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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 incident wind up tot 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 

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

Environment 

Early cultures in Europe had already sailing boats, and wind energy conversion through 

windmills goes in many regions in Europe hack to the early 13th century. Since this time, it 

has fascinated and inspired scientists and artists. and wind energy has become part of the 

cultural scene. Ancient sailors understood lift and influenced the development of windmill 

sails, and 500 year-, later windmill sails had major features of modern 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 electrification closed 

down step by step all the windmills. They remained either as ruins or were refurbished as 

museums and tourist attractions. But it is remarkable, that the last historical tower windmills 

(for example behind Greenock near Glasgow) stopped their operation only in the second half 

of the 201h centun . working as hybrid s` stems in tandem with electric and diesel motors. 

There was a period without any significant new development. Without the economic need 

and the necessary awareness of environmental issues. only a few machines were built mainly 

as research and demonstration projects rather than for power production. Significant 

contributions came especially from Denmark from the end of the 19`" century (Pool la Cour) 

and from Germany since the 1930s, and the basic design of modern wind energy plants was 

laid down (Hütter 1942). 

The oil crises in the early 1970s sparked political awareness of Europe's dependency upon 

the world energy market. and among other considerations the feasibility 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 



electricity market to private electricity providers under certain trade regulations. This 

measures among others provided the framework for the expansion of European wind 

technology, which has in the space of less than 20 years evolved from an insignificant 

indusu- making small and simple machines into a technology which can compete with the 

well established forms of pe w er generation (European Commission 1998). 

Scotland has the largest w ind energy resource in Europe. The exploitation of this resource is 

regulated by planning authorities, and the contribution of wind energy to the overall supply 
is still minor. 

In general. wind energy has many positive environmental and economical facets, but critical 

voices arise against the visual impact of large scale 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). Irritating effects of flickering 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 critics: these are difficult to shield and affect the well- 

being. Wind energy plants in remote areas still need local infrastructure like access roads and 

foundations. grid connection. and their impact on wildlife and local microclimate is 

controversial. 

These critical issues do not affect the wind energy device which is under consideration here. 

The submitted investigation (Dannecker and Grant 1999) concerns 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 arise 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 is 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. 
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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 flo%% pattern around building structures. 
Currently, the development of the Ducted Wind Turbine deals with two basically different 

design options: 

1. fee standing but integrable into a cladding structure 
2. complete integration through a inserted duct at the wall roof corner of a building 

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

prototype, results from its field trials are reported. 
But the focal 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 concerning the wind flow around the leading wall / roof edge 

and the use of pressure differentials for power augmented wind turbines, which is reviewed 
in Chapter 3. 

This aim is achieved by means of experimental and numerical methods. Therefore. 

investigations of the aerodynamical behaviour of a small scale model building with different 

integrated duct modifications have been carried out in the department's open section wind 

tunnel, which "ill be subject of Chapter 4. 

Chapter 5 covers the theoretical background of Computational 1-luid Dynamics (CFD). The 

outline of the two- and three dimensional set up of the numerical model has been analysed in 

Chapter 6. which concerns 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 is proposed on the base of the achieved 

results, to estimate the performance of the building integrated Ducted Wind Turbine Module 

in comparison 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 differentials between regions in the atmosphere. Due to 

surface characteristics the friction generates a certain boundary layer, the shear flow. It 

determines the vertical profile of flow parameters, like velocity and turbulent intensity. 

Atmospheric boundary layer models anticipate surface related parameters (roughness height, 

friction velocity, displacement height) which adjust the model to the specific wind site. The 

equations of motion are all based on the conservation of momentum, but they differ because 

of the forces which are taken into account (Singer et al. 1967. Hams and Deaves 1980, 

Bergmann 1995). Therefore. predicted wind velocity profiles differ significantly. 

The characteristics of the wind depend among others on the vertical exchange in the 

atmosphere. 

Temperature differences. as they arise from heated surfaces. 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 horizontally), vertical buoyant flow 

dominates and thermal turbulence exceeds frictional turbulence. The air may rise 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 is due to friction. 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 velocity profile over 
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the city. In this case the vertical velocity gradient is much larger than in thermal 

stratification. 

A stable boundary' layer occurs when the air is cooled at the ground. In this case the vertical 

velocity gradient is 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 is 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 50 (7 and reaches a level of 

approximately 10 " in the upper part of' the atmospheric boundary layer over the city. The 

wind %elo itN maN increase by 50 % in a height of two times the average building height 

above the city. Data series 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`h 

century (Eiffel 1900). Since the sixties it became a common practice to record the wind 

climate data on extended high rise buildings in cities. for example on broadcasting towers 

(Helliwell 1971 ). Based on theoretical considerations and measured data series, Davenport 

was one of the first to describe the properties of gustiness in 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, various standard functions 

including tables with appropriate adapting parameters have been developed for wind 

engineering and civil engineering 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 he requested at the nearest airport or taken 

from the standard "Ind speed map (BRE 1989, Meteorological Office 1976). This wind 

speed value may be extrapolated to city conditions by means of one of' 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 he very reliable. 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 
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occur and the local flow situation may he completely reversed. Much of the approaching 

wind is deflected downwards, carrying high speed winds towards ground level. Some of this 

wind forms horizontal vortices in the space between the buildings in the neighbourhood. At 

the building corners the flow accelerates and may form high speed jets which stretch 

downwind for a considerable distance. Therefore the grouping of' the buildings may have a 

significant influence on the local flo%% situation. Also, the interaction of the wind with local 

small scale obstructions like 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 %% ind 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 rise 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 areas 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 function. The effect of nearby buildings is also very difficult to generalise. Accurate 

representation of the local "ind flo%k can usually take place only by means of experimental 

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

With the appearance of modern high rise buildings. it became urgent to provide a sound 
basis for structural design. Hence. series 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 characteristics of turbulence and gustiness, at different heights over 
built up areas. 

One of the early field mal: was e arried 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 

investigation indicated that there was no consistency between wind tunnel results for the 
Empire State Building model and its real load patterns in New York. But the frequency 

response of the manometer system 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. investigations started in the sixties in Great Britain. The Building Research 

Establishment (BRE) developed a pressure transducer and conducted a series of tests at 
different buildings in London. up to 130 m height (Newberry 1963). Successive records for 

the same vº ind direction show a general similarity to wind tunnel results. However, the 

experiments were not able to deliver non-dimensionalised pressure coefficients because of 

insecurity in the reference pressure of the gauges used. But very interesting observations 

were made of the dynamic changes in pressure distribution. 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 instant. It was stated that this pressure pattern fluctuation 

is 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. 
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Pressure recordings on a 40 m high building in an Australian university campus area support 
the latter observation (Melbourne 1971). The pressure coefficient agrees with the wind 
tunnel measurements only at the stagnation point at approximately 80 "I building height. On 

the upper half, the ww ind pressure on the building exceeds the model data, whereas on the 
leeward side the suction in the wake of the real building is 20 to 30 (l less than in the wind 
tunnel. The characteristic of the turbulence in the approaching flow affects the wake behind 

the obstacle. 

In a similar comparison at a ca. 200 m high building in Montreal, it is stated that only in the 
lower levels is 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 is 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 periods over a range from 

l0' 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 

(Miyoshi 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 in 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, v ind pressure fluctuations originate 

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 necessarily 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 



caused by the internal pressure situation which balances arising 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 therefore 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 engineering standards in mann other countries. 
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2.3. Wind Tunnel Experiments of Wind Flow around Buildings 

Parallel to full scale measurements at buildings in the city as described above, series of wind 

tunnel tests on model houses have been conducted in order to investigate the aerodynamical 
loads for civil engineering purposes. Aerodynamic loads on a fixed solid object correspond 

to the loss of momentum in its wake. Hence important work has been carried out to extend 

the original theory of wake flow (Schlichting 1965). Based on detailed measurements of 

mean and turbulent wake tlo%ý parameters behind a cube and behind a rectangular block, 

empirical equations could he derived which describe the wake flow parameterised in terms 

of the obstacle dimension. Drag and overturning moment is related to the spatial integral of 

the momentum loss in the wake flow . and theoretical prediction of the wake flow may result 

in the prediction of forces on the object (Counihan and Hunt 1969-1971). 

Today. 'tandards are available for %er} simple geometry like rectangular blocks, measured in 

a smooth uniform tlo%% at Reynolds number 104 -10" (ESDU 1993). The given standards for 

blocks of different aspect ratios may be applied to estimate wind loads on buildings under 

certain constraints. When the building is smaller then the length scale of turbulence in the 

wind (according to ESDU 1993 this is 60 m high and 50 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. If the dynamic component of loading is significant, the 

standard coefficient mas be scaled with the design gust factor and the exposure factor 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 different flow conditions, an additional allowance 

of ± 20 % should be made for uncertainties. 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 distribution over the surface, because of flow separation, possible 

reattachment and vortex generation. Increased turbulence has little 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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field which carries small scale vorticity and increases momentum and mass transfer into the 
thicker laver (l. aneville et at. 1975). Therefore. for pressure coefficients the standards refer 
to the datum conditions which have not much in common with the real wind flow around 
buildings. But these standards have the advantage, that for simple geometry the measured 
distribution may be parametrically analysed and the influence of different aspect ratios, wind 
directions and incident vela its profiles can he predicted. 
In the 1960s. substantial work as 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 from 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 ind 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 in the model test and in nature (Reynolds number similarity). In fact, wind tunnel 

tests are often carried out at values of Reynolds number which are in magnitude 100 times 

too small. The general flo%% pattern around objects with sharp edges is not greatly affected by 

changes in 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 

experiment with a rounded tower model is much more delicate. Jensen even argues that in 

case of rectangular blocks. the natural wind flow is fully turbulent and therefore the 

Reynolds number is of no significance. This underlines the requirement for a simulated 

turbulent boundary layer flow in 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 is a function of height above the ground. The linear scale of any building model should 
be matched to the boundary layer scale factor, otherwise the building model generated 
turbulence will not match the simulated atmospheric 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 
coefficients differed from Jensen's observation. In a simulated boundary layer produced by a 
grid 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 distribution 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 
different 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 is completely different from the real wind situation. 
Simulation of turbulence characteristics of the flow should include the intensities, probability 
distributions and spectra (both shape and scale) of the individual components and their 

higher order correlations (Reynold stresses) (Davenport and Isyumov 1967). Therefore the 

experimental set up should be a combination of roughness element surface and a low grill at 

the entrance of the wind tunnel working section. Due to the resulting velocity gradient with 
height. a general reduction of all positive pressures is observed. Along the roof and on the 

leeward face, the suction is reduced significantly. When the extended building is surrounded 

by a lower built up area. Davenport observed also effects due to the grouping. Fluctuating 

pressures are much lower where the extended building is 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, 
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showed a strong dependence of the distance between the plates. These early experiments 
support the idea of turbulence 'resonance', due to spacing. 
The transition in the vortex pattern from the horse shoe type to the von Karmän type seems 
to depend on the aspect ratio (height /A idth) (Sakamoto 1985). Namely when the width of 
the obstacle is relatively large. the flow from the top joins with the flow from the side and 
forms the horse shoe type vortex. With the decrease of the width of the object, the flows 

separating from each side become stronger then the flow from the top, hence the wake is 

rather controlled by the side tlov %% hich form the von Kärmän 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 is, not isolated. prediction of the flow and pressure field in its vicinity 
becomes complex. In an earls work, for a pair of cuboids a theoretical model has been 

proposed. based on fundamental fluid mechanics (Brittner and Hunt 1979). It is assumed that 

the flow between the paired arrangement is driven by the pressures on each single building 

as measured in a model test. In physics, this kind of superposition normally takes an 

interaction term or a perturbation term into account. Solutions to this new system are found 

by optimisation. Although this is missed out in the presented model, the authors claim it 

could predict to some extend measured wind speeds above the ground in vicinity of the 

models. Length scales for vorticity are determined through the geometrical arrangement of 

the pair (for example from the gap "idth 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 describe 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 (Latiff 1989). For a pair of identical 

models, the upstream model experiences a higher suction over the roof than a single isolated 

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 in the gap in 

between causes suction at the windward face of the sheltered model and reduces the suction 

at the leeward wall of the upstream model. Corner vortices from the upstream model entrain 

the vortex in front of the downstream model. The width of the upstream model affects the 

17 



pressure on the roof of the sheltered model, even if 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 equallN. A change of wind direction causes quite 

complex flow situations, and combination \% ith variations of the geometrical parameters like 

spacing and the model sire for t\% o. three and more models creates a vast amount of data 

which will not follow parametric laws. 

.a way out of the dilemma of interaction between separate models, is to model the general 

effect of a built up area in the surrounding of the building under investigation. The number 

of models is now so large that the single interaction can he replaced by observing the impact 

on the building under in\estigation in the matrix of the surrounding lower sheltering 

buildings. varying 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 (7, 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 investigation 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 isolated model, but 

rises with relative building height quite sharply. 

Based on parametrical analýsi . of wind tunnel test results on models of simple geometry. an 

empirical numerical model has been developed which takes the geometrical parameters of 

the obstacle and its surrounding as well as Hind parameters into account (Grosso 1992). 

Here. the distribution of the pressure coefficient over the surfaces was fitted to polynomial 

functions. This model tries to combine the various 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 memory space of the computer, and the computational time rises 
significantly. Therefore, experience had to he gained in grid refinement and choice of 
optimum grid size. Nodes must he 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 he so far away. that the impact of the obstacle on the flow field at 
the boundary is negligibly 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 is 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 friction 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-symmetric 

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 boundaries can be brought in close to the building without distorting the flow. The 

values at the open boundaries are fixed to the initialised values. 

For a typical Reynolds number of 106 the surface boundary layer at the building walls is of 

magnitude 10.2 m. the atmospheric boundary layer and the outer wake region is of magnitude 

102 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 appropriate 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 in good agreement (± 20 %) with 
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measured data, and as far as the reverse vortex flow for a paired arrangement of blocks is 
concerned, turbulence seems to he of secondary influence (Hannson et al. 1986). 
A more detailed view of the %%ake structure and quantitative comparison of predicted and 
measured values of force and pressure coefficients show significant discrepancies between 

measurements and simulation. For the paired arrangement, the general structure of separated 
flow is well predicted. but the steady state solution incorporating the standard k-e model fails 

to predict longitudinal horseshoe vortices interacting -, kith the recirculation zone in between 

the two buildings. In particular for the case of t,.. o equally tall buildings, the predicted 
suction 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 
facing the approaching flow directly, the prediction of the pressure coefficient distribution is 
fairly accurate. In regions of flo%% separation. the distribution of pressure at the walls seems 
to depend highly upon the turbulence structure (Latiff 1989). 

The latter can he 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). Comparison 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 is too high. But generally the agreement of three dimensional simulation with 

observed flow patterns and pressure coefficients is good. The three dimensional simulation 

shows significant lower suction o% er the roof than a two dimensional simulation. 
A transient solution with the k-E model predicted successfully 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 \C,, = -0.2. The 

shape of the distribution is undisturbed, but the values suffer 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 

atmospheric boundary layer with high turbulence intensity. The numerical 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 carried downstream. In the case of high 

turbulence level in the simulated shear inflow. just it small separation bubble is found over 
the front part of the root, after which the flow reattaches and the values of suction fall close 
to zero. Two strong counter rotating vortices are generated at swept-back leading edges, they 
influence the flow field above the top surface and interact with the wake of the cube. 
Diagonal inflow 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 

flow pattern and pressure distributions, which actually correspond with the measured mean 

values in 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 
false diffusion (Scanlon 1992). For general wind engineering applications, the steady state 

solution is rather more feasible. 

To distinguish 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 

experiment (Haggkvvist et al. 1989). The standard k-E 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 distributions on the windward face, but the leeward face 

remained pretty much unchanged. Variation 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 ("!. hang 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-E 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 preferential 
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 distribution is a high mesh resolution at the windward corner. In 

a flow 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 
24th 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-E 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 corner, the calculated zone of high 

turbulent kinetic energy k exceeded the measured region greatly, hence the overall 

magnitude of turbulence at the windward corner is over predicted. This is where high values 

of suction arise. The values of kinetic energy dissipation c as assigned to the cell by means 

of the appropriate 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 "indward corners. 

The previous work was extended in particular with regard to the flow behaviour in the wake 

(Murakami et al. 1992). The recirculation zone in the wake is seen as an area where turbulent 

energy production and turbulent energy dissipation are not in local equilibrium. As the 

turbulent energy dissipation is too large, the turbulent mixing due to the turbulent eddy 

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

velocity. The k-E model poorly reproduces anisotropic properties of normal stress which 

cause the anisotropy of turbulence. This anisotropy is especially large in the von Kärmän 

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 experimental data. Two 

dimensional simulation predicted too large suction on the side faces caused by highly 
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accelerated Clow and the separation at the edges. In the transient simulation, the spectrum of 
velocity fluctuation is for the two dimensional case a narrow band with a sharp peak 
frequency, while in the three dimensional simulation the turbulent energy transfer takes place 
throughout a wide spectrum range. 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 turbulence structures. 
Even though turbulent flow in the built environment may be highly determined by transient 
phenomena. the transient turbulent simulation exceeds the constraints for common wind 
engineering applications. Therefore. a hybrid steady/transient model is suggested (Richards 

and Wanigaratne 1993). While using the steady k-c turbulence model, the solution embodies 
information on the turbulent state of the flow. This information may be used to predict ems 
(root mean square) pressure fluctuations of the mean pressure coefficient at the wall, taking 

the mean turbulent kinetic enerp at the relevant height and the local turbulent kinetic energy 
at the zone of interest into account. Serious difficulties arise 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-c model and a new k-c 

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 experience 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. in 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 2x 105 to 5x 10". The 

variation of the reattachment point of the wake is in the range of 10 % but without clear 

tendency. 

The basic limitation of Computational Fluid Dynamic models for wind flow in 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 mMel 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 

Compatible with the British 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 derive loads, in combination with gust and wind direction 

related factors. The distribution 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 comes 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 stripe in the middle of the windward wall for a frontal 

wind is Cp = 0.88. The lowest suction of CF, _ -1.21 appears on the sidewalls in the separated 

region. The highest pressure on the roof is generally on the downstream part and could reach 

Cp = 0.2 in the case of reattachment. The lowest suction is 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 experimental data on the capturable flux of wind energy 
passing through predetermined cross sections (the 'turbine areas') adjacent to representative 
building models in the wind tunnel (WEB, Jenkins and Graham 1995.1997). As the effective 

resistance of an operating turbine may affect the tlo%%. the wind turbines itself were modelled 
by pre-characterised woven wire mesh. The wind flow through the mesh was measured by 

means of hot wire anemometn . In this «ay a building wind energy response factor was 

created. for different heights and different wall faces dependent on the adjacent wind. In 

combination with local climate data and the characteristics of a proposed vertical axis wind 

conversion system. it is then possible to estimate mean annual wind energy yield. For a 

typical multi-storey building in an urban area, the annual prediction is in the range of 2/3 of 
its usual lighting load (around 24 kW'h/m2 floor area). Energy capture is enhanced by siting 
in a gap betH een building blocks (twin towers in close vicinity) given a suitable prevailing 

vº ind direction. The rind energy generation there is about tµ ice 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. estimation of vv ind 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 is located in 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 of ACP = 1.5, 

caused by Cp = +0.8 on the windward side and Cp = -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=V- (1 - Cp)"2 ) (Kind 1975). Of 

course, this fluid mechanical consideration does not take many features into account which 
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significantly affect the energy available in the wind. On the device side, it misses out the 

characteristic 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 

outflow. expanding in the low pressure region. on the pressure values in the outlet region 
itself is difficult to predict. It depends very much on the character of the flow, which varies 

with Reynolds number and angle of' incidence. Therefore, a generalized model of this 
interaction is 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 effects of turbulence, recirculation and vortex development have the most 

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

affects the energy generation directly 

Concerning local wind acceleration, the most promising regions for wind turbine installation 

appear to be at the edges of the windward facade. Further, for sloped roofs it seems to be 

promising to use the wind acceleration above the ridge line. The behaviour of the flow at the 

corners 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 

Given the potential of wind energy in the built environment, it is logical to consider the 

application of wind energy conversion systems for conventional buildings. It is not generally 

practical that the building should he 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 he developed to be integrated into the 

usual structure of a conventional building. without impairing the building's common 

functionality. Ideally it should he achie%able 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 

energy. complementary to solar energy applications in the building sector. 

In early times a building was either built as aA indmill. or did not harvest any wind energy. 

However. according to historical sources of the author's home region, in the second half of 

the 16th century. there were serious planning and negotiations on the way in order to 

integrate ducted drag windmill devices, similar to the 7`h 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 Specklin (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 historical 

correspondence. there must have been quite a few drag devices with vertical axis in 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 of 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 (tgerwev 'design-turbines') on the roof of the building 

(Renewable Energy World 2000. Roos 1908). 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 limited. Still, in the United States a type of horizontal axis turbine 

with three twisted blades can he purchased in a set with a roof mounted kit, and is supposed 

to deliver up to 600 W in strong %%inds (South\kcst Windpower. Arizona. USA). 

Basically, the development of feasible wind energy conversion systems to be integrated in 

the built environment is still at the stage of early beginning. The concept of using vertical 

axis turbines with the axis running \ crticalls parallel to the edges of tall buildings (3 m 
diameter and half building height in o\erall length) and horizontally along the whole roof 

ridge is envisaged in a research work to assess wind energy available for a building, as 

described above (WEB). The most promising area to yield wind energy seems to be the 

space in between t\%o large twin towers in close vicinity. but the question of a suitable wind 

energy con\ ersion system to harvest this energy remains open. Recently. the Rutherford 

Appleton Laboratory in England gained some experience with small new designed vertical 

axis wind turbines (DIC GLOBULAN and SOLAVENT W500) to be mounted on the roof of 

the buildings. In Europe. the focus is on improvement and modification of existing wind 

turbine types suitable for deployment in the built environment (Timmers 2001). Independent 

from the European effort. a Japanese group seems currently working on the development of a 

vertical axis wind turbine suitable for buildings (Nlaruyama et al. 2001 ). 

Taylor introduces the concept of planar %% Ind 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 in the 

structure of special aerodynamical shaped buildings are still appearing and exist mainly as 

designers idea in draft form (Future Systems 1998). Until 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 he particularly suited for integration into the built environment (F: NK), once it is 
designed. developed and tested. Another design seems to he based on the augmented vortex 
in a cylinder (tornado type). Therefore, it is planned to place the turbines in small tubes and 
to distribute them over the flat root like ventilation stacks (Hong Nam lam 2000). The 

efficiency 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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2.8.1)rt elopment of the Ducted Wind "Turbine Module and its Embedding in 

Conventional Building Structure 

The Ducted Wind Turbine module is based on the principle of using the turbine casing to 

guide horizontal intloN% vertically through a turbine with vertical shaft. Different patents 

sho\\ 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 w% as 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 Clow 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 coefficients (based on the torque as measured at the 
shaft) of Cp = 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 is still effective for misalignments in excess of 30°. 
These results were encouraging enough to construct a first prototype: A 90° duct from an air- 

conditioning 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 trial 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 during the trial period was compared with a standard 50 W 

horizontal axis wind turbine (Rutland Windcharger WG 910) (Grant et al. 1994). 
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Figure 2.8.2: Performance of the first protorpe 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 is 

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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s1x' d %%cre recorded. The standard vvind turbine tailed with blade breakage, the module 

continued to operate and . ur\ i\ cd intact. 

''p to 1')96. the de%elopment of the I)uetrd Wind Turbine l cus«i can the free standing 

de ice. and a number Of student projects included performance tests of the model in the wind 

tunnel (Figure 2.8.3). 

Figure 2.8.3: Test nodule in the Department. open seetinin wind tunnel, jet diameter 1.50 'n 

The small scale wind tunnel test module (Figure 2.8.3) is a simplification of the original 

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 3(X) nim dianmeter, 7 blades at a 

pitch angle of 20 degrees and the hub diameter is 136 mnm (solidity (s = 0.72). The cowling is 

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

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

In particular a vast variety of additional spoilers at inlet and outlet, flaps, shrouds and huh 

cabs under different angles of incidence and different "Hid speeds were tested and their 

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

1999). Overall. a povºer 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 during field trial. The tolerance for misalignment lay in the range of 20 to 30 

degrees. Surprisingly. the turbine shows the best performance A hen not perfectly aligned 

with the wind, under a small incident angle of around 10 to 15 degrees (see Figure 2. S. 6). It 

is 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 experience 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 (ß = 0.73) of 10 
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blades, dianurtcr 4S0 nun. Thr . haft %%as directly tonne ted to a Rutland 1) 10 series generator 
(12 V single phasc). %% hic h gene rate. ')O ý1' at full IM(l. The power output was measured 

against -ele'cte'd load resistor: l IM i2 / 3() i2). In 1998 tli device was mounted on the roof 

top (Figure 2.8.5) next to the I)epartiuent's %%cather station. 

Figure 2.8.5: Free standing 

prototype device on top of the 

James Weir Building, Univer. sitN 

of Strathclºde in Glasgow 
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This allowed correlation of the turbine,, performance with climate data (Anis 1998). 

Monitoring was performed with the data logging system I. AI3VIEW and displayed to a 

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

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° 

r 
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(correspondiºn; e in figure 2. S. h to I80''), a dIe"crihed ahO\C. I aking this shift into account, it 

: ccm, to tolerate ± 20' miýali, ýºtn1ent \N ithout "iýýniI scant loss of' performance. 

In contrast to the tests in the \% ind tunnel, the presented power coefficient is ha, cd on the 

electrical output of the attached gencrator. l'hcrctore impro e tmcnts in performance for all 

\\ Ind rc eds should he attainable \% ith optiniº,, ed resistor load matching to the generator's 

characten-stº, -,. Given the tact that the turbine \%oork,, het at ,r tip , peed ratio of around 1.5, 

the range of rotational 'speed for the generator i1 rcl. ººº\eh low. The (ictcrimnatimi ()I* the 

eharactertstic, of a motor or -, enei. Ir 'i become, more and more difttcilt at low specdti, but 

\\ork: in the I)epartmcnt', lahorator\ ga\e e' idcnce that the generator will "ork mo,, t 

efficiently under a lo\\cr load rel, 11, t311: e of around 10 Q. l... & er resitaºººcc" requires a larger 

shaft torque on the generator. hieb lia to he prosided from the turbine rotor, and the 

aerodynamical deign of the rotor pla\, an important role here. Rut it is , ugee ted that a 

px)%tier coefficient ('t 0.3 could he a realistic target. 
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Figure 2.8.6 Per/HrmaFu e n/ the roof mounted /)rotHtvpe (l"i. i, 'urr 2]. 5 for a rant' of low 

ýt 1 nd speeds (Dannecker et a!. 1999). 

Based on this encouraging experience. a free standing nc'A prototype vas designed at the 

Energy Systems Research 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 Cite of Architecture' celebration), the size of the turbine was limited to a rotor 
diameter of 450 nim. It consists of a 150 nim hub and six cambered airfoil blades 

(NIARLEC) (solidity a=0.53). Again, the Rutland 910 generator was used. However, as a 

new feature. the spoiler carries a solar photovoltaic panel under a pitch angle of 42°, which is 

cooled by the flowing air to improve the panel's efficiency. Hence, a hybrid system was 

created where the spoiler links and improves the performance of both systems (Grant and 

Dannecker 2000). It is suggested that the new prototypes are integrated in the structure of the 

cladding facade 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 in the facade 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 carried 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 is 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 is used in 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 

43 



of the embedded generation s\strnm and the predicted matching cat supply and demand has 
been recently presented (Clarke et al. 2(XX)). 

Figure 2.8.7: Free standing hvvhr 

PV / Bind Energy Modo 

protohpe, in the Depurtmew, 

Korkshop, Jame. % Weir Buildin 
. 

V ill" rw, �I ýfr(i! /I(l; (l( 11. 
( 

I'/( IN II I/, 't 

I I 

The 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 flat roof. Up to now, the 

complete integration of the Ducted Wind Turbine is only an idea (l)annecker 1999) and has 

not been demonstrated in practice. 

Roof mounted devices gain directly from the accelerated flow 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 facade 

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. S: Cross-sectional view of the complete Integration of the Ducted Wind Turbine 
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Figure 2. S. 10: 
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From the beginning it was assumed, that the proposed duct should he 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 he realised with a logarithmic 

spiral as inlet curve. Therefore. the duct types are based on parameters which can he found 

for air conditioning systems (Miller). However, the air conditioning duct system is optimised 

for a closed circuit flow. and its application to the presented open flow problem might not he 

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 is likely to he 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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3. Power Augmented Wind Turbines 

I. The Concept of the Pressure Differential 

The theoretical upper limit to the amount of energy that can he extracted from the wind 

energy flux by a wind turbine of Bisen dimensions is around 59 14 (ßeti 1926). The Betz 

limit is derived from three conservation la%%s. conservation of energy, axial (longitudinal) 

momentum and mass. applied to a one-dimensional flow, the stream-tube. The turbine is 

replaced by an actuator disk of area . A, . The velocity u, is continuous through the rotor (mass 

conservation) and is the arithmetic mean of the velocity u, far in front and u, far behind the 

actuator disk. but the static pressure %hv%% sa sudden drop Jp = p; - p2 across the disk due to 

energy absorption hý the turbine. It is assumed that the Bernoulli equation is appropriate to 

use in the wake. When energy is absorbed hs the turbine. the exit wind velocity u, in the 

wake is smaller then the entering ind speed u, . therefore the massflow through the turbine 

is smaller than the massflo" through the same area in the free stream far in front of the 

turbine. As the absorption of energ in the turbine limits the massflow through the turbine, it 

limits the maximum amount of energy which can he transferred into power bý the turbine. 

The power coefficient Cp 

c, p = 

I 
pu, A, (u, - u, ) 

1 
pu fýt 

7 

a) 

-i , 

reaches its maximum Cp = 16 / 27 w hen u, / u, =2/3 and u, / u, =I/3. 
The power output of a wind turbine may exceed this limit, it' it is possible to increase the 

mass flow through the turbine in some way (see 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 centuries up to the eighties (Sig ase arim 1986). 

A bell mouth intake in front of the turbine facilitates- capture of a wider spectrum of wind 
directions. Further, it acts as a flow concentrator. It was '. ho%k n that the concentrator systems 

contribute to the performance characteristics of the rotor. Rotors with concentrators start 

with lower air velocities in the free stream. In the main range of wind speeds, about 5 m/s to 
15 m/s. they run at oignificantlý 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 %%here an increased masst1oA is realised by a reduction of the 

pressure in front of the turbine (which means higher turbine inflow velocity as the free 

stream mind speed) and a conseyuentl\ 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 area ratio, the power coefficient 

may exceed the Betz limit h\ a factor of 2 We Vnes 1979). Especially short streamline 
formed diffuser,, with annular wing flaps at the rear, designed to reduce the static pressure at 

the diffuser exit. may lead to a 2.5 time,, increase in power coefficient compared to the Betz 

limit. In the late seventies, when aeroplane manufactures occupied the wind turbine market 

in the United States. the diffuser augmented %% ind turbine as 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 in masstlow is mainly due toi swirling flow in 

the diffuser, which is created through boundary layer control slots at the housing in 

interaction with the turbine wake. The peripheral 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 effects 

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 a%oid the long duct, a gentle (cubic ' all contour) contraction is much more 
favourable than an abrupt contraction. 
When the aspect of short streamline formed diffusers is elaborated further, an annular wing 

or shroud operates equally %%ell. In addition to the increase in nass flow, the small tip 

clearance avoids tip losses. The sectional litt on the annular wing has to be directed inwards 

towards the turbine axis. and the corresponding circulatory flow around the section of the 

annular wing induces an increased %elocitý through the area enclosed. A pilot plant based on 

a NAC. 1 4412 cross-section annular wing housing a simple axial flo" turbine yields a power 

augmentation of at least a factor of two compared with a conventional wind turbine of the 

same size (Igra 1980.1981 ). further improvements on turbine and shroud may result in power 

augmentation of a factor 4. 

The circulatory flow around the shroud acts as vortex ring. Likewise, a vortex ring may be 

created bý a tip sane attached to the tip of the turbine blade, µ hich results in the same effect 

of increased mass flow and perform,, well with similar efficiency (Van Holten 1974.1981). 

This power augmentation concept is 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 energy concentrated in the small area of trailing-edge vortices of wings (straight 

and delta shaped). The %er complex oncoming swirling flow to the turbine and the large 

load fluctuation in changing flo%% conditions seems to limit the feasibility of this approach 

(Greff 1983). 

The synthesis of the concepts of the kinetic "ind energy concentrator and the concentrator 

duct was created as the Helical Vortex Wind Concentrator. This is an annular disk of 

stationary, radial. aerofoil sectioned stator blades which entrain the end, through the orifice 

formed by the surrounding blades. onto the wind turbine do" nstream. It is suggested that 

this device will induce "ind velocities two times higher than in the free stream (Olivieri 

1990). 

The large structure of the duct limits the size of any of the proposed ducted wind turbines. 

Iga reports about the heavy structure and material requirements to stand the loads involved. 

Further more the alignment of the turbine with changing wind direction is impaired, but Igra 

reports that about 30° misalignment was tolerated by the pilot plant. Therefore the idea arises 

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

buildings which result serve mainly as housing for turbine and duct. The pressure drop of an 
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intense artificial vortex is used to increase the masstlow through an axial turbine. The vortex 
is generated inside a suitable tower that can interact oninidirectionally with the incoming 

wind. As the tower is open at the top. interaction %% ith the wind at the outlet creates an 

additional low pressure region. First concepts ý+ere forniulated in the middle of the 1970s by 

%arious groups. probably originated hN Yen (Yen 1976) and loth (Loth 1976). Since then 
different model configurations have been tested in order to achieve further enhancement 
from better aerodynamics at the inflo%% side and to investigate geometrical proportions 

(Windrich and Fricke 1984). A further "ynthe,, is has been proposed, Ahere a huge vertical 
diffuser acts as vortex tower and uses the pressure drop above the outlet due to the 

interaction of the %% Ind v ºth the building (Rom and Bowen 1988). Prediction of wind energy 

enhancement goes up to a factor of 4 compared with a conventional wind turbine, but it is 

difficult to draN quantitative conclusions from wind tunnel models, because scaling effects 

might influence vortex development and vortex breakdov n significantly. Also, the behaviour 

in gust\ winds as they appear in nature remains unknown. A pilot plant of this type does not 

exist. and at this time there is no project which might prove the tornado wind concept in real 

scale. 
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3.3. Theoretical Modelling of Ducted Wind Turbines 

The simple axial momentum theory of tietf Met/ 1926º. ti hich onginated from Rankine and 
Freude (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 it can not cope with the complex tlo" behaviour in particular in close 
vicinity downstream of the turbine. Therefore, any theoretical prediction of the power 
coefficient for augmentation concepts based on one dimensional axial momentum theory (the 

stream tube) is limited. 

Glauert (Glauert 1935) includes in his discussion the rotation left behind in the wake. 
According to the conser%ation 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 entraining trailing vorticity contributes to the complete kinetic energy left in the 

wake and decreases the maximum attainable power coefficient. 
Further information may be obtained from this model using blade element theory to optimise 

the rotor. Hütter Mutter 1977) states that the theoretical optimum of the power coefficient 

may be increased bs Aake divergence and turbulent mixing by up to 13 %. Prandtl and 
Goldstein (Prandtl and Tietjens 1957. Goldstein 1929) have analysed the helical vortex sheet 

wake. The induced %elocities fluctuate between blade passages. which reduce the net 

momentum change and therefore the net power extracted by means of a tip loss factor. This 

calculation includes the blade element analysis, which substitutes for the actuator disk 

theory. Simple blade element theory predicts an increased power output for high tip speed 

ratios. because the tip losses and the wake rotation loss decrease. This tendency is 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, caused by the kinetic energy extraction at the rotor, relax. 

This causes the centerline velocity to drop to a minimum at between I and 2 rotor diameters 

downstream, and the wake width increases. The velocity drop recovers by turbulent fluid 

mixing and the rotor tip vortices and the introduced bulk swirl decay within 2 to 3 diameters. 

Further downstream large scale turbulence generated in the annular shear layer spreads into 

the wake core, the wake takes on a Gaussian profile and the centerline deficit decays 

monotonically. As soon as the pressure gradients no longer dominate the flow, the turbulent 
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mixing of the wake can be modelled solving the turbulent transport equations, or in an 
-simplified approach with an eddy vi. cosity model using it Biot-Savart law for the radial 
component of momentum (Ainslie 1988). The eddy' viscosity has to he fitted with an 
empirical filter function, because of inequilibrum between the mean velocity field and the 
turbulence field up to 5 diameters downstream the rotor. 
Regarding the flow field close to the rotor. it finite difference procedure has been developed 

for the prediction of three dimensinonal rotor blade-vortex interactions, applied to helicopter 

blades. The rotor flow field was computed using the unsteady 3-d Euler equations, and the 

embedded vortex wake flow field was computed A ith the Biot-Savart law, (Hassan et al. 
1992). The theoretical work was accompanied by experiments to measure the blade vortex 
interaction (Kokkali" and Galbraith 1987). 

Calculation of the floc field for ducted wind turbines to predict power coefficients or to 

evaluate a design option is not so elaborate. At the fluid mechanics level of analysis, all 

performance characteristics are determined hý the assumption of the exit flow condition for 

the duct. For exit pressure lover than free stream static pressure, wake expansion 
downstream of the duct creates a higher massflow and therefore a higher power coefficient 
for the turbine. Still. the experimental findings for streamline formed diffuser wind turbines 

(all 'venturi' types) are supported by a basic fluid mechanical stream tube model which 

allows design optimisation by simple means (Kentfield 1978). It can not provide any further 

information regarding the complex flow behaviour cif the system duct / rotor. 

Hence, details of duct geometry must enter into the wake analysis, and a proper performance 

prediction depends on modelling of the entire flow. Zapletal and f-lechter (Zapletal and 

Flechter 1983) used a numerical boundary element method to analyse the design of diffuser 

augmented wind turbines. The flowfield is modelled by potential flow, the boundary 

conditions are specified as either Dirichlet or Neumann type. Green's theorem then gives an 

integral equation formulation where the surfaces are introduced as a perturbance potential by 

a surface distribution of sources. This procedure is basically the lifting line / lifting surface 

approach for aerodynamic design studies. The integrals are solved numerically as a set of 

linear equations. Simplified models of the turbine wake and the developed boundary layer 

are represented by sources and can therefore be combined with the potential flow theory. The 

turbine effect can then be seen in terms of reduced momentum in the streamline pattern. 
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Systematic wind energy calculations related to the annular duct system have been undertaken 
h`- Koras. using lifting line theory for the rotor whilst the duct is treated as a superposition of 

vortex rings (Kuras and Georgalas 1988) assuming a high value of tip-clearance. Later, this 

group presents a simple empirical formula %% hich reproduces the first accurate results. 
Dependent on tip speed ratio and geometrical design parameters, a power coefficient in the 

range of 0.7 to 0.8 is stated (Georgalas, Koras et al. 1991). For ducted wind turbines with 

small tip-clearance, a sophisticated calculation is based on lifting line theory for the rotor and 
lifting surface theory representing the action of the duct (Politis and Koras 1995). The flow 

field was obtained using %orticity continuity formulation in the rotor coordinate system. In 

particular for the determination of the position of the rotor trailing vortex they use the 

Helmholtz Second La%% of N orticity dynamics according to which the vortex lines coincide 

with the streamlines in a steady free vortex sheet. So the rotor wake surface becomes a 

general helicoidal surface. For high tip speed ratios and " ing section shrouds. a power 

coefficient of 0.8 and larger is predicted. 

Lifting line and lifting surface theory is well established to calculate potential flow fields, 

especially in the field of aeronautics where it is a sophisticated tool to evaluate design 

options. Rotational flow can be introduced by means of continuity, and different sources can 

be imposed on the field in advance to model expected effects of kinetic energy losses or 

gains. The prediction of turbulence accompanied by wind energy losses in the rotor duct 

system will be not feasible with the quoted theoretical work. 
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4. Experimental IU C. tigdtiUºn 

I. The \1 indtunncl 

The aerod i amic lahoratorý of the I niNersitý contain' a open jet closed return wind tunnel 

(Figure 4.1.1) of overall length of 12.40 in. The open jet working section measures 2.60 m in 

length. Width and height of the %%orhing section are given h} the geometry of the inflow 

nuzzle. %N hich has a contraction ratio of 1: 1.5. The diameter of the circular nc, itle opening is 

1.50 in. The wind tlo%% leases the %%orking section through a wide hell mouth funnel which 
feeds the return circuit. 

The effective %. orking height and working width is significantly smaller than the nozzle 

opening. As a rule of thumb. the obstacle in the ind flow should certainly not exceed half 

the jet diameter in height. but detailed investigations have to assure the maximal size of the 

model in order to obtain experimental results free from blockage effects. Similar 

considerations apply to the model width. In this sense. the effective working section has to 

be determined before the actual experimental starts. 

124m 

Figure 4.1.1: Schematic drawing, /p/urn view of wind tunnel 

In the working section. it is possible to lower or raise the ground plarne. which includes a 

turntable. The wind speed in the tunnel is monitored by means of a Pitot-Static tube, at a 
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location "hkmil in Figure 4.1.22. The pressure readin IS usually taken from an incimed 
m, itlometer. 

Windtunnel Nozzle 
Pitot-Static Tube 

100 CIll 

Building Model 
. 
1.3 cm ýtcp 

cnl ý(1 rli 
Experimental Turntable 

150 cm 

0 

Figure 4.1.2. - Schematic drawing, side view of the open working section of the windtcunnel 

with recessed building model (see Chapter 4.5) 

The fan is six bladed and has a diameter of 2 m. pro %icing airspeeds in the working section 

up to approximately 35 m/s. The fan is coupled to a 40 ON U. C. motor, A hich is part of a 

'Ward-Leonard' set in which a three phase A. C. motor drives the D. C. generator which 

supplies the fan motor. A coarse and a tine rheostat controls the D. C. stator field supply. In 

this way the wind speed can be set and maintained. 
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4.2. The Wind 'T'unnel Model 

The vvind tunnel model house scale I: I(R)) %k as built hý I yk, whop also performed the first 

measurements (l . eN k 1997). It is a rectangular 111(w k constructed from Perspex and plywood. 
The overall height of the model is O(X) nin", the Width is 350 mm and the depth is 200 mm. A 

manual 2-dimensional traverse dc% ice is fitted into the model and allows a hot wire prohe to 
be moved in longitudinal and transverse directions over the flat roof. A scale on the probe 
holder indicates the vertical position. 

As the model consists of different sections. its height can he reduced. As explained later (in 

Chapter 4.5). the model as lo%%ered to 370 nlm and recessed into the turn takle of the wind 

tunnel. so that its effective height became 155 men. The simple Klock (Figure 4.2.1) can be 

modified by incorporating ducts and spoilers. 

tapping coordinates [cml 

1'1 17.5.3: 0 
P2 17.5. 7. O 
1'3 17.5 8.5: 0 
P4 17.5 10.25.0 
P5 17.5: 1I. 75: () 
Pfi 17.5: 12.75: 0 
P7 17.5: 13.75.0 
P8 17.5: 14.75: () 
IN 17.5 15.5: 1 
P1U 17.5 15.5.2 
P11 17.5 15.5.3 
P12 17.5: 15.5.4 
P13 17.5 15.5: 5 
P14 17.5: 15.5-, 6.5 
1115 17.5: 15.5: 8 
Plo 17.5: 15.5.9.5 
P17 17.5 15.5: 11 
PIS 17.5 15.5; 14 
Ply 17.5: 15.5; 17 

Figure 4.2.1: Simple block, experiment / 

Pressure tappings are located along the centerline of the front wall, on the roof and inside 

each duct. Two different duct geometries were tested, in combination with three different 

designs of front spoiler above the inlet. Figures 4.2.1 to 4.2.13 show the different 
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c"xhcrinicntal cont19uratious of the nýýýýiý"I, ýtýtailý ýýt duet and spoiler and the location of 
pre \Sure tappings. 

I,. 
X 

tapping coordinate IcmJ 

1'I 17.5; 11.1; () 
1>2 17.5; 11.9: O 
111 16.3; 12.6-, o 
P4 18.7: 12.6; O 
P5 16.1; 13.4.0 
1'6 1 8.9,13.4,0 
P7 16.3; 14.2; O 
I'K 18-7: 14.2: O 
1>9 16.5; 14.9; () 
I' lll 19.5.14.9,0 
PH I 18.7 ; 15.5-. 1.1 
P12 161.3; 15.5: 1.1 
P13 18.7', 15.5; 2.1 
P14 16.3; 15.5: 2.1 
P15 19.7; 15.5: 3.1 
P16 16.3: 15.5: 3.1 
1'17 18.7.15.5: 4.1 
I'IK 16.3: 15.5: 4.1 
P19 18.7-. 15.5: 5.1 
P2(0 16.3: 15.5: 5.1 
P21 17.5; 15.5: 5.8 
1122 17.5; 15.5: 6.4 
1'23 17.5: 15.5: K. o) 
TI 17.5: 13: 0.9 
T2 17.5: 13.5: 1.7 
T3 17.5: 14: 2.55 
T4 17.5: 14.6: 3.4 
T5 17.5: 15.1: 4.3 
T6 18.3.14.3: 1.2 
T7 16.7: 14. x: 1.2 

Figure 4.2.2: 3D-view of 30 'duct º+'ithc, ut . spoiler, e. rperiment 2. Coordinate system like in 

Figure 4.2.1 

The first duct is straight with a circular cross section of 16 mini diameter, which is fitted at an 

angle of 30' to the horizontal into the upper part of the front panel (Figures 4.2.2 and 4.2.3). 

The corners at the inlet are smoothly curved. Pressure tapping are located inside the duct 

along the base line (T] to T5) and right and left at the side wall of the duct (T6 and T7). 
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oI 
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Figure 4.2.3: Cross-sectional view of 30 ° duct without spoiler, experiment 2. 

The influence of different spoiler. either as A ind shields at the outlet or to capture a higher 

inflow at the front. may be investigated. Here, three different spoilers at the inlet were tested. 

The first tAo spoilers are made fror» cut Perspex tubes. The smaller one is 3.5 mm thick, 16 

mm deep. 28 mm wide and has a inner radius of 12 nim (spoiler I) (Figures 4.2.4 and 4.2.5). 

the larger is 6 mm thick. 21 mm deep. 86 mm wide and 33 mm high with an inner radius of 

95 mm (spoiler 11) (Figure,, 4.2.6.4.2.7.4.2.10 and 4.2.1 1 ). The third spoiler is a straight 

plate with rounded edges. 17 mm deep. 42 nim Aide and 5 nom thick (spoiler 11 1) (Figures 

4.2.1? and 4.2.13). 

x 

x x 

x 

Figure 4.2.4: 

3D-view of 30 'duct, front 

spoiler 1, experiment 3 

x 
x 
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It 
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Figure 4.2.5: Cross-sectional view. 30 'duct, front spoiler 1, experiment .4 

,ý 

x 

Figure 4.2.6: 3D-view of 30 ° duct, front. tipoiler //, experiment 4 
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Figure 4.2.7. Cross-sectional view of 30 ° duct, 
. 
front spoiler 11, experiment 4 

The second duct consists of a square opening (27 nom high. 25 mm wide) with rounded 

corners in the front panel follo%%ed by a 90 bend with the same sectional area as the front 

opening. The thickness of the Perspex of the front panel is f, mm (Figures 4.2.8 and 4.2.9). 

Pressure tapping inside the duct are situated along the base line (TI to T6) and right and left 

at the side wall of the duct (T7 and T8). 
tapping coordinates (rmi 

1'i. 
t 

w 1, iI 

roof 

M 

?7 mni 2-; 

1 nun 

111 17.5; 9.5; 0 
1'2 17.5.10.3: 0 
I'z 17.5; 11: 0 
I'4 15.05: 15.5.1.1 
1'S 19.95: 15.5: 1.1 
1'6 15.05: 15.5; 2.1 
1'7 19.95; 15.5; 2.1 
I'h 15.05; 15.5; 3.1 
1x) 19.95: 15.5.3.1 
I'lii 17.5: 15.5; 3.9 
I'll 17.5.15.5: 4.9 
1112 17.5: 15.5: 6.4 
. 1. I 17.5: 12.3: 1.1 
T2 17.5: 12.55: 1.7 
T1 17.5: 12.9: 2 2 
T4 17.5.13.4: 2.7 

"1' S 17.5: 13.9: 3.0 l 
To 17.5; 14.4: 3.2 
T7 19.75: 13.7: 1.11 
T11 16.25; 13.7: 1.8 

112't 

I' l It 

Figure 4.2.8: 3D-view of 90 ° duct without . s/oiler, experiment 5. Coordinate svvem like in 

Figure 4.2.1 
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Figure 4.2.9: h itýni 

Cross-sectional viest- of' 

90 " duct without spoiler. 

experiment S. 

Figure 4.2.10: 

3D-view o 90 'duct. front spoiler /l. 

experiment 6 (compare Fi'ure 4.2.6) 

Figure 4.2.11: 

Cross-sectional view of 90 'duct, 

front spoiler II, experiment 6 

(compare Figure 4.2.7) 

69 



r 

N 

x 

MM 

Figure 4. '. 1?: 

3D-vie w" of 90 ° duet. front spoiler 

111. experiment 7 

17 nuºn 

Figure 4.2.13: 

Cross-sectional view of 
90 ° duct, front spoiler 

III, experiment 7 
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4.3. Measurements: Instrumentation, Readings, Errors 

As already stated, a Pitot-Static tube is mounted in the wind tunnel working section 
approximately Im abo%c the experimental table (see Figure 4.1.2). As it is an open working 
section, no flow reflections from nearby %%alls could disturb the measurement, and the tube 

was aligned with the mean air stream. Differential pressure readings are taken by means of 
an inclined manometer. 

To calculate the density of air, readings are taken from the thermometer and the barometer in 

the laboratory 
. 

As in previous experimental (Leyk 1997) estimates, a reading error of half a scale unit on 

thermometer. barometer and inclined manometer could lead to an error less than I% for the 

chosen range of wind speeds. 

Pressures obtained from the model's pressure tappings have been measured with an inclined 

manometer in parallel H ith a low range (±100 Pa or ±10 mm HO) electromanometer (Greer 

Electromanometer N112 ). The accuracy of the electromanometer was tested with a digital 

pneumatic pressure calibrator (Druck DPI 602) and both displays were compared with an 

inclined manometer. Both electronic displays differed by no more than 0.3 mm H20 (or 3 

Pa) over the erhole range of measurement. The values of the inclined manometer were in 

between. Therefore. a display error of around 0.15 mm H_O (or 1.5 Pa) may occur. During 

the experiments. calculated pressure coefficients from the two sources showed a maximal 

deviation of 0.01. 

Local velocities were obtained with a single hot wire constant temperature anemometer 

(Dantec 56C 17 CTA). After balancing the bridge for an overheat temperature of 150° C. 

calibration of the probe was performed on the test rig of the laboratory in the free jet issuing 

from an orifice plate. The pressure across the orifice was measured with an inclined 

manometer. The data acquisition system was set to a sampling frequency of 1 kHz. Each 

recorded value was the average of 4096 samples. During calibration, variation of the mean 

voltage value may be caused by the bias of the probe, which is at most 0.002 V. The 

calibration chart for the probe was fitted with a fourth order polynomial with the deviation 

R2 = 0.9996 (see Appendix lli). The bias of the probe may cause a maximum error in the 

higher range of recorded velocities (15 m/s) of 0.15 m/s, which is I %. This error is much 

smaller than errors which may occur through voltage drift during the performance of the 

71 



experiment. Voltage drift is otter caused by inaccurate bridge balance. To avoid such errors, 
it is important to obser\ e the rero velocity voltage before and after the measurement. 
It is difficult to take mean values in regions of high turbulence. Manometers integrate over a 
low level of turbulence, but for strong turbulence the readings fluctuated, and the reading 
was taken as a\ erage. For very turbulent tlo\%. each recorded value (which is an average of 
4096 sample-, ) from the hot wire system differed significantly. Hence, in regions of very 
turbulent flow, many values were taken in order to calculate the average mean value. During 

the data analysis. insecure value,, \% ere either canceled or included with reservation. 
The hot \% ire anemometer indicates the normal component of velocity across the single wire. 
Hence a horizontal N ire i" not sensitive to a directional change of the flow in the vertical 

plane. A horizontal deviation of the flom, like a swirl component reduces the normal 

component. It is difficult to decide whether a low reading is due to a reduced flow velocity 

or a change in flow direction or both. For measurements in the duct, reference to local 

pressure readings may help to o%ercome these difficulties. 
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4.4. Flow Conditions in the Working Section 

The vertical flow profile at different positions downstream from the nozzle in the centerline 

of the jet proved to be similar for different %%ind velocities. Up to approximately 1.0 m 
height. the velocity profile was fairly uniform, with slightly (< I r%) higher velocity in the 

lower part. Above, the velocity drops by up to 5'< (Figure 4.4.1). The profile shown was 

measured over the turntable in the working section of the wind tunnel (Leyk 1997) and was 

confirmed by the author. The height of the turntable itself was 0.19 m above the lower edge 

of the nozzle opening. Therefore, the flow divides at the leading edge, and develops a 

boundary layer. but it was so thin that it could not be detected with the Pitot-static tube. A 

possible explanation for the slightly increased speed over the turntable might be the flow 

acceleration due to the nozzle opening (compare Figure 4.1.2). 

Vertical Wind Tunnel Velocity Profile 

1.4 
1.3 
1.2 
1.1 

w1 
0.9 

V 0.8 
0.7 

0 0.6 
m 0.5 

0.4 0 
10 0.3 
r 0.2 
- 0.1 m 
=0 ... r 17ý 

6.9 7 7.1 7.2 7.3 7.4 

Wind Velocity [m/s] 

Figure 4.4.1: Vertical velocity profile over ground plane (Leek 1997) 

The transverse velocity profile (Figure 4.2.2) was measured for different wind velocities at 

approximately 0.25 m height above the ground plane (Docherty 2000). The measurement 

was conducted with a single hot wire filament along a traverse line in 0.8 m downstream 
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from the norflc in the designated model posit ion. The investigated width was only about 
0.0 in in the center of the 1.5 in %%itic %%orking section. 

Transverse Wind Tunnel Velocity Profile 
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Figure 4.4.2: Transversal velocity profile (florherty 2000). Ax is the transversal 

displacement from the wind tunnel jet u. ri. s. 

For different wind speeds. the velocity profile was never completely symmetrical. In the 

upper range of applied wind velocities, the measured velocity values rise to« ards the inner 

side of the wind tunnel circuit gradually. To right and left of' the symnmetry line the velocity 

values differ by about 2 %. For very low wind speeds, this could he measured only at the far 

end of the investigated area. Whereas for wind speeds higher then 15 m/s, a distinct change 

in velocity occurred very close to the symmetry line. As this measurement was conducted 

with a single hot wire. it is difficult to decide whether this change is due to a change in the 

magnitude of the wind velocity or rather due to a change in its direction of around 10° to 15°. 

A combination of both is possible. Interpretation of measured pressures at the surface 

tappings of a rectangular model (stagnation pressure at the front and suction at the sides) 

(Docherty 2000) showed that it is more likely to he a directional effect. Latiff interpreted 
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deviations from 'symmetrical' results. measured in the same wind tunnel, as being due to an 

a"vmimetrie horizontal ý"clo its profile (I at ff 1989). 
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4.5. Blockage Effects 

The overall pressure coefficient distribution on the front facade of the model building was 
found to be in good agreement with accepted values and is insensitive to changes in wind 
velocity, as might be expected. Also changes in the model height have no significant 
influence on these values. It is %ery different for the pressure coefficients on the flat roof. 
During the first investigations (1. cN k 1997). it became obvious that the tall model of 0.6 m 
height and 0.35 m width generates much smaller suction on the roof when compared with 
standard values (C. = -0.5 to -0.6 in FS D1 1993) for the appropriate range of Reynolds 

number. Also, this tall model disturbed the t1o%% in the region of the Pitot-Static tube, in 

particular at higher wind speeds (> 15 mIs). This hampered the determination of the 
freestream wind speed. For closed working sections it is recommended that the ratio of the 

wind facing model area and the tunnel cross-sectional area should not exceed 5% 

(Whitbread 1963: Rae and Pope 1984). For this open working section it was experienced that 

suction on the roof increased sharply while turning the model through 90°, in which 
configuration the model is under the 5 r( threshold of blockage. It is noticeable that for civil 

engineering purposes i BRE 1989). the quoted values of suction at the front part of the flat 

roof are much greater. in the range of C` = -1.1 or more, without distinguishing between the 
different depth to width ratios of the buildings. But for flow over smooth surface mounted 

small scale blocks as reported hý ESDU (ESDU 1993). this high value of suction at the 

upwind part of the roof is seen solelh for blocks "hich are much deeper than wide. Turning 

the present test model through 90° would fulfil this requirement. however those values of 

very high suction on the upwind area of the roof could not he confirmed experimentally. 
The experimental programme was designed to investigate integrated ducts on the Wide side 

of the building, to minimize three-dimensional edge effects on the duct flow. Therefore it 

was necessary to turn the wide side to the wind. Hence the model had to be recessed into the 

experimental table, to reduce its height to 155 mm. The blockage ratio was then around 3.0 

%b and the suction above the model roof then showed a sound correspondence with the 

standard values for small scale cuboids (ESDU 1993). 
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4.6. Experiments Performed 

lnitiallý measurements were performed at two different wind speeds (around 7 m/s and 16 

m/s). Data analysis of non-dimensional values sho%%ed no significant variation between sets 
of data obtained at these different %% ind speeds. It was seen to be advantageous to operate in 

the fairl% linear part of the hot wire calibration chart, corresponding to higher wind speed. 
Rotation of the model relative to the wind was in 5° 

-steps (Figure 4.6.1). 

Experiment No. Configuration Angles of incidence 

I plain box. H ithout duct. without spoiler 

11 30° duct. without spoiler 

III 30° duct. spoiler I 

IV 30° duct. spoiler 11 

W 90° duct. without spoiler 

\'I 90° duct. spoiler 11 

%'II 90° duct, spoiler III 

+ 45° >a> -45° 

+45°>a>00 

+45°>a>O° 

+60°>a>0° 

+65°>a? 00 

+750>ac 0* 

+75°>a>0° 

In order to gain insight into the flow condition,, in the duct, the velocity inside the duct along 

the centerline of the model was measured with the hot wire probe (see Figures 4.6.2 and 

4.6.3) and pressures were recorded at tappings on the duct "all (see Figures 4.2.3 and 4.2.9). 

Therefore the probe %% as inserted 2 mm deep into the duct outlet on the flat roof, and the 

profile was scanned in steps of 5 mm (Figure 4.6.2). For the 90 duct. the probe could be 

inserted from above into the duct in order to measure the inlet profile. again in 5 mm vertical 

steps. Here. the outlet profile was scanned in 4 mm steps (Figure 4.6.3). 

The single wire was always aligned perpendicular to the centerline of the model. Therefore it 

indicated the component of velocity which is projected in the vertical plane of symmetry of 

the model. If internal flow is aligned with the duct, the reading could be used to give a mass 

flow across the duct area. If the flow swirls, the measurement on the plane of symmetry 

neglects the lateral component. An accurate measurement of each component is only 

possible with a multi hot wire system. But the single hot wire system with its 3 mm tip and a 

filament of approximately 1 mm length is well suited to the small model duct. The main task 
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%%as in any case to demonstrate that the duct %%ould induce high internal wind speeds due to 
its I atii n and geometry. 

Iee%% ard. 
nj 

ard. 

Figure 4.6.1: Convention of angles (antirlockwi. se, positive) and sides, schematic druºt"ing; 

Kind tunnel model, v iew from the top 

Figure 4.6.2: 30° duct. - Hot wire 

scans in the outlet in 5 nun steps, 

2 mm deep inserted 
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Figure 4.6.3: 90°duet: Not wire scans in 

nutlet in 4 min steps. 2 nun deep inserted. 

Vertical scam in inlet (around N min deep) 

in nun steps. 
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4.7. Simple Rectangular Block 

4.7.1. Pressure Distribution for the Simple Block 

To determine the areas of high pressure and suction, the model was first tested without a duct 

and the pressure values were recorded along the centerline of the front facade and the roof 
for different angles of oncoming wind. 

At the front facade, as the ' ind is brought to the rest by the obstruction, the kinetic wind 

energy is converted into static pressure. A pressure gradient occurs at the front facade, with 

low pressures near the ground. which leads to a downward flow. The steep decline of the 

pressure on the lov; er part of the building must he due to a boundary layer created at the 

table surface (Figure 4.7.1.1). The influence of the boundary layer diminishes with larger 

angles. 

Pressure Coefficient on Front Facade 
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Figure 4.7.1.1. Pressure distribution along the centerline at the front fa4ade for various 

angles of incidence. Positive angles are anti-clockwise (see Figure 4.6.1) 

The highest positive pressure is at approximately 70 % of the model height, with air above 

that point flowing upwards and that below flowing downwards. This stagnation point is 
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lower than those reported for real buildings (see Chapter 2.2), but the high pres'ure /. cane 

extends to over 80 'i building height. Hence the pressure field differs only slightly fron) 

those e\penenced on real buildings. At model scale, the stagnation point varies with the 

modelled boundary layer, but stagnation points between 70 << and 90 (7, building height are 

reported (see Chapter 2.3). The pressure coefficient does never reach the value 1.0 .A 
possible explanation might he that some kinetic energy dissipates due to turbulence. The 

ESDU standard (see Figure 4.7.2.1) for stagnation is also lower than . Another 

explanation might he that the Clow at the front wall has a vertical component, as the flow 

travels over the region of the roll-up vortex at the base of the building and moves over the 

leading roof edge (see Figure 6.3.1.1 ). Only the component of momentum normal to the wall 

generates the stagnation pressure. 

lt is obvious in Figure 4.7.1.1. that the frontal incidence does not create the highest pressure 

on the front facade. This is very likely due to the transverse freestream profile in the wind 

tunnel (see Chapter 4.4) and w ill be considered later. 

Pressure Coefficient on Flat Roof 
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Figure 4.7.1.2: Pressure distribution along the centerline at the flat roof for various tingles 

of incidence. Positive angles are anti-clockwise (see Figure 4.6. /) 

At the sharp edge between front facade and flat roof. suction occurs through flow separation. 

At this sharp edge, fast recirculating flow could he visualised in the wind tunnel using 
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woollen thread. The uniform suction over the whole roof indicates that the whole roof is in 

the zone of separated flow. Larger angles of incidence cause higher suction at the upwind 

edge. and finally the separating shear layer rolls up into the helix of horseshoe vortex streets 

along both eaves. as reported by Kind (Kind 1986). The pressure differential between the 

upper part of the front fatiade and the roof edge is thus maintained for angles of incidence of 

45' or more (see Figure 4.7.1.2). O er the downwind part of the roof. the inner wake 

smoothes out and creates a much lower suction (Up = -O. 2) which is reported dove nwind of 

long, roofs. either in real scale (see Chapter 2.5) or in model scale (ESDU 1993). This drop in 

suction indicates reattachment of the separated flow at the rear part of the roof. 

4.7.2. Comparison with Standard Values 

In order to check the reliability of the measured values. the pressure coefficients along the 

centerline of the rectangular block model were compared with standard values for a surface 

mounted cuboid (ESDI' 1993) (Figures 4.7.2.1 and 4.7.2.2). The standard %alues of pressure 

coefficients were obtained at standard datum conditions, which correspond in most of the 

aspects with the "ind tunnel floes conditions in the Aorking section (sec Chapter 4.4). The 

standard datum conditions (ESDU 1993) are 

1. The free stream Reynolds number is between 104 and 10s. 

2. The flow is unbounded except h} the surface-plane in the case of a surface mounted 

block. 

3. The free stream has a turbulence intensity of less then I %. 

4. The free stream velocity is uniform. This condition is sufficiently satisfied for surface 

mounted blocks when the thickness of the boundary layer does not exceed 1 /5 of the 

obstacle height. 

5. The flow may be considered as incompressible with the free stream Mach number 

smaller than 0.2. 

It is very likely, that the thickness of the boundary layer over the wind tunnel turntable 

exceeded 1/5 of the obstacle height. This can be seen over the lower part of the front facade. 

where the boundary layer over the turntable in the wind tunnel (see Figure 4.1.2) causes a 
drop in pressure (Figure 4.7.2.1). 
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Pressure Coefficient on Front Facade 
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Figure 4.7.2.1: Comparison of experimental values with standard values of the pressure 

coefficient distribution at the front jai ade of a cuhoid 

In comparison, the ESDU data were recorded for a floes ith a thin boundary layer causing a 

higher stagnation pressure in particular over the lower half of the obstacle. Also, the 

experimental pressure coefficient at the stagnation point is lover then one. This indicates 

that the 155 mm high model was at least partly immersed in a shear laser. The pressure 

distributions correspond only in the upper region. here the turbine duct i,, intended to he 

placed. It is encouraging. that the pressure distribution in this region seems to he rather 

independent of the nature of the incoming flow. 

The highest stagnation pressure occurs when the model i,, turned around 15 anti-cl(x k%% ise 

from the geometrical centerline of the working section of the wind tunnel. This finding 

corresponds with the measured freestream velocity profile and points to a deviation of the 

flow from the geometrical centerline in the working section of the %k ind tunnel. As later 

measurements confirm these findings, the direction 15 anti-clockwise is seen to 

approximate to the 'normal' direction. 

According to ESDU. on the front facade the pressure distribution along the centerline for a 

wide rectangular obstacle with the model's aspect ratio does not differ from that for a cube. 

differences arising only right and left of the centerline. However, pressure coefficients along 
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the centerline of the flat roof depend on the aspect ratio of the obstacle. SIim Mid tall cuhcºids 

create high suction over the front hart of the roof, drohpink to C'p = -0.2 at the rear of long 

roofs, indicating the reattachment of separated tlo%% from the leading edge. On shorter roofs. 

the tloww does not reattach and the suction does not drop so significantly. The present model 

hoN%ever develops a pressure distribution o%er the roof which approximates to the hSUU 

standard results for it cube. With regard to the dimensions of the recessed model, this is not 

surprising. The model is loNer then %%idc (H = 155 nmºn. W= 350 nine). which precludes the 

high suction at the up%%Ind part of the roof seen on tall slim models, and the roof is relatively 

short compared N% ith the N kith (1) = 2(X) mm ). so the tlon% does not reattach. Again it can he 

stated that the direction 15 anti-dock u ise cauIel, a pressure distribution along the centerline 

which follows most closely the trend of the ESI)l' standard values. Generally the measured 

values of suction are slightly lover then the standard values. 

Pressure Coefficient on Flat Roof 

Z/ roof length [] 
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-0.5 
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Figure 4.7.2.2: Comparison of experimental values with standard values of the pressure 

rroeff( lent distribution on the front facade' . )f a «rihe' 

-As the standard 'alues are not for exactly the samt: asp ct ratio a the i>>ýýýlýl. tu i. L IIlpariýý, ii 

, hou1d not he overdressed. Apart from this, the uniform flow condition as described in the 
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ESDU data sheet is lacking the boundary layer present in the experiment. But the 

companion "ho%%" that the generated pressures at the model faces correspond well with 

. standard values for small scale models in the same range of Reynolds number. It is worth 

noting that the high values of suction reported for real scale buildings at the front edge of the 

rcxxf (see Chapter 2). are not found at small scale models with windflow normal to the 

facade. 

In the following chapter. the de\iation of the mean wind selocity in the working section of 

the tunnel is taken into account when comparing the results for different angles of incidence. 
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4.8. The 30' Duct Configurations 

At the upper part of the front fa`ade, the wind accelerates to reach its maximum speed in the 

region of the wall-rcxxf edge. The straight ?O duct connects the high pressure area at the 

front facade with the suction area aho%e the flat roof, as the center of the inlet is located 

slightly above the stagnation lone at 85 % building height. It as hoped that this pressure 

differential %%ould induce high el itieý in the duct tloti. Geometrical changes at the duct 

inlet were tested in an attempt to improve the performance in terms of induced high 

elocities and to increase the range of tolerated angle' of incidence. 

With regard to the freestream velocity profile in the mind tunnel (see Chapter 4.4) and the 

conclusions dra%%n from pressure measurements on the block surface in the previous section. 

one should bear in mind that the direction 15° anti-clockwise from the geometrical centerline 

of the working section is seen to approximate to the %%Ind direction 'normal' to the front 

facade. Hoµever. for the sake of clarity. the angle %% III alpav" he measured "ith reference to 

the geometrical centerline. 

As the hot "ire probe is highly sensiti%e to damage when touching the walls of the duct, a 

clearance from the wall had to he maintained. Hence data could he acquired over about 75 % 

of the duct diameter along the main axi, of the elliptical outlet opening. At the rear part of 

the opening. it was not possible to insert the probe 2 mm deep because of the duct',, flat 

angle of 30- to the horizontal. Therefore it as impt)v ible to resolhc the near wall flow. 

The hot wire probe will measure the %elocity perpendicular to the "ire, in this case probably 

in direction parallel to the duct axis, at least to a good approximation (Figure 4.6.2). 

4.8.1.30° Duct without Spoiler 

With no modifications to the duct. the flow velocity in the middle of the duct was, for 

incident wind 15° normal to the facade. up to 20 % higher than the free stream velocity. The 

velocity distribution is fairly symmetrical as would be expected for a straight duct. The 

maximum increase in speed is achieved with a wind approaching under 35' normal to the 

facade (Figure 4.8.1.1). At this angle, the pressure distribution indicates the establishment of 

an edge vortex along the roof corner (see Figure 4.7.1.2. ). Further rotation had no positive 
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impact On the induced ý%ind : peed, in spite the increased pressure difference between the 

lone,. %%here inlet and outlet are located. The veloxity distribution of the flow field hcccnics 

errs unsymmetrical. In particular in the up%%ind part of the duct. the speed &InnIIii'hes. 

Wind Speed Ratio in the Duct at Outlet 
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Figure 4. X. 1.1: Experiment 2,30° duc r without sfnnIer 

As the jet leaving the duct enters the flow separation zone over the front part of the roxof, the 

pressure distribution to the left and right of the outlet ( pressure tappings PIl to P20 in 

Figure 4.2.2) indicates changes to the local flow pattern. A wind direction normal to the 

facade does not cause any significant loss of suction in the neighborhood of the duct outlet. 

and the distribution of pressure all around the outlet seems to remain uniform. But for wind 

approaching at 45 normal to the front facade, the suction on the down" ind side of' the duct 

exit (pressure tappings P11. P 13.1' 15. PI 7,1119 in Figure 4.2.2) is higher than at the leading 

edge (pressure tappings P 12. P 14. P 16, P 18, P20 in Figure 4.2.2) and is also larger than the 

suction for the model without a duct (compare Figures 4.9.1.2 and 4.7.1.2). Forti ind at an 

angle of incidence, the jet entrainment has also some impact on the pressure distribution 

further downstream the outlet which may indicate a change in the separated flow region. 
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Pressure Coefficient at Flat Roof 
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Figure 4.8.1.2: Experiment 2.30° duct without . spoiler. Pre sure distribution around the 

outlet for various angles of incidence. 

The average difference between the pressure coefficients right and left of the outlet opening 

(Figure 4.8.1.3) may indicate the impact of the jet entrainment. This %alue is calculated as 

the difference between the plane area,, under the C',, distributions (H ind%%aril left side - 
leeward right side). divided by the baseline. The highest reading of wind speed in the duct is 

achieved at the angle (35) (see Figure 4.8.1.1) which it will he seen generates the lowest 

absolute difference in average pressure coefficients to right and left of the duct outlet (Figure 

4.8.1.3). 

High negative values indicate the breakdown of the vortex along the roof edge. The 

entrained jet expands into the low pressure area and reduces the suction when carried 

downstream. which disturbs the stable vortex. Positive values indicate that the entrainment 

of the jet into the flow separation zone causes even a higher value of suction when carried 

downstream in the vortex along the roof edge. In general the change from negative to 
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positive values is consistent throughout all experiments, but the magnitude of the change, its 

absolute values and the angles of incidence where such changes appear, may differ for each 

configuration. The fact that those positive %alues appear, may indicate that the entraining jet 

already carries a swirl component itself. Hence it may not just he the outflow into the low 

pressure , one which affects the vortex development. vector addition of the components of 

momentum may play an important role. filch may in some cases lead to a stronger vortex 

flow. So for certain wind angle,, the entrainment of the jet stahili/es the vortex along the roof 

corner. With the equipment used it was impossible to observe this phenomenon in greater 

detail, but it is a %er) important consideration. The feasibility of installing several turbines in 

a row depends on the impact of each turbine on the flow and pressure field in its vicinity. 

Mean Presse Coefficient Difference on Flat Roof 
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Figure 4.8.1.3: Experiment 2.30° duct without spoiler. Differential pressure between 

windward and leeward tappings near the duct outlet (see Figure 4.2.2) at various angles of 

incidence. 

On the front facade, the situation is much more simple (Figure 4.8.1.4). With larger angles of 

incidence, the pressure decreases. Next to the duct inlet, the pressure on the trailing 

(leeward) side is always higher than on the leading (windward) side. For a group of ducts 

mounted in a row. there seems unlikely to be any adverse interaction between adjacent duct 
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entrances. for all '%ind aphnach anglcs. Unt it may ticll he that the front wjill will suf'f'ee1 ;, 
general dR)p in pressure %% hen there are se e ral ducts installed. 
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Figure 4.8.1.4: Frperintent 2.30° duct without ºj'oiler. Pressure coefficients to windward 

and leeward of the duct inlet at various angles of incidence. 

The presence of a swirl flow through the duct can be suggested by analysing the pressure 

readings in the duct (Figure 4.8.1.5). With increasing angles of incidence, the tappings along 

the centerline on the underside in the duct (see tappings TI to T5 in Figure 4.2.3 ) indicate 

flow separation at the windward side. and the generated separation bubble over the floor of 

the duct covers only the second pressure tapping (T2 in Figure 4.2.3). Hence, the entering 

flow from the windward side passes over the separation bubble. deviates at the opposite 

leeward wall and leaves the duct at the rear part, where accelerated flow has been measured 

(see Figure 4.8.1.1). So. a swirling motion of the flow passes through the duct after less than 

one revolution. 
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Pressure Coefficient in the Duct 
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Figure 4.8.1.5: Erperiment 2.30° duct without spoiler. Prec. sure coefficients on the 

underside of the duct for ºarious angles of incidence. 
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Figure 4.8.1.6: Experiment 2, 
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This interpretation is supported by the pressure %alues measured at two tappings located at 
the right and the left side of the duct wall respectively (T6 and T7 see Figures 4.2.2 and 
4.2.3). which shoý% a significant differential pressure, increasing with angles of incidence 

(Figure 4.8.1.6). With higher angles of incidence. the flo%% separate at the duct wall on the 

%%indward side. generating higher values of suction on this side of the duct. The increase in 

the pressure difference between the leeward and the windvbard wall is progressive. 

4.8.2.30° Duct ith Spoiler I 

Placing a small curved spoiler above the inlet (spoiler 1) (see Figures 4.2.4 and 4.2.5), causes 

a significant and fairly uniform increase in flow velocity at the duct outlet (Figure 4.8.2.1). 

Wind flow at 15° normal to the front facade is accelerated by at least 20 (77 in the intended 

turbine plane. Maximum induced K Ind speeds occur at an angle of inclination of 25'. Here, 

the measured velocit. distribution exceed,, the free stream speed by about a third. At an 

angle of inclination of 35 
. the distribution is still quite uniform with 25 % acceleration. At 

higher angles. the flow field along the centerline becomes highly unsymmetrical, with 

greatly reduced longitudinal and %ertical %elexitý component', in the centre, perhaps as a 

result of swirling flo%k 
. 

The general effect of the small front spoiler I is to increase the mass flow through the duct. 

probably due to capturing the upflow at the front facade. The flo" separates above the 

spoiler. but this does not affect the amount of suction in the outlet area on the roof. 

Additionally, the spoiler seems to straighten the inflow, which leads to a more uniform 

velocity distribution at the outlet. However, the pressure distribution in the duct at higher 

angles of incidence is fairly similar to the case without the front spoiler. and so also is the 

significant pressure difference between the right and the left duct wall. These findings 

indicate that the small spoiler over the inlet does not prevent the duct flow from acquiring a 

swirling motion. 
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Wind Speed Ratio in the Duct at Outlet 
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Figure (tie highest ncgtmc" a\eras; r pressure difference between winck,, rcl 
and ke and side alongside the k)utlrt (t; ºlTiri . PI I tO I'_'O in f iVure 4.2.2) at the angle of 
incidence (25) %%-here the highest mass t1o%% ex"cur, 

This is contrary to the former configuration ººithout spoiler. There, the highest massflow 

(Figure 4.8.1.1) occurred at the angle of incidence (35'') where the lowest average pressure 
difference (Figure at the outlet as measured. This average pressure difference 

between ººind%%ard and leeward side indicates the impact of jet entrainment into the edge 

vortex at ºanous angles of incident ind. High negative values indicate the breakdown of 

the vortex along the roof edge. The entrained jet expands into the low pressure area and 

reduces the suction %%hen earned downstream, which disturbs the , table vortex. It is not clear 

why the impact of the jet entrainment into the edge vortex differs for the configurations, as 

the front spoiler seems not to affect the tlo" pattern on the roof directly. Figure 4.8.2.3 

compares the differential pressure at the outlet for both different configurations. 
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Figure 4.8.2.3: Comparison of mean differential pressure to ºº indward and leeward 

alongside the outlet of the 0 duct at various angles of inc, iclenc, e fier two dijj, rent model 

configurations. 

The jet stream of higher speed through the duct with spoiler I causes a more negative 

pressure differential over a wider range of angles. Negative pressure differential means that 
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there is less suction on the leeward side than Oil the windward side. This might indicate that 
the jet entrainment at higher speeds into the edge vortex perturbs the vortex. Therefore, 

neighbouring turbines downstream would see less suction. Extrapolating this finding, one 
could suggest that the higher the masstlo%% through the single duct, the less beneficial is its 
jet entrainment for adjacent turbines. Howe er. r. the absolute values ot" suction on the leeward 

side for each angle of incidence are 'till similar to what is measured at the roof edge without 
any integrated duct for vºindtlow normal to the fa`ade (Cp - -0.5 to -0.6), which might 
indicate that for each angle of incidence ar l%% of turbines could still work well enough. But 

the topic is complex. and it is difficult to predict. Hence. further experiments with multiple 
ducts at the roof edge are necessan . 

4.83.30° Duct with Spoiler II 

Spoiler II has the round shape of a canopy roof (see Figures 4.2.6 and 4.2.7). Situated above 

the inlet, it works as a large barrier to the uptlo and guides significantly more mass flow 

into the duct. In the duct exit, air speeds are recorded which are 35 to 40 17( higher than the 

velocity in the approaching wind. with a fairly uniform velocity distribution along the 

centerline. This situation holds for angles of incidence up to 40° (Figure 4.8.3.1). At larger 

angles of incidence. the distribution becomes asymmetric vº ith accelerated flow at the front 

and decelerated flow at the rear part of the duct outlet. 

The distribution of pressure in the duct that accompanies the induced high mass flow is in a 

way contrary to the previous experiments. For approaching wind 15° from normal to the 

model. the pressure distribution indicates high suction all along the bottom wall of the duct. 

With increasing angles of incidence, the suction at the tappings in the duct reduces. The 

pressure distribution for 60° incidence in Figure 4.8.3.2 is very similar for 45° incidence in 

Figure 4.8.1.5. Hence, it is very likely that similar swirling flow conditions are generated in 

the duct with spoiler 11 for higher angles of incidence. However, in the previous experiment 

(Figure 4.8.1.5) the generation of a swirl with increasing angles of incidence went along with 

an increased suction at the underside of the duct. Here, a reduction of speed (see Figure 

4.8.3.1) arises with the generation of swirl at higher angles of incidence. 
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Wind Speed Ratio in the Duct at Outlet 
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The impact of the jet entrainment at the outlet on the surrounding pressure held is basically 

\e n similar to the previous experiment 11ith the small front spoiler I (Figure 4.8.3.4). Only 

the angle of incidence, at %%hich the change from positive to ive differential pressure 

cM, icient kkcurs, is Shifted. It Is surprising that the pre urc differential between windward 

and lee%%ard side at the outlet tallow, a common pattern, independent of the angle of 
inclination at N hich the highest mass tlo%% through the duct occurs. 

Mean Pressure Coefficient Difference 
on Flat Roof 

0.4 

0.3 

0.2 " A 

A 

0.1 A 

-01 
05 14 i+6 20 25 30 lliý 40 45 50 55 60 

CA 

-0.2 
Angle of Incidence [ °] 

ý -0.3 . Experiment 2 without spoiler 

-0.4 
-s-- Experiment 3 with front 

-0.5 spoiler 

-0.6 " Experiment 4 with front 
spoiler II 

i/ 

ýý 

i 
ý'` 

Figure 4.8.3.3: Compari. sc, n of mean differential pressure to windward and leers and 

alongside the outlet of the 3d' duct at various angles of incidence for three different ntcºclel 
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However, in all experiments, the wind speed ratio in the outlet galls rapidly and the flow 

becomes non-unifornm its soon as J Cr becomes positive. Any further rise of A Cp goes along 

with the breakdown of wind acceleration in the duct. For experiment 3. the highest induced 

wind speed at the outlet (see Figure 4.8.2.1 ) goes along with the maximum negative mean 

pressure coefficient difference alongside the outlet (see Figure 4.8.2.3 or 4.8.3.3). This does 

not hold for experiment 2 and expenment 4. For the duct without spoiler, the highest induced 

wind speeds occur at minimum negati%e mean pressure coefficient difference. But all 

experiments with the 30° duct show. that high induced "ind speeds in the duct go along with 

negative mean pressure coefficient. Hence, in general the entrained jet disturbs the roof edge 

vortex and reduces the suction when camed do nstream. 
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4.9. The 90' Duct Configurations 

In this measurement series. the center of the inlet of the duct is located at 87 %I of building 

height, but the curved inlet starts at 74 ''; of building height (see Figures 4.2.8 and 4.2.9). 

Hence the inlet is situated close to the stagnation /one to connect the high pressure region at 

the front part with the low pressure Pone aho%e the roof. As with the previous configuration 
it as hoped that the pressure differential %%ould induce high velocities in the duct flow. 

The curved geometry of the duct causes ,I non uniform velocity distribution inside the duct. 

Findings in the previous experiments showed that a front spoiler induces higher speeds and 

supports a more uniform speed profile at the outlet. Hence. the impact of two different 

spoilers was of particular interest. 

Again, one should be reminded that due to the horizontal velocity profile of the wind tunnel 

flow. the direction 10 to 15° anti-clockwise is seen to approximate to the wind direction 

'normal' to the front facade of the model. 

As described in Chapter 4.6. hot wire measurements were taken at inlet and outlet of the duct 

(see Figure 4.6.3). 

4.9.1.90° Duct without Spoiler 

Wind approaching normal to the facade enters the lo%%er part of the duct (see Figure 4.2.8 

and 4.2.9) with significantly lower momentum than the free flow, while at the upper part 

inside the duct inlet the flow accelerates (Figure 4.9.1.1 ). Comparison with CFD simulations 

(see Chapter 7) shows that this velocity profile may indicate the presence of a flow 

separation bubble in the lower part of the inlet. With increasing angles of incidence, the 

inflow velocity exceeds the free wind speed and the vertical profile flattens out. Finally, for 

steep angles of incidence, the higher values of inflow momentum are recorded in the lower 

part of the duct. It may be that the flow separation bubble starts to migrate at an angle of 

incidence larger then 50°. and flow separation at the leading duct sidewall becomes 

predominant. 
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Wind Speed Ratio in the Duct at Inlet 
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Figure 4.9.1. l: Experiment 5.90°duct ºi ithout front sJ)oiler 

This inflo%k profile de%elops in a certain %k ay through the duct. Certainly the sharp 

rectangular upper edge in the duct (see Figure 4.2.9) creates f1o" separation and will he the 

first issue for aerodynamical improvements (see Chapter 7). It may well cause the large drop 

in flo%% velocity at the front part of the outlet which is measured regularly for lower angles of 

incidence (Figure 4.9.1.2). But generally. the air speed declines towards the rear part of the 

outlet, as expected for a flowfield following the 90 curve. From 15 to 40 incidence the 

measured velocity at the outlet increases. Highest mass 11o" at the Outlet occurs at 50 

incidence (Figure 4.9.1.2). which also gives the highest local velocity measured at the inlet 

(see Figure 4.9.1.1). 

The reduced inflow in the lower part of the inlet (Figure 4.9.1.1) corresponds with the 

downward sloping profile at the rear part of the duct (Figure 4.9.1.2). The straight inflow 

profile of high velocity at 60 incidence goes along with an outlet profile which shows 

slightly higher massflow at the rear part than in the front part. Here it is likely that already 

flow separation has occurred in the upper part of the inlet. but more strongly at the windward 

side wall. Such a separation zone could not he explored with the measurements along the 

centerline in the middle of the duct. Larger angles of incidence than 600 are not beneficial to 
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the tlk)%%, but one pan see that hasicaJI the inllow profile (F i ; ure 4.9. I. I) corresponds to the 
outlet distribution t F'i urC 4. '-). 1.2). 
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The pressure distribution on the outer wall of the duct (see tappings TI to T6 in Figures 4.2.8 

and 4.2.9) indicates (Figure 4.9.1.3) that the inflow at 15° seems to be smooth, but at higher 

angles of incidence, the negative pressure coefficients at the duct entrance are a sign of 
separated flow. which reattaches at approximately 2/3 of the duct length. Even though the 
housing is square. swirl might be possible. 

For normal inflow, the pressure coefficient at the tý' o tappings at the side walls of the duct 

(tappings T7/8 in Figure 4.2.9) is similar to the pressure coefficient at the floor of the inlet, 

and both sides of the wall are nearly in balance (see Figure 4.9.1.4). With rising angles of 
incidence. a strong flow separation occurs at the windward side of the wall, which generates 

high suction in this region. On the other side of the duct, the positive pressure remains 

constant and indicates attached flo%% over the Nall. 50" incidence gives the highest reading 

for the wind speed ratio in the outlet (see Figure 4.9.1.1), which goes along with nearly the 

highest suction on the windward side wall (Figure 4.9.1.4). At larger angles, the distribution 

of the wind speed ratio in the duct becomes non uniform (see Figures 4.9.1.1 and 4.9.1.2), 

while the suction reaches its lowest point and starts to rise again (Figure 4.9.1.4). It should 

be mentioned that at large angles. the suction values on the windward side walls were 

recorded as fluctuating in the range of J Cp = ±0.1. This indicates a high amount of 

turbulence and separation 

The impact of the jet entrainment on the surrounding pressure field over the flat roof is 

complex (Figure 4.9.1.5). Wind flow normal to the facade generates a uniform pressure field 

around the outlet. For larger angles of incidence. the pressure immediately behind the outlet 

drops to very low values, whereas the suction windward and leeward of the outlet is in the 

same range as in the previous experiments with the straight duct (compare Figure 4.8.1.2 

with Figure 4.9.1.5). For the 90° duct, the jet entrainment seems to have a greater impact on 

the pressure field behind the outlet probably due to increased flow separation at the edge of 

the outlet. 
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The highest reading Of %% ini1 . h(rd in the duct, H hiCh o curs at 50 incidence (see Figure 

4.9.1.2). goes along %%ith nearly the nmamnual positive mean pressure coefficient difference in 

hem een the %% mcl%% and and the lee %% and side on the root' next to the outlet (Figure 4.9.1.6). 

This means that the entrainment of the jet into the Vortex flow at the roo corner generates a 
high suction at the Icc%%ard sine of' the outlet. Nero, the jet entrainment seems to support the 

vortex flow at higher angles of incidence, similar to the findings in the previous experiment 

%% ith the straight duct (see Einure 4.8.2.3). Howw ev e r. the crucial difference is that here the 

highest induced air speed in the duct outlet occurs when A (' is positive. This entrainment 

situation is similar for the to configurations of the 90° duct with front spoilers. One might 

speculate that the 90 duct generates a swirl at higher angles of incidence, inducing high 

velocities in the duct and supporting the vortex flow at the outlet. At angles of incidence 

lower than 40°. the mean differential pressure is negative. but reaches its minimum with 

A C.. - -0.2. This is however a relatively lo pressure differential. and in general one might 

argue that these findings indicate a beneficial interaction with any adjacent 90 ducts along 

the roof edge. 
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Figure 4.9.1.6: Comparison of mean differential pressure between windward ant' leeward 

tappings alongside the duct exit at various angles of incidence for two different duct 

configurations without spoiler. 
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4.9.21.94)" Duct ý%ith Spoiler II 

Attaching sFs iler 11, the WW ide canopy hood. at the inlet of the 90 duct (see Figures 4.2.10 

and 4.2.11 ). does not increase the intlonw velocity. as was hoped. Capturing some upflow 
%%ith the %%ide front spoiler seems to promote tloo%% separation in the lower part of the inlet, at 
least for larger angles of incidence (Figure 4.9.2. I ). M1. ºxiniu11'i inflow occurs at 45°, and 
further rotation causes a decelerated f1o�f-leld in the Io%%er half of the duct inlet. Compared 

with the intlu%% profiles of the preN i us configuration without spoiler (sec Figure 4.9. I. I), the 

canopy front spoiler seems not to he beneficial. 
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Figure 4.9.2. l: Experiment 6,90° duct with front 
. spoiler //. 

The initial idea, that the wide spoiler above the inlet captures the uptlow, increases the 

stagnation pressure around the inlet and therefore induces a higher velocity in the duct when 

measured downstream at the outlet in the intended turbine plane. does not hold true in such 

simple terms. As the inflow velocity is lower than in the previous case, one might expect 

deceleration in the intended turbine plane at the outlet. However, the wind velocity at the 

outlet (Figure 4.9.2.2) has a peak value of over 40 (% above free stream velocity at 45 to 65° 
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incidence. and the distribution drops smoothly toward` the rear part of' the outlet 
corresponcline %% ith the lome r vc Io citN at the in the lo er part 01 * the duct. For wind 
normal to the facade, the rertonnance is ver\ close to the Previous case without any spoiler 

at the inlet. For the large angle of 05 incidence. the current spoiler configuration has a 

signiticant advantage: the into profile (see Figure 4.9.2. I ) does not reverse its shape (see 

Figure 4.9.1.1). and the profile at the outlet indicates still an average velocity which is higher 

than the free stream (Figure 4. L). 2.2). For each angle of incidence, the outlet profile shows a 

significant drop in the up%%ind region. t3etter aerodynaniical design of the upper edge of the 
duct could improve this tloN situation (scc Chapter 7) 
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Figure 4.9.2.2: Experiment 6,900 Juxt with front . spoiler //. 

.I 

It is surprising that the rather poor results at the inlet go along with an encouraging increase 

in wind speed at the outlet. More clarity could be achieved with two and three dimensional 

hot wire measurements. This results show, that measured velocities in the duct do not 

automatically indicate the massflow. 
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4.9.3.94 Duct ý%ith Spoiler 111 

The last test tt: xhenrnc"nt 7) was Carried out %%ith a straight flat, rectangular piece of' Perspex 

as spoiler Ill. It was placed directly above the inlet and is slightly wider then the opening 
(see Figures 4.2.1 _2 and 4.2.13). This configuration shows a Much more uniform inflow 

profile (Figure 4.9.3.1) than the pre%ious spoiler configuration (see Figure 4.9.2.1 ), rather 

similar to that '+hat has been measured at the VO duct ý%ithout any spoiler (see Figure 

4.9.1.1). but shifted tkmarc s loo%%er speed. Up to 55 incidence, the inflow profile has the 

typical gradient caused by separation in the lower part of the inlet and acceleration at the 

upper mall. At around 65 incidence. the int1o%% profile straightens. and higher angles of 

rotation cause a rapid dcc line (Figure 4.9.3.1). 
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Figure 4.9.3.1: Experiment 7,90°duct with front. s/)oiler I// 
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The speed at the outlet reaches peak values of nearly 50 % above the free stream wind speed 

at 50° incidence (Figure 4.9.3.2). However, as in the previous experiments with the 900 duct, 

for inflow normal to the facade, the speed acceleration is not impressive. With rising angles 

of incidence, the induced wind speed increases and the velocity distribution becomes less 

uniform. The tendency towards a higher speed in the upwind part of the outlet remains, up to 
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the maximum nmasstlo\% at 50 incidence. With further rotation, the speed in the downwind 
part Of the 011tlct exceeds the speed in the up\\ind Spart. At 65 incidence, the speed in the 
upwind part tallb, below the free stream velok"it\. 
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4.10. Summary of the Fxperimental Results and Conclusions 

the %%Ind approaches the building model, it generates a high pressure zone at the front 
facade and suction above the flat root. These pressure /Ones Co111I11un1Cate through an 
integrated duct at the all roof edge. Both tested duct designs can induce a wind speed 
higher than that in the free stream, in the intended turbine plane at the outlet. Spoilers above 
the inlet improve the performance of the configuration, with a higher wind speeds across the 

intended turbine plane and toleration of larger angles of' ncidence. In order to compare the 

performance of different devices, the average wind speed ratio (Figures 4.10.1 and 4.10.2) in 

the duct outlet for each angle of incidence has been calculated. Hence, the measured wind 

speed ratio distribution in the outlet along its centerline has been integrated and related to the 

length of the base line. 
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Figure 4.10.1: Mean Wi, u1 Speed Ratio measured in the 30° duct without spoiler, with 

spoiler / and with spoiler //, for various angles of incidence. 

According to the convention of angles of incidence. one should hear in mired that 10 to 15° 

anti-clockwise seems to approximate to the wind direction 'normal' to the facade. 
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º arious angles of incidence. 

Each configuration reaches its best performance at a certain angle of incidence, and not for 

wind blowing 'normal' towards the facade. Exceeding this angle leads fairly soon to a drop 

in velocity beyond the threshold of the velocity in free stream conditions. Also, the velocity 
distribution in the duct becomes highly unsymmetrical, which makes it difficult to operate a 

turbine in this regime. When there is increased velocity in the outlet plane. the velocity 

distributions along the centerline are never uniform or complete symmetrical, but the 

measured profile is in any case tolerable to a turbine with soft stalling characteristics. Very 

encouraging is the wide range of tolerable angles of incidence, which exceeds the range of 

± 30'° for the free standing device (see Chapter 2.8). 

In certain conditions, the 30' duct seems to induce a swirl which passes through the duct 

after less than one revolution. In the 90 duct, flow separation takes place, but the overall 

picture is not as clear. A flow formation develops in both ducts which remains stable up to a 

critical angle of incidence, with induced high velocities in the outlet plane. 

Wind approaching the facade at an angle of incidence creates on the windward side next to 

the inlet a low pressure zone, whereas the pressure on the leeward side either exceeds or at 



least keeps the value of pressure. which is measured along the vertical centerline at the 
facade of a block without duct for this angle of incidence. This seems to indicate that an 
identical duct installed in the close neighborhood would not experience a lower pressure at 
the inlet. For the model under an angle of incidence, we can categorize the one duct as 
located upstream. the other as downstream along the wall roof edge. The one upstream does 

not create a lower pressure on its downstream side, which would therefore enable the 
installation of a number of ducts with turbine,, in a row. There might be a overall drop in 

pressure on the front facade. but this will he an effect of the ensemble. But this conclusion 
does not allow us to examine flow rates through the ducts. as it does not take the situation on 
the flat roof into account. 

If we look at the corresponding situation at the outlet on the flat roof, the entrainment of the 
jet into the vortex flow along the wall roof edge has different impact for different angles of 
incidence. Here. each configuration shows a specific characteristic, but there are some 

common patterns. If the wind approaches normal to the facade, no configuration any shows 

significant loss of suction at the flat roof edge and the negative pressure remains uniform 

around the outlet. With rising angles of incidence, the ducts induce a drop in suction 

downstream on the leeward side and a rise in suction on the windward side of the outlet. But 

the minimum downstream suction is , till of similar magnitude to what is created by wind 

normal to the facade. 

Towards larger angles of incidence. the situation reverses and the suction downstream 

exceeds the suction windward. The angle of incidence where this transition takes place 

depends perhaps on the size of the duct or the strength of the jet entrainment. Taking both 

together. it seems to be that it depends on the absolute mass flow entrainment. However, we 

did not perform measurements to determine the mass flow. 

There is no clear relation between the angle of incidence where maximal wind speed is 

induced, and the differential pressure to A indward and leeward of the duct outlet. Maximal 

induced wind speed was observed at maximal negative differential pressure, maximal 

positive differential pressure or nearly zero differential pressure. This may be caused by the 

different swirl characteristics of the entraining inflows. It could be better observed with more 

sophisticated experimental facilities, such as three channel hot wire anemometry or laser 

doppler anemometry. 

The effect of the flow entrainment at the outlet on the surrounding flow and pressure field 

has an essential influence on the performance of an identical duct in the neighborhood. In 
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some cases for the 90' duct. the second duct would even benefit from the first. In the worst 
case for the 30° duct, the second duct does not experience increased suction at larger angles 
of incidence. 

The relation between the pressure difference at inlet and outlet and the actual flow through 
the duct is in particular at large angles of incidence fairly complex. Induced high velocities 
have been measured in the outlet plane. whereas the inflow velocities were below the free 

stream velocity. 

In order to get a clear picture of the flow situation at several ducts, it is necessary to test 

combinations of ducts at vanous spacing. 

Also. flow and pressure fields may change significantly if a real turbine is operating in a 
larger scale prototype. This "Ill affect the swirl component and the momentum of duct 

outflow and subsequent entrainment. 

The measured wind speed ratio along the centerline at the duct outlet is taken into account, in 

order to present a power prediction model (in Chapter 8) using one dimensional streamline 

theory for the wind turbine. The interpretation of the measured speeds as massflows is not 

accurate, in particular as the integrated profiles at the inlet and the outlet do not coincide. 

However it is possible to estimate flow rates and to get a rough estimation of the likely 

performance. 
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5. Theoretical Background of Computational Fluid Dynamics 

5.1. The Governing Equation of Transport 

The governing equation: of fluid tlo%% are haSed Oil the conservation laws of physics. This 
involves the conservation of mass. momentum and c nergy. Newton's second law of motion 
and thermodynamic equations of , talc. Mass balance for a certain fluid element in the flow 

field means. that the rate of increase of' mass of the fluid element equals the net rate of 

masstlow into the fluid element. With the density p as mass per unit volume, it is written as 

_ -dllilpI ) 

ar (5.1.1) 

The partial time den%-ati%e is a rate of change in time. The divergence expresses the net 

massflow out of the fluid element and describes the convection. a scalar value. It is zero for 

the steady case (trivial case). and for an incompressible fluid. For an incompressible fluid, 

convection can be des ribed hý the rate of change of other free variables, for example the 

temperature. Here. an equation of state applies. In general, divergence free fields contain no 

sources or sinks. 

The rate of change for a general scalar flow field property 0 per unit volume following a 

fluid particle in the flo%% of homogeneous density p and mean velocity u is given by its 

substantive derivative. 

p-- 
Ro 

= 
Lo 

+ükradO (5.1.2) 
Dt at 

The gradient of 0 is the vector which describes the change of the value of the scalar property 

of the fluid particle moving in the flow, concerning the three coordinates in space. Examples 

of this scalar property are energy or each single component of the vector of momentum. 

If we consider again the fluid element in the flow field, which is penetrated by the flow and 

does not move within the field like the fluid particle, the generalisation of the rate of change 

for a conserved flow property is 

a(Po) 
+ div(PO >=PD (5.1.3) at Dt 

D ap I+divpi')+p1+üXradý ao 

at -p Dt at 
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For a small fluid element. the flow densitN p in this control volume is assumed as constant. 

aP am D +p-+ perliºvü + prig'rwlO + ýti, ý'rudp =Po (5.1.4) at at Dt 

As the first term equals zero by virtue of mass conservation, the rate of increase of a fluid 

property tQ of a fluid particle follo%1 ing the flow. is determined through the balance of the 

rate of increase of the fluid property 0 of this certain fluid element and the net rate of flow of 
0 out of the element. In detail, this states for the three components of momentum and for the 

energy 
Du 

p +div(puü) (5.1.5) 
Dr at 

Dv 
= 

a(pº) 
+div(pýü) (5.1.6) 

Dt at 

p= +div(pw ) (5.1.7) Dt at 

pDE =a(p)+div(pEü) Dt at (5.1.8) 

According to Newton's second law of motion. "e consider the rate of change of momentum 

in the flow by highlighting the sum of all contributing forces. We distinguish between two 

types of forces. body forces and surface forces. Body forces interact in between volumes, 

and the intensity of the forces are measured as force/volume. Examples are the forces with 

the potential a 1/r like the Lorentz forces or the Gravity, and the related forces caused by 

inertia like centrifugal, centripetal, buoyancy and the ,, -irtual Coriolis force. The force itself is 

modelled as a vector interacting between points (for example 'centers of gravity') to enable 

analytical understanding. Surface forces interact with surfaces. and they are measured as 

force / plane area. Examples are pressure forces, viscous forces (stresses), capillary forces 

and surface tension. Each force on each surface has itself three spatial components as the 

vector of force may have many orientations relative to the surface. In this way, surface forces 

are represented by a tensor 't of second order with 3x3 components. 

115 



r.. r� r, 
t= r� r� r,; (5.1.9) 

r;, r; , r.. 

The usual suffix notation T� indicates the stress force per unit plane area in the i-direction 

to%%anis a plane normal to the j-direction (Figure 5.1.1). 

Tý; 

Tý 
., r 

ýýý, 

1A 
r 

__ >\ 

Figure 5.1.1. Stress components on surface 

This tensor is symmetrical -ý =T ). .o6 components are independent. The non-diagonal 

components are acting tangentially to the surface and are viscous stress components. The 

diagonal stress components are normal to the surface and can he interpreted as internal 

pressure components of the fluid element. If we take the external pressure, the pressure in the 

flow field around the fluid element, into account, which acts towards each surface, the 

diagonal components of the stress tensor modify. therefore 

r«- l) 
r =' -pr,. 

(5.1.10) 

r. 1 r, r:: -/' 

In case there is also a certain body force S interacting with the volume of the fluid element. 

the sum of forces seen by the fluid element becomes with respect to Gauss rule: 

F =Ord". s + JJJ. si kr = JJJ(Iivnir + fJJ. s'i fff((Ii t r+S)c! `r (5.1.11) 

The divergence of the tensor is simply a vector with three components, and each one consists 

of the sum of the partial derivatives of the rows or columns of the tensor accordingly. 

116 



aLar,, 
Wiv f )a = 1] 

a. ti , 
a. rj (5.1.12) 

In the limit of small volumes. 

ditý t= `u"t"' (5.1.13) 
t' 

which is the force acting on a fluid element caused by stress and pressure differences. 
Therefore. the momentum equation becomes 

1)ci 
= div r+S (5.1.14) nr 

The contributing force S i, regarded a 'Source' term. since the related field is not source / 

sink free (divergencc free). For example, the gravity field includes the 'masspoint', the 

Lorentz field includes the charge. here the flow field includes a source of mass flow. In 

equilibrium conditions. the left hand side of the momentum equation equals zero. 

Fields of stress add up %% ith normal force fields simply component by component, therefore 

PDu -a(-p+ru)at,, 
a r., 

+S (5.1.15) 
Di dr a,, äz 
D, " 

-arr 
a(-p+r,, ) ar-, 

+ +S 
Di dr aýý az (5.1.16) 
DK, ate 

+at,.. +a(-p+t.. 
)+s. 

Di = a. r 

The rate of change of momentum i, equal to the total force in each direction due to surface 

stresses, plus the rate of increase of momentum due to sources. 

In a Newtonian fluid the viscous stresses are proportional to the rates of deformation. The 

dynamic viscosity µ relates stresses to linear deformation. the second viscosity ), relates 

stresses to volumetric deformation. For the diagonal components we have 
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au 
2, u. - + ACIiý'li 

O. x 

r, 
ý _ 2/1 

-+A 1i%'ll 

aº,. 
+ ýclr1 u 

(I. - 

and for the nondiagonal components the shearing linear deformations are 

au al, r� = t� =jt -+- a,. ax 
au alt, =u, -+ az a_t 
at a«r,; =r;, =ju -+ 

(5.1.18) 

(5.1.19) 

(5.1.20) 

(5.1.2 1) 

(5.1.22) 

(5.1.23) 

For incompressible liquids. div u=0 and the volumetric deformation does not play any role. 

For gases. a good approximation is i, =2/3 µ (Schlichting 1965). Substitution of the above 

shear stresses into the momentum equations (5.1.15 to 5.1.17) yields to the Navier-Stokes 

equations i 5.1.24 to 5.1.26 

Du 

p= 
ap 

--+ 
a 

- 
, 

all 

21j- +Ad, vl 
a all al. 

+- p -+- a 

a 

+- j a 

all 

- a 

aw 

+- +st S 
a Dt ax ax ax x ay ay z : x 

Dv p - 
a, 
-+ - 

a 
- 

all 
- 

av +- + a 
2atiý + ýdivu 

- i- a ý +a -ý a 
a,, 
- a + aº,, +s,. a , Dt av ax i)v ax av Y z : y 

DWI p= ap + - a - Ual, - + a)14 +a av, + aw 
--ý -- +a2 aºý' + Adivü + s. 

Dt az ax a: ax aas a: a, 1 az az 
After rearrangement of the terms and including small contributions to the viscous stress 

terms in the source term. the Navier-Stokes equations simplify as follows: 

p 
Du 

=- 
aP 

+ div (pgradu )+S, 
ý Di ax 

p 
Dv 

-- 
äp 

+ div (jtgradv )+ S, 
Dt ay 

p 
Dlw an 

+ div (, [gradw) + S, 
Dt Dz 

(5.1.27) 

(5.1.28) 

(5.1.29) 
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t'ýºillhiiiin;; the : On\er\ ati. ºn c u; itioºn t'()r a tluidt element (5-1.3) with the Navier-Stokes 

equations . 1. " 7 to 5.1. `>>. a genrral tr111. h,, rt equation for ;i tr, ºnsportcd flaw property is 
found l, 

= +(lip (POI =(it. 1.0-ýrallo)+Sm 1)r (t (5.1.30) 

lt ýt, itc, that the rate Of in: rca of ýc for the fluid element plus the net rate of flow of 0 out of 

the fluid clement due to : on\«ti('n i' equal to the rate of increase of 0 due to diffusion and 

,,, lure c,. The coefficient of diffu\ion i,, 1'. 
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5.2. The Turbulence Model 

The influence of turbulent fluctuations is taken into account by introduction of a time- 

Tareing fluctuating component tp'(t). This fluctuating component perturbates the mean flow 

property 4. and the general variable is qx t) =0+ q(t). 

Similar. the velocity decomposes as u(t) =U+ u'(t). The turbulent kinetic energy per unit 
mass is defined as 

ký= 
, C< 

u >r 

with the time averaged values 

fo m(it 

f<1.1 2>If< 
ºt'' 

2 >, 
) 

and < c, - >t= 
1 er 

Jco(t)2dtýO 
At 0 

The turbulence intensity T referring to a mean flow velocity U«i is 

? /3-k 
T= 

U,,, 

(5.2.1) 

(5.2.2) 

(5.2.3) 

Note that turbulent fluctuations are always three dimensional. If we insert the decomposed 

flow properties in the Navier-Stokes equations (5.1.27 to 5.1.29), we find the Reynolds 

equations (5.2.4 to 5.2-6) 

ac ) aP +div(PL U) =-- +dioArudO+ acp<uý->, 
-- 

a(p<uº>, - 
J(p<uIv1 I>, +s x at at ax I 

+dfl(/WI)=- - +diº(, c41rudVj+ - - - 
at aY ý, ar az 

a( +dh )- aP +div( rudW)+ - _ac_<WW> _aýp<< _a(p< 
>+ S, 

dr ay 

The scalar transport equation becomes (5.2.7) 

a(Po) a(P<u, 91>t)a(P<v'6ö>, )_a(p<wso'>t)+s 
ý +div(Po(I) = div(T'XradO) + ax O)y az 0 

120 



Comparing (5.2.7) with the transport equation of a general fluid property (5.1.30) we may 
identify the additional Reynolds stress tensor. It consist of three normal stresses and six shear 
stresses. 

rU _ -p < >1 (5.2.8) 
r, _ -p <v' >1 (5.2.9) 

r.. _ -p <> (5.2.10) 

r� = rV, =-fý<U'V'>1 (5.2.11) 

t, _ = r., = -p < u' º1'>! (5.2.12) 

-p < 1" H'>f (5.2.13) 

In turbulent t1o%% these turbulent shear stresses are large compared to viscous shear stresses. 
Including all stress terms. the number of variables exceeds the number of equations. This is 

known as the closure problem and states the need for turbulence modelling. The main task of 

turbulence modelling is to develop computational procedures to predict the Reynolds stress 

terms and the transport terms. 

The Boussinesq approximation links the Reynolds stresses linearly to the mean rates of 

deformation analogous to (5.1.21) to (5.1.23). including the turbulent viscosity (or 

sometimes eddy viscosit\) µ, or the kinematic turbulent viscosity v, =. t/p : 

au au 
ax, ax, (5.2.14) 

The turbulent transport of a general scalar property is modelled as turbulent diffusion 

ao 
ax, 

(5.2.15) 

where r, is the turbulent diffusivity. The turbulent Schmidt number is defined as 6t=µt/T't. 

characterizing the mixing process in a turbulent flow field. This ratio is often nearly constant 

and equal to 1, but in some cases (for example the atmospheric boundary layer in the urban 

area) the mixing process might be anisotropic and the turbulent Schmidt number then 

depends on the spatial direction. 
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Turbulence levels and turbulent stresses vary from point to point in the flow. Assuming that 

the turbulent viscosity p, is isotropic, the k-v model defines two further transport equations, 

one for the turbulent kinetic energy k (5-2.1) and a second for V, the rate of dissipation of the 

turbulent kinetic energy. The turbulent kinetic energy represents the sum over the diagonal 

elements (5.2 AS) to (5.2.10) in the Reynolds stress tensor, which are according to Boussinesq 

(5.2.14) linked to the rate of deformation caused by the turbulent fluctuating component of 

momentum. The kinetic energy decomposes into the mean kinetic energy K and the turbulent 

kinetic energy k' 

I1 
'2)+-(<u'->, +<ýý>ý+<(5.2.16) <k(t)>, =K+k'= I((', 

+v-+Wti 
, 

Consistent with this model. the rate of deformation of a fluid element in a turbulent flow 

field decomposes into a mean and a fluctuating component. 

eý if 
Ejj + 

as a symmetrical tensor according to the three spatial directions of the deformation at each 

surface of the fluid element. Analogous to a vector, two tensors add component by 

component. 

(5.2.17) 

i)11 lau av i au aw 
ax + 2 äY az + 2 az ax 

eL of eý iau av av 1 av aw + 
au aw i av aw aw 

2 äz + ax + 2 az av a: 

au' (t) 
ax 

ý au'ýt) + aºý'(t) 
2 ay ax 
1 au'(t) 

+ 
aw'(t) 

az ax 

i aucýý + 
avV(t) 

2 ay ar 
av, 

a. v 

+ awctý 
2 az ay 

1 1't )+ aw'(t) 

az ax 
1 av'(t)+aw'(t) 
2 az ay 

awl (t) 

az 
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at C11 (t) 

1' dU 
+ 

a! (r) fir) 
c2 aº ar 

ýý&zý a- 

1d(I a'V 1 aiw d(r) 

ýv 
a a 

1O-'V 

a2 a 

1 dU 1 cal (t) + e(t) 
2cß 

+ 
dr 2 aý ýc 

t rav aw 1 av(tý 
2 ay +2 U ay 

a4Yýt) 

c 

(5.2.18) 

governing equation for the kinetic energy is obtained by multiplying the Reynolds 

equations (5.2.4 to 5.2.0) with the three components of momentum. 
For the mean kinetic energy it states 

)+divv(pKU) 
=diº(-P('+2pUE,, -pU <u; 'uj'>, )-2, uEE, -p<u; 'uj >1 E; j at 

(5.2.19) 

and in the same µ ay for the turbulent kinetic energy 

a(1 )+ 
at 

d; ºv( pry T) = 

di v(- < p'ü'>, +2p < ü'e, '>, -p < ü'(u, 'uý') >, ) - 2p < e, 'e, j'>, -p < uui'>, E; j 
(5.2.20) 

The individual terms in the transport equation for the kinetic energy (5.2.19 and 5.2.20) have 

the physical meaning as follows: 

I: rate of change of transported property (here kinetic energy) 

II: transport by convection 

III: transport by pressure 
IV: transport by viscous stresses 

V: transport by Reynolds stresses 

VI: rate of dissipation 

VII: turbulence production 

Note, that the scalar product of two tensors is a scalar, in complete analogy to vectors 
33 

Er; Ej eij eij 
1=1 , =l 

The linear vector function UE; j remains a line-vector by rules of matrix algebra: 
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ueli + ve., + Kee:, 

(IL, = ue,, + %, e,.,, + vve., 

ue,, + ve,, + Kwe� 

The term (V1 determines the dissipation of kinetic energy caused by work of the turbulent 

eddies against the % iscous stress. The rate of dissipation per unit mass is defined by 

F= 2v < e'itey t >I [m2/siI (5,2.21) 

The standard k-F model (Launder and Spalding 1974) simplifies the transport equations. The 

length scale for large scale turbulence is defined as 

l=`k k, 
(5.2.22) with the turbulent eddy viscosity (5.2.23 ) 

The turbulent kinetic energy k as well as the turbulent kinetic energy dissipation E are treated 

as transported flo%% properties according to the transport equations 

+ diº (pkL7) = diº ý, rudk + E, 
1 - pe (5.2.24) ? p, 

a(pse)+div(pEU)=dig 
, iýradF +C£'), Uºj, l, -C, EP£ 

(5.2.25) 
ar oýý kk 

The constants a and C are adjustable. 

The single terms in the transport equations have the physical meaning as follows: 

I: rate of change of transported property (k or E) 

II: transport by convection 

III: transport by diffusion 

IV: rate of production of fluid property (k or E) 

V: rate of destruction of fluid property (k or e) 

The production and destruction of turbulent kinetic energy k is proportional to the production 

and destruction of the turbulent kinetic energy dissipation E. 
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5.3. The Finite Volume Method 

All numerical discretisation is based on the concept of finite differences. Numerical 

discretisation of a three dimensional field leads to finite %olunmes. The governing partial 

differential equations in Chapter 5.1 have been derived from the 'control volume' (or fluid 

element) model, and the flow properties which are measured f()r the control volume (values 

inside the control volume and rates of change across the control volume boundaries) 

determine the transport of a single fluid particle. In analý-tical language. the control volume 

decreases to infinitesimally small size, and the f1o" properties are functions of the spatial 

coordinate. In the language of numerical methods, the control volume reaches small but 

finite size. and the flo%% properties are homogeneous inside the finite control volume. so that 

the flow field changes only from the one finite control volume to the other. In this "av. the 

whole flow domain disintegrates into finite volumes. Formal integration of the partial 

differential equation o%er the finite volume (and for the transient case over a finite time step 

as %%ell) discretizes the differential equation into a set of linear scalar equations with 

coefficients and variables. H high have to be determined through interpolation methods. As 

the calculation of the flo%% field is iterative, during each single iteration all the variables are 

populated %% ith interpolated % clues. 

The changing properties of the flow field follow the general transport equation (see Eq. 

5.1.30). In order to discretize the equation. "e integrate over a finite time step At and a finite 

control volume AV = dx d,, dz (see Eq. 5.3.1). For turbulent tloµs. the equations are time 

averaged by means of the gradient transport hypothesis see Eq. 5.2.15) 

<pu(D>, =-Q, grad 4) 

with the turbulent exchange coefficient a,. 
It is presumed that the time over which the averaging is made is long compared tee the time 

scale of the turbulent motion but small compared with the time scale of the transient mean 
flow. 
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The transient term has to tv evaluated at the start t=t. and at the end t= t� + At cif the time 

interval. In the terms of convection, diffusion and source, the new values (at t=t, + At . the 

end of the time interval) are supposed to prevail throughout the whole time interval. This 

time discretisation scheme is called 'fully implicit ups inding'. a forward marching approach 

. hich is the default scheme in PHOEN ICS. 

To evaluate the closed surface integration for non-orthogonal grids and cells "ith curved 
faces is a complex approach. The projection of the normal vector for each cell face has to he 

taken into account in order to capture all contributions to the t1o" in a certain direction. 

Curved surfaces are therefore disintegrated into small plane areas. This yields to a huge 

amount of terms and variables in the discretited equations. For the cube i Figures 5.3.1 and 

5.3.2) it states (Eq. 5.3.2-5.3.4) 

Center Node of Staggered ('ell 

i 

Figure 5.. 3.1: View from the top of Figure 5.3.2 
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Figure 5.3.2: Convention of walls. nodes and coordinate clirec tion. s for the c uhoid cell, 

staggered grid 

Convection: 

p©ri dA =jdn (poü )dV=jJJ++ cl. rcl ti cl;. _ 

s, ,º ax a,. az 

dvd _ f fd(pmri)LwdVdZ +ff i)(pO "did: +ff0 (0010 h 

( pmul 
,- 

IpOul») (v" Y, )(Zh - :., ) + (IpO'- PO'-1, ) (r? - X. )(zh - :., ) 

+(p1K'Ih-IpOw, ) (-x, -XM)( y, 1-v 

jApOu 
,- 

jAPoI4L + jAPO% j" - 1p0º'1, +1 Apowl, 
% -1 'ýpý" ý. 

(5.3.2) 

Diffusion: 

4 grad OdA = 
Jil: v(Fxrad O )dV = 

A1ä0 -AF0 - ArC? _ dze ý) x ,,. 
a 

.vn 

AF 

(5.3.3) 

127 



Continuity: 

jcüºý(pti)d1' 
= t/u1 -IApul + . 1ýºý -I. 1ýº + , 1pý1 

h .. 1pºi 
,= 

Indices of small letters indicate, that the terns are es aluated at the cell faces. The transient 

term and the source term are evaluated at the center node P (see Figures 5.3.1 and 5.3.2). 

In order to obtain discretised linear equation,,. the terns are represented by the variables 

F= puA (convective mass flux per unit cell face area) 

D= Al / Sx (diffusion, conductance at unit cell face area) 

which form the coefficients of the linear equation of 0 at this node. In the transient term and 

in the source term in Equation 5.3.1.0 is taken at the central node P. The variable D, 

evaluated at the cell faces. is obtained by linear interpolation of the values of p and I, at the 

nodes. For the diffusion term. linear interpolation 

O, 

leads to the cell face value for the next cell in the staggered grid. For the convective term 

(see Eq. 5.3.2). different interpolation methods (discretisation schemes) are established 

depending on the nature of the flow (for example 'upwinding' ). 

Inhomogeneous spatial distribution of scalar flow field properties like pressure, density. 

concentration of a certain species and temperature act as driving forces and change 

momentum. Applying a discretisation scheme, the transported scalar properties and the 

sources are calculated at the cell center nodes. The components of momentum are calculated 

at the faces. But the gradient of the scalar property o% er the cell is also calculated from its 

values at the faces, in the µ ay that the scalar values at the faces are interpolated between the 

values of the cell center node and the neighbouring center node. Therefore, a regular scalar 

field pattern can cause significant error. The way out is to use a staggered grid superimposed 

to the original grid. The cell faces of the staggered grid fall together %% ith the nodes of the 

original grid (see Figure 5.3.1). The momentum components are evaluated at the original 

grid cell faces and are inscribed at the staggered grid nodes. The scalar variables are 

evaluated at the nodes of the original grid, which therefore coincide with the cell faces of the 

staggered grid. So in the case of a regular scalar flow field pattern, the gradient of the scalar 

flow property, representing a source term, is very different from the result of a non staggered 

single mesh approach. 

128 



The alternative to the staggered-grid approach is the co-located velocity formulation. For non 

staggered calculation,, the momentum conservation equations are the same as for staggered 

grid arrangements. but the pressure gradients and the cell face velocities are calculated 
differently. Additional to the cell face velocity components U I, VI and WI there are the 

node velocity components UCI 
. VC I and WC I. In general, cell face pressures for each 

direction and appropriate source terms are added in the discretised equations. An additional 

interpolation scheme defines all % elo it}' components and the pressure in terms of nodal 

values. The co-located %clocitN algorithm is specially enhanced to treat interdomain links as 

they occur in multi-block grids and fine-grid embedding. In this sub-domain decomposition 

method. separate finds are linked together through common boundaries. Separate grids can 

be either the grids created for parts of the computational domain with complex geometry, or 

fine grids embedded into the coarse ones to increase resolution in certain areas as required. 

With the use of body fitted coordinate systems for each single sub-domain, a whole now 

domain of high geometrical complexity can be composed including different grid densities. 
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5.4. The Discretisation Schemes 

Any discretisation scheme obeys fundamental properties cons nativeness, boundedness. 

transporti v eness. 

- Conservativeness requires the conservation of mass flow at adjacent control volumes; 

the flux through a common face of adjacent control volumes must be represented by the 
same expression for each nixie. 

- Boundedness: the set of of linear algebraic equations for each node is solved iteratively, 

starting from a initial distnbution of 0. A sufficient condition for a convergent iterative 

method can he expressed in terms of the values of the coefficients of the discretised 

equations. 

- Transportivenc s- the nondimensional cell Peclet number Pe = F/D is a measure of 

relative strength of convection and diffusion. General, in a homogeneous flow domain, 

pure diffusion flow (Pew) is isotropic and stagnant. hereas convection is coupled with 

a main direction. Therefore. the influence of the central node on the neighbourhood 

nodes is borne out in the discretisation scheme. 

The central differencing scheme interpolates linearly between the central node and an 

adjacent node. It is suitable for highly diffusive flow, s in a fine grid. The upwind differencing 

scheme also interpolates linearly between the central node and a neighbourhood node, but 

takes the flow direction into account. In the direction of the flow, the face values are set 

equal to the nodal values accordingly. This scheme is specially designed for highly 

convective flows. The hybrid differencing scheme is a combination of central and upwind 

differencing schemes, using a local Pc number for each face to weigh locally the contribution 

of convection and diffusion to the mean flow. It uses the upwind differencing scheme which 

omits physical diffusion when the cell Peclet number is larger than two, but otherwise reverts 

to the central differencing scheme and retains physical diffusion. The discretised equation for 

the pure convection-diffusion problem for the node P is given by 

a pO = a,,, O +a, OF + a, O, + a, 0, + a, 0,. + a, 0+ a'O + Su 

with 

aP =aW +aF +as +aN +a, +aH +aP +LF - S,, 

and 

(5.4.1) 
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At'=F'e-F,. +F n-F', +Fi, -F 

" 
. 1r 

The coefficients are as follo%% s 

Uti = Tlla ý'" 
, 

I)" +r"n 

ca f = max - F; 
. - 

cý, = maxi F, 
, D, + 

' F D a, = max - , R - .0 

F' 
a, = max I,, D, + ,0 

( fh 
a� = max - F;, 

. 
Dh - ,0 

(5.4.2) 

Both sides of the discretised equation (Eq. 5.3.1 º contain at the new time step; the time 

marching procedure starts %%ith an initial field 0. The ti`stem of algebraic equations must be 

solved at each time level. 

The boundary conditions enter the discretised equations % is source terms, «hich replace the 

terms for the corresponding cell face accordingly (see Chapter 5.6). 

The default scheme used in PHOENICS 2.2.1 (('HAM) for all variables is the hybrid 

differencing scheme. although the option exists to use the upwind-differencing scheme. 

Upwind and hybrid differencing schemes are bounded and stable, but suffer from numerical 

(false) diffusion if the velocity vector is not parallel to one of the coordinate directions. The 

hybrid differencing scheme is only marginally more accurate than the upwind differencing 

scheme, as the central differencing scheme will be restricted to regions of low Peclet 

number. 

The accuracy of hybrid and upwind schemes is only first-order in terms of Taylor series 

truncation error. Generally, any interpolation method improves its accuracy with the 
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refinement of discretisation. Therefore, mesh refinement is one method to remedy the 
problem of numerical diffusion. Howe%er, the round-off error accumulates with large 

numbers of cells, which may cause finite continuity errors in connection with the setting of 
the coefficient CO to a large number (see Chapter 5.7). Above all, the necessary degree of 
refinement is often impractical for engineering purposes and its required memory size may 

easily exceed available capacity. Schemes with higher orders of accuracy in terms of 
truncation errors have been proposed in an attempt to improve resolution. 
Linear higher order interpolation methods involve more neighbouring points and reduce the 
discretisation error.. For example. the QUICK (quadratic upstream interpolation for 

convective kinetics) scheme uses a three node upstream weighted quadratic interpolation. At 

the boundary-, the third node is not available. Therefore, an artificial mirror node is 

extrapolated across the boundary hý symmetry. The QUICK scheme may increase the 

accuracy of the solution. but may suffer from the boundedness problem. In flow fields with 

large gradients of 0. the QUICK scheme can produce non-physical solutions and numerical 

instability. To eliminate the boundedness problem. flux blending methods or flux limiter 

methods hale been proposed. The latter modify linear higher order schemes by using a 'flux 

limiter' which enforces a houndedness criterion based on the local solution behaviour. The 

'flux-limiter' is either a linear function of the gradient of the variable F evaluated at the cell 

center and at one face with a constant coefficient K (therefore called kappa-formulations), or, 

it is a function of the gradient ratio of the variables F evaluated at center and faces. The latter 

scheme is therefore non-linear. 

The co-located velocity formulation requires different interpolation schemes for pressure and 

momentum. In case of the linear pressure gradient interpolation, the cell face pressures are 

written as linearly interpolated values from the cell nodal values (the cell in question and the 

adjacent cell). Consequently, in the balance equations for the nodal velocities, the nodal 

pressure in the cell is replaced by this interpolated value. This results in the pressure - 

velocity decoupling because the difference equations for nodal velocities do not contain the 

pressure of the node in question any more. To evaluate the velocity components at the cell 

face, the momentum interpolation algorithm from Rhie and Chow (CHAM) uses the 

discretised momentum equations for the two neighbouring nodes as the interpolation 

formulae, but replaces the terms representing the pressure gradient across the cell face by 

one which is centred about it. The cell face velocities are then used to calculate the fluxes for 

the finite difference coefficients, while the pressure force differences are calculated by linear 
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interpolation. In this implementation of the non staggered algorithm, U 1, VI and WI are still 

solved. but the values of these quantities %% ill be overwritten in each iteration with values 

which have been obtained from the cell-face velo ity interpolation formulae (UC I, VC I, 

\VCI). 

PHOENICS 2.2.1 (C HAh1) pru ides for 5 alternative linear schemes and 12 alternative non 

linear schemes. The selection of a suitable scheme involves a compromise between accuracy 

and numerical stabilit',. Generally, non linear (hounded) schemes can be applied if severe 

convergence difficulties are encountered or to avoid non-physical solutions (for example 

negative values for k and 0. 
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5.5. The Iterative Solution 

As each finite volume holds a set of linear equations dependent on the number of variables 
which have to be solved, the whole flow field is represented by a set of matrices, for each 
transported fluid propert% one niatn\. The order of the matrix is determined from the number 
of cells in the flow domain in each direction. The foram of those matrices is controlled by the 
discretisation scheme. Dependent on the number of grid nodes, this system of linear 

equations is often ver large. There are two types of solution techniques, the direct method 

and the iterative method. Computational methods to solve a matrix directly use a 

standardized Gaussian elimination or the C'ramers rule, but the storage requirement of this 

methods is too large to he efficient. Iterative methods are based on the repeated application 

of a simple algorithm. a hich may lead to convergence when the system of equations satisfies 

exacting criteria. The number of necessar iterations is not predictable and a simulation may 

take long. but the required storage is relatively little and enables the computation. Typical 

methods are the Jacobi or the Gaus-Seidel method, both are point-by-point methods. Such a 

method can be useful when the non-lineanties are severe, because the rate of change of 

variable from sweep to seep is low and therefore introduces additional stability. Widely 

used in CFD programs is the Thomas tn-diagonal matrix algorithm. which is actually a direct 

non-iterative method for one-dimensional situations using stepward forward elimination and 

stepward back substituting. For two and three dimensional problems. this method is applied 

in sweeps line by line in each selected plane. Further extension of the Thomas algorithm 

leads to the whole field solver, which can be specified for all scalar variables. It is always 

recommended for the pressure correction equation and is preferable when non-linearities are 

slight. 

However, higher order discretisation schemes which link in each discretisation equation the 

central node of the finite volume to other than its immediate neighbour. require also that the 

sweep process incorporates a larger number of neighbouring contributions. In the use of a 

body fitted coordinate system. the discretised equations normally contain a large number of 

contributions from surrounding nodes. Here, other methods like the 'strongly implicit 

procedure' (SIP) or the conjugate gradient method (CGM) are in use. 

The transport equations for each momentum component are coupled, because the 

coefficients depend on the convective mass flux variable F. which is itself a linear function 

of all three components of momentum, evaluated at the cell faces. As described above, the 
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values at the cell faces are determined by means of ddiscreti`atiun schemes from nodal values. 
The coupling is twofold: an internal coupling in each momentum transport equation between 

variable and coefficient, and secondly, the solution of each momentum component 
influences the coefficients in the transport equations of the other momentum components. 
Therefore. the iterative procedure ha to update the coefficients accordingly. Further, the 
pressure gradient term in the Navier-Stokes equations (Eq. 5.1.24 to 5.1.26) acts as an 
important driving force for the transport of all fluid properties. but the pressure field is 

unknown as well. Obviously. pressure is not a transported fluid property, therefore there is 

no transport equation for pressure. To overcome this under-determination, the continuity 
equation is solved for the transport of density and the transport equation for energy is solved 
to determine the temperature field. The pressure finally can he calculated with an equation of 

state. Ho%%evver. in mans cases the flo%% is treated as incompressible, there is no information 

about temperature distribution and the flow field has open boundaries. But any correct 

pressure field which is applied to the momentum equations should result in a velocity field 

which satisfies the continuity equation for a constant density. This correct pressure field is, 

starting from an initial setting. achieved by successive iterative adjustments on a staggered 

grid. The iterative calculation of the staggered grid arrangement is essentially a perturbation 

approach. only that the perturbation acts basically as an approximate correction term which 

refines the solution in each iteration. To initiate the SIMPLE (Semi-Implicit Method for 

pressure-Linked Equations) calculation proces'. the initial pressure field condition is used to 

calculate velocity field components from the discretised momentum equation. Calculation of 

the continuity errors for each cell (intlo\ -out. flov1) yields a field of velocity component 

corrections. But as the velocity field is also subject to the constraint that it should satisfy the 

continuity equation, the discretised continuity equation arises as an equation for the 

correction pressure field. including a source term of imbalance. The pressure correction 

equation diverges during the iteration unless some underrelaxation factor is used in order to 

obtain a closer pressure correction. The obtained velocity components are therefore also 

corrected with the underrelaxation approach. Underrelaxation is perturbation of the field in 

terms of a linear function of the variable in question. The following iteration step solves the 

discretised momentum equation and the continuity equation based on the under-relaxed 

values which determine the coefficients. For a converging solution, the imbalance decreases. 

An overestimated underrelaxation factor may lead to oscillatory or even divergent behaviour, 

and a value which is too small causes extremely slow convergence. 
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Refinements to the SIMPLE procedure have produced more economical and stable iteration 

methods. The algorithm SIMPLER (SIMPLE Revised) uses the pressure corrections to 

obtain velocity correction. only. The di. cretised continuity equation is used to derive a 
discretised equation for pressure, instead of a pressure correction equation as in SIMPLE. 

This yields to an intermediate pressure field corresponding to the velocity field without the 

pressure corretition, which causes a fast con%ergence of the iteration. 

A further derivation of SIMPLE is the PHOENICS default algorithm SIMPLEST (SIMPLE 

Shortened). SIMPLE takes both diffusion and convection effects of velocity changes 

simultaneously into account, whereas SIMPLEST disregards the convection effect of 

changing velocity. The coefficients in the momentum equations contain only diffusion 

contribution, convection terns are added to the source term. As the convection terms arise 

from the continuity equation. an erroneous flux takes away from one cell what it adds to 

another. Therefore, treatment of the convection terms as source in the discretised momentum 

equation has greatly increased robustness and convergent behaviour of the solution 

algorithm. 
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5.6. Convergence 

5.6.1. Residuals 

A converged solution of the whole flow field is achieved, when each part of the field obeys 
conservation principles. In numerical terms, the residuals are defined as imbalances in the 
finite volume equation (compare Equation 5.4.1 ) 

Er =ap(Dp-ý-, a, o, +h (5.6.1.1) 

The term h stands here for remaining sources. Summation takes place over all sides of the 

cell and. in the transient case, over the time step (i=S. N. W. E. H, L. T). 

The sum over the re. iduals are extended to the current slab (in case of slab-wise solution) or 
to the whole field (in case of whole field solution) and normalized with the residual reference 
factor RESREF((D). 

/ RE: SREF((D) (5.6.1.2) 

When this ratio falls below 1.0 (default value), solution for that variable stops. When this 

happens for all variables. sweeping stops. Here, an additional factor RESFAC can be applied 

to act as a tolerance, and the critical value of the ratio above can be set lower than 1.0. 

In the case of convergence, the residuals reduce during the iteration process by several orders 

of magnitude, and the sums of the sources at the boundaries balance. 

Typical setting for the RESREF(4)) are a small fraction of the incoming flow times the value 

of the variable brought in. Hence, given the inflcýv velocity U= (u, 0.0) and the constant 

flow density p it is recommended to set for the solved variables P, U. V. W. k and E 

RESREF (P) = 0.001 pu 

RESREF (U) = 0.001 p u2, RESREF (V) = 0.001 p u2, RESREF (W) = 0.001 p u` 

RES REF (k) = 0.001 puk 

RESREF (E) = 0.00 1puE 
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5.6.2. Relaxation 

Relaxation influences the rate at which a cone erged solution is achieved. Excessive 

relaxation will slow do%%n unnetie"sank the rate of convergence, too little relaxation may not 
avoid divergence. Relaxation factors ha%e to he applied for each variable solved. 

Linear relaxation means, that the new %alue for the variable at each cell is taken as 

Op. 1, olk = OP. M%l, w. +a (011.1tß i- (Dp. j)rc, hw. ) (5.6.2.1) 

with the linear relaxation factor a (0 <a<1.0). A value of 0.3 to 0.7 normally suffices. 

Linear under-relaxation (aß. 4) is often required for the pressure variable in non-orthogonal 

grids. For the applied body -fitted coordinate system (see Chapter 6.1.2.1 and Chapter 7), 

linear relaxation for the %a. riables P. k and E "ith a=0.5 is recommended (CHAM). 

False-Time-Step Relaxation results from adding an extra source term to the finite volume 

equation (compare Equation 5.4.1). 

(Or 
uncal - 

Op, 
new) 

p vccl) / 
-N 11-dw (5.6.2.2) 

This kind of relaxation is called False-Time-Step, because the term 'A hich is here added to 

the steady finite volume equation has the same form as the transient term if the calculation is 

transient. The false time step ma. N he set proportional to a characteristic time scale of the 

problem. It can be evaluated as a characteristic length scale (based on the cell size in the 

region of particular interest). divided by a characteristic velocity (%N hich is expected in this 

region). It has the effect of making the new value of the variable close to the current value 

when the false time step is large. and changes occur only after many repetitions of the 

adjustment process. For the applied body-fitted coordinate system (see Chapter 6.1.2.1 and 

Chapter 7). False-Time-Step relaxation for the collocated velocity components is 

recommended (CRAM). 
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5.7. The Sources and Boundaries 

Solution of field equations requires spatial boundary conditions, which are either of Dirichlet 

or Neumann type. In transient problems. the initial field at t= t� of all variables needs to be 

specified as well. Field initialisation involves no special measures other than setting the 
variables to appropriate values at the beginning of the simulation. Spatial boundary 

conditions enter the discretised equations by suppression of the link to the boundary side and 

modification of the source terms. The source term S of the flow property 4) in the general 
transport equation (: q. 5.1.30) evaluated at the node P has the general form 

So=f -CO-(VAL-D) (5.6.1) 

-where f is a multiplying factor, CO is the source coefficient and VAL states the in-cell value 

of the variable 0. Specific setting of CO and VAL for the cells at the boundary characterises 

the boundary. The multiplying factor f determines the source type (volume or surface). The 

unit of the source term for a specific flow property 4) is the unit of the flow property times 

the unit of the rate of change of mass ([0]-[kg]/[s]). For example, the velocity has the unit of 

specific momentum ([kg-m/s]/[kg]). therefore the source of momentum has the unit of force 

[N]. The coefficient CO has the unit ([kg/s]/[f]). with [f] stating the unit of the multiplying 
factor which determines the source type. The unit of the value VAL is obviously the same as 

the unit of the desired flow property (D. There may be many sources for a single cell, each 

representing a different physical effect or boundary condition. If there are several 

contributors to one source, the total contribution adds up to 

Sm =CO, (VAL, -ON)+C02(VALr -(D p)+CO, (VAL, -(Dp).... (5.6.2) 
CO1 and VAL, might represent a 'true' source, for example an inflow of momentum, the 

other terms might represent interactions between the cell and a region outside the integration 

domain beyond the cell walls. For the flow property 0 at the node P the discretised linear 

equation states 

(aEDE +aWDW +... +S+CO, , VAL, +CO, - VA[. Z +... ) 

p (aF +aw +... +a, +CO1 +CO, +... ) (5.6.3) 
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When the boundary condition fixes the value of 0 at the node P in the cell, then CO is set to a 
very large number and VAI. is set to the desired value of 01). Equation (5.6.3) reduces then 
approximately to p= VAL. When the boundary condition fixes the flux of 0 across the 
boundary cell into the flow domain. CO must be given a negligibly small value. This sets the 

source equal to f-C) V'AL independently of the value of Op. Therefore, VAL must be chosen 
so that the source equals the desired flux (VAI. = O/CO). 

The setting of CO provides the boundary condition with a certain degree of stiffness. For 

example. a very large CO fixes the value of 0 in the cell, but the magnitude or even the sign 
of the flow rate of this specific fluid property \ ill he hard to determine in advance. 
The simulation specifies solely the flow variables of pressure, momentum and the scalar 

turbulent transport variables k and E. In terms of physics. the spatial boundary conditions are 
determined as follows: 

Inflow condition: Mass-flom. conditions are supplied by way of pressure boundary 

conditions. The physical notation is that fluid is forced into the domain because some 

external pressure (the prescribed VAL) exceeds the pressure which obtains in the cell. 
TN ically. the inflovb is modelled as a diffusive flux assuming a pressure gradient across the 
inflow boundar.. Therefore. the mass-flow. by means of a in-cell source term, is fixed, 

irrespective of the internal pressure %k hich is allowed to float. The inflow of momentum is 

modelled as a conv-ecti\e flux of momentum across the boundary'. stating a momentum 

source in the boundar. cells. The inflow of scalar properties (k. E) is also modelled as flux 

across the boundary, by means of an appropriate in-cell source. Hence, the inflow condition 

is determined by gradients normal to the boundary causing a flux across the boundary, not by 

fixed values of the flow property itself. The inflow condition can be modelled as non- 

uniform, for example the atmospheric boundary layer can be modelled as a function of 

momentum and turbulent intensity over the height. 

Outflow condition: if the open outlet boundary is selected in regions of undisturbed flow 

where the flow is fully developed, no change occurs in the flow direction. Therefore, the 

gradients of the scalar variables in flow direction are zero. Further. the gradient of the 

components of momentum which are tangential to the boundary face are zero as well. The 

value of pressure is set to a uniform mean pressure value, and the value of the component of 

momentum normal to the boundary face (the convective flux) is fixed at zero, which enables 

the diffusive flux to be flexible in order to obey conservation principles. Flexible diffusive 
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flux across the boundary goes along '% ith a pressure gradient across the boundary - here, the 

stiffness of the houndan- plays it important role. 

A specified outflow. for example the extraction by means of it fan, is modelled in the same 

way as an inflow. 

Wall surface houndan- conditions: The wall-function approach bridges the viscous sublayer 

at the wall to pn)% ide near wall boundary conditions for the transported flow properties. The 

wall conditions are derived from the %alues of the dependent variables at the near wall grid 

node, and appropriate sources or sinks apply to this grid node. The momentum component 

normal to the wall is set to icro in the near wall grid node. For the tangential components, 

wall friction causes a %%all shear stress tw in the near all grid node. Directly at the wall, the 

no-slip condition for viscous fluids is assumed. [. cow-Reynolds number models need a very 

fine grid towards the wall boundary layer in order to achieve the necessary resolution to 

apply this laminar houndan condition directly. Standard models calculate the wall shear 

stress at the near wall grid node in order to determine the source terms for momentum, 

turbulent kinetic energy and its dissipation. 

The implementation of wall boundary conditions in turbulent flows starts with the evaluation 

of the dimensionless wall distance }` as function of the boundary layer friction velocity ut 

tangential to the wall and the kinematic viscosity v of the fluid of density p (Schlichting 

1965). 

Ayl, 

vpI, 
(5.6.4) 

A near wall flow is taken to be laminar if y' S 11.63. Otherwise the near wall grid node is 

considered to be in the logarithmic lave region of a turbulent boundary layer. In case of a 

near wall layer in local equilibrium the logarithmic law cif the vvall 

u,, 1 

ur K 
(5.6.5) 

applies, strictly to near wall nodes whose y` values are in the range of 30 < y+ < 130 

(CHAM). Versteeg and Malalasekera state a wider range of tolerance. 30 < y' < 500 

(Versteeg and Malalasekera 1995). Equation 5.6.5 is evaluated with the von Karman 

constant Kc and the roughness parameter E. These constants are empirical constants, and both 
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may vary from case to case. Assuming the laminar sublayer, the wall stress value can be 

approximately obtained from the Newtons equation of viscosity (absolute viscosity µ) 

r_ ºc,. 
_p1u,. (5.6.6) 

wP is the distance from the near %% all grid node normal to the adjacent wall boundary, up is 

the calculated value of the velocity tangential to the wall boundary in the near wall grid 
node. This very simplified model can he used to check the range of the non-dimensionalised 
wall distance y' and to modify the appropriate near wall grid in order to insure the 
applicability of the chosen wall function. 

For equilibrium turbulent boundary layers the near-wall values for k and E may be fixed at 
the nodes as 

2{ 

k= Ur 
_u (5.6.7) and 

K, Ay p -XC 
7. P 

with the dimensionless constant CM. 

The logarithmic law of the wall has been applied in many different ways, including near wall 

temperature distribution which changes the physical properties of the fluid. Additionally, the 

wall function for heat transfer activates the sink of enthalpy owing the presence of the wall. 

A generalisation of the logarithmic law of the wall to non-equilibrium conditions (CRAM, 

Launder and Spalding 1974) employs k' r, as the characteristic velocity scale rather than the 

friction velocity ut. For local equilibrium the model reduces to the equilibrium wall function 

approach. Non equilibrium conditions are for example stated for near wall turbulent transport 

of heat. Generally. the logarithmic law of the wall can take different roughness wall 

functions into account, according to empirical functions describing the roughness parameter 

E (CHAM. Schlichting 1965). 

Symmetry boundary condition: Often, a flow field can be regarded as mirror symmetrical. 

Therefore, it is possible to reduce the simulation to one half of the field. The symmetry 

boundary condition states, that no flow and no scalar flux across the mirror plane takes place. 

The velocity normal to the plane is set to zero, and the values of all other scalar properties of 

the near boundary cells are mirrored across the boundary so that no gradient occurs. In the 

discretised equations for the pressure correction field the link with the symmetry boundary 

side is cut by setting the appropriate coefficient a to zero. 
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6. Initial Simulations with Computational Fluid Dynamics 

With the software package PHO FNICS, version 2.2.1 ICHAM> a two and a three 
dimensional analysis for the '% ind flow over a building block has been carried out. 
Preliminary investigations were focused on the flow behaviour as modelled in two and three 
dimensions in a cartesian grid %N ithout any integrated duct. In all simulations, of main 
interest was the pressure at the upper part of' the wall and the front part of the building. In 

particular, these initial in\estigation" explored the influence of the grid distribution, cell size 

and the number of cells, inflow and boundar conditions, and in particular the systematic 
difference of the flow field modelled in two or three dimensions. 

The initial investigation was necessary to provide a basis for modelling the building with an 
integrated duct. as the grid requirements to model such a building are demanding. In order to 

achieve good resolution in the region of the duct, a special grid technique had to be applied, 

which allows one to link domains of different cell sizes and different cell numbers together. 

The first three dimensional attempt failed because the required disk space exceeded the 

capacity of the server of the networked UNIX workstation cluster. Also, the network traffic 

slowed down the calculation significantly. Hence. the first complete simulations were made 

in two dimensions. Initially it as hoped that the two dimensional simulation might 

represent qualitatively the flow in the symmetry plane of the building. However, the 

investigation showed a systematic mismatch betµ een two dimensional simulated flow and 

results in the symmetry plane of three dimensional flow. The three dimensional simulation of 

the building in a simple cartesian grid provided a quantitatively sound result and formed the 

basis of an approach to couple a detailed two dimensional simulation of the flow through the 

building integrated duct with the general external flow field as calculated in the three 

dimensional simulation (see Chapter 7). A three dimensional simulation of the building with 

integrated duct has been carried out (see Chapter 7) since a sufficiently powerful processor 

became available in early summer 2000. 
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6.1.1. General Modelling Approach 

All simulations are stcadý state. Transient sinmulation ý%oould show interesting effects like 

vortex shedding. or the impact of gusts which may perhaps play it not insignificant role 

regarding the lifetime of the Ducted Wind Turbine. But the transient approach to modelling 

the building with integrated duct in three dimensions would require an amount of disk space 

which exceeds the capacity of the most processors. 

All simulations show only wind flow normal to the front facade. In the two dimensional 

simulation. no lateral incidence is Ixosihle. The three dimensional simulation makes use of 

the symmetry plane as mirror plane. Hence intlo%% v ith an angle of incidence would be 

inverted at the symmetry plane. Three dimensional simulation of the whole building with 

integrated duct requires an amount of cells which exceeds the capacity of most processors. 

The flow is modelled as incompressible. Therefore. the flow disturbance caused by the 

obstacle can be recognised even in far distance. As the impact of the obstacle on the floe 

domain is very different if the case is modelled two or three dimensionally, a flow domain 

was chosen which meets the criteria of 'undisturbed boundaries' for both cases. Also the size 

of the flow domain depends on the applied houndarx conditions and the implementation of 

sources and sinks in the flow domain (see Chapter 2.4). 

In the real scale simulation. the building is 30 m high, 20 m deep and 35 m wide. The flow 

field around reaches 160 m upstream. 500 m downstream and 320 m above the building. and 

in the three dimensional case as Hell 160 m to each side (Figure 6.1.1.1). Non 

dimensionalized with the obstacle height. it would be around 17 H downstream. 5H 

upstream. I1H above and also 5H to each side. As the flow field depends on all dimension 

sizes and on the initial inflow conditions, a general strict scaling rule can not he given. 

The small wind tunnel model in three dimensions is of course on a different scale. The model 

was 15.5 cm high. 20 cm deep and around 35 cm wide. The whole flow domain was limited 

to 1.20 m in height, 2.0 m downstream and 1.0 m upstream, and 60 cm to each side. This size 

of the flow domain corresponds to the real conditions in the working section of the wind 

tunnel. Non dimensionalised, the flow domain is smaller by a factor 2. As the incompressible 

flow can expand in three dimensions around the obstacle. these relatively close boundaries 

are assumed to be in the undisturbed flow domain. In the simulation. the computer model 

was 1: 100 upscaled. A test simulation had shown no difference in the surrounding flow and 

pressure field around two blocks, one at model scale. one at full scale. 
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Figure 6.1.1.1: Flow domain, schematic cirri iin, K 
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The two simulations generated quantitatively and qualitatively identical flow- and pressure 
fields around the obstacle. As each simulation %%as carried out with the identical inflow 

boundary (16.5 mIs). it seems to be the case that the simulated results are independent of the 
Reynolds number. A significant difference occurs only for the Y' values. which depend 

directly on the cell size (see Chapter 5.7). In order to compare with all other simulations 
(Chapters 6 and 7) and the experimental investigation (Chapter 4). the three dimensional 

simulation of the building Yb ith integrated duct is carried out %% ith the upscaled cops of the 

wind tunnel model. 

Different turbulent models have been considered in ad%ance. The potential t1oý% field 

calculation (Laplace equation) fails to predict recirculation and vorticity, the laminar model 

prove in the same sense unsatisfactory-. The loµ Reynolds number model (Lanl and 
Bremhorst 1981. as quoted in 1'F1OENlCS (('HAND) overestimated the tickness of the 

laminar sublayer at the wall and produced a nearly uniform, but tar too low suction over the 

roof (Dannecker 1998). The standard k-E model as provided in I'HOE: N ICS has a wide 

range of applicability (Launder and Spalding 1973, Versteeg and Malalasekera 1995), and 

different variations are widely used to model wind flow in the built environment (see 

Chapter 2.4). The implementation of the standard k-F model makes it possible to predict 
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recirculating tlo pattern. Nevertheless it is necessary to interpret critically the simulated 
now field for each modelled case. 

For the boundaries of the solid walls and the ground of the flow domain, the equilibrium log- 

law wall function (PHOENICS (('HAM). Versteeg and Malalasekera 1995) for the k-E 

model has been used with regard to the evaluation of the dimensionless wall distance Y+. 

The boundaries for the fio« variables are set at the border cells of the flow domain as 
described in Chapter 5.7 . 
For all simulations. the value for the kinematic viscosity was taken from a Meteorological 

Table (Smithsonian) corresponding to standard air values (Franzini and Finnemore) and 

treated as a constant (V = 1.4553- 10 m`/s) as "ell as the temperature, the air density and the 

atmospheric pressure over the height. The air density corresponds to the average value as 

measured in the wind tunnel (p = 1.1623 kg/m`). This follows the simulation procedure as 

the relevant gauge pressure is automatically set to zero. Those parameters vary certainly in a 

natural flow field of more than 60) m length and 350 m height. and the shape and stability of 

the natural boundary laver depends in reality on this conditions (see Chapter 2.1). The 

assumptions can be seen as the common wind engineering approach: as the buoyancy flow 

does not change the calculated flow significantly. it is neglected in order to reduce the 

number of variables to solve. 

As described above (sec Chapter 2.1 ). proposed profiles of the wind in urban areas vary. In 

order to investigate the influence of possible wind gradients. all encountered approaches 

were compared. Consistent in most of the reported work was a logarithmic law for the 

vertical velocity profile. The component of the turbulence intensity normal to the vertical 

boundary layer declines hyperbolically with height (ESDU 1993). and the profile of the 

turbulent kinetic energy k was determined as proportional to the square of the vertical 

velocity weighted with the turbulence intensity. The profile for the turbulent kinetic energy 

dissipation F_ was derived as proportional to the product of the k-profile and the first 

derivative of the vertical velocity profile with height. 

Implementation of such an inflow profile had no significant effect on the pressure 

distribution above the flat roof when modelled in two dimensions. In three dimensions. it 

leads to a general decrease in suction. In both cases. the pressure on the lower part of the 

front facade declined as expected in boundary layer shear flow. Generally it can be assumed 

that in the two dimensional simulation, no reasonable boundary layer inflow function with 

steady positive slope factor will alter the flow field in the vicinity of the building in such a 
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%%a\ that the computed pressure coefficient. on the front taqade and the root will give a close 

match to those seen in experiment or three dimensional simulation (Dannecker and Grant 

1998). Aware of the difficulty in defining a boundary layer profile in urban areas and given 

the systematic error connected with the two dimensional approach, all simulations were 

carried out with a uniform int1om profile in order to have a sound basis for comparison. The 

inflow velocity corresponds to the average %% ind speed at which the wind tunnel tests were 

conducted (vv = 10.5m/s). 

The uniform scalar inflow condition of the turbulent kinetic energy k assumes 40 % of the 

mean velocity as turbulence. follo%ing the standard recommendation for the first 10 m above 

ground level in urban conditions (ESIRT 1993). Earlier tests showed that different levels of 

turbulence do not significantlN alter the pressure coefficient distribution on the front facade 

(Dannecker and Grant 1998). But it is assumed that the wind carries this high turbulent 

intensity into any integrated duct. Therefore. the uniform inflow condition of the turbulent 

kinetic energy dissipation F was obtained from the given turbulent kinetic energy k and a 

characteristic length (duct inlet diameter) (Versteeg and Malalasekera 1995). The length 

scale applied here m. aý not he appropriate compared with the length scale in the atmospheric 

boundary laNer. which may be in building roof height around 60 m. However, as mentioned 

above. changes in the turbulent inflow conditions had little effect on the overall flow field. In 

the simulation of the vºind tunnel geometry (s« Chapter 7). the average wind tunnel 

turbulence of onl,, I% (ESI)U 1993) was assumed, in order to have the same flow 

conditions as in the tunnel. The aim of simulating the wind tunnel geometry was to compare 

experimental with numerical values. 

First ideas to overcome the systematic error in two dimensional simulation (Dannecker 

1999) resulted in an approach to couple a to dimensional simulation to a three dimensional 

calculated flow field. 

Finally, a summary of the applied initial and boundary conditions is presented: 

Inflow: 

1. mean inflow velocity. convective flux of momentum across boundary with its normal 

component W= 16.5 m/s. its tangential components U, V = 0.0 

2. scalar variables as convective flux across the boundary 

k=1.5-(U{ "T, )2 with UW= W and T, = 0.4 turbulence intensity 
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E= C�" k' /I with Cµ=0.09 and I=0.07" duct diameter (hydraulic diameter) 

Cµ is a dimensionless adjustable constant to specit, k the eddy viscosity 
Von Karman constant >t = 0.41 (CRAM) 

The wall roughness parameter F has a% alue het%% ern 8 and 10 for smooth walls (CHAM) 
3. Mass flow =pW with p=1.1623 kg/m' fixed as in cell source term, diffusive flux, 

assume,, pressure gradient across the boundar 

4. Gauge pressure p=0.0 in the flow field. V=1.4551 10 1 m`'/s constant kinematic 
viscosity 

Outflow. open houndan condition: 

1. grad, k= grads E=O. 0. the gradient of the scalars normal to the boundary are zero 
2. gradN Ur = 0.0. the normal gradient across the boundary of this component of 

momentum which is tangential to the houndar i' set to zero. 
3. Us = 0.0. the convective flux of the component of momentum normal to the boundary is 

fixed to zero 

4. The value of pressure is fixed with a certain stiffness to gauge pressure, which enables 

the diffusive flux to be flexible in order to ohey conservation principles. 

Wall. solid boundary condition: 

1. Us = 0.0. the component of momentum normal to the boundary is fixed to zero 

2. directly at the wall, the no-slip condition applies to the tangential components of 

momentum: LT 1=0.0 
3. Bridge of laminar sublayer "ith equilibrium logarithmic all function, which calculates 

k and E as function of the wall shear stress. The rate of turbulence production equals the 

rate of dissipation (see Chapter 4.5). 

4. There is no need for pressure boundary conditions, the boundary conditions fall on 

momentum nodes in the case of a staggered grid. Alternatively in the body fitted 

coordinate system, the wall boundaries apply to co-located velocities. 
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ALcurig 

In Al simulations thc" hýhrid d lt'terencing scheme as used (s« Chapter 5.4). The residual 

I ,. _ 

reference factor Ri-SRI-1 %%as ealc"ul; rted as a function (1t' the inflow' boundary conditions 

(compare Chapter 5.0.1 ). In order to sinmplify, the (lensit` ut air was set to I k`�/nr ̀ . Hence. 

RESRF. F (F')= u. 001 W 
RESREF (ai) = RFSRFF (V) = R[-, SRI-1- (W) = ft. (x)l ýý ikg/ms'I 
or for the colltxated velkxity components l»C. VU. NVC accordingly 

RESREE (k) = 0.001 Wk [kg/s'] 

RESREF lcl=0. (X)1 We [kg/s41 

In all simulations. relaxation compare Chapter 5.6.2) for the scalar variables P, k and F_ took 

place with the linear relaxation factor a=0.5. The False-Tine-Step relaxation factors for the 

velocity components U. V. W for l'C. VU. WC accordingly) were based on the cell size in 

duct region and the estimated velocities in each direction (domain residence time of the 

transported flo%% property). In our case. the false time step reached values from around 0.2 s 

to 0.05 s. The false time step may he 10 or 1(X) tines the domain residence time (CHAM ). 

In general. the converged solution obeys global mass flow conservation and the residuals 

dropped for several orders of magnitude. The first cntena has to he verified in the result file 

at the inlo%% and outflo%k boundanes. the second one is displayed during the iteration 

process. 

NORTH 
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SOl'TH 
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Figure 6.1.1.2: Convention of coordinate clirertinn. s in flit, . Simulations, sncoiiutic clruºt"iIi, g. 

151 



6.1.2. Organisation of Geographical and Computational Space: Grid and F-Array 

6.1.2.1. The Body-Fitted Grid 

Accurate representation of the duct %% ith inlet and spoiler required a body fitted coordinate 
system. Further. it was very important to have a good resolution with many cells in the 

critical region in and around the duct. On the other hand, a vast number of cells makes 

excessive demands on disk space. Therefore. the %%hole flow domain was assembled with 

many different subdomains. which were specially tailored. Each single subdomain can be 

created using a power law factor in all three coordinate directions. This makes it possible to 

supply a selected region of the subdomain with a finer grid than the rest. If the grid structure 

of one subdomain is compatible with the neighbouring subdomain, both can be linked 

together. The linkage feature permitted the linkage of one single cell of the first subdomain 

to two or more cells of the second subdomain, as long as the cells were geometrically 

attached in close proximity. Hence it was possible to increase the cell size gradually domain 

by domain towards the far flow field. Independent from this linkage method, it is possible to 

insert a fine grid into the initial coarse one. Transition in between the different grids takes 

place with regard to conservation of mass and momentum locally in between the linked cells. 

The alteration in the body fitted coordinate direction at the subdomain connection at the duct 

outlet at the roof. which occurs naturally because of the duct bending (see Figures 7.1.1, 

7.1.2.7.1.5.7.1.6.7.2.1.3 and 7.2.1.4). has been overcome by using a non natural linkage 

method. This method provides a link in between two subdomains, which have geometrically 

a common boundary. but their coordinate systems are not aligned to each other (PHOENICS 

(CHAM)). 

Obstacles are not part of the flow domain. Assembling the various subdomains in the 

computational space takes place through stacking the cells along one direction X. Y or Z. 

Therefore, the geographical location of the single cell is in a complicated way related to its 

cell number IX. IY. IZ. The computational space is organised as a one dimensional field array, 

the `F-Array'. Each variable of each cell occupies one place on the array. As the array is one 

dimensional, an addressing function of the cell numbers of the cell in question determines 

the place of the variable in question. In this way, for each variable the one dimensional field 

array contains a segment with the number of places in a row which correspond to the number 

of cells in the stacked configuration for one z-plane. The sequence of segments is repeated 
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for the following i-plane and so on. For e'ample, for the three variables with storage p, v, w 
the one dimensional field array is populated 

F-Array ========_ 

. -ýý__= l. ! -, lah=====______________4 F============2.7-slab==... 

P---------------------- \ ------------------- \N ----------------- E'---------------------- V--------- 
-- 

NX*N)' places NX'NY places NX *NY places NX*NY places 

The addressing function is: 

LF=LOF(\'ARIABLE: )+II* +N)'*rIt-1 º+NX*NY*(IZ-1)*NV (6.1.2.1.1) 

with NV= number of variable: with storage 

and LOF(V'. ARI. ABLE)= first array place of variable 

In this method of assembling high1N non orthogonal subdomains and linkage via common 

boundaries. the decoupling cat pressure and momentum does not take place with a common 

staggered grid. The alternati\ c method i' the collocated velocity method (see Chapter 5.4). 

6.1.2.2. The Cartesian Grid 

The cartesian grid limits the floYb field to rectangular shapes. The obstacle is part of the flow 

field but its cells are provided %% ith a porosity factor to block the cells completely. There is 

one single cartesian coordinate ' item for the A hole flow domain. which is modelled in one 

block and not decomposed into mans subdomains as in the previous approach. However. the 

spacing along each axis can be defined as non uniform, hence segments of fine grid can 

alterate with a coarse grid. Power law grid spacing is a common feature for each single 

segment. This grid refinement is not localised, it is a refinement of the spacing of the whole 

set of associated planes. In some cases, the need for certain grid refinements could therefore 

cause a huge increase of the number of cells in the domain. 

Each cell number IX, IY. IZ corresponds directly to its geographical location, as there is no 

need to generate a stacked configuration. Each variable of each cell is placed on the one 

dimensional field array, the F-array. 
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Population of the field array for a single r-slab with NX*NY cells takes place as shown 

IY increasing 

ft 

NY 2*NY 3*Nl' (NX-i)*N)' NX*NY 

NY-1 2*NY-1 
.... ...... NX*NY-1 

..... .... .... ...... 

N)'+2 .... ...... 
1 N)'+I 2*N)'+1 

.... (NX-1)*NY+l 

The addressing function is: 

LF=LOF(VARIABI. E)+IY+NY*(1X-I)+NX*NY*(IZ-1) 

= IX increasing 

(6.1.2.2.1) 

The following investigations for flow around the block have been carried out with the 

cartesian grid approach. which requires significantly less storage and runtime than the 

simulations in a multi domain grid with body fitted coordinate system. 
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6.2. Modelling of the Building without Integrated Duct 

Initially various grids were tested in order to assess the sensitivity of the flow field solution 
to different grids. In two dimensional simulation, the coarse grid needed around 3000 sweeps 
and the tine grid around 4000 ý%%ecps to con%erge. The values for the three dimensional case 
were around 7000 or 0(X) se ps accordingly. In all cases, convergence was confirmed 

when the residuals for each of the \ anahle,, reached values lower than 20. Hence, the 

average drop for the residuals wa 5 to 6 orders of magnitude. Global mass flow 

conservation was confirmed in the result files at the inflo" and outflow boundaries. 

61.1. Two Dimensional Simulation with Cartesian Grid 

Under investigation was in particular the number of cells and their distribution in the vicinity 

of the obstacle. which ere found to he crucial to the achieved solution. The grid was refined 

until no significant change in the t1o%k patterns and stable values of the range of pressure 

coefficients on the surfaces "as observed. It was found that special caution is needed not to 

over-refine' the grid solely in one dimernsion, for example by applying a power-law grid 

distribution. This happens easily for %crtical grid refinement over the roof, when the number 

of cells in the z-direction along the roof is kept constant. It causes a prediction of a false 

sudden drop in pressure at the leading edge (Uannecker and Grant 1998). 

The geometry of the tvko test cases are summarised as follow, 

2D test case Number of cells Ay, ' rr« Ay, ' r .'r 
------------------------------------------------------------ 
2D refined Ix 85 x 106 0.062 m 0.069 m 
2D coarse Ix 37 x 62 0.388 m 0.769 m 

Ayp is the distance from the near wall grid node normal to the adjacent wall boundary (see 

Chapter 5.7). 

Both cases differ mainly in the resolution close to the obstacle: 
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refined coarse 
------------------------------------ --------------------------------------------------------------------------- 
tiumhcr of cells along roof length: 20, power lim 1.3 IU, uniformly distributed 
Number of cells aho%c roof 1 LIP) to 0.5 H): 9. po er law I. 5 3, power law 1.5 
Number of cells at fI`AI : ? 5. power law 1.5 15, power law 1.5 

The l' values for the re fined grid are in the range 111; il1l1lication ot the wall boundary (see 

Chapter 5.7 L At the facade upper edge ''= 22. on the front rout edge 238 and at the rear 

part of the roxof 82. For the coarser gnd. all houndarý- functions do not apply. 

The resulting vector t1oN% patterns both show Clow separation at the wall roof edge which 

extends far ahoNe building height into a long wake behind the obstacle. It is seen that the 

grid refinement encourages the extension of the recirculation zone above the roof and behind 

the obstacle. If %%e define the %%ake length behind the building as the distance to where the 

flow patterns sho%% the first tlo%% attachment. the coarse grid case (Figure 6.2.1.1) shows a 

Hake length of 9.4 H. H being the building height, whereas grid refinement (Figure 6.2.1.2) 

increases the wake length to 12.8 H. The recirculation above the roof extended to one fifth or 

one quarter of building height respectivel`. 
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Figure 6.2.1.1: Vector flow patter': in the cross-sectional /plante of svmmetrv, coarse grid 
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Figure 6.2.1.3: Comparison of the pressure rncýfflrient. s OF? the "front fuýuclcý for two 

dimensional modelled flow for two different test gricl. ti. 
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Figure 6.2.1.3 shows the pressure coefficient on the front facade for the coarse and the 
refined grid. In the coarse grid. the lesser number of cells towards the upper edge of the 
facade smoothens the sudden pressure drop of the flow passing onto the roof. It is significant 
that with both grid distributions, the pressure converges to similar values at the upper edge of 
the facade. where the duct inlet is intended to be. 

Over nearly the whole facade, the pressure coefficient is larger than one! This is seen as a 
systematic error caused by the two dimensional simulation approach. In reality, the flow 
deviates in three dimensions. and is turbulent. The third dimension carries momentum away 
which is not transferred into stagnation pressure. Therefore, any quantitative adoption of two 
dimensional results even for the plane of symmetrý- is questionable. 
Previous work has shown (Dannecker and Grant 1998). that it is possible to diminish the 

pressure coefficient on the front facade under the margin of CP =I at stagnation height, by 

applying a boundary laver inflow profile. The thickness of this boundary layer profile 

exceeded the building height significantly. In this may, it is possible to diminish the impact 

of the systematic error. 

Pressure coefficients larger than one may be experienced where local accelerated flow is 

brought to rest. As the pressure coefficient is based on the mean flow velocity in the free 

stream. the ratio of stagnation pressure caused by local accelerated flow could exceed one 

without violating conservation principles. This does not apply however for the simple cuboid 

geometry of the two dimensional simulation. 
It is encouraging that the two dimensional model could produce pressure coefficients near 

the top of the facade which are close to three dimensional models and experimental values. 

This may support further evaluation of the two dimensional modelling. 

The difference in the modelled suction over the front part of the flat roof for the two different 

grids is very significant (Figure 6.2-1.4). It is obvious that the steep pressure gradient arising 

at the front edge can not be resolved with the coarse grid approach. There, the gradient 

propagates over the whole roof length. The refined grid solution generates a more uniform 

suction field over the whole roof, with higher suction near the front edge and at the far rear 

end. The latter results from the flow separation of the recirculating flow behind the building. 

The coarse grid leads to significant overprediction of suction on the front part of the roof, 

however the fine grid solution shows values of suction at the roof edge which are in the 

range of reported values, and which are reasonably close to three dimensional modelled 
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values. But regarding; the %N hole roof. even the refined grid can not prevent the systematic 
ern'r of the t%%o dimensional simulation, w hich results in an overprediction of suction above 
the roxof. In the mo dimensional sim ulatioon, the whole niassilow Passes only over the roof. 
At the sharp edge the tloo%% accelerates and separates, causing increasingly recirculating flow. 

Roof Pressure Coefficient 
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Figure 6.2.1.4. - Comparison of the pre. s sure c "e'Jfic ie :t on the flat roof]-)r two dimensional 

modelled flow for two different rest grids. 

6.2.1.1. Conclusions and Recommendations 

Near solid surfaces. Ay, influences the value of the simulated pressure coefficient on this 

surface. This is very significant for the grid nodes at the sharp edge of the roof. Therefore it 

was important to investigate the nondimensional wall parameter Y. Finer grid resolution 

makes it possible to resolve steep pressure gradients. Refinen1ent in both directions is 

important. One dimensional vertical grid refinement above the roof leads to overprediction 

of the suction at the wall roof edge, therefore the power-law grid distribution has to he 

applied carefully. Power-law factors were kept below 2. Limitations on grid refinement are 

imposed by an increase in computational time and in the required disk space. While grid 

refinement assists in resolving steep pressure gradients. it extends the recirculating zones 

above the roof and behind the obstacle. 
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Two dimensional m(Aelling produces it systematic error, which causes cwerprediction of 
stagnation pressure on the facade and increased suction above the flat roof. However, in the 
area of interest around the facade-Hoof edge, the two dimensional predicted values are close 
to three dimensional predicted values. c\pcrinmental values and published standards (see 
Chapter 6.3.2). Therefore, two dimensional modelled flow through the ducts and its impact 

on the surrounding flow field will he evaluated qualitatively in more detail. 

6.2.2. Two Dimensional Comparison of Cartesian and Body-Fitted Grid Solutions 

The non-cartesian shape of the integrated duct requires a body fitted coordinate system. The 

whole flow domain consists of multiple subdomains. each of them containing a different 

number of cells. This enables a high grid resolution in areas of special interest, whereas other 

areas are covered %+ith a coarser grid. Hence it is obvious that this new approach differs 

significantly from the cartesian system. In order to distinguish the impact of the ductflow on 
its surounding pressure field. It is first necessary to investigate the impact of the new 

gridding approach. As "e ha, .c seen in the previous Chapter 6.2.1. cell size and cell 
distribution may hale a major influence on the calculated pressure coefficients of the 

building envelope. Hence. the t% %o dimensional simulation of one of the modelled duct 

configurations (see Chapter 7. configuration VI) was altered. The duct was closed with the 

wall boundary. The results were compared %%ith the precious two dimensional cartesian 

approach with a refined grid. Both grids use the same number of cells along the building 

envelope, but with a slightly different distribution. The body fitted approach uses twice as 

many cells in the upper half of the front facade. while on the roof the cells are slightly more 

densely distributed towards the front edge in order to model the duct outlet. 

The geometry of the test cases is summarised as follo" s: 

2D test case Number of cells Dye, front Aye, r, %, I Y'rNadN Y+r, x, i 
--- ------------------------- 

2D cartesian refined 
--------------------------- 

Ix 85 x 106 
--------------- 

0.062 
------------ 

0.069 
------------------- 

238 322 
2D body fitted multi domain Ix 238 x 42 0.134 0.062 443 103 
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At the edge of interest. the Y %allics Ulk on their largest aIt es slur to the accelerated tlcow. 
The 10%%est values appear sonieMhere near the rear of' the roof ' where the recirculating 

Selo ity is 1o\\, and in the stagnation area on the front Facade. All Y` valu es are in the 

required range (see Chapter 5.7) 

Companson of the calculated pressure on the front Facade shows (Figure 6.2.2.1 ), how much 

the extent of a generated houndarý layer over the ground depends on the grid distribution. 

The body fitted approach has only 50 I-r of' the cells applied on the lower half of the facade, 

compared with the refined cartesian case. The refined grid can resolve the steep velocity 

gradient close to the ground. and the height of the shear layer is below' the obstacle height. 

The coarser the gnd resolution to%%ards the ground. the larger the growth of the thickness of 

the shear layer. For the coarse gnd resolution, the obstacle may he completely immersed in 

the shear flow. 

Facade Pressure Coefficient 
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Figure 6.2.2.1: Comparison of the pressure coef/ic-ient on the front fiSucle for two 

dimensional modelled flow for a refined curte. sian grid and a ºpticlti-clnmuin grid ºtwith holy 

fitted coordinates (see Chapter 7, configuration VI) 
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Compared wth the cartesian coarse grid approach from the IM-(VR)LI5 chapter (see Figure 

6.2.1.3). the high uniform stagnation fires ure distribution at the lower part cif- the facade 

indicates that not only the lokal grid distribution influences the generation of the boundary 

layer. The vertical grid distribution tomards the ground over the whole tlowfield upstream 

from the obstacle determines the generation of the boundary layer. Local grid refinement of 

the domain in front of the obstacle can not resolve a boundary layer of incoming flow, which 

has already failed to rtsoke the steep pressure and velocity gradients further upstream due to 

a very coarse gnd approach. The strength of the multi domain gridding lays in particular in 

the option gradually to increase the gnd sire due to the linking of one big cell to a few small 

cells. This allo\\ c localised gnd refinement -, without an overall enormous increase of the 

amount of cells. Nc % ertheless. it is important to note. that in the upper part of the facade, the 

calculated pressures are nearly identical. l)ue to the finer resolution of the body fitted case. 

the uppermost value is nearly zero, as expected for the flow passing over the edge. This 

indicates that modelling an inflo boundary layer does not significantly change the values at 

the upper part of the facade. 

Roof Pressure Coefficient 
Z/ total length [J 
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Figure 6.2.2.2: Comparison of the pressure coefficient on the roof f ()r two cliºnen, tiionul 

modelled flow for a refined cartesian grid and a multi-domain grid with body fitted 

coordinates (see Chapter 7, configuration VI) 
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The pressure cOdficient along the roof length (Figure 6.2.2.2) is quite similar in magnitude 
for both cases. Him ever it seem: to he the rase that the slightly finer grid resolution at the 
front part of the roof in the body fitted grid results in a steeper pressure gradient. Behind this 

: gradient, the pressure remains unifornm. It appears that the finer the resolution is at the front 

part of the roof. the more uniform IN the pressure distribution over the rest of the roof. 
Because of the need to model a duct. any grid will have a fine resolution at the front part of 
the roof. Hence it will he expected that the region behind the outlet will normally have a 
fairly uniform pressure distribution. Ani deviation will he due to the impact of the intruding 

jet stream in the flow field aho\e the r(x)f. The increase in suction at the rear part is caused 
by flow separation of the recirculating tlo%k behind the building. It does not influence the 

pressure situation at the front part of the roof. 

6.2.2.1. Conclusions and Recommendations 

In spite of the fact that the far field gridding upstream influences the incoming flow, the 

distribution of pressure in the area of interest on the upper part of the facade and the front 

pan of the roof is not significantly affected. The multi-domain gridding approach, to link 

multi domains with graduallN increasing numbers of cells together to a whole flow domain, 

leads to satisfactory results in the area of interest, as long as the resolution in the area of 

interest is fine enough to resolve steep gradients around the leading edge. 

Hence it is observed. that any modelled inflow domain does not alter the pressure at the 

upper part of the facade. and the impact of grid resolution at the leading roof edge on the 

pressure values is much more significant than the impact of a charge in incoming, shear flow. 

6.2.3. Three Dimensional Simulation with Cartesian Grid 

In order to assess the systematic error of a two dimensional simulation in the y-z plane. the 

same grid was extended in the x-direction to simulate the wind flow around the building in 

three dimensions (see Figure 6.1.1.1). The symmetry plane lays in the y-z plane. To reduce 

the computational time and required disk space, the domain consisted of just one 

symmetrical half of the flow domain. The symmetry plane is a boundary which mirrors the 
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\ariahies in the di"CrOi"rd domain 
. 

The geometry and the grid in the Y-/ Plane is identical to 
the pre % 101.15 I\\ 0 dimensional case (,, cc (,. 2.1 ). 

The tollkming figures shoo%% the cell distribution: the factor behind the cell number is the 
power la%% factor. po er Ia spacing, takes place in positiv coordinate direction. 

A 

17 cells, 1.5 

OW 

Figure 6.2.3.1: Cell distribution of flow domain. schematic drawing, coarse case. 

A 

S() cc"II". 1.5 

V4' 

Figure 6.2.3.2: Cell distribution of flow donwiri, schematic drawing, refined ease 
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The solution of the three dimensional . tniul; ºt«1 case in the plane of symmetry comprises a 

very different NectOr tlo%% pattern to the previous two dimensional solutions. Generally, the 

%%ake behind the huildlin; 
- 

is %c rn much shone r then in the two dimensional case. 

In the three dimensional simulations, the resolution of the grid has an enormous impact on 

the size of the recirculating t1O\% zone. Similar to the pre io i' MO dii»en'ioºnal case (see 

Chapter 6.2.1). The solution in the refined grid shoe a significant flow separation at the 

front edge of the roof. The rec ireulation /one ; ýhO\C the flat roof rises at the far end of' the 

roof to approximately 0.3 W and progresses in the recirculating 'Aake behind the building, 

hich reattaches at around 3.6 H do%% nstream ( Figure 6.2. Z. 3 ). The vector flow pattern looks 

similar to the two dimensional simulated cases. only the wake is shortened. 

In contrast. the solution of the coarse grid does not show flow separation and recirculation 

above the flat roof. The flo%% seems to he attached to the roof. apart from a small vertical 

component of the t1oN %ectors in the first laver of boundary cells above the roof. The 

recirculation wake behind the building reduces to 2H in length (Figure 6.2.3.4). 
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Figure 6.2.3.3: Vector flow pattern in the crass-sectional plane of synunetrV, refined grid 

In order to evaluate the details at the wall, it was verified that the wall boundary layer 

function could be applied in the refined case. (Again, for the coarse case the wall function 

does not apply. ) 
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The 1 clues are for the plane of sN»>nirtrý , as 

top of facade: 1'' = 21)0 for vertical velocity component 
Y* = 47 for tango ntial 'rlox i(\' COMI) lnent U 

front of rkk"t: Y* = 231 for longitudinal vclocit\ Component V 
1'' = 35 for tangential 'cl its co1111)(MCnt u 
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ý. 
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Figure 6.2.3.4: Vector floh pattern in the cross-sectional /plane of symmetry, course grid 

The pressure coefficient distributions are presented for the plane of symmetry. At the front 

facade, the pressure coefficients are around 1. as expected. The coarser grid deviates from 

the refined distribution towards the ground. as the coarser grid could not resolve the steep 

velocity gradient generating the shear flow. The refined grid shows at the base of the facade 

increased pressure, which might he caused by vorticity which could riot he resolved in the 

coarse grid to that extent. At the top of the facade. the three dimensional simulated pressure 

coefficient in the refined grid reaches values similar to those calculated in the previous two 

dimensional approach (compare Figure 6.2.1.3 with Figure 6.2.3.5). Also, the coarse grid 

pressure coefficient converges with the fine grid pressure coefficient towards the upper edge 

(Figure 6.2.3.5). 
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Facade Pressure Coefficient 
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Figure 6.2.3.5: Comparison of the pressure c'oef cient. s at the front f is ade for three 

dimensional modelled flow for to different cartestan grids. 

The pressure coefficient on the flat roof shoA s signit icantIN Tess suction then in the t\ , %o 
dimensional simulation (Figure 6.2.3.6). It "e compare coarse and refined cases in two and 

three-dimensional simulation, the similarities become obvious. The t%w dimensional 

simulated pressure coefficient seems to follo the three dimensional solution more or less, 

with an offset. This is surpnsing for the coarse grid, as the three dimensional simulated flow 

over the roof seems to remain attached. in contrast to the to dimensional case. Higher 

resolution of the grid again causes a more uniform pressure distribution over the flat root. As 

the refined grid allows the flow to separate co>nmpletely, a more uniform suction occurs inside 

the flow separation zone along the flat roof until the far end. Further, the refined grid 

resolves the steep pressure gradient at the front part of the roof. 
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Figure 6.2.3.6: Comparison of the pressure roehu ient. v on the flat roof fir two and three 

dimensional modelled flo ºº fur two different ýrid. s. 

Earlier tests of only vertical grid refinement (l)arnnecker and (; rant 1998) showed, that 

without further longitudinal refinement. the simulated suction at the front part of the roof 
became greatly o%erpredicted (CV - -2.21. I-1oµ separation did riot occur with vertical grid 

refinement. only taking place if an increased number of cells in both vertical and longitudinal 

directions have been implemented. 

6.2.3.1. Conclusions and Recommendations 

The pressure coefficient distribution for flow around a cubic obstacle differs significantly 

between two and three dimensional simulation. Basically, only three dimensional simulation 

can generate results which arc in an acceptable range. Nevertheless. local values in particular 

in the area where the flow passes the sharp wall roof edge. are similar in both approaches. 

This may justify the use of two dimensional simulation for a qualitative evaluation of the 

flow situation in the intended duct area around the wall roof corner. 

In three dimensional simulation the separation of flow at the sharp edge occurs only with a 

significantly refined resolution. Two dimensional simulated results, it' used. should he 
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interpreted in a way that takes account of an intrinsically larger predicted zone of flow 

separation. 

Single grid refinement normal to the solid boundary is not adequate to simulate possible flow 

separation. it is also important to refine the grid in the longitudinal flow direction. Generally, 

it has to be assured that in each dimension, where flow recirculation is expected, are enough 

cells implemented in the domain. This will prove to he significant in the three dimensional 

simulation of the wind flow around a building with integrated duct. 

The slopes of two and three dimensional simulated pressure coefficients on the building 

envelope seem to follow each other to a good approximation, but with an offset. 

To evaluate the different modelling approaches. it is important to compare the results with 

reported values from literature, with standards and with experimental values. But technically, 

the modelling of the geometry of an integrated duct is not feasible without a significant grid 

density. The jet stream which is expected through the duct requires also a relatively fine grid 

resolution. Therefore. the coarse grid approach could never be taken as a basis to model the 

integrated duct with the body fitted coordinate system. 
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6.3. Comparison of Simulated Results with Reported Values 

The present work focuses on the flow situation in the area of the wall roof edge. The main 

parameters are the pressure coefficients on both faces in that area. However, the local flow 

situation at this location is also very important, in particular to which extent the flow 

separates at the sharp edge. and how tronglý it recirculates above the roof. Both factors are 

likely to have some impact on the performance of any ducted w Ind turbine integrated in that 

area. If the flow separates at the leading edge. it may reattach at the rear part of the roof or it 

may not. depending on many parameters. But cver}- part of the flow over the building 

envelope will in some wad he involved in the generated wake behind the building. The loss 

of momentum in the wake and its depression compared to the free stream is according to the 

conservation principle (Schlichting 1965) directly related to the drag force, which the 

obstacle has to withstand. In general terms. by comparing the pressure and the momentum in 

two identical planes in an incompressible flow normal to its direction, one upstream and one 

downstream. we explore the longitudinal component of force v hich the flow experienced or 

exerted accordingly on the way between the two plane,,. As the flow around the obstacle is 

highly three dimensional. the drag force which the obstacle experiences will appear as a loss 

of momentum in three dimensions in the planes Of a virtual cube around the obstacle (Hunt 

and Smith 1996. Hunt 1970). In a similar mariner. the drag force is directly proportional to 

the pressure coefficient integrated over the whole obstacle envelope. Therefore, properties of 

the wake and the pressure field on the surface of the obstacle are related, and it is necessary 

to look at both in order to evaluate the simulated results. 

6.3.1. The Wake behind the Block and the Recirculation above the Roof 

The flow passing around a tall obstacle separates in many ways. The following simplified 

schematic sketch (Figure 6.3.1.1) show% separating streamlines in a vertical cross-sectional 

plane in the mean flow direction, dividing the mean flow field into different zones around 

the obstacle. At the front, the flow divides at stagnation height. where the flow is deflected 

downwards and around the building. The flow around the obstacle separates at each sharp 

edge and generates recirculation. 
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Figure 6.3.1.1: 
. 
%ieanz 11o s streamliuit- pattern /i, r the 

. 
/lo around an obstacle, schematic 

sketch (Hunt and Smith 1969. Dar, gent 1996) 

The downward flow generates a system of horizontal vortices at the obstacle's base, and the 

secondary vortex carries opposing circular momentum to the primary vortex. Behind the 

obstacle, a large recirculation wake is generated. 

The presented streamlines do not represent the boundary of the wake, because turbulent 

intensities and Reynolds stresses will not be regarded in this investigation. Wake boundaries 

extend beyond the recirculation zones (Schlichting 1965, Hunt and Smith 1969, Hunt 1970, 

Counihan 1971. Dargent 1996). For example, the roof wake boundary includes a high 

turbulent region above the roof which gives rise to the pressure drop over the whole roof 

compared with free flow conditions. Therefore. the low pressure area is not solely restricted 

to the recirculation zone, it extends to the zone of reattached flow at the rear part of the roof, 

if this occurs. Here, no attempt is made to compare turbulent intensities and Reynolds 

stresses with reported values. The main features of comparison are the mean flow 

recirculation patterns above the roof and behind the obstacle. In particular the recirculation 

pattern above the roof is seen to be of major importance for the implementation of the ducted 

wind turbine. 
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Many parameters influence the recirculation t1o%% pattern, site and momentum. Under certain 

circumstances, the sec ondarN vortices may not appear. and the reattachment behaviour may 
differ from case to case. 

Generally, a higher level of turbulence in the flow decreases the wake length. Hence, 

increasing roughness height of the terrain induce,, it less significant wake and reduces the 

recirculation zone, as the obstacle submerges in the boundary layer shear. These general 

tendencies are said to he valid for all zeometrics with , harp edges (l)argent 1996). 

Still, the recirculation zones and the wake are very much determined by the aspect ratios of 

the obstacle. In the three dimensional case, the width influences the distribution of 

momentum which is transferred vertically or laterally at the front facade. 

Most of the research has been carried out for the simple cube, and even for this case the 

published investigations lead to quite diverse results. 

The wake of a rectangular multistorey building in an urban environment will be influenced 

by the buildings in its vicinity. and also by longitudinal and vertical pressure gradients in the 

local atmosphere in the vicinity of the building. Also buoyancy will play a role. But 

published data on field measurements of Hakes and recirculation are very rare (Colmer 1970 

as quoted in Counihan 1971). and the author did not come across any publication referring to 

a similar case under investigation. 

All quoted published research in Computational Fluid Dynamics is based on the k-c model. 

The wake length behind the building is presented as the distance between the leeward side of 

the obstacle and the reattachment point at the end of the recirculation zone. This 

reattachment point may be defined in three different ways. Some cite the stagnation point on 

the ground behind the obstacle. which might be the most accurate way to determine the wake 

length. Other ways are to display the vector field pattern or the streamline pattern in a cross- 

sectional vertical plane in mean flow direction. However, there is sometimes discrepancy 

between the cited stagnation point and the displayed vector flow patterns (for example with 

Zhang 1992 or Baetke 1987). For the sake of clarity. in the presented work reattachment will 

be defined from the vector flow patterns as displayed in the vertical cross-sectional plane, in 

the first cell above the ground downstream from the obstacle where the flow vector does not 

show reverse flow any more. In the published literature, where the streamline patterns are 
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given, a tangent to the streamline was estimated in the section above the ground and the 

crossover point with the ground line %% as taken as the estimated reattachment point. 
Unfortunately. the simulated tlo%% conditions and the geometry of the obstacle do not 

precisely correspond to investigations found in literature, hence the comparison is inexact. In 

order to allow comparison, the dimensions of the recirculation zones are non- 
dimensionalised with the obstacle height. The intlo profile was simulated as uniform, for 

the sake of clarity as described in Chapter 6. I. I. However the uniform inflow generates a 
boundary layer profile, as the ground region in front of' the obstacle is represented with wall 
functions. But the boundary layer thickness will remain below one third of the obstacle 
height. Here, the inflow carries a turbulence intensity of 40 IT. and the dimensions of the 

obstacle are 30 m height. 20 m depth and 35 m width. 

6.3.1.1. Comparison for Two Dimensional Flow 

For both different grids. the flow separates at the leading roof edge and does not reattach at 

the roof. Using the coarser grid (see Figure 6.2.1.1), the length of the recirculation region in 

the wake of the obstacle is around 9.4 H. and the reciculation lone exceeds the roof height 

for about 0.2 H. which occurs already over the rear part of the roof. In case the fine grid is 

applied (see Figure 6.2.1.2. ). the recirculation over and behind the obstacle expands 

significantly. The flow separates at the leading edge, and includes a recirculation zone, 

which reaches at the rear part of the roof approximately 1/4 H over the roof. The maximum 

height of the recirculation zone (ca 1.6 H) is reached at approximately half of the distance in 

between obstacle and reattachment point (ca 12.8 H). 

A detailed comparison of numerical and experimental results shows the range of diversity. 

Dargent (Dargent 1996) simulated the flow around a two dimensional flat rectangular block 

(D/H = 2/1, depth in flow direction) for two different inflow conditions: A boundary layer 

profile with a high amount of turbulence and a uniform profile with low turbulence. In the 

first case, the recirculating flow reattached at 5.5 H behind the obstacle, in the second case at 

7.3 H. A corresponding wind tunnel experiment (Moss and Baker 1980 as quoted in Dargent 

1996) showed reattachment at 10 H. 

Counihan (Counihan 1971) simulated the atmospheric boundary layer in the inner city in a 

wind tunnel, so that the boundary layer thickness exceeded the obstacle height. This reduced 
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the reattachment length behind the obstacle to 6 H. Flow visualisation showed reverse flow 

only up to 4H do%%nstream. but negative perturbation stresses were measured as far as 6 H. 
The maximum stress. that is to say the maximum rate of change of perturbation velocity, was 
measured at 1.5 H vertically and 4H downstream from the obstacle. This might be 
interpreted as. a zone boundary for the wake. In it previous reported experiment from the 

same group (Hunt 1970). it is stated that the flm% separates from the front edge of the roof, 

and does not reattach. The greatest longitudinal and vertical turbulent intensities are located 

at a height of 0.4 H above the rear of the rm)f. The greatest lateral turbulence intensity occurs 
higher above the roof (0.77 H). 

.. \ reattachment length of 6H is also quoted for a square two dimensional prism in a shear 
laver which is around 3/4 H thick (Brittner and Hunt 1979). 

For uniform inflow and low roughness height. reattachment length values of 9H for a two 

dimensional cuhoid up to 12 H for a %ertical flat plate are reported (Castro and Fackrell 1976 

as reported in Bnttner and Hunt 1979). These correspond very well with the presented ones, 

which are also based on uniform inflov conditions. 

For the tall slim rectangular model (D/H = 1/3) Dargent (Dargent 1996) reports reattachment 

at 9.2 H. or in the case of a square cross-section reattachment 7.5 H. In the later case, the 

displayed streamline shoes floe separation at the front edge of the roof. The flow remains 

separated over the whole roof length. and the height of the recirculation zone over the rear 

part of the roof is approximately 1/4 H. 

Flow separation and wake behaviour as reported by Dargent supports the results of the 

presented work and corresponds to experimental work (Bergeles and Athanassiadis 1983). 

Here, a shear flow with a boundary layer thickness of nearly half the obstacle height, but of 

only 0.5 % turbulent intensity, generated a long wake of around 11.2 H. This wake is 

reported to exceed the obstacle height. reaching 1.45 H. For a flat rectangular block 

(D/H = 2/1). the flow is reported to reattach at approximately 8.5 H downstream. 

In a very similar experiment with a block of the same aspect ratio (D/H = 2/1 )a reattachment 

length of 7H is stated (Arie et al. 1975). Here, no appreciable difference in the velocity 

profiles around the obstacle can be observed for the two investigated boundary thickness' of 

0.55 H and 1.13 H. In both cases, the flow separates at the leading edge and does not reattach 

on the roof. The maximum height of the dividing streamline of the wake behind the obstacle 

is quoted as 1.4 H, which corresponds to Bergeles et al. and supports the pattern found in the 
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presented simulation. Anc explain, this high wake as due to the ('panda effect, by which the 
separated shear laver i: deflected upwards at the upper surface (Arie et at. 1975). 
The two dimensional simulation for the t1o%% over a cube using two different k-F- models 
shows streamline patterns, which correspond quite well with the presented results (Yaghoubi 

et at. 1998). Applying the standard k-t' model, the tlo%% separates at the front edge and does 

not reattach on the roof. At the rear part of the roof, the height of the separated flow zone is 

approximately 1/4 H above the rexof, and behind the obstacle the recirculation zone rises up 
to 1.5 H. The streamline reattaches at 12.5 H downstream behind the obstacle. A low 

Reynolds number k-E m(xiel resulted in a more compact wake, but in principle the flow 

separation remained the same. The recirculation zone was raised further height to 

approximately 2/3 H above the roof. whereas the reattachment length behind the obstacle 

shortened to 10 H. 

6.3.1.2. Comparison for Three Dimensional Flow 

Under the same inflow condition,,, a three dimensional simulation for the flow around the 

cuboid generated a different flow field than that experienced in the two dimensional 

simulation. even for the plane of s\mmetrv. For the coarse grid resolution (see Figure 

6.2.3.4). the flow in the first cell layer over the roof carries a small vertical velocity 

component. but separation and recirculation can not be resolved. Behind the obstacle it 

generates a recirculation zone of around 2H length. The recirculation zone does not exceed 

the building height. 

In the fine grid approach (see Figure 6.2.3.3). the flow separates at the front edge and 

generates a recirculation bubble which rises to approximately 0.3 H above the rear part of the 

roof and reattaches at 3.6 H downstream from the obstacle. The recirculation zone behind the 

obstacle reaches its maximum height of 1.35 H halfway dov nstream between obstacle and 

reattachment. 

In order to evaluate those results, they are compared with experimental and numerical work 

and with published standards. Unfortunately, detailed investigations have been mostly 

carried out for a cube. However, for civil engineering purposes, a standardized approach may 

be based on a scaling length R, which combines the two dimensions facing the incoming 

flow (height and width) (ASHRAE 1993). The handbook presents 
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tl = u,,, ý, Rl ,"< 
where B: is the smaller and 13, Is the larger of' either height or width. The maximum height 
H of the recirculation aho\e the roof is located at it distance X, from the leading edge. Flow 

reattachment lengths are l, for the roof recirculation and I., ý for the recirculating wake 
behind the building. They are related to the "c aline length Rv is 

Ný =0.22. R \( = 0-5. R I, = O. 1). K I. k =I . (). R 

It is significant that. according to the . atiIIR AF standard. the bake behind the obstacle does 

not exceed roof height. The houndar\ of the recirculation lone in the wake is generally 

assumed to fall linearly to the ground. This might he an oversimplification, but it 

corresponds %%ith the three dimensional simulation in the coarse grid approach. Further, it is 

stated that high turbulence in the incoming tlo" may decrease the coefficients by up to a 
factor of 2 and may cause the reattachment locations to fluctuate. 

Ht 

Xý. 
H 

Lk 
Figure 6.3.1.2.1. Definition oIA. SI/R4/:. sýuýrclurcl iýºcýct. curc. c (. -I. 'IIK. -1I-. 1993) 

For the investigated case of 30 m height and 35 nm width, the reattachment length of the 

recirculation over the roof 1., exceeds the obstacles' depth of 20 ni. This may he interpreted, 

that the roof recirculation does not reattach. The maximum height of the roof recirculation 

zone (0.23 H above the flat roof) occurs at the rear 20 r/( of the root' length. The flow 

reattaches behind the building at 1.1 H downstream. Compared with the three dimensional 

fine grid solution, the recirculation above the roof is well described, the wake length is not. 

being closer to the coarse grid result. Overall, the picture is not consistent. As the standard is 
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recommended for building plant engineers, it is possible that real scale experience may be 

very different from Computational Fluid Dynamics simulations and wind tunnel 
experiments, where in particular an extended recirculation over the roof always goes along 
with an extended wake behind the obstacle. 

Comparison with investigations of flow around cubes shows a vast variety of generated wake 
patterns. In a comparable CM-sinmulation. latif presents reverse flow only in the first layer 

of cells above the roof (atif 1989). Further above, the flow passes as smoothly as in the 

presented coarse grid re cult. Hence, the grid resolution seems to play an important role in 

modelling recirculation. Latif implemented 5 cells to resolve a height of 0.5 H above the 

roof. compared with three or nine for the presented coarse and fine grid approaches. In the 

case of Latif. the height of the houndar cell was 0.05 H. compared with the presented fine 

grid value of 0.02 H. The length of the recirculation zone turned out to be 3.7 H, which 

corresponds with the presented result for the tine grid. But in contrast to the latter, the 

recirculation zone behind the building did not exceed the roof height significantly. 

Experiments attempted to show the influence of the boundary thickness on the recirculating 

flow over the top of a surface mounted cube (Robins and Castro 1977). but unfortunately no 

detailed measurement oaf the flow field over the roof is given. Suggestions concerning the 

flow field are based on the measured pressure values along the roof centerline. It is 

suggested. that approaching shear tlo%% "ich a boundary layer thickness of 1.4 H generates 

fully separated flow over the whole roof. but with thinner layers reattachment takes place. It 

is stated, that flow separation must occur at the leading edge, whatever the nature of the 

upstream flow. As the high negative pressure coefficient declines sharply to reach nearly 

zero base pressure at the rear half of the roof, reattachment is suggested. For normal inflow, 

the wake behind the cube reattaches at around 1.5 H. For 45° inflow, the reattachment length 

increases to 2 H, and it is suggested that no recirculation occurs over the roof along the 

diagonal centerline (hut an edge vortex may occur). 

Other experimental work leads to different conclusions. Flow visualisation showed reverse 

flow in the wake behind a cube up to IH downstream, with flow separation occurring only 

from the rear trailing edge (Counihan 1971). Here, flow separation from the front edge is 

only reported for the flow over an infinite beam of square cross-section on a ground plane. 

For the cube, the maximum perturbation stress is measured at roof level, which gives a hint 

that there is no significant wake above the roof. This result contradicts the previous 
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measurements from the same laboratory (Hunt 1970, Hunt and Smith 1969), which stated 
that the flow over the cube separates from the leading edge and reattaches half way along the 
roof. Even as the flow reattaches. the maxima of all three main axis components of the 
turbulent intensity are measured 1 /6 to 1 /7 ahoy e the top of the cube. Reverse flow behind 

the cube is measured up to 1.5 H. Here, the experiments show less recirculation than the 
presented simulation. 

Roof recirculation is also not ohser\ed in a simulation (I)argent 1996), which is comparable 
with the presented one. The tlo%% directly over the roof turned out to be very slow, but not 
reversing. Reattachment behind the obstacle occurs at 2.5 H (referring to the displayed 

streamline pattern. 2H as cited in the text). In the same work, an experiment is quoted, 

which states for normal inflow towards the cube an extended recirculation zone with 

reattaching flow at 3H behind the obstacle and rising to 1.5 H above the obstacle's top 

(Huber and Snyder 1982 (as quoted in Dargent 1996)). This experiment supports rather the 

presented fine grid approach. 

Also. no roof recirculation is ohserved simulating different turbulent levels for boundary 

layer shear flow (Zhang et al. 1992). Vectorplot patterns display the reattachment behind the 

obstacle at around 2.4 H for a low level of turbulence. 2H for a high level of turbulence (in 

the text the cited values are 1.7 H and 2H respectively). 

Murakami and Mochida report experimental work in the wind tunnel, which showed for a 

cube reverse flow approximately I to 1.5 H downstream (Murakami and Muchida 1989). 

The wake height did not exceed the cube's top. The flow separates at the front edge and 

reattaches in the middle of the roof, and the height of the recirculation zone over the front 

part of the roof is about 0.1 H. These experimental results were compared with numerical 

investigations using the standard k-F model and three different cartesian meshes. All three 

different mesh types are still coarser than the fine grid approach in the presented 

investigation. Murakami and Mochida found in all cases that the flow behind the cube 

reattaches further downstream than 2 H. It is stated that a tine grid with small mesh interval 

leads to a higher production of turbulent kinetic energy and increased turbulent energy 

dissipation. This causes the zone of recirculating flow behind the obstacle to decrease, in 

particular the reattachment length shortens. Although the wake is overpredicted in the 

simulation, the pressure coefficients and the recirculation above the roof are consistent with 

the experimental results. 
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A succeeding investigation by the saiu group focused on the performance of different 

turbulence models (Nlurakami. Mochida , and Hayashi 1992). The k-e model overestimated 

reverse flow velkxity in the wake, and the reattachment length behind the building was 2 H, 

confirming the coarse grid result in the presented simulation. Recirculation over the roof was 
not observed, and the suction at the front of the roof was greatly overestimated. This 

experience is shared as well with the presented investigation, where the simulated flow 

generates a higher suction at the front of the roof in the coarse grid approach, without 

generating a separation bubble of reverse flow. The lack of recirculation over the roof is 

explained in a paper h\ the same author (Murakami 1993). The k-c model seems to 

overestimate the values of turbulent kinetic energy at roof height. Hence, overestimated 

turbulent viscosity and diffusion hinders the generation of a recirculating flow pattern. 

Streamline curvature treatment of the eddy viscosity in the k-c model predicted the flow 

around the cube (Baetke et al. 1987). For uniform inflow with low turbulent intensity, flow 

separation occurs at the leading edge and the flow does not reattach on the roof. 

Reattachment occurs according to the vector flow display at around 4H downstream from 

the obstacle (whereas the text cites the reattachment zone as 2 to 3H downstream). The 

recirculation zone over the roof reaches at the rear part a height of about 0.25 H. and behind 

the obstacle rises further to 1.3 H. These recirculation patterns correspond very well with the 

presented simulation using the fine grid. Baetke quotes a nearly uniform pressure coefficient 

distribution along the roof centerline. with CF, - -0.6. He compared his simulated pressure 

coefficients with experimental values (Castro and Robins 1977 as quoted in Baetke 1987) 

and found excellent consistency. As quoted earlier. Robins and Castro did not link the 

uniform pressure coefficient distribution over the roof to completely separated flow. Beatke 

achieved overall consistency by simulating a boundary layer which is used in wind tunnel 

modelling. The shear layer reattached on the roof at around 0.5 roof length, and the 

recirculation behind the obstacle reattached at around 3H and rose to 1. I H. The pressure 

coefficient over the roof declined sharply and then recovered to values close to zero towards 

the rear half of the roof, corresponding to the experimental values of Robins and Castro. The 

flow patterns suggested by Robins and Castro based on pressure coefficient measurements 

were verified by this simulation. 

For a different geometry (H: D: L = 2: 1: 1) the streamline curvature correction seems to affect 

only the reattachment length of the recirculation behind the cuboid (Baskaran and 

Stathopoulos 1989). Without this correction, the flow separated at the leading edge and did 
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not reattach. The recirculation rose to around 0.25 H above the rear part of the roof, and this 
height was the maximum attained. Reattachment behind the obstacle occurred at around 
2.25 H. or with streamline correction 2.05 H. 

A very direct approach to generate the recirculation /one at the front part of the roof has 

been tested by Paterson and Ape lt (Paterson and Apelt 1989). They simulated the flow 

around the cube in a very coarse grid, and no t1o%% separation occurred above the roof. Fixing 

the longitudinal velocity at the leading edge of the roof to zero, recirculation and 

reattachment appeared comparable to I3aethe, but the suction turned out to be overpredicted 

at the leading edge. Reattachment of the recirculation behind the obstacle occurred at 2.5 H 

downstream. Further on the article displaN' the streamline pattern over tall rectangular 

cuboids. All of them sho%% flow separation at the leading edge of the roof, no reattachment 

downstream along the roof and a recirculation behind the obstacle which exceeds the roof 

height and reattaches further down than 2H behind the obstacle. It appears to be a general 

pattern. 

6.3.13. Conclusions 

The reported results are divers and point out. how strongly the flowfield in the vicinity of the 

obstacle depends on the experimental conditions or the set up of the numerical model. 

Nevertheless. a qualitative comparison verifies the presented results for both gridding 

approaches in general. The fine grid approach might overestimate the size of the 

recirculation zone and the momentum of the recirculating flow, but not to a large extent. In 

contrast, the coarse grid approach in three dimensions does not resolve recirculation over the 

leading front roof edge. Hence it is obvious that grid refinement is the key to modelling 

recirculation. However. two contrary mechanisms seem to be present. A refined grid is able 

to resolve pressure and momentum gradients which are the basis of the recirculation pattern. 

On the other hand, as reported in the literature Murakami et al. ). when using the k-E model 

the finer mesh, which is still coarser than the refined grid in the presented simulation, 

supports dissipation and therefore may shorten or even hinder the recirculation pattern. 

However, experience in the presented investigation is, that the refined grid leads to rather 

overestimated recirculation pattern. Hence, the way of grid optimisation will be somewhere 

in the middle. It seems to be crucial to generate a grid in the wake region that k and E meet 

the equilibrium condition. The theoretical equilibrium condition states, that the rate of 
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production and destruction of turbulent kinetic energy k is proportional to the rate of 
production and destruction of turbulent kinetic energy dissipation E. 
In the presented work, the geometry and the site of the integrated turbine duct requires a 
distinctive grid refinement in the area in question. The refined grid is in particular necessary 
to resolve the jet stream through the duct at the area of inflow and its entrainment into the 
outer wake. Therefore. I complete l\ optimised grid for the flow around the building would 
perhaps not be compatible with the grid requirements of' the duct flow. The presented work 
attempted to solve this dilemma in the best possible %Lay. and the generated pattern of 
recirculation seems to correspond quite m ell with many reported investigations. 

Also. it appears that the relation between the pressure coefficient distribution over the roof 

and the local flow pattern is not unique. In particular the extent of recirculation can not be 

solely predicted on the basis of pressure coefficients on the roof. For example, in the 

simulation. a uniform negati\e pressure coefficient distribution goes along with a large 

recirculation pattern above the roof. Such an observation is not reported for wind tunnel 

experiments. and it can not be confirmed in the author's experimental work. On the other 
hand. a non-uniform pressure distribution over the flat roof, which is reported as indication 

of flow separation and reattachment. is in the presented investigation generated by the coarse 

grid approach: a gnd. %% hich is not able to resolve the recirculation pattern. 

Finally. the lack of real scale field trials is a severe limitation to the evaluation of 

experimental and numerical modelling. 
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6.3.2. The Pressure Distribution on the Facade and Roof 

In order to investigate the masstloww through the duct, it is important to evaluate the 

simulated pressure coefficient distribution on the front facade and flat roof. However, in 

particular for the flat roof, the standard values recommended for architects and civil 

engineers (BRE 1989) differ very much from the standard values valid for small scale 

models (ESDU 1993). It i: obvious that the conditions of the wind flow around buildings is 

in reality more complex than for small models. This seems to lead to reattachment of 

separated flow along the roof. and also to much %%orse suction at the roof edges. This can not 
be seen simply as an effect of scale, a Reynolds number effect. A simulation of the wind 

flow around a block with a certain fixed uniform inflow wind speed gave identical results for 

the real scale block (30 mx 35 mx 20 m) as for the model downsized 1: 100. The reason for 

this difference is rather that small variations in flow conditions can change a local pressure 

by altering both the overall magnitude of pressure and also its distribution, in particular on 

the flat roof. The standard model values are not useless for a real scale approach, but in order 

to calculate loads for real scale applications, additional factors have to be taken into account, 

such as the design gust %elocity, the mean wind speed profile and the amount of turbulence 

in the flow. Also real scale measurements, observations and experience of wind flow over 

buildings influenced the set of standard values from BRE. Further, there is a security margin 

included. 

For accurate validation of the numerical model, the ESDU standard data are more practical, 

as the flow conditions are fixed to datum conditions. The datum conditions are given as 

follows: 

- the free stream Reynolds number is between 10° and 10", but the length on which the 

calculated Reynolds number is based is not stated; 

- the inflow profile is uniform, and the thickness of the boundary shear layer does not 

exceed 20 % of the obstacle's height 

- the flow is smooth, the turbulence intensity does not exceed I% 

- the flow is unbounded 

- the flow is incompressible 

The numerical model with the fine grid meets nearly all of those flow conditions, only the 

turbulence intensity of the inflow is set to 40 %. Increased turbulence intensity may 

generally support reattachment of the flow. But because of its aspect ratio, this obstacle does 
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not show reattachment at the roof under the given uniform inflow condition, even for very 
large turbulence. A detailed analytical correction method for turbulence is worked out in the 
ESDl1 data tables for the integrated force coefficient acting on one side of the obstacle, but 
for the pressure coefficient distribution nothing like this was found. Data for a combination 

of conditions which depart from datum conditions are almost non-existent. 

6.3.1.1. Comparison for Two Dimensional Flow 

In the literature. two dimensional tlo%% around an obstacle is most of the time defined as flow 

between end plates (f=SDU 1993). Therefore. the 'infinite' long obstacle (see Figure 

6.3.2.1.2) is limited at its very ends. but is not surface mounted. The application is for 

example a bridge in a% alley . or a sky scraper (Rahnema et al. 1996. Sam et al. 1979). In the 

latter case. the influence of the surface and the roof of the skyscraper on the pressure 
distribution on the walls is only locally significant. 

Standard data are available for two dimensional backward or forward facing steps, which can 

not be applied to the geometry under in%estigation. which represents more a infinitely long 

and thick wall. For the flow over the infinitely long rectangular cuboid, horizontal surface 

mounted. some difficulties arise, as the pressure coefficient distribution on the flat roof 

seems to depend strongly on the aspect ratio of height/depth. which is in our case 3/2. The 

pressure distribution on the front facade is much less sensitive to changes in geometry, but 

rather sensitive to the inflow conditions. One set of experimental values for an infinitely long 

rectangular section with D/H = 211 has been recorded for different boundary layer thickness 

(Arie et al. 1975). Ane also stated an empirical law which describes the pressure distribution 

at the front and back of the object. Very similar in profile to the two dimensional simulated 

results for the front facade are experimental results. in ti hich the thickness of the boundary 

layer exceeded the obstacle height for around 37 17( (see Figure 6.3.2.1.1). The other 

distribution in the diagram is measured for a boundary layer thickness of around one third 

building height (Baines 1963). A thick boundary layer seems to lower the pressure on the 

upper part of the front facade. It shows as well the extent to which the simulated flow creates 

a shear upstream of the obstacle. 

Overall it is obvious that the simulated values have a shortcoming. The two dimensional 

simulation seems to lead to an offset, and shifts the values of the pressure coefficient well 

over the margain of Cp = 1.0 (Figure 6.3.2.1.1). 
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It \\ould not he po ihlc to predict the nias'flýºýý through the duct with any accuracy in two 
dimensional simulation as O'Uistimation of the front pressure will force girl unrealistic speed 
through the duct. The t1o\ý through the duct ý% ill he compared for different geometries only 
qualitati'clv in Chapter 7). 

0.9 

0.8 

0.7 

L 0.6 
v, 

0.5 

0.4 

} 0.3 

0.2 

0.1 
o 

Facade Pressure Coefficient 

Expenment Ane et al. 
Simulation 

Experiment Baines 

\\\. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 
Cp() 

Figure 6.3.2.1.1: Comparison of the pressure coefficient di.. trihcction for two dimensional 

floh on the front facade of a . surfiure n punted ruhoicl, experimental and wi"t"'hited values 

Comparison with the ESDU standards is difficult. as the FSUU defines the two dimensional 

flow over an obstacle in a physically different situation (F. SI)U 1993). The flow passes over 

and below the isolated infinitely long rectangular beam between endplates (see Figure 

6.3.2.1.2). while the presented two dimensional simulation assumes the obstacle as surface 

mounted. If we only look at the upper part of the two dimensional simulated nmodel. the flow 

situation might be similar toi the flow over the isolated cuhoid as defined in ES[)U. For the 

latter, the stagnation point on the front is of course in the middle. As the stagnation point for 

the surface mounted obstacle is towards the upper part, it might well he that the upper part of 

the obstacle is surrounded by a similar flow field to an isolated cuhoid with an aspect ratio 

height/depth < 1. 
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Figure 6.3.2.1.2: Two dimensional. /7mv around infinitely long isolated rectangular beam 

with end plates 

The following Figure attempt such a compari wn: Figure 6.3.2.1.3 compares the pressure 

coefficient of the simulated model with the FS[)l' standard for a rectangular isolated infinite 

beam (with aspect ratio depth/height = 1/2) on the upper part of the front face. 
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The vertical Scale is nondimensional cd ý%Ith the (fist, ºnrc \ 11 h(tw'ccn the stagnation height 

and the top. The noo%% familiar shift of the simulated values beyond the margin of' one 
disqualifies the \alues. But the , h; ncc of the distribution i,, very similar. 
Striking is the comparison of simul; tt<<t ; rluýs sieh l: Sl)(1 standard values can the flat roof, 

where both the distnhution of the pressure coefficient and its ma nitud corresponds (F~igure 
6.3.2.1.4. 
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Figure 6.3.2.1.4: Comparison of the pressure c'ue%/ic ient di. strihuticººi for two dimensional 

flow on top of surface mounted obstacle und standard values for isolated obstacle 

This good agreement is especially surprising as the equivalent aspect ratio can only be 

estimated. According to ESUU. for the isolated block the two dimensional tlow reattaches to 

the side walls at an aspect ratio of depth/height > 2.8. This comparison does not validate' 

the two dimensional simulation, but it would he probably worthwhile to undertake a 

systematic investigation to explore any possible equivalence in the flow situation over 

surface mounted two dimensional objects and isolated objects. For potential fields it is not 

uncommon to apply models based on the principle of equivalence, but for recirculating flow 

it may not necessarily work. 
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Unfonunatelý. the aspect ratios in the e\l, erinlents ooF Arie (h) not correspond to the one used 
for the presented simulation (Figure 0.3.2 

. 
1.5), the pressure distribution over the front as 

presented above is measured for square-section beams , i, V ell as for various steps, but the 

pressure di"tnhution on the upper surface varies. h )r the flow over the square surface 

mounted section. Arie reports a nearly uniform negative pressure distribution of' C',, -V -0.7. 
For the Clow over %ariou" steps %%ith aspect ratios depth/height = 2/1 to 6/1, a certain pattern 

becomes obvious. With deeper steps the pressure at the leading edge becomes more and 

more negative. %%herea" at the trailing edge it converges more and more towards C,, - -0.2, 
ý%hich is the recommended value in the URE guidelines ( URE. I989). For Cr - -0.2. it is 

assumed that the flow has reattached ein the roof. 

Companson of the simulated %alues %%ith the expenmental values of Ane (Figure 6.3.2.1.5) 

show certain trends %%hich are similar. The uniformity of the pressure distribution over a 
large area of the roof can he found in cases "here the flow over the roof does not reattach, 

for example for the square bears. The high suction on the leading edge is a sign of strong 

streamline curvature. high velocities and high stresses. 
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Figure 6.3.2.1.5: Comparison of the pressure (oeffic ic'nt cli. titrihution . 
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6.3.2-2. Comparison for 'I'hrer Dimensional 1ý'Ioº%% 

The stand: ºr s for tlkm around three Wujen. ional rectangular surface amounted obstacles 
sho%% that for different height / idth aspect ratios, the pressure coelticlent distribution at the 
front facade corresponds to the one on the face tit it cube (ESI )V 1993). The isohars on the 

cuhe%, front face are stretched %erticallk or horirontally, according to the different aspect 

ratios. Comparison on the front facade %how, that the simulated values in the plane of 

symmetry are slightly overpredicted. 
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Figure 6.3.2.2.1: Compari. son of the pressure coefficient distribution %c, r three climensiconal 

flow on the front facade of a surface mounted euboid: e'. rý, erinºeýitcil, . ýi, nulcýtrcl and standard 

values 

This may be due to the symmetrical set up of the model. where only one symmetrical half is 

modelled. Here, the plane of symmetry is the x=I WEST plane (see Figure 6.1.1.2). the 

symmetry boundary plane in which the lateral component is kept at zero. which might 

disturb the balance of momentum and stagnation pressure in a similar way to the systematic 

error which occurs in the two dimensional simulation. If we look at a cross-sectional plane 

away from the symmetry plane. the simulated values agree well with the standard values 
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(ESDU 1993). The simplified real scale standard for the construction industry recommends a 
single value of Cp = 0.89 vertically along the whole height of the facade (BRE 1989). Also, 
for a thin boundary laver compared to the obstacle height, the non-dimensionalised pressure 

coefficient distribution on the front facade seems to he not sensitive to changes in height. 

Previous experimental work (l .c \-k 1997) recorded the pressure coefficient on the front 

facade for a block twice as high as simulated. Its distribution is slightly shifted towards 

greater values compared with the h. Sl)11 standard. Figure 6.3.2.2.1 shows as the last curve 

the pressure coefficient distribution for the 30 cm high model on its front facade (Experiment 

Dannecker). In comparison with the previous experiments with the 60 cm high model 

(Experiment Lcyk) it is obvious that the houndan layer over the turntable affected the 

pressure values for the lower part of the model. but the values on the upper part correspond 

very- well a ith the simulated and standard values. 

To find corresponding standard values for the pressure coefficient distribution on the flat 

roof is much more difficult. HoH e<-er. ESC)U (ESDU 1993) states that the flow does not 

reattach on the roof when the aspect ratio of the obstacle depth/height is smaller than 2.5. In 

the simulation. the large separation zone over the top with its recirculating flow generates a 

more or less uniform suction field o%er the roof. Difficulties arise, as no detailed distribution 

standard data are available for a block with aspect ratio identical to the simulated one. 

Instead. the pressure coefficient i,, vaguer described as 'approximately uniform, around Cp = 

-0.68. more negative at the front than at the rear' (ESDU 1993, page 39). This value fits quite 

well in the range of %%hat is simulated. In detail. the compared distributions from ESDU are 

based on different obstacle geometries. The first one belongs to a cube, the second one to a 

tall parellellepiped. with an aspect ratio close to the tall model used in the previous 

experimental work of Leyk (60 x 35 x 20). Unfortunately, unlike the pressure distribution on 

the front facade, the pressure coefficient distribution on the flat roof can not simply be 

derived from data measured on a cube. But obviously, the experimental distribution of the 

recessed model corresponds very well with the standard values over the cube. 

However, it is possible to produce some plausible arguments. As the aspect ratio of the front 

facade of the experimental model is nearly a square, it is very likely that the flow 

corresponds closely to that at the cube's front, and carries a similar amount of momentum 

over the roof. This may cause a similar value of the mean pressure coefficient on the roof. 

However, as the roof is shorter than in case of the cube, the pressure coefficient will not 
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recover dowistrcani %%ith the largest "uitIOn in the middle. Rather it is expected to he similar 
to the case of the 'tall hlCkk'. because it is based oil the salve depth / width ratio. In this 

sense. the simulated values seem to he plausible. Probably. the steep increase in suction at 
the rear does not correspond to values found in experiments and overestimates the impact of 
the recirculating %%ake behind the building. But this possible shortcoming is not relevant for 

the pressure and tloN% field in the area of' interest at the from ut'the roof. 

Roof Pressure Coefficient 

Z/ total length [] 
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ESDU cube 
ESDU tall block 

" Experiment Dannecker 

Figure 6.3.2.2.2: Comparison of the pressure eOefic-ieººt distribution Or three cliººtCººsiuºUul 
flow on the roof of a surfac e mounted c uhcºicl: e. A/ºerimental, %iriiulated unc! wa'u/ard values 

Very important for the purpose of integrating a ducted wind turbine is the increased suction 

arising at the front edge of the roof, where the flow separates. The absolute value of suction 

in this region depends on how the flow separates, which itself depends on the nature of the 

approaching flow. In ESDU datum conditions of a uniform inflow profile. the separating 

flow seems not to generate a strong suction. at least not when the flow approaches normal to 

the facade. Small deviations from these conditions, in particular the development of a 

boundary layer in the approaching flow, may result in increased suction at the leading edge. 

Such a case is measured for a cube, quoting a value of CP = -0.91 at the very front part of the 
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roof (Robins and Castro 1977). Even % ith uniform inflow conditions, the numerical model 
generates a boundary laver profile due to applied ý%all functions at the solid ground in front 

of the obstacle. 

When compared with the real scale recommendations for the construction industry (BRE 
1989). it is obvious that the increased suction at the leading edge is significant. Apart from 

the very rear part, the BRE standard envelops the simulated distribution. 

The main experiments in the wind tunnel %%crc conducted %%ith a model height lower than the 

simulated case. But many alternati%e heights were tested, and it was never possible to 

measure a suction peak at the front. Basically, the experimental pressure coefficient and the 

simulated one over the nxºf correspond only as average. Locally the distribution differs. 

6.313 Conclusions 

In order to undertake an accurate validation of the CFD model, it would be necessary to 

compare the data from a model with the same aspect ratio in the same flow conditions, as the 

pressure distribution over the roof is highly sensitive to changes in either. The limited 

amount of data available does not allow accurate validation. But it is possible to compare 

results and conditions to evaluate the simulation with plausible arguments. 

The simulated inflow profile depends very much on the vertical and horizontal cell 

distribution downstream. and it changes when the flow approaches the obstacle. This affects 

the pressure coefficient distribution on the obstacle surfaces. 

The prediction of pressure coefficients larger than one on the front facade in two 

dimensional flow simulation is a serious limitation. Therefore, the two dimensional approach 

can only be used to compare different duct design options qualitatively with each other, 

when subject to the same boundary conditions at inlet and outlet. As the momentum is 

carried away only in two dimensions. it is very likely that the flow shows a higher tendency 

towards separation. Therefore. the qualitative evaluation of the two dimensional flow field 

can not directly predict three dimensional behaviour. 

Three dimensional modelled flow around the cube creates a pressure coefficient distribution 

at the walls which basically agrees well with expected values. Therefore it allows qualitative 

and quantitative evaluation of the flow through any integrated duct. In particular the peak 

suction at the leading edge of the roof corresponds with reported values and the standards for 

the construction industry. 
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Still, comparison of experimental and Simulated Values is not straightforward. The 

experiment does not show the high peak suction at the leading edge as on a real scale roof. In 

the experiment, the model was either 1.5 or 30 cm high, so the cross-section was in the latter 

case nearly it square. The pressure coefficient distributions remained basically unchanged 
(apart from the lower part on the front facade) for both heights, and are close to the ESDU 

standard values for the small scale model cube. The experimental flow conditions with the 
low amount of turbulence in the free stream is despite the generated boundary layer 

relatively close to the ESl)l1 condition,, and produces similar suction at the leading edge to 

ESDU standards. At full sire a turbulence scale effect could play a role. Perhaps at the 

leading edge. it might he important to monitor the root mean square of the fluctuating 

surface pressure coefficient. Therefore it would have been necessary to record the lateral, 

vertical and longitudinal turbulence intensities and their cross-correlations. The fluctuating 

surface pressure coefficient can he calculated as function of the turbulent intensities and the 

mean pressure coefficient (Robertson et al. 1977/78). 

Because of the discrepancy hety. een the simulated and the measured pressure differentials 

across the inlet and the outlet area of the duct, it might well be that simulated and measured 

wind speeds in the duct turn out to he not the same. As the simulated pressure differential 

reflects more the real scale situation, it might well he that the simulation generates more 

realistic values for the induced wind speed in the duct. The measured wind speed in the 

model duct reflects the " ind tunnel model situation. with different flow conditions. 
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7. Computational Fluid Dynamics Simulation of Building Integrated Duct 
Flow 

As described earlier, the idea to integrate a Ducted Wind Turbine in the leading roof edge is 
based on the assumption that the local pressure differential over the edge will induce higher 

wind speeds in the duct, which will enhance massflow and power production. A very 
simplified model with basic fluid mechanics predicts induced wind speed proportional to 
(AC,, )"' taken on the front part of the roof and the upper face of the wall (see Chapter 2.6). 
This simplified model requires modification. as the flow patterns are complex and the 

entrainment behaviour of the flow through the duct into the outer flow is difficult to predict. 
Additionally. flow separation in the duct plays a significant role and restricts the massflow. 
Therefore the design of an optimal duct is not straightforward, and the presented work 
should be seen as only an initial step in this direction. 

7.1. Two Dimensional Simulation 

The aim of the two dimensional simulation is to compare the performance of different duct 

designs qualitatively. A quantitative assessment does not make sense because of the 

shortcomings described in Chapter 6. 

7.1.1. Geometry and Grid 

Only six configurations were modelled to compare certain features while keeping other 

geometrical parameters constant. 

In order to achieve sufficient resolution, the whole grid has a Body-Fitted coordinate system 

and is decomposed into sub domains which are linked together. 
Configuration I (see Figure 7.1.1.1) consists of a 900 curved tapering duct with an inlet 

opening at around 11°. In three dimensional extension. the inlet would be a square, but the 

duct itself would have a round cross-section. The area ratio of inlet to outlet would then be 
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around ?. Based on the sane duct. configuration 2 (see Figure 7.1.1.2) is fitted with a smooth 

curved hell mouth inlet, w hic h increases the diameter ratio by more then a factor of 2. 

Further, a small spoiler above the inlet extends forward by about a quarter of the inlet 

diameter. 

Configuration 3 (see Figure 7.1.1.3) has a basic quarter circle shape with a straight inlet. The 

duct has no taper. Configuration 4 (see Figure 7.1.1.4) is a combination of configuration 3 

\\ith the spoiler from configuration 2. Configurations based on the quarter circle do not 

require the non-natural gnd link approach. %% hach otherwise applies at the outlet, where the z- 

direction of the duct aligns \\ith the vertical (y-direction) of the flow environment. 

Configurations 5 and 6 (Figure-, 7.1.1.5 and 7.1.1.6) are both based on a straight duct, the 

first one tapering as a concentrator. the second opening as a diffuser. Configuration 5 has the 

inlet of configuration I. but the upper wall of the duct is straight and inclines at 45°. It has 

the same diameter ratio as configuration 1. Configuration 6 expands towards the roof as a 

diffuser and its diameter opening ratio approximates to the inverse of the ratio of 

configuration 5. 

Figure 7.1.1.1: 

Configuration 1 

0.25 m 

20x0 



Figure 7.1.1.?: 

Configuration 2 

Figure 7.1.1.3: 

Configuration 3 

I 
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Figure 7.1.1.4: 

Configuration t 

Figure 7.1.1.5: 

Configuration S 
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Figure 7.1.1.6: 

Configuration 6 

I 

The non-dimensional Nall distance Y was taken at the bottom of the inlet opening, at the 

cell "here the flow separation initialised. The values are in a range which support the 

accurate application of the wall boundary functions (see Chapter 5.6). 

Confi uration Total number of cells 
11 x326x52 
21 x307x6() 

3 1x31145 

41 x327x46 

5 1x3(1) x53 
61 x242x42 

Y` Numher of suhdornains 

234.9 22 

136.5 20 

155.9 18 

82.3 18 

37.1 ?0 

256.2 16 

The whole grid is composed of many- different suhdomains (see Chapter 5 and Chapter 

6.1.2. ). Each subdomain has a certain number of cells in each direction. The subdomains are 

stacked in the computational space via the y-direction. and each suhdomain cell receives y- 

direction indices. Therefore the big number NY does not represent the number of cells in the 

y-direction, it points to the fact that many domains are stacked via y. The number of cells in 

the z-direction is also different from domain to domain. The total number of cells in the z- 

direction of the assemble. Ni, is the number of cells in the i-direction of the subdomain with 

the highest number of cells in this direction. 
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7.1. x. The FIusý through the Duct 

The figures in this section sho%% vectorplots Of the flow pattern and the graphs of the wind 

speed ratio at the duct outlet. 

The N%ind speed ratio at the outlet is c Icelated its the resultant speed at the outlet divided by 

the mean free %%ind speed, here the modelled uniform inflow velocity (16.5 m/s). The values 

at the outlet teere taken from the very last rl)N of cells of the duct which connect to the open 
flow field over the rtx)t. The resultant Selo ity was chosen, as it would he the one measured 

Kith the single hot Aire pointing inside the outlet. as performed in the experimental part of 

the presented work and described in Chapter 4. By comparison of the resultant of different 

design options it may he feasible to indicate the induced momentum. It is not intended to 

calculate figures of masstlov . 
The geometrical location is non-dimensionalised ý%ith the total length of the roof (20 m). The 

duct outlet is intended to be located in the first 10 (7( of the roof. 

The vectorplots shoe direction and absolute value of the velocity vectors. through length and 

color. 
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Figure 7.1.2. l: Two dimensional vector flow pattern, configuration / 
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Figure 7.1.2.1 . hO%%% that the uPstreanming air in front of the duct has already a higher speed 
than the modelled intlo%% %clokitý. Entering the duct, the flow separates at the inlet and 
generates a separation bubble %% hieb occupies about halt the space. Accelerated flow can be 
found in the upper part of the duct. %ý hich result. in it non-unitornm distribution of air speed at 
the outlet (Figure 7.1.2.3). It i. likely that the <-elocuies at the duct outlet may he made more 
uniform by restriction of the separation bubble. The stream through the outlet enters the 

separated flow field over the building (see Figure 7.1.2.1 ). 
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Figure 7.1.2.2: Two dimensional vec for flow pattern, configuration 2 

Configuration 2 has two main features added to the pr« icýus geometry which appeared to 

enhance the performance of the duct system significantly. The spoiler at the roof captures the 

upflow and guides it inside the duct, and seems to increase the separated zone over the front 

part of the roof. Here, the limitation of the two dimensional simulation becomes evident, 

even if a higher grid resolution over the spoiler had been applied. The flow through the outlet 

entrains nearly vertically into the separated recirculation bubble over the roof. It may well be 

that here the two dimensional simulation underestimates the turbulent mixing with the outer 
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tlO%% field. But in comparison With Figure 7.1.2.1, the positive effect of* the spoiler is clear. 
`'er` important seems to he the . month hell lUouth inlet, which avoids the generation of a 
large separation bubble inside the <furt. 
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Figure 7.1.2.3: Comparison of sind speed ratio at the outlet for (on figurations 1 and 2 

The accuracy of modelling shapes like the bell mouth inlet is limited, because the shape of 

certain cells is far from ideal. An error may occur which causes high velocity vectors 

pointing across the boundary (as seen in Figure 7.1.2.2). But the accelerated inflow around 

the curved inlet wall seems realistic and will carry momentum smoothly to a region which 

would be otherwise dominated by separated flow. This positive impact becomes obvious if 

we compare the wind speed ratios at the outlet. The wind speed exceeds the free flow 

velocity significantly, over the whole outlet (see Figure 7.1.2.3). 

The basic shape of the next configurations (Figures 7.1.2.4 and 7.1.2.5) represents the 

experimental model (Chapter 4) and one of the first prototypes of the free standing ducted 

wind turbine (Chapter 2.8). Even without the tapering effect of the previous configurations, 

it is obvious that a high wind speed is induced in the upper part of the duct (see Figure 

7.1.2.6), whereas a large separation bubble again occupies the lower part. The influence of 

the spoiler mainly increases the value of speed at the outlet, without changing the direction 
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of the elokitý ve ton or significantly chan in the flow pattern (compare Figures 7.1.2.4 

lfld ,. 1.2.51. 
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Figure 7.1.2.4: Two dimensional vector flo i pattern, configuration 3 
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Figure 7.1.2.5: Two dimensional vector flow pattern, configuration 4 
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Figure 7.1.2.6: Comparison of wind . speed ratio at the outlet fier configurations _3 and 4 

Common feature of the last four duct configurations is that the penetrating flow mainly has 

the tendency to pass straight through the upper part of the duct. The main stream direction 

may approximate to 450 or more from the horiiontal. The next two duct configurations take 

this into account. 

The concentrator type (Figure 7.1.2.7) generates less flow separation. which probably could 
be avoided entirely with the bell mouth inlet of configuration 2. Overall, it seems to he the 

case that with a streamlined inlet, the straight duct would perform quite well in terms of 

induced speed and uniform profile. Without such an inlet. the loss of momentum through 

separation is quite significant at the rear part of the outlet and the speed profile has a gradient 

(see Figure 7.1.2.9). 

The diffuser type (Figure 7.1.2.8) generates in the upwind half of the duct a fairly uniform 

profile of induced wind speed (see Figure 7. I. 2.9), whereas downstream separated flow 

recirculates. Probably a steeper angle of inclination of the lower wall to the horizontal could 

help. Also the upper wall edge does not work so well as a stream Splitter. Overall, the 

diffuser duct seems to perform less well than the straight tapered duct because of the flow 

separation at the wall. 
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Figure 7.1.2.7: Two clime,:. zonal vector flow pattern, configuration 5 
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Figure 7.1.2.9: Comparison ºº/-wind N/ºec'd ratio at the outlet fier configurations 5 and 6 

Accuracy: 

The presented two dimensional simulations %%ith body-fitted coordinate system required in 

between 4000 and 90(X) sweeps to converge. dependent on the number of cells. The 

calculation in the body fitted grid is significantly slowed don compared with the cartesian 

grid. However. the same convergence criteria applied as in the cartesian cases of Chapter 6. 

For all two dimensional body-fitted grid configurations, convergence was confirmed when 

the residuals for each of the variables reached values lower than 20. Hence, the average drop 

for the residuals was 5 to 6 orders of magnitude. Global mass flow conservation was 

confirmed in the result files at the inflow and outflow boundaries. 
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7.1»3. Conclusions 

The interpretation of the t%% o dimensional flow through the duct has to deal with some 
shortcomings, which are directly linked to the two dimensional approach. Overprediction of 
pressure on the front facade nma% cause an overprediction of induced speed inside the duct. 
Further. the two dimensional solution seem, to have a higher tendency towards flow 

separation and recirculation. In reality, momentuni is always transported in three dimensions. 

Even in the classical two dimensional case, turbulence itself is three dimensional. The flow 

is said to be two dimensional when the tlov pattern in different parallel cross-sectional 

planes is the same kESDU 1993). The lateral mean flow velocity is then assumed to be 

negligible. but this definition would also apply if there were a constant lateral flow. In 

reality. the third direction carries momentum away. which is not sufficiently taken into 

account in the two dimensional k-F turbulence model. So the amount of flow separation and 

the strength of recirculation may be o erpredicted compared with reality. In reality it may 

well be that a duct configuration shows only little flow separation. while the two dimensional 

model predicts a significant recirculation bubble. In this sense, the two dimensional 

simulation gives a pessimistic view. With respect to the experimental values (as presented in 

Chapter 4). the tvºo dimensional simulation indeed ovcrpredicts the peak induced wind speed 

(see Figures 7.1.2.3.7.1.2.6 and 7.1.2.9) and suggests a steep gradient of the wind speed 

ratio towards the downstream side of the duct. caused by separation inside the duct. In 

particular the large flow separations of configurations 3 and 4 were much reduced in the test 

model (see Chapter 4). 

Completely missing in the simulation is local gustiness of the wind. Locally generated 

turbulence of short length scale in the incoming wind may interact with the casing of a 

Ducted Wind Turbine. 

Difficulties arise also at the duct outlet, where the released stream of fast air entrains in the 

recirculating flow over the roof which separates around the leading edge. This entrained flow 

rises and reattaches somewhere behind the building. The outer flowfield upstream deviates 

only in the vertical direction. as the lateral component does not exist. In reality, one would 

expect more turbulent mixing and dissipation when the duct stream entraines the roof 

recirculation. One might even expect the entrained flow to reattach on the roof. It may well 

be that at the leading edge of the roof a horizontal vortex occurs. Flow entrainment into this 

horizontal vortex seems to be quite complex (see Chapter 4). Here, the two dimensional 
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model certainly has a shortcoming. However, it accurately predicts that the entraining flow 
reduces the suction over the whole root and the high pressure on the upper part of the front 
facade. 

Comparing the flow through each duct configuration qualitatively, it is possible to draw 

some basic conclusions: 

The wind speed loss inside the duct Caused hN' flow separation might be very significant. 
Therefore. great attention must he paid toi avoiding flow separation inside the duct on a large 

scale. A very important step in this direction is a streamlined inlet. A simple spoiler above 
the inlet can capture the uptlow and guide it into the duct, without changing significantly the 

stream pattern inside. Further, it may increase the flow separation at the leading edge of the 

roof. which generates the suction at duct outlet. 

Concerning the geometrical design of the duct, it seems to be the case that a straight tapered 

tube at a certain angle of inclination seems to be simple and efficient. The optimal angle 
depends on the angle of flow over the leading edge. This angle might be different for 

different building geometries, and the streamline pattern changes with wind direction. A 

reasonable universal approach would he around 45°. 

Any long duct device is seen as a disadvantage, but it is important that the profile of the flow 

can develop to become more uniform. This has to happen inside the duct, but the proper inlet 

will play here a crucial role. 

In the duct, the highest induced wind speed seems to occur at the turning point of the bend 

duct or more half way at the straight duct. not in the outlet plane. 

The optimum diameter of the duct depends on the application and on the suction pattern on 

the flat roof. But it is realistic to assume that over the first 10 (7( upwind area of the roof the 

suction will be high, and this is also the lone of vortex generation in oblique wind directions. 

The duct outlet for a single installed turbine should not lay outside this region. 

The impact of many turbines in a rove on the suction field in this zone could be very serious, 

but this was not part of the presented two dimensional investigation. 
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7.2. Three Dimensional Simulation 

In order to compare with experimental results, the experimental model with the 900 duct in 
the Rindtunnel (Expenment 5) %%as almost identically modelled. The main difference was 
that the geometry of the computer model is 1: 100 upscaled. As mentioned earlier, a test 
simulation had shown no difference in the surrounding flow and pressure field around two 
blocks. one at model scale, the other at full scale. However, the value of the non- 
dimensionalised wall parameter 1'' changes. But we could not find evidence from the two 

simulations that the duct flo%% is affected by changes in the function of the wall boundary. 

Hence, of particular interest was the companson of experimental and simulated wind speed 

ratios in the duct. Upscaling makes it possible to compare all simulated models at similar 

scale. As described in Chapter 6. the difference in quoted standard cases of pressure 
distribution on the envelope of models and real scale buildings gives reasons to doubt that 

the wind tunnel values, are confirmed in real scale. The same might prove to be the case for 

velocities and profiles in the duct. 

In terms of geometrical details, the only difference between the experimental model and 

generated three dimensional CFD model is that the smoothly curved shape of the inlet could 

not modelled perfectly because of limitation of the cell number. The best possible 

approximation was a wide straight opening (see Figure 7.2.1.3). Also, it was assumed that 

the flow field is symmetrical. This assumption may he valid as the spinning turbine itself is 

not modelled. 

The boundary conditions of the numerical model are identical to those described in Chapter 

6. apart from the turbulence intensity. The assumed 40 % were replaced by the typical value 

of I% for wind tunnel flow. 

7.2.1. Geometry and Grid 

Hence, the dimensions of the obstacle are 15.5 m high, 20 m deep and 35 in wide (projecting 

in the symmetrical half 17.5 m). The flow domain is limited to 120 m height, 200 m 

downstream, 100 m upstream and 60 m to each side (see Figure 7.2.1.1). The geometry of 

the duct is described in Figures 7.2.1.3 and 7.2.1.4. 
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Figure 7.2.1.1: Cross-section in svnunc'tn- plane 

The total number of cells NXx NY x N7. = 20 x 291 x 32 reaches close to the limits of the 

software package capacity (PHOENICS version 2.2.1 on a Pentium 3 processor). Sufficient 

convergence was achieved after around 15(XX) s%%eeps. which took around six weeks. The 

whole grid is composed of 27 subdomains with body fitted coordinate system, and extensive 

use of grid refinement and one-to-many cell links in each direction had to be made. Power 

law spacing for the single subdomains was applied wherever feasible. In order to achieve a 

grid resolution at the obstacle v6 hich is fine enough to resolve pressure gradients and the 

complex flow field in the duct region. it was necessary to create most of the cells in the 

vicinity of the facade and the roof. 

Figure 7.2.1.2: 

Grid refinement in 

the sYmmetrv plane 
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Given the limited total "umber Of cells, it %%as necessary to diminish the number of cells in 

the wider flow area signit'icantk. Ior c\annhle, the vertical distance from the ground to the 
inlet of the model is in the tone imumuediatcly in front of the model covered by 24 cells, which 

reduces to only 6 cells further upstream (see hi): ure 7.2.1.2). 

/ 

Figure 7.2.1.?: 

Geometry of dut i in thu 

symmetry plane. Non- 

natural link for domains 

of different coordinate 

axis directions. 

m 

m 

The duct itself consisted of two domains 11 and I1). non natural linked at the diagonal. Each 

domain consists of 8x 24 x6 cells (Figure 7.2.1.4). 

I 

Figure 7.2.1.4: 

Three dimensional view 

of duct, cross-section in 

the symmetry plane. 
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Figure 7.2.1.5: Open boundary tare grid 

The open EAST side i s« Figure 6.1.1.2) of the flow domain is composed with a much 

coarser grid (Figure 7.2.1.5). Generally. the whole flow domain is decomposed with three 

layers in the x-direction. with gradually decreasing grid density. The first layer comprises 

NX = 10 cells, with the symmetry plane as WEST-boundary (see Figure 7.2.1.1). This layer 

contains the duct with its high grid densit`. The second layer covers the building to the side 

of the duct. with decreasing grid density (cell number ratio 2: 1) in each direction. Finally. the 

third layer presents the open outflow with its coarse grid (Figure 7.2.1.5). The outer coarse 

grid has an impact on the fluvh conditions approaching the obstacle, as well as on its wake. 

This will be shown later in this chapter. 
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7.2.2. The Flo and Pressure Field 

As the tlo%% approaches the loh\t; aC Ie. the ý oar`e grid towards the ground upstream from the 
obstacle causes the generation oot a significant boundary layer but does not resolve the steep 
gradient in momentuni. Hence, the approaching flow at building height has slowed down 
from 16.5 m/s tintlo%% condition) to 14.7 in/.. In this plane upstream, no significant vertical 
or lateral tloW core anent rxi"t'. Therefore it was decided that 14.7 m/s he used as the 

reference velcxity for the calculation of pressure coefficients and wind speed ratios. 
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Figure 7.2.2.1: Recirculation in the roof zone with duc t flux' entrainment, plane of sVnunetr - 

The recirculation in the wake behind the obstacle is very similar to that what was found in 

the refined grid approach for the flow around the plain block as described in Chapter 6. The 

length of the recirculation zone behind the obstacle is around 3.8 H. The flow separates at 

the leading edge and generates a large recirculating wake over the roof, where even the 

upstream flow at the rear side of the obstacle is entrained (Figure 7.2.2.1). This leads to a 

second flow separation at the trailing edge of the roof. This flow pattern can not be 

confirmed in previous simulations or with experiments. Above the rear part of the roof, the 

height of the recirculation is about 0.4 H. Generally. the size and momentum in the 

recirculation zone is overestimated, but the flow patterns are apart from the second 
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separation at the trailing edge similar to the relined grid approach in Chapter 6. 
Unfortunately. this is not true for the distribution of the pressure coefficient on the flat roof 
(see Figure 7.2.2.2). The simulated pressure coefficient indicates the separation at both 
leading and trailing edges. and the reattachment at the rear part of the roof. 

As can he seen in the v ectortloww patteni (Figure 7.2.2.1), the recirculating flow from the rear 
reattaches, and not the jet stream tram the duct. Here the simulation certainly fails. Also, the 
simulation gave the value Cr, = -2.12 for the leading edge in close vicinity upstream from the 
outlet. In the expenmental nmodel. it as impossible to place a pressure tapping at this 
location. But referring to values of suction observed at large scale for wind normal to the 
facade. this value might he a factor of 2 too high. 
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Figure 7.2.2.2: Comparison of simulatcecl and experimental t. a/ues o/ the pressure coefficient 

downstream of the duct outlet on the flat roof in the symmetry plane. 

A finer and more uniform grid spacing in the wake region combined with a finer grid in the 

outer region would alter this overestimated result quite significantly. Unfort unately, given 

the limited number of cells and the lengthy runtime of the simulation as described in the 

previous section, the presented cell distribution has not much room for improvement. In 

particular, it was not possible to apply a grid along the Iines described in Chapter 6. 

Therefore, the simulation focuses on the flow situation in and around the duct. The following 

Z/ roof length [] 
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diagram (Figure 7.2.2.3) ct mpare% the sinuulateil Pressure COCIficicntti can the root to the right 
of the duct opening %ýith the experimental value. (see Figure 4.2.8 pressure tappings P5, P7 
and P9). 
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Figure 7.2.2.3: Comparison of simulated and experimental º aloes n% the pressure coefficient 

to the right of the outlet 

The experimental values follovk the uniform distribution measured downstream from the 

outlet (see Figure 7.2.2.2) and compare well vu ith the pressure distribution measured on the 

model without duct (see Figures 4.7.1.2 and 4.7.2.2). In other words, for inflow normal to the 

front facade there is no experimental evidence that the uniform distribution of suction on the 

roof is altered in the vicinity of the outlet. The simulated values indicate the separation at the 

leading edge. We still have the discrepancy of' the experimental values from the wind tunnel 

model and the standard values of' suction for the full scale building, which state in this region 

of the roof a pressure coefficient of around -I -I (compare Figure 6.3.2.2.2). As mentioned 

earlier. this can not be simply a Reynolds number effect (Chapter 6.3.2). Cell size and 

distribution plays a major role. 
The comparison of the simulated and measured values at the front facade shows more 

coherence (Figure 7.2.2.4). Below the duct inlet, the pressure values correspond quite well. 
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Further domn, the experimental model Wells to experience a more significant boundary 
laver above the %% 'I'd tunnel table. Innnnediate'l ' above the inlet, the Simulation shows a 
pressure «cffi ient larger than one, because 0 Iokal flýýw acceleration at the duct inlet. In 
the experiment %, ithout the duct (Chapter 4.7. ). it was not possible to install pressure 
tapping,,, above Y/H = O. 9(i because of the wall thickness. At Y/H = ft% the pressure 
ck) tticient as around U. h. 
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Figure 7.2.2.4: Comparison of simulated and experimental values of the pressure coefficient 

on the front facade. 

The fine grid zone in front of the obstacle shows how the approaching flow decelerates 

(Figure 7.2.2.5). It already slows down in the outer region of the coarse grid. At the base of 

the obstacle, it generates the attached horizontal vortex as expected. Stagnation height is 

around 0.4 H. which is due to the inflow profile and the existence ofthe duct. 

Very important for our purpose is the flow acceleration through the duct, which is influenced 

by the acceleration in the flow field around the leading edge. As the pressure coefficient in 

immediate vicinity of inlet and outlet do not correspond with measured values, it might well 

be that the flow through the duct is not modelled well. Due to the edge, further above the 

roof the flow speeds up by about 25 % compared with the approach conditions, and probably 

around 10 to 15 % compared with the undisturhed flow speed at building roof height. 
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The flow field in the duct (Figure 7.2.2.6) shows flow separation at the inlet, but to less 

extent than in two dimensional modelling. The non-dimensionalised wall distance Y+ = 247 

was recorded at the first cell at the inlet all. where the separation initialised. This value lays 

in the middle of the accepted range (see Chapter 5.6) to apply the wall function. 

At the inner rectangular edge. the flow accelerates to more than twice the inlet velocity 

(Figure 7.2.2.6). This seems to be a sharp edge effect. It is very difficult to confirm this value 

experimentally (for comparison Figure 7.2.2.7). Measurement of the speed near this location 

produced very unsteady values. Also, with the need for a safety clearance between probe and 

wall it was not possible to measure velocities in exactly the right place. 

The flow entrainment at the outlet into the surrounding tlowtield is influenced by the 

separation of the external flow at the leading edge of the building (Figure 7.2.2.6). 

Immediately between leading edge and duct outlet, there is a region of decelerated flow, in 

the wake of the separation at the edge. 
Comparing the measured and the simulated profiles of the A ind speed ratio in the duct 

(Figures 7.2.2.7 and 7.2.2.9). there is good agreement. One has to remember that the model 

duct in the wind tunnel was equipped with a smoothly curved inlet (see Figures 4.2.8 and 

4.2.9). This is the reason for the smaller recirculation zone at the bottom of the duct 

compared with the simulation. and explains the deviation of the values in the lower 20 % of 
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the duet iFi urc 7.2.2.7). Also. bec"au"r of' thC IiniitCcl number of rolls, it was not possible to 
ný, ýiel exaýtI the intloý% of the r\pCnnUCfltal case. 
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Both profiles in Figure 7.2.2.7 show accelerated flow towards the inner upper edge of the 
duct and V alues of similar mannitulie. 

The simulated l0%% separation at the inlet is accompanied by a pressure drop (Figure 
7.2.2.8). Because of the cursed inlet, the first pressure tapping is deeper inside the model 
duct (see Figure 4.2.9), and the pressure directly at the inlet could not he measured. But the 

experimental values suggest a smoother intlo%%. Half 
way through the duct, the simulated and 

the measured pressure value is about the saute. In it curved duct it is generally difficult to 

estimate the tlo%% field from the pressure field on the wall. as the flow might deflect into the 

tapping. 
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Figure 7.2.2.8: Pre. s. sure tit the c)ºjtc'r- ºti III/ o/ the duct, /)luiic' Q/ s \nuºtetn' 

At the outlet, simulation and experiment predict about a maximum 15 % wind speed 

increase. but the loss of momentum in the upwind region of the outlet seems to be more 

severe than as modelled (Figure 7.2.2.9). But overall there is sound agreement, and very 

good agreement over the downwind part of the outlet. 

A frontal view towards the inlet shows a small swirl component towards the symmetry plane, 

in the lower part only with little momentum entering from the side (Figure 7.2.2.10). 
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This swirl seems to be carried downstream and supports recirculation left (and right) of the 

symmetry plane over the outlet at the flat roof (Figure 7.2.2.11 ). The view above (see Figure 

7.2.2.1) shows that the entraining flow mainly interacts with the reverse flow over the roof, 

caused by flow separation at the leading edge. As previously mentioned, the recirculation 
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over the Rx't might he overhredicted. IIc"re, the entrainment hreaks down the main 
recirculation over the roof only locally. There is no impart on the far neighbourhood of the 
duct outlet aloe the leading edge for %% ind normal toi the facade. Closely spaced outlets 
might he in the influence of the generated s" irl in the horizontal plane starting immediately 

o%er the outlet. 

Figure 7.2.2.11: 

View from the top 

on the roof 
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It might be interesting to speculate on a situation of inflow under an angle of incidence of 

perhaps 45°. (As the simulation assumes a symmetry plane, inflow under an angle of 

incidence can not be simulated. Modelling the "hole would require too many cells - see 

Chapter 6). In this situation, a horizontal %ortex runs along the front part of the roof. As the 

simulation shows that the interaction of the entrainment flow and the recirculating flow 

generates swirl around the duct in a horizontal plane above the root', the exiting duct flow 

may feed into the vortex and maintain suction along the roof edge. 

Accuracy: 

The presented three dimensional simulation with body-fitted coordinate system required 

around 150XX) sweeps to converge. which took around 6 weeks on a Pentium 3 processor. 

Similar convergence criteria applied as in the cartesian cases of Chapter 6. Convergence was 

confirmed when the residuals for each of the variables reached values of around 20. Hence, 
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the average drop for the residuals %% as 5 to 6 orders of magnitude. Global mass flow 
conservation was confirmed in the result tiles at the intlcýA and outflow boundaries. 

71 3. Conclusions 

The simulated flow field around the building seems to overpredict the strength of flow 

separation, the recirculating momentum in the wake and the size of the wake. Also, the 

pressure coefficient on the roof is in most regions out of the expected range. The reason for 

this failure is simple. that the numbers of cells required to model the building with integrated 

duct in detail exceeds the capacity of the softy%are and extends the required runtime to 

unacceptable limits. In contrast to the simple cartesian grid model of the wind around 

rectangular shapes. the integrated duct requires body fitted coordinates and a fine grid 

resolution in the duct and its vicinity. The body fitted coordinate system solves not only the 

three components of the vvel(xit) but three additional components of the co-located velocities 

(see Chapter 5.3). The transition from the fine grid to the coarse grid is here too abrupt, and 

the far field is modelled too coarser . 
Around the leading edge in vicinit\ of the duct, pressure coefficients on the roof and on the 

facade wall do not agree with experimental values. how ever the internal flow field through 

the building integrated duct agrees "ell v ith the experimental measurements. Hence, under 

the given limitations this simulation does not confirm the relation between the differential 

pressure and the induced wind speed. Ho%k ever, the %ectorfioww patterns show the impact of 

different geometrical zones on the flow field. It seems that the flow inside the duct is 

accelerated by a similar magnitude as the flow around the roof edge. Compared with the free 

stream wind speed at building height. this is around 15 %- However, the wind acceleration 

around the leading edge of a building may exceed this magnitude (see Chapter 2). 

The three dimensional simulation shows the importance of a smoothly curved inlet to the 

duct, although without it the flow separation predicted inside the duct is less severe than in 

the two dimensional simulation. 

The duct flow entrains into the separated flow around the roof edge and joins the main 

stream over the roof without reattaching. It seems that the more or less vertical jet stream out 
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of the duct even deviates the flow around the roof edge further upwards. As the flow is 
modelled as incompressible. this deviation does not cause it loss in momentum. 
Closer views at inlet and outlet show the lateral flow. The simulation shows at the bottom of 
the duct some inflow from the side, and ox er the outlet a recirculation where reversing flow 
from the roof wake meets with the entraining tlo", w% hich deviates laterally. 

There is no evidence that the interaction of the ductflow with the surrounding flow might 
restrict the induced speed or masstlo through the duct. However, there is no simple relation 
between the pressure difference across the ends of the duct and the massflow. The pressure 
boundary conditions of the duct flow are quite complex, in particular as the zones of inflow 

and outflow are not really isolated. In the two dimensional simulation it was observed that, 
for each configuration, the overall positive pressure on the front facade and the overall 

suction on the whole roof declined markedly compared with the simulation with `closed' 

duct (solid wall functions at inlet and outlet. see Chapter 6.2.2). In the three dimensional 

simulation, this effect was not so severe. 

Certainly. a significant amount of kinetic energy is dissipated in turbulence, inside and 

outside the duct. But it can be concluded that a well designed duct might induce air speeds at 

the outlet up to 20 9E higher than the undisturbed free stream velocity at roof height, for wind 

approaching normal to the facade. A spoiler over the inlet might have a positive effect to 

guide the upflow into the inlet and widen the none of flow separation at the leading edge 

over the roof. 

So it might be that a streamline shaped duct induces speeds which correspond to the average 

pressure difference in the wider flow field between the connecting zones according to basic 

fluid mechanics. For example. for stagnation pressure at the duct entrance on the front facade 

and a suction over the roof corresponding to (= -0.5 (secs experimental values in Chapter 4 

and comparison in Figures 7.2.2.2 and 7.2.2.3), the induced speed would be 22 % higher. 

This corresponds roughly with the experimental results in Chapter 4 and the findings of this 

simulation. 

The simulated results of the duct flow are encouraging, but they have limitations for 

performance speculation and power output prediction (see Chapter 8). In particular for the 

latter, no flow resistance in the duct representing a turbine was modelled. This would have 

changed the flow pattern and pressure fields. Similarly, the experiments were performed 

without any inserted grid in the duct to mimic the effect of a turbine. 
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7.3. H'Ioýý Field slapping a% it ('uulýlýýcl 'I'ww'o and Three Dimensional Simulation 

ht(dlelIing 01' the tlo%% field over the root for the building with an integrated duct faces the 

constraint of the limited number of cells permissible in the flow domain. In three 
dimensions, the grid refinement in and around the duct requires a vast amount of cells, which 

prevents gox-ld resolution in other darts of the t1o%k Field. The presented approach was born 

out of the situation 1998/1999 (1)annecker "he" no facility was available at the 

Department to solve the three dimensional niOdel with integrated duct in sufficient detail. 

Open houndan (NORTH) 

plane (EAST) 
Open boundan º HIGH º 

Intlow boundary 
(LOW) 

Cross-section 
(WEST) 

Figure 7.3.1: Convention of coordinate's uºlJ f)lunes. sc'hematic clruºt'üig 

Hence, this attempt deals with the solution in two steps: 

I. The flow- field around the building without integrated duct is solved in a coarse cartesian 

grid in three dimensions. The boundaries of the flow domain are (apart from solid walls) 

either the symmetry plane or the open flow condition. From this solution, the field at a 

cross-sectional plane a few meters to one side of the suggested duct is stored. 
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2. A second hOdN fitted grid is generated, ý%ith the integrated duct and necessary grid 

refinement and linked domains. model is basically it thick slice at the symmetry 

plane. just wide enough 10 include the integrated duct at the plane of symmetry plus a 
te%% meters to one side of the integrated duct. The boundaries right and left are either the 

sýlnrnetn plane tN\ f-. ST-plane) or on the opposite side (FAST-plane) the stored cross- 

se sectionalint simulation (see convention Figure 7.3.1). 

The aim of this procedure is to pros ide a distribution of momentuni in the flow field around 

the house with integrated duct. "hic h corresponds to the momentum field in the three 

dimensional model. %%here the t1o actually passes around the house. This adapted flow field 

should lead to similar pressure coefficients as in the three dimensional model, and to similar 

flow separation and reattachment. The impact of the integrated duct in this adapting flow 

field around the duct will be investigated in the second step of the simulation. 

7 3.1. Geometry and (; rids 

Figure 7.3.1.1: Coarse carte. sian grid around the building 
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In a carte"ian grid. the huildin hlkk-h ý"-` 111O(1cIled as 30 in high, 
-. 0nn deep arid 20 m wide overall. Only one c mnretricaI halt as rtioddelled. Upstream and to the sides there is 160 m free tlo%% domain. dkm nstream from the obstacle 5(X) in. and above 320 in. It is basically the same bloch mod I %%ith the coarse grid approach, as described in Chapter 6. The only difference is, that the %%idth of the block is onI 20 in instead of 35 m, and therefore there are 5 cells missing in the x-direction compared to the previous model. The number of cells is 32 

x 37 x 6_', and the solution reaches convergence with 5M) sweeps after around 12 hours. 

Lo m 
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l. 6Om 

Figure 7.3.1.2: S%-m netrirul 
half of three dimensional 

round duct with rectangular 
inlet 

W 

0. 
_2ý III 

In the body fitted coordinate grid, the duct configuration I (see Chapter 6) was modelled in 

three dimensions, with the rectangular inlet converging to the round duct opening (see Figure 
7.3.1.2). The design of the duct is based on ratios of tapering common in air conditioning 
systems, and the bent shape itself is constructed with two different radii similar to the 

construction of the logarithmic spiral of the inlet to a turbine blade runner (see Chapter 2.8). 

The three dimensional coordinates of the duct section were generated by a small program, 
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which calculated the coordinates with the help of trigonometry from input parameters (like 

opening sire, degree of bending and taper for the sections). 

The whole flow domain is linked together with 16 domains of different grid density, to 

resolve the tlowtield in the duct, at the inlet and at the entrainment above the roof. Overall, 

the model has 9x 240 x 40 cells. As c xplained in Chapter 6.1.2. the large number of cells in 

the y-direction arises because of ýtac"king of the domains in the y-direction in the 

computational space (F-array ). But the nuxiel consists of only 9 cells in the x-direction, and 
it is only 5.80 m Nixie. It is hasicallý it thick slice next to the plane of symmetry, comprising 

the s}mmetrical half of the 1.60 m wide duct plus 5m width of the building (see Figure 

7.3.1). 

The runtime to reach c on\ c rgcnce is around one week, although the number of cells is not 

significantly larger than in the first cartesian stage. In the body fitted coordinate system with 

many linked domains, the collocated velocities are solved for each direction. This increases 

the number of variables and equations. which has its impact on the runtime. Also, the 

mapping procedure slo%%: down the computational time for one single sweep. On the other 

hand. it might be that the flow field mapping leads to earlier convergence. 

Figure 7.3.1.3: Grid refinement by linked domains in the body fitted coordinate system. 
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7.3.2. The Computational Procedure 

The software package PHOENIC'S 2.2.1 comprises the common GROUND file, which is 
specially designed to enable the user to apply features to the solver. The file is divided into 
sections, which are addressed according to the sequence of the solver. Here, it is possible to 
intervene (PHOENICS 2.2.1). As described in Chapter 6.1.2. all variables and parameters 
attached to the single cell are stored in the one dimensional F-array. In order to gain access 
to a specific value, the zero Io. ation index number is required. which is the entry number in 

the one dimensional array for this specific value for the very first cell. To address the 

corresponding value of the other cells, an addressing function is used to calculate the change 
in the entries in the one dimensional F-array. This addressing function depends solely on the 
index numbers of the cell in question. 

As mentioned above. the procedure consists of two stages: 

First stage in GROUND file of coarse cartesian grid simulation: 

Gaining the solution in the specific cross-sectional plane IX =k of the three dimensional 

coarse simulation: 

At the end of the last sweep 

Call zero location F-array index (1,0(variable)) 
of: 

y-cell-center-coordinate y-co 
z-cell-center-coordinate z-co 

Calculate addressing function IX= k, k 

ICELL=ICELL(IX. NX, IY. NY. IZ, NZ) IY= 1, NY 
IZ= 1, NZ 

Read coordinates and velocities from F-array 
variable =F (LO(variable)+ICELL) 

Write Cartesian Solution File CA-F (8 x (NN=NY x NZ)) 
IY, IZ, y-co, z-co, u, v, w, y-n 
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second stage in GROUND fib of refined body fitted coordinate Arid simulation 

Mapping the coarse grid cartesian solution as a boundary to the refined grid simulation. 
to order to achieve this. the geometrical coordinates and the corresponding cell indices of the 
EAST boundary cells of the hodN fitted grid have to he accessed. The refined grid simulation 

comprises 16 linked domains. stacked in the y-direction. Fach domain is scaled to its own 
body fitted coordinate system. The following t1oý%c hart describes the procedure, and how to 

access the cell corner coordinates of the EAST boundary of each specific domain. In 

sequence this procedure has to follow on for all domains which have the EAST boundary 

and are therefore subject to the mapping procedure. For example, the duct itself, the inlet of 

the duct and the fine grid zones over the building do not comprise the EAST boundary and 

are therefore not subject to this routine. The aim of this procedure is to populate a two 

dimensional array FIELD (N. 4). which comprises for each of the N EAST-boundary layer 

cells their geometrical y. z cell-center coordinates and their corresponding cell indices IY, IZ. 

At the start of the first sweep: 

for all domains ii in sequence: 

Indices: 

IX :1 always EAST boundary) 

IY : IY-first, IY-last of current domain ii 

1Z : 1.1Z-last of current domain ii 

J: Number of cells in the EAST boundary plane of current domain ii 

J_D : Total number of cells in the boundary layer of the previous doma 

this routine. 

N: Total number of cells of the EAST-boundary of the whole flow dom 
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Call zero lox ation F-array index (l . 0(v ariable )) of corner coordinates 
s-conner 1-, corner 

The corner in question is the HIGH/NORTH corner of the cell 

Calculate F-array addressing function 
ICORN=ICORNIJ. IX. N X. I1'. N 1' . Il.. N/ 

Read corner coordinates from F-array ()I 'Previous row/column 
corner-coordinate-previous =F (LO( v, ariable)+ICORN) 

Read corner coordinates from F-array of current row/column 
corner-coordinate =F (LA v anable)+ICORN ) 

Calculate center coordinates from previous corner-coordinate 
and current corner-coordinate 

Calculate addressing functions to populate geometry boundary plane 
arrays 

FIELD_integer(N. 2 ) 
FIELD_real(N. 2 ) 

IY= IY-first, [Y-last 
IZ= 1. IZ-last 

addressing functions 11_1.2.3.4 (J D, IY, V. IY-first, IY-last. IZ-last) 
the addressing function point,, to entries I. N 

populate array FIELD 
FIELD_integer(N. 1) F- IY 
FIELD_integer(N. 2) F- IZ 
FIELD_real(N. 1) *- y-center-coordinate 
FIELD real(N. 2) - z-center-coordinate 

A corresponding two dimensional array CA-HELD is populated with the stored values of 

the Cartesian solution file CA-F, which was generated previously as first stage in the 

Cartesian coarse grid simulation: 
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CA_ FIELD_ integer(NN. l) f- lY 

CA_ FIELD_ 1nteger(NN. 2) IL 

CA_ FIELD_ real(NN, 1) -gell-center-coordinate 
CA_ FIEID_ real(NN, 2) E-- z-cell-center-coordinate 

CA_ FIELD_ real(NN, 3) u 

CA_ FIELD_ real(NN. 4) F- 

CA_ FIELD_ real(NN. S) 

CA_ FIELD_ real(NN. 6) f- %-tell-north-%' all-coordinate 

The next step is a sorting routine. which incorporates both arrays FIELD and CA_FIELD. 
Scanning procedure: 

CA_FIELD_real coordinates < FIELD-real coordinates < CA_FIELD_real coordinates 

FBELD_integer IY. IZ I 
addressing function IFLD 

CA-FIELD u. '. w 

DOMAIN_ integer(J. 1) RELD_integer IY 
DOMAIN_ integer(J. 2) 4- HELD-integer IZ 
DOMAIN 

_real(J. 
3) E- u 

DOMAIN 
_real(J. 

4) - 
DOMAIN 

_real(J. 
5) F--- v 

The y-center-coordinate and the z-center-coordinate of the array FIELD are c 

the coordinates of CA_FIELD. It is a scanning process of the geometrical 

both different grids in order to sort out the best match (see following flowch 

Lbody-fitted-coordinate) cell matches to a Cartesian cell, the corresponding 

IYJZ from the FIELD_integer array and the corresponding velocity values 

235 



CA_FIELD_real array are used toi populate it Set of new two dimensional arrays, the 
DOMAIN_arrays. In order to populate the new arrays, an addressing function is calculated : 
IFLD(IY, IZ. IZ-last, IY-last. [Y-first). The addressing function points to the entries 1 to j, 

where J is the number of cells at its EAST boundary of the current domain in question. For 

each domain which comprises an EAST-boundary. a DOMAIN-array is populated. 
Hence, each DOMAIN_array comprises the complete information to provide the domain in 

question with boundan. conditions. The DOMAIN_arrays are populated at the start of the 
first sweep. For the following sweeps. they are addressed in sequence. 

The mapping itself actually takes place in another section of the GROUND file, which is 

dedicated to provide boundaries and special sources. Here. the EAST boundary of each 

domain is provided with velocity values according to the corresponding DOMAIN_array. 

As described in Chapter 5. the boundary- condition is modelled as a fixed flux. As an 

alternative it would be possible to fix the values in the cells. The latter approach causes 

difficulties of convergence, in particular the residual error does not decline. But in both 

approaches. the boundary conditions are fixed with a certain stiffness coefficient (see 

Chapter 5). which provides some flexibility. 

The use of the arrays facilitates the structure of the coding. It makes it possible to store the 

values which are accessed and sorted just once in the whole routine, at the beginning of the 

first sweep. The mapping itself takes place sweep by sweep. 

Mapping routine: 

Call zero location F-array index (LO(variable)) 
of velocities u, v. w 

calculate addressing function ICEL. UDOMAIN_integer(J, I). j=1, N 

DOM AIN_integer(J. 2), N, NV) 

according to Chapter 6. where NV it is the total number of variables with 

storage on the F-array. 

F (LO(variable)+ICELL) F- DOMAIN_real 
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7,3,3, The Resulting Flow Field 

For both simulations, the inflow profile was kept uniform, with a wind speed of 20 m/s and a 
homogeneous air density of 1.2255 kg/m'. The inflow values of k and E were calculated 
according to a turbulence intensity of 37 % at 10 m height and a variable turbulence length, 
with inner city parameters referring to FSDU (ESDU 1993). 

The flow field solution for the cross-sectional plane of the coarse grid was mapped on the 
EAST boundary of the multi-domain refined grid with its body fitted coordinate system. A 
stable numerical solution was achieved by fixing the flux of the longitudinal velocity 
component w and the vertical component v. The flux of the lateral component u was set to 
zero. It was found in the flow field solution of the cross-sectional coarse grid plane, that the 
u-component was always so small, that its effect could be neglected. The u-component is the 
missing third component in the purely two dimensional simulation, but two and three 
dimensional solutions differ significantly. The cross-section of the three dimensional 

solution with neglected u-component approximates to the three dimensional solution in all 
three components. Therefore, this condition is seen as a simplification. The boundary 

conditions of the scalar variables pressure p, turbulence k and dissipation E were set as ̀ open 

boundary' condition (see Chapters 5.7 and 6.1.1). 

At the first stage, the simulation from the cartesian coarse grid shows that on approaching 

the obstacle. the uniform inflow profile changed and generated a shear layer. Hence, the 

reference velocity (22.3 m/s) to calculate the pressure coefficients was taken in the flow field 

upstream from the building at roof height. In this section, a shear layer is developed but the 

vertical and the lateral velocity component is still negligible small. Hence, it was suggested 

that 22.3 m/s is the reference velocity at building height in the undisturbed mean flow 

The vector flow pattern over the roof in the cross-sectional plane, which is intended to 

provide the boundary for the mapping procedure, shows flow separation at the leading edge 

of the roof, but rapid reattachment and thereafter a smooth flow (Figure 7.3.3.1). 

Comparison with the coarse grid result from Chapter 6 (Figure 6.2.3.4) shows that the wider 

building does not generate such a smooth flow over the roof, having a higher tendency to 

separate and not to reattach. The two simulations differ solely in the width of the building. 

Behind the building, there is no uprising flow as in the fine grid approach (Figure 6.2.3.3) or 

in the three dimensional model of the building with integrated duct (Figure 7.2.2.1). The 
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R\ireulation length is only around 1.3 H. The flow accelerates around the leading edge, and 
slo%% s do\\ n at the front ia`ade. 

. -- 

rý 

r. _ f. 

1 

Figure 7.3.3.1. - Crus. %-. tiet Lion H/-c oarct c artesiuýt grid . simulation 
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All of the previous simulated results with the fine grid showed flow separation at the leading 

edge of the roof, without reattachment. The recirculating wake behind the building exceeded 

the building height and reattached in the far distance downstream. Also, the recirculation 

over the roof was very significant. In the previous three dimensional simulation with 

integrated duct, it became obvious that a constraint in the distribution of cells predicted 

recirculation behaviour over the roof, which is not compatible with the observed flow pattern 

in such a case. 
Separation and recirculation at the leading edge become stronger with the width of the 

building. The two dimensional simulation (where the building width is infinite) led to results 

where separation and recirculation greatly exceeded any three dimensional results. The 

mapping of this three dimensional calculated field (Figure 7.3.3.1with its very modest 

recirculation pattern, is intended to avoid the overpredicted recirculation of the model with 

integrated duct. 
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The re illed ; grid in t=i urn 7.3.1. i of the ksIrun(1 st, ime the "mnIIII , t'l 
e(vrdinate svstein. corresponds more to the refined grid in Chapter 6, which resulted in flow 
separation at the leading roof edge ý% ithout reattachment. When the mapping procedure is 
applied. there is indeed a reduction Of the separating flow field over the flat roof (Figure 
7.3.3.2). 

Figure 7.3.3.2: Flow over the roof and around the leading edge 
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It is interesting to observe the entrainment of the duct flow in the surrounding flow field 

(Figure 7.3.3.3). There is only a very localised high velocity region in and immediately 

above the outlet. The outflow generates downstream a small separation zone over the roof, 

but the flow reattaches after the first third of the roof and then remains smooth and slow 

moving. Further, the flow decelerates more uniformly upstream from the roof, corresponding 

to the mapped boundary field. In the surrounding flow, the vast vertical acceleration 

immediately above the duct is very likely a false prediction (Figure 7.3.3.3) in a few cells. 

However, the general flow pattern of the surrounding flowfield is encouraging. 
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Figure 7.3.3.3: Duet flow entrainment into the murroundingflaw 

Figure 7.3.3.4. Flow field in the duct in . symmetry /plane. 
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Overall, the tl0N% t ie Icl in the duct (Figure 7.3.3.4) follows the expected pattern, with 

separation at the inlet and increased v'elok"itN at the inner wall of the duct. However, the 

momentum in the duct seems generally to he underpredicted. Induced higher velocities in the 

main stream of the duct are not predicted. The sudden increase in speed at the outlet can be 

explained with the taper of the duct. It is not sure, whether there is a localised effect of the 

cumounding flow field at the outlet. 

The pressure coefficient at the front facade (Figure 7.3.3.5) corresponds well with the coarse 

end in three dimensional simulation. In particular. the systematical error of a purely two 

dimensional simulation as described in Chapter 6 is overcome. The refined grid in the upper 

part of the facade causes a better resolution of the pressure gradient at the upper edge, and 

the high positive pressure on the front facade starts to drop towards the upper edge. 

Facade Pressure Coefficient 
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Figure 7.3.3.5: Pressure coefficient at the front f iS'ade in the mapped f1omt: Feld simulation 

The irregularity in the slope might well he due to the mapping. 
with 

The pressure coefficient in the plane of the duct (symmetry plane) is in the lower part 

its coarser grid slightly diminished, but in the area of grid refinement in the upper part of the 
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the pressure coefficient suddenly rises. This muht he connected with the 

unLierpredIcted monientunm in the duct itself and is therefore more a sequential error 
following %%hat might have gone wrong in the outlet region of' the duct. This will be 

examined later in the 'discussion' section. 

The pressure coefficient on the flat roof (Figure 7.3.3.6) of' the refined grid simulation shows 

the reattachment of the separated tlo%% from the leading edge. The vector flow pattern from 

the coarse gnd simulation sho%% s also reattachment (Figure 7.3.3.1). However, the pressure 

coefficient converges to%%ards a negative value (C,, - -0.3). The convergence towards a 

uniform negative pressure coefficient ý%as hitherto connected with the flow remaining 

separated over the flat roof. This shows that in computational fluid dynamics, it is potentially 

dangerous to estimate vector tlo pattern from the pressure distribution and vice versa. 
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Figure 7.3.3.6: Pressure coefficient at the roof in the �rwi, hed. /loºs field . simulutiü'l 

In the coarse grid the applied ten cells in the z-direction seem insufficient to resolve the 

leading edge pressure gradient. With the refined grid resolution, the reattachment seems to 

occur after a stronger curvature of the flow over the leading edge. In the presence of the duct, 

the suction at the leading edge drops significantly. but rises again immediately downstream 
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of the duct. There, the outflow separates at the outlet edge and the duct flow entrains into the 
surrounding flow. At the rear part of the roof, the simulation generates positive pressure 
coefficients. In the vector flow pattern (Figure 7.3.3.2, compare 7.3.3.1) there is no sign of 
recirculating upstream flow behind the building, which could cause a positive pressure from 
reattachment in a similar way as in the previous result of the purely three dimensional 

simulation (Figure 7.2.2.1). It might well be. that this error is caused by the constraint of the 
flow field mapping procedure at the trailing edge of the building. 

Comparing the pressure coefficient on the roof of the flow field mapping (Figure 7.3.3.6) 

with the purely three dimensional simulation (Figure 7.2.2.2), we see a significant difference 
in particular for the suction downstream the duct and it's drop. But in the purely three 
dimensional simulation, the vector flow pattern show a vast separation with recirculation 

over the duct (Figures 7.2.2.1 and 7.2.2.5 ). All previous results in this work have shown, that 
for such flow pattern the pressure coefficient over the flat roof converges towards a negative 

value, which remains fairly uniform over nearly the whole of the roof. In this sense, because 

of the limited number of cells. the purely three dimensional simulation fails to generate 

consistency in between the vector flow pattern and the pressure coefficient distribution over 

the flat roof. In contrast. the flowfield mapping procedure generates consistency, and the 

attachment in the flow is accompanied by a drop in suction. The flow pattern and the 

pressure coefficient distribution both correspond to results from separating and reattaching 
flow on the top of obstacles as reported in literature (for example Robins and Castro for the 

flow over a cube. see Chapters 2 and 6). 

In the far field. the result is not yet satisfactory. Over the building, the vertical component of 

momentum is too large. and the wake behind the building is vast but without significant 

recirculation. Both flow patterns are physically wrong, but the presented flow field mapping 

procedure is in its initial stages and has a lot of space for improvement. 

Accuracy: 

The first stage three dimensional simulation with coarse cartesian grid required around 5000 

sweeps to converge. The same convergence criteria applied as in the cartesian cases of 

Chapter 6. Convergence was confirmed when the residuals for each of the variables reached 

values lower than 20. Hence, the average drop for the residuals was 5 to 6 orders of 

magnitude. Global mass flow conservation was confirmed in the result files at the inflow and 
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outflow boundaries. The second stage simulation in the body fitted grid with the mapping 
procedure is slower and took around one week to complete. Convergence was confirmed 
when the residuals for the scalar variables reached values lower than 20 and those for the 
veloxit\- components were below 40. Again, the average drop for the residuals was 5 to 6 

orders of magnitude. A small error of around 0.3 % appeared in the global mass flow 
balance. However, local imbalances are more severe in particular in zones with refined grid. 

7.3.4. Discussion and Conclusions 

The flowfield mapping procedure is a by-product of the presented investigation. The results 

of the procedure are encouraging. but the development of this method is at an early stage. 
The basic procedure is no%% laid do" n. and requires fine and detailed development and 

numerical testing. 

Currently, the mapping takes place as an inflow condition at the EAST-boundary, fixing the 

flux of momentum (related to the variables u. v-. w) while the massflow condition for the 

pressure boundary remained 'open' kee Chapter 5.7). The setting of conditions means either 

fixing the value of the variable in the cell or fixing the related flux property in the cell. This 

corresponds to Dirichlet or Neumann boundary, conditions. In contrast to analytical 

calculation, the numerical method provides the boundary conditions with a stiffness 

coefficient CO (see Chapter 5.7). 

This is where the first numerical experiments should start in order to change the flow pattern 

in the far field. In particular. the never ending wake behind the obstacle and the 

overprediction of the vertical component of momentum over the obstacle are wrong. 

Probably, stiffening the factor for the domain behind the obstacle and relaxing the factor 

towards the upper domain boundary might have a positive impact. 

Also, the pressure boundary condition behind the obstacle could be extended with an 

additional lateral inflow component of mass, as an additional source. 

There might be various reasons for underpredicting momentum in the duct. One simple 

reason might be that the applied minimum number of three cells in the x-direction is not 

enough (see Figure 7.3.1.2). But it is more likely that relaxing of the stiffness factor for the 

boundary of the domains at inlet and outlet is required. The zone of entrainment of the 

244 



outflow into the surrounding flow seems not to he perfectly balanced yet (Figure 7.3.3.3), 

whereas the surrounding flow itself independent from the entrainment seems to be well 
predicted (Figure 7.3.3.2). A localised imbalance could probably be tackled locally. 

Apart from fixing the flux. it is possible to fix the values of the variables in the cells at the 
boundary. When stiffening them completely, it was observed that the spot values of the 

variables converged soon towards certain values, but the percentage of the residual error did 

not decrease. Whenever the calculation was interrupted, the display of the solution of the 
EAST-boundary showed that the mapping of the flow field was working (even the wake). 
Basically, in this way the coding was checked. Fixing the variables in the cells with various 

stiffness coefficients might be worthwhile to try. 

Also, a boundary with a mixture of Dinchlets and Neumann conditions could be tested. 

Further improvements could be achieved in the geometrical part of the procedure. The initial 

two grids could even now he designed with regard to better matching. Additionally, the 

sorting procedure could be extended with an averaging scheme in providing the body fitted 

cells with the values from the coarse precalculated solution - in a similar way, as is already 

done for the fine grid embedding feature and the linkage from one to many cells. This would 

have a positive impact on the balance of these values. 

The thickness and the number of cells in the x-direction of the modelled slice is not 

optimised. The longitudinal and vertical components of momentum as provided at the 

boundary plane have an impact on the values at the symmetry plane, which is affected by the 

numbers of cells in the x-direction, in between the EAST-boundary and the symmetry plane. 

This is consistent with earlier experience: The generation of a shear flow depends on the grid 

resolution towards the solid wall. the pressure coefficient over the roof depends on the grid 

distribution towards the leading edge. In the presented simulation, there are only four cells in 

the x-direction for the far field. but nine cells for the refined grid zone. 

The mapping itself is not restricted to the EAST-boundary plane. The provided coding can 

be used to map any cartesian precalculated field to any plane in the assembly of domains of 

the body fitted grid. Hence. a few planes or even the whole surrounding flow domain could 

be mapped. 
Perhaps it is possible to apply the procedure to a purely two dimensional simulation, and to 

map the presolved flowfield on the two dimensional layer. A first attempt at fixing the 

variables (in two dimensions) in the cells was not stable, but variation of the stiffness 

coefficients was not tested. It might be, that the missing third component in the set of solved 
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equations will always cause imbalance ww hile coupling the purely two dimensional simulation 
to the three dimensional solution. 

The driving idea behind the procedure is to adapt the surrounding flowfield to the 
momentum distribution, which is found in a full three dimensional simulation of the 
sum)unding tlowtield. The aini is to achieve surrounding boundaries for refined additional 
geometrical features. in this case the duct. Here, the pressure coefficient distribution on the 
facade and the roof plays a major role. It is surpnsing that the wrong prediction of the wake 
seems to go along with it sound pressure coefficient distribution on the surface of the 

obstacle. This is a numerical effect. in nature wake and drag are strictly related. However, 

the encouraging results achieved at the front and the top, in flow pattern and related pressure 
distribution. seems to indicate that the procedure is promising. 

The presented approach could open the field for flow field simulations of very complex 

structures. where the surrounding floe field plays a significant role. This two step approach 

enables solutions, which are still difficult to achieve even with further progress in computer 

technology. It might be worthwhile to include such a method as a feature in CFD software. 
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8. A Power Prediction Model for the Building Integrated Ducted Wind 
Turbine Module 

in general. wind power prediction is based on the characteristics of the wind turbine and the 
statistical distributed wind speed of the site in question (Eggleston and Stoddard 1987). The 

average power output ýP) is 

JP(v)f(V)dv 

V, o = cut in wind speed 

Vo�= cut out rind speed 

f(V) _ wind speed probability distribution function 

P(V) = electric power output as a function of vvind speed 

(8.1) 

V,,, and V,,., determine the operating range of wind speeds. The power output curve is the 

turbine's characteristic. It depends on the aerodynamic characteristics of the rotor, the 

generator characteristics and the turbine's method of regulation. Therefore, the power 

coefficient cP1 which is the ratio of electric power output and aerodynamic power in the 

approaching wind, is an empirical value which has to be measured for the whole machine. 

Often, the plant factor c1 is used to describe the utilization as the ratio of (P) and the rated 

power output Pr�. d for regulated turbines. Hence, the amount of electrical energy produced 

during a certain period At is 

ýF>= At - (P) = of - c1 - Prag (8.2) 

In our case, any power prediction model of a Building Integrated Ducted Wind Turbine 

Module has the basic limitation, that these devices are still at an experimental stage. 

Therefore, the power curve P(V). which is crucial for the predictive model, is uncertain. 

Nevertheless, in the following section an attempt is made to generate a sound model, which 

is based on the experimental data available at this stage. 
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8.1. The Model Climate Daw File 

In cýýntrast to the general approach, the statistical wind speed distribution does not directly 

play a role in the presented model. Instead, the prediction is based on a standard hourly 

climate data file for hich has been generated frone many data sets in a statistical 
manner and is used in the building encrg; ̀  simulation package ESP_r of the research group at 
Strathclyde l'nmersitý (Clarke I')85). The 'typical' annual wind speed distribution follows a 
\1 eihull distribution (Figure S. 1 
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Figure 8.1. I: An, rual ºt ind s peed divribution uf'c, lüirut(' model file 

Most of the time, the wind is at low and medium speed. Therefore it is important to deploy a 

turbine with relatively good starting characteristics. However, the low wind speeds 

contribute little to the energy yield. 
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The prevailing %%ind direction is South-West. Figure 8. I. 2 displays the hourly averaged wind 
data in the same manner as the N indrose normally does. The angle of incidence is measured 
clcckwi"e starting from the North. which is at o''. 
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Figure 8.1.2: Hourly measured Kind direction and wind . speed over the whole ear 

The wind data cluster for the prevailing wind directions North-Fast and South to West, 

corresponding to the geographical location of Glasgow near the West coast of Scotland. 

North-Easterly winds from Scandinavia occur mainly during the winter season. In order to 

represent a possible installation in the West of Scotland, two turbines are modelled, one 

facing West and one facing South. 

Figure 8.1.3 shows the average wind speeds for each niotith. which are lower in the summer 

season than at other times. Figure 8.1.4 displays the monthly incidence of solar energy per 

unit area on a flat roof, which was measured as the sum of direct and diffuse solar radiation. 
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Figure 8.1.4: Incident solar energ. N per unit squart' meter on the flat roof - summation of 

direct and diffuse solar radiation for each month 

The distribution of solar incidence over the year (Figure 8.1 4) is typical for the northern 

latitude of Scotland. 

Those data were not further analysed in a statistical manner. Hence, the predicted power 

output is calculated on an hourly averaged basis. The energy yield is the summation of the 

hourly energy production over the specific period of time. 
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8 . 2. Modelled Characteristics of the Building Integrated Ducted Wind Turbine 

The characteristic of the device is modelled on the basis of the performance data of the field 

trial of the first free standing prototypr . as described in Chapter 2.8, Figure 2.8.2 (Grant et al. 
1994). Hence, the rising slope of the power coefficient curve was fitted with a polynomial of 
third order. up to a maximum of C1 = 0.23. We do not know the cp characteristic for the larger 

turbine, but we have no reason to assume that the power coefficient will differ significantly 
from the one described above. It is suggested that the power coefficient characteristic of a 
larger ducted device will resemble the smaller ducted device rather than a conventional 

turbine of similar size. Therefore, the j-K)wer coefficient distribution was approximated as a 

function of the wind speed 

cr = 0.0 for 0.0 m/s Sv <_ 4.3 m/s 

cF=-0.0007 +0.0164ý-0.0812 v+0.1036 for 4.3 m/s<v'<10.0m/s 

cF = 0.23 else 
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0.24 
«........ «.......... . 0.22 

0.2 " 
0.18: 
0.16 
0.14 " 

V 0.12 ;" 
0.1 " 

0.08 t 
0.06` l 
0.04 " 
0.02 

0ýý 
Tits.... . wýT1', .... "". ""y1Pr}rnr7^T Tm rY7n'TRfi ". 

02468 10 12 14 16 18 20 22 

Wind Speed [m/s) 

Figure 8.2.1: Modelled power coefficient characteristic for the turbine 

In this field trial (Grant et al. 1994). in order to calculate the power coefficient, the current 

and the voltage across a fixed load resistor of 50 0 was measured. It might be that this load 
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resistor was not optimal. On the other hand, a power coefficient of cp = 0.23 is a good value 
given the low efficiency of the permanent magnet alternator used. 
For the first prototype. the wind speed %k as measured next to the turbine at the same height in 

the free flow. It was a free standing machine, mounted on the roof of the data logging shelter 

on an open site. Here. the wind had possibilities to deviate in all directions (apart from 

flowing underneath the machine). However, ý%e don't know the wind speed at the rotor in the 
duct of the free standing machine. t~ xperimental and simulated values for the flow in the 

normal direction through an integrated 90" duct without spoiler show, that the increase in 

speed in rotor area is only marginal see Chapter 4 and Chapter 7, in particular Figure 

7.2.2.9). However. this was observed for the duct without modelling the rotor. We assume in 

our model. that the integrated turbine follows the characteristics of the free standing 

prototype but experiences higher wind speeds due to the duct. 

According to the wind tunnel tests described in Chapter 4. the wind speed in the duct at the 

rotor plane increases hý a certain ratio, dependent on the angle of incident wind. Here, two 

configurations were taken into account: the 30" duct with spoiler II (Figure 4.2.6) and the 90° 

duct with spoiler 11 (Figure 4.2.10). Both of them show an increased wind speed in the duct 

for a wide range of angles of incidence (see with spoiler 11' in Figure 4.10.1 and `with 

spoiler II' in Figure 4.10.2). In the calculation. these wind speed ratios were used. The 

performance is predicted for e%en 10`x, as the standardised climate file holds the wind speed 

data in steps of 10" wind direction. It was assumed that the performance is completely 

symmetrical for clockwise; and anti-clockwise angles of incidence. 

Experiment 4: 30° duct with spoiler II 

incident angle from normal to the facade wind speed ratio 

------------------------------------------ 

a=0° 
--------------------------------------------------- 

1.26 

_+10° 1.32 

a+2U° 1.26 

a=±30° 1.32 

a=+40° 1.02 

a=+ 50° 0.80 
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Experiment 6: 90" duct with spoiler 11 

incident angle from normal to the facade wind speed ratio 

--- 
a=0 

--------------------------------- 
1.05 

C(= 100 1.18 
a=_20" 1.19 
a= 300 1.25 
a=±40° 1.22 
a=±500 1.21 
a=±600 0.95 
a=±70° 0.85 

Hence. the power of the building integrated ducted wind turbine was calculated as 

P(') = 0.5 p-A-c, (%) " v-; and %= a) = free wind speed " wind speed ratio (a) 

p=1.2255 kg/m' (constant air density) 

A= it - (0.5 m)' (rotor swept area) 

As the power output is related to the free wind speed, each configuration is characterised 

with a parametric set of p )%% er curves, according to the angle of incidence (see Figures 8.2.2 

and 8.2.3). 

The model incorporates two types of regulating schemes: first, the power coefficient cp is 

kept constant for higher wind speeds. once it reached its maximum (see Figure 8.2.1). This is 

similar to pitch regulated machines. Secondly, the resulting power is restricted (in Figure 

8.2.3 1000 W cut-off power). Indeed. when the power restriction applies, the power 

coefficient will drop. In this sense. the models can not be consistent. But this inconsistency 

does not significantly affect the calculation of the power curve (Figures 8.2.2 and 8.2.3) nor 

the estimated monthly energy yield (set Figures 8.4.1 to 8.4.4). 

253 



Power Curve 

1000 
900 
800 
700 
600 

O 500 
400 
300 

E 200 
100 

0 

. 
. 

" normal " 
  10 deg. " 

20 deg. " 

" 30 deg. ""ý 
  40 deg. Uý 
" 50 deg. Uý , ýý 

02 

IR Ali 
- so 

468 10 12 14 16 18 

Free Wind Speed [m/si 

Figure S. '. 
_': 

Modelled power rune fier the e c, rt%ýurutic, n u/ e. lperinteitt 4 (30' duct, spoiler 

III. Parametric- set for various angles of in e ide, c( c 

Power Curve 

-j; 

1000 

900 

800 

700 

CL 600 
0 500 

400 

300 
w 

200 

100 

0 

" normal 
  10 deg. 

20 deg. 

" 30 deg 

  40 deg. 

" 50 deg. 

60 deg. 
" 70 deg. 

. 
. 

. 
. 

. 

. 

. 
" 

4" 
600 

r 

20 22 

  

02468 10 12 14 16 18 20 22 

Free Wind Speed [m/s] 
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II). Parametric 
. set for various angles of incidence 

254 



8.3. The Computational Procedure 

hourly free Wind Speed 

Climate File hourly 

hourly Wind Direction 

Experimental Wind Speed Ratio 
for different Configurations 

hourly Wind Speed in the Duct 

Power Coefficient cp 

Power Cut-off I 
-ý 

Power hourly 

Parametric Set of Power Curves 

hourly Energy Yield 

E Energy/hour 

daily Energy Yield 

E Energy/day 

monthly Energy Yield 

E Energy/month 

annual Energy Yield 
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8.4. Monthly Energy Yield of the Integrated Ducted Wind Turbine in 
Comparison with Photovoltaics and a Conventional Wind Turbine 

The modelled hourly averaged pm% er output (Figures 8.2.2 and 8.2.3) of the two 
configurations, facing South and West. are the basis for estimating the monthly energy yield. 
In particular. the impact of different po er restrictions (1000 W. 500 W. 250 W and 100 W 
in Figures 8.4.1 to 8.4.4) was investigated. 

Those values are compared with the performance of two different competitive forms of 
renewable energy generation for small scale application: the free standing wind turbine type 
Rutland WG 910 'Standard' from the British Manufacturer Marlec Engineering Co., and the 

crystalline silicon solar panel type 585 'Saturn' from BP Solar. Characteristics and technical 
data are provided in Appendix I and II accordingly. 

The monthly energy y1eld for the conventional turbine was calculated on the basis of the 

power curve from the manufacturer. This turbine has a smaller rotor diameter of 0.91 m, 

compared to the suggested ducted rotor of Im diameter. It is important to mention that the 

manufacturer's characteristic is based on charging a 12 V battery. Here, the power slope was 

measured for constant voltage and not for a constant load resistor. as is the case with the 

Ducted Wind Turbine in Figure 2.8.2. It is assumed that the manufacturer's data are 

optimised. The load resistor for recording the Ducted Wind Turbine might not have been 

optimised. but the determined power coefficient is seen as a reasonable value. Until now, the 

Ducted Wind Turbine has not been deployed for battery charging. It is assumed, that the 

measured power coefficient for the small prototype turbine applies for higher rated turbines 

as simulated. 

The photovoltaic performance was modelled with the regenerative energy simulation 

program MERIT, which was recently developed in the research group at the Strathclyde 

University (Born 2001). In order to allow comparison, the energy yield of the photovoltaic 

panel (with area 0.525 mx1.183 m) was scaled up to correspond to the swept area of the 

ducted rotor (n " (0.5 m)2). As modelled. the optimal angle for the installation of the solar 

panel for a Glasgow site would be around 360 from the horizontal. Photovoltaic modelling is 

based on an equivalence circuit, comprising a diode and a shunt resistance (Käthe 1982). An 

important feature is the drop of efficiency due to increased panel temperature. The prediction 

code was developed in the research group in the context of Building Energy Simulation 

(Kelly 1998). 
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Even in the summer months (apart from July), the conventional wind turbine with its small 
rotor swept area and lo%% power coefficient, which is characteristic for such a small machine, 
compares favourably with the solar panel. The prediction of the annual energy yield from the 
conventional wind turbine is around a factor of two larger than the solar energy production 
(see Figure 8.4.5). 

The performance of the Ducted Wind Turbine depends %, cry niuch on the wind direction. 
However, in general the effect of po%%er augmentation overcompensates the losses due to 
unfavourable wind direction. In the presented case, the duct should ideally be orientated 
towards the West. 

Energy estimations for the Ducted Wind Turbine are related to the power restriction applied 
in the model (see Figures 8.2.1 to 8.2.4). As the high wind speeds contribute 
disproportionately to the generated power, modelling of different cut-off ratings is most 
significantly reflected in the energy yield for the windy months (compare Figure 8.1.3). 

Obviously. at lower Windspeeds. the generator does not produce the rated power. 
A realistic power cut-off rating may be in the range from 250 to 500 W (see Figures 8.4.2 

and 8.4.3). which is suitable for higher vº ind speeds. Here, the electrical configuration plays 

an important role. For direct batter` charging. a higher rated generator will generate a higher 

current and therefore requires more torque at the shaft, which has to be provided from an 

optimally designed rotor in the duct. For constant load resistance, for example an electric 
heater, it depends on the load. A higher load resistance requires a lower shaft torque at the 

generator. which %%ill impro%e the starting characteristics of the turbine. Whatever the case, 

for this range of rating the Ducted Wind Turbine facing to the West compares favourably 

with the conventional turbine. 

For the low power cut-off of 100 W (Figure 8.4.4). the conventional wind turbine produces 

in many months a higher amount of energy than the Ducted Turbine. This is not surprising, 

as the Ducted Wind Turbine has a higher cut-in speed, and can not compensate this loss of 

energy capture with larger power production at higher wind speeds. 

Figure 8.4.5 shows the impact of the rated power cut-off on the annual energy yield. A 

power cut-off at 500 W reduces the energy yield only marginally, and for 250 W power cut- 

off the annual energy yield drops only by around 12 to 15 %. A significant decrease of 40 to 

45 % in energy production is predicted for low rated 100 W. As the duct serves the power 

augmentation with induced higher wind speeds, it is obvious that the generator should be 

higher rated than for a conventional turbine of the same size. 
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Figure 8.4.2: Monthly energy yield, 500 W power cut-off 
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Generally a better performance is predicted for a device with 900 duct due to the wider range 

of tolerated %kind directions. However, the annual energy production of one Ducted Wind 

Turbine facing West and rated 250 W is predicted to exceed the yield from the conventional 

lower rated turbine. The power augmentation of the Ducted Wind Turbine due to induced 

higher wind speeds in the duct compensates easily the loss due to unfavourable wind 

directions. Hence, in order to harvest the augmented power in the wind, a higher rated 

generator than for the conventional turbine should be deployed. 
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8.5. Discussion and Conclusions 

In the presented model, the predicted po%% cr and energy yield for the Ducted Wind Turbine is 

significantly higher than for the conventional turbine or the photovoltaic panel. Contributory 

reason for the very advantageous performance of the Ducted Wind Turbine in this model is 

the very basic approach to calculating the power output. Here, the wind speed ratio in the 
duct is simply cubed and is the multiplying factor for the power. This approach is 

questionable. For example. the fluid mechanics model of a diffuser augmented turbine 

(Figure 8.5.1) considers. the diffuser efficiency. and the pressure and velocity values at 

different locations platy an important role (de Vries 1979). 

P2 Pi 

PC 
l 

U, U, Uo 

pl, 

Pturbine 

area 

Figure 8.5.1: Schematic diagram for the diffuser augmented wind turbine 

The power adsorbed hý the turbine is 

P=U, "A. (p, -p. )=0.5"p"U-'"U, "A"(1 -B - (U, /l)�)') with B=1-Ild-(1-1/a2) 

The power coefficient depends on the difference in static pressure at the diffuser exit (po -pe). 

cp=(U, /u,, )-(I+[(p)-p, )/0.5-p-U, 21-B-(Ut/Uo)2) 

where 

A= turbine swept are 

a= diffuser area ratio 
(p, - p2) = pressure drop across the turbine 
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Lt, = velocity in turbine plane 

U,,, p', = free stream conditions 

U, N= exit conditions 

TId = diffuser efficiency 

It is difficult to apply this fluid mechanics model to the situation of the duct in the wall roof 
edge. The low pressure behind the turbiric at the outlet is caused by the free air stream over 
the obstacle. and it is very speculative to suppose an equivalence to the diffuser in this 
situation. The regions which establish a pressure differential do not have exact boundaries, 

and the flow is highly turbulent. Also, any change of wind direction has a large impact on 
conditions. 

However, it is possible to model a turbine. Experimentally, the power absorption is often 
simulated by a wire screen, and the pressure drop over a screen at the rotor is 

(pl-p2)=0.5. p. k, U,, 
with 

k= resistance factor of the screen. 

In Computational Fluid Dynamics. the pressure drop can be modelled by blocking the cells 
in the intended turbine plane %%ith a porosity factor (CHAM PHOENICS). Both methods 

require information about the turbine characteristics. But in order to choose a turbine, one 

needs information about the f1ov situation in the duct. The presented work will hopefully 

contribute to the latter. 

In a two dimensional computational fluid dynamic simulation of a diffuser augmented 

turbine, the rotor disc was simulated by specifying volume forces in the cells (Hansen et al. 

1999). In this way, it is possible to simulate a turbine with constant thrust. Comparing the 

velocity profiles at the rotor plane. Hansen derives that the power coefficient cp for the 

augmented turbine is proportional to the ratio between the mass flows through the turbines 

with and without duct. That is to say, according to Hansen, the speed up ratio in the diffuser 

duct does not contribute cubed to the power output, only as a simple factor 

t 
p, durled 

V 
/urttd 

Cp, bare 
Vbare 
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Again, it is difficult to transfer these results to the flow situation under investigation. 

The presented power prediction should he interpreted with common sense as a potential. It 
represents the offered power of the wind flow through the duct. Without modelling the 
turbine itself, it is not possible to model absorbed power. The actual generated power may be 
smaller than the offered power, even if the power coefficient in this prediction model is 
based on the measured coefficient of it prototype. Here, generator losses are included. Any 
induced higher wind speed would result in a better power coefficient. The power output 
however, might deviate from the one calculated in this power prediction model. 
The crucial point of power prediction modelling is that the model tries to predict the 

performance of a machine, which does not exist yet in this form. A more accurate model 

requires information. v%hich is only available when the machine is built and tested at large 

scale. For example. the pressure drop across the turbine, with different pressure conditions at 
duct entry and exit. Or. the outlet velocity for the jet entrainment into the roof edge vortex. 
However. if we reach this stage, power prediction modelling might be replaced with 

measurement series of actual generated power. Then the power coefficient of the whole 
device will measured as the fraction of the generated electrical power and the aerodynamic 

power available in the free stream. 

The directional performance is modelled according to the wind tunnel experiments. So far, 

no work has been done to confirm these results either at large scale or through 

Computational fluid Dynamics (as explained in Chapter 7). The directional performance is 

one of the most important features which contributes to power augmentation and to the 

energy yield. The integration of a Ducted Wind Turbine is particularly suitable for a site with 

a very significant pre%ailing wind direction. 

Compared with the source of errors related to the cubed speed up factor and uncertainty over 

directional performance. the effect of the different electrical loading regimes seems to be 

rather minor. 

The presented power prediction model may overestimate the actual power generation, but it 

describes other features of the turbine well. For example, the turbine will have a parametric 

band of power curves according to its directional sensitivity. And the generated power will 

be significantly higher than for a conventional small turbine. In this sense, the result of this 

model gives convincing evidence of the value and the necessity for a prototype development. 
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9. General Conclusions, Perspective and Future Work 

The contribution of 'renewable cner y' generation in the built environment has gained in 
significance in the past years. So far. the large resource of wind energy has been neglected in 
this context. 

The Department undertook pioneering steps mth the work on its free standing Ducted Wind 
Turbine. which is being further developed and tested. 

The objecti'e of the presented work is to provide proof of concept for such a building 

integrated Ducted Wind Turbine module to he situated in the upper edge of the facade of a 
tall building \N ith flat roof, ww ith the outlet to the roof. The pressure differential arising from 

the wind flow over the building and locally accelerated flow should induce a high mass flow 

through the turbine. 

This concept was explored by means of experimental and numerical methods. 

A building model with different integrated duct configurations and a series of attached 

spoilers has been tested in the Department's open section wind tunnel. The experimental 

investigation comprised pressure measurements in combination with localised wind speed 

recordings with hot v ire anemometry. The results of these tests are in many ways 

encouraging. There is evidence, that for some combinations of duct and spoiler, windspeeds 

more than 30 ` higher than the velocity of the approaching free stream are induced in the 

duct. Also, the duct tolerates a large angle of incident wind. in some cases ± 60°. In this 

context, the increased suction over the roof due to vortex development with rising angles of 

incidence seems to play an important role. The induced wind speed in the duct peaks at a 

certain angle of incidence, not at normal incidence. Of particular interest is the assessment of 

the impact of the duct flow entrainment into this suction zone over the roof. As the high 

suction goes along with recirculating flow, disturbance of this pattern might cause significant 

changes in the pressure. To shed more light on this complex situation, the pressure 

distribution upwind and downwind of the jet entrainment has been measured. But no clear 

pattern emerges. and different combinations of duct and spoiler lead to contrary results. 

However, in the worst case, the suction on the roof downwind of the entrainment drops 

significantly compared to the situation upwind, but still approximates to the value measured 

for inflow normal to the facade. Hence, there is evidence that the installation of several 
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turbines in a row along the wall root' oof edge is feasible, but a future detailed investigation of 
multiple ducts is necessary for a final evaluation. 

Additionally, there is a wide range of duct and spoiler combinations which have not yet been 
considered. The basic wind tunnel model in its modular form is suitable for all kinds of 
modifications, and numerous experiments can he conducted. The flow pattern through the 
duct, its speeding up and the tolerated angle of incidence all depend very much on the 
geometry of the duct. For each duct. careful design of the inlet is very important, in order to 
enable a smooth inflow and to prevent separation. The general effect of a spoiler above the 
inlet seems to he to increase the mass flow, but it may also have the effect of widening the 
range of tolerated angles of incidence. Here, the characteristics of each combination of duct 

and spoiler differ. 

Different design options may be evaluated with the help of Computational Fluid Dynamics. 

However. the actual size of the flow domain and the fine grid necessary to resolve turbulent 
flow around corners require a vast amount of cells. In this work, the necessary requirements 
for the cell distribution of wind flow simulations around buildings are explored. In particular 

the distribution of suction over the flat roof and the generation of a realistic recirculation 

pattern over the roof and in the wake depend highly on the cell distribution in each direction. 

Some of the important findings concern the pressure distribution at the solid boundary and 

the flow pattern in its vicinity. For the flow over the roof, it became obvious that it is not 

reliable to predict flow pattern from measured pressure distributions. 

Also. the influence of the cell distribution in the far field is significant. The cell distribution 

towards the solid ground determines the developed inflow profile. Hence, a specific 

implemented atmospheric boundary layer profile at the inflow boundary of the modelled 

flow domain has, for most applications, been drastically modified by the time the inflow 

reaches the building. A uniform inflow profile generates a boundary layer profile, and the 

shape of this profile depends on the grid distribution upstream of the building. Because of 

the limited number off cells, one is tempted to implement a very coarse grid in the far field 

of the building. This results in a generated boundary layer thickness which could easily 

exceed the building height. 

Comparison of the simulation with reported and own experimental work shows that there is a 

discrepancy in the pressure coefficient standards for the full scale approach and for small 

scale wind tunnel models. For full scale, there is a much higher suction observed at the 
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leading roof edge than at model scale. This is not `imply a Reynolds number effect. Small 

variations in the flow caused by turbulence and gusts may alter the pressure distribution in 

particular on the rexof, because of flow separation, possible reattachment and vortex 
generation. The flow at datum conditions in the wind tunnel has not much in common with 
the real wind flow around buildings. On the other hand, predictions with Computational 

Fluid Dynamics of wind flow in the close vicinity of buildings are very much affected by the 

cell size and distribution, but the limited number of cells and the required runtime is a 

serious constraint to model accurately pressure and velocity fields. Due to higher suction on 

the leading roof edge in full scale, it might well be that a prototype of a building integrated 

Ducted Wind Turbine performs better than predicted by experimental and numerical 

modelling. 

Important to note is the systematic difference between two dimensional and three 

dimensional simulation. A two dimensional simulation does not accurately reflect the flow 

situation in the cross-sectional symmetry plane of a three dimensional flow domain. For the 

flow towards a simple rectangular block, two dimensional simulation causes overprediction 

of positive pressure on the front facade and suction over the roof. Further, the flow seems to 

separate more and generates a larger pattern of recirculation. 

In the progressed simulation work with a multi domain grid based on the body fitted 

coordinate system for modelling aerodynamical shapes, it turned out that the requirements 

for modelling the whole flow domain including the integrated duct exceeded hardware and 

software limitations. Still. a qualitative comparison of different design options is possible on 

the base of two dimensional flow simulations. 

A three dimensional simulation could confirm the measured induced wind speed in the duct, 

in spite of its failure to predict the pressure field over the roof properly (due to the limited 

amount of cells). This might suggest that in the simulation the pressure field on the roof has 

less effect on the induced wind flow through the duct, than the flow velocity pattern around 

the roof edge. 

In the frame of this work. a new approach has been developed and tested to couple the two 

dimensional simulation to a precalculated three dimensional solution in a cross-sectional 

plane. Here, the mapping of the three dimensional cartesian grid solution as a boundary to 

the rather two dimensional grid in body fitted coordinate system resulted in a coherent 

prediction of flow pattern at the front facade and over the roof. However, in particular the 

wake of the building is not yet solved in a satisfying way. The flow field mapping procedure 
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is at an early stage of development and wits devised in an attempt to overcome difficulties in 

the presented work. Various ways of extending and improving the method are suggested. 

Eventually, this method might facilitate the generation of flow field solutions for two 

dimensional models with complex geometry, which accurately represent the cross-sectional 

solution of a three dimensional tlowfield. 

The standard form of the k-F turbulence model, widely used in wind engineering, has been 

applied. However, as this model assumes isotropic turbulence, it may be that it was not 

entirely appropriate for the tlo-, % field with its streamline curvature, swirl in the duct, 

separation and reattachment. Another turbulence model would be required to account for any 

local anisotropy . 
for example the Algebraic Stress Model. This would be a suggestion for 

future work. 

A simplified power prediction model has been presented, which predicts a much higher 

monthly energy Nield than for other competitive deployments of renewable energy 

generation in the built en% irconment. However, the fluid dynamics of the integrated duct is 

much more complex than for a conventional augmented wind turbine. Also, the optimum 

rotor characteristics have yet to be established. Therefore, at this stage it is impossible to 

develop a more sophisticated model. 

Neat is possible at this stage is to suggest the construction and installation of a real scale 

prototype of the building integrated Ducted Wind Turbine module. Basic design outlines can 

be derived from the presented %% ork. 
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Appendix 1: 

Technical Specification of the Wind "Turbine Rutland W(: 910 `Standard' 

The Rutland WindLharger is . heciaik designed 10 ºn, iintain the charge in 12 or 24 V batteries 

and incorporates among other% the following design features: 

Permanent magnet disc type ironlc,,,, generator ý%hich also acts as flywheel 

- Charging commences at ver lo%% %%ind speeds ( I. S m/s) 

- Thermostat and choke protect N innings in prolonged gale force winds 

-6 bladed rotor. 0.91 nm diameter 

The po%%er curve as determined from the characteristics for the electric current output 

charging into a 12 V batten. as provided by the manufacturer (Marlec ). 

For the power prediction model, the slope was approximated with a linear function. 

Rutland WG910 'Standard' 
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The Rutland Windcharger. Technical Specification sheet WG9IU 'Standard' 

Marlec Engineering Co. Ltd.. Rutland House. Corky Northants NN 17 5XY, UK 
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Appendix 11: 

Technical Specification of the Solar 11oduk 111' Solar 585 'Saturn' 

All Pcrfornialice "hecifications are as measured at standard test conditions (Insulation of 
10()() / Win . r»1 1.5.25" C cell temperature). 

- 36 silicon solar cells connected in series 

- Peak )%%er %oltage: V.,,.. 17 toi I () V 

- Nominal peak po er: = 85 W 

- Peak px)%%er current: I,,, _ 4.72 A 

- Short circuit current: L=5.0 A 

- Open circuit voltage: V 22.03 V 

- Minimum Po%%er: 80 \ti 

- Size: 525 mm x 1183 mm 

BP Solar 585 'Saturn' 

L, 
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U, 
a) 
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E 

Volts 

Reference: 

Solar Modules. Technical Specification Sheet BI' Solar 585 'Saturn 

BP Solar, Sunhury-can-Thames, Middlesex TW 16 7XA. UK 
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Appendix Ill: 

Technical Specification of the Hot Wire Probe DANTEC (probe type 55) 

Sensor resistance at 20" CK,. = 3.51 S2 

Leads resistance at 20° C R, = 0.5 U 

Sensor TCR cx = 0.36 "f /C 
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Calibration Hot Wire Probe 

y= -60.737x4 + 521.19x3 - 1620.5x 
R2 = 0.9996 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 

Voltage (V] 

1.6 1.8 2 2.2 2.4 

Reference: 

Dantec 56C 17 CTA (Constant Temperature Anemometer) probe type 55, DISA Electronik, 

Denmark 
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