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Abstract

Using CFD simulations, a small conventional horizabraxis
wind turbine (HAWT)Ampair 300 was installed in a confin
flow space: through-building openingsambedded at differel
levels of a tall building. The openings wdogatec at 1/3, 1/2,
2/3 and 5/6 of the height of the buildinthe flow characteristic
within the through-building openingsvhen the building i
exposed to a realistic wind profile have been itigased anc
applied to a single through-building openiimgluding thesmall
HAWTSs. Four small HAWTs were located the niddle of each
opening with a 3m x 3m crosection area. Power generat
and performance of the small turbingserating in theopening
was investigated and compared withen installe in the free
stream condition. It is shown that a confirgghc prevents flow
from bypassing the turbines and increafes flowrate passin
through it whichresults in power generation augmentatiFor
furtherflow enhancement, a compact diffuser was integrated
with the turbine andignificantly enhanced its rformance and
power generation. This study shows that integratérwind
turbine in a confined space with suitablesigncan enhance its
performance and offers a potential locatfon integrating small
wind turbines in an urban building.

Introduction

Interestin the design and development of small scale \
turbines for integration with urban buildings hasreaseworld-
wide during the last decadeShiarma and Madawala 2012rew
et al. 2013). The main advantagepsver generatiolat the
point of use. Howeverthere are hurdles which undermine w
turbine installations in the urban built environteesuch as: (i
lack of suitable area for mediularge size wind turbines; (i
noise pollution in high wind velocity conditions;na (iii)
relatively low power output and unreliable performance du
unfavorableurban wind conditions such as low wind veloc
continuously variable wind directions and high turbuletheee|
(Ledo et al. 2011).

Toja-Silva et al. (2013) reported thabrlzonta axis wind
turbines (HAWT) have better performance in -terrain

applications, whereas in higtensity building environmen

vertical axis wind turbines (VAWTare superic. Dayan (2006)
showed thatalthough the roughness of the terrain in ur
environments can reduce the velocity amctease turbulen: of

the flow compared to open spacespumting turbines at hig
elevationson buildings may provide the perfect opportunity

onsite wind power harvesting.avly investigations hawecently
been done on adwmaes in integration of smallind turbines in
urban buildinggAyhan and Sglam 2012, Ishugalet al. 2014)
and most of them have focused on rowfunted wind turbine.

Grant et al. (2008) proposed a ranéunted ducted wind turbin
which uses pressure fiifentials created by wind flow arounc
building. Li et al. (2016)provided a performance assessmer
four wind turbines installed in four openingsa tall building,
Pearl River Tower, bgonducting a 1:150 scale wind tunnel

and reported that thevind speeds in theopenings can be
intensified by an average factor of 1.

This study has investigated the integration of aalk
commercialized HAWT, Ampair 300 into ducted/confirspaces
of a tall building using computational fluid dynami{CFD)
simulations. The proposetlicted/confinespaces are a couple of
through-building openirgy embedde at both sides of four
different levels of a 180 rhigh building at 60, 90, 120 and 150
m elevations from the ground. The building is exgbgo &
realistic wind condition(velocity and turbulence profile) bas
on the results achieved fronpdor 1:400 scaled wind tunnel test
(Kwok et al. 2014).A model of the scaled building with tl
selected openings wasreater under similar approach wind
conditions and thdlow characteristics have bednvestigated
inside the openings.HE CFD model otthe HAWT has been
located inside the openins with the identified flow
characteristics. Performanad the HAWT is investigated and
compared with the ontcated ina free stream condition and
exposed to the samnapproach wind velocityA compact diffuser
was also integrated withthe HAWT for performance
augmentation and thenhancement investigated.

CFD Model Setup

Building Geometry and Computational Model Setup

The dimensionsf the building mode(Melbourne, 1980) and the
through-building openirgare given in the Table 1. Topenings

are located at H/360m), H/2 (90m’ 2H/3 (120m) and 5H/6
(150m) where “H” refers to the building hei¢, as shown in

Figure 1. The windward and leeward side of openings are
open to the atmospher&éhe windward opengs are indicated
with dashed lines in thenlargecbuilding sketch.

A relatively small distance of 3H from inlet boundaoybuilding
is chosen to minime the deterioration of the inlet profidue to
the wall function problen{Blocken, Stathopoulos et al. 20.
This is sufficient in thease of a single building being model
(Franke and Baklanov, 2007he distance of lateral boundary
3H. The distance of 10H is considered for the outlem the
building to allow for flow redevelopment behind theake
region. The computational domain was created 'a blockage
ratio of approximately 1% which is webelow the recommended
blockage ratio of 3% (Blocken, 20).

Figure 1. Building modalith thethrough-building openings at four
different elevations from the grouwithin the computational domain.



Height (m)  Width (m) Length (m)
Through-building 3 3 30
opening
Building 180 30 45

Table 1. Dimensions of the building and throumhlding openings.

Based on the experimental data conductel{ywgk et al. (2014,
the wind speed and turbulence intensity at theofdhe building
is about 12 m/s and 11%, respectively. The windedpanc
turbulence intensity for the wind tunnel test artk tCFD
simulation at the target location is given in Fig2 which shows
an acceptable agreement. Tdiscrepancy in turbulence inten:
below 0.4H may arise from theall function problem which he
also been addressed by Blockenal. (2007 Their remedial
measures were implemented in the present studyrtionine the
discrepancy. The boundary conditiongere considered ¢
follows: symmetry condition at lateral boundaries, free
condition at top boundagnd outflow for outlet bounda.
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Figure 2. Characteristics of wind flow at ttaeget locatio.
Ampair 300 Model and Integration with the Building

The CFD model of theAmpair 300 has been developed
verified in a previous study (Jafari arkbsasih, 2014). Thi
study integrated four Ampair 300, whigachhave a 1260mm
diameter, in the middle of the throughilding openin with 3m
x 3m cross-section area, as shownFigure (a). A compact
diffuser with the dimensions indicatéd Figure 3(b) is also
integrated with the small HAWT fdiurther flow enhanceme.
The rationale behind incorporating a diffuséth a wind turbine
is to enhance the power generatiby increasing the ma:
flowrate passing through the rotor. Thifuder creates a sub-
atmospheric pressure region at its oudletl leadsmore wind
through the rotor. This diffuseiwas selectedsince the
configuration is compact and has beshown to be ver
effective/efficient (Jafari and Kosasih, 2014).
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Figure 3. (a) HAWT and diffuséntegrated model in tl through-
building openingand (b) Dimensions of the diffu:.

In order to save time and increase the accuratlyeofesult, the
simulations have been done in two complemenphases. The
first phase determined thmean velocity, pressure difference,
Turbulent Kinetic Energy (TKE) anTurbulent Intensity (TI)
throughout the openingsy generating coarser gri@long them
and around the buildingThe «cond phase determined the
resultant torque on the rotby generating finer gridalong the
opening and around the rotdihe CFD model of the turbine and
the openingsvere built using hybrid mesh including 1,150,(
structured and 650,000 unstructugrids in each quadrant of the
opening while each quadrainiclude: one turbine in the middle.
Structured mesh was built around the rotating diskwn in
Figure 4a), and very fine unstructured mesh was built inithe
rotating disk and on the rotor surface as showfigure 4(b).
Gambit has been uséar mesh generation in this stu(The inlet
boundary condition was imported from fresults achieved in the
first phase and theutlet boundary conditiowas set to outflow,
since the details of the flow velocity and pressame notknown
prior to the solution.

(a) (b)
Figure 4 (a) Structured mesh around the rotating disks,(BhVery fine
unstructured mesh on the ro

Solution Method

The k (TKE)-omega §DR) SST (Shear Stress Transport)
used as theiscous model in this study. Thmodel has been
widely used in CFD simulation of rotating devi (Menter et al.
2006, KirkDavidoff and Keith 2008, Shives and Crawford 2C
Li et al. 2012, Lanzafame et 2013, Tavares Dias do Rio Vaz
al. 2014, Lanzafame et al. 2015, Wang et al. z. The viscous
model was used to measure thegque {) created on the rotor in
each rpm &). The output power ar the coefficient of
performance(,) were thercalculate: from Equation (1). ThE,
presents the ratio of power captured by the turbiviéch equals
torqueT multiplied by the rotor rpnw) to the total wind energy
passing through the swept ar

C = PrmaSJred — Tw Q)
PT P, 05pAU°

Wherep is the density of aiflJ is velocity andA is the effective
area of the turbindn the case cthe bare turbinéA is the turbine
swept area, whilst for thdiffuser augmented turbinA is the
diffuser outlet area. Henc@p nees to be calculated based on the
outlet diameter of the diffuser.

The solver ran the model in transient conditionngssliding
mesh condition for the rotating disk by setting #uaptive time
step to run the simulatiofor a minimum : sec. The CFD
approach cannot automatically find tirotor's operationalw.
Therefore, a series of simulations need to be pedd in
differentw to find the operational or(Jafari and Kosasih 2014).
In particular, w is gradually increasd and the output power
calculated at each step. Output power grows byeasingw at
lower w values. However, atlose toan optimum point, a further
increase inw results in decreasii the output power. The
operational is ideally that optimunw. In this study the rotor’'s
w was varied between 90 a@@C which at a wind velocity of 6
m.s® resulted in a tip speedtio (\) of 1<\<8:



A=r@ @
U

Wherer is the radius of the rotor.

Results and Discussion

Velocity Analysis in Through-building openings

Figure 5(a) shows the velocitpagnitude contoi created on a
cross-section ofthe building and along ththrough-building
openingsembedded at the selected elevations from the gr
The velocity magnitude contours show that the approach \
has been decelerated upon entering tipening but an
acceptable velocity (6-7m'¥is still available insid them. It is
noteworthy that the velocity magnitudesd uniformity in the
opening are very close to each other. The average
characteristics in the openings are atsasured and presentec
Table 2. The measurents indicate that: (i) the maximt
pressure difference is created at 2ldf3he building, (ii) highe
velocity is created inside the higher levels and (iii) hig
turbulent intensity is observédside the lower level

Figure 5(b) shows the plan viemesultant velocity magnituc
contour created in the openings at 12@fevation from the
ground. It can be seen that the flow is very-uniform at the
inlet of the opening but the uniformity improveas the flow
approachegshe middle section. The major reason of the -
uniformity of the flow is the detachment/separatainthe inlet
Moreover, thecurrent results have been achieved when
building is normal to the incident windnd the detachmetis
likely to be intensified in otherobligue wind conditions.
Controlling the flow detachment/separation from timéerior
walls atthe inlet can result in more uniforflow with higher
velocity. Therefore, ongoing studies are being done on diegj(
better layouts which preserves the favourdlole characteristic:
within the openings under variable wimttidence angle
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Figure 5. Velocitynagnitude contours (a) Around the building and @
the through-building openings and (b) Along tmening at 120m

elevation.
Pressure Mean
Height Difference  Velocity TKE TI
(Pa) (m.sY) (m2.5?)
60m 19.77 6.13 2.2t 20%
90m 20.57 6.24 2.3¢ 20%
120m 20.61 6.52 1.7t 16.6%
150m 19.72 6.91 1.7¢ 15.8%
Table 2. Flow characteristics in through-buildogenine at different
elevations.

Pressure Analysis on Small Turbine Blades

Figure 6 shows the resultant pressucestous created on the
high and low pressure sidestbé HAWT blade. As can be seen
the pressure difference created on difuser integrated turbin
blades is the greater than the bare turbiierefor,, the torque
and power generatioare expected to be grea It can also be
seen that the major pressure differencedig to the lower
pressure created on the low pressure side of thusdi

integrated turbineThe reason is that the outlet area is gre
than the inlet areavhich results in higher velocity and low
pressure at the inlet. The sabmospheric back pressicreated
at the inlet lowershe static pressure on tlow pressure sides of
the bladegJafari and Kosasih 201.
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Figure 6.Pressure contours on the high and low pressurs siithe
HAWT blades (a) Withoudliffusel and (b) With diffuser attached

Coefficient of Performance and Power Generation

Figure 7 shows th€, of the HAWT against4 when operating in
the through-building openingvith and without diffuser and
compared with when operating in the free streanditmm with
the same velocity (6m%. As the C, curves show, the
performance has been increas30% when operating in the
opening and a further 30%her a diffuser is integrated. THg,
of the diffuser integratetHAWT operating in the openil has
exceeded 0.5 while th€, of the bareHAWT in free stream is
around 0.25. The reason tlg of the HAWT is increased in the
opening is that the confinexpac: prevents flow from bypassing
the rotor andincreases the flowrate passithrough its space.
The increased velocity creata greater dynamic pressure and
results ingreater static pressure on thgh pressure side of the
blades. On the other hand, the diffuser createswal sub-
atmospheric back pressure on tlow pressure sides of the
blades.The overall effect is around 100% increase inC,,.
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Figure 7C, calculated fothe HAWT with and without diffuser in
confined (throughbuilding opening and free stream conditions against

Using theC, achieved for each configuration and presente
Figure 7 and thevind power density(WPD) available in each



opening, power generation by the turbines can leileted. The
WPD shows the maximum power of a flow passing throagh
surface perpendicular to the flow direction dividey the total
area of that surface, as defined in Equation (3).

WPD = ~pU? A3)

In this caseU refers to the mean velocity at different heights
which are presented in Table 2.

Multiplying the WPD available in each opening by the effective
area of the HAWT or the diffuser integrated modeleg the
maximum wind power passing through that effectiveaaand,
multiplying the result by the releva@, gives their actual power
generation. Power generation by the HAWTs and tddfuser
integrated model in each floor is calculated andsented in
Table 3.

Wind Power Power Power
Height Density Generation Generation
(W.m?) Bare (W) Diffuser (W)
60m 230.35 880 1,596
90m 242.97 928 1,684
120m 277.17 1,059 1,921
150m 329.94 1,260 2,286
Total 4,127 7,487

Table 3. Power generation by HAWTSs and their défustegrated model
installed in through-building openings in a talilding.

Conclusions

CFD model of Ampair 300, which is a small commeized

wind turbine, was integrated in a tall (180m) binglinside the
through-building openings embedded at 1/3, 1/2,8218 5/6 of
the building height. The flow characteristics wittthe openings
have been investigated when the building was expdeea

realistic wind profile. It has been shown that: tiig maximum
pressure difference is available at 2H/3 of theding, (ii) higher

velocity is created inside the openings embeddethethigher
levels and (iii) higher turbulent intensity is obssd inside the
openings embedded at the lower levels. Four smaWHs were

located in each opening with a 3m x 3m cross-sedi®a. A
compact diffuser was also integrated with the tebifor further
flow enhancement. It was shown that a confined esgmevents
flow from bypassing the turbine and increases tlsvrate

passing through its rotor which results in powemnegation

augmentation. The performance of the HAWT was asee

30% when operating in the opening and a further 3@%én the
diffuser was integrated. THe, of the diffuser integrated HAWT
operating in the opening exceeded 0.5 while @ef the bare
HAWT in free stream is around 0.25. Power genemnatibthese
small turbines was also calculated and it was shthah these
turbines can generate up to 7.5kW electricity wite selected
layout design and approach wind profile.
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