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Abstract

This thesisintroduces and describ&a new experimental setup fexaminingthe effects
of pulsating inflowto aventilatedenclosure The study aimedo testthe hypothesis that a
pulsating inflow has potential to improve ventilation quality by reducing the stagnation zones
throughenhanced ming. The experimental setup, whigtasa smaliscale, twedimensional
(2D), waterfilled room model,was successfully designed and manufactured to be able to
capture twedimensional velocity vectors of the entire field usiayticle Image Velocimetry
(PIV). Using inrhouse softwarat waspossible to conclude that for an increase in pulsation
frequency or alternatively in the flow rate, the stagnation zones were reduced in size, the
distribution of vortices became more homogeneous over the consideredhdama the
number of vortices in all scalésd increased. Considering the occupied region, the stagnation
zones were moved away in a favorable direction from a mixing point of Wewaddition
statisticalanalysisunveiled that in the faffield occupiel region of the room model, stronger
eddies were developedthat we could expect to give rise to improved mixingAs a
fundamental experimental study performed i smaliscaleroom model with water as
operating fluidwe canlogicaly conclude that the positive effeat enhanced mixinghrough
increadng theflow rate could equally be accomplishimloughapplying a pulsatingnflow.

In addition this thesis introduces and descrilz@sexperimental setup for study of air
flow over awall-mountedradiatorin a mockup of a real roamvhich has been successfully
designed and manufacturdd. this experimental study, the airflow over an electric radiator
without forced convectigra commorroom-heating technigyuevasmeasured and visuaéid
using the 2D PIV technique. Surface blackening due to particle depositioalls for
monitoling in detailthe local climatever a heating radiato©ne mechanism causing particle
deposition is turbophoresisvhich occurs when the flow is turbule@ecauseturbulence
plays a rolein particle depositionit is important to identify where the laminar flow over
radiator becomes turbulenThe results from several visualization techniques and PIV
measurementindicated that for a room withtypical radiabr heating the flow over the
radiator becae agitated aftem dimensiomess length,5.0-6.25 based on the radiator
thickness

Surface properties are among ih8uendng factors inparticle depositiontherefore,
the geometrical propertiesf different finishing techniques were investigated experimentally
using a structured light 3D scanner th@veaéd differences in roughnesamongdifferent
surface finishing techniques. To investigdte tesistance to airflow along the surface and the
turbulence generated by the surfases recordedhe boundary layer flow over the surfaces
in a special flow rigwhich revealed that the types of surface finishing methods differed very
little in their resistance and therefore their influence on the depowelocity is probably
small.

Keywords: Particle Image Velocimetry (PIVexperimentalktudy, structured light 3D
scanning systemyentilation, varying flow rateyoom model,wall-mounted radiatorair,
water,flow



Sammanfattning

Det Overgripande syftet med den forsta studien i avhandlingen var att undersdka
hypotesen atett pulserande infloddill ett ventilerade utrymmehar en potential till att
forbattra ventilationes kvalitet genom att minska stagnationszomeh darigenom Gk
omblandningen. For genomfdrande av studien byggdes en experimentuppstéalining i form av
entvadimensionell (2D) smaskalig modell av ett ventilerat rum. Stromningsmediet i modellen
var vatten. Det tvadimensionella hastighetsfaltet registrerades 6ver betdlen medhjalp
av Particle Image Velocimetr§P1V). Vid ett stationart tillflode bildas ett stagnationsomrade i
centrum av rumsmodellen. Vid ett pulserade infléde genererades sekundéra virvlar. Med en
egen utvecklad programvara var debjigt att kvanifiera statistiken hos virvlarna. Det
pulserade inflodet gjorde att inom omradet dar det vid stationart tillflode fanns en
stagnationszon Okade antalet virvlar i alla storlekar och férdelningen av virvlar blev mera
homogen &n tidigare. Detta k&irvanta ge upphov till forbattradmblandning.Baserat pa
en grundlaggande experimentell studie utférd isemaskaligtvadimensionellrumsmodell
med vatten sorstromningsmediurkan vi logiskt dra slutsatsen &tt pulserande tilluftsfléde
har en potential att forbattra omblandningen.

| en fortsatt studie i avhandlingen visuliserades och mattes hastighetsfaltet och darefter
berdknades statistiska varden av exempelvis medelhastighet, standardavvikelse och
skjuvspanning hos hastighetsfluktuationerna i luftstrbmmen 6ver en vaggmonteeddrrad
med 2DPIV-teknik. Bakgrunden till studien &ar att en bidragande orsak till partikelavsattning
pa vaggytor ar turbofores som upptrader vid en turbulent luftstrom. Studien genomfordes
genom uppbyggnad av en fullskalig rumsmodé&ftersom turbulens gar en roll vid
partikelavsattninggenom turboforesir det viktigt att identifiera vadet laminaraltdet over
radiatornblir turbulent. Resultatehaserat p&isualiseringoch PIV-métningar indikerade att
for ett rummed denna typ avadiatouppvarmnin, blev flédet 6éveradiatornturbulent efter
endimensionks langdlika med 5,86,25ganger radiatorngocklek.

Ytors egenskaperar viktiga vid partikelavsattning. Darfor har de geometriska
egenskaperna hos naglika metoder for ytbehandlingndersoks experimentellt med hjalp
av enscannerfor strukturerat3D-ljus. Resultaten visar pa skillnader i ytrahet ldesolika
ytbehandlingsmetodern&or att undersoka motstandet mot luftstromning langs ytan och den
turbulens som genereras av ytorna registeeradgransshitsflodet dver ytorna i en speciell
luftstromningsigg. Detta pavisade att motstandet hos de olika typerna av
ytbehandlingsmetoder skilde sig mycket litet at och darfor ar troligt vid deras paverkan pa
depositionshastigheten mycket liten.

Nyckelord: Particle Image Velocimetry (P1V), experimengtlldie scanningsysterfor
strukturerat 3Bjus, ventilation, varierandslluftsflode, rumsmodellyaggmonteradadiator
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1. Objectivesof the Work

An overarching goabf this thesiswasto investigate the whole field flow patterns of
various flows inan indoor environment usin@ scaled model andull-scale mockup and
different operating fluidsn conjunction withParticle Image Velocimetry. The starting point
of this work was research tevelop a new air distribution principlbased on supplying
rapidly varying ventilation flow rates to an enclosure. The main goal was to perform
fundamental experimental studies of the new air distribution principle using PIV. The
objectivesincludeda literature reviewof jets—their behavior, characteristics, typasad so on
—, development o& newwateroperatedsmallscale 2D room model and a water circulation
loop suitable for PIV experimentations, video visualization studies to find PIV measuterae
flow rates and pulsation frequencies, and PIV measureroétiie effect of pulsating inflow
to the room modelPrevious studiehaveshown that applying a pulsating inflogenerated
secondary vorticeswhich could improve air distribution efficiencytor this study, the
conditions for generating the secondary vortices and their charactermticsbequantified
usinganin-house computer program. Moreover, the floould bevisualizedwith the aid of
acquired measurement data from PIV, using cohstapulsating inflow, and other important
flow characteristicxould be analyzel and compared using-louse software for impamnt
regions in the scaled room.

Threearticlesresulted fronthis stageof the research

- PIV visualization study in awo-dimensional room model with rapid time varying
ventilation flow rategconference paper, 2011)

- PIV study of ventilation quality in certain occupied regions of a-tlivoensional
room model with rapidly varying flow rat€purnal paper, 2013

- Experimenal study on the effect of pulsating inflow to an enclosure for improved
mixing (journal paper, 2013)

My thesis workcontinued within the framework of another research prograwhich
PIV technology was a useful todhe Swedish Energy Agencys S a v ePresenvéd Spara
och bevara program, whictseeksways to save energy in historic buildingkile preserving
historical and aesthetical values. In histdogildings conflict may arisebetween indoor
climate for people and preservation of artifagtthin t h i s frameworkestudies/sre
conductedregarding parameters important for particle deposititmt result in surface
blackening. The work includiboth studies of surface structures and measurement of airflow
over a walHmounted radiatorwith the goal of conducing fluid flow/surface structure
experiments onhe process of surfaddackening.As a first objective, a thorough literature
review providednecessary knowledge tom surface blackening, particle deposition, and
aerosol science and tediogy. After the study phasédesigned and developedfull-scale
room to conduct detailed higjuality PIV measurements of air flow over a walbunted
radiator and to perform video visualization of the air flow over the-mallinted radiatorn
addition, | analyzel and processeBIV measurement data of the air flow over the radiator
using inhouse software. Moreover, the geometricaicro-surface profiles of different



surfaceswere measured using structured light 3D scanning system quantified and
analyzel using the related software.

Three articlesesulted fronthis stageof the research:

- Plaster finishes in historical buildings — Measurements ofsurface structure
roughnesparameterandair flow characteristic§conferencepaper, 2013)

- Particle image velocimetry (P1V) visualizationof air flow over a wall-mounted
radiator(conferencepaper, 2014)

- Particleimage velocimetry visualizatioand measuremenof air flow over awall-
mountedradiator (under revision by the authafter being submittedor journal
publication)

2. Background

Energy provides with comfort and mobiliand is essential for prosperous industry and
healthy, comfortablelifestyles. However, energy productioelectricity and heat)and
consumption (in househdd, industries,or for transportation) have a huge impact on the
environment. Emission of greenhouse gases, expo$ air, soil and wateto pollutants, and
waste generation are some examplesti@ longterm impact of energy use on the
environment.These impactscontribute to climate change, damage natural water and soil
ecosystemsproduceair pollution, and cause adverse effects to humani mgreal and
physical health.

Energy supply securitgndenvironmental sustainability and competitivenagscentral
objectives ofthe EU’ &nergy policy reflected in proposals of the European Council for an
Energy Policy for Europ€EEA, 2006. After long debates and discussspthe European
Council adopted the EU climate and energy packagBecember 200§Council of the
European Union2008) which the27 headsof stateand governments agreed to implemieynt
2020. As stated inthe European Commissiors Cl i ma Q®&L5), Aese“R026-20
targets i ncl ude:

- cutting greenhouse gases by at leasp@fient of 1990 levels (3(Qoercentif other
developed countries commit to comparable cuts)

- cutting energy consumption by Zfkercentof projected 2020 levels by improving
energy efficiencyandincreasing use of renewables (wind, solar, biomasd,so oh
to 20 percentof total energy production

- reduang by 20 percentthe emissions of greenhouse gasesieasg by 20 percent
energy efficiency in the Elandincreasing renewables &0 percentof total energy
consumption in the EU

It is also stated in theackage (European Commission, 2015) that for the building sector
(households), emissions have to be cut to 10% below 2005 levels through binding national
targetswith higher reduction targets for wealthissuntriesthan for poorer ones.



To reachthesetargets in the building sector, a wide range of energy measwstbe
implemented to provide EU citizens with the most eneafligient buildings. Heating,
cooling, ventilationand air conditioningireresponsible for almost 4fercentof total energy
consumption, with an expanding trend, gsrdducea considerable amount of CO2 emission
(Concerted Action EPBP2015 The European Parliament and the Council of the European
Union, 2003).

I n response to the EU’s ener {pythedbuldinge mi s s |
sector, Swederestablishedspecial regulation and issued new targets and action plans.
Sweden’ s Nati on a) BuilBimgaand Planrfing Beverkes) iissugd special
regulationsto limit energy consumption for buildisgdepending on location and tyjué
heating (Boverket 2009. The Boverketalso issuedsecondary goals for the ye&020
regardingindoor environmeng, energy consumption, arsistainability in the building sector
(Boverket 2007%).

In addition tomeetingenergy and environmental goatsheating, cooling, ventilatign
and air conditioningthe building sectoalso must provida healthy indoor environment for
occupants. Nearly ommillion people in Sweden in 1999 had symptoms of illness related to
deficiercies in the indoor environmerguch as an iqgoropriateventilationsystem Boverket
2007). Moreover, ultrafine particles from traffic, cooking, candle combustion, constryction
and so on mapenetrate buildingand pose huge risko both occupantheath and building
preservation (throughdeposit of dust and ultrafine particlesincluding micro and
nanoparticles onto building surfaces)Building air-tight, highly insulated structuresto
increase energy efficiendgr decades has producetreproblemswith allergy, asthma, and
Sick Building Syndrome (SBS) symptomamong occupantgWargocki et al., 200Q
Wargocki etal., 2002. According to Wargocki efl. (2000), increasinghe ventilation rate
decreases the percentage of occupanhis aredissatisfiedwith the air quality, increases the
perceived air freshness, and eases difficulty in thinking. multidisciplinary group of
European scientistwith expertise in toxicology, medicine, epidemiology, and engineering
conducted a largeeview study EUROVEN,which showedhat increasinghe rate obutdoor
air supply in built environmentsnproved perceived air qualityln addition Wargockiet al
(2002 found thatoutdoor air supply rates below 254 per person increadéhe risk of SBS
symptoms and affeetl health and productivity Other researchers found that although

ventilationdidnothavead i r ect i nfl uence on oscheventdahon s’ he
rate influencd indoor environmental conditions such as air pollutant concentratiansid

affect occupants’ heal t h and b(Airaksenemeigal, pr eser
2007) Thereforethe ventilation ratés capable f modi f yi ng occupants’ F

and preservation issuesbuildings

Two serious questions aeis(1) Do we really want to save energy at the expense of
indoor climate quality and healthénd (2) Are there any possible measures to improve
ventilation quality whilesavingenergy too? Theseissuesand formulated questions call for
research and dev@ment activitieso develop novel &ating, cooling, ventilatignand air
conditioningtechniquedor higher energy efficiency, better ventilation efficiency, a healthier
living standard, and minimizedamage to buildings.
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In this thesis | present a novesolution that consumesess energy for ventilation
withoutcompromisingd ¢ ¢ u pheaithaisdthatis introdudng rapid variations to the inflow.
In a series of experimental studiéstesed the hypothesis that a pulsating inflow has the
potential to improve ventilation quality by reducing stagnation zdhesugh enhanced
mixing. Performed as fundamental experimental studies in a suoalé room modelthe
research producedesultsthat pont to thelogical conclusionthat the positive effecof
enhanced mixing by increasing the flow rate could be accomplisedlly by applying a
pulsating inflow.

Another series of studiegmed atenergy conservatigroccupant healthand building
presevation concernedresearchf o r t he Swedi s h(En&gneyndghyetenAgency
“Save andr e s e(spara dch bevansprogram The research projegbal is to findways to
save energy in historic buildings while presegvhistorical and aesthetical value3oiling
caused by particle depositigrelated to thermophoresisirbophoresisand surface structuye
may reduce aesthetical values and contribute to degradation of valuable. dlbyefcisusfor
this part ofthe thesiswasto investigate the flow oveadiatos (flow mapping) and measure
surface structureggain, PIV wasused both for measuring the flow and to collect statistical
data about the velocity variatians

3. Introduction

Flow visualization is the adnd science afhaking flow patterngisible tous Common
fluids such asair andwater are transparergndtheir flow patterns are invisible without some
specialtool andmethods Flow visualization experiments began by simple measures such as
spilling ink into water and inresponse to sentific interest in fluid phenomena, several
experimental tools and measurement technigquere developedFlow visualizationallowed
the whole flow fieldto be observedn an instantbut whole field quantitative information
about flow was missing. In the 20th century fluid flow studieswere aidedby advanced
imaging techniques anabwerful computing toolsywhich madethe quantitative measurement
of whole flow fields possible through velocimetry of seeded flow in a fluid mextiao
called particle image velocimetry (PIV). As a responssctcityof experimental knowledge
in wholefield studies of flow in ventilated enclosures, this thesis facarseperforming PIV
experiments in ventilated regioasingeither fullscale or smalscale models.

One study category in which PIV flow visualizatibas beemtilized is the application
of rapidtime varying ventilation flow rates to an enclosufee most common approach in
air distributionin Swedish premises mixing ventilation cre&d by supply of a constant
airflow rate with a mechanical ventilation systeiffhis type of ventilation may cause
problems such as draught, stagnation zoaed subsequently low ventilation efficiencies.
These drawbacks call fexperimentainvestigaions of novel ventilation techniques

Bajura and Szewczyk (1970) and Bajura a@dtalano (1975)conducted arly
experimental studies dheapplication of transitions for a twdimensional walet. Previous
studies (Sandbergnd Elvsen 2004 Wig6 andKnez 2005 showedthat rapidly varying air
inflow, as an alternative ventilation methawuld reduce stagnation and increase efficiency

4



of ventilation. Another stug by Kandzia et al (2011) indicated that wsteady inflow
boundary conditiong a ventilationsystemcould result inthe need forlower meanvelocity
values for the inflow comparedith a steady (constant rate) infloAirflow variations also
havebeen studied from the perspective of thermal comtdua(et al, 2012 Huanget al,
2012 Xia et al, 2000. Theseresults indicated that for a limited air velocity, variations of
airflow could be considered as a control factor to compenfaténcreased temperature in
warm environments.

Within chemical engineeringulsating flow has been used as a ns&d enhancing the
heat transfer ratéKeil and Baird, 1971). According to Keiand Baird, pulsating flow has
been used since tH®O30sas aheattransfer boosting methp@ndstrong oscillations of the
flow were generatedn experimentsin ventilation of occupied roomsthere is always a
comfort constraint: The air motions generated may not create a sensation of draught for the
occupants. Therefore, in contrast to the variations generatechemical engineering
applicationswe chosea “ mi | d err df thevsapply flow ratéo study The variations
generate secondary vortices that are shed into the interior of the Poer. p dersatisn of
the variations, the eventuabise generationand energy consumptiomust be explored in
separate testsAs a first goal for this thesisl performedwhole field flow visualization
experimersg using PIV measuremenia a series of fundamental studies on a ventilation
system with rapidly varying supply flow ratisinga smaltscale two-dimensional (B) room
modd. With in-housesoftware, vorticesverequantified and information about the probability
distributions of vortex size, strengthndlocation were obtained.Becausethe presence of
vortices is a prerequisite for good mixing, this type of vortex analyas importantfor
guantifying theventilation system gerformance. Moreover, statisticahalysisof the PIV
measurements using-housesoftware and wholéeld measurement dataere performed in
thewholeroom model domain and across certain occupiedugstream regions to compare
the results of a rapidly varying inflow to aéid mechanical inflow in the fluidistribution
system.

Anotherareain which PIV has beenutilized is the study of flow over a walhounted
radiator.Radiators are commonly usad $candinavian countrider heating Airflow over a
heated panel radiator is a decisive fadtorair circulationin room ventilation studies and
other related issues such as particle deposition on wall surfaces and energy efficiency.
Relevant studies oheating radiators have mairfigcusedon the flow regime in the radiator
heated rooms (including CFD simulations), energy consumpiighefficiency, heat output
and transfer, novel radiator desigfmuch as convectiver combined/cooling radiators
measures to improve performan@nd comparison with other types of heating systems
(ArslanturkandOzgug 2006 BaldinelliandAsdrubalj 2008 Becket al, 2001,2004 Gritzki
et al, 2009, 2013 Hasanet al, 2009, Myhrenand Holmberg 2006, 2007a, 2007b, 2008,
2009, 2011, 2013FevilgenandKilic, 2011 Shatiet al, 2011 Ward, 1991).Few studieshave
looked atindoor air quality and thermal comfort for radiatogated enclosuresych as
Krzaczek and Tejchman 2012 Myhren and Holmberg 2006 2008, although these are
important factors for heating premises with occupants. Moreover, no real peatitative
wholefield, peefreviewed studyould befound.



Good air circulation is the key prerequisite obtain desirable thermal comfort in a
radiatorheated enclosur@ radiator generates a warm air stream that starts as a laminar flow;
then gradual undulations are generated that ultima@hgitto a turbulent flow. In aadiator
heated rooman air plume formed over the radiator mixes and contributes tathe room
ventilation The turbulent flow produces a higher degree of mixing than the laminar flow, and
therefore, identifying where the laminar flow over the radiator becomes turbulent is
important.

Surface blackening due to particlepasitionis anotheifactor that calls for monitomg
the local climate over a heating radiator. Air turbulence near surfaces is an important driving
mechanism for deposition of airborne particles onto surfaces. Soiling or surface blacisening
often resticted to certain areas amgcurs wherair-borne particlesare depositedn surfaces
such as walls. Imadiatorheated buildings, particle deposition often occurs in the vicinity of
radiators. Obviously, a warm air stream striking a cold wall causes atatme gradient that
can result in thermophoresis, which involves particle transport wavdsthe temperature
gradient. Turbophoresis is the transport of particles from a region of higher turbulence
intensity towards a region of lower turbulence intgn§iuhg 1997 2008). This transport
mechanism of particles is attributed to the turbulent fluctuations of the parlibkegradient
of the particles’ vel ocity f | uc ofuhepdrtioless gi Vv e
We canconcludethat he prerequisite for turbophoresis in a turbulent flmathat the
turbulence is not homogenegusut has spatial gradients in the velocity fluctuations
Moreover, turbophoresis is negligible for very small particte®n if a turbulence intensity
gradiente x i sts. It is worth mentioning that the
rootmeansquare (rms) velocity, which might be different from the fluid rnetoeity for
larger patrticles (ithe particle inertia is large). When the particles are very small, they stay
with the flow, effectively following the eddies, and the two rms velocities become essentially
the sameDirectly studyingthe velocity fluctuations of the particlesnot posdile; however,
we can assuma relationship between the velocity fluctuations of the particles and the
velocity fluctuations of the fluid.

The source of partickecan both be external and internBluring a few preliminary
particle measurements we perfodrna churches, we noted that significant particle emission
sources were candle burning (submicron particles during burning, supermicron upon
extinguish), infiltration from outdoors (virtually any particle siza)dvisitorsto some extent
(supermicron paicles). The transport of particles from outd®do indoos by infiltration
suggests the need to consider the tightness of the building entelopé soiling.

In experiments on soiling performed worldwjd#fferent influential factors (such as
surface roughness, temperature, relative humidity, ventilation rate, particle concentrations,
and flow regime such as airflow velocity and turbulenee)eidentified, several mechanisms
studied and different modelling techniques deveddifChenet al, 2006; Guhg 1997,2008
Hamdani et al.2008 He et al, 2005 Lai andChen 2006 Lai andNazaroff 2005 McMurry
andRader 1985 Pesavau et al1999 Pio et al, 1998 Shimadaet al, 1989 Thatcher et al.

2002 Xu et al, 1994 ZhaoandWu, 2007). Surface roughneswas found taoinfluence the
boundary layer flow close to the surface. A rough surface disptaeeboundary layer flow
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outwards and changehe turbulence structuré&or this thesis, | focused on the influential
factors of surface roughness and flow regime

Air motions are generated by natural convectecause of theemperature difference
between walls anthe adjacent airand boundary layer flowdine the vertical surfaces. The
magnitude of thetotal flow in this wall boundary layer flow may be greater than the
ventilation flow rate. According to results reported Mattsson et al (2011) from
measurements in a medieval stone chutiel boundary layer flow waapproximately25
times larger than the ventilatidlow rate. To prevent discomfort due to downdraught of cold
air, radiators or convectorare oftenlocated at the perimeters of interior space of a church.
Warm plumes from the radiators propagate upwards along the luatlisiay collide with the
down draght of cold air giving rise to complicated air flow pattern&riegel, 1973)
According toprevious studiegMattssonet al, 2011) thevariations inthe nearwall vertical
velocity componerg were very largeand for short time periogdfow reversals occurred. This
finding highlights the complexity of the flowhis research examined@herefore performing
PIV experimentations to quantity h i s ¢ o mpchaeaxteridtids segmesl to be logical,
despitethe practical difficulties of congtting PIV measurements near wall surfaces.

In the series of studies in this categ¢study of air flow over a walmounted radiator)
| measured and visualizeétle entire flow field along the wall over a heating radiatsing
PIV technique in a fulkcaleroom model. The purpose of this study was to acquire the entire
2D velocity field, and to understand the flow characteristidhe vicinity of wall surface and
above the heating radiator. Usimghousesoftware,| obtainedthe turbulence intensity above
the heating radiator and thecation wherethe laminar flow transitionedto turbulent
downstream of a heating radiat@®ther flow characteristics were also specified, using the
measured data, arttie velocity field downstrearof the heating radiatowas investigated
Moreover,| measured and studidde surface structure and geometrical properties of three
reference surface samples (wood float finish, brushed finish, and steel float finish) using stripe
projection techniqueOur teamdesigneda purpose made rig to generate controlled flow over
the referencesample surfaces to conduct velocity measurements along the surfabe
purpose of this study was to estimate the magnitude of the roughndgfe@nt surface
samplesandto discoverany differences in deposition velocitybetweenthem. Study results
revealed negligible difference among the varioussurface finisheés i nf low ¢hec e s
deposition velocity.

4. Measurement TechniguesExperimental Facilities, and Methods

This chapter provides a brief description of the measurement techniques and
experimental setupssed in the framework of this work. In flow studies, velocity distribution,
type of flow, scope of needed information, and physical surrousdifign determinethe
proper measurement techniqEpending on the flow type and measurenmrequired each
method haadvantages and disadvantages.

Depending on the flow cases$etprimary flow measurement techniqder this study
was Particle ImageVelocimetry(PIV), which has been used for some decadlesstablished

7



two different PIV setug one to be performed inleyuid medum (water) and the other in a
gas medium (air)ln addition toPIV, | used astripe projectior(structured light 3D scanning)
systemto stuly the geometrical properties of the surfaddse variousexperimentalketups
used during this work alswill be presented.

4.1. Particle Image Velocimetry(PIV)

In todays research in fluid mechanicgopular interest is beingjrectedincreasinglyto
problemsin whichcomplexflows predomimte For investigations auchflow fields (such as
transition from laminar to turbulent flowortical structuresgentraining flow fields airfoils,
nearwall flow, and so ojy new experimentamethodssuch asPIV are required to capture
instantaneouslythe velocityinformation acrosentire flow fields. PIV provides forthe first
time in measurement history reliable basisor whole field experimental datan fluids. PIV
technique can bdor direct comparison wht numerical calculationsuch as CFDand
therefore,for validation of computer codes. During the last yearsincreasing number of
researchers argtientists haveae PIV to investigate theriginal dructure of velocity fields
in different areasof fluid mechanics.There arevarious approaches for recording and
evaluatingPIV imagesdocumentedin literature. The PIV technique is growing rapidly
yielding severalecent developmentencludingsterescopicPIV, 3D-PIV (tomographic and
holographic PIV)time-resolvedPIV, micro PIV, and combinations of PIV with other optical
field measurement techniquéekhis thesis presents a brief technical description of the basic
concepts of PIV technique (how a DV works).

4.1.1. Development of BV

In responseo interest in the observation aaturalphenomena, experimental tools and
measurement techniques have been develtpedghouthistory. These tools first enabled
human beings to perform qualitative studibat & time passedndscience and technology
dewloped new measurementtools emerged that were capable pfoviding simple
guantitative resultsThen, in the mie20th century more complex measurement toelere
developedhatcouldregister or compare sevedifferentmeasuremest

Finally in the lat century, withthe aid of advanced imaging techniques and computing
tools, the quantitative measurement of whole flow fiel@ds possiblethorough conducting
velocimetry of seeded flow in a fluid meditne so-called particle image velocimetry (PIV).
Older techniques used to measure flowslude laser Doppler velocimetryhotwire
anemometry and ultrasonic anemomeitryfhe main difference between PIV and those
techniques is that PIV iable to generate instantaneous tdionensional and even three
dimensional vector fields, while the others measure velocity at a point at aMiang. believe
that the development of PIV was a milestone in measurement techihaiwelowedvelocity
information of whole flow fieldsto be registeredn very small fractionsof a second,
considered an instanfThe development of PIV begam ithe 1980s and then with the
expansion ofcomputing capacitiesand the advent of digital imaging techniquédV
experiencedexplosive growthn scope, accuracy, capabilitieend featurs. PIV has beenn
great demand forlaboratories experimental applicationsand industrial development
research.



4.1.2. Principle of Particle Image Velocimetry (PIV)

A PIV system typically consists of several subsystems. Tracer particles (semding)
be addedto the flow, either locally or globally, according to circumstanéesight sheet,
placed where the flow is to be measured, illuminates the seededrflevilluminationoccurs
at least twice in a short time interval in order to capture the flow pattehe anstant. The
light scattered by the seeding particesrecorded on a single frame (older PIV equipment)
or on a sequence of frameBarough mathematical evaluation of the PIV recordirtge
displacement of the particle images between consecutive illuminat@ndedetermined.
Sophisticated pogirocessing isequiredto handle the massive amount of PIV d#a.the
definition suggests, PIVis an indirect measuring techniqubat determineshe tracer
particles’ v ted fladcveldciyy itselhFsgure Bdepictsafsimple PIV setup for
registering the vector fields of a jet flow.
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Figure 1. A typical PIV setufschiwietzand Westerman2004)

In the PIV setup inFigure 1, a digital CCD (charged coupled devicggr CMOS
(complementary metadxide semiconductofameracaptureghe laserilluminatedflow field



twice and transfers the image data to a gaecessing computeFor evaluation of the PIV
image pairs, each image is divided into small subareas called interrogationStia¢iascal
methods (most commonly creserrelation) are use@ extractthe local displacemenectors
of the tracer particles from the first andcerd illuminationof the eachinterrogation area
The tracer particles in @&ertain interrogation areare assumed ttave homogeneous
displacementThe local velocity vector is derived by dividing the displacement vector by the
time interval between the two illumination§etting the singlevelocity vectors from
individual interrogation areagields the velocity vector field of thevhole imaging area.
Detailed information abouthe principle and mathematical backgroundf PIV imaging
technique in addition to experimentationdevelopments, applications and trendan be
found in the literatureAdrian, 2005;Buchhave 1992 Elsingaet al., 2006;Melling, 1997,
Mizeraczyket al., 2007 Prasad, 2008 2000b Raffel et al, 2007, Riethmulleret al., 2012
Sandberg2007 Schiwietzand Westermann2004 Stanislaset al, 2000 Westerweel 1997,
Westerweett al, 2013.

A sample instantaneous velocity vector field measusadg PIV techniqués shown in
figure 2. The image shows the entire velocity field over a heated radiator for the case of
w"Y p vdl(seepapers 5 and 6)The vector fieldwas obtained from crossorrdation of a
doubleframe,2D-PIV image maghatcomprised 13441024 pixels, with interrogation areas
of 64x64 pixels, and 5@ercentoverlap both horizonthl and verticdly. Thus the vector
field comprises 4431=1271 interrogation regions and 1271 veloeectors. A doubleframe
zoom section of PIV image mapken from kgure 2 is shownin Figure3. The zoom section
comprises 9896 pixels including fourfull interrogation regions of 6464 pixels, with 50
percentoverlap in both directiong.he time delay between the two franvess1250ps.
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Figure 2. A sample instantaneous velocity vector fieldtained fromPIV measurement
techniqugcoordinate units inmm)

Frame 1 Frame 2

Figure 3. A zoom section of PIV image mé&ken fromFigure 2 and comprising two
consecutive framesp 0 p ¢ LITL.IA 64<64 pixel interrogation area is highlighted on the
top-right corner of the images.

With modern CCD cameras, a resolutafrmore than @ MP is possibleand more than
five PIV recordinggper second (for full resolutiorgan be captured helower theresolution
the more bursfrecording)frequency is possibledigh-speed imaging with CMOS cameras
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suppors higher resolutions (more than 28 MP) and alider acquisition in the kHz range for
lower resolutiongDantec Dynamics A/S20133. The evaluation of one PIV recording with
thousands of instantaneous velocity vectors fsactions of a second with o d @omputers.
Moreover, reatime monitoring of thevelocity field during PIV measuneent is possible,
often by reduced precision or reduced frame rate.

4.1.3. PIV Setup Equipment
The following equipment/apparatus is neededapture the whole vector field of a fluid
flow using a typical PI\system setup

4.1.3.1. SeedingEquipment (Tracer Particles)

Seeding a flow means to introduce minute separate particles (particulates) or other
foreign substances into a transparffuntd stream. These particles are generally small enough
to follow the flow; but large enough to be identified using a visualizatemhnique Seeding
is the most critical component afPIV systemfor obtairing credible vector data. The seeding
particlesmustmatch the fluid properties (esgally fluid density) reasonably well. Otherwise
they will not follow the flow motion well enaih to yield satisfactoity accurate results.
Thereforethep a r t physica gropertiemustbe examined to avoid inconsistency between
fluid and tracer particle motion important source of discrepancy in PIV measurements is
the influence of gravitational force on particles and fluid if the densities of theMiamd the
tracer particlesw are not equalldeally, the tracer particles should be spherical and have
equa density to the fluid media. Moreover, the tracer partiohesst beboth small enoughko
display a decentatencyto the motion of the fluid and large enoughscatterthe required
amount of lightfor the camerao capture the particle images.

4.1.3.1.1. Generation of Seeding (Tracer Rrticles)

The literature containBttle information on how to practically generate and distribute
tracer particles into the flow under PIV investigatiovhich makes the process somewhat
iterativeandexperienceecbased Sometimesseeding can be done easiyd may not even be
neededf natural seeding is available/fienenough particles suitable for PIV experimentation
naturally exist in the flow)But in mostexperimental PIV studiesncluding this onefracer
particles (seedingmust be generated and homogeneously distributed in the Wt
attentionto achieve a decent image contrast and to control particle size and concentration.

4.1.3.1.2. Seeding in Gas versus iquid Flows

In this work, PIV experimentatiawere performed in both gas (air) and liquid (water)
media. PIV in a liquid flow is mostly conducted d¢iosedcircuit loops such as a tank, a
water tunnel, orin this case, amallscale room model. Therefqgra high concentration of
seeding materialcan be blended homogeneously in the flow before performing the
experimentations. According to Melling (1997), dilutions up to a raB0,200 are feasible. It
is crucial toallow time for the particles to mix thoughly and uniformly in the operating
flow.

Basically, two categoriesof seeding particles can be usegseous bubblesr solid
particles.In this researchpolyamide seedingarticleswere good choicefor the experiments
using a room model filled withwater, but these particles are rather expensive for huge

12


http://en.wikipedia.org/wiki/Scattering

volumes.Table 1 provides &st of recommended seeding material for liquid flo{Raffel et
al., 2007)

Table 1. Recommended seeding material for liquid operating flows (Rafi@l, 2007
DantecDynamics A/S, 203b).

Type Material Mean diameter inmm

Solid Polystyrene 10-100
polyamide 5-50

Aluminum 2—7

Glass spheres 10-100

Granules for synthetic coating 10-500

Liquid Different oils 50-500
Gaseous | Oxygen bubbles 50-1000

Performing PIV in a gas flowenerallyrequires a supply of tracer particleghich can
be very critical fort h e e x p e r heaith. rSeedihgi irs @ gas flow alsan damage
equipmentand therefore, the seeding material and approachbaasrefully consideredTo
obtain reliable PIV results, the tracer particlasist be distributed into the gas flow in
sufficient and stable concentratiowhich is especially difficult in experiments with local
seedingParticlesshould be distributed uniformigndcoagulation and deposition of particles
on the surfaceminimizedso that the seeding intensity does not decrease.

The two approachegenerally usedor seeding in gaseousediaare local or global
seeding. In local seeding, only the PIV investigation regimra portionof it, is seeded. In
this method, the effect of entraining flow or the velocity field over the whole field is not
guaranteed. In global seeding, the tracer particles are introduced to the flow well upstream of
the measurememeégionor well in advance in the measurement volumvkjch distributeghe
tracer particles homogeneously in the whole regflobal seeding is preferableecause
uniform seeding is guaranteed everywhere in the experimentation ragfitm. global
seeding, velocity vecte over the entire flow field of a PIV experiment and sheounding
effects, such as entrainment and secondary vortices, are represéoteding the seeding
probe in the proper places wdlvoid flow disturbance. Table 2 listsrecommended seeding
material forgasflows (Raffel et al, 2007)

All PIV experimentations presented in this report were carried out using global seeding.
For the PIV experimentations on air flow above a wadunted radiatora SAFEX FOG
2001 smoke genator with“ ar ma | p o \{fer discansmoKe) as the seeding raw
material was used The assumption was that this method would generate almost uniform
tracer particle distribution with particle diameter of approximately 10 micrometers.
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Table2. Recommended seeding materialgasoperating flows (Raffedt al. 2007).

Type Material Mean diameter inmm

Solid Polystyrene 0.5-10
Alumina Al,Os 0.25
Titania TiIG, 0.1-5
Glass micreballoons 30-100
Glass micrespheres 0.2-3
Granules fosynthetic coatings 10-50
Dioctylphathalate 1-10
Smoke <1

Liquid Different oils 0.5-10
Di-ethylhexylsebacate (DEHS) 0.5-1.5
HeliumHilled soap bubbles 100G6-3000

4.1.3.2. lllumination Sources

Currently, PIV experimentationaitilize high-frequency LED lasers and stroffigsh
lamp lasers as light sources for measuremehtiaser (light amplification by stimulated
emission of radiationis a device thailluminatesthrough a process of optical amplification
based on the stimulated esimn of electromagnetic radiatiohasers are characterized by
their coherencetypically expressed througan outputof a narrow beam with very limited
diffraction. Lasers are able to emit monochromatic light with high energy intensity, which can
easily ke formed into light sheets suitable for illuminating and recording tracer particles with
insignificant chromatic aberratiofiwo illuminations are needed in a very short tispan to
provide theminimum of two particle imagesequiredto perform the corraktion. Therefore,
dual cavity lasersapableof emittingtwo laser peaks in very small fractions of a sedoanke
beenspecially designed for Plwheasurements.

A typical laser consists of a gain medium (laser material), a mechanism to supply
energy (pump source), and a mirror arrangentenprovide optical feedbackThe gain
medium or laser materidlas special propertiegnablingit to amplify light by stimulate
emission(Siegman,1986) The principle setp of a laser emitter device is shown in Figdre
(Eichler et al, 2005). Light froman LED or flash lamp is amplified by induced emission
within an active medium (an atomic or molecular gas, semiconduetsolid material). The
active medium or laser materiahsan intensity and frequencygependent gain factor. The
beam goes forward and backward between the two mirrors of a resonator. The threshold of
laser oscillatiorrequiresa gain factor exceeding thetal lossesccurringin the roundtrip.
Theresonance conditiotletermines th&equency of the beam.
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Figure 4. Schematic saip of a laser oscillator (Eichlegt al, 2005).

Varioustypes of lasers are used in science and technddaggd on theilight sources
and gain mediasuch ashelium-neon lasers (Hele lasers A = 633 nmEoppervapor lasers
(Cu lasers A = 51(0hm, 578 nm), argortion lasers (Ar+ lasers A = 514 nm, 488 nm),
semiconductor lasers (very compact)hy lasers (CrH lasers A = 694n), andneodymYAG
lases (Nd:YAG lasers A = 532nm). The neodymYAG (Nd:YAG) laser is the most
important solidstate lasecommonly usel for PIV measurementdn Nd:YAG lasers the
beam is generated by Nd3+ iodl PIV investigationdor this thesis flized Nd:YAG lasers
with a wavelength of 53@m.

4.1.3.3. Light Sheet Optics

After the laser is generated, the laser bdmoomesa light sheet that is needed to
perform PIV measurements. Thisnsformatiorrequirespassing the laser beam thorough a
setof lenses, or so-called light sheet optickight sheebptics whichmay be set up in various
ways based on laser beam properties and ysagssist ofa combination ofcylindrical and
sphericallenses The cyindrical lers, which is essential for generating theght sheet,
expands the beainto a planethe spherical leres generate a light sheet of specific height
and compress the plane into a thilght sheetsuitable for capturing particle image&n
optical combinatiorcan be created tadjust the light she¢hicknessA typical threeelement
light sheet opticconsisting of a cylindricdensandtwo sphericalensesis shown inFigure
5. In this optical setup, the light sheet height beadjusted by changing the cylindrical lens
properties. Thickness msasily adjusted by shifting the spherical lenses with respect to each
other.

15



Side view
[ [\ :
K g { Light sheet
\/
-100 mm 200 mm 350 mm

7
\ (’
\

I
JAN

Top view

Thickness

\/ _]i f') |

| (

L — |
-100 mm 200 mm 350 mm

Figure 5. A typical threeelement light sheet optic, consisting of a cylindrical land two
spherical lensefRaffel et al. 2007).

4.1.3.4. ImageRecording

To conduct PIV analysis othe flow, twoexposuresof the particle imagefrom the
flow are requiredThe proper objectivenustbe connected to the PIV camera to focus on and
visualizethe particles in the investigation ar€xiginally, chemical cameras for PIV imaging
could not capture dual (or multiple) frames at high speétigrefore,both exposures were
capturedon the same framthe moment the laser guns firaghich creategarticles images
of the first and second shot on the same picflweobtain displacement vectors on the same
frame, a process called autocorrelatisrperformed; bwever, the direction of the flous
unclearas a result of autocorrelatiofhe first generatio of digital PIV camerabad thesame
technical inability when autocorrelation was used determinedisplacementand thus
velocity vectors. After a while, faster digital cameras with CCD or CMOS sensors were
developed thatould capture two frames atdh speedssynchronous to the laser finghich
weresuitable for PIV experimentation§he PIV image pairs are directly transferred from the
digital PIV camera taa computer.Each light exposurean be captured on one separated
frame makingit possible & perform cros€orrelation analysien the computeto find a more
accurate displacement vector with known direction.

Typical cameraensos have the following limitations

- The high multiple frame exposure spéwslimited pairs of shots

- If good vector results are demanded, rigsolution is limited so that the whole field of
interest in the flowdoes not fit in one single measurement

- Limited dynamic range

- Limited quantum efficiency or QEHe percentage of photons hittiagphotoreactive
devicethat producecharge carriers, measured in electrons per photon

- Existence of noise

Outstanding progress hasen madén the development of PIV cameras in recent years.
The image qualityhas become nprecedentdg high in terms of resolutionQE, dynamic
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range,andnoise levelsThe frame rates afiewercameras have even reached the KHz level
(for lower resolutions). The PIV cameras ugethis researclwere older onesut they could
do a decent job in the light intensities, frame redes othe conditionsasdefined.

4.1.3.5. Synchronizer

The camera(s) and the laser cavities must be synchrem@apture PIV images with
specified time difference between the frames and within the bursts. The camera(s)arapture
imagewhen the laser sheet illumimsithe velocimetry targetyhich occurssequentially with
the operator setting theme differencs according to flow velocityThe synchronizer acts as
an external triggémg agentfor both the camera(s) and the laddnst synchronizersystems
are digitaly controlled by a computeifhe synchronizemust be very accurate be ableto
setthe timing of each frame of theameras sequence in carectionwith the firing of the
laserin very tiny time lapses (hanosecond®ging able to specify and control thiming is
critical to determine the velocity of the fluid in the PIV analy8éth the advent of novel
PIV systems such as stereoscopic or tomographic PIV andreésoé/ed PIV techniques,
synchronizergffer the means to control several flash lan@switches andmultiple camera
exposures.

4.2. Surface MeasurementJsing Structured-Light 3D Scannes

Surface measurement or surface metrology refers to measuring the topography of a
surface.Surface measurement is an umbrella ténat encompasses suchings as surface
shape, finish, profile roughness, texture, and structural characterization (Zygo Corporation,
2015). There are several methods for surface measurewigntifferent levels of accuracy
and applicationAtomic force microscopy (AFM) or scanning f@ microscopy (SFMis a
very highresolution type of surface scanningFM has a resolution of fractions of a
nanometeror more than 1000 times better than the optical diffraction lifat.this research,
a structuredight threedimensional (3D) scanne system was required based dhe
application and the resolution needed time experiments A structuredight, three
dimensional3D) scannesystemis adevicefor measuringvith a resolution of micrometers
the 3D shape of an object using projectsiiuctured light patterns(such as stripesand a
camera system.

4.2.1. Principle of Structured-Light 3D Scanner System

This system uses @chnique based on projecting an arratoficturedlight patterns
on a surface and observing the distortions from another perspé&uiyecting a narrovand
of structured light (for examplén the shape of stripes or sinus waves)arandomsurface
generates line of illumination thatoes not appedhe samdrom differentperspectives than
the projector This distortioncan berecorded andisedin order to obtairan exact geometric
reconstruction of the surface shapdéthough several typeof structuredight projection are
possible, patterns ofapallel stripes arenostwidely used(stripe projection) This method
provides enough informatioto acquire multitude samples simultaneously. Seen from
different positions the pattern appears geometrically distortedrelationto theo b e ct
surface shpe.The surface geometig reconstructed by pegrocessing the distortion of the
stripes on the surfacescanned from several positionsigure 6 shows the geometrical
deformation ofprojectedstriped patternsonto a surface. The displacement of the stripes

S
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viewed through different camerasallows retrieval of thedetailed 3D coordinatesof the
surfacée s ge.ometry

4.3. Small-ScaleVentilated Room Model

The experimentslescribed irpapers 1, 2, and 3 were performedaismaliscale room
model. This 2D model was 303 20® 1.0 cn? in dimensionand used watewith polyamide
seeding particles (PSH)at were20 pumin diameter ashe operating fluidwith a closedloop
circulation The inflow and outflow to the mod&bok place through a circular cresgctional
area of a diameter of D=9 mrBince the supply slot waalmost equalo the width of the
model, a P jet streamwasgeneratedn the room modeftheideal 2D model of infinite width
and with a slot width equal téhé room width cannot be realized in practidéne size of the
model madet possible to investigate the 2D velocity vector field on certain stagnant regions.

To measure velocitythe PIV systemconsisted ofa Spectra Physics 400 mJ double
pulsed Nd:Yagdser operating at 15 Hz @dtimination source and a doubfeame CCD
camera Kodak ES1.@-bit with 1018 1008 pixels A mechanicalpulse generatomwas
installed before the inlet to the modelvhich enabld flow pulsationswith adjustable
frequencyto be ceated A rotary flowmeter was placed the return circuit beforéhe water
reservetank (Figure7) to monitor the flow raten a computer display withltomedesigned
LabView program Figure 8 shows the experimental setup the smallscale room model
including a) schematicof the experimental PIV setuyandb) a photo of the experimental
model setupplusreflector mirror light sheet opticand camera (laser is ngthowr).

4.4. Surface Profile Measurement

Recordedsurface hmght profiles for three sample plaster finish@mper 3 were
obtained fromstructuredlight 3D scanning, using striped patterns as the structured light. In
t hat SGEM Brimosa&Compattsystem from GFMesstechnikasused for scanning the
samplesurfaces. The measurement area covered byystens was 30 ¥0 mnf with an x
and y resolution 06 0 anchz (height) resolution ¢gf  pThe measurement resuligere
analyzel and processedith the computersoftware GFM PRIMOS ver. 5.6Figure 9 shows
examples obrdinary2D photo and 3D scanned surface model of surfaelsiding a)wood
float finishing,b) brushed finishing, and) steel float finishing
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Figure 6. Structuredight 3D scanner system (pattern projector and recording system
comprising two cameras)
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a) 10779

Figure 9. 2D photo (left) and 3D scanned surface modélight) of surfaces with
a) wood float finising, b) brushed finishingandc) steel float finishing
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4.5. Air Flow Measurementover a Wall-Mounted Radiator

To obtainhigh-quality PIV measurementan enclosure with dimensions 3fw) x 2.4
(h) x 2.5(d) m was designeahd builtaround the radiatoséeFigure10). An electric radiator
with dimensions 108(w) x 60(h) x 4(d) cm was mounted on the outdoor wall. The
measurements and visualizations (both PIV and ordinary video visualizations) were
conducted over the radiatadjacent to the wall surfacé/ith theenclosurea welldistributed
global seedingcould be achieveda prerequisite for a highuality PIV measurementhe
reflection of the laseron the wall surfaceseduced the quality of thelV measurement and
generatedh lot of rejected vector§.o minimizethis reflection, the wall wasovered with a
nonreflexive black texturewhich was tightly stretched near the measurement piane
prevent the effects of macro roughness from the wall surface on thevwairCkmventional
smoke visualizationmdicatedthat the flowwasunaffected by the black texture.

To measure the velocity field,useda PIV system consisting of a -t New Wave
Solo PIV 56mJ doublepulsed Nd:YAG laser operating at 6 It illumination, as well as a
doubleframe, highsensitivity 12bit CCD camera HiSense MKII with a resolution of 1344
1024 pixels. An AF Micro Nikkor objective with a focal length of 60 mm was mounted on the
CCD cameraAdequate seeding is required ¢onduct highqudity PIV investigations, and
thereforeto capture both plumes and the entrainment from the room environment, a global,
homogeneous seeding with appropriate seeding intemsistbe providedFor this general
seeding purposé,useda SAFEX FOG 2001 smokge ner at Mormalgwo twa r asni x”
fog generating liquidwhich gave satisfactory measurement resultse liquid comprisel a
minimum 70 percentfog active substance conteiihe producediog had medium durability
and depending on temperature and ventilation conditi@mained forl0 to 30 minutes
(Safexchemie gmbh 2015) Figure 10 shows a photograph of the experimental setup
comprised othe wallmounted radiatoandthe PIV system.
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Figure 10. Experimental setumwomprised ofthe electric radiator, smoke generator (for
seeding the room globallyjpublepulsed laser, and CCD camera on the traversing system.

4.6. In-HouseSoftware

The main focus in all PIV measurement experiments perfoiméds research wa®
acquire highquality, whole-field velocity vectos in a time seriesTo obtaina high quality
vector fieldwith a low rate of rejected vectors (roughly less tharefeentrejected vectors in
the investigation region)PIV measurements were performed smaller domainsEach
measurement domain overgadwith neighboring domains order to cover the whole field
The physical parameters such as temperatuge kept constant since the measurements
were conducted in different domains and at different instants of time.

The PIV image pairs from measurement experiments, compistf several
measurement domaingiere processevith PIV software packages (Dantec Fldwanager
and Dantec Dynamic Studio) to obtdire wholefield velocity vectors. The velocity vectors
were obtainedfrom determiningcrosscorrelation(or in some casesveragecorrelation)for
32x32 or 64x64ixel interrogation areas with0 percentoverlg in both horizontal (x) and
vertical (y) directions.The resulting vector fields frondifferent experiments compride
severaldomainsand overlaped with each another. Therefore, thesere cropped in such a
way that a complete vector fiettbuld be created fromiling the domains beside each other.

All the statistical dataesulted frompostprocessing the exported velocity vector data
with in-house developed programs in MATLABhese velocityector datacamefrom cross
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correlation of all PV image pairs acrosthe overlapped domainsyith 32x32or 64x64pixel
sized interrogation areas and p€rcentoverlap in x and y directian Certain statistical data
were calculated with the ihouse softwardased ornthe type of experiment, results, dan
analogy applicable for various researclpapers The calculated statistical datacluded
standard deviatigrcovariance, average velocity vedorelative turbulence intensity values,
andturbulent kineticenergy(TKE) values

In this thesis the xc o mponent of the velocity wvector
y-component of t he vUsihgotleeiirhouse developen rprogeasthe “ v . 7
statistical mean and theot mean squarerrls deviation of the fluctuations of velocity
components (u and v) were manipulated from the instantaneous vector fields for each
interrogation area, using the following equations:

, 0 B 0 Of. @

The covariance of the velocity components u and v (or Reynolds stresggssRS
defined as (where E[x] is the mean value of parameter x)

bRz, 6 O 6 06 0 OL h (5
and was compiled from
Y dBz-B o6 6 0 U8 (6)
Assuming the oudbf-plane velocity component is zetbe relative turbulence intensity

value (T) at each pointbased on the-gomponent of the velocity vectors (ahdturbulent
kinetic energy (TKE) valuesit each pointwere compiledrom:

M ()

YOO -, ., 8 (8
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5. Summary of Results Discussionand Conclusions

The general approach in mechanical ventilation is to use a constant flooregel
convection system as inflowlhis methodcan cause several problensich as draught,
stagnation at certain occupied locations, and subsequently low ventilation efficiencies.
Moreover,it consumes big shareof building energy An alternative tancrease ventilation
guality while lowering energy consumptiofan interest in this workis to introduce rapidly
varyinginflows (within the rangeof 0.3 Hz to 0.5 Hz)This solutionwas consideretb have
potentialfor reducingstagnation anthcreasing ventilatioefficiency. In the invedigatiors, |
consideredwo different flow rates -0.16 and @=0.24 lit/min, located on either side of the
threshold flow rate (€, which correspondetb the onset of natural rolgp of vortices in th
outer shear layer of the waét. The inflow variationswere appliedo Q; ang Q> to compare
the effects of varying inflowersusincreasing inflow rateThe experiments were performed
using a 2D smalscale room model with the dimension32081.0 cm® with water as
operating fluid A PIV system wassedto measure the velocityeld.

The resultsndicatedthatthe calm region with large stagnation zeneithout pulsating
inflow conditiors, became more activehen inflow variations werentrodued; that isthe
stagnation points movedff the occupied zonén favorable directionsin addition the
pulsation increased the vorticitgndin turn,the mixing.

Using an inhouse vortex detection programe wereableto show thatvith an increase
in pulsation frequencgyor alternatively inthe flow rate the stagnation zones were reduced in
size, and the distribution of vortices became more homogeneous over the considered domain.
The number of vortices in all scales increased by a factor of &mat the swirlstrength
increased by about 58ercentsimply by applying the inflow pulsation. Two major vortex
length scalesvereidentified in the flow, namely 0.6 and 0.8 inlet diametarsl the spectrum
of vortex diameters become broaddnen pulsation was appliedhe logical conclusion is
thatthe positive effecof enhanced mixinghroughincreasing the flow rate could equally be
accomplishedhrougha pulsatingnflow.

In another study on the same room moded flow ratewas constant and only one
pulsation frequency (0.5 Hxyasapplied. Thepurpose of the study was to explore the effect
of flow variations on the stagnant zones of the occupied refaoifield) and the zone just
downstream of the supply jéthe entire vector field aheseregionswasmeasuredisingthe
PIV technique and the average vector fields and streamlines before and after application of
flow variationswere comparedvioreoverthe levels of turbulent kinetic energye standard
deviation, average velocity component valuasd relative turbulence intensiiglong a
horizontal line in the occupied regiovereanalyzel and compared

By applying a pulsation while keeping the flow rate constant, the streamline plots in the
far-field occupied region indicated an improved flow mamsidering stagnation points. This
implies that the occupied region with large stagnation zones for the constant leftavwne
more activebecauséhe stagnation points moved away ifagorabledirection from a mixing
point of view.In addition the mea turbulent kinetic energy levels increasadhich means
that in the faifield occupied region, stronger eddies developeldich can be expected to
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improve mixing. With a pulsating inflow, the streamlines of the 1fieédt indicatel an
improved mixing.

This fundamental study was conducted usangmaliscale,waterfilled, 2D mode] in
contrast to a fulscale ventilated room with a pulsatile air circulation syst&he results
describe in thighesisand the attached papers reflectly the potential to devisea more
effective air circulation systenmow the application of pulsations to the inflow wouwdtfect
ventilation quality and energy consumption in reahs not yet beeaxamined. Alspthe
comfort and cognition studieswust beexamned in realityas future work Without the
constraints otime andmoney,the measurements this fundamental studgould have been
madewith a high-resolution, 3D PIV system tacquirea larger investigation area and 3D
vector results in a 3D room model.

Another part of thisthesiswas aimed at finding ways to save energy in historic
buildings, while considering preservation of historical and aesthetical va@ueteswere
conducted in relation to particle deposition on surfaceduding surface strdares, and
measurement of airflow over a watlounted radiatorRadiators are commonly used in
Scandinavian countrie®r heating and &flow over a heated panel radiator is a decisive
factor in room ventilation particle deposition on wall surfagesnd energy efficiencyThe
properties of surfaces interfere witiearbyair motions andhereforecaninfluence particle
deposition Also, roughness of surfac@screaseparticle deposition rage

In arelatedstudy,| investigatedsurfacesample finished in wood float finish, steel float
finish, and brushed finishThe geometrical properties of the surfaces were experimentally
documented using structuredight 3D scannerThe micrastructures othe three different
surfaces had different geometricighness valued.he resistance to airflow along the surface
and the turbulence generated thgmwere measured byecording the boundary layer flow
over the surfaces in a special flow rithe study resultshowedthat the types of surface
finishing methods differed very little in their resistance and therefore their influence on the
deposition velocity is probably small.

In addition | measured and visualize¢lde entire flow field along the wall overveall-
mounteal heating radiatousingthe PIV technique in a fulscaleroom model. The purpose of
this study was to acquire the entire 2D velocity field, and to understand the flow
characteristics near the wall surface above the radiator. The flow patisunsualized using
an ordinary video camera and flow streamlines from the average correlation of the PIV
images.The velocity vector mapsrom PIV measurements of this experimental stwbre
properly correlated, overlappedalidated and posf{processed using 4ihouse software to
provide the average streamlinesd other statistical informatipsuch as standard deviation,
average velocity, and covariance of the entire vector.fiehed resultsshowedthat for a
typical room, the flow over the radiator becomagitated after an ordinate of N :08-6.25
over the radiator spper levelin which N is thadlimensiotess lengthbased on the thickness
of the radiatar The results oft hi s sthatistiday analyss correspondwith PIV
visualization and ordinary videvisualization results
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Future research could examiree relationkip betweenlongterm insitu particle
deposition (or surface blackeninghdthe flow field overa radiator.Also, without time and
financial constraints, a study could l®ne in aclimate-controlled room, with a high
resolution, 3D PIV system to get 3D vector resuitslercontrolled room temperature and
boundary conditions.
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6. Short Presentatiorns of Each Research Rper

Paper 1

Sattari A, Fallenius BEG, Fransson JHM, Sandber@2®bi1, JunePIV visualzation
study in a two-dimensionalroom model with rapid time varying ventilationflow rates
Proceedings dROOMVENT International Conference, Trondheim, Norway.

This articleis abouta PIV visualization study on an innovative ventilation method that
featura rapidly varying inflows in a smaklcale, twedimensional, watefilled room model.
The workwasan experimental studyf ¢the flow using 2D PIV technology.

Mechanical ventilatiorgenerally usea forced convection systemith a constant flow
rateastheinflow, which cancause draught, stagnation at certain occupied locations, and low
ventilation efficiencies.This study looked at aalternativesystem toincrease ventilation
guality by introdudng rapidly varying flow variations (0.3 Hz to 0.5 H#) reduce stagnation
and increase efficiency. Two set of base flow rates wise considered to compare the
effects of varying inflowersusincreasing inflow ates.

The resultsshowedthat the calm regiofwith large stagnation zosewithout pusating
inflow conditiors) becamamnore activevheninflow variationswere introduced, which moved
the stagn@on pointsin favorabledirections off the occupied zonk addition the pulsation
increasedhe vorticity, and therebythe mixing

Authorsd contributions: Sattari conducted the PIV measurements and video
visualizations with assistance and guidance from Fallesmald—ranssonSattariassisted in
making the new room model and initiatedanges tdhe model to suit PIV measurements.
Sattari and Falleniuanalyze the PIV measurement results jointfyattariwrote the article
with assistance frorfralleniusand minor assistance frofranssen andSandbergFransson
and Sandberg supervised the project, and Sandthtaged the project idea.

Paper 2

Sattari Aand Sandberg M (2013) PI\étudy of ventilation quality in certain occupied
regionsof atwo-dimensionalroom modelwith rapidly varyingflow rates International
Journal of Ventilatioril2(2): 187-194. (Partsof this workwere publishedasPIV study

of ventilation quality in certain occupiedregions of a 2Droom model with rapidly
varying flow rates Proceedingsof the 10th International Conference on Industrial
Ventilation, Paris, France, SeptemBén 2

Similar to the study in paper 1hi$ studyusedthe smallscale ventilated room model
experimental setupo examinethe application ofapidly varying inflow toa ventilated room.
But unlike the study in paper 1, the examplehis studyhad a constarftow rate and only
one pulsation frequency (0.5 Hwlas applied. The purpose of the study was to explore the
effect of flow variations orthe stagnant zones of tleecupied regiorffar-field) and the zone
just downstream of the supply jet.
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The entire vector fieldf theseregiors were visualized using PIV technique and the
average vetor fields and streamlines weoemparedbefore andafter application of flow
variations.In addition the studyanalyzel and comparethe levels of the turbulent kinetic
energy the standard deviation, average velocity component valaed, relative turbulence
intensityfor the horizontal direction along a horizontal line in the ocedipegion

The vector maps indicated that the calm ffedd domainbecameamore active with the
pulsated inflow developinga growing stream of flow circulation in the whole room model.
The streamlines for the varying inflow reached higher ordinates to tfielthcomparedvith
those of the constant inflow. This phenomemoticated that pulsations producadbetter
mixing within the whole model domaiim addition the mean turbulent kétic energy levels
increasedwith the application of pulsationsTherefore,in the farfield occupied region,
stronger eddieweredevelopedwhich we can expedb improve mixing.

Authorsd contributions: Sattari conducted all the PIV measurements, asdisin
making the new room model and initiated to fix the new room model to suit PIV
measurementsSattari alsadid the programinganalyzel all the PIV measurement data, and
made all the graphs and figu@spictingthe resultsSattariwrote the articlewhich Sandberg
reviewed and supervisedvriting parts of the introductionPortions of this work were
presented at the 10th International Conference on Industrial Ventilation, Paris,, Fnance
2012.

Paper 3

Fallenius BEG, Sattari A, Fransson JH&gndberg M2013)Experimentaktudy on the
effect of pulsatinginflow to anenclosurefor improvedmixing. International Journal of
Heat and Fluid Flow44: 108-119.

Also similar to the study in paper 1, tretudy usedthe smaltscale ventilated room
model experimental setup and the application of rapidly varying infloa tentilated room
parts of this papewere incorporated intpaper 1.

Optimal control of inlet jet flow$hasbroad interest for enhanced mixing in ventilated
rooms. This studytesed the hypothesis that a pulsating inflow has potential to improve
ventilation qualitythrough enhanced mixing that redusgsgnation zone#s in paper 1, the
experimerg were performedn a smalscale twedimensional water model using Particle
Image Vel@imetry.

Using an inhousevortex detection progranwe showedhat an increase in pulsation
frequency or alternatively in the flow ratereduced the size ahe stagnatiorzonesand
resulted in a more homogeneadistribution of vorticesover the consigred domain. The
number of vortices in all scal@screasd by a factor of fourand the swidstrengthincreased
by about 5Qpercentsimply byapplyingthe inflow pulsatio. In addition the vortices became
balanced in their rotational directignas validated by the symmetric Probability Density
Functions of vortex circulatiomwo majorvortex length scalewereidentifiedin the flow—
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0.6 and 0.8 inlet diametersand the spectrum of vortex diametevere broader witlthe
pulsation.

The logical conclusion of this study was thlhé positive effecof enhanced mixing
throughincreasing the flow rateould be accomplishedquallythroughapplying a pulsating
inflow.

Authorsé contributions: Sattari conducted all the PIV measurements arideo
visualizations with some assistance and guidance fraftenius and Fransson Sattari
assistedwith makingthe new room model and initiatezhangeso the model to suit PIV
measurementsSattari and Fallenius analyzel the PIV measurement resuljsintly, and
Falleniusconducted the vortex statistics analysis and resbétariand Falleniuswrote the
report with some assistance frdmanssorand SandbergSandbergnitiated the project and
the ideaand supervised the project with Fransson

Paper 4

Sandberg M, Sattari A, Mattsson [2013, Septemberplasterfinishesin historical
buildings — Measurements ofurface structure roughnessparametersand air flow
characteristics Proceedings of the 3rd European Workshop on Cultural Heritage
Preservation (EWCHMozerBolzano, Italy,69-75.

As part ofthe Swedish Energy Agentysesearch project Save andPreservé (spara
och bevary, this study focusedon soiling and surface structure. Saving energy while
preservingold buildings, such as chrches from damagewas the maingoal for historic
building conservationn this project

The properties of surfaces interfere wiarbyair motion andtherefore caninfluence
particle deposition.Also, roughness of surfacesan increaseparticle deposition rate
Therefore surfaces in historic buildingsfectblackening caused Iparticle deposition

In this study,we investigatedsurfaces with wood float finish, steel float finishand
brushed finish. As a referenammparison,an MDF boardwas used The geometrical
properties of the surfaces were documented using the stripe projection nfétheodsistance
to airflow along the surfaseaand the turbulencthat the surfacegenerated were investigated
by recording the boundary layer flow ovletsurfaces in a special flow righe study results
showed minor differences between surface finishes on the deposition velocity, despite their
different geometric surface roughness values.

Authorsé contributions: Sattariperformed the measurements on shieface structures
using a structuretight 3D scannerSattarianalyzel the acquired data using special software
to map the surface profiles and information on the surface roughsasdbergwrote the
article except thesection about surface metrologyMattsson performed the velocity
measurementsn the field trial (whereas research engineer Leif Claesperformedthe
velocity measurements in the flow YigSattari wrote thesection of the articleegarding
surface structuresncludingtherelated graphs), and reviewed the article.
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Paper 5
Sattari A, Sandberg NR2014, Octoberparticle Image Velocimetry (PI\isualization
of air flow over a wall-mountedradiator Proceedings oROOMVENT International

ConferenceSao PauloBrazil, 230236

This work examineda common room heating techniqusinga walkmounted radiator
without forced convectiorin this system, @ld air in the room adjacent to thea d i avarrmo r
surfaceds heated, rises along the wall surface above tb&ta@r, andthen iscirculated into
the room. The properties tiieseheated plumes are importdot assessinghe risk of soiling
of walls through particle deposition driven by turbophoresisierefore identifying the
transition from laminar to turbulefibw is important, which waa focal point in this study

S

In this experimental studyye visualizedthe airflow overan electricradiator usinghe
two-dimensional Particle Image Velocimetry (2D PIV) technigiector mapswere
validated bysize and peglkandpostprocessed to provide average streamlines.

In the near wall PIV measuremengemepractical problemsrose:ithe generation od
homogeneous global seedititat would enable atudyof both plume and the surrounding
entrainment region, and shg laser reflectiom from the wall surfacewhich limited the
investigation area. dealt with these issuedn the experimentations In addition to
visualization with PIV,| also performediow visualization with a CMOS video camerghe
study provided udal information abouthe flow pattern over a walnounted radiatgrand
the results fromPIV measurements (streamlinespincided with results from smoke
visualization.

Authorsé contributions: Sattari conductedhe preliminary studies in the field of
particle deposition and aerosol technology, designed the measurement room, made ,the setup
and performed all measuremeragalysis progranming, and pos{processingSattariwrote
the main body of the papewhile Sandberg reviewethe article,supervised and wrote
portionsof the introduction.

Paper 6

Sattari A(2015) Particleimage velocimetry visualizatioand measuremenof air flow
over awall-Mountedradiator (submitted to journal,aviewed, under revision by the
author for publication in journgl

This studyhad a similar experimentaktupto thatin paper 6 butdeeperanalysis was
performed to study the flow over the radiatoraradiatorheated roomanair plume formed
over the radiator mixetheair and ventilates the roomurbulent flow comparedith laminar
oneproduces greater mixingnd thereforeit is important to identify where the laminar flow
over the radiator becomes turbulenin addition, therate of particle deposition on wall
surfacesabovethe radiatoris relaed to the gradient of velocity fluctuations near the wall

surface
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The velocity vector mapsfrom PIV measurements this experimental studyere
properly overlapped,validated and posfprocessed using ihouse software to provide the
average streamlinesind other statistical informatipsuch as standard deviation, average
velocity, and covariance of the entire vector fifllle resultshowedthatfor atypical room,
the flowover the radiator becomes agitated after an ordinate of NG=&25 in which N is
the dimensiotess length based on the a d i ahickness Bhe results of thestatistical
analysisalignedwith PIV visualizationandthe ordinary video visualization resulits papers.

Authorso contributions: Sattari did the preliminary studies in the field of particle
deposition and aerosol technology, designed the measurement room, made the setup and
performed all the measurementanalysis, programing and pogrocessing.Also, Sattari
wrote the papemhich has beesubmitted taajournal forpossible publicationThe paper has
been reviewed by th@urnal reviewers and Sattari is revising the article accordingly for
publication.
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