varies
with Reynolds number and angle of incidence. Thercfore, a generalized model of this
interaction 1s perhaps not very reasonable.

The main part of the work presented in this thesis deals with measurement and
Computational Fluid Dynamics simulation of the wind flow in these regions. It can be stated
that local etfects of turbulence. recirculation and vortex development have the most

significant tmpact on the local flow field through any building-integrated turbine, which

aftects the energyv generation directly.

Concerming local wind acceleration. the most promising regions for wind turbine installation
appear to be at the edges of the windward fagade. Further. for sloped roofs it seems to be
promising to use the wind acceleration above the ndge line. The behaviour of the flow at the
comers of the building depends very much on the angle of incidence. At sharp edges the
flow separates and local wind speed can exceed the mean flow velocity by a factor of 2 or
more. In the wake of flow separation, vortex formation might occur. To assess the wind

energy potential. areas of local flow augmentation must be determined.
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2.7. Wind Energy Conversion associated with Conventional Buildings

Gaven the potential of wind energy 1n the built environment, it is logical to consider the
apphication ot wind energy conversion systems for conventional buildings. It is not generally
practical that the building should be adapted and converted into an aerodynamic structure
which serves the turbine as a flow augmenter (see Chapter 3) and works as a huge wind
power plant. Simple wind power devices should rather be developed to be integrated into the
usual structure of a conventional building. without impaining the building’s common
tunctionahity. Ideally 1t should be achievable to integrate wind energy conversion systems
into buildings which were built many years before without any purpose to harvest wind
energy. This approach could result in an enhancement of the use of embedded renewable
energv. complementany to solar energyv applications in the building sector.

In early imes a building was either built as a windmill. or did not harvest any wind energy.
However. according to histonical sources of the author’s home region. in the second half of
the 16 century. there were senous planning and negotiations on the way in order to
integrate ducted drag windmill devices. similar to the 7" century Persian drag windmill
(Sivasegaram 1986). In order to supply Strasbourg with grain milling in difficult times of
low water level. the fortifications architect Daniel Speckhin (1536-1589) worked out plans to
integrate such vertical axis drag windmills into the upper two floors of the medieval citadel
towers of the town (Fischer 1996). Conventional windmills inside the town were not feasible
because of the area density of the buildings. Also. it was important to secure that grain
milling could take place inside the citadel. Translated into today's terminology. the project
was based on sound considerations towards supply and demand matching in times of
entangled internal and external political tension. According to Specklin’s histoncal
correspondence. there must have been quite a few drag devices with vertical axis 1n a
ducting, distributed throughout Europe. Unfortunately. because of failures in planning and
management. Specklin’s plans were never realised.

Up to now. wind energy in the built environment has consisted mainly of the installation ot a
conventional wind turbine next to a house, with the generated power (electricity or even
heat) directly fed into the local energy system of the house (Twidell et al. 1988). There, the
integration just takes place on the energy supply side.

A recent project, the ‘Dutch Pavilion’ of the Netherlands at the World Exhibition Expo 2000

in Hanover in Germany, involved the installation of conventional horizontal axis wind
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turbines with shortened masts (Lagerwey ‘design-turbines’) on the roof of the building
(Renewable Encrgy World 2000, Roos 1998). It is supposed that the generated power is
significant due to the high exposure of the turbines. For obvious reasons, the size of such
turbines must be quite himited. Sull. in the United States a type of horizontal axis turbine
with three twisted blades can be purchased 1in a set with a roof mounted kit. and is supposed
to dehiver up to 600 W 1n strong winds (Southwest Windpower, Arizona. USA).

Basically. the development of teasible wind energy conversion systems to be integrated in
the built environment 1s sull at the stage ot carly beginning. The concept of using vertical
axis turbines with the axis runming vertically parallel to the edges of tall buildings (3 m
diameter and halt building height in overall length) and honzontally along the whole roof
ndge 1s envisaged 1n a research work to assess wind energy available for a building. as
descnbed above (WEB). The most promising area to vield wind energy seems to be the
space 1n between two large twin towers 1n close vicinity, but the question of a suitable wind
energy conversion system to harvest this energy remains open. Recently, the Ruthertord
Appleton Laboratory 1n England gained some expenence with small new designed vertical
axis wind turbines (DIC GLLOBULAN and SOLLAVENT W500) to be mounted on the roof of
the buildings. In Europe. the focus is on improvement and modification of existing wind
turbine tvpes suitable for deployment in the built environment (Timmers 2001). Independent
from the European effort. a Japanese group scems currently working on the development of a
vertical axis wind turbine suitable for buildings (Maruyama et al. 2001).

Taylor introduces the concept of planar wind concentrators for particular application on roof
ridges (Taylor 1998). The design consists of vertical axis turbine modules, which are
installed in series in similar manner to the research project (WEB). Taylor's idea may look
promising. but detailed prototype development with a larger scale model seems to be still
outstanding. Concepts to integrate large power augmented vertical axis wind turbines 1n the
structure of special aecrodynamical shaped buildings are still appeaning and exist mainly as
designers idea in draft form (Future Systems 1998). Unul now. very little expertise
concerning the implementation of vertical axis turbines in the built environment has been
gained.

Apart from the conventional horizontal axis and the common vertical axis turbine, other

types of turbines are currently under investigation. One ongoing research project looks at a

wind generator system invented by the late Count Alain deBriey. which is described as

‘combining the advantages of both horizontal and vertical axis type wind generator’ and
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claims to be particularly suited for integration into the built environment (ENK). once 1t is

designed. developed and tested. Another design seems to be based on the augmented vortex

In a cylinder (tomado type). Therefore, it 1s planned to place the turbines in small tubes and
to distnbute them over the flat root hike venulation stacks (Hong Nam Lam 2000). The
ethiciency of those turbines might be affected when the flow over the roof separates at the

leading edge and covers the turbines in the bubble of recirculating flow.
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2.8. Development of the Ducted Wind Turbine Module and its Embedding in

Conventional Building Structure

The Ducted Wind Turbine module 1s based on the principle of using the turbine casing to
guide honzontal inflow vertically through a turbine with vertical shaft. Different patents
show the application of this idea in the history of technical development (Scovel and Ross,
1897: Cooper 1910; Bun 1934).

In 1979 a ducted wind energy conversion device was patented by an Glaswegian Engineer
(Webster 1979). It was intended for construction in modular form, either free-standing or as
part of a larger structure. It uses ducting to direct air through an axial-flow turbine with a
vertical shaft (Figure 2.8.1). Development proceeded slowly for a variety of reasons, and the
model never reached the production stage. The ducting was very rudimentary and served
mainly as a container for the moving parts, and certain features of the original design were
questionable, for example the louvres at the inlet as a flow regulator and the internal guide

vanes (Figure 2.8.1).
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Figure 2.8.1: Original drawing of the Webster Patent ( Webster 1979)

After the inventor's death. the family approached the Department of Mechanical Engineering
at the University of Strathclyde in Glasgow. Here evaluation and further development of the

Webster patented concept has been initialised (Nasr el-Din et al. 1992). A high solidity rotor
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gave the best performance. and power coetticients (based on the torque as measured at the
shatt) ot C; = 0.2 were obtained. The peak power coefficient was increased to C, =0.26 by
the addition of a spoiler at the outlet. Wind tunnel tests using different wind directions
showed that the machine 1s still effective for misalignments in excess of 30°.

These results were encouraging enough to construct a first prototype: A 90° duct from an air-
conditoning system was fitted with a 6-bladed rotor cut down from a Marlec 50 W wind
turbine. The solidity of this rotor was 0.5 and its blade angles were not adjustable. This
prototype was tested at a field tnal at the National Wind Turbine Test Center in Myres Hill,
which was part of the former National Engineering Laboratory NEL. some 15 miles from

Glasgow. Its performance dunng the tnal penod was compared with a standard 50 W
honzontal axis wind turbine (Rutland Windcharger WG 910) (Grant et al. 1994).
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Figure 2.8.2: Performance of the first prototype during its field trial (Grant et al. 1994)

The module's performance was clearly deficient at low wind speeds. but this could have

been largely caused by a mismatch between the characteristics of the rotor and the generator.
But in particular at higher wind speeds, when aligned with the wind, it compared favourably
with the conventional turbine with power coefficients exceeding 0.2 (Figure 2.8.2). which 1s
a respectable value for such a small rotor. Further, it tolerated up to 30° misalignment
without serious loss of performance. As reported, the field testing came to an abrupt end

during a period of extremely strong winds, where 10-minute averages of over 90 km/h wind
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speed were recorded. The standard wind turbine failed with blade breakage, the module

con[inucd 1O npcr:.llc and survived intact.

Up to 1996, the development of the Ducted Wind Turbine focused on the free standing

device, and a number of student projects included performance tests of the model in the wind

tunnel (Figure 2.8.3).
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Figure 2.8.3: Test module in the Departments open section wind tunnel, jet diameter 1.50 m

The small scale wind tunnel test module (Figure 2.8.3) is a simplification of the orginal
Webster patent (Figure 2.8.1): the inlet and outlet slats, the yawing system and the guide
vanes in the duct are removed. The rotor is a fan rotor of 300 mm diameter, / blades at a
pitch angle of 20 degrees and the hub diameter 1s 136 mm (solidity ¢ = 0.72). The cowling 1s

a circular metal ring. Basic performance tests were carried out by recording shaft speed and

torque.
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Figure 2.8.4: Performance of the test module (Figure 2.8.3) with roof spoiler (Andina
Pendas 1999)

In particular a vast vaniety of additional spoilers at inlet and outlet, flaps, shrouds and hub
cabs under different angles of incidence and different wind speeds were tested and their

performance was compared with the field trial (Cook 1992, Kilpatrick 1993, Andina Pendas

1999). Overall, a power coefficient larger than 0.2 for a high solidity rotor at a tip speed ratio
not exceeding two is the common feature of performance for all tests, either in laboratory
scale or duning field tnal. The tolerance for misalignment lay in the range of 20 to 30
degrees. Surprisingly, the turbine shows the best performance when not perfectly aligned
with the wind, under a small incident angle of around 10 to 15 degrees (see Figure 2.8.6). It

1s suggested that swirl created in the housing might enhance the turbine’s performance.

The research project towards integration of a ducted wind energy module into the built
environment started 1996 and concentrated on a number of different aspects (Dannecker and
Grant 1999, Dannecker et al. 1999). The first was, based on the experience gained with the
free standing model, to develop a prototype to be integrated into the cladding system at the
leading edge of a roof. In order to gain expenience with the performance of the Ducted Wind

Turbine in the built environment, the former prototype from Myres Hill was refurbished. The

outlet was fitted with a smooth shroud enclosing a high solidity fan rotor (¢ = 0.73) of 10




blades, diameter 480 mm. The shaft was directly connected to a Rutland 910 series generator

i | . Y D Cad * . Y N g 0 ; :
(12 V single phase), which generates 90 W at full load. The power output was measured

against selected load resistors (100 €2/ 30 Q). In 1998 the device was mounted on the roof

top (Figure 2.8.5) next to the Department’s weather station.
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This allowed correlation of the turbines performance with chimate data (Ans 1998).

Monitoring was performed with the data logging system LABVIEW and displayed to a

Personal Computer in the Departments reference library. It took samples at a frequency of |

kHz and averaged over 5 minutes.

Figure 2.8.6 shows a set of analysed data gathered during the second half of the year 1998.
For this range of wind speeds between 5 and 6 m/s, a power coefficient of 0.2 and above was
reached when aligned with the wind (in Figure 2.8.6 the building faces 196° from due

North), the peak power coefficient occurring under misalignment of around 15°
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(corresponding in bigure 286 to 1807 as descenibed above, Taking this shift into account, it
seems o tolerate + 207 misahiznment without signiticant loss of performance.

In contrast to the tests an the wand tunnel, the presented power coetficient 1s based on the
clectnical output of the attached generator. Theretore improvements in performance for all
wind spceds should be attamable wath optimised resistor load matching to the generator’s
charactenstuics. (nven the tact that the turbine works best at a up speed ratio of around 1.5,
the range of rotational speed tor the generator s relatnvely fow. The determination ot the
charactenstces of a motor or genctator becomes more and more dithicult at low speeds. but
work in the Department’s laboratory gave cvidence that the generator will work most
efficiently under a lower load resistance ot around 10 Q0 Lower resistance requires a larger
shatt torque on the gencrator, which has to be provided trom the turbine rotor, and the
acrodynamical design of the rotor plass an important role here. But at 1s suggested that a

power coetticient ¢t 0.3 could be a realistie target.
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Figure 2.8.0): Pertormance of the roof mounted prototvpe (Figure 2.8.5) for a range of low

wind speeds (Dannecker et al. 1999).

Based on this encouraging cxperience. a free standing ncw prototype wis designed at the

Energy Systems Rescarch Unit of the University (Figure 2.8.7). Here. as the first results of
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Computational Fluid Dynamics suggested better performance from a relatively straight duct
(Dannecker 1998), an aerodynamic casing was conceptually realised with a straight back

wall and a smoothly curved inlet to avoid flow separation, in contrast to the previous

prototype (Figure 2.8.5). Also. the spoiler above the outlet had a much wider opening than
with the previous prototype in Figure 2.8.5. Both aspects are seen to be important to avoid
unnecessary loss of momentum of the air stream passing through. Unfortunately, because of
architectural constraints at the intended deployment site (the Lighthouse. center of Glasgows
1999 City of Architecture’ celebration). the size of the turbine was limited to a rotor
diameter of 450 mm. It consists of a 150 mm hub and six cambered airfoil blades
(MARLEC) (sohdity 0 = 0.53). Again. the Rutland 910 generator was used. However. as a
new feature. the spoiler cames a solar photovoltaic panel under a pitch angle of 42°, which is
cooled by the tlowing air to improve the panel’s efficiency. Hence, a hybrid system was
created where the spoiler links and improves the pertormance of both systems (Grant and
Dannecker 2000). It 1s suggested that the new prototypes are integrated in the structure of the
cladding fagade which typically forms a parapet around the roof. This might provide power
enhancement because of locally induced higher wind speeds. Other roof mounted designs
integrated 1n the fagade cladding may also work successfully and have been proposed (Grant
and Dannecker 2000).

In 1999 several of these prototypes were manufactured in the departmental workshop of the
University and have been deployed on the top of the ‘Lighthouse’ building, the focus of the
celebration of Glasgow 1999 European City of Architecture and Design. The Energy
Systems Research Unit of the University camed out the design and construction as part of
the RE-Start project which aimed to demonstrate the potential benefits of deploying
renewable energy technologies in the urban environment (RE-Start 1996). At the time of
writing this thesis, the installation to monitor the performance of the deployed devices 1s not
completed yet. hence performance data will be reported at a later stage. It is intended to
record the climate data, to monitor the wind turbine performance and to measure temperature

and massflow rates of the vented air cavity under the installed solar panels. Each Ducted

Wind Turbine is rated at 90 W. with the integral photovoltaic spoiler at 85 W. Based on a

generalised Glasgow climate data file which 1s used 1In building energy simulation (see

Chapter 8), it was possible to predict that the Ducted Wind Turbines are a sound complement

to photovoltaic systems (Grant and Dannecker 2000). A simulation of the integration aspects
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of the embedded generation system and the predicted matching of supply and demand has

been recently presented (Clarke et al. 2000).

Figure 2.8.7: Free standing hvbrid
PV / Wind Energy Module
prototype, in the Departments
workshop, James Weir Building,

University of Strathclvde in

G/a\ gOW

T'he bulk of the work presented in this thesis focuses on the aerodynamical aspects of the
complete integration of the turbine casing in the leading edge of a tlat roof. Up to now, the
complete integration of the Ducted Wind Turbine 1s only an 1dea (Dannecker 1999) and has
not been demonstrated 1n practice.

Roof mounted devices gain directly from the accelerated tlow field around the leading edge,
whereas completely integrated devices are supposed to gain rather from induced high wind
speeds in the duct due to the pressure differential between the duct inlet at the front fagade
and the outlet at the flat roof. Here, different aspects like the shape of the inlet and the duct

or the installation of spoiler at inlet and outlet may play an important role.
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Figure 2.8.8: Cross-sectional view of the complete integration of the Ducted Wind Turbine

integrated in a conventional building with flat roof (Parkinson 2001 )

Figure 2.8.9:

An artist’s view, duct
inlets at the upper
part of the front
facade

(Parkinson 2001 )
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Figure 2.8.10:
An artist 's view, duct
outlets on the flat

roof

(Parkinson 2001 )
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From the beginning it was assumed, that the proposed duct should be either straight or of
concentrator or diffuser type. Because of the rectangular bending, it was not possible to
make use of a casing design of previous models (see Chapter 3.2). Also, the idea of
integrating a compact machine with short canal could not be realised with a loganthmic
spiral as inlet curve. Therefore, the duct types are based on parameters which can be found
for air conditioning systems (Miller). However, the air conditioning duct system 1s optimised
for a closed circuit flow, and its application to the presented open flow problem might not be
optimal.

It is very difficult to predict the flow behaviour under different angles of incidence. Also, the
situation of flow entrainment at the duct outlet into a region where there 1s likely to be a
generated edge vortex is very complex, in particular under angles of incidence.

The presented work attempts to explore this complex flow problem by means of
experimental and computational modelling. This might be a basic contribution to future

prototype development and the complete integration of the Ducted Wind Turbine in the built

environment.
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). Power Augmented Wind Turbines

3.1. The Concept of the Pressure Differential

The theoretical upper himut to the amount of encergy that can be extracted from the wind
energy tlux by a wind turbine of given dimensions 18 around 59 % (Bets 1926). The Betz
lhimit 1s denved from three conservation faws, conservation of energy. axial (longitudinal)
momentum and mass, apphied to a one-dimensional flow. the stream-tube. The turbine is
replaced by an actuator disk of area A, . The velocity u, 1s continuous through the rotor (mass
conservauon) and 1s the anthmetic mean of the velocity v, far in front and u. far behind the
actuator disk. but the static pressure shows a sudden drop Ap = p. - p: across the disk due to
energy absorption by the turbine. It 1s assumed that the Bemoulli equation 1s appropnate to
use 1n the wake. When energy 1s absorbed by the turbine. the exit wind velocity u. 1n the
wake 1s smaller then the entenng wind speed u. . therctore the massflow through the turbine
1s smaller than the massflow through the same area 1in the tree stream far in front of the
turbine. As the absorption of energy 1n the turbine limits the massflow through the turbine, 1t

hhmits the maximum amount of energy which can be transterred into power by the turbine.

The power coefficient Cp

reaches 1ts maximum Cp=16/27 whenu,/u,=2/3andu./u,=1/3
The power output of a wind turbine may exceed this limit, if 1t is possible to increase the

mass flow through the turbine 1n some way (sce Chapter 8.5).
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3.2. Realising the Concept: Power Augmentation in Ducted Wind Turbines

Sivasegaram reviews different design approaches to achieve wind power augmentation, from
the early centunes up to the cighties (Sivasegaram 1986).

A bell mouth intake in tront of the wrbine facilitates capture of a wider spectrum of wind
directions. Further. it acts as a flow concentrator. It was shown that the concentrator systems
contnbute to the performance charactenstces of the rotor. Rotors with concentrators start
with lower air velocities 1n the free stream. In the main range of wind speeds, about 5 m/s to
|5 nvs. they run at sigmificantly higher tip speed ratios producing up to twice as much
mechanical power at the rotor as an unducted rotor (Berkoune 1990)).

More efficient are devices where an increased masstflow is realised by a reduction of the
pressure 1n tront of the turbine (which means higher turbine inflow velocity as the free
stream wind speed) and a consequently increased pressure recovery towards the free-stream
pressure behind the turbine. The application of a diffuser behind the turbine has the desired
result. Dependent on the diffuser efficiency and the diffuser arca ratio, the power coefficient
may exceed the Betz limit by a tactor of 2 (de Vnes 1979). Especially short streamline
formed diffusers with annular wing tlaps at the rear. designed to reduce the static pressure at
the diffuser exit, may lead to a 2.5 umes increase 1in power coefficient compared to the Betz
himit. In the late seventies. when aeroplane manufactures occupied the wind turbine market
in the United States. the diffuser augmented wind turbine was investigated by Foreman and
Gilbert (Foreman and Gilbert 1977. 1978, 1979, 1983). It was stated that a diffuser
augmented wind turbine can provide around three to four times more power then a
conventional turbine. This enormous increase 1in massflow 1s mainly due to swirling flow 1n
the diffuser. which 1s created through boundary layer control slots at the housing 1n
interaction with the turbine wake. The penpheral accelerated flow controls the development
of the boundary layer and avoids flow separation from the diffuser wall. Otherwise flow
separation would occur because of the very strong adverse pressure gradients inside the
diffuser, and this would hinder the massflow. Concepts using short diffusers with a large
opening angle and a big aspect ratio could create an exit plane pressure coefficient of
cp = -1.4 , and a power augmentation factor of 6 to 8 is predicted. Similar beneficial etfects
of inflow swirl and radial distortion on diffuser performance were measured as part of the
investigation of a large scale wind tunnel. for airflow in the same pressure range (Eckert et

al.1980). It was found that a long contraction duct produces better inflow to the fan than does
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a short one. To avord the long duct, a gentle (cubic wall contour) contraction is much more
favourable than an abrupt contraction.

When the aspect of short streamline tormed ditfusers is elaborated further. an annular wing
or shroud ovperates equally well. In addition o the increase in mass flow, the small tip
clearance avoirds up losses. The sectional hift on the annular wing has to be directed inwards
towards the turbine aws. and the corresponding circulatory flow around the section of the
annular wing induces an increased velocity through the area enclosed. A pilot plant based on
a NACA M2 cross-section annular wing housing a simple axial flow turbine yiclds a power
augmentation of at least a factor of two compared with a conventional wind turbine of the
same si1ze (Igra 1980.1981); further improvements on turbine and shroud may result in power
augmentation ot a factor 4.

The circulatory flow around the shroud acts as vortex nng. Likewise, a vortex ring may be
created by a up vane attached to the tip of the turbine blade. which results in the same effect
of increased mass flow and performs well with similar efficiency (Van Holten 1974, 1981).
This power augmentauon concept 1s feasible on operating wind turbines. as it bars any larger
additional structure.

Some proposed kinetic wind energy concentrators are based upon the concept of extracting
the kinetic energyv concentrated 1n the small area of traithng-edge vortices of wings (straight
and delta shaped). The veny complex oncoming swirling flow to the turbine and the large
load fluctuation in changing flow conditions scems to lmat the feasibility of this approach
(Greff 1983).

The synthesis of the concepts ot the kinetic wind energy concentrator and the concentrator
duct was created as the Helical Vortex Wind Concentrator. This 1s an annular disk of
stationary, radial. aerofoil sectioned stator blades which ¢ntrain the wind. through the onhice
formed by the surrounding blades. onto the wind turbine downstream. It 1s suggested that
this device will induce wind velocities two times higher than in the free stream (Ohvien
1990).

The large structure of the duct limits the size of any of the proposed ducted wind turbines.
Igra reports about the heavy structure and material requirements to stand the loads involved.
Further more the alignment of the turbine with changing wind direction 1s impaired, but Igra

reports that about 30" misalignment was tolerated by the pilot plant. Therefore the idea anses

to include a power augmented wind turbine in the structure of a building. The tower hke

buildings which result serve mainly as housing for turbine and duct. The pressure drop of an
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intense artificial vortex s used to increase the masstlow through an axial turbine. The vortex
1s generated inside a suitable tower that can interact omnidirectionally with the Incoming
wind. As the tower 1s open at the top. interaction with the wind at the outlet creates an
addinonal low pressure region. First concepts were formulated in the middle of the 1970s by
varnious groups. probably onginated by Yen (Yen 1976) and Loth (Loth 1976). Since then
ditterent model conthigurations have been tested 1n order to achieve further enhancement
trom better acrodynamics at the inflow side and to investigate geometrical proportions
(Windnch and bncke 1984). A further synthess has been proposed. where a huge vertical
diffuser acts as vorten tower and uses the pressure drop above the outlet due to the
interaction of the wind with the building (Rom and Bowen 1988). Prediction of wind energy
enhancement goes up to a factor ot 4 compared with a conventional wind turbine, but it is
dithcult to draw quantuitatuive conclusions from wind tunnel models. because scaling effects
might influence vortex development and vortex breakdow n significantly. Also, the behaviour
in gusty winds as they appear 1n nature remains unknown. A pilot plant of this type does not
exist. and at this ume there 1s no project which might prove the tomado wind concept 1n real

scale.
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J.3. Theoretical Modelling of Ducted Wind Turbines

The simple axial momentum theory of Betz (Betz 1926). which originated from Rankine and
Froude (Rankine 1865, Froude W. 1878 and Froude R.E. 1889) illustrates the importance of
increased masstlow rate and pressure differential across the turbine in order to achieve power
augmentation. but 1t can not cope with the complex flow behaviour in particular 1n close
vicinity downstream of the turbine. Therefore. any theoretical prediction of the power
coetficient tor augmentation concepts based on one dimensional axial momentum theory (the
stream tube) 1s limited.

Glauent (Glauert 1935) includes in his discussion the rotation left behind in the wake.
According to the conservation of angular momentum for the system of the airstream and
impeller. the two move counter rotationally. Further. the torque transferred to the flow field
and the entraiming trailing vorticity contributes to the complete kinetic energy left in the
wake and decreases the maximum attainable power coefficient.

Further informauon may be obtained from this model using blade element theory to optimise
the rotor. Hutter (Hiitter 1977) states that the theoretical optimum of the power coefficient
may be increased by wake divergence and turbulent mixing by up to 13 %. Prandtl and
Goldstein (Prandtl and Tietyjens 1957. Goldstein 1929) have analysed the helical vortex sheet
wake. The induced velocities fluctuate between blade passages. which reduce the net
momentum change and therefore the net power extracted by means of a tip loss factor. This
calculauon includes the blade clement analysis. which substitutes for the actuator disk
theory. Simple blade element theory predicts an increased power output for high tip speed
ratios. because the up losses and the wake rotation loss decrease. This tendency 18 opposed
by increasing profile drag for high tip speed ratios.

Even today it remains difficult to predict the complex flow structure in the near wake region,
which may extend over about 2-4 rotor diameters downstream. In this near wake region,
axial and radial pressure gradients, ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>