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Executive Summary

The present chapter of the book of references refers to the first twiof tdst TWEETFIE
project carried out in the wind tunnels of the Karlsruhe Institute of Technology and the National
Technical University of Athens. Amvestigation of the effects of vegetation on flow in the urban
environment is carried out through the study of the flow past a cube shaped building exposed to an
atmospheric boundary layer. The building has openings on its side (with respect to the gncomin
flow) walls. Identically shaped buildings were studied in both wind tunnels and efforts were made
to well document their similar upstream atmospheric boundary layers in terms of both mean
velocity, turbulence intensity and integral length scales. Thatystti KIT was performed with a
Laser Doppler Velocimetry (LDV) System and at NTUA with 20 Particle Image Velocimetry
(PIV) system.The beginning of the report documents details of the measurement methods and
practical advice resulting from their apgtion during the experiments at the two different wind
tunnels. Comparison of the two measurementsthien presented at the same relative positions
around the cube. Furthermore, simulated vegetation was placed on the upstream face and on the
roof of the liilding and its effects were studied, again in both wind tunnels. Results and analysis of
the measurements are present€@lerall, qualitative trends agree well between the two
measurements and the same effect of vegetation is found in both measuresné&esals are not
guantitatively identicabut their differencesprovide an opportunity to analyse the effects of the
different upstream conditions, wind tunnel configurations and measurement techniques.
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1 Introduction

The scope of the teahd methods presented in the present chaptenfold:

1) In the context of the TWEEIE project, a twin test is performed. One wind tunnel testing
campaign is performedn the wind tunnel at Karlsruhénstitute of Technology(KIT),
Germany and a second test is performed at the National iCathuniversity of Athens
(NTUA), Greece.

The experimental setup is the same in both tests: a cube shaped building model is
exposedo a boundary layer flow. The building has vertical openings on its side faces, with
respect to the flow direction, ants roof and front face are alternately covered with foam
material, intended to simulate vegetat{igure 1). Although the wind tunnels are of different
cross section, care is taken to preserve Reynolds number independence, to achieve the same
upstream boundary layer (simulating the same atmospheric boundary layer conditions) and the
same conditions of velocignd turbulence.

Measurements of velocity and turbulence quantities are performed using hot wire
anemometry, in both wind tunnels, for documenting the upstream boundary layer. For the flow
around the building model, point measurements of two velocity ooems are performed
using Laser Doppler Anemometry (LDA) at KIT and planar measurements of two and three
velocity components are performed using Particle Image Velocimetry (PIV and Stereo PIV) at
NTUA.

Measurement space overlaps among the two testscandnsparison of the results is
possibleto identify, characterizand categorize important sources (external condititesting
equipment etc.) of deviations between test data obtained at different tunnels

2) The tests are of significant research value iantbelves as thegxamine the effects of
vegetation, includd on the surfaces of buildings, on the flow around the buildings and through
the openings. These effects are of relevance both to the wind flow in the urban environment,
affecting pedestrian comfoand air quality, as well as to indoor air quality. The dependence
and relation of indoor air quality and the natural ventilation potential of a building to the
presence of vegetation @B outer surfaces is a current subject of research.

s
Lergt

" Figure 1 Cube shaped building with vertical openings in boundary layer wind tunnel. Left: cube without
vegetation (bare)Middle cube witHf a - ade gr eeni ng ;Rght: cube with voof gréenigr d wa

The currentreport presents the ntieods, materials, procedures and results of the twin tests
carried out at KIT and NTUA. The level of detail is not intended to substitute manuals or
equipment specific information. It is rather a documentation of procedures followed and experience
gained hrough the tests, in order to

a) facilitatecross comparison of the results

Co-funded by
the European Union
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b) facii t ate assessment of sources of deviation
improveprocedures

c) provide a starting point farsers of the facilities

d) provide a guiddor researchers intending to perform simtiests

Co-funded by
the European Union

1. Introduction 11



— L=
WP4. Deliverable 4.Twin Test 1 ==IWEETIE

2 KIT - Equipment and Methods. Training and Documentation

2.1 Introduction

2.1.1 The wind tunnel at KIT

The Wind Tunnel(WT) is at the Laboratory of Building and Environmental Aerodynamics
which is a research group thte Institute for Hydromechanics (IfHf the Karlsruhe Institute of
Technology (KIT) It is alow speed (subsonigemtopencircuit WT, powered by a 38W motor
with a total length ofi 9 m anda closedtest section of (WY(h)x(l): 2x1x2 m. The WT is operated
as a neutrally stratified atmospheric boundary layer wind tuwitél a maximum freetream
velocity of 20m/s (Figure 2). Further details on the Wind Toal setup and characteristics of the
simulated atmospheric boundary layer flow can be found in Chapteisand4.1.3 respectively.

u@

>

\ 4

A

A 4

vortex generators (lrwin-type)

r v

LV Vy

r v Yy

tripping board
/ roughness elements

turn table

i >
(] :,0 9 o,‘,‘:u,o“‘:z ;?VJ/— yj\
%9955 6" 9 8°9%9% %4 ° N /
— L N ~ i

S 2
fetch measurement section

Figure 2 Atmospheric boundary layéABL) Wind Tunnel layout

‘v |

A 4

The fetch and measurement section features:

1 An electrically poweredurntableto allow orientationof the model with the flow at a
specified angle

1 An electrically powered 3Eraversing system to position measureniestrumentson.

1 A transparentsidewall (onesided) for optical access of the WT by the user and
measurement instrumentation (e.g. ldsased flow measurement techniques, cameras)

1 Spires (Irwintype vortex generators), grounabunted tripping board, and roughness
elements for creating a simulated atmospheric bounaamr with characteristics (friction
velocity, roughness length, turbulence length scales) that allow a simulation scdl@Oof 1:

300.
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2.1.2 LDVinstrumentation

This section provides a short descriptiortted employed LDV measurement system and of
related equipment and its implementatiomtegrationspecific to the WT at the Laboratory of
Building and Environmental AerodynamicBor the theory and working principle of LDV the
reader is referred te.g.[1],[2],[3],[4].

A 2-componentduatbeamLDV systemoperating in the backscattering molem TSI was
employed. The system consisted oh@minal 4W continuous wave (cw) argon ion laser (type
Innova 70, Coherenk It is noted that the argon ion laser wasve®d 2 to 3 months before the
measurement campaign. The service involved among others refilling of the tube with lasing gas. As
a result, thenaximum availabléaser output power was somewhat higher than 4W at the beginning
of the measurement campaigrdastightly lower than 4W at the end of the measurement campaign
as measured esite with a laser power metadpon color separation of green (51B) and blue
(488.0nm) followed bybeamsplitting and frequency shifting of one partial beam of each aolar
multicolor beamseparator(type Model 9201 ColorBurst, TSI), the beams were coupjetheans
of fiber-optic couplerqtype Model 9271, TSI)nto a fiberoptic (type Model 9800 &ies, TSI).

The fiberoptic ensurs safe transmission of the laser lighta remote position where a probe head
(Model 9251102 serving as emittingnd receiving optics located Figure 3). The probe head has
acylindrical shape of length80.3mm and diameter 2&m. With a lens focal length of 0B mm
andabeart r ossing half angle of 3w&ekreatepThenominad me a
dimensionsand characteristics of the measurement volufoeshe two colorsbased on the 17e

intensity criterion reductiowere:

1 green (514.%:m): length 1.1mm, max. diameter 73.4 m 19 fringes fringe spacing

3.78e m

1 blue (488.0hm): length 1.0nm, max. diameter69&6m, 19 fringes.,em ring

Figure 3 Probe heademitted laser beamand illustrationof spheroid measurément volume

The bakscatteed light was converted to electricaignals by a multicolor receiver /
transducer (type Model 9230 ColorLink Plus, THbdllowing this step, the electakoutputswere
processed by a digital signal processor (type Model FSA3500, TSI). Sgecifie LDV system
setup at KIT was that the multicolor receiver / transducer was controlled by a PC with operating
system Windows 98 whereas the digital signal processor was controlled by a PC with operating
system Windows 7The measurement settings anatad acquisition wergerformedusing the
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software FlowSizer64 from TSI. In addition to the installations described above, the output signals
from the multicolor receiver / transducer wedesplayed on an oscilloscope to allow for an
independent visual eline check of the LDV burstand for an assessment of the plausibility /
reliability of the measurements

2.1.3 Seeding

A very important aspect in LDV are the seed particles. LDV acquires the motion of the seed
particles which are considered being representafitiee motion of the fluid. Hence, seed particles
should theoretically ideally follow the flowrhe particle following behavior is characterized by the
Stokes number St. A small Stokes numberiSt) indicates a good particle following behavior.
Forthe current measurementwo methodgo generatseed particles wendilized, onefor LDV of
the flow around / outside the cube (exterior flow), argkcondor LDV of the flow inside the cube
(interior flow). For LDV of the exterior flowthe seed parties were generated by the vaporization
and subsequent condensation @istommade fog fluidconsisting ofpropylene glycol80%) and
distilled water (20%)A fog machine (type F48 Fog Machine) was used to generate the seed
particles. This process resuten seed particles of diametei3e m wh i ¢ édfop@(10sec)s t
in the flow before evaporatingndhaving an adequate following behaviét.[It is noted that also
another fog generatan combination with the same liquid mixtuneas employed (type @&in D,
Smoke Factory) with which, however, significantly lower LDV signal rates were obtained.

For LDV of the interior flow, the seed particles were generated by vaporization and subsequent
condensation oA commercial fog fluid (type Heavy Fo§moke Rctory). The seed particles were
produced in a custoomade fog machine which consisted ofydindrical tank whose bottom was
covered by a layer of-2 cm fog fluid. Tubeshaped ceramic heating elemefitigpe 501, Seuthe)
with a capillary tube at their losv endwere partially immerseth the fog fluid and produced the
seed particlegFigure 4). The tank wassuppliedwith a controlled volume flow rate of air which
transported the seed particles via a tubing systeanplenum chamdr below thecube.In order to
realize a spatially and temporallgasonablyhomogenous and nentrusive supply of the cube
with seed particleghe cube bottom plate was perforated by a regular arrayaflar openings
constitutingan area source. Thogpening were connectetly hypodermic needles of 48m length
and 0.57mm inner diameter to a plenum chambetow the cubdFigure 4). It is noted that the
area source modelling followed the approach describEg] for line souces
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Figure 4 Ceramicheating elements and area source in cube bottom with hypodermic needles and plenum
chamber.

2.1.4 Laser safety

Depending on their output power, lasers are classified. Lasers typically employed in LDV
fall into the highest laser classhich iscl a s s 50@mW). Ohe powenf class 4 lasersan burn
skin or induce skin damage and cause eye damage. It is important to realize tbaatised light
from class 4 lasersan causakin andeye damage-ence, highst precaution and safety measures
are mandatory when performing LDV.

At the Laboratory of Building and Environmental Aerodynamiogrg personworking
with the LDV systenmust complete lasersafety instructiorbefore using it for the first tim& he
laser safety instruction is given by the laser safety officer of the Institute for Hydromechanics (IfH)
Scope and conterf the laser safety instruction can be taken from guidelinepubfished
employers'liability insuranceassociatios. It should be nad that countrspecific there may be
various employers'liability insuranceassociatios that deal with laser safety issues. Hence, no
further references are provided helrestead the reader alled upon to take care of it himself
depending on geograjghiocationand enployers'associatiorallocation
Moreover, next to the basic and general laser safety rules / instructions as provided by the
employers'liability insuranceassociatios, the implementation of laser safety measures is site
(laboratory)and experiment setup / conditiospecific.Prior to each new experiment setup careful
considerations targeted to the specific conditions must be dodetailed example of site and
experiment specific laser safety measures / instructions is dorethe NTUA wind tunnel
environment in Chapte3.1.3
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2.2 Test preparation

2.2.1 Model preparation

The aim of the experiments performed in the atmospheric boundary layértuvinel at
KIT was to acquirdghe flow field around and inside tleetbe for various wall (windward wall) and
roof vegetation scenarios by means of LD®gure 5). In particular the measurement of the
interior flow poses speciakquirementon theprovision of seed particlaaside the cube andn
the cube material. Thgeneration of seed particles for LDV of the interior flavd theirdeliveryto
the inside cube vian area source involvin@ plenum chamber and hypodermic needhess
alreadyaddressedn Chapter2.1.3 The therein described approach was specially conceived and
developed for the current experiments and proved to be vialdeder to allow for LDV inside the
cube, the cube material has to be transparent for light in the visible wavelength ramagechbgen
to make the cube of glasgith layer thickness 5m instead of the commonly for wind tunnel
modelsutilized perspex. The reason whmatperspex isnuch moreprone to surface scratchisn
glass. Those&an resultas a consequencef cleaning proesses that are regularly necessary since
seed patrticles (fog) deposit on the cube surfaces and detrimentally affect the LDV signal quality
and rateln order to allow for a cleaning of the insiteecing cube walls, the top glass plate (roof)
was made remable.

P — e -
Figure 5 Two-component LDV at thdagss cube in the atmospheric boundary layer wind tunnel at KIT.
Left: outside the cube in front of a vertical opening; Middlatside above the cube roof; Right: inside the

cube.

F a deaand roof vegetation was modelled by a layer of porous, fwhioh was attached to
the corresponding surface. Theesentation of thenodelling and scaling criteria for representing
vegetation in reduced scale wind tunnel experiments goes beyond tleeo$dbp current report.
For a detailed description tifie modelling approach, the reader is referred48]. For details of
the geometryf the cube, of the vertical openings, and the type of vegetation and its positioning at
the cube, theeader is redrred to Chaptet.2 of this report.
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2.3 Quality Assurance

2.3.1 LDV measurements

2.3.1.1 Release of ged particle sfor LDV of flow around / outside the cube (exterior flow)

The LDV measurements of the exterior flow rely on the presence ofpsetdes in the
outside surrounding of the cube. To allow Y@&locity times series with equidistant time step and
moreover for equivalent conditions in the entire measurement field, a continuous (in time) and
spatially uniform distribution of seed paitts is requiredin the current experiment setup, the seed
particles were released from a hole (approsmbdiameter) flush mounted the wind tunnel floor
and located approx. # windward of the cubeThis arrangemengnsured that the initially, upon
release from the floor hole, meandering plume of seed particles was sufficiently dispersed in the
measurement field around the cube and exhibited a continuous and homogenous distribution.

2.3.1.2 Release of seed particles for LDV of flow inside the cube (interior flow)
The realization of the area source in the cube for the release of seed patrticles for the LDV of
the interior flow was already described before, see Chaite®

2.3.1.3 Positioning of the LDV measurement volume

In flows with larger velocity gradients, e.g. in a boundary layer close to a wall, the
knowledge and control of the position of the measurement location is as important as the accuracy
of the measurement technique itself.

The laser probe head-igure 3) is moved by a -&xis custorrmade traverse system
controlled by a PC. At the beginning of the measurement along a traversing profile, the position of
the LDV measurement volume was determinsd means of a target platevhich was made
coincident o intersection of the laser beams (measurement volume). In addition, during the course
of a measurement along a traversing profile, the actual position of the measurement volume was
regularly checked.

2.3.1.4 LDVcontrol and acquisition settings
Thefollowing main / basic settings were chosen for theotnponet LDV:
1 Bragg cellssnabledo generate frequency stufh each of the components order to allow
for the detection of flow reversals
1 Even time samplinggnabledto obtain time series of definedilominal uniform sampling
frequency.
1 Coincidence modenabledto ensure thesimultaneous acquisition of the two components
based on the defined nominal coincidence time
Prior totherecordingat a certain measurement locatitimee photomultiplier voltage the burst
threshold, and the filter band widthwere adapted in an online screening such that plausible
velocity data at a rate complying with the targeted sampling frequency were obtained.
Further information on the realized acquisition settings in the actuagurements (e.g. sampling
frequency, measurement durati@ic) are provided in the description of the experimental
configurations in Chaptet.2.1
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2.3.2 Wind Tunnel approachflow

2.3.2.1 ABL characterisation
Details on characteristics afi¢ simulated atmospheric boundary layer approach flow are
given in Chapterd.1.1and4.1.3

2.3.2.2 Flow Symmetry
Although wind tunned are usually deigned andconstructedsuch thata flow symmetric to

the streamwisevertical central plane should exist, the actual prevailing flow exhibits deviations
from symmetry. This is ue tosmall imperfections which are not under the controltfed wind
tunneldesigneior operator.

In order to ensure that the flow as symmetrical as possible around the cube in the current
experimentspre-tests were carried outo this endthe turntable with the cube in the center of the
measurement section of the wind tunnel was slightly rotatesh Bngularrangeclose aroundts

nomi nal 0 A p ofsthe taieral flow @amgondntnviroof the vertical opening at both
freestrearyparallel sidewalls were performeBlased on these ptests, the turntable was rotated by
1 A i -oloclawisé direction for the following mearementeries.
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3 NTUA- Equipment and methods . Applied Knowledge.
3.1 Introduction

3.1.1 The NTUAwind tunnel

The NTUA WT facility is under the Fluids Section of the School of Mechanical
Engineering and is used by th@boratory of Aerodynamics and the Laborgt@f Innovative
EnvironmentalTechnologies. It is dow speed (subsonic) closed circuit WT, with an 8 bladed axial
fan, powered by a 350hp motor. It has a total lem§th70 m with 3 test sections of (w)x(h)x(l):
1.8x1.4x3.2 m, 3.5x2.5x12.1 m, 4.5x3.5%&3n. Thepresent test was performed in i&x2.5x12.1
m test sectior{Figure 6).

[ A
-
ls

3 I ‘<<_< R
;
-

i
oy
i

Figure 6 Wind Tunnel layout

The test section includes:
1 An electrically poweredotating floor, to alloworientationof the model with the flow at a
specified angle
1 An electrically powered and electronically controlled 8Bversing systemo position a
measurement device (e.g. hot wire anemometer, Pitot tube) at a desired posigotow
1 Transparent side walls f@ptical access of th&/T user andhe instruments (e.g. lasers,
cameras)
1 A maximum attainablefree streamvelocity of ~10 m/s when passive ABL generation
devices are installed
Turbulence generating screens for a minimum attainable free stream turbeNeshcé 2%

T
T

Spires and roughness elements for creating a simulated atmospheric boundary level with

characteristics (friction velocity, roughness length, turbulence length scales) that allow a

simulation scale of 1:20800.
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3.1.2 PIVmeasurements

In this sectiona brief description of the fundamentals of Particle Image Velocimetry, the
equipment available at NTUA is presented for completeness. Emphasis is placedisa tiell
the components dhe PIV systenas well as the communication/interconnection betwbem.

Particle Image Velocimetry (PIV) is based on the principle of optical tracking of particles,
whose trajectories and velocities are considered to represent those of the fluidalomg started
the motor of the wind tunnedeedingparticlesareinjected in thdest sectiorthroughan appropriate
opening.For the production of the seeding particles, a system of compresgetyare7) may be
required consisting of a compressor and an appropriate tubing system |elagliogmpressed aio
the droplet generator Error! Reference source not found) locatedin the control roonof the
wind tunnel.A high-energy lasefconnected to a cooling systeseeFigure9) as well as at least
one PIV camera (i.e. higbpeed cameraseeFigure 10) are requiredFor the acquisition of 2
component (2Cyelocity meaurements on a specific plaf@D) of interest, only ondligh-speed
camera is prerequisite (228C PIV) while for 3component (3Cplanar(2D) velocity measurements
two highspeed camerame necessary, in order to obtain a perspective of d2pi3C orSterec
PIV). For the undertaking of-B volumetric measurements, at least 3 Fégleed cameras have to
be present to capture thec8mponent (3C¥yelocity field in a desired volum@D), similar to 3D
tomography,instead of a single plane of inter¢d8D/3C or tomo PIV) In the present tesionly
Mono 2D/2C)PIV as well as Stere@D/3C)PIV will be the topics of interest.

The employed laser producepualsatinglaser sheet which illuminates the plane of interest.
The camera (or cameras if applicable), besggchronised with the pulse of the laser, obtains two
consecutivdrames (frame A and frame B, comprising & snapshdtecording which are then
sert to a computer for further processing. The obtained consedutinessare divided into sub
regions(interrogation window) where each sutegion contains a humber dfuminated seeding
particles. Of course the seeding particles have moved due to the fluid motion, so their initial
positionin frame Ais different from that oframe B The reflection of tk illumination (produced
by the laser) on the injected partickesd the subsequent light scatterisghe key component of
the PIV technique. Morspecifically, most often by means of cragsrelation, the displacement
distanceof the seeding particles identified, and therefore, the velocity of the seeding particles can
be calculated bgonsideringhe time between the twieames (pulse separation tim&jnally, with
the assumption that the flow patterns are accurately reproduced by the seeditesptré planar
velocity field is acquiredFor the synchronisatiobetween the higlspeed camera(s) and the pulse
of the laser determined by the pulse separation time), a synchrofgseFigure11) is necessary.
This synchronisation can be also ensured by a computer via a specific software (e.g. INSIGHT 3G
by TSI Instruments)lt is noted that due to optical access problems, the utilisation of reflectors
(mirrors)leading the laser sheet to tkea of interest, may be requir€ahally, velocity vectorare
extractedrom the captured images (raw data) by an appropriate soff@jare

Note that there are numerous other configurations for both Mono and-Bistde.g. in
terms of exposurecamea sensorsseeding particlesaser equipment etcbut those described here
are most relevant to what has been applied during the present measurements
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Figure7 Compressed air system (Shultzer) Figlure 8 D;opet gnera;tor
(TSI model 9307

Figure 9 Laser apparatus (LYTRC . _
200 mjNd:YAG) Figure 10 High-speed PIV cameral &l
PowerViewPlus 4MP

’ Figure1ll Synchroniser (TSI 610034)

The majority of the abovenentioned components are usuglpvided as a completelV
system (laser + camerassynchroniser+ computer + installed software + other elements e.g.
protective gggles, calibration target etc.Jhe manual to this system provides detailed information
on its operating principles and procedures while in depth understanding of the Pidtdalegy
can be acquired frortextbooks.There is also the option to buidPIV systemfifrom scratclh by
acquiring separaty all the necessary components.
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Complementary measurements may be required (e.g. pressure measurements via pressure
taps, velocitymeasurements through hetre anemometryto determine the atmospheric boundary
layer- ABL profile and the reference velocjty (humberetc.

3.1.3 LaserSafety Instructions

The PIV system operation relies on the utilization of a laser light source, whose energy may be
dangerous without proper precautions. this section,basic safety instructions regarding the
operation/handling ahe equipment comprising the experimental apparatus will be ¢wéor the
protection of the user aratherpersonneln the vicinity of the facility and(b) for the protection of
the equipmeniGeneral instructions are as follows:

1 All components of th experimental apparatus have to ba $ecured positione. the laser,
the camera(s3tc. hae tobefirmly fastened and/diixed to a solid surface

1 It has to be ensured that there is enough coolant inside the laser apparatus at all times. This
requires frequent check of the temperature of the laser system.

1 It is strongly advised to restrict the space occupied by expensive equipment (e.g. the laser

apparatus) with safetape

Unsupervised operation of the wind tunnel and the equipment must be avoided

During the experiment, accessust be restrictedand controlled Only trained personnel,

contributing to the experimesthouldbe presentin order to minimise the possibility @in

accident.

1 If inexperienced laboratory stadfe present, themust followthe instructions of the more
experienced experimentalists.

1 Extreme caution is required during the operation of the system of air compression. All limits
referring to temperature or pressure (e.g. temperature of the motor, oil pressure etc.) have to
bemoritored and complied with

1 In case of fatigue, the experimentaishouldimmediatelystop operating the wind tunnel
and the experimental equipmentseek assistance.

1 After the experiment, a final check of all the equipment should be performed. It bas to
ensured that alelectric devices are turned off as well as that the employed pneumatic
systems (compressor, droplet generator etc.) and the wind tunnel are not in operation.

= =4

The lasemay be considered dse most dangerous component for the end asdmlso the
most expensive. The following operational measures have to be strictly followed when working
with laserqd 10|

U Before the laser is turned on:
1. Take off all worn reflective objects (jewelry, watches,...)
2. Make sure no object is in the path betwedbe laser head up to the measurement part
(usually a slice), except the optical components to control the laser beam.
3. Verify that all protective measures are in place, in particular curtains and warning signs on
doors.
Turn on the gyrdlash lights.
Close doors.
Put on laser safety ggles.

4.
5.
6.
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7. With cameras: close camera lens with protective cover and sdur@pto minimum
(closing), i.e. highestnumber.

c:

Turning the laser on:

1. Verify that all points above are assuregb systematically through thefoheckilist).

2. Inform others loud and clearly that you are about to turn the laser on. Wait for their "OK"
before actually turning on the laser.

3. Stand in safe position, outside of path and curtains.

4. Turn on with minimum power

U  When the laser is on:
1. Avoid abrupt movements and limit movements around the.laser
2. Never take the ggmles off.
3. Never make any modifications to optical-sgtor anything elswith laser on.
4. Cameras: display live images, take of lens cover, check for possible-saisrand then
only proceed to decrease f number. Remember, wdfenussing, high light intensities can
occur.

U After turning off laser:
1. Take off gmgles: put thenback into their case.
2. Turn off gyroflash lights.

U General security rules, saep:

1. Cover beams as much as possible

2. NEVER have eyes at beam level, even when you think that the laser is shut/off.

3. Protect rather thanlase eyesClosed eyesareunsafe. Manyaccidents when working with
lasers are not related to laser radiation et the fact thapeople bruise their fingersr
trip, sometimesas a result dimited vision when wearing laser safety goggles
Block beam before handling optical elements ongiseflective tools
Block all spots and reflections leaving your-gpt/ not being used
Never use reflective toals
Place computer screens out of beam height or shield.them

No ok

Even following these measures strictly does not guarantee 100% safety. 1660 isa
impossible. Do all you can to reduce accidents to a minimuns. noted that the employed
Nd:YAG Laser used in this application, apart frpotentially causingpermanent eye damades
enoughenergy to burn skin or combustible materials.

! Disclaimer:these are safety measures specific to the NTUAA#thoughsimilarities with the measures necessary for
other labs may occur, they are by no means exhaustive or sufficiértdditional / further specific safety measure may
be requiredn other labs.
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3.2 Test Preparation

3.2.1 Model Preparation

A key component of every wind tunnel test is the preparation of a suitable model
corresponding to the particular needs of the experiment that is to be conducted. This includes:

1 Suitable choice of themodel material for minimal roughness, optical access (glass or
plexiglass), durability (scratches) etd-or PIV applications, tB should minimize
reflections otherwisethe captured imagesill be contaminated by unwanted noise. If, for
anyother reason, the ckenmaterial is suic that reflections cannot be completely avoided,
other measures have to be taken esing nonrreflecting paintor other substances such as
Rhodamine fluorescent pairfthis was the caga the framework of the current experiment
whereby the plexiglassibe was painted with black noeflective paint.

1 If surfacepressure measurements are also required, additional care has to be taken to ensure
that appropriate pressure taps are mounted onto the surfaces of interest. This is not always a
trivial task, espeially if complex geometries are implicated. The employed cube for the
presentedvind tunnel experiment offers the opportunity of surface pressure measurements
via installed pr es s uTheseprespuse tapsrare conrected throuigh a n
anappropriate tubing system to a pressure measurement device,

1 Any particularity of the conducted experiment influencing the final configuration of the
model, has to beonsideredprior to its developmentt is usuallymore difficult to modify
an existing mdel to meet the needs linked to new experimental configurations than
foreseeing these needs and creating the model accordingly. For the current experiment,
openings on the side walls of the cube had to be created in order to test the natural cross
ventilaion of the cubical modeFurthermore, the pressure tubing was passed through an
internal central column of rectangular cross section, to facilitate geometry reconstruction in
the future.

1 Additional elements which may be required for experimental cordigus other than the
basic one should also be developed according to the needs arising from a specific
application. For the current experimeritsree porous material®ne with PPI60 and two
with PPI20 i.e. 20 pores per inchjere chosen and cut to theorrect sizejn order to be
install ed as f a-(sanllatedavegetationo of gr eeni ngs

1 Finally, mounting of thenodel on the surface of the wind tunsibuldalsobe considered
In the present case, pressure tubing exited the model through a uivaskxed to the
model 6s floor. This tube was used to mount

The top view and the side view of the @m# model can be seen ifigure 12 a and b
respectively. IfFigure12aone can observe the pressure taps installed on the roof wheFegsran
12b the side opening igisible.
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Figure12 Model of the cube: (a) top view and (b) sudew

3.2.2 Measurement Planning

Careful design of the experimentglanning and time management gaday an important role in
the success of any experimental campadgfew general stepare proposed dsllows:

1 conceptual design of the experiment after ihgvthoroughly reviewed the available
literature on the specific subject in ordero : (a) find I|literature i
necessary knowledge for the completion of the experinieftitere are already available
results pertaining to the chosessearch subject, then this shouldcbasideredas early as
possible, in order to enable future comparisbnghe case of the current experimetdV
measurementesults were already available froexperiments conducted #tarlsruhe
Institute of Technolgy (KIT) and the PIV measurement planes were chosen to coincide
with the coordinates of these measurements

91 Development of a detailed Gantt chart containing all the necessary individual tasks, their
starting and ending times as well as a brief descriptaonesponding to each of thein.
particular, for the determination of the duration of each task, quantifiable measures/indices
have to be used when possible. For the case of PIV measurements, aaécekate the
required measurement tinty consideringhe pulse separation time of the laser, the time
between every snapshde desired number of snapshots Bt@ more practical approach,
some sample measurements can be taken and used as a measure to extrapolate the requirec
measurement time.

1 Listing of potential problems linked to the proposed research and attgytpfind possible
solutions. Thignaylead to reconsidation oftheinitial measurement planningiowever, it
should be kept in mind that setbacks will always occurrapdsurement planninghould
account for unforeseen events.

1 Ensuring availability ofacilities andequipmentfor the duration of the measurements is of
paramount importance in order to avagidtential conflictswith the planning of other
researchera/ho may be using the saraquipment.
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All the aforementioned actions should be undertaken and organised in agreement with all
participating members (superweis, colleagues etcDiscussion with more experienced researchers
prior to or during the measurement planning and titna@agements always recommended

3.3 Quality Assurance

3.3.1 PIV measurements

3.3.1.1 Camera positioning and calibration

For positioning the camera for MorelV, the view of the camershould benormal to the plane
of measurement (e.g. segurel3) and that the entire measurement plane is viewed by the camera.
It is imperative that all points of the measurement plane, defined by the laser light sheet, should be
in focus. In this sensd,is recommended to use the calibration tafgeeFigure14), position it in
plane with the light sheet ardgkfine the correct zoorsettingsof the camera, so that all white
markers of the calibration target are clearly visible.

Figure 13 Mono PIV confguration seup of side wall horizontal measurement planes, at two heights:
a mOandd T O whereOis the height of the cube. In the framework of the current experiment,
measurements were undertaken for the horizontal plana&withrg O
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Figurel4: PIV calibration target

Figurel5 StereePIV configurations for three different measurement pldagsvake plane(b)Roof plane
and (g Lateral Plane (parallel to the flow)

For the Stere®IV configuration, the requirements for camera positioning and calibration are
significantly more complicated than the respective ones for the ftvioHowever, it is once
again recommended to initially use the calibration target to@éfie correct zoom settings for both
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the cameras so that all white markers of the calibration target are clearly visibéelgamera,
similarly to what was done for the MoV configuration. It is also recommended that the
fiducial marker of the cabration target is located at the center of both calibration images captured
by the two utilised cameras or at least at a point which has the same coordinates for both images.
Although there are several configurations to acquire the desired measurementtanae
measurements of all 3 velocity components-@&D), usually the main requirement is to place the
cameras so that the Scheimpfl¢g condition s
plane (lightsheet), image plane, and lens printiplane should intersect at a common point and,

this is accomplished by appropriately and gradually tilting the camera body with respect to its lens
so that this condition is satisfied. By trahderror procedures, one can ensure that the

Sc h ei mp ditlorg ig respextacénd the image will be in focushroughout the measurement

plane The fulfill ment of the Scheimpfl¢g <cond
measurement plaheeliberately leads to a perspective distortion i.e. the magnificédiior (ratio

of an image length scale to the respective, real one) is not constant across the examined plane. This
leads to a necessity of a more complex calibration procedure with which it is sought to define the
aforementioned magnification factor fibre whole examined planalthough it is common to place

the two cameras symmetrically with respect to the plane of measurements, a more general
configuration[11] is where the only requirement is to ensure that the viewing axes of the cameras
are not colhear. The angle between the camestasuldbe 669 0 A wi t h t he opt i mal
[11]. The applied configurations for the current StePdd experiments are shown Figure 15.

For the current application, TSI PowerViewPlus 4MP cameras with a CCD array of sensors
employing frame straddlinfLl1] are used whenever PIV images are acquired for the actual flow
field measurements.

3.3.1.2 Laser positioning, alignment and operation

The laser apparatuompriseswo individual lasetbeams(laser 1 and laser 2y order to
ensure theery fast laser pulse necessary for PIV applicatiarisch a singldaserbeamcould not
provide ata reasonable sb The lasemused in the present applicatiaLytron Nd:YAG with a
nominal energy of 200 mJ per pulsehich is frequently used in PIV applications since i ha
high amplification and good mechanicaid thermal propertigd.1]. Within the apparatus aréd
two lasers which should productaser sheetthat are in perfect alignmemitith each otherboth
horizontally and verticallyMisalignment will result in non uniformly lit images and low quality or
unusable dataThe beamsshould alsoexhibit similar intensity properties (same shape of laser
beam, same intensity across the field of illumination of the lasersiatggneralthis alignment is
effectuated by appropriately tuning theailableoptical systemsnvolved in the generation of the
laser shesat (reflectors, optic lenses etc.Fach laser manufacturer has equipment specific
instructions for laser alignment.

For generating the correct measurement plane within the flow domain, the laser sheet must
be directedand aligned properlyFigure 16 shows an example of this procedure, using the
calibration target. The green laser sheet is initially generated in the horizontal direction and turned
vertically via the mirror suspended above thgeaplane. As long as the full plane of the target is
uniformly illuminated by the laser sheet (low laser intensity can be used for this test), the camera
focus on the target can be assumed to also focus on the illuminated plane (after the target is
remoed for measurements). The red laser line illuminating the side of the calibration target ensures
the vertical positioning of the target.
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The alignment procedures can and should be performed with the laser at low intensity.
General operation of the lasdrosild be performed in accordance to the instructions enclosed in the
respective manuals.

Figure16 Using the calibration target to align the laser sheet.

3.3.1.3 Seeding Quality

In PIV measurements, it is actually tkelocity of theseeding particleshat is measured
rather than that of the flowf properattention is not paido the seeding quality, then significant
discrepancies between the motion of the particles and that of the floarisenand affect the
conclusions of the f study More specifically, as denoted k§1] there are two contradictive
requirements regarding the size of the particles:

1 The size of the particles has to be very small in order fon tteefollow the flow This
requirements represented by the Stokes number of gheding particlesvithin the fluid
medium[11].

1 Thenumber andize of particles has to be sufficiently large in order for the light scattering
to be efficient. Although the light attering is a process that depends to multiple parameters
(e.g. ratio of the refractive index of thparticles to that of the surrounding medium,
particl esd andprentatiorett.g it iIs gesenallypobserved thidie scattered
light intensily increase with increasing particle diametgtl].
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Another aspect of the light scattering that has to be considered is the fact that the light is not
scattered uniformlyn all directions. Usually, there are local maxima amdima of the scattered
light intensity with respect to the direction of the scattering.

Although in heavily seeded flows muHcattering due to more than one particle can
increase the image intensity and possibly the contrast afapiredimages (key component in
order for the velocity vectors to be extragteéddcan also introduce background noesed thus
higher levels of noise in the recorded images. On the other hand, increased number of seeding
particles enhances theignal strength of the cotedion peakand also yields a better spatial
resolution capable of revealing smaller flow structures

All the aforementioned points lead to the conclusion that two compromises are generally
made for the seeding of air flows: (a) thize of the particleshould take such a value so that they
adequately follow the fluid flow while at the same time possess the desired light scattering
properties; (b) the number of seeding particles has to be sufficiently high to ensure proper and
relatively uniform illuminaion of the examined domain without introducing too much background
noise.A rule of thumb([9] , [12]) is thatparticleimagepairs per interrogatiorspot have to be more
than ten to ensur@high percentage oforrect velocity measurements

When air flows are examinededélth considerationgre of greatimportarce since the
experimentalists may inhale seeded aig. in wind tunnels with an open test sectiphl].
Furthermore, he nfiltration of the particles into the test sectibas to becarried outwithout
disturbing the flowand in a way that ensures homogeneous distribution of the tra€ers.
accomplish the latter, it is recommended to start the injection cfetbeing particles prior to the
acquisition of images (in the current case this was done for abbOtrdinutes between every
individual experiment). Preferably, sommmagesdepicting the seeding of the flow should be
capturel before obtaining actual measarents in order to suitably adjustthe inflow of the
particles. When the correct setting for the seeding is found, minimal or no changes at all have to be
made in all the participating components (system of pressurisediraplet generator etc.)
througlout the whole experimental campaign, so that a reference seeding situation is maintained.

Regarding the type of seeding particles for air flopd] give specific instructions while
they denote that for their applicatis, theyuse oil or DEHS particledn the current application
olive oil was used as the seeding material whilteommercial droplet generat@rS| model 930y
producingdroplets of diameter-2  g(s@e[13] [14]) was employed

3.3.1.4 Background noise elimination

Although there are numerous sources of noise/errors such as alectige from the
utilised cameras, inappropriate seeding particle diameter and density of theyseederical
noise/errors due to the employed PIV evaluation method etc. here the main focus is on the
elimination of the background noise due to artificial/natural lighting during the PIV experiments.
For a full guantification/examination of PIV measurerencertainty, the reader is referred 1dJ.

As already mentioned, in order for the PIV evaluation to be properly effectuated, there has
to be a contrast between the illuminated seeding particles and their backgrounse Wwhese
artificial/natural lighting intrudes into the testing section, measures have to be taken to ensure that
the final results wonot be contaminated with
permitting the intrusion of light have twe appropriately covered. Moreover, light scatterihge to
reflective surfaces/objects exposed to the iabeet near the experimental domaihas to be
prevented. On many occasions, painting the floor black in close vicinity of the model is a good
measure d ensure the desired contrast between the illuminated particles and their background,
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especially when conducting measurements on a plane parallel todhé\figeneral rule of thumb
is to keep the background of measurements as uniform and dark asepossibl

3.3.1.5 Exposure and pulse separation time

Generally, thereare a numberof options availableregarding the way that the seeding
particles are being exposed to the illumination source and subsequently recorded by the camera(s).
This mainlydepends omhetype d laserand recording camera(s) that are utilised as well as on the
capabilities of synchronisation of all these compon#mntsugh appropriate hardware and software
Therearetwo generalapproachesegarding this matterll]: (a) singleframe/multiexposureand
(b) multi-frameskingle-exposure The first category is based on the following principle: seeding
particles are exposed to multiple pulgesto a continuous one for certain time instgnés)d the
results of these mitiple exposures are stored in a single frame. Thus, theablize in order to
retrieve information for the displacememtsthese particless to perform autocorrelation between
this frame and itself. The main disadvantage of this approach is thahdtadantify the direction
of the displacement of a particle image (directional ambiguity) unless special care is taken, since
the exposuresorresponding to specific time instants are all stored together.

When multiframe/singleexposure approaches araplementedthis ambiguity ceases to
exist, since every exposure corresponds to a specific framehelnpresentcase, double
frame/singleexposure measurements are conducted. ths case, the PIV evaluation is
accomplished by means of cressrelation letween the two captured fram@$e duration of the
pulse illumination(exposure)shouldbe sufficiently short[11] so that the motion of the particles
canbe instantly captured without r,aisdifficithoangke bl ur
a general recommendation regarding exposure since it is influenced by a variety of factors such as
laser energy, light sheet dimensions, canfiecal length number, photograph magnification, film
speed and resolution, particlesj and particle materi@®]. In particular, the complex nature of
particle light scattering (it is in the Mie regime for most PIV applications) is the main reason that
prevents the extraction of a general dgline regarding the duration and the intensity of the
exposure for PIV applicatiorj9].

The optimal pulse separation time is strongly related to the physics of each examined PIV
application. A general guitlee is that the pulse separation time (time delay between two
subsequent pulses) has to be lemgughin order to yield a discernible displacement peak in the
correlation plane (regardless the way that the exposyré¢he recording of imageand the
regective PIV evaluation are effectuat¢d}]. However, it should alsbe short enough in order to
reduce the number of fleeting particles doeout-of-plane motion[11]. Small pulse separation
times are preferablgl4] when the reduction of errors linked to flow acceleration and curvature
effects is desired while it is also clarified thas the pulse separation time decreases, the
measurement dynamrange (i.e. range of reliably measured velocities) also decreases. So, clearly
there is acontradiction,and a compromise has to be made. An equation relating the pulse
separation time with the percentage of particles present in both frames of a PI\ingedorca
plane normal to the flow is given p¥5].

3.3.1.6 Stability of the PIV cameras

When the wind tunnel operates, issues related to unwanted caifpthon may occur,
particularly if the cameras are not securely mounted to the floor of the wind f@xgewhen
measuring velocities on a horizontal plane, Bggire 13). The following proceduravasfollowed
in order to quantify the degree of unwanted movement of the camera:
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1 Perform image intensity measurements without opegatie wind tunnelA reference mark
which has distinguishably different image intensity from its backgroisndsed. The
boundary of this mark can be used as a detector of incident movement of the camera. In the
current case, &) sign was created on th@nd tunnel floor,using black duct tapeon the
white tunnel floor

1 The same measurements are undertaken for the case of maximum free stream velocity to be
applied during the experiments. It is suggested to perform the same measurements in both
the emptywind tunnel and the wind tunnel with a specific atmospheric boundary layer
(ABL) desired to be simulated, using roughness elements and spires. In the former case,
maximum velocities are expected across the entire-sexdon of the tunnel, while in the
latter case, maximum turbulence intensity is ensured.

1 Finally, possiblevibration or other displacement the camera can be detected by carefully
examining image intensity profiles, containing part of or the entire boundary (or boundaries)
of the referencenark.

1 This procedure is repeated for every participating PIV camera.

3.3.2 Wind Tunnel background flow

A variety of preliminary measurements/tests may be required in order to establish that the
wind tunnel background flow demonstrates the desiredepties for a particular tesin the cases
of the currentbook of reference, three types of complementary/preliminary measurements were
effectuated: (a) hewire measurements for the Atmospheric Boundary Lay&BL)
characterization as well as the extrawtof the reference velocity, necessary for the calculation of
Reynolds('Y 2number; (b) pressure measurements fowverdication of flow symmetry inside the
test sectionA brief explanation for every set of preliminary/complementary measurements is read
as follows:

3.3.2.1 ABL characterisation and reference velocity :

Hot-wire velocimetry/anemometry is employefdr the acquisition of higfirequency
velocity measurementgor the experiment presented here, aftiot Model 1201TSI probe[16]
was employed for ABL characterisation and measurement of the reference veltogyeght of
the cubeFor the former, a comparison with previous ABL measurements (in the same test section)
and weltestablished standards (e.g. VI@I7], Eurocodel [18]) is required, in order to verify that
indeed the developed ABjrofile possesses the dexi properties for the current applicatiom.
corresponds to the profile that is typically encountered in real flows for a specific terrain (e.g.
suburban, urban etcfor more details regarding the procedure of ABL characteristt®oneader
is refered to[8] and[13]. The measurement of the reference velosityffectuated at the height of
the cube, in order to establish that the minimum requiremeiX fndependencgl9] is respected
throughout the experimen®bviously, this is necessadue to the fact that is almost always
impossible toensure that the same Reynolds number with that of the full scale is obtained during
reducedscale wind tunnetxperiments.tlis strongly recommended to calibrate the-filat (using
a Pitot tube) as frequently as possible, ideally one or two f@eday. The calibrationprocedure
of the hotfilm is out of the scope of the present book of reference.
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3.3.2.2 Flow Symmetry

After havingplacedthe model of the cube at the center of the-tabie of the test sectipn
flow symmetryshouldbe verified by appropriate measurements. Although there is the option to
conduct hotwire velocity measurements at symmetric points welrsrpect t o t he <cub
and at height equal to the c ucomsistisg ohmdasyret |, l
measurementwas adopted due to its relatiease of applicatiofe.g. no calibration is required).
The building model has pressuragsinstalledon its roof, which are easily connected tprassure
senso via appropriate tubing system. The top viefithe cubecontainingthe specific pressure taps
that were used for investigation of flow symmasghown inFigurel7. Hence, a value of zefor
the pressure difference between the two pressure taps indicates that flow symrmebhalidy
establishedor the flow past the cube

i
L
Tap 2 :
i
i
Figurel7: Top view of theube, including the presseitaps used for the establishment of flow symmetry.

3.3.3 Preliminary Data Processing

The processing procedure for the extraction of the velocity vectors froRi¥thenapshots,
captured by the highpeed camera(s) consists of four main steps which are indeypeofdthe
utilised processing software

3.3.3.1 Calibration of the camera (s)

A calibration using a calibration target has to be done prior to the undertaking of the
experiments in order tensurethat the image is sufficiently clear and focugalll white markersn
Figurel14 are distinguishable from their background i.e. the black area of the calibration sadet)
also to acquire necessary functions which will map the results from the image space to the real
space (conversion from pilseto meters)For Mono-P1V, where a constant magnification factor is
present the calculation of this magnification factoan be performed usintpe known distance
(meters)between two white markers of the calibration targdternatively, every objecwith
known dimensions in the real space (meters) and in the image space (pixels) can &g aised
calibration source

The procedure is significantly more complex for SteRdY since the magnification factor
is not constant (perspective distortion). Huos treason, foucalibration images¢for both frames and
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for two cameras), containing the calibration target at a location which coincides with the
measurement plandjave to be acquired Then the mapping functions responsitbite the
conversion from pixal to meters and equivalently from pixel/s to wdabe calculatedand applied
to the extracted raw data, after the end of the experimén conversiorbecomedeasible by
identifying all white points marked on the calibration target, whose coordiaage®r have
becomeknown in pixelsand in meters (or at least the distance of a pair of markers since they are
all equidistant)

However, the aforementioned mapping does not encompass any information for the viewing
angles of the cameras so that the#womponent velocity vector cdre reconstruetd. To obtain
this information a set of imagéo-object correspondence points that are not coplasaequired
[11]. That 6s t he r e a shascalibratipn natkes pdin that glterbatdetween two
depths(most visible in the top left corner &igure 14). This type of calibration target is called a
four-plane targe(2 planes of marker points on each side).

Finally, amaskingstep is also inclded in thisprocedure The image is masked/cropped to
the area where measurements are desired. This allows for exclusion of parts of the image that are
outside the calibration markers or susceptible to noise, reflectionsnetbe case of Stere@lV,
the same procedure has to be effectuated for two images, corresponding to the two empleyed high
speed PIV camerablote that there are also other types of calibration taf§gts well as ways to
obtain information for the viging angleq11].

3.3.3.2 Pre-processing of raw data/images

This step aims to eliminanoise, principally caused by artificial or natural lighting during
the experimentandhas to be taken care of before tapturingof PIV smapshots.The point of
minimum intensity almost always corresponding to a point in the backgroisnéhund from a
group of PIV snapshotand then subtracted from every image/snapshothe group to be
processed Care should be taken to avoid includingtliem images in this procedure e.g.
unsynchronized black imagdsis clarified thatfor every employed cametavo minimum intensity
frames are usually praded, i.e. frame A and frame Bhen tleseminimum intensity frames, are
subtracted from every fragnof each snapshot, respectively, to eliminate the background hoise.
that way, the position of the seeding particles which are captured by the camera(s), can be reliably
identified since their contrast with respect to the background is enhafbeztall this is a
procedure to enhance image intensity values and may appear in a number of variations, depending
on the userds experience.

3.3.3.3 Processing (calculation of velocity vectors)

Generally, this step of the processing procedure is the most compaitgtiotensive
Therefore it is usually not applied straight away but initially usirgubset of the whole group of
snapshots before appig it to the whole setThis allows for trial and error definition of tlterrect
setup of parameterdn this step,the employed PlVevaluationalgorithm e.g.(digital) cross
correlationbased, is applied for the extraction of the velocity vectbiste that prior to the
advancement of computers, PIV evaluation was usually effectuated using purely mjeticats
instead of digital finding or approximating the autocorrelation instead of the aroslation
function [11]. Every software provides a rather large number of possible combinations of
parameters to effectuate this kind of prebeg procedure. These parameters are usually determined
by consulting the manual of the employed software in conjunction withamiérror tactics.
When these parameters are fixed, then one can proceib@ pwocessing of all extracted PIV
snapshotsAlthough it is possible that determination of different parameters may be required for
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different software, a general description of them will be illustrated, using as starting point the
available choices given il S | INSGHT 4G software. The parameterstlinave to be generally
determined are:

1 the shape of the PIV grid cells (interrogation windows). For example uniform or non
uniform grid cartesian or ncepartesian (e.g. with rectangular, square or custade
interrogation windows)Generally, the mostaenmon choice is to use cartesian and uniform
PIV grids (e.gNyquistGridoption of Grid Engine in INSIGHT 3G or 4G).

1 the size of the interrogation windowhis interrogation window determines the number of
subregions/cells utilized to calculate the crassrelationplaneof image intensitiesFrom
this calculation the displacement peak within a specific interrogation windan be
extracted and by knowing the time between the two captured fraheesnterrogation
window-averaged velocity can be acquiréithe purpose is to extract the displacement of
seeding particlesUsual choices for the size of the interrogation window @re o ¢
N Qu@adet @M QwQaiUnder certain circumstances,
from an initial large interrogation window ta smaller ondan a recursive mannanaking
use of calculated displacements corresponding to the previous larger interrogation areas.
Then, tlesedisplacements are used to shift the interrogation areas from their initial position
in order to increase the sigrtatnoise ratio (i.e. higher number of matched particle pairs,
[11]). In that way the final velocity vectorgare characterized ey higher spatial resolution
as wellas increasedsignatto-noise ratio(there are less fleeting particles due to-plane
motion). Another possibility is to use deformed and smaller interrogation windows in
subsequent Afpasseso according to theincal c
order to optimise the PIV evaluation procedure (i.e. the assumption of uniform
displacements within an interrogation window is discardéd]). Note that, althougha
smaller size of interrogatn windows could potentiallyyield more information, it could also
lead to higher processing times as well as to difficulty of properly calculating/identifying
velocity vectorsAs [11] denote, klow a certain number ahatched(particle) pairs in the
interrogation area (typicallless than 4)the detection ratand thus the capability of the
method in velocity calculation will decrease rapidfy.higher value of the underlying
signatto-noise ratb permits the utilisation of smaller interrogation windows improving the
final spatial resolution of the extracted velocity field. This sigoaloise ratio depends on
various parameters such as the quality of the illumination as well that of the sebding,
capabilities of the employed cameras and the respective cable connegtibosplane
motion of particles for 2D measuremests.[11]. Finally, for the sake of completeness, it
is denoted that Particle Tracking evadloa methods based on the calculation of the
displacement of individual particles instead of the average values of entire interrogation
windows, is also a possibility for specific applications where the necessary computational
sources are available.

1 the mahematical/numerical method thaas tobe employed for calculation of the cress
correlationin order to be able to identify the displacements of seeding particles, as already
explained. One typical option is to employ FFT to undertake this calculatitaulideption
in INSIGHT 4G). Finding the crossorrelation function through FFSignificantly saves
computational resources instead of directly calculatifiylit

1 the peakintensityto noiseratio. This is basically the ratio of tHgloba) maximum of the 3
D crosscorrelation function(between the examined interrogation window and all the
others) to the secondighest [ocal) maximum which probably corresponds to noise,
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unavoidably existing in\very measurement. Typical values oisthatio range from 1.3 to
1.5.

Although there are additional parameters for the processing of the intagesmportant tonote
that there is not one universally applicable combination of parameters in oedeuice satisfying
velocity measurements. This means that the correct setup for the extraction of velocity vectors, for a
particular experimental configuration can only be found throughariederror tactics Note that
this procedure could be quite timmensuming, and this has to be kept in mind when a new
experiment is designeddowever, an index that can intuitively lead to the correctupebf
parameters i s -to-ihkead@tv eoc todr si.g oA dibi gh value of
the praessing of the images is successkuhally, it is strongly advised for experimentalists who
have no previous experience in PIV measurements to pay attention to the theoretical/mathematical
background of PIV evaluation methods (e.g. how the eros®laton is applied, why FFT is used
and in what way etc.) prior to their first PIV experiment. In that way, every choice of parameters
and evaluation methods will not be made blindly but through careful examination of the underlying
physics of the specific pptem, knowing the limitations of the aforementioned choices.

3.3.3.4 Post-processing (calculation of velocity vectors)

The previous step of the processing procedure, i.e. the extraction of velocity vectors from the
PIV snapshots may resuh c er t ai n fbadl hy ectmerasns t ldefited by a
criteria, an amount of the extracted vectors mayclassified erroneous. After discarding the
erroneous vectors, the vector fiehday contain igap® instead of the (erroneous) vectors and
therefore, they have toe filled with velocity informationBe si d e s, it Iis possi bl
the initial velocity vectorial field are already present due to issues such as poor illumination of
specific regions of the plane, optical access prohleénssifficient seedig etc. So, this step has a
twofold aim: (a) identification of the erroneous vectors and (b) compensation in terms of velocity
informationdue to loss of velocity vectors caused by issues linked to the experimental procedure
and/ornon-satisfaction of usedefined validation criteria

Theuserdefined validation criteria of the velocity vectors are usually either local or glabal.
example ofa local criterion is one spegihg thatif the velocity magnitude value of a particular
PIV velocity vectorsignificantly differs, beyond a certain threshold, from the average value of its
neighbairing PIV vectors then ths velocity vector idabeled as a spuriowne On the other hand,

a global criterion exampleould be similar to the latter local one, with th8edence being that the
global average of the velocity magnitude of the whole vectorial field is used instead of the local
average, described aboveor the case of Sterd@lV, it is possible that the-B processing for the
acquisition of the third velogitcomponent happens after this stepr more detailed presentation

of existingvalidation/postprocessing methods the reader is referrdd tpand[20].

For thealready mentionedompensatiorof velocity information, ondllustrative solution is
filling the fAgapso, exi sting within oOflcegtamppl| ane
(their number is usedefined), neighbouring PIV velocity vector€ommon algorithms to
effectuate his postpr ocessing step start from Agapso wt
available and continuecursivelyto compensate fall lost velocity information.
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4 Twin Test #1: Effects of Vegetation on Flows in the Urban Environment
4.1 Boundary Layer Characterisation

4.1.1 KIT

A view of the test section upstream of the turntable in the boundary layer wind tunnel at
Karlsruhe Institute of Technology (KIT$ shown inFigure18. Geometrical parametets the test
section are as follows:

T Tunnel cross section ( wdonfinet bylsmobte vedidaltwplls 2 .

and ceiling.

1 Adjustedceiling for zero pressure gradienttime streamwise direction (dp/dx = 0).

Figure18. Set up of the fetch of the atmospheric boundary layer (ABL) upstream twirthableat KIT.

For the neasuremenbf the boundary layer profiles of mean velocapnd turbulence
intensity, a constant temperature hot wire anemometer was used with a single wire probe, aligned
with the flow, and a sampling frequency of 6 kHz for an acquisition time of 60 s.

The fow parametershat were extracted from the measuremaméspresented iffable 1,
where H is the height of the buildingmod®lot h t he cal cul at ed 8f@@4aver |
O U O 0. 4 0scaleaeralynanticeoughnessllengtt0z. 54 m 00 25®)Ocodr r e
to the lower limits of arurban atmospheric boundary layer, i.e., the flow over inner city canter
are just above those of a suburban setting.
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Tablel Flow parameters for twin test at KIT

a Zet= H =110 mm
wz) _(z-d Urer= 3.27 m/s
Power Law e
Upe f Zref d=0
h =0.28
u(z) 1 (l z—d ) u-=0.25 m/s
—_— = - n —
. . Z0=1.80 mm
u K Z
Logarithmic Law ¥ 0 © P e
d=0

(applicable upto 0.5 K S A I K
Reynolds numbeiRRe;
based on building height anddJ
Free stream velocityy 5.0 m/s
Scale factorivi
based on VDI guidelines

Hdop' Rmn

1:300

4.1.2 NTUA

A view of the test section upstream of the turntable in the boundary layer wind tunnel at the
National Technical University of Athens (NTUA) is showrFigure19. Geometrical parametec$
the test section are as follows
f Tunnel cross sec3.i5% nm (leonfldetSny smooth \eitioglwally and
ceiling.
91 Adjustedceiling for zero pressure gradienttime streamwise direction (dp/dx = 0).

Figure19 Set up of the fetch of themabspheric boundary layer (ABL) upstream of the turntable at NTUA
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For the neasuremenbf the boundary layer profiles of mean velocity and turbulence
intensity, a constant temperature hot wire anemometer was used with a single film probe, aligned
with the flow, and a sampling frequency of 10 kHz for an acquisition time of 104 s.

The fow parametershat were extracted from the measurements are preseniedlm2Table 1,

where H is the height of the builgjrmodel. It should be noted thatbuilding modelof same
geometrywas used at KIT and NTUBot h t he calcul ated power | aw
O 0. 24) -scaldaermdymmmif roughness lengt0z. 39 mo,Q0015®) zcorres
the sulnrban atmospheric boundary layer, i.e., the flow over park/suburban area.

Table2 Flow parameters for twin test at KIT

a Zet= H =110 mm
u(z) _(z-d Urer= 2.36 m/s
Power Law =
uri"f Zref' d - 0
h =0.22
) 1 4 u*f 0.22 m/s
. _ 22— ZIn Zp=1.45mm
Logarithmic Law U, K Z ¢ ' nodn

#applicableupto@5 KSA d=0
Reynolds numbeRey
based on building height anddJ
Free stream velocityy 5.0 m/s
Scale factorM )
based on VDI guidelines 1:270

Mmdcp' Pmn

4.1.3 KIT-NTUA Wind tunnel ABL flow omparison

Comparisorof the velocity measurements performed at the wind tunnel in KIT and NTUA
to characterize the simulated atmospheric boundary layers are presenkggurie 20 and
turbulence intensity and calculated turbulence integral lengtle scaFigure 21. Although the
profiles correspond to an urban (KIT) and suburban (NTUA) ABL category, they are at the lower
and upper limits of these and, as their comparison reveals, they are similar and comparable up to
roughly two building heights. This holds both for the mean velocity and the turbulence intensity.
The turbulence integral length scales are also comparable up to one building height from the
ground, with the NTUA values increasing above this height, most prodabklyo thehighertest
section in the NTUA wind tunnel.

The results are considered favorable for comparing measurements in the two wind tunnels
and, given that the building Reynolds numbers in both the KIT and the NTUA wind tunnels are
above the 1bthrestold for Reynolds number independence, it is expectedtitbaneasurements of
the flow past the same building model will provide valuable insight through-comsgarison.
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Figure 20. Measurements of the velocity profiles at tlemter of the turntable, without building model for
the full vertical span of the measurements (Left) and for two building heights above the floor level (Right)
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4.2 Experimental Configurations and Settings

The twin test involved measurements of the flow past a surface mounted cube, ¢x@osed
atmospheric boundary layefhe cube is intended to represent a building at a scale of 1:300, in
agreement with the ABL scales extracted from the measuremefiabla 1 and Table 2. The
height ofthe building model wabl = 110 mm, andhe vertical openings on its side wefeeight),
he = 90 mm and (width), w= 6 mm Inside the building, in the center, there was a vertical column
of square cross section (22x22 Aim

Besides the basic flow pastthbuilding model with smooth outer walls, tests were performed
with modell ed vegetation covering t Wegetaionndwar
was modelled wittopenicell reticulated foam materialnd results are presented here for foams
with a pore density of 60 PPI of 1@m thickness, corresponding to a full scale (1:300)
permeability value oéx =7.82 m', which corresponds to dense hedges. Details on the permeability
measurements and the scaling procedures for the foams can be fp8hd@ha test configurations
are shown irfFigure22 and are common for the tests in the KIT and the NTUA wind tunnels.

It should be noted that tests were also performed, over and above those ipiidiaigd
during the TWEETE twin test, for foam materials of different permeabilities and thicknesses.
Furthermore, an identical glass cube was constructed at NTUA in order to facilitate optical access
at KIT where measurements were also performed inkigleube. All of these measurements will
become available when data processing is complete, later in the project.

a) Bare Building b) Facade greening c) Rooftop greening

Figure 22 Tested configurations both wind tunnels (KIT, NTUA)a) Bare building (without vegetation),
b) F @reemidgendc) Rooftop greening.

Measurements were performed for all experimental configuratiobeth KIT and NTUA
wind tunnels, at common locations around the building, in order to permit cross comparison of the
results. However, the measurements evperformed with different experimental measurement
techniques: Laser Doppler Anemometry (LDA) at KIT and Particle Image Velocimetry (PIV) at
NTUA. Details of the measurement points and the experimental set ups are presented in the
following sections.
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4.2.1 KIT z LDA measurements

Velocity measurements at KIT were performed with Lased Doppler Velocimetry, which is a
pointwise method and involves traversing the space from point to point to position the probe.
Measurements were performed along three horitqntiiles on the side wall of the building,
upstream and downstream of the opening, along three vertical profiles on the roof and three vertical
profiles in the wake. Details of the measurement settings for each are provided following.

For the side wallthe measurement positions are schematically shoviigure 23. Since
LDV is capable of high sampling rates, for the poiatsclose proximityto the side wall, where
unsteady flow phenomena and high turbulent eigofluctuations are expectetyteral velocities
were sampled at a higher frequency. Details of the parameters used in the measurements are
provided inTable3

A o» s =

S.W.A: (-0.4H,1H,0.5H)

o 'y -"
S.W.a S.W.s S.W.c S.W.B!: (-0.2H,1H,0.5H)
S.W.c: (+0.1H,1H,0.5H)

Figure23Measur ement p onithe tsidebwallpothe bateibuaildirgy configuration. Black dots
correspond to points sampled at a frequendgarhp = 100 Hand the gllow box frame corresporsto the
area whereneasurementsere sampleavith fsamp = 500 Hz.

Table3 LDV measurement parameters for side wall measurements

Laser Doppler Velocimetry (full range)

2D velocity measurements streamwiseu & lateralv
Sampling frequencysamp 100 Hz
Acquisition timefac 120 sec

Number of points / configuration 32
Laser Doppler Velocimetry (wall proximity range)

1D velocity measurements lateral v
Sampling frequency, fsamp 500 Hz
Acquisition time, 4c 120 sec

Number of points / configuration 12

Similarly, to the side wall, for the roof, the measurenpsgitions are schematically shown in
Figure24. Again, for the points at close proximity to the roof, vertical velocities were sampled at a
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higher frequency. Details of the parameters used in the measurements are providete B
Measurement positions in the wake and the relevant measurement parameters are Bigpwa in
25andTable5, respectively

Rc RB RA

H P

: Pl

: R

* LI ]

: : !

M ‘. R A: (-0.4H, OH,1.4H)
: N R B: (-0.2H, OH,1.4H)
: . S R C: (+0.1H,0H,1.4H)
¢ y L]

wxZ|ls 1

€

Figure 24 Measuremen poi nt s & p o s ioft theobarse buibdimg cbrifigurationo Bldck dots
correspond to points sampled at a frequency of fsamp = 100 Hz and the yellow box frame corresponds to the
area where measurements were sampledfsatimp = 500 Hz.

Table4 LDV measurement parameters for measurements on the roof

Laser Doppler Velocimetry (full range)

2D velocity measurements streamwiseu & verticalw
Sampling frequencysamp 100 Hz
Acquisition timefac 120 sec

Number of points / configuration 48
Laser Doppler Velocimetry (wall proximity range)

1D velocity measurements verticalw
Sampling frequency, fsamp 500 Hz
Acquisition time, £c 120 sec

Number of points / configuration 12
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Figure?25. Measur ement poi nt théban bugding dordigustion n t he wake o0f

Table5 LDV measurement parameters for measureniarite wake

Laser Doppler Velocimetry (Wake I)
2D velocity measurements = streamwiseu & verticalw

Sampling frequencysamp 100 Hz
Acquisition timefac 120 sec
Number of points /

: ) 36
configuration

4.2.2 NTUAZ PIV measurements

At NTUA, the velocity measurements were performed with Particle Image Velocimetry
(PIV) in both 2D2C ard 2D-3C modes. The PIV method measures on a plane and these were
chosen to include the LDV measurement position at KIT. Measurements were performed on three
different planes, a horizontal one next to the side wall, a vertical one on the roof and aplartecal
in the wake, behind the building.

For the side wall, theeamera wasmountedover the building and the laser sheet was
directed horizontally towards the side wall at half badding height (z/H=0.5)Kigure26). A 2D-
2C PV setup was chosen for this plane since a) suspension and alignment of two cameras was
difficult to achieve reliably with the available infrastructure and b) the vertical velocity (in the z
direction) was not expected to be significant. Parameters relewvahe setup are presented in
Table6.
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Figure26 Mono PIV experimental set up of the Side Wall measurement plane (Horizontal Plane).

Table6 Measurement parameters for the-2DPIV measuremenbn the horizontal side wall plane

Mono (2D ¢ 2 component)Particle Image Velocimetry2D-2C PIV)

2D velocity measurements streamwiseu & lateralv
Angle of attack (AoA) Q°
Parameter Horizontal Plane
Plane orientation with respect tode stream Normal
PlaneSize M®PYyHI P MOy
Sampling frequencysamp 7.28 Hz
Lenses 90 mm
Distance from measured plane 12.36 H
Interrogation area size 32 px
Interrogation area size 1.61 mm
Minimum resolvable velocity 0.095 m/s
Minimum resolvable @locity 1.9%
(normalized with respect to the free stream) '
Number of snapshots per plane 1000

For the measurements in the wake and on the roof, -82Betup was chosen as the
cameras could be placed on the floor of the wind tunnel, significantly allayi difficulties
appearing in the overhead suspension of the horizontal setup.

For measurement of theertical plane above th@of, the cameras were slightly elevated in
order to achieve optical access above the building dmatizontally oriented arlg plane between
the two cameraéFigure27). The laser sheet was redirected to the vertical direction with a mirror
suspended above the model. For the vertical plane in the wake, the cameras were positioned
downsteam and on either side of the building model, in order to ensure optical access to the area
directly behind the building. Redirection of the laser sheet wasvathin the same manner as for
the roof planeTable7). Details of the measurement parameters for both vertical planes are given in
Table7.
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Table7 Measurement parameters for the-20 PIV measurements on the vertical planes above tti@mndo
in the wake

Stereo (2Dg 3 component) Particle Image Velocimetry (ZEC, Stereo PIV)

3D velocity measurements streamwiseu & lateralv & verticalw
Angle of attack (AoA) o°
Parameter Roof Plane Wake Plane
Plane orientation with respect to freersam Parallel Parallel
Plane Size MPYHI P MOy H
Sampling frequencysamp 7.28 Hz
Lenses 150 mm 150 mm
Camera contained angle 90’ 90’
Distance from measured plane 1545 H 1545 H
Interrogation area size 32 px 32 px
Interrogation area size 1.72 mm 1.66 mm
Minimum resolvable velocity 0.10 m/s 0.10 m/s
_MlnlmL_Jm resolvable velocity 20 20
(normalized with respect to the free stream)
Number of snapshots per plane 1000 1000

<=
>
Figure27. Stereo PIV experimental set up of theoRmeasurement plane.
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Figure28 Stereo PIV experimental set up of the Wake measurement plane.
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4.3 Measurement Results

4.3.1 Comparison of KIT and NTUA measurements

Results from the measurements in the KIT and NTUA wind tunmelpr@sented here. A
comparison of the two wind tunnel measurements/measurement techniques is presented first for the
profiles on the side wall, the roof and in the wake. These include the mean values for the two
velocity components measured both at KITd adTUA, as well as the values of the standard
deviations of these velocity components.

Following, the effect of placing vegetation on either the upstream face or the roof is
presentedagain for both measurement techniques.
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4.3.1.1 Side Wall
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Figure29. Non-dimensional mean streamwise velocity profiles of LDV measurements at KIT (white square)
and Mono PIV measurements at NTUA (black square), on the side wall at a) (S.W. a), b) (S.W. b), ¢) (S.W.
C) for the Bare building configuration.
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Figure30. Non-dimensional stdev streamwise velocity profitdd DV measurements at KIT (white square)
and Mono PIV measurements at NTUA (black square), on the side wallSat\a)a), b) (S.W. b) , ¢) (S.W.
C) for the Bare building configuration.
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Figure31 Nondimensional mean lateral velocity profileslddV measurements at KIT (white square) and
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for the Bare building configuration.
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Figure 32 Nondimensional stdev lateral velocity profilesldDV measurements at KIT (white square) and
Mono PV measurements at NTUA (black square), on the side wall at a) (S.W. a), b) (S.W. b), ¢) (S.W. C)
for the Bare building configuration.
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Figure33 Non-dimensional mean streamwise velocity profiles of LDV measunésa KIT (whitesquare)

and Stereo PIV measurements at NTUA (black square), on the roof a) (R. a) b) (R. b) ¢) (R. c) for the Bare

building configuration.
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Figure34. Nondimensional stdev streamwise velocity prcfitef LDV measurements at KIT (white square)

and Stereo PIV measurements at NTUA (black square), on the roof a) (R. a) b) (R. b) ¢) (R. c) for the Bare
building configuration
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