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Abstrak

The aims of the research work described in thisepdp a part were to use computational fluid
dynamics (CFD) to investigate the factors affectihg performance of a single-stage downdraught
evaporative cooling device for low-energy coolingbaildings developed from a novel prototype
device described by Pearlmutter et al. (1996; 2088} to model and explore the performance of the
device when integrated within a hypothetical buitdi This involved carrying out simulations: to
select the most effective wind catcher geometry. ffpes of wind catcher using curved deflector and
closed cowl design were studied: In total fiveealative arrangements were investigated.
Arrangements 1 and 2 were bi-directional wind catsh Arrangement 1 was modelled without a
baffle and arrangement 2 was modelled with an aelddrbaffle. Arrangements 3, 4 and 5 were uni-
directional closed cowls. Arrangement 3 was modeli&hout a baffle, arrangement 4 was modelled
with a short baffle and arrangement 5 was modeliétt an extended baffle and an increased inner
radius of 1 metre which had the effect of raisihg mid-plane height of the cowl inlet by 1 metre.
Initially, for comparison in all studies, the inletind speed was set at 10 m/s at a reference height
11.5 metres which corresponded to the mid planghtedf the wind catcher and wind cowl entry
ducts for arrangements 1 to 4. All simulations weseried out using ANSYS CFX, versions 13.0, and
the performances of the device were focused irctsadeoptimum air flow induced into the devices.
The CFD simulations were carried out to define tptimum geometry of a wind catcher. Based on
these simulation results, it was concluded thatn&directional closed-cowl design was the most
effective arrangement.
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Introduction

Strategies for the thermal management of livingrkivig and storage spaces in hot dry climates which
minimize the use of air-conditioning systems har@ag rapidly nowadays. Such strategies are usbalbed upon
harnessing effects such as evaporation in conpmatith the stack or chimney effect to induce bumyadriven
upward or downward flows, and it is well known tlsatstantial levels of cooled downward flow or dawaught
can be induced in a column of air by introducirfgnaly-atomized water mist at its upper end.

The performance of downdraught evaporative codliegices is limited by the prevailing ambient wetkbu
temperature. As the cooled airflow temperaturer@gghes the wet-bulb value, further reductionseimgerature
become impossible, and overall performance imprammcan be achieved only by increasing the airfloyw
optimizing the device geometry and by using famg] By optimizing the evaporation process to minamizoth
water consumption and the need to recycle excgssllivater.

Wind catcher and wind cowl designs

Wind catchers and wind cowls have existed for maunydreds of years in hot dry middle-eastern coesitri
They exist in uni-directional and multi-directiorfarms as shown in Figure 1. Recent developmenisvi-energy
building design have revived interest in these cexi The thesis by Elzaidabi (2008) and the repapers by
Khan et al. (2008) and by Hughes et al. (2012) ipwp-to-date information on a wide range of madeind
catcher and wind cowl designs.

In a recent comparative study, Bahadori et al. 82@@scribed experiments and one-dimensional ngaieri
calculations on two new designs of wind tower wétbaporative cooling and on a conventional wind toag
identical dimensions without evaporative coolingicthwas used as a control. In one tower, the gearents for
evaporative cooling consisted of a vertical arrdycloth curtains wetted by water sprays. In thheottower
evaporative cooling was provided by wetted pad$hattower inlet. In both towers with evaporativeoling, the
outlet air was found to have a much lower tempeeatuind higher relative humidity than the ambient dinder
ambient conditions of 29 to 3Z and 10 to 13% relative humidity, outlet air temgteres between 20 to %2 were
achieved with relative humidity values of 63 to 8@¥proximately. The arrangement with the vertmahy of
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cloth curtains was found to perform better in highd speeds than the arrangement with wetted pAdfow wind
speeds the arrangement with wetted pads gave ttee performance.

a. uni-directional b. bi-directional . four-sided | d. octahedral
Figure 1 Traditional wind towers in Yazd in Iran
(Hughes et al. (2012), with permission from ElseMieense no. 2906050180807)

A detailed comparative experimental study of thieaiveness of a number of traditional wind catcher
designs was carried out at one third scales bylfAater et al. (1996). The alternative designschhiad a flow
area of 1 rhare shown in Figure 2.
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Figure 2 Alternative wind catcher designs (Peartent al. (1996),
with permission from Elsevier, license no. 29011281305)

The three designs configurations 1-3 in Figureitzad inwardly swinging louvres, the configurats# and
5 used flat and curved fixed deflectors, the canfigion 6 employed a single central swinging loyvaed the
configuration 7 used a single central swinging leugombined with fixed deflectors. Configurationvéith no
wind catcher, was used as a control. The conftgurd with the curved fixed deflector was founcheve minimal
flow resistance and to provide the greatest ovevialtl capture.

In some cases, modern designs of wind cowls haweltiity to separate the fresh incoming air frdma t
warm stale outgoing air and to rotate or weatherevso that the inlet duct faces the incoming windllgimes and
the outlet duct discharges into a low pressure. afgaexample of such a device is shown in Figure 3

fresh air i

Figure 3 Wind cowl (Sourcevww.zedfactorycom)

CFD simulations of wind-driven ventilation and evapor ative cooling in buildings

Although much experimental investigation and onaatisional numerical modelling of evaporative coplin
has been carried out in recent years, studies whigstigate wind-driven passive evaporative caplmbuildings
using CFD methods are relatively uncommon in ttegdture.

Li and Mak (2007) used CFD to investigate the pannce a louvred wind vent for wind speeds in the
range 0.5 to 6 m/s using FLUENT. The outlet bouredaat the base of the wind catcher were modebeor@ssure
openings and the ventilated space below the wittheawas not modelled. The study did not includger spray
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modelling. An unstructured mesh using approxinya®€l,000 elements was used and the standard twattiequk-

epsilon turbulence model was adopted. Althoughntlesh was relatively coarse, the reported erronsdsn the
simulated air flow rate entering the ventilatedagand published experimental wind tunnel resalsr the range
2% to 22%. The authors concluded that the CFDniigcle could be used to study other wind catchetesys.

Hughes and Mak (2011) simulated a standard comailr@vailable wind vent, using FLUENT. The flow
domain consisted of an external space or macroatdino simulate the ambient wind condition of 4.5 mnd a
micro-climate to simulate an occupied space whiels & standard classroom at Sheffield Hallam Unityershe
study did not include water spray modelling. Arapiive mesh of approximately 1,200,000 elementk thie k-
epsilon turbulence model was used to obtain thatisal. Velocity predictions at 9 sampling pointere compared
with experimental measurements and an error rah§&do 8% was reported.

De Melo and Guedes (2007) describe experimentakunements and a simplified two-dimensional CFD
simulation of an existing building which had beewndified to incorporate a passive downdraught evaiper
cooling shower system. The building was situatedioura, a hot-dry area of Portugal, in which treytidne
ambient air temperature in August can reactC4and the relative humidity is less than 20%. Woek provides
useful experimental data on the performance ofsth@ver system with internal temperatures betweé@ 2td
26.6'C and relative humidity values from 62 to 95.5%nleiecorded. The CFD simulation which used the CFD
software AMBIENS, is not described in detail, with information on boundary conditions, or on meahligy or
turbulence modelling being provided.

In a simultaneous paper, Cook et al. (2000) desailCFD simulation of passive evaporative coolimg i
hypothetical office building in the centre of SéjlSpain using CFX-4.2. A sectional elevatioritef hypothetical
building, which was designed by Ford & Associamsuse in performance simulations, is shown in Fégu

Wind baffles
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Figure 4 Sectional elevation of hypothetical builgidesign by Ford & Associates, (Robinson et @043,
with permission from Sage publications, no liceresguired)

A full description of the expected air flow pathghin the building is provided in the paper togethdth a
detailed description of the theoretical backgrouadthe droplet thermal, momentum and mass transiedel
implemented within CFX-4.2.

The CFD simulations reported in the paper wereie@rout to investigate the air flows, temperatuaasd
relative humidity produced within the building atm, core offices and perimeter offices with the spas
evaporative cooling system operating under conustiof no wind, and with a wind speed of 4 m/s frilne South
and from the North. For all the simulations, ampiate ambient conditions for Seville of 85and 34% relative
humidity were used, but no account was taken ofiamlwind shear, and it is not clear from the papeind flow
around the building in the East-West direction wassidered. In addition, from the images suppirethe paper,
the upstream and the downstream flow domain diressappear a little small and the flow domain heggems
restricted. No information on the precise flow domdimensions is given to enable these obsenationbe
checked.

An initial series of simulations were carried outestablish a suitable rate of spray water mase ifide, and
it was found that a water injection rate of 51elibr or 0.014 kg/s would achieve comfortable cdodd in the
occupied spaces. The spray water injection was headesing particle tracking with each atomiserresgnted by
using 5 trajectories. No information on the typeatomiser or on the droplet size distribution usedthe
simulations is given in the paper and there is issusion of flow domain sizing or mesh qualityll golutions
were carried out using the standard k-epsilon ferime model which was selected by the authorg$aobustness,
accuracy and speed compared to other models.

The results from the simulations are presentecebcity vector plots and temperature and relatumnidlity
contour plots in the absence of wind, and with adnspeed of 4 m/s from the South and from the Notththe
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simulation with no wind, the authors report air peratures of about 29 in the lower spaces and observe that the
higher spaces are overheated. For the simulatidthswind effects included, the authors observe thatdownward
flow within the atrium space exhibited significastymmetry due to the cross flow at the upper inleith the result
that the temperature and relative humidity distidns within the core offices and perimeter offi@dso showed
local asymmetry. The temperature distributionsimithe building obtained from the simulations witind speeds

of 4 m/s from the South and from the North are gshawFigure 5, (the original images are black-arfdtevonly).

4 m/s wind from the South 4 m/s wind from the tdor

Figure 5 Temperature distributions withgyas evaporative spray cooling, (Cook et al. (2000)

The local asymmetric effect within the office spaa@an be seen clearly from these plots, however, th
precise temperature and relative humidity leveliea®d are not stated clearly by the authors.ppiears from the
plots shown above that temperatures belodC2ere achieved over most of the lower floor arsbah the core
offices on the second floor. Limited information the relative humidity levels within the buildirg provided in
the paper, with just one image for the simulatidthwhe wind speed from the South being includddhis image
indicates high relative humidity levels, in exce$85%, in the regions of the lower floor and tloeecoffices on the
second floor with temperatures below°25 and suggests that the relative humidity levaisdpced in the
simulation with the wind from the North were alsery high. The authors observe that the openingsdan the
atrium and the occupied spaces would require déyefizing and vertical balancing to achieve simiamperatures
on all floors. They also conclude that the CFDdations demonstrated that particle transport miodelvas a
suitable mean of representing the injection anghenation of water into an air flow.

Objectivesand M ethodology

Objectives

This paper contains a description of CFD studieasiedh out with the objective of defining the optimu
geometry of a wind catcher. As the wind catchehésfirst component in the evaporative coolingeowystem, it
was considered to be important to optimize its getoyrand performance at an early stage beforelddtsiudies of
the downstream components were carried out.

Methodology

Two basic types of wind catcher have been useddent years. A range of bi-directional wind catsheith
two openings were studied by Pearlmutter et aB§)%and single-entry closed-cowl wind catcherseneansidered
by Chance, (2009). In the work by Pearlmutter et(H96), the type 5 wind catchers shown in Fig2irehich
featured curved deflectors was found to be the mffsttive. Further performance advantages arsilplesif uni-
directional single entry cowl designs can be used.

In the present work two types of wind catcher wsttelied: one using curved deflectors and the atbieig a
closed-cowl design. In total five alternative agaments were investigated. These are shown urd-ig)

Arrangements 1 and 2 were bi-directional wind catsh Arrangement 1 was modelled without a baffié a
arrangement 2 was modelled with an extended baffleangements 3, 4 and 5 were uni-directional edosowls.
Arrangement 3 was modelled without a baffle, areamgnt 4 was modelled with a short baffle and aearent 5
was modelled with an extended baffle and an ineasner radius of 1 metre which had the effectaiding the
mid-plane height of the cowl inlet by 1 metre. tilly, for comparison in all studies, the inletndi speed was set at
10 m/s at a reference height of 11.5 metres whictesponded to the mid plane height of the windtreatand wind
cowl entry ducts for arrangements 1 to 4.

The flow domain dimensions (X, y, z) were set t6, (25, 15) metres and the principal vertical aXishe
model was located 7.5 metres from the domain inl&. three-dimensional image of the flow domain for
arrangement 5 is shown in Figure 8(a). The saowe flomain dimensions were used for all the arramgasn The
computational domain was split in two parts with tipper part as a free stream volume of height d®es and the
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lower part as an enclosed volume of height 6 metragpresent the space being cooled. In all cagesnsition
duct of length 3 metres was incorporated to chahgecross-sectional shape from 3 metres squaae3tanetres
diameter circular duct of length 1 metre. The sligiekness used for the wind catcher and cowl! rratevas 0.02
metres and the ceiling thickness was specified hsn@tres.
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Figure 6- Type of wind capture investigated
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An unstructured mesh was set up within the comjmrtat domain using minimum and maximum face
spacings of 0.05 metres and 0.5 metres on thengediuct, wind catcher and wind cowl surfaces, mmimum and
maximum face spacings of 0.065 metres and 0.5 metnethe remaining surfaces. The boundary layerthe
model surfaces were approximated using a nearimfdtion with five layers of elements with a grdwtatio of 1.2
in a total thickness of 0.02 metres. The spatialvth rate of the volume mesh was controlled usingexpansion
factor of 1.2. These settings created approximatg#,000 elements, and resulted in y+ valuesthess 100. This
quality of boundary layer modelling was considetethe acceptable in these initial simulations.

An inlet boundary condition was imposed on the dspflace in the upper part of the flow domain abihee
ceiling and an outlet boundary condition with zetatic pressure relative to the atmospheric presdatum was
imposed on the Z-minus face both above and belevediling. The X-plus, X-minus and Y-plus faceshie upper
part of the flow domain were set as free slip aali@bwall boundaries and all others solid boundawiere set as no
slip adiabatic walls.

A no-slip adiabatic wall boundary condition was mspd on all solid surfaces and an inlet velocityfifg
V(y) representing the effects of wind shear was seherdomain upstream face in accordance with tHeviirig
equation (Smith Et al. 2002):

a
V(y) [y "
Vref H

In this equationyV/(y) is the wind velocity (m/s) at heigit(metres),v , is the reference wind velocity at a

ref

reference heighy , and the exponent gives a measure of the surface roughness of tt@ terrain. For the

present work a value of 0.14, corresponding tosyrdsvel ground was used far and steady-state solutions were
obtained initially for a constant wind spewd, of 10 m/s at the reference height of 11.5 metfElse simulations

were carried out using auto timescale control, sthadard temperature of Z5with a residual target of 1E-4 using
the k-epsilon turbulence model with the inlet tudmee level set to 5%. Initially, the simulatiorene carried out
for 300 iterations and then continued until 40Qat®ns. As no changes in the results were obdethien
considered to be convergence.

Results and Discussions

Vector plots of velocity on the YZ symmetry plame the five alternative arrangements are showrignres
7. A number of interesting flow features can bensiom the above (Figures 7.ato 7.e). In thargyement with
the wind catcher without a baffle, (Figure 7.akignificant flow spillage is evident from the dowresam opening.
This flow spillage is eliminated in the wind catcheth the extended baffle, (Figure 7.b). Theradsflow spillage
in the wind cowl arrangements.

In the wind cowl without a baffle, (Figure 7.c)s@nificant region of flow separation can be seartle
inner side of the bend. This flow separation tueed but not entirely eliminated in the wind cawvith the short
baffle, (Figure 7.d). A separate region of sematdlow can be seen on the concave face of théebalfi the wind
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cowl with the increase inner radius and extenddiehgFigure 7.e), both regions of flow separatiare greatly
reduced, as is the asymmetry in the flow entefiiregdwer space.
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(a) Wind catcher without (b) Wind catcher (c) Wind cowl (d) Wind cowl  (e) Wind cowl with
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incoming wind speed incoming wind wind speed
speed speed

Figure 7-Vector plot of velocity on for five type$ wind catcher investigated

By employing the CFX function calculator the malesvé captured by each arrangement were determined.
The relative performance of each arrangement wsessasd by comparing the mass flow captured witlpotential
mass capture rate based on the free-stream flawy &ra and mid-height velocity of each arrangeméditte values
obtained are shown in Table 1.

Table 1- Comparison of mass capture performance

Type of wind capture arrangement Entryzarea Mid-_height Airmass flow M_a_ss capture
(m°) velocity (m/s) rate (kg/s) “efficiency” (%)
a. Wind catcher without baffle 9 10 17.3 16.2
b. Wind catcher with extended baffle 9 10 23.5 22.0
c. Wind cowl without baffle 9 10 63.2 59.2
d. Wind cowl with short baffle 8.94 10 72.4 68.3
e. Wind cowl with extended baffle 8.94 10.12 85.2 79.4

In examining the data in Table 1, it must be redoegphthat in any real building installation therewd be
significant flow resistance generated in the lowpace which would reduce the above mass flows feignily.
Also, it must be noted that all simulations wereried out with the wind in the z-minus or optimurnedttion as
indicated in (Figure 8.a). Clearly, if the windatition were to be altered so that the wind entateh angle, this
would reduce the mass flows also. As all arranggsneould be made to rotate or weather-vane to faee
prevailing wind direction by including a horizontslewing-ring or bearing, this effect could be alem. For the
purposes of comparison of the relative performasfcéne arrangements, valid conclusions can be difaem the
data shown above. It is clearly evident from theutated results that the wind cowl with the extshbaffle was
the best arrangement.

Investigation of local wind flows

Having established that the wind cowl with the edied baffle produced the best performance, further
studies were carried out to investigate the efiédbcal flow disturbances which could be causedhgximity to
the leading edge of a building and to establishpidormance over a range of wind speeds from®%m/s. The
flow domain used for the previous investigationswaodified by extending the upstream distance Byntetres as
shown in (Figure 8.b) to simulate the effect ofcplg the wind cowl close to the leading edge oldding. The
image in (Figure 8.a) shows the original flow domahich can be considered as representing a windl gaced at
a distance from the leading edge of a building.

In carrying out the simulations the effect of wigkdear was modelled in the same way as in the previo
study using a reference height of 11.5 metres fmeléhe incoming wind speed profile. By employitige CFX
function calculator the mass flows captured forheaind speed were determined. The values obtanedhown
in Table 2.
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Figure 8-Flow domain for local flow investigations

Table 2- Mass capture performance near mgjltdading edge

Incoming wind speed Mass flow with wind cowl distant  Mass flow with wind cowl close to

(m/s) from building leading edge (kg/s) building leading edge (kg/s)
0.5 0 (stalled) 0 (stalled)

1 0 (stalled) 0 (stalled)

1.5 0.1 12.1

2 8.3 20.9

2.5 14.2 29.9

3 20.3 375

4 311 53.2

5 40.3 67.1

The variation in the captured mass flow with wipéad is shown in Figure 9.
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Figure 9-Variation in captured mass flow with wisggkeed

The flow-enhancing effect of the building leadindge is clearly evident in Figure 9. However, it inbe
recognized that, in reality, the leading edge flmauld be un-steady, and the flow enhancement affeculd be
sensitive both to the distance of the wind cowhfrthe leading edge of the building and to the headhlhe wind
cowl. They would therefore be unpredictable.

Conclusions
CFD simulations were carried out to define theropin geometry of a wind catcher. Based on the tesiil
these simulations it was concluded that a uni-tivaal closed-cowl design was the most effectivargement.
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