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Background and objective

The research programme Zero Emission Buildings (ZEB) includes so-called pilot buildings as a
part of the research. Powerhouse Kjerbo is an older office building that has been renovated to
become a zero emission building. See http://www.powerhouse.no/prosjekter/kjorbo/ for more
information.

Powerhouse Kjerbo has a displacement ventilation system. Measurements indicate that the
ventilation effectiveness is lower than expected. There might be several causes, like stagnant
zones or short-circuiting between supply and extract.

To ensure the quality of future building and system design it is of interest to do closer studies of
the ventilation strategy used at Kjerbo, and how it possibly can be improved.

The final goal of the thesis is to contribute to improved background knowledge about how to
design efficient ventilation solutions for ZEB office buildings.

The work is a continuation of the candidate’s specialization project.

The task is connected to the NTNU-SINTEF Zero Emission Building (ZEB) research activity on
pilot buildings.

The following tasks are to be considered:

1. Conduct a literature study related to displacement ventilation and scaled model experiments
2. Design and build a scaled laboratory model of Kjerbo

3. Perform field measurements of the ventilation system at Kjorbo

4. Validate the model against the prototype (Kjorbo)
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5. Perform tests to improve the design of the ventilation system

L1

Within 14 days of receiving the written text on the master thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in (in both) English and
Norwegian, conclusion, literature references, table of contents etc. During the preparation of the
text, the candidate should make an effort to produce a well-structured and easily readable report.
In order to ease the evaluation of the thesis, it is important that the cross-references are correct. In
the making of the report, strong emphasis should be placed on both a thorough discussion of the
results and an orderly presentation.

The candidate is requested to initiate and keep close contact with his/her academic supervisor(s)
throughout the working period. The candidate must follow the rules and regulations of NTNU as
well as passive directions given by the Department of Energy and Process Engineering.

Risk assessment of the candidate's work shall be carried out according to the department's
procedures. The risk assessment must be documented and included as part of the final report.
Events related to the candidate's work adversely affecting the health, safety or security, must be
documented and included as part of the final report. If the documentation on risk assessment
represents a large number of pages, the full version is to be submitted electronically to the
supervisor and an excerpt is included in the report.

Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results and data for teaching and research purposes as well as in future publications.

The final report is to be submitted digitally in DAIM. An executive summary of the thesis
including title, student’s name, supervisor's name, year, department name, and NTNU's logo and
name, shall be submitted to the department as a separate pdf file. Based on an agreement with the
supervisor, the final report and other material and documents may be given to the supervisor in
digital format.
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Field work

Department of Energy and Process Engineering, 13. January 2016

\ﬂﬁ» M LM"; \

Olav Bolland Hans Martin Mathisen
Department Head Academic Supervisor

Research Advisor:
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Preface

This thesis is part of the Master of Science degree for the Department of Energy and
Process Engineering at the Norwegian University of Science and Technology (NTNU) in
Energy and Environmental Engineering, with specialization in Energy and Indoor Envi-

ronment. The thesis is connected to the NTNU-SINTEF Zero Emission Building (ZEB)

research activity on pilot buildings.

The thesis is a study into the indoor climate of the renovated zero emission and energy
positive office building Powerhouse Kjgrbo. The purpose of the thesis is to analyze the
applied strategy for ventilation at Kjgrbo from measurements during field work and in a

reduced-scale building model.

Trondheim, June 17, 2016, 2015

Magnus Owren Sangnes
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Abstract

Powerhouse Kjgrbo is an office building renovated to become a zero emission and energy
positive building. It has a displacement ventilation system, which aims at providing a
good indoor climate with low energy consumption. Previous measurements indicate that
the ventilation effectiveness is lower than expected. There might be several causes, like
stagnant zones, obstructions to the air flow or short-circuiting between air supply and

extract. This thesis aims to investigate these issues.

A reduced-scale building model was built in a laboratory to resemble the office landscape
in the prototype (Powerhouse Kjogrbo). Tracer gas measurements, velocity mapping, and
temperature measurements were conducted to examine the ventilation efficiency, gain
understanding of the air flows and validate the model against the prototype in order to

achieve similarity.

Fieldwork was conducted in the prototype building. Tracer gas measurements, velocity
mapping, duct traversing, smoke visualization and registration of presence were performed
to examine the ventilation efficiency, gain understanding of the air flows and determine

flow rates and average occupancy.

The tracer gas measurements in the prototype show that the air change efficiency is lower
than expected for displacement ventilation. This indicate existence of short-circuiting
or stagnant zones. The local air change indexes indicate displacement characteristics in
the zones, but mixing of the stratified air layers seem to occur and the bookshelves are
assumed to work as obstructions to the air flow. Comparison of local indexes suggest
that short-circuiting and stagnant zones also occur in areas of the building apart from the

office landscape. A minor air leakage within the heat exchanger is still present.

The tracer gas measurements in the model show that the air change efficiency is similar to



the prototype, but the local air change indexes differ significantly. Excessive air leakage
and suboptimal temperature differences are the most likely causes. Improvements made to
the air-tightness were confirmed by the tracer gas measurements. Similar to the prototype,

the bookshelves in the model seem to pose as obstructions to the air flows.

The temperature measurements in the model reveal a temperature difference which is
relatively stable, but insufficient to match the Archimedes number to the prototype. The
cooling capacity of the air handling unit, air leakage, and uninsulated ducts are identified

as the main causes.

The velocity mapping and smoke visualization in the prototype indicate that the diffuser
discharge is unstable, most likely caused by the large diffuser area. The issue affect the
air distribution and may cause short circuiting. The adjacent zone were determined to be

one meter, and no occupants or objects are found within this zone.

The velocity mapping in the model reveal that the diffuser discharge flow towards dif-
ferent parts of the office landscape than in the prototype. This is assumed to affect the

similarity.

Comparison of the results conclude that the model and the prototype do not share satisfy-
ing similarity yet. The local air change indexes differs too much, the air flow patterns are
not similar enough and the air leakage in the model is unacceptably high. However, there
are indications that the air flows in certain zones are behaving similarly. It is believed
that the model and prototype can share similarity after improvements have been made to
the air leakage, temperature difference and control of the simulated air coming from the

part of the prototype excluded from the modeling.
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Sammendrag

Powerhouse Kjgrbo er et kontorbygg rehabilitert til & bli et nullutslipps plusshus. Det har
et fortregningsventilasjonssystem som har som mal a forsyne bygget med et godt inneklima
til et lavt energiforbruk. Tidligere malinger antyder at ventilasjonseffektiviteten er lavere
enn forventet. Det kan veere flere arsaker til dette, som stagnante soner, hindringer for
luftstrommen eller kortslutninger mellom tilluft og avtrekk. Denne oppgaven forsgker &

undersgke disse arsakene.

En redusert skala modell ble bygget i et laboratorium for & simulere kontorlandskapet i
prototypen (Powerhouse Kjorbo). Sporgassmalinger, kartlegging av hastigheter og tem-
peraturmalinger ble gjennomfert for & undersgke ventilasjonseffektiviteten, forsta luft-

strommene og validere modellen mot prototypen for & oppna likhet.

Feltarbeid ble utfert i prototypen. Sporgassmalinger, kartlegging av hastigheter, kanal-
traversering, rgykvisualisering og registrering av tilstedeverelse ble gjennomfert for a
undersgke ventilasjonseffektiviteten, forsta luftstrgmmene og bestemme luftmengder og

gjennomsnittlig tilstedevaerelse.

Sporgassmalingene i prototypen viser at luftvekslingseffektiviten er lavere enn forventet for
fortregningsventilasjon. Dette antyder eksistens av kortslutning og stagnante soner. De
lokale luftvekslingsindikatorene antyder fortregningskarakteristikk i sonene, men omrgring
av de stratifiserte luftlagene ser ut til & forekomme, og bokhyllene er antatt a virke som
hindre for luftstrommen. Sammenligning av de lokale indikatorene antyder at kortslutning
og stagnante soner ogsa forekommer i deler av bygningen utenom kontorlandskapet. En

mindre luftlekkasje er fortsatt tilstede i varmeveksleren.

Sporgassmalingene i modellen viser at luftvekslingseffektiviten er relativt lik som i proto-

typen, men at de lokale luftvekslingsindikatorene avviker betydelig. Utbredt luftlekkasje
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og suboptimal temperaturdifferanse er de mest sannsynlige arsakene. Forbedringer i luft-
tettheten utfgrt mellom forsgkene ble bekreftet av sporgassmalingene. I likhet med pro-

totypen, virker bokhyllene i modellen a utgjgre hindre for luftstrgmmene.

Temperaturmalingene i modellen avslgrer en temperaturdifferanse som er relativt stabil,
men utilstrekkelig til & oppna samme Arkimedesnummer som i prototypen. Kjsleevnen
til venitlasjonsaggregatet, luftlekkasje og uisolerte kanaler ble identifisert som hovedar-

sakene.

Kartleggingen av hastighetene og rgykvisualiseringen i prototypen antyder at luftstrgm-
men fra tilluftsventilene er ustabil, mest sannsynlig forarsaket av det store ventilarealet.
Dette problemet innvirker pa luftdistribusjoen og kan fgre til kortslutning. Naersonen ble
bestemt til & veere en meter, og ingen personer eller gjenstander befinner seg innenfor

denne avstanden.

Kartleggingen av hastighetene i modellen avslgrer at luftstrgmmen fra ventilen beveger
seg mot andre deler av kontorlandskapet enn den gjor i prototypen. Dette er antatt & ha

innvirkning pa likheten.

Sammenligning av resultatene konkluderer med at modellen og prototypen ikke deler
tilstrekkelig likhet enda. De lokale luftvekslingsindikatorene avviker for mye, strgmnings-
bildet er ikke likt nok, og luftlekkasjen i modellen er uakseptabelt hgy. Likevel er det
antydet at luftstrgmmene i visse soner oppferer seg med en viss likhet. Det antas at mod-
ellen og prototypen kan dele likhet etter forbedringer har blitt oppnadd i luftlekkasjen,
temperaturdifferansen og kontroll over den simulerte luften som kommer ifra den delen

av prototypen som ble utelatt fra modelleringen.
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Nomenclature

< 7> Room mean age of air [s]

Mean age of air at point P

Actual average air change time [s]

Average velocity in duct [m/s]

Thermal expansion coefficient of air [K 1]

Density difference between colder and warmer air [kg/m?]
Pressure difference between colder and warmer air [Pal
Temperature difference between colder and warmer air [K]|
Tracer gas flow rate [I/min]

Air change efficiency

Local air change index at point P

Slope for exponential trend of the tail area [-]

Kinematic viscosity [m?/s]

Heat flow [W,W/m]

Heat removal [W,W/m]

Air density [kg/m?]
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Tn

Co

Coo

Ly

Lp

Nominal time constant [s]

Exhaust air temperature [°C]

Supply air temperature [ °C|

Area of duct [m]

Contaminant concentration in the room [mg/m?, ppm, etc.]
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Chapter 1

Introduction

The research programme Zero Emission Buildings (ZEB) includes pilot buildings as a part
of the research. Powerhouse Kjgrbo is an older office building that has been renovated to
become a zero emission building. See http://www.powerhouse.no/prosjekter/kjorbo/

for more information.

Powerhouse Kjorbo has a displacement ventilation system. Measurements indicate that
the ventilation effectiveness is lower than expected. There might be several causes, like

stagnant zones or short-circuiting between air supply and extract.

To ensure the quality of future building and system design it is of interest to do closer
studies of the ventilation strategy used at Kjgrbo, and how it possibly can be improved.
This is achieved through fieldwork at Kjgrbo and measurements in a reduced-scale build-

ing model designed and constructed during the work of this thesis.

This chapter will present the background for the thesis, objectives to be considered, scope
and limitations, approach, and method for the literature study. It will also provide a
brief explanation of the Powerhouse concept, with the purpose of motivating the reader

in understanding why the study of this building is being performed.

1.1 Powerhouse

The Powerhouse concept is a cooperation between property manager Entra Eiendom, con-

tractor Skanska, architect office Snghetta, environmental organization ZERO, aluminium


http://www.powerhouse.no/prosjekter/kjorbo/

companies Hydro and Sapa, and Consulting firm Asplan Viak (Powerhouse, 2015). The
aim of the project is to prove that it is possible to build energy positive buildings in the

cold climate of Norway.

The definition of a Powerhouse varies from country to country. The Powerhouse Alliance

in Norway has defined it in this way:

'"A Powerhouse shall during its lifetime generate more energy than it uses for

materials, production, operation, renovation and demolition."

This means that the building have to produce more energy than what is invested in
production, construction, operation and disposal during the whole of its 60 year lifetime.
The energy usage includes bound energy in materials and energy spent disposing of the
whole building structure after it lifetime has ended. Powerhouse Kjgrbo was the alliance’s
first project and is Norway’s first energy positive building. Two additional Powerhouse
projects are planned: a new building at Brattgrkaia in Trondheim, Sgr-Trgndelang and

another rehabilitation project at Kjgrbo, similar to the one in this study.

1.2 Background

Powerhouse Kjorbo (PK) is a project consisting of two office buildings that has been
renovated to become zero emission buildings (ZEB). In addition they are energy positive,
which mean they will during their lifespan of 60 years generate more more energy than
they consume (bound energy in materials are also included). The energy generation comes
from photovoltaic panels on the roof of the building and the nearby parking structure.
The process of renovating an older house to become energy positive and achieve BREEAM
Outstanding is the first of its kind in the world (Powerhouse, 2015). The buildings are
located at Kjgrbo in Sandvika, Beerum, Norway, and are two of the buildings in the larger

Kjorbo-park business area originally constructed in the mid 80’s.

The building utilizes modern energy and environmentally effective solutions such as an
extremely air tight and insulated envelope, energy efficient displacement ventilation with
effective heat exchangers, an high COP heat pump system with heat wells in the ground,

energy saving windows with shading and smart use of thermal mass in the form of exposed



concrete in walls and ceilings (Asplan Viak, 2012).

1.2.1 Concerns on the Indoor Air Quality

In order to provide a good indoor environment the ventilation is provided from a demand
controlled combined constant and variable air volume system with C'Oy and temperature
sensors (Asplan Viak, 2012). The meeting rooms and the office landscape have variable air
flow rates (VAV) while the the cell offices have a constant air flow rate (CAV). The only
exhaust for the ventilation air is the centered staircase shaft (apart from small exhausts
in the technical rooms and toilets). There have been raised concerns that the air quality
may not be satisfactory in some areas of the office landscape (Danielsen, 2014; Sggnen,
2015). Studies regarding heat distribution and level of C'O, in these areas have been done,
but it is necessary for more study into the detailed movement of the airflow in this part

of the building to be able to determine the ventilation effectiveness and air quality.

To ensure good indoor air quality to all occupants it is important that the whole room is
evenly ventilated, i.e that all parts of the room receives the desired amount of fresh air.
Figure 1.1 show the ventilation air ducts and diffusers in the second floor of building four.
Except for point exhaust vents in the toilets, the stairwell in the middle of the building
is the only extract for the ventilation air. The principle of this ventilation strategy is
that air supplied from the diffusers will distribute evenly along the whole floor area before

rising and flowing along the ceiling towards the stairwell.

Observe that the two diffusers located in the east quadrant of the floor, highlighted by
blue circles, are quite far away from the east area of the office landscape (highlighted in
red). There are bookshelves placed in the area which may work as obstructions for the
air flow. In the east corner, highlighted in red, the bookshelves are placed towards each
other in a way that form a wall on the south and north facing sides of the corner (see
Figure 1.2). Down by the floor, where the cold fresh supply air is supposed to flow, there
is a gap only about one meter wide for the air to flow through into the corner. There are
concerns that this give an inadequate cross section for the air supply into this area, and

thus give a poor air change efficiency.
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Figure 1.1: Floor plan of second floor of building four. The diffusers in question are
highlighted by blue circles. The zones suspected of having stagnant zones are highlighted

in red. The red oval indicate a separating wall. Figure is based on illustration by Sggnen
(2015)

Figure 1.2: View of the east corner in the office landscape. Observe that the corner is
almost completely closed in by bookshelves



The area in the south of the landscape, highlighted in red may trap air and heat which
gives stagnant zones and cause the area to have poor air quality. Note that there is
a separating wall, highlighted by a red oval, that prevent the air in flowing south/east
around the middle structure and into the stairwell. Originally, there are not any C'O,
or temperature sensors in the highlighted areas, so no information can be collected from
here. In general, the sensors for the building are located close to the diffusers and the
radiators, which may not give the best control over the air quality or room temperature, as
suggested by Danielsen (2014) and (Sggnen, 2015). These observations arise the question
if the air quality in this area is satisfactory, and investigation into this is planned for this

thesis.

1.3 Objectives

The final goal of the thesis is to contribute to improved background knowledge about how

to design efficient ventilation solutions for ZEB office buildings.
The tasks to be considered are:

1. Conduct a literature study related to displacement ventilation and scaled model

experiments.
2. Design and build a scaled laboratory model of Kjgrbo.
3. Perform field measurements of the ventilation system at Kjgrbo.
4. Validate the model against the prototype (Kjorbo).

5. Perform tests to improve the design of the ventilation system.

1.4 Scope and Limitations

This thesis present an analysis of the ventilation strategy of ZEB office buildings. A
reduced-scale model was considered to be a good way of evaluating different ventilation
strategies. The main focus of this thesis is divided into two parts. The first main focus

was to analyze the ventilation strategy and acquire reference values in order to evaluate



the prototype and validate the model. The second main focus was constructing a solid,
reliable and well functioning model. Designing, building and equipping a model of this
size (6 m x 3 m x 0,75 m) and complexity takes a considerable amount of time. The
remaining time for conducting experiments, validating and improving the model was
therefore restricted. A decision was made to focus on the validation of the model, instead
of performing experiments with changed model parameters and furniture placement before
a satisfactory reliability was achieved. It was assumed that doing such experiments would

provide give inaccurate result.

The chosen measure for analyzing the ventilation strategy and efficiency is the air change
efficiency. Tracer gas experiments are considered to be a useful method for determining
the efficiency in both the prototype and the model. The thesis give an evaluation of
the ventilation efficiency, but due to the time restriction of the model experiments, the
scope of the measurements and analysis are not as extensive and in-depth as originally

planned.

It was observed that the tracer gas concentration in the supply air was not constant
during the step up period. This is due to inaccuracy of the gas injection equipment and
inaccuracy in the total air flow rate of the ventilation system. The unstable supply air
gas concentration can be observed in all of the measurements in both the prototype and
the model. This reduces the reliability of the step up measurements considerably, and
therefore it was decided to omit the step up results completely, and place focus on the

step down results, which were considered more accurate.

More detailed smoke visualization in the prototype could have been favorable, but due to
the location of the prototype and the time span of the fieldwork this was not achievable.
Smoke measurements in the model could not be conducted due to the time constraint and

difficulties with the smoke equipment.

Temperature measurements in the model were not intended as a complete temperature
mapping. The purpose was to provide an indication of the temperature gradient between
the floor and the roof in selected parts of the room, and also as a measure of the tem-
perature difference between the supply and exhaust air. The measurements are done for

similarity analysis and model validation purposes.

Due to the time span of the field work, and lack of easy accessible equipment, the log-



Tchebycheff method for traversing an air duct could only be partially followed. One duct

traversing were conducted instead of the recommended number of three.

The field measurements and model representation are limited to the second floor of build-
ing four. This floor is considered to have a room arrangement and person load that are
representative for the rest of the building, and also compares to the the design conditions
for the HVAC system. The outlay of the ventilation system in this floor is for the most
part equal to the other floors, except the fourth, and it is considered suitable for doing

measurements in.
The organization of this thesis is as follows:

e Chapter 2 present the background theory for this thesis. Theory on displacement
ventilation, distribution of air and ventilation effectiveness are presented. Similarity
theory and requirements associated with constructing a reduced-scale model are
explained. Methodology for traversing an duct to determine the average air velocity

and flow rate are presented.

e Chapter 3 present the methodology of the fieldwork conducted at Powerhouse Kjgrbo.
This includes description of the principles and methodology of tracer gas measure-
ments, air velocity mapping of the adjacent zone of a wall diffuser, determination
the air flow rate in a duct, smoke visualization and the registration of presence of
people on a single floor of a building. The results of the fieldwork is presented in

Chapter 5

e Chapter 4 present the prototype building and the reduced-scale building model, as
well as methodology of the the experiments performed in the model. The chapter
include building and system descriptions of the prototype and the model. Methodol-
ogy and experimental set up is presented for tracer gas measurements, temperature
measurements and air velocity mapping in the model. The results of the model

experiments are presented in Chapter 5.

e Chapter 5 present the results from the fieldwork and the model experiments. Model
results are compared to the prototype in order to determine if they share similarity.
The results presented in this chapter are: tracer gas measurements in prototype and

model; air velocity mapping in prototype and model; smoke visualization in proto-



type; duct traversing in prototype; presence of people in prototype and temperature

measurements in model.

e Chapter 6 present the conclusions of the thesis, and give recommendations for fur-

ther work.

e References and appendices follow Chapter 6.

1.5 Approach

This master’s thesis is a continuation of the project work from the fall semester of 2015.
The objective of the project work was to gain knowledge of displacement ventilation and
reduced-scale models, and to determine if constructing such a model would be a good way
to evaluate the ventilation system at Powerhouse Kjgrbo. The project work concludes that
making a model is indeed a suitable way to evaluate the system and find ways of improving

the ventilation strategy.

Field measurements were performed in the prototype, Powerhouse Kjgrbo, in order to
establish a reference for the ventilation strategy, efficiency and effectiveness. Tracer gas
measurements was conducted in the prototype to determine air change efficiency and local
air change indexes. Air velocity mapping of a wall diffuser discharge was performed in
order to compare with the model diffusers. An air duct was traversed in order to determine
the average velocity and the air flow to the diffusers. Air flow patterns were visualized by
using smoke in an attempt to gain grater understanding of how the air distributes in the
office landscape. Presence of people were registered to establish a reference for personal

heat gains in the building.

A reduced scale building a model was created to resemble the prototype. Validation
of the model was conducted in order to make it behave like the prototype as much as
possible. Tracer gas measurements was conducted in the model to determine air change
efficiency, and compare it to the prototype. Air velocity mapping in the adjacent zone
of a wall diffuser in the model was performed and compared with the prototype. Air
flow patterns in the model were visualized by injecting smoke into the ventilation system,

with the purpose of acquiring more understanding of how the air distributes in the office



landscape.

1.6 Literature Study

Several media has been taken advantage of to obtain information for the literature study.
The most frequently used are hard cover and on-line books, article databases such as Sco-
pus, Science Direct, AIVC Airbase, Springer and Pub.Med, and journals and guidebooks
from organizations such a REHVA and ASHRAE. In the online literature search, approx-
imation operators have been used to narrow the results and find the relevant information.
Keywords and proximity operators for the search have been, among others: "reduced-scale
building model", "displacement ventilation"; "similitude OR similarity theory"; "scale W/3

model AND ’displacement ventilation.






Chapter 2

Backgound Theory

This chapter present the background theory for this thesis. It explain the concept of
displacement ventilation, and presents the basic theory. It explain different ways of mea-
suring ventilation efficiency and effectiveness, and describes the principle and methodology
of step up and step down method of tracer gas measurements to determine the air change
efficiency and local air change indexes. Further, the chapter present an overview of simi-
larity theory and requirements, the modelling laws related to the performed experiments
and the parameters used for evaluating a reduced-scale model against the full-scale pro-
totype. The chapter also present theory for traversing a duct to determine the average

air velocity and air flow rate.

2.1 Displacement Ventilation

Displacement ventilation is the technique of letting warm contaminants rise to the ceiling
and extract the contaminated air at ceiling level (Skistad, 2002; Ingebrigtsen, 2015). Fresh,
cold air is supplied at floor level. The principle of air distribution at Powerhouse Kjgrbo
is displacement ventilation. As shown in Figure 2.1, air is supplied air at a low level and
distribute evenly along the floor, before rising towards the ceiling and into the exhausts.
For this to happen it is crucial that the supply air from the diffuser has a lower temperature
than the room air. If this is not the case the air will rise straight to the ceiling and get
extracted without changing any of the air i the occupied zone. This unwanted situation

is called short circuiting. Displacement ventilation is especially practical in rooms with
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large ceiling heights where the contaminants are added to the room in combination with
heat(Skistad, 2002). This makes it suitable for places with high person occupancy such

as conference/meeting rooms, cinemas, libraries and restaurants.

)
i '

Induced Air/
Thermal Plume

Diffuser

N

Figure 2.1: The concept of displacement ventilation (Price Industries, 2011)

2.1.1 Convection Flows

Natural convection flows are the driving force of displacement ventilation. A natural con-
vection flow is the current of air that rises above a heat source like computers or persons,
rises or descends along a warm or cold surface, due to buoyancy (Skistad, 2002). The con-
vection flow that rises above a warm object is called a thermal plume. All plumes encoun-

tered in practical ventilation have developed fully turbulent flow (Skistad, 2002).

Draft Temperature ('F)

Figure 2.2: Air layers (Price Industries, 2011)

A vertical temperature gradient forms in a displacement ventilated zone (Price Industries,

2011). Air movement between layers of different temperatures, as shown in Figure 2.2
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is caused by convection forces. The flows occur around heat sources or cold sinks and
are caused by buoyancy differences. Figure 2.3 show how these plumes cause air to rise
upwards, and drag with it the surrounding air, making the plume wider. A similar plume
will form around a person. As illustrated in Figure 2.4, the plume effect will transport
colder fresh air from the lower levels of the room along the surface the body up to the
breathing zone, and is why displacement ventilation work so well in providing fresh air to
occupants of a room. It is important that the room is supplied with enough air to feed
the plumes, otherwise the plumes will drag contaminated air from the layers above, which

disturb the stratification and cause unwanted mixing effects in the layers.
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Figure 2.4: Local convection forces provide better air quality in the breathing zone (In-
gebrigtsen, 2015)
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The vertical air flow rate, g, ., of the plume at a height z above a point heat source is as
follows (Skistad, 2002):
Qo = 5 B3 53 (2.1)

where:
® = convective heat flux
2z = height above heat source

The flow rate in the convection flow increases proportional to the height above the source,
due to entrainment of the surrounding air. The amount of air in the plume is dependent of
the temperature and the shape of the heat source, and the temperature of the surrounding

air.

The centerline velocity, v., of the plume at a height z above a point heat source is as

follows (Skistad, 2002):

v, = 0,128 /3 »71/3 (2.2)

2.1.2 The Adjacent Zone

The adjacent zone of a diffuser is an important factor in displacement ventilation. It is
defined as the distance from the wall where the diffuser is placed to where the air flow
is below a certain velocity (Ingebrigtsen, 2015). For comfort ventilation this velocity is
documented as 0.2 m/s, specified with a temperature of the supply air of 3 K below the
room temperature at 1.1 m above the floor (Skistad, 2002). The blue areas in Figure
2.5 illustrates the adjacent zone of different diffusers. The diffusers should be placed
such that the adjacent zone is not obstructed by furniture or occupants, to avoid draught
and unfavourable distribution of the supply air. The adjacent zone increase or decrease

proportional to the air flow rate (Mysen and Schild, 2014).
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Figure 2.5: Adjacent zone of diffusers (Price Industries, 2011)
2.1.3 Displacement Ventilation in Open Office Areas

Displacement ventilation is found to be suitable for larger open areas as long as certain
parameters such as supply air temperature, ceiling height (preferably above 3m) and
placement of diffusers and furniture are considered (Skistad, 2002). The ceiling height
at PK is exactly three meters and the supply temperature are kept below the room

temperature. The placement of furniture may not be optimal however.

2.1.4 Distribution of Air

Since displacement ventilation deal with very low air velocities it is crucial that the air
distribute evenly over the whole floor area. In order to understand how the air will
distribute in a room, it is important to consider what objects are in it, and where they
are placed. As seen in Figure (2.6) the air from a diffuser flows around the obstructions,
but take some time to distribute evenly behind them. Obstructions can cause the air flow
to stagnate or change direction, and result in a disturbed air flow pattern. At PK, the
office landscape is arranged as work stations with desks and chairs in groups of four, with

bookshelves working as partitioning between the work stations. Problems can occur if
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the partitioning is placed too close together or in a fashion that creates a barrier to the

air flow.
Couch
= Supply Air
Diffuser
Partition

Figure 2.6: Air distribution around obstructions (Price Industries, 2011)

Keeping thermal stratification is a very important factor in controlling and maintaining
satisfactory air quality. Experiments conducted by Matsumoto and Ohba (2004) and
Bjorn and Nielsen (2002) suggest that moving objects such as a walking person influence
the air distribution in displacement ventilated rooms, and cause mixing of the stratified
layers. Their results show that the moving objects mode and speed had significant effect
on the temperature gradient and ventilation effectiveness. Since PK is an office building,

it must be expected that people are moving around during the day.

2.1.5 Instability in the Diffuser Discharge

According to Skistad (2002), instability in the discharge flow can occur in a diffuser when
the perforated sheet exceeds a certain size. The effect is especially prominent in low-
velocity diffusers, and the cause of this issue is that the small jets from each of the holes
in the sheet create suction between them. This can result in an unstable flow from the

diffuser (see Figure 2.7).
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Fault #3:
Unstable discharge from a
large supply area.

Flow pattern seen from above

Figure 2.7: Unstable discharge flow occurs frequently in large supply units (Skistad, 2002)

2.1.6 Constant Air Volume (CAV) and Variable Air Volume
(VAV) Method of Ventilation

There are mainly two ways to control the air flow to a zone or room, by use of the CAV
or the VAV method. The first means, hence the name, that a constant air flow rate is
supplied to the room, while the temperature of the air is varied according to the heat
demand (Nilsson, 2003). The VAV method is the opposite, were the air temperature is
kept constant while the air flow rate can be varied as needed. Variation of the air flow
rate is achieved by controlled dampers in the air ducts and valves or by speed control of

the fans (Nilsson, 2003).

2.1.7 Demand Controlled Ventilation

Another step into the control of air flow is the concept of demand controlled ventilation
(DCV). With this incorporated into the HVAC system, the air flow rate or air temperature
to each zone is constantly adjusted based on a number of parameters such as temperature,

level of C'Oy, humidity or the presence of people (Nilsson, 2003). Sensors placed in the
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zone give input to a control unit that in order adjust the air supply to correct the offset.
Use of DCV can greatly reduce the energy demand for ventilation in a building (SINTEF
Energiforskning, 2007).

2.1.8 Heating and Cooling with Displacement Ventilation

Since displacement ventilation relies on buoyancy forces and convection flows in order to
function as intended, this technique of ventilation in not applicable for space heating.
Note however that the outdoor air can be heated before it is supplied to the zone, but
only to a temperature lower than the indoor air. If air with a higher temperature than
the room air is supplied, this causes short-circuiting, and should be avoided at all costs

as it result in a terrible ventilation efficiency (Ingebrigtsen, 2015).

Displacement ventilation is suitable for cooling by supplying air with a colder temperature
than the room air. The temperature of the supply air can vary but usually lies 2 — 4°C
below the room temperature (Ingebrigtsen, 2015). The heat removed from a room can be
calculated from the temperature difference between the supply and exhaust air, and the

air volume flow rate (Skistad, 2002; Nilsson, 2003):

Q. = Qu - P Cp- (66 - @s> ’ 103 (23)

where:
®. = heat removal
¢, = air flow rate
Oe = exhaust air temperature

Os = supply air temperature

2.2 Ventilation Effectiveness

The main purpose of ventilation is to supply fresh and clean air to the room and extract

contaminants as efficiently as possible. To express the quality of the ventilation system
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the terms air change efficiency and contaminant removal effectiveness are used (Skistad,

2002; Ingebrigtsen, 2015). The two terms are described as follows:

e contaminant removal effectiveness, €, is the measure of how well contaminants are

removed from the room (Brouns et al., 1991) and

e air change efficiency, €*, which is the measure of how quickly the air in the room is

replaced (Sutcliffe, 1990).
In addition, we have local values:

o local air quality indez, €5, is the measure the local concentration at a particular

point (Mathisen et al., 2004).

e local air change index, €}, which characterises the conditions of the air exchange

efficiency at a given point (Mathisen et al., 2004).
and more generally:

e air change rate, N, which represent the amount of air that is added to the room

related to the room volume.

2.2.1 Air Change Rate

The air changes rate, N is a widely used number for expressing ventilation performance

due to its simple calculation (Ingebrigtsen, 2015). It is defined by:

(2.4)

</

where:
@ = Air flow rate
V' = Room volume

The air changes rate does not contain any information on how good the ventilation in
the occupied zone is. If there is a high degree of short-circuiting, the added air will

not improve the room air quality. in such cases the air changes rate will give a wrong
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impression of the ventilation quality. The air change rate should therefore not be used to

describe the ventilation system effictiveness (Ingebrigtsen, 2015).

2.2.2 Age of Air

The ventilation effectiveness is measured using tracer gas. The concentration of tracer

gas must therefore be related to the age of the air.

vV G T V GT

Rom

Figure 2.8: The age of the air at different points in the room (Ingebrigtsen, 2015)

The age of air at a particular location is the average time elapsed since molecules of air
at that location entered the building (see Figure 2.8). The mean age of air, ¢p; in point

P1 is expressed by (Ingebrigtsen, 2015):

— t t t
fpp— AT tp Al (2.5)

number of molecules

where:
t4 = Time elapsed from molecule A enter room until it reach point P1
tg = Time elapsed from molecule B enter room until it reach point P1
tc = Time elapsed from molecule C enter room until it reach point P1

The average age of the exhaust air, also known as the nominal time constant, is given

by:

Tp =

QI <
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Observe that the nominal time constant is the inverse of the air change rate, seen in

Equation 2.4.

2.2.3 Air Change Efficiency

Air change efficiency tells how quickly the air in the room is replaced with fresh air, in
regards to what is theoretically possible (Ingebrigtsen, 2015). The factor is calculated
by performing tracer gas measurements. Mathisen et al. (2004) define the air change
efficiency as the the ratio between the shortest possible air change time for the air in
the room (nominal time constant), and the actual average air change time. The factor is

expressed by:

T, T,
@ —2.100 = ——=—-100 2.7
¢ T, 2<T> [%] (2.7)

where:
T, = nominal time constant
7, = actual average air change time
< T > = room mean age of air

The upper limit for the the efficiency is € = 100 %, which is obtained by ideal piston
flow. Fully mixed flow has an efficiency of ¢* = 50 %. Displacement flow lies in the region

€* =50 — 100 %

The local air change index, €%, describe the condition at a particular point in the room.
It is defined as the ratio between the nominal time constant and the local mean age of

air, 7p, at point P.

€l = 100 % (2.8)

There is no upper limit for the local air change index. Fully mixed flow has an efficiency

of €5 = 100 %. Displacement flow lies in the region ¢* = 100 — oo %.
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2.2.4 Contaminant Removal Effectiveness (CRE)

The contaminant removal effectiveness (CRE) is another way to determine the ventilation
effectiveness. It gives an idea of how well the room is ventilated by the added air. The
factor is calculated by performing tracer gas measurements. It is also normal to estimate
an effectiveness based on renowned research on the field (Ingebrigtsen, 2015). For dis-
placement this can be €. = 1,0 —1, 3 for comfort systems and €. = 1,5 —2, 0 for industrial
systems. The contaminant removal effectiveness is as follows (Ingebrigtsen, 2015; Skistad,

2002):

Oe - Cs
B Cmean - Cs

C. = contaminant concentration in the exhaust
Cs = contaminant concentration in the supply
Coneann, = mean contaminant concentration in the room

or for the occupied zone:

€= (2.10)

where:

C,. = Mean contaminant concentration in the occupied zone

2.2.5 Conditions for Using the Measures

The air change efficiency and contaminant removal effectiveness can only be used to
evaluate the ventilation effectiveness of a room which only exchange air with the outside,

and has no inflow of air from other parts of the building (Mathisen et al., 2004).

When deciding on whether to use the air change efficiency or the CRE, the positions

of the contaminants must be considered. If the locations are known and constant the
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ventilation system should focus on removing the contaminants locally to avoid further
spread (Mathisen et al., 2004). The measure to use should be CRE. If the case is anything
else, the focus should be on exchanging the air as quickly as possible, and the air change

efficiency should be the choice of measure.

2.2.6 Tracer Gas Measurements

Tracer gas experiments are used to find the nominal time constant and to simulate contam-
inant concentrations in order to calculate air change efficiency and contaminant removal
effectiveness. The method is quite time consuming and requires expensive equipment such

as gas analysers.

The gas used in the experiments must be a non-toxic gas and should normally not be found
in indoor air. The density should be similar to the density of air in order to facilitate easy
mixing (Mathisen et al., 2004). The gas should be possible to detect even in very small
concentrations. Common gases to use in tracer gas measurements are sulphur hexaflourid
(SFg) and nitrous oxide (N2O). Carbon dioxide (COz) can also be used if the background

concentration is constant.

There are several principles of tracer gas experiments (Ingebrigtsen, 2015; Mathisen et al.,

2004):

e Constant concentration - A constant, know amount of tracer gas are introduced
to the room until a constant concentration of gas is achieved in the exhaust air.

Can require large amounts of tracer gas.

e Step-up - Starting with no zero concentration at C;, a constant dosage of tracer
gas are added, and we measure the time it takes for the gas to reach a certain

concentration C,.

e Step-down - A constant dosage of tracer gas has been added to the room prior to
the experiment. At time ty and concentration C; we stop the dosage, and measure
the time it take for gas to descend to zero or a certain concentration C,. The

technique is not suitable for small air changes.

e Pulse - Pulses of tracer gas with known concentration and amount is added to the
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room. The amount of gas at a point or in an exhaust are measured, with respect
to time. This method is suitable for large room as it consumes less tracer gas. It

requires precise equipment.

2.2.7 Step Change Response Methods
Step Down Response Method

Step-change response can be divided into the step-up and the step-down response. In
step down tests, tracer gas is injected in the room and mixed with the room air until the
concentration is uniform. The gas is usually injected through the ventilation system to
ensure good mixing in the entire room. Mixing fans placed around the room is also a good
way of creating an even concentration. Monitoring of the concentration start at the time
the gas injection is turned off, and last until the concentrations in the room has decreased
to zero or a certain concentration. Figure 2.9 illustrate the concentration development in
the injection and the monitoring of tracer gas. The right half of Figure 2.10 illustrate a
typical development of the concentration decay in a step down experiment. The curves for
both step up and step down manifests themselves logarithmic. Therefore, when analyzing
tracer gas measurements, it is important to study the curve plots in logarithmic scale as
well as linear. The rise or decay of the gas concentration present themselves as straight
lines in a logarithmic plot, which mean the development is stable. If this is not the case,
irregularities in the the equipment or unwanted air flows may be the case (Mathisen et al.,

2004).

Step Up Response Method

In step up tests, the monitoring of concentration start at the same time as the initial
injection of gas. Gas is injected until the room reach a uniform concentration. Figure
2.9 illustrate the concentration development in the injection and the monitoring of tracer
gas. The left half of Figure 2.10 illustrate the rise in concentration for a typical step up

experiment.
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Injection of tracer gas Monitoring of indoor air

v C(t)

Step-up method

C(t)

Step-down method

time elapsed

Figure 2.9: Principle of step up and step down method of tracer gas injection and mea-
surement. Figure based on illustration by Sggnen (2015).

2.2.8 Calculating Ventilation Effectiveness from Measured Con-

centrations

Mathisen et al. (2004) gives a procedure for calculation the air change efficiency and local

air change index:

1. Make a logarithmic plot of the concentration as a function of time. This should
be a straight line for the most part, but the curve usually becomes irregular at the
lowest concentrations. This is due to signal noise from the gas monitor, and the this

part should be deleted from the analysis. Denote the last usable concentration ¢,

2. Calculate the slope of line from the straight part of the curve. This is used to
extrapolate the measurements from n to infinity. This part of the curve is called

the tail.
3. Calculate the efficiency according to the formulas given in the following section.
Air Change Efficiency and Local Air Change Index

Figure 2.10 show the characteristics of a concentration/time plot resulting from a con-
secutive step up and step down experiment. Note that for the step up, the area over the

curve must be calculated, while for the step down the area under the curve is the part to
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Figure 2.10: Calculations of the concentration curve for step up and step down measure-
ments. Figure based on illustration by Seggnen (2015).

focus on. Mathisen et al. (2004) present equations for calculating the air change efficiency
and local air change index from a concentration curve plot. The mean age of the air in

the room is calculated from the weighted area under the curve:

<7>== - (2.11)
S e pe
where:
c = tracer gas concentration in the room
t = time
A = slope for exponential trend of the tail area
The nominal time constant is calculated by:
[ -]+ g
7, = = (2.12)

Co
where:
co = constant concentration at infinite time

The air change efficiency is calculated as follows:
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Finding the air change efficiency for the step up method differs in the way that the
area above the curve must be calculated, instead of the area below. A concentration
¢ is introduced and defined as ¢ = ¢(oo) — ¢. This concentration is substituted in
Equation 2.11 and 2.12 the and the equations for the step up response method become
the following:

Cfb.-‘rcfb ti+ti— C;l 1
R e G e il B S PR
< T >= Ao - (2.14)
Z;- i 21* (t’t - t7,1>:| + Tn
> Cﬁ;i Lt tz‘—l)] + %
7, = = (2.15)

where:
Coo = constant concentration at infinite time

Due to the logarithmic characteristic of the concentration change, it can take quite some
time for the room concentration to reach the supply concentration, especially in large
rooms. Therefore, the concentration at infinite time, ¢(c0), is set equal to the measured
concentration, ¢,, at the end of the measuring period. This might not be the true value
of the concentration at infinite time, but it should be close if the mixing in the room is

adequate and the experiment is allowed to run for a long enough time.
The local mean age is calculated as follows:

A

7 = =2 - (2.16)
0

n

where ¢ refers to the concentration at point P in the room.

T, is calculated in the same way as for air change efficiency, from the concentration in the

exhaust.
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2.3 Similarity

A physical model of a real world prototype can be used as a tool for finding optimal
technical solutions. This chapter covers theory of similarity and the process of making
accurate models of real-world prototypes. The term "prototype" refer to the original real-
world object, while the term "model" refer to the scaled physical representation of the

object.

2.3.1 The concept of similarity

A model is said to have similitude, or similarity, with the real-world prototype if the two

share these three types of similarities (Zohuri, 2015):

e Geometric similarity - The model has the same shape as the prototype, either
scaled or not. If the specified physical quantities are geometrical dimensions, the

similarity is called geometric similarity.

e Kinematic similarity - The fluid flow of both the model and prototype must
undergo similar time rates of change motions (the fluid streamlines must be similar).

If the quantities are related to motions, the similarity is called kinematic similarity.

e Dynamic similarity - Ratios of all forces acting on corresponding fluid particles
and boundary surfaces in the two systems are constant. If the quantities refer to

forces, then the similarity is called dynamic similarity.

As we change the model to a different size than the prototype, scale effects start to occur.
Generally speaking, the scale effects in a fluid flow increase with the scale ratio or scale

factor A, whivh is as follows (Heller, 2011; Zohuri, 2015):

Lp

=T = 2.1
2= 217

where:
Lp = characteristic length in the real-world prototype

Lj; = corresponding length in the model
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The inverse of the scale ratio given in Equation (2.17), 1: A, is defined as the scale. The
scaling between prototype and model for length, area and volume can be seen in Table
(2.1) The non-linear behaviour of the scale implies that scale effects will vary depending

on what dimension the phenomenas are studied in.

Property | Ly | Ay | Ve
Scale Lo 1:X2]1:)

Table 2.1: Scale ratios

In practical applications, with for example a building, this means that if the lengths of all
walls in the model one half of the prototype, the area of the model becomes one fourth

and the volume becomes one eighth.

2.3.2 Similarity Requirements

In order to study and experiment on a model it is important that the model behaves in
the same way as the prototype. For this to happen geometric, kinematic and dynamic
similarity must be achieved (Zohuri, 2015; Walker et al., 2011; Kalleberg, 1977). There
are specific conditions that are required in order for the result from the reduced scale
to be transferable to the prototype, such as velocity distribution, air flow patterns, and

temperature distributions.

Geometric Similarity

The model and the prototype must share geometric similarity. This is a simple matter of
changing the linear dimension parameters by the scale ratio, i.e. sizing the model down or
up. The linear dimensions must be reduced by the scaling factor in all three dimensions,
X, v, z. This applies to all surfaces, openings and objects within in the model, including
walls, floors, windows, furniture and equipment. Lack of geometric similarity can impair
the air flow patterns and temperature distribution in the model during experiments, and

give inaccurate results.

29



Kinematic/Dynamic Similarity

To achieve kinematic similarity the ratios the the velocities and acceleration of the fluids
must be equal (Walker, 2006). When this is obtained, the streamlines of the flow patterns
are similar. Since motion is described by distance and time, it implies similarity in dimen-
sions (geometric similarity) and similarity of time intervals. (Zohuri, 2015). Kinematic
similarity is closely related to dynamic similarity which requires that ratios of the forces

that create motion in the fluid to be equal in the model and the prototype.

To achieve dynamic similarity, the relation between the forces that are acting on the
fluid to cause movement must be the same in the model as in the prototype (Zohuri,
2015; Kalleberg, 1977). An element of air are affected by an inertia force F; that causes
its movement. This force is the sum of all the forces acting on the element, which are:
buoyancy force F),, pressure force F), and viscous friction force F,. We get the following

equation in equilibrium (Kalleberg, 1977):

F,=F,+F,+F, (2.18)

where:

F; = mass - acceleration = pL? - a = pu®L?
F, = density dif f. - gravity - volume = Ap - gL* = BAT pgL?
F, = Pressure dif f.-area = Ap - L?

F, = shear stress-area = p*%* - L? = pvulL

The kinematic and dynamic equations for the model are derived by making all the forces
in Equation 2.18 dimensionless. The equations that are obtained are a ratio between the

inertia force and each of the the other forces (Skistad, 2002; Kalleberg, 1977):

Archimedes’ number:

A — F, _ b?uya@cy force _ ApgL _ BATgL (2.19)
F; inertia force pu? u?
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Euler’s number:
F,  pressure force B Ap

Eu=—2= =— 2.20
! F; inertia force — pu? (2.20)
Reynold’s number:
Re — [ | inertiq force _ul 2.21)
F, wiscous friction force v

where:
p = air density
u = characteristic air velocity
Ap = density difference between colder and warmer air
g = acceleration of gravity
L = characteristic length
[ = thermal expansion coefficient of air
AT = temperature difference between colder and warmer air
Ap = pressure difference between colder and warmer air
v = kinematic viscosity

To obtain complete kinematic and dynamic similarity these three numbers must be
equal for the model and the prototype (Zohuri, 2015; Awbi and Nemri, 1990; Kalleberg,
1977)

Archimedes number is a ratio of the relative magnitude of buoyancy forces to inertia
forces acting on a fluid. The number is used to evaluate the motion of fluid due to
density differences. The parameters in the Archimedes number that are variable is the
characteristic air velocity u and the temperature difference AT. The thermal expansion
coefficient 3 (= 1/(©+273°C)) varies so little within the temperature range of the current
cases that its changes are negligible. The acceleration of gravity is constant. Similarity
requirements state that the Archimedes numbers must be equal(Ary, = Arp). Equation

2.19 can then be rearranged:
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AT’M = A?“p
PATvgLy _ BATpgLp

u3, u?
ATy Ly  ATpLp
ui o up
ATy Loy ATy 1
_ oM — 2.22
Upr = Up ATp Lp up ATp A ( )
w2, Lp u?
ATy = ATp—2L == = ATp—2L)\ 2.23
M Pu% Tur Pu% ( )

Equation 2.22 and 2.23 represent the relationship between model and prototype for the

velocity and temperature difference respectively.

The variable parameters in Euler’s number are the characteristic air velocity v and
the pressure difference Ap. With the equality condition Equation (2.20) can be rear-

ranged:

EUM = EUP

Ap
Uy = U 2.24
M P App ( )
2
Uu
Apy = APP% (2.25)
up

Equation 2.24 and 2.25 represent the relationship between the model and the prototype

for the velocity and pressure difference respectively.

When a characteristic length are chosen there are no variable parameters in Reynold’s
number, and the characteristic air velocity u,; for the model with the equality condition

is found by rearranging equation 2.21:
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RGM = R€p

UMLM = UPLP
Lp

M

Equation 2.26 represent the velocity relationship between the model and the prototype.

Note that Equation 2.22 and 2.26 will not give the same velocity for i%‘j = 1. This
means there will not be correspondence between the Reynolds and the Archimedes number
equalities if the temperature difference for the model and the prototype is equal. The
condition for the two number equalities to result in the same velocity is found by combining

Equation 2.22 and 2.26:

Up,Re = UM, Ar

\ ATy 1
UPA = UP\ AT,
ATy = N ATp (2.27)

This means that the temperature difference is not dependent of the velocity, if Reynolds

and Archimedes numbers are matched simultaneously.

If Fuler’s number also is matched with the Reynold’s number get an expression for the

pressure difference is as follows, by combining Equation 2.24 and 2.26:

UM,Re = UM,Eu

UP)\ = Uup APM
App
Apy = N App (2.28)

Within the capabilities of the laboratory set up, it is impossible to match all of the
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similarity requirements for scaling factors of some magnitude. Reducing the scale by
ten would result in a velocity increase by a factor of 10, a pressure difference increase
by a factor of 100, and a temperature difference increase by a factor of 1000. Certain
compromises and simplifications must therefore be made. Etheridge and Sandberg (1996)
states that in such cases the most important is to ensure that the flow stays inside the
fully turbulent region , i.e. Re > 2300. If the flow stays in the turbulent region the
Archimedes number becomes the most important to match between the prototype and

the model.

2.4 Traversing an Air Duct to Determine Average

Air Velocity and Air Flow Rate

The average air velocity and air flow rate can be calculated by traversing an air duct with
an anemometer. In order to get reliable air velocity measurements, it is recommended to
measure minimum 7.5 duct diameters downstream and minimum 3 duct diameters up-
stream from any turns of flow obstructions (TSI Airflow Instruments, 2015). It is possible
to traverse outside of these recommendations, but the accuracy of the measurements will

be impaired.

It is also possible to measure the air velocity a single point in the center of the duct and
multiplying the reading by 0.9 to correct for the higher velocity at the center of the duct
(TSI Airflow Instruments, 2015). If conditions are very good it is possible to obtain an
accuracy of £5 or +10 percent. This method is considered unreliable, however, and should

only be used where small duct size or other conditions do not permit a full traverse.

2.4.1 Traversing a Round Duct

When traversing a round duct, TSI Airflow Instruments (2015) and Omega (2015) suggest
using the log-Tchebycheff method. The duct is split up into concentric circles, each having
the same area. An equal number of measurements is read from each circular area, in that
way obtaining the best average. Usually, three concentric circles (6 measuring points)

per diameter are used for ducts of 250 cm diameter and smaller. Four or five concentric
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circles (8 or 10 measuring points per diameter) are used for ducts larger than 250 cm

diameter.

It is preferred to perform three traverses, 60 degree angle from each other, and average

the readings taken from each measuring.

The average velocity is as follows:

1 n
Vg = - > vay (2.29)

i=1
where:
vg = velocity at point in duct

The flow rate, @), is found by multiplying the average velocity for the whole duct by the
duct area (TSI Airflow Instruments, 2015; Omega, 2015):

Q =4 Ag (2.30)

where:
vg = average velocity in duct
A, = area of duct

Figure 2.11 show suggested locations the the measuring points. The insertion depth is

found by multiplying the numbers in Table 2.2 by the diameter of the duct.
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Figure 2.11: Location of measuring points using the log-Tchebycheff method (TSI Airflow
Instruments, 2015)

Table 2.2: Anemometer probe insertion depth relative to duct diameter (TSI Airflow
Instruments, 2015)

# of measuring
points per Position Relative to Inner Wall
diameter
6 0,032 0,135 0,321 0,679 0,865 0,968
8 0,021 0,117 0,184 0,345 0,655 0,816 0,883 0,979
10 0,019 0,077 0,153 0,217 0,361 0,639 0,783 0,847 0,923 0,981
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Chapter 3

Fieldwork Methodology

Field work was preformed at Powerhouse Kjgrbo in order to analyze the ventilation strat-
egy and to establish it as a prototype reference to validate the model against. The field
work consisted of several experiments related to the ventilation strategy of the building.
An evaluation of the ventilation effectiveness was performed. The air change efficiency
and local air change indexes were determined by tracer gas measurements. The adjacent
zone of a wall diffuser was examined by velocity mapping. The air flow rate in a duct
leading to one of the wall diffusers was measured. Smoke experiments was conducted
to visualize air flow patterns. Presence of people in the building was recorded. This
chapter present the methodology of the fieldwork conducted at Powerhouse Kjgrbo. This
include descriptions of the principles and method for tracer gas measurements, air veloc-
ity mapping, traversing of a air duct, smoke visualization and registration of the presence
of people on a single floor of the building. The results of the fieldwork is presented in
Chapter 5. Descriptions of the equipment used in the experiments are given in Appendix

E. For limitation in the fieldwork please see Section 1.4

3.1 Tracer Gas Measurements

Tracer gas measurements were performed in the Prototype building Powerhouse Kjgrbo.
A total of six measurements were performed, three following the step up method and three
following the step down method. A step up and step down measurement are conducted

consecutively, and called a measurement set. The measurements were performed on March
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9 and March 10, between 8 am and 8 pm. People were present in the building during the

measurements.

3.1.1 Principle

There are several principles to perform tracer gas measurements by, as described in sec-
tion 2.2.6. The methods chosen for this work was a step up sequence to a constant
concentration followed by a step down sequence. The reason for following both meth-
ods of measurement was to acquire more data and gain greater accuracy in the results.
Also, because the step up principle of measurement results in the air having a known
concentration, Cq, a step down measurement can be performed directly after a step up,
which is time effective. Figure 3.1 show an illustration of the principle of tracer gas

measurements.

o) Example of
sampling point

NN\ ES
—y

Figure 3.1: Priciple illustration of tracer gas measurements. Figure based on illustration
by Segnen (2015)

A description of Figure 3.1 is as follows:
1. Gas bottle of industrial nitrous oxide.
2. Main closing valve.

3. Manometers and pressure regulator controlling the output pressure.
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4. Rotameter ensuring a steady and constant flow of gas.
5. Plastic tubes supplying gas to the AHU.
6. Outdoor air inlet duct.

7. Air handling unit. The tracer gas is thoroughly mixed with air by the fans in the
AHU.

8. Air duct supplying a mixture of air and tracer gas to the room.

9. Computer analyzing the concentration of tracer gas from several sampling points

around the room. The concentration is monitored over time.

3.1.2 Method

The tracer gas sampler and monitor equipment was placed in a technical room centrally
in second floor of the building. See Appendix E for description of the equipment. Plastic
tubes were stretched from the machine along the ceiling to each of the sampling points.
Figure 3.2 show the location of the sampling points for the first set of measurements.
Please see Appendix A for locations of the sampling points for the second and third set
of measurements. Table 3.1 show the heights of the different sampling points. Sampling
point 4, named "2nd floor", are located in the central staircase, just above ceiling level
of the second floor. The point represent the air extract from floor one and two. The
sampling point 5, named "3rd floor" are located in the central staircase, just above ceiling
level of the third floor. The point represent the total air extract from floor one, two and
three. The fourth floor is sealed off from the other three, and have its own air supply
and exhaust. Sampling point 6, "Supply', is located inside of the air duct leading to the
south east wall diffuser. The tracer gas, that is injected in the AHU at the fourth floor,
is considered to be fully mixed with the air at this point, and give a good representation

of the concentration of tracer gas in the supply air.

The tracer gas used for the measurements were Nitrous Oxide (N20). Properties for
the gas is given in Appendix E. The pressurized gas cylinder along with the injection
equipment was placed in the technical ventilation room at the fourth floor. Figure 3.3

show pictures of the setup of the tracer gas injection equipment. A pressure valve and
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Air extraction up here

= Open to block 5 }/
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02 Air supply (VAV)

= Panel radiator

(20 Air supply (CAV) 639 Exhaust (CAV)
— PKtemp. sensor ° Sampling point

Figure 3.2: Location of sampling points for tracer gas measurement on March 9, 2016 -

first set

Table 3.1: Height of tracer gas sampling points

Measurement # and date

1 2 3

09.03.16 09.03.16 10.03.16
Location Description ﬁzgﬁthl(lim) Location Description }Slifrglﬁtll(rrfm) Location Description }Slifrglﬁthr(lim)
1 East 1500 2a, South 100 la East 100
2 South 1500 2b South 1100 1b East 1100
3 North 1500 2c South 2900 lc East 2000
4 2nd floor - 3 North 1500 1d East 2900
5 3rd floor - 5 3rd floor - 5 3rd floor -
6 Supply - 6 Supply - 6 Supply -

rotameter is fitted to the gas cylinder in order control the flow of gas. The rotameter

measures the flow rate in litres per minute. A plastic tube was stretched through a small

drilled hole into the AHU. The flow rate, V;,, needed to maintain a constant desired

concentration, ¢4, of tracer gas in the supply air is as follows:

where:

Vtgzctg~10_6-qy-

¢y = desired tracer gas concentration

¢, = ventilation air flow rate
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(a) The cylinder is tightly se- (b) A rotameter is used to ensure (c) The gas is injected directly
cured to prevent it from falling right gas dosage into the air handling unit to en-
over. sure proper mixing

Figure 3.3: Tracer gas dosage equipment

The flow rate in the building was set at a constant value of approximately 10 000 m3/h for
the entire measurement period in order to maintain a constant tracer gas concentration
in the supply air. The desired concentration of tracer gas was set to 25 ppm, which gave a
flow rate of gas into the AHU of 4.2 1/min. The VAV dampers in the wall diffusers were set

to be fully opened in order to avoid fluctuating air flow rates during the experiments.

At time ty the flow valve for the gas was opened and the monitoring equipment started
logging. The gas concentration was monitored continuously. After approximately two
hours the concentration in the room was constant. At this time, the gas dosage was shut
of, while the gas monitor was kept running. After another two hours the concentration
in the room was close enough to zero to discontinue the monitoring and measuring. The

data log files were exported from the gas monitor to a computer for later analysis.

3.2 Air Velocity Mapping in the Adjacent Zone of a
Wall Diffuser

The air velocities in the adjacent zone in front of a wall diffuser were measured. The ve-

locity mapping was conducted by following the method suggested by Chang and Gonzalez
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(1989). It consists of measuring the air velocities with anemometers at different heights
and distances from the diffuser. A grid was laid down on the floor (see Figure 3.5) in
order to measure at right distances in an effective way and keep track of the measurement
process. The diffuser chosen for the mapping is highlighted by a red circle in Figure
3.4.

)

OOO

o°°

0:‘ Air supply (VAV) 0:0 Air supply (CAV) 0:0 Exhaust (CAV)
B Panel radiator =€ PK temp. sensor

Figure 3.4: Diffuser chosen for air velocity mapping (red circle). Figure based on illustra-
tion by Segnen (2015)

3.2.1 Method

The grid consisted of 4 layers with 24 points spread 400mm apart length-wise and 250mm
depth-wise. The layers were placed in heights of 30, 100, 400 and 700mm above the
floor. The reason for choosing 30mm and not Omm is that the maximum air velocity from
a displacement diffuser discharge is found to be not exactly at floor level, but slightly
above (Skistad, 2002). A typical height of the air discharge from a wall diffuser is 200mm
(Skistad, 2002), so 100mm was considered to be an appropriate height for measurement

inside of the flow.

The anemometer was placed on a stand, enabling the probe to be fixed at a certain
height at the chosen location. The red dots in Figure 3.5 indicate the placements of the
anemometer stand. The row designation A, B, C, D, E and F and the column number

1, 2, 3, 4, help to identify each stand placement. The stand was first placed at the Al
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location and the anemometer probe was set at a height of 30mm. The air flow rate in
the diffuser was held at a steady state and the air velocity was measured. The stand
was then moved to B1 location, still with a height of 30mm. Another measurement was
taken, and the stand was moved to C1. After taking measurements in all locations Al to
F4, the anemometer probe height was set to 100mm, and the stand was placed in Al to
begin a new round of measurements. At each stand location, the anemometer data was
collected for five seconds and averaged. In total, ninety-six data points of air velocity in

were collected.

PLENUM CHAMBER SUPPLY AIR
DUCT @ 300
DIFFUSER GRILLE

2000

250

400

GRID

2 ° Point of velocity
measurement

Figure 3.5: Air velocity measurement grid (red dots indicate anemometer location)
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3.3 Air Flow Rate in Duct

The airflow rate in the duct leading to one of the wall diffusers was determined by mea-
suring velocities at different points inside of the duct. The log-Tchebycheff method sug-
gested by TSI Airflow Instruments (2015); Omega (2015), and described in Section 2.4
was partially followed. One traverse was performed instead of three, see Section 1.4 for

explanation.

3.3.1 Method

Figure 3.6 shows the locations of the anemometer measuring points. The points are placed
along a straight line from the duct wall on one side to the other. The anemometer probe
was first placed at location 1. The air flow rate in the duct was held at a steady state
and the velocity was measured. The probe was then moved to location 2, and another
measurement was taken. At each location, the anemometer velocity data was averaged
over a time interval of ten seconds. In total, six data points were gathered. The air flow

rate was calculated according to Equation 2.30 given in Section 2.4.

Air flow

400

AN
/%

346

272
p

128
lp

N—°® 2
oNe 1

Figure 3.6: Measuring points in duct (red dots indicate anemometer location
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3.4 Smoke Visualization

Directions of the air flows in front of a wall diffuser, in some parts of the office landscape
and in the stairwell were visualized by use of smoke. By visualizing the flow patterns, it
was possible to gain a better understanding of how the air distributes in the room. The
smoke tubes were used to puff small portions of smoke in different locations such as in
front of the diffuser, in the stairwell, around the work stations and in openings between

the book shelves.

3.5 Presence of People

The presence of people in the building was recorded by simply walking around and count-
ing persons every hour between 09:00 and 13:00, except from the lunch break at 12:00.
See Appendix F for details.

3.6 Discussion

The constant concentration of 25ppm in the start of the the step down tracer gas method
was measured in the stairwell. If short circuiting between one of the diffusers and the
stairwell occurred during the test period, it could result in a faulty measurement of the
total concentration of tracer gas in the floor. This can have effects on the results, as it

is essential obtain uniform concentration in the whole room, according to Mathisen et al.

(2004)

The grid laid down on the floor for air velocity mapping is not perfect. The wall is
slightly curved, so the distances from from the grid lines to the wall varies slightly. This,
combined with probe misplacement due to human error, can affect the uncertainty in the

measurements.

An issue to consider is that the velocity mapping contains no information on the direc-
tion of the air flow. Smoke experiments suggested that the air did not discharge evenly

and radially from the diffuser. This is assumed to affect the reliability of the velocity

mapping.
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The sampling/averaging time for the VelociCalc is only five seconds, which mean that
bursts of excessive turbulence and air movement can disturb the collected data. This
could have been avoided by either setting a longer sampling time, or doing several con-
secutive mappings. The time constraint of the field work prevented this from being be

performed.

Instead of using a stack of velocity sensors to cover all heights simultaneously, as suggested
by Chang and Gonzalez (1989), a single anemometer mounted on a stand was used. This
method is more time consuming, but will most likely produce the same results. During
the time it takes to perform the air velocity mapping, the flow from the diffuser may
change. The air flow rate may not be constant, or the way the flow behaves may change.
Skistad (2002) suggest that the small jets jets from a large perforated plate can create
suction between them, and make the discharge flow unstable. This can disturb the flow
from the diffuser and make the discharge velocities inconsistent. The cross area of the
diffuser in the prototype are above one square meter, and can possibly suffer from these

effects.
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Chapter 4

Reduced-scale Building Model

A scaled model was built in the laboratory to represent a section of the second floor in
building four at Powerhouse Kjorbo. Tracer gas measurements were performed in order
to determine the air change efficiency and local air change indexes. Smoke experiments
were conducted to visualize air flows. Air velocity mapping in front of a wall diffuser were
performed. This chapter will present descriptions of the prototype and the model. It will
also present methodology for the experiments performed in the model: tracer gas and
temperature measurements, and velocity mapping. The objective of the measurements
is to evaluate the model against the prototype. Results and analysis is given in Chapter
5. Description of the equipment is given in Appendix E. Risk assessment report for the

tracer gas experiments is given in Appendix J.

4.1 Prototype Building

The prototype building is a four story office building located by the shore at Kjgrboparken,
Sandvika, Baerum, Akershus, Norway. Figure 4.1 show the building’s cross section. Floor
two was chosen as the part of the building to be modeled. Figure 4.3 show the floor plan.
The floor houses cell offices and an office landscape with room for around 40 employees.
According to registration of presence, the normal person load is usually lower than this, at
around 20 (see Appendix F for details). The office landscape has work stations separated
by bookshelves. Each workstation consist of four desk spaces equipped with computers.

Figure 4.2 show views from the office landscape.

47



11111

FFFFFFF

| b
I
|
=
13
H

I 8
—H iy 7] P
1| gteew
_— = e e — A 4
i g
| 8
— 0 7 rao
£G 7120
_ = e = — 4
I i
I
N C+ +6.060 |
| &
cewasss L) (I FE 10 (EOEEEENN o c— M H ) ] [ Y eee
KeR, DET " |
333333
_ AWEOU'UUIE \ _ v o
i [—

Snitt B-B | | | | | | | | | | |
1100 | | | | | | | | | |

(a) The east corner is almost completely sur- (b) View of the office landscape with workstations
rounded by bookshelves and bookshelves

Figure 4.2: View of the office landscape in the prototype

4.1.1 Design and Layout of the Ventilation System in the Pro-
totype Building

The building has a displacement ventilation system. Each office cell is fitted with a CAV
diffuser but no extract. The air instead overflow into the hallway. The stairwell located
in the center is the only air exhaust (except for small extracts in the toilets). The of-
fice landscape is ventilated by centrally placed VAV wall diffusers (see Figure 4.3) with
a capacity of 800 m?/h. The office cell diffusers are designed to feed air at a maximum
rate of 100 m?/h into each office. The air flow rate in these diffusers have been adjusted
to 60 m3/h (Radstoga, 2015). For more details of the ventilation system, please see Ap-

pendix G. Radiators are also centrally placed, along the walls of the inner structures. It
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is unusual to place the radiators away from windows and other surfaces that can expe-
rience cold drafts, but the building are designed after very high standards of insulation

and air tightness of the envelope and windows, so unacceptable drafts should not occur

(Powerhouse, 2015).

4.2 Reduced-scale Building Model Description

A scaled building model was designed and built at one fourth scale (A = 4). Figure 4.3
show the portion of the second floor in the prototype building that was modelled. Air
was used as working fluid for the experiments. Figure 4.4 show a simple floor plan of the
model, with the diffusers and exhausts indicated. For detailed floor plans and 3D sketch
of the diffuser placement in the model, please see Appendix G. Figure 4.5 and 4.6 show

pictures of the model inside and outside.
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Figure 4.3: Overview of 2nd floor with air supplies, exhaust and radiators highlighted
(red line indicate the modeled area). Based on illustration by Sggnen (2015)
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Figure 4.5: Outside view of the model
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Figure 4.6: Inside view of the model office landscape

4.2.1 Building Materials

The walls in the model was made out of extruded polystyrene foam (Styrofoam), due
to its insulation capabilities, light weight and ease to work with. The wall facing down
(southeast) in Figure 4.4 was made from wood and Polymethyl methacrylate (Plexiglas)
to allow for smoke visualisation and general overview inside the model. The roof was
made from Styrofoam supported by lightweight metal girders. The furniture consisted of
five reduced-scale tables and five bookshelves (see pictures in Figure 4.4 and 4.6), also

made by polystyrene.

4.2.2 Internal Heat Gains

According to the presence map in Appendix F, an average of approximately ten people
were present over the course of of the tracer-gas measurement day, in the area that was
chosen for modeling . An approximate value of the dry heat emitted from a person
performing office work is given by SINTEF Energiforskning (2007) to be 100 W. The
corresponding heat gain in the model becomes25 W per person. The simulation of persons
in the model was reduced from ten to eight since it represented the average presence during
one of the step down tests. The technical equipment in the prototype consisted of a laptop
and an LCD screen and was set to 40 W per work-space/person. This corresponded to 10
W per workplace in the model. The total scaled heat gain from persons and equipment

combined became 35W per workplace. The person and the equipment heat gains was
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decided to be joined together and represented by a single heat source. To achieve the
same air flow rate from a single heat source the heat output must be larger than the sum
of the two original separated heat sources. By reviewing Equation 2.1 from section 2.1.1,

a formula for the heat source output power was derived:

Qu,z1 = Qu.z,2 + Qv,z,3
507 22 =5 @)° 2 45 @f?
@}/3 _ @5/3 + (I);/?)

o, =3 0% 0y* +3 0y 037 1 B, + Dy (4.1)

If the heat output from the two sources are equal, we get the special case were ®; =
8P, = 8P3. This means that the heat output of a source must be eight times as high as
two other equal sources to produce the same total vertical air flow rate, assuming that
the heat sources are placed adequate distance apart from each other to avoid disturbance

and ensure individuality of the plumes.

The heat output in the model from one person and with corresponding technical equip-
ment is found by applying Equation 4.1 to be 131 W per workplace. A 100 W light bulb

was decided to represent this heat source (see Section 4.7 for reasoning).

The heat gain from lighting was set to 8 W/m?, according to approximate values given
in SINTEF Energiforskning (2007). The heat gain was simulated in the model as heated
floor mats, evenly spread across the office landscape. Figure 4.7 illustrate the location of
the heated area of the floor. Heat gain by solar radiation is also simulated by the floor

heating.

Table 4.1 show a summary of the internal heat gains in the prototype and how they are
represented in the model. Note that the scaled model heat gain must be sized to four times
the prototype heat gain, in order to provide the buoyancy flux ratio the same as the the
geometric ratio. The floor heating was controlled to the desired 412 W by adjusting the

voltage output to the floor heat to around 100V using a auto-transformer (Variac).
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Table 4.1: Summary of the internal heat gains in the prototype and the equivalent repre-
sentation in the model

Prototype

Heat gains # Area (m?) Output (W) Heat gain (W/m?)
Radiators 6 304 - 2

Solar radiation - - - 2

Persons 8 304 100 2,63
Equipment 10 304 40 1,32

Light - 304 - 8

Total 15,95

Model

Heat gain # Area (m?) Output (W) Heat gain (W/m?)
Light bulbs 8 19 100 42,11

Floor heating - 12,48 412 21,68

Total 63,79

4.2.3 Design of the Ventilation System in the Model

The ventilation system in the model was made to resemble the prototype. Figure 4.5

show pictures of the model with its ventilation system. It consist of four wall diffusers

with geometric resemblance to the prototype. The dimensions of the diffusers are 137.3 x

500 mm. A vertical air duct is extended from the original ventilation ducts in the roof of

the laboratory down to the model. Flexible ducts with Iris-dampers are connected to the

23



main duct, and run to each of the four wall diffuser. A duct with a damper are fitted to
the main duct above the model in order to bleed of an adequate amount of air in order to
avoid excessive heating of the air in the ducts on the way from the AHU to the model. The
dampers were used to control the scaled air flow to each diffuser according according to

the value found in Section 3.3 by adjusting the opening inside the dampers.

The main air exhaust for the whole model consist of an opening in the ceiling. This is the
only exhaust and it extracts air from the entire model, in the same way that the staircase

extracts the air in the prototype.

The air from the part of the prototype excluded from the model (see Figure 4.3) flows into
the modeled part and towards the exhaust. To simulate this flow of air in the model, two
diffusers with dimensions 750 x 500 mm and 750 x 1500 mm were placed along the top
wall (northeast) of the model (see Figure 4.4) They were designed to blow air evenly over
the whole cross area from floor to roof and between the walls. A channel fan with two
outlets and Iris-dampers were mounted on the back wall and connected through flexible

ducts to the two larger cross section diffusers.

Table 4.2: Summary of the air flow sources in the prototype and the equivalent represen-
tation in the model

Prototype (m3/h)

Source of air # of diffusers Air flow rate Total air flow rate
VAV wall diffuser 5 696,68 3483,40

CAYV diffuser office 8 60,00 480,00

CAV diffuser large meeting room 1 450,00 450,00

CAV diffuser small meeting room 4 60,00 240,00

Total 18 4653,40

Model (m3/h)

Source of air # of diffusers Air flow rate Total air flow rate
CAV wall diffuser 4 10,89 43,54
West cross section diffuser 1 14,64 14,64
South cross section diffuser 1 14,53 14,53
Total 6 72,71

The air flow rates in the model along with the prototype are presented in Table 4.2. The
air flow rate from each of the wall diffusers was controlled by Iris-dampers. The flow rate
from the cross section diffusers was controlled by a variable speed channel fan and iris-

dampers. For balancing methodology and documentation see Appendix I). Skistad (2002)
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states that all plumes encountered in practical ventilation are turbulent flows, so it is safe

to assume that the plumes from the heat sources fall within the turbulent regime.

4.3 Model Parameters

As mentioned in the theory, it is not possible to match all the dimensionless number to
achieve complete similarity. The main similarity requirements to focus on in displacement
ventilation is to match the Archimedes number, while at the same time making sure that

the flow stays within the turbulent regime.

Table 4.3 present a summary of the values and dimensionless parameters of the prototype
and the model. Since displacement ventilation mainly are driven by the convection flows
(plumes) in the room, the velocity term in the Archimedes and Reynolds number are the
plume center line velocity at ceiling height. With the given velocities in the prototype
and model, the temperature difference in the model of 16 °C is needed for the Archimedes
numbers to match. This temperature difference is not possible to achieve in the model.
The difference is therefore set to a achievable value of 8°C. The flow stays turbulent in
both the prototype and the model (Re > 2300). The working fluid is air for both the

prototype and model, so the Prandtl number is equal.

Table 4.3: Summary of values and dimensionless parameters for full scale prototype and
reduced-scale model

Parameter Prototype Model
Scale () 1 4
g(m/s?) 9,81 9,81
p(kg/m?) 1,2 1,2
B(1/K) 0,0033 0,0033
v(m?/s) 1,477-107° 1,477-107°
AT(K) 4 8

A = area of the room (m?) 304 19

H = height of room (m) 3 0,75
g(m3/h) 4653,40 72,71
v(m/s) 0,33 0,33

Ar 3,63 1,82

Pr 0,7 0,7

Re 6,64-10° 1,66 10
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4.4 Tracer Gas Measurements in the Model

Tracer gas measurements was conducted in the reduced-scale model. The measurements
were performed after the same method as the measurements in the prototype (see Section

3.1.2 for methodology).

4.4.1 Method

Four step up and four step down measurements were conducted in the model, to give
a total of eight measurements. The locations of the sampling points in were held equal
to the locations in the prototype. Figure 4.8 show the sampling point locations for the
measurements conducted on June 2 and June 4. For the locations in the the other mea-
surements, please see Appendix A. The height of the points were scaled to match the

prototype. Table 4.4 give a summary of the point heights.

At the prototype, both second and third floor staircase was sampled. In i model there is
only one floor, so this leaves one unused sampling point. This point was placed in between
the south and east corner, represented by number 4 in Figure 4.8. This point holds no
relevance to the validation of the prototype against the model, it merely act as another
data point in determining the distribution of the local air change indexes throughout the
office landscape. The same can be said for point 3, as the original point of the prototype
is placed in the north corner while this point is placed approximately in the center of the

northeast facing wall.

56



West

North

Wall diffuser|

| |
Wall diffuser Cross section
diffuser

®

Air Exhaust
0,366 m?

[ ]
Cross section
diffuser
-

Mg, ®

1

Tabl

Bookshelf

©

South

Figure 4.8: Location of sampling points for tracer gas measurement on June 2, 2016 and

East

June 4, 2016
Table 4.4: Sampling point heights
Measurement
# and date
1 2
01.06.2016 01.06.2016
Location Description i:fg}ihr(lrgnm) Location Description }Slzlrg}?thl(lrim)
la East 25 la East 25
1b East 275 1b Bast 275
le Bast 500 le Bast 500
1d East 725 1d East 725
5 Supply - 5 Supply -
6 Exhaust - 6 Exhaust -
3 4
02.06.2016 04.06.2016
Location Description izg}?thr(lrim) Location Description izggthl(lrim)
2a South 375 1 East 375
2b South 375 2 South 375
2c South 375 3 North 375
2d South 375 4 Southeast 375
5 Supply - 5 Supply -
6 Exhaust - 6 Exhaust -
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4.5 Air Velocity Mapping in the Adjacent Zone of a
Wall Diffuser in the Model

The air velocity mapping in the model was performed by the same method as used for
the mapping in the prototype, described in Section 3.2. Figure 4.9 show the layout of the
measurement grid. For description of the equipment for the air velocity mapping, please

refer to Appendix E
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Figure 4.9: Air velocity measurement grid (red dots indicate anemometer locations)

4.6 Temperature Measurements in the Model

Temperature measurements was performed in the model in order to monitor the supply

and exhaust air temperatures and the temperature differences in the room.
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4.6.1 Method

A total of 15 thermocouples were placed in the model. Figure 4.10 show the locations of
the thermocouples. Thermocouple 1 is broken and is therefore omitted from the measure-
ments. The heights of the thermocouple measuring points are presented in Table 4.5. The
thermocouple at location 4 was placed inside of the wall diffuser plenum chamber in order
to measure air supply temperature. Location 5 is inside the Cross section diffuser, and
measure the temperature of the air coming from the channel fan. Location 16 is in the
middle of the air exhaust hood in order to measure the exhaust temperature. The cluster
locations at (2, 3), (6, 7), (8,9, 10), and (13, 14, 15) are located on top of each other, at
different heights. The measurement sets were taken simultaneously with the tracer gas
measurements. The signal from the thermocouples were sent to the data logging system,

and recorded on a computer for later analysis.
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Figure 4.10: Location of thermocouples
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Table 4.5: Thermocouple height

Thermocouple Type T

Location Height (mm) | Location Height (mm)
2 25 10 725
3 725 11 725
4 - 12 375
5 - 13 725
6 25 14 25
7 725 15 725
8 25 16 -
9 375

4.7 Discussion

The pressure drop in the iris dampers are in the range of 3 — 5 Pa. Considering that the
accuracy of the pressure measuring equipment are +1 Pa, the uncertainty in the measured
flow rate is quite large. The balancing of the model’s ventilation system is therefore not

very accurate.

There are visible gaps in the model construction, especially between the ceiling panels,
and between the ceiling panels and the walls. Despite attempts of closing the gaps with

sealant and duct tape, the air leakage in the model is suspected of being quite high.

At maximum cooling during warm days, the AHU can maintain an air supply tempera-
ture of no lower than 14 degrees. Since there is no insulation on the ducts in the model,
the supply temperature into the model was quite high, in the range of 20 — 22°C. This
is assumed to have an influence temperature difference in the model, and affect the simi-

larity.

Although calculations suggest 131 W output of the heat sources, 100 W light bulbs was
used. This was decided to be adequate, and the rest of the heat gain was simulated by
the floor heating. It is also possible that the heat sources are too close to each other to
avoid them affecting each other. In the case that they affect each other, the combined

output is becomes lower.
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Chapter 5

Experimental Results

Experiments and measurements were carried out in the prototype during the fieldwork,
and later on in the reduced-scale model. This chapter present and discuss the results
of the measurements. The results of tracer gas measurements and velocity mapping
in both prototype and model are presented and discussed. The results from the duct
traversing, smoke visualization and registration of presence are presented and discussed.
The temperature measurement results from the model are presented and discussed. In
the last section the results from the prototype and model are compared to evaluate the

similarity.

5.1 Tracer Gas Measurements

Tracer gas measurement were performed in the prototype building (Powerhose Kjgrbo),
and later in the reduced-scale model. Linear and logarithmic charts describing the time
lapse of the tracer gas concentration are presented. The air change efficiency for the proto-
type/model and the local air change indexes for each sampling point in the measurement

sets are presented.

It was observed that the tracer gas concentration in the supply air was not constant during
the step up period. This is due to inaccuracy of the gas injection equipment and inaccuracy
in the total air flow rate of the ventilation system. Although the air flow rate was set

to a value of approximately 10 000 m?/h, it might not have been totally constant. The
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unstable supply air gas concentration can be observed in all of the measurements in both
the prototype and the model. This reduces the reliability of the step up measurements
considerably, and therefore it was decided to omit the step up results completely, and

focus on the step down, which was considered more accurate.

The channel fan installed to simulate the air from the parts of the prototype excluded from
the model were turned off during all tracer gas measurement. The reason for this decision
is that it was not possible to predict and simulate the development of the additional tracer
gas flowing into the model from the non-modelled part. If the channel fan was turned on,
the options were to either supply air with zero tracer gas concentration into the model,
or to supply air with concentration equal to the supply air. Neither of these options
were considered to be realistic to the prototype. It was decided to turn the fan off and
concentrate on analysing the part of the prototype represented by the model. Focus was
put on studying the air quality in the south and east corner, and since the air from the
non-modelled part does unlikely flow into these parts, it was assumed that turning of the

fan does not affect the air movement in these areas at a significant degree.

5.1.1 Results from Fieldwork

The results from the tracer gas experiment are presented for Wednesday March 9 and
Thursday March 10. During the whole experiment period the ventilation system was set
to provide a constant air flow of approximately 10 000 m?/h, and the VAV-dampers in
the wall diffusers were fully opened. A step up measurement followed by a step down are
called a measurement set. Two sets were performed on March 9, one in the morning and

one in the afternoon. One measurements set was conducted on March 10.

March 9 - First Set

The first set of tracer gas measurements, conducted at March 9, had sampling locations
at a height of 1,5 m in the east, south, and north corner, in the supply duct and in the
staircase above 2nd and 3rd floor (exhausts). This represent an overall measurement of
the ventilation efficiency for the whole building. The concentration time lapse is presented

linearly and logarithmic in Figure 5.1. In the logarithmic chart, the decay for the South,
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East and North point present themselves mainly as a straight line, which implies that the
decay is stable and undisturbed, and free of influences by other air streams. It was not

expected to observe a completely straight line, however, as this indicate fully mixed flow,

which is unwanted in displacement ventilation.

March 9, 2016 - first set
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Figure 5.1: Tracer gas measurement on March 9, 2016 - first set

The logarithmic decay lines of the 2nd and 3rd staircase points are jagged, and it was
observed in both charts that the concentrations does not decrease evenly. The most
likely reason for this is that the air in the adjacent building interact with the prototype

through the walkway connecting the two buildings. The other building was not injected
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with tracer gas, so it might push clean air into the prototype building a certain times.

Previous studies made by Sggnen (2015) also support this hypothesis.

After the gas dosage is stopped, the concentration of tracer gas in the supply air does not
decrease to zero immediately. Shortly after turning off the gas injection, the concentration
in the supply air is measured to around 3 ppm, and there is a lag of about one and an half
hour before the concentration decrease to zero. Sggnen (2015) saw the same situation in
his measurements, however more prominent. He found that the reason for this was an
air leakage within the heat exchanger, causing contaminated exhaust air to mix with the
fresh inlet air. This problem was reported and improvements were made to make the heat
exchanger more airtight. The lag was considerably larger in Sggnen’s measurements, so it
is fair to assume that the improvements of the heat exchanger were successful, although
some leakage still occur. Other reasons for the concentration lag effect could be leakage
of indoor air into the main ventilation shaft in the center of the building. The sampling
point of the supply air measurement were placed in a duct in the second floor, so leakage
the gas into the main shaft could occur prior to this location. The driving pressure of the
ventilation system is quite low (maximum 20 Pa in main shaft), so there is a possibility
that tracer gas can diffuse into the supply air at some point. If the outdoor air inlet are
placed in some proximity of the air outlet it is a possibility that some of the tracer gas

may travel between the two terminals.

Table 5.1: Summary of tracer gas measurement at March 9, 2016 - first set

Step down

Date 09.03.2016

Sample point South 1500 East 1500 North 1500 2nd  3rd (Exhaust)
Mean age of air 45,03
Local mean age of air 25,35 29,39 28,75 48,57 41,67
Nominal time constant 41,67 41,67 41,67 41,67 41,67
Air change efficiency, % 46,27
Local air change index, % 164,36 141,77 144,93 85,80 100,00

Table 5.1 show the air change efficiency and local air change indexes at the sampling
points in the first measurement. The air change efficiency is 46,27 %. This is lower
than expected for displacement ventilation, which should be in the 50 - 100 % range.
Efficiencies below 50 % suggest mixed or short-circuit flow characteristics, or stagnant

zones (Mathisen et al., 2004). The local air change indexes are above 100 % however,

64



indicating displacement ventilation in each of the zones. The values suggest that the
air exchange in these zones are satisfactory. The sampling point in the staircase above
second floor, named "2nd", has a much lower air change index. This point gather air from
the entire first and second floor. The low value might suggest that air from other parts
of the building than the office landscape suffer from short-circuiting and stagnant zones.
The issues may be present in the kitchen area, which has a wall diffuser very close to the

stairwell.

March 9 - Second Set

In the second tracer gas measurement set, at March 9, three sampling point where placed
at different heights in the south corner. The other points are in the north corner, supply
and in the staircase above 3rd floor (exhaust). Figure 5.2 show the time lapse of the

concentration in the sampling points.

In a displacement ventilated zone, the fresh air distributed along the floor. It was therefore
excepted to observe a quicker concentration increase and decrease in the sampling point
located 10 cm above floor level, named "South 10". The point, "South 110", located 110
cm above floor level should be the second one to record the increase or decrease, and
the point at the roof, "South 290" should respond last. As seen by Figure 5.2, this was
not the case. The three sampling points follow each other quite closely, and if anything,
the lowest point react slowest in both the step up and step down period. This suggest
that the air may not enter the zone at floor level and rise upwards to create the wanted
stratification. Rather, the fresh air is mixed with the old contaminated air, and give the

room air flow characteristics of mixing ventilation.

Table 5.2 show the air change efficiency and the local indexes at the sampling points in
the second measurement. The efficiency is relatively equal to the first measurement, as
expected. The local indexes in the different heights in the south corner are similar. The
initial expectation was that the efficiencies would decrease as the height above the floor
increased. This relationship does not seem to exist though, as the efficiency at 10cm is
not any higher than at 110 cm or 290 cm. Ideal mixing ventilation has a local air change
index of 100 %, but displacement ventilation can also have values down to 100 %, so it is

hard to conclude which characteristic that dominates in this corner.
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March 9, 2016 - second set
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Figure 5.2: Tracer gas measurement on March 9, 2016 - second set
Table 5.2: Summary of tracer gas measurement at March 9, 2016 - second set
Step down
Date 09.03.2016
Sample point South 100 South 1100 South 2900 North 1500 3rd (Exhaust)
Mean age of air 42,36
Local mean age of air 41,06 40,54 41,16 31,69 41,38
Nominal time constant 41,38 41,38 41,38 41,38 41,38
Air change efficiency, % 48,84
Local air change index, % 100,77 102,06 100,52 130,57 100,00
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March 10

The third measurement, at March 10, consisted of four sampling points at various heights
in the east corner, in addition to the fixed points in the supply duct and the staircase
above 3rd floor. The east corner is the location with the most concerns about the air
quality, so it was decided to do a thorough measurement in this zone. The zone is almost
completely surrounded by bookshelves, and down by the floor there is a gap only about
one meter wide for the air to flow through into the zone (see Figure 1.2). Figure 5.3 show
the time lapse of the concentration in the sampling points. Similar to the measurements
in the south corner presented previously, it was expected to observe a quicker response
in the tracer gas increase and decrease for the low level sampling points. This is not the
case in this measurement either. The concentration curves follow each other very closely,

and indicate mixing tendencies in this corner as well.

Table 5.3 show the calculated air change efficiency and local indexes at the different
sampling points. The efficiency is relatively similar to the other measurement, as expected.
The local indexes are slightly higher in the points closer to the ceiling, suggesting that
the air in the higher levels are ventilated quicker. Lower air change indexes close to the
floor in the east corner suggest that the bookshelves placed around the corner may work

as obstructions to the air flow.
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Figure 5.3: Tracer gas measurement on March 10, 2016

Table 5.3: Summary of tracer gas measurement at March 10, 2016

Step down

Date 10.03.2016

Sample point East 100 East 1100 East 2000 East 2900 3rd (Exhaust)
Mean age of air 45,51
Local mean age of air 39,11 40,01 36,58 36,59 43,26
Nominal time constant 43,26 43,26 43,26 43,26 43,26
Air change efficiency, % 47,53
Local air change index, % 110,62 108,11 118,25 118,22 100,00
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5.1.2 Results from Model

The results from the tracer gas experiment are presented for June 1, June 2 and June 4.
During the whole experiment period the ventilation system was set to provide a constant
air flow. Two sets were performed on June 1, one on June 2 and one on June 4. Focus was
placed on performing the measurements in the model following the same method as for
the prototype, in order to see if the two behaved similarly. This implies that the sampling
locations were equal (see Section 4.4.1 for specifications and exceptions), and the airflow

rate and temperature gradient were scaled appropriately (see Section 4.2).

June 1 - First Set

The first measurement in the model, at June 1, had four sampling point located at different
heights in the east corner, equal to the prototype measurement at March 10. The time
lapse of the concentrations are presented in Figure 5.4. An obvious observation was that
the concentrations at the sampling points stabilize way below the supply air concentration.
While the supply air concentration is held at approximately 30 ppm, the sampling points
never reach more than about 15 ppm. The reason for this is excessive air leakage in the
model. As discussed in Section 4.7, the model have gaps in the construction and is not
airtight. This caused air to flow into the model at various places and dilute the tracer gas
concentration. Theory in Section 2.2.6 states that tracer gas measurements do not give
reliable result and therefore should not be performed in rooms that exchange air with
other parts of the building. The larger laboratory test chamber in which the model is
built in can be considered as other parts. The large difference between the sampling point

and the supply concentration is unfavorable for producing accurate results.

Although the model exchange air with the outside, this does not necessarily mean that
the results of the measurements are useless. If the air leakage flow rate are constant and
somewhat uniform throughout the model, it is still possible to detect variations in the
air change indexes at different locations in the model. Figure 5.4 show the logarithmic
presentation the the measurement. Although there was disturbance from air leakage,
the decay for the sampling point except for the supply present themselves as relatively

straight lines, suggesting that the decay was stable and the air leakage was relatively
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Figure 5.4: Tracer gas measurement on June 1, 2016 - first set
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Table 5.4: Summary of tracer gas measurement at June 1, 2016 - first set

Step down
Date 01.06.2016
Sample point East 25 East 275 East 500 East 725 FExhaust
Mean age of air 11,56 45,51
Local mean age of air 14,31 13,50 12,48 11,41 10,25
Nominal time constant 10,25 10,25 10,25 10,25 10,25
Air change efficiency, % 44,34

Local air change index, % 71,65 75,95 82,18 89,90 100,00

Table 5.4 show the calculated air change efficiency for the model and the air change
indexes at the different sampling points. The air change efficiency is 44,34 %. This is low
for displacement ventilation, which should have values above 50 %, and indicate short
circuiting or stagnant zones. The air change indexes are all under 100 %, which indicate
mixed flow in the east corner. The indexes are lower at floor level than at ceiling level.
This indicate that the air is more quickly exchanged in the higher parts of the corner, and
suggest that the the air does not flow correctly into the corner along the floor, but rather
enter the area over the whole height of the room, in a mixed fashion. The cause for this

may be the obstructions made by the bookshelves.

June 1 - Second Set

The second measurement set, also performed on June 1, had four sampling point located at
different heights in the south office landscape corner. The time lapse of the concentrations
at the points are presented in Figure 5.5. From the figure, an observation is made. The
concentration in the exhaust sampling point stabilizes at a higher level than the the points
in the south corner. The concentration in the exhaust is approximately 15 ppm, while
the concentration in the south corner is about 11 ppm. The concentration in the supply
air is still at around 30 ppm. This observation indicate that the air leakage in the south
corner is higher than in the east corner, where it stabilized at around 15ppm. The south
landscape corner is in the middle of the model, and is exposed to air leakage through
three surrounding walls in addition to the ceiling (please see Appendix A for clarity of
the sample point locations). In comparison, the east corner is only exposed to air leakage
through the wall facing southeast. The wall facing northeast are part of the original test

chamber, and is airtight.
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June 1, 2016 - second set
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Figure 5.5: Tracer gas measurement on June 1, 2016 - second set
Table 5.5: Summary of tracer gas measurement at June 1, 2016 - second set
Step down
Date 01.06.2016
Sample point South 25 South 275 South 500 South 725 Exhaust
Mean age of air 14,69
Local mean age of air 16,90 16,21 20,82 20,81 11,08
Nominal time constant 11,08 11,08 11,08 11,08 11,08
Air change efficiency, % 37,71
Local air change index, % 65,60 68,37 53,23 53,27 100,00
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Table 5.5 show the air change efficiency and local indexes at the different sampling points.
The air change efficiency of 37,71 % are lower than in the previous measurement. This
is peculiar, considering that the parameters and conditions of the model should be equal
to the previous measurement. Possible reasons can be be that the air leakage flow rate
has changed, or that the supply flow rate or temperature gradient in the room have
changed slightly. The local air change indexes are quite low, suggesting that the south
corner is a stagnant zone. In contradiction to the first measurement in the east corner
however, the efficiencies on the south corner show an increase as the height above the
floor decrease. This suggest that there is somewhat more stratification of the air layers

in this corner.

June 2

The measurement set performed on June 2, had sampling point located around the office
landscape at at height of half the model height (375mm). The time lapse of the con-
centrations at the points are presented in Figure 5.6. By observing the figures, the air
leakage issue becomes clearly visible. The north corner has the highest equilibrium con-
centration, and therefore the lowest air leakage (please see Figure 4.8 in Section 4.4.1 for
clarity in sampling point locations). This corresponds well with the fact that the corner
is surrounded in the northwest and northeast by two walls from the original test cham-
ber, which are airtight. The east and southeast sampling points both have air leakage
through one wall, and therefore have approximately the same equilibrium concentration.
The south corner has the highest air leakage, as suggested previously, and therefor has

the lowest equilibrium concentration.

The sudden unexpected spike in concentration at around 2 hours into the measurement
is caused by human intervention of the tracer gas injection equipment. The equipment is
placed in proximity to the south corner sampling point. Handling of the equipment caused
an unexpected release of tracer gas. The gas was not released into the model but into the
test chamber room surrounding the model. Because of the air leakage issue an unknown
amount of the released gas diffused into the model at the south office landscape corner.
Although not favourable, the spike occurred at a time were the concentration was close

to zero, so this incident is not critical for the calculation of the efficiency. The analysis
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of the concentrations were stopped at this point in time, and the decay from thereon and

out (the tail) were extrapolated, as described in the theory in Section 2.2.6.
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Figure 5.6: Tracer gas measurement on June 2, 2016
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Table 5.6: Summary of tracer gas measurement at June 2, 2016

Step down

Date 02.06.2016

Sample point East 375 South 375 North 375 Southeast 375 Exhaust
Mean age of air 12,46
Local mean age of air 12,99 15,60 8,79 8,43 9,94
Nominal time constant 9,94 9,94 9,94 9,94 9,94
Air change efficiency, % 39,89
Local air change index, % 76,51 63,69 113,03 117,87 100,00

Table 5.6 show the calculated air change efficiency and local indexes at the different
sampling points. The air change efficiency of 39,89 are approximately equal to the mea-
surement at June 1, which is expected. The local air change indexes for the east corner
fall in between the indexes of the measurement at June 1, East 275 and East 500, as
expected. The same applies to the South measurement. The north sampling point has an
index of 113,03, which is considerably higher than the east and south point. This is most
likely because the the sampling point is quite close to the diffuser, and is therefore well
ventilated. The same can be observed for the southeast point, as it is also located close

to a diffuser. Displacement ventilation characteristic seem to be present here.

June 4

The measurement set performed on June 4 had the same sampling point location as the
measurement on June 2. Between the measurement on June 2 and the one on June 4,
improvements where made to the model to make it more airtight and thus reduce the air
leakage. The improvements consisted of closing the gaps between the walls and the ceiling
using sealant, and sealing smaller holes and gaps with duct tape. Figure 5.7 show the
concentration time lapse. It is apparent that the improvements to the air-tightness of the
model had an effect. The average concentration of the supply gas is around 25 ppm, while
the average concentration of the exhaust air is approximately 15 ppm. This represent a
40 % difference, as opposed to the 50% difference before the improvements. This means
the air leakage is reduced by 20 %. The model is still quite far from being completely

airtight, and further improvements should be the made to reduce the air leakage.

Table 5.6 show the calculated air change efficiency of the model and the local indexes at

the different sampling points. The air change efficiency of 41,9 does not differ very much
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from the previous measurements, but is slightly higher than before the improvements were

mad

e. The same can be said for the local index in the east corner. The index in the south

are significantly higher here than before the improvements. This could be because the

air 1

eakage prior to the improvements created extra mixing of the air in the south corner,

possibly disturbing and stagnating the flow in the area.
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Figure 5.7: Tracer gas measurement on June 4, 2016
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Table 5.7: Summary of tracer gas measurement at June 4, 2016

Step down

Date 04.06.2016

Sample point East 375 South 375 North 375 Southeast 375 Exhaust
Mean age of air 11,55
Local mean age of air 12,30 12,26 8,31 8,88 9,68
Nominal time constant 9,68 9,68 9,68 9,68 9,68
Air change efficiency, % 41,90
Local air change index, % 78,69 78,92 116,42 108,98 100,00

5.2 Temperature Measurements

Fifteen thermocouples were placed in the model to measure temperatures at various lo-
cations in the room. The specific locations are given in Figure 4.10 in Section 4.6. Three
sets of measurement were conducted in total, the first lasting approximately six hours
and the others about three. The measurements were performed at the same time as the
tracer gas measurement in order to monitor the temperatures in the model during the

experiments.

5.2.1 Results from Model

As derived in Section 2.3, the temperature gradient in the reduced-scale model must be
significantly larger than in the prototype in order for the two to behave similar. Prac-
tically, it is not possible to achieve a temperature difference to fully satisfy Archimedes
number similarity requirement, which for this model would have been 16 °C. Due to the
cooling capacity of the ventilation system supplying the model, the temperature difference
was set to 8 °C. The thermocouples were placed in the the same locations for all measure-
ment sets. Specific locations of the thermocouples are presented in Figure 4.10 in Section
4.6. The sampling interval for all sets were 2 minutes. The results are presented as tables

and charts containing all the measurements and selected temperature differences.
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June 1

The temperature measurement set on June 1 cover the time period of both tracer gas
measurements that were conducted that day. Figure 5.8 show the time lapse of the
temperatures. It can be observed that the temperatures are not fully stabilized during
the measurement period. A few reasons for this was discovered. The most important one
was that the outdoor temperature increased during the day, making the temperature of
the supply air rise despite attempts of the AHU to control it to a constant temperature.
T4 is the thermocouple measuring the supply temperature. At the start of the day, in
order to achieve the desired temperature gradient in the model, the supply air set-point
temperature in the AHU was set to the lowest temperature that could be achieved. When
the outside temperature increased later in the day, the cooling unit in the AHU was not
able to remove enough heat to maintain the set-point temperature. The value at T4
rose from 19,16 °C in the morning to 21,49 °C in the afternoon. This also causes the

temperatures in the room to rise.

The distinct dip in the temperature between 14:30 and 15:30 are caused by an unexpected
failure of the tracer gas sampling set-up. The rack holding the plastic tubes at the
specified sampling heights in the south corner fell down. In order to repair this the model
had to be opened, which made colder air flow into the model from the surrounding test
chamber and resulted in a disturbance of the temperatures. The incident affected all of
the measurements except for the supply air, naturally. Although the model was opened
only for a few minutes, it took nearly one hour for the temperatures in the model to
reach equilibrium again. Fortunately, this incident happened in between the two tracer

gas measurement of that day, so it should not affect the results.

Table 5.8 show a summary of the measurement set. The standard deviation of the T4
thermocouple located in the wall diffuser is quite large, indicating that the temperature
is not stable. This applies to all the thermocouples. T6 and T7 are located in the south
corner, at floor and ceiling level respectively. They have the largest deviation in the set,

as a result of the failure of the tracer gas rack, as described earlier.

Figure 5.9 show the temperature difference between selected points in the model. Table
5.9 give a summary of the temperature differences, along with a description of which

thermocouples the difference are between. T16 - T4 represent are the difference between
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Figure 5.8: Temperature measurements at June 1, 2016

the supply and exhaust air temperature. The mean is 7,98 °C, with a relatively low devi-
ation of 0,27°C. This is about two degrees short of the desired 8 °C degree temperature

difference that was the aim for the model to achieve decent similarity.

T7 - T6 represent the temperature difference between the the ceiling and the floor in the
south corner. The mean of this is 0,27 °C and the deviation is 0,44 °C. The reason that
this difference is close to zero is most likely the excessive air leakage into this area. Colder
air from the test chamber enters the model in the joint between the ceiling and the walls
and mix with the air in the top layers of the model, causing the temperature close to the

ceiling to drop.

As stated earlier, the temperatures in the model was not stable. However, study of
the the slope of the trend lines from the linear regression in Figure 5.9 implies that
the temperature differences are relatively stable. This implication is supported by the
low standard deviation in Table 5.9. A stable temperature difference is more important
than a stable temperature in terms of model similarity and behavior, so this is beneficial
considering the reliability of the tracer gas experiments. The spikes in the figure are

caused by the failure in the tracer gas rack, as mentioned earlier.
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Table 5.8: Summary of measurement set on June 1, 2016 ( °C)

June 1, 2016

Thermocouple Minimum Maximum Mean Star.ldafrd

Deviation
T2 28,19 34,39 32,32 1,28
T3 31,90 36,40 34,88 1,02
T4 19,16 21,49 20,57 0,79
T5 28,61 32,85 31,38 1,11
T6 23,95 34,58 32,27 2,02
T7 26,57 34,23 32,54 1,52
T8 24,15 27,59 26,00 0,80
T9 29,63 34,75 33,37 1,02
T10 31,10 35,41 34,02 1,03
T11 27,54 31,14 29,97 0,82
T12 23,72 26,72 25,62 0,75
T13 25,11 29,44 27,92 0,89
T14 22,84 25,36 24,31 0,69
T15 23,50 27,05 25,87 0,80
T16 24,87 29,99 28,55 0,98

June 1, 2016
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Figure 5.9: Temperature difference between floor and ceiling at four different locations in
the model at June 1, 2016
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Table 5.9: Temperature differences in the model (°C)

Temperature Temperature Temperature

difference difference difference gffg; fee;jzure
Description between floor between floor between floor
and ceiling in  and ceiling in and ceiling in between Supply
and exhaust air
east corner south corner  narrow passage
Measurement T3 -T2 T7-T6 T10 - T8 T16 - T4
June 1, 2016
Minimum 1,54 -3,65 5,71 4,02
Maximum 3,89 3,34 8,63 8,73
Mean 2,57 0,27 8,02 7,98
Standard deviation 0,28 0,44 0,23 0,27
June 2, 2016
Minimum 2,01 -1,45 7,70 6,71
Maximum 3,39 0,78 8,84 7,96
Mean 2,72 -0,31 8,41 7,41
Standard deviation 0,28 0,44 0,23 0,27
June 4, 2016
Minimum 3,37 2,95 6,83 7,61
Maximum 4,63 4,13 7,74 8,53
Mean 4,16 3,63 7,34 7,98
Standard deviation 0,23 0,24 0,18 0,20

June 2

Figure 5.10 show the time lapse of the temperatures. Table 5.9 give a summary of the
temperature differences. The deviations of the supply temperature are lower, indicating a
more stable temperature than on June 1. This gives more stable temperatures throughout
the model. There is still a significant gap between the minimum and maximum temper-

atures, so overall the the model is not at steady state.

Figure 5.11 show the temperature difference between selected points in the model. Three
of the curves are relatively straight, indicating a stable difference. T10-T8 was the dif-
ference between the ceiling and the floor in the narrow passage from the office landscape
towards the exhaust. At this location the mean is 8.41°C with a deviation of 0,23 °C.
This is the largest measured difference in the model, and is larger than the difference
between the supply and exhaust. The reason for this is that the thermocouples are placed

close to one of the diffusers.
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Figure 5.10: Temperature measurements at June 2, 2016
Table 5.10: Summary of measurement set on June 2, 2016 ( °C)
June 2, 2016
Thermocouple Minimum Maximum Mean Star.lda}rd
Deviation
T2 31,24 34,30 32,92 0,70
T3 33,89 36,44 35,64 0,58
T4 21,19 22,25 21,77 0,33
T5 30,18 32,57 31,63 0,66
T6 31,21 35,30 33,71 0,99
T7 31,74 34,35 33,40 0,64
T8 25,04 27,64 26,35 0,56
T9 32,60 34,83 34,06 0,58
T10 33,15 35,57 34,77 0,59
T11 28,19 30,87 29,98 0,62
T12 24,84 26,87 26,12 0,49
T13 27,23 29,36 28,53 0,54
T14 22,88 24,53 23,82 0,46
T15 25,10 27,15 26,40 0,49
T16 27,97 30,15 29,18 0,53
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June 2, 2016
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Figure 5.11: Temperature difference between floor and ceiling at four different locations
in the model at June 2, 2016

June 4

Figure 5.8 show the time lapse of the temperatures. Table 5.9 give a summary of the
temperature differences. The deviation in the measurements are smaller and it can also
be observed in the figure that the temperatures are more stable. More stable supply air
temperature and improvements to the model air-tightness are the most likely reasons for

the increased stability.

Figure 5.11 show the temperature difference between selected points. The differences are
more stable than on the two other days. Compared to the measurement on June 2, the
deviation of the T3 - T2 is reduced from 0,28 to 0,23, which equals a 18 % reduction.
This compares quite well with the 20 % reduced air leakage found from the analysis of

the tracer gas results.
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Figure 5.12: Temperature measurements at June 4, 2016

Table 5.11: Summary of measurement set on June 4, 2016 ( °C)

June 4, 2016

Thermocouple Minimum Maximum Mean Star.ldafrd

Deviation
T2 26,94 28,55 27,62 0,32
T3 31,31 32,19 31,78 0,17
T4 17,54 18,12 17,92 0,14
T5 27,54 28,76 28,30 0,35
T6 24,68 25,81 25,44 0,23
T7 28,47 29,54 29,07 0,23
T8 22,52 23,18 22,84 0,15
T9 29,78 30,53 30,22 0,16
T10 29,75 30,49 30,19 0,19
T11 26,87 27,73 27,34 0,18
T12 23,08 23,50 23,31 0,09
T13 24,92 25,52 25,25 0,15
T14 20,60 21,06 20,87 0,09
T15 23,31 23,83 23,62 0,11
T16 25,50 26,24 2591 0,16

After the improvements of the air leakage, the temperature difference in the south corner
is at 3,63 (°C), with a deviation of 0,24. This is a significant improvement from the two
previous measurements, and indicate that the extra sealing of the model has a positive

effect. The T3 - T2 difference also show an improvement.
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Figure 5.13: Temperature difference between floor and ceiling at four different locations
in the model at June 4, 2016

5.3 Diffuser Air Velocity Mapping

The velocities in the adjacent zone of a wall diffuser were mapped in both the prototype
and the model. The mapping was conducted in the same diffuser location for the prototype

and the model.

5.3.1 Results from Fieldwork

The results from the air velocity mapping in the prototype are presented for Wednesday
March 9. The velocity was mapped in a grid pattern at four different heights. Please see
Section 3.2 methodology. Figure 5.14 show a 3D shaded surface plot of the the velocity
mapping results at a height of 100mm above the floor. The other mapping charts are
given in Appendix C.

Skistad (2002) suggest that large diffuser units with a large discharge area are prone to
instability in the discharge flow (see Section 2.1.5). The diffuser at the prototype has
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an area of over one square meter, so instability effects may occur. The velocity in the
middle of the diffuser are significantly lower than on the sides, so there seem to be some
irregularities in the discharge, which may be caused by the combination of a large area

and velocity.

As expected, the velocities decrease proportional to the the distance from the diffuser.
The velocity is maintained at a higher level on the left side as the distance increase, which
suggest that there is a larger air flow rate in that direction. The south corner lays to the

left of the diffuser, so the result indicate that air low more towards that area.

Except from one value, all velocity measurements at a distance of 1 meter for all four
measurement heights are below 0,2 m/s. On this basis it is reasonable to assume that
the adjacent zone stretches for no more than 1 meter from the diffuser. No occupants or

obstructions are found within this zone, which is important to avoid draft problems and

air distribution issnes.
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Figure 5.14: Air velocities at a height of 100mm - prototype

5.3.2 Results from Model

The results of the air velocity mapping in the model are presented for May 27. The velocity

were measured at four different heights, corresponding pa the heights in the prototype.
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Figure 5.14 show a 3D shaded surface plot of the the velocity mapping results at 25mm,
which correspond to 100mm in the prototype. The other mapping charts are given in
Appendix C.

The highest velocities in this measurement are found on the right side. This indicates
that the air flow rate is highest in that direction, which is towards the east corner. This
is contrary to the prototype measurement, where the air flow was indicated to flow in the
opposite direction, towards the south diffuser. This is assumed to affect the similarity,

and further investigation into this should be performed.

Level 25mm 0,15-0,2
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Figure 5.15: Air velocities at a height of 25mm - model

5.4 Traversing of Duct

Traversing of a duct to find average air velocity and flow rate was performed on March
9, in the prototype building. The air velocities in the duct leading to the south east
diffuser were measured (see Figure 3.6 in Section 3.2 for locations). Figure 5.16 show the
air velocity profile in the duct. The average air velocity was 1.54 m/s and the flow rate

was 697 m3/h. The results are used for balancing the diffusers in the model to achieve

appropriately scaled flow rate.
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Figure 5.16: Air velocities in duct with diameter of 400 mm

5.5 Smoke Visualization

Smoke visualization were carried out at various locations in the prototype on March 9.
The visualization showed that the air did not spread evenly and radially from the diffuser.
On the contrary, in some parts of the adjacent zone, the air flowed in towards the diffuser,
and then upwards towards the roof or to a higher air layer. This is an effect that can

cause unwanted mixing of the stratified air layers and short-circuiting.

The visualization showed that air flowed toward the south corner of the office landscape,
as also suggested from the velocity mapping in Section 5.3.2. It was also confirmed that
air was flowing along the floor between the to bookshelves and into the east corner of the

office landscape. The flow rate of this air in unknown.

Figure 5.17 show smoke rising upwards through the center stairwell, confirming that the
air flow from the second floor into the stairwell and up into the exhaust fans at the top

of the stairwell.
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Figure 5.17: Smoke rises up through in the center stairwell

5.6 Comparison of Prototype and Model Results

The tracer gas and air velocity mapping results have been compared in order to determine
at which degree the reduced-scale model share similarity with the prototype. Observations

from the comparison are presented and discussed in this section.

The air leakage seem to effect the air flow patterns in the model. A trend was discovered
from studying Figure 5.18, along with the rest of the charts from the velocity mappings
(see Appendix C). It was observed that the highest velocity in the model was in the east
part of the diffuser discharge, which make most of the air flow towards the east part of
the office landscape. This does not match the prototype, where the mapping indicated
that most of the air flowed towards the south corner. The reason that the air seem to flow
in the opposite direction in the model could be that the excessive air leakage in the south

corner push the air and drive it northeast instead of towards the south corner.

The equilibrium concentration in the south corner were considerably lower than in the rest
of the room prior to the air leakage improvements. After the improvements were made
the concentration was more similar to the rest. There are still differences, however, and
the concentrations in all of the sampling point far from reaching the supply concentration.
Before the model can share similarity with the prototype, the air leakage must be taken

care of.
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Figure 5.18: Comparison of air velocities at similar heights in prototype and model
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Figure 5.19: Comparison of tracer gas measurement in prototype and model
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Figure 5.19 show a comparison of tracer gas measurement in the prototype and the model.
The sampling points South, East, Supply and 3rd in the prototype correspond to the
points South, East, Supply and Exhaust in the model. The response in the model is
quicker than in the prototype.

Table 5.12 show a comparison of the air change efficiencies and local indexes for the pro-
totype and the model for the whole building. The air change efficiencies match fairly good
between the prototype and model, although the efficiency in the model is slightly lower.
This is most likely because of the non-ideal temperature difference. There are consider-
ably greater inequalities in the local air change indexes. The index in the south corner of
the prototype are more than twice the value of the model. There are probably multiple
reasons for this deviation. The air leakage, temperature difference and the unequal air
flow patterns are considered to have the most most influence over the similarity, and make

the model behave different from the prototype.

Table 5.12: Comparison of air change efficiencies prototype and model

Prototype
Date 09.03.2016
Sample point South 1500 East 1500 North 1500 Exhaust
Mean age of air 45,03
Local mean age of air 25,35 29,39 28,75 41,67
Nominal time constant 41,67 41,67 41,67 41,67
Air change efficiency, % 46,27

Local air change index, % 164,36 141,77 144,93 100,00

Model

Date 04.06.2016

Sample point East 375 South 375 North 375 Exhaust
Mean age of air 11,55
Local mean age of air 12,30 12,26 8,31 9,68
Nominal time constant 9,68 9,68 9,68 9,68
Air change efficiency, % 41,90
Local air change index, % 78,69 78,92 116,42 100,00

Table 5.13 show a comparison of the air change efficiencies and local indexes in the east
corner. The air change efficiencies are quite equal. Similar to the previous comparison, the
local indexes differ significantly. However, they seem to show the same trend of increasing
as the height above the floor increases. This might indicate that the air flows in this area

of the model are somewhat similar to the prototype.
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Table 5.13: Comparison of air change efficiencies prototype and model

Prototype
Date 10.03.2016
Sample point East 100 East 1100 East 2000 East 2900 Exhaust
Mean age of air 45,51
Local mean age of air 39,11 40,01 36,58 36,59 43,26
Nominal time constant 43,26 43,26 43,26 43,26 43,26
Air change efficiency, % 47,53

Local air change index, % 110,62 108,11 118,25 118,22 100,00

Model

Date 01.06.2016

Sample point East 25  East 275  East 500  East 725 Exhaust
Mean age of air 11,56 45,51
Local mean age of air 14,31 13,50 12,48 11,41 10,25
Nominal time constant 10,25 10,25 10,25 10,25 10,25
Air change efficiency, % 44,34
Local air change index, % 71,65 75,95 82,18 89,90 100,00

The model reached a temperature difference of approximately eight degrees Celsius. This
gave a lower Archimedes number in the model than in the the prototype. It is hard
to predict exactly how this affect the similarity, but considering that the model ideally
should have a difference of 16 degrees Celsius to match the Archimedes numbers, it is

assumed it is going to affect the air flow significantly.

Overall, the model and the prototype do not share satisfactory similarity yet. Although
the air change efficiencies match reasonably well, the local air change indexes differs
extremely, the air flow patterns are not equal, and the air leakage in the model is unac-
ceptably high. It is believed, however, that the model and prototype can share similarity
after improvements have been made to the air leakage, temperature difference and control

of the extra air coming from the part of the floor excluded from the model.

5.7 Discussion
There is an open walkway between the prototype building and another building. The

tracer gas measurements performed in this thesis and previous measurements by Segnen

(2015) indicate air movement between the two buildings. This is not considered in the
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model, and might have an effect on the similarity. The pressure in each building is
supposed to be equal, so it is not supposed to be exchange of air between them. The

measurements although, suggest there are some interference between the buildings.

As mentioned in the background theory in Chapter 2, in order to measure air change
efficiency, the room must exchange air only with the outside, and can not have any inflow
of air from other parts of the building. When the air leakage in the model is this high, it
has the same affect as inflow from another part/room. This impairs the results from the

tracer gas and temperature measurements.

The extra air from part of the floor in the prototype excluded from the model may have

an effect on the air flow in the office landscape. This is not considered in the thesis.

Although the air change efficiency is low, this does not necessarily mean poor air quality for
the occupants. Plumes along the body causes air in the breathing zone to be considerably
better than in the surrounding air. This requires the displacement ventilation strategy to

work however, as there can not be excessive mixing for this effect to be present.

Complete steady state temperatures in the model was not achieved during the experi-
ments. This can likely be achieved by leaving the heat sources in the model on for longer
periods of time, and setting the supply temperature at a set-point where it can maintain
a constant temperature for the whole period of the experiment, regardless of the outside

conditions.

The velocity mapping hold no information about the direction of the flow at each mea-
surement location. The air was assumed to flow radially form the diffuser. However,
smoke experiments indicated that the air in some part actually flowed in towards the
diffuser. This effects the accuracy of the measurements. Places where the air velocities
are high are assumed to have flow radially from the diffuser, and the analysis regarding

those results should hold certain credibility.
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Chapter 6

Conclusion

A reduced-scale model was designed, built and outfitted with experimental equipment.

The model was validated against the prototype building Powerhouse Kjgrbo.

The tracer gas measurements in the prototype show that the air change efficiency is below
50 %, which is lower than what is expected for displacement ventilation. This indicate
existence of short-circuiting and stagnant zones in the building. The local air change
indexes were above 100 %, but only marginally. This indicate displacement characteristic
of the air flows in the measured zones, but also suggest that some mixing between the
air stratified layers occur. Similar air change indexes at the floor and ceiling indicate
the same issue, that the air stratification in certain areas of the office landscape are
suboptimal. Comparison of the air change indexes for the office landscape and for the
whole floor suggest that short-circuiting and stagnant zones may occur in in other parts
of the building than the office landscape. Minor air leakage within the exchanger still
occurs. Lower air change indexes close to the floor in the east corner suggest that the

bookshelves placed around the corner may work as obstructions to the air flow.

The tracer gas measurements in the model show that the air change efficiency is similar
to the prototype. However, the local air change indexes differs extremely. Excessive air
leakage and suboptimal temperature differences in the model are concluded to be the
main causes for this. The improvements made to the air-tightness were confirmed by the
tracer gas measurements. Similar to the results in the prototype, the lower air change

indexes close to the floor in the east corner suggest that the bookshelves placed around
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the corner may work as obstructions to the air flow.

The temperature measurements in the model reveal a temperature difference which is
relatively stable, but nonetheless insufficient to match the Archimedes number to the pro-
totype. The cooling capacity of the air handling unit, air leakage, and uninsulated ducts
are identified as the main causes. The improvements of the air-tightness were confirmed

by the measurements, as it reduced the deviation in the temperature difference.

The diffuser velocity mapping in the prototype show that velocities in the center of the
discharge are lower than on the sides, indicating that the isovel of the diffuser are indistinct
and unstable. Smoke visualization show that the discharge was not even and radial. These
results suggest instability in the discharge caused by a large diffuser area. The issue affect
the air distribution into the room and can cause short circuiting. The adjacent zone of the
mapped diffuser are approximately one meter. No occupants or obstructions are found

within this zone.

The diffuser velocity mapping in the model reveal that the velocities and flow rates of
the discharge was largest on the opposite side of the diffuser compared to the prototype.
This directs the air flow from the diffuser in the model towards different parts of the office

landscape than in the prototype.

The comparison of results conclude that the model and the prototype do not share satis-
factory similarity yet. The local air change indexes differs too much, the air flow patterns
are not equal and the air leakage in the model are unacceptably high. However, there are
indications that the air flows in some of the zones are behaving similarly, It is believed
that the model and prototype can share similarity after improvements have been made
to the air leakage, temperature difference and control of the simulation of the extra air

coming from the part of the floor excluded from the model (controlled by the channel

fan).

6.1 Recommendations for Further Work

The design, construction and validation of a reduced-scale model is a time consuming

task, and is only the beginning of the project and possibilities that surround a building
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model. There are still a lot of aspects left to study with the constructed model. The
important part of utilizing the model in order to gain more knowledge of and improve
ventilation strategies are still unexplored. It is highly recommended to continue working
on the model until similarity is achieved and the model can provide results that relate to

the prototype building.
Some recommendations for further work are:

e Improve the air-tightness of the model envelope. Perform tests to determine the air

leakage number of the model.

e Increase the temperature difference in the model, by insulating the ducts, achieve

colder air from the AHU, bleed of more more air to reduce air heating in the ducts.

e Perform experiments to determine the contaminant removal effectiveness (CRE) and

local air quality index.

e Further improve the similarity by experimenting with changing air velocities and

flow rates in the model.

e Perform temperature and velocity mapping to further validate and improve the

similarity.

e Experiment with heat source placement and distribution. Experiment with different

set ups, such as different number of heat sources, placement and heat outputs.
e Perform more extensive and detailed smoke experiments in the model and prototype.

e Experiment with ways of using the channel fan in a way that can improve the

similarity.
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Appendix A

Location of Tracer Gas Sampling

Points

02 Air supply (VAV) 629 Air supply (CAV) 628 Exhaust (CAV)
= Panel radiator =< PK temp. sensor o Sampling point

Figure A.1: Location of sampling points for tracer gas measurement on March 9, 2016 -
second set
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Figure A.2: Location of sampling points for tracer gas measurement on March 10, 2016
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Figure A.3: Location of sampling points for tracer gas measurement on June 1, 2016 -
first set
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Figure A.4: Location of sampling points for tracer gas measurement on June 1, 2016-
second set
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Appendix B

Air Velocity Data
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Table B.1: Air velocity data prototype duct ¢ 400 (m/s)

Anemometer probe Air velocity Anemometer
insertion depth (mm) (m/s) Location
12,8 1,44 1
54 1,6 2
128,4 1,59 3
271,6 1,56 4
346 1,58 5
387,2 1,47 6
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Table B.2: Air velocity data for the prototype (m/s)

Anemometer probe height
Anemometer
30mm 100mm 400mm 700mm location
0,21 0,12 0,15 0,11 Al
0,28 0,13 0,17 0,28 A2
0,25 0,27 0,26 0,3 A3
0,23 0,16 0,18 0,22 A4
0,21 0,17 0,43 0,34 B1
0,25 0,26 0,29 0,3 B2
0,27 0,24 0,11 0,17 B3
0,2 0,22 0,11 0,12 B4
0,25 0,24 0,34 0,16 C1
0,23 0,22 0,18 0,25 C2
0,2 0,22 0,08 0,16 Cc3
0,16 0,12 0,09 0,23 C4
0,18 0,24 0,16 0,09 D1
0,13 0,11 0,11 0,24 D2
0,16 0,11 0,09 0,16 D3
0,1 0,12 0,02 0,13 D4
0,15 0,15 0,22 0,36 El
0,09 0,06 0,14 0,19 E2
0,16 0,13 0,08 0,17 E3
0,13 0,11 0,14 0,16 E4
0,13 0,11 0,45 0,35 F1
0,15 0,13 0,15 0,24 F2
0,12 0,12 0,11 0,18 F3
0,15 0,14 0,13 0,14 F4
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Table B.3: Air velocity data for the model (m/s)

Anemometer probe height
Anemometer
7,5 mm 25 mm 100 mm 175 mm location

0,15 0,1 0,05 0,02 Al
0,17 0,13 0,08 0,03 A2
0,17 0,12 0,04 0,11 A3
0,16 0,14 0,05 0,08 A4
0,05 0,04 0,1 0,1 B1
0,16 0,16 0,1 0,03 B2
0,17 0,1 0,07 0,08 B3
0,16 0,16 0,05 0,12 B4
0,04 0,13 0,08 0,13 Cc1
0,15 0,12 0,13 0,03 C2
0,19 0,17 0,09 0,06 C3
0,19 0,18 0,07 0,03 Ca
0,05 0,16 0,11 0,11 D1
0,18 0,15 0,12 0,08 D2
0,18 0,17 0,15 0,04 D3
0,18 0,18 0,09 0,05 D4

0,1 0,12 0,14 0,17 El
0,18 0,14 0,17 0,14 E2
0,19 0,18 0,15 0,02 E3
0,22 0,16 0,11 0,04 E4
0,13 0,15 0,18 0,15 F1

0,2 0,17 0,15 0,09 F2
0,23 0,14 0,13 0,13 F3

0,2 0,2 0,16 0,02 F4
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Appendix C

Charts of Diffuser Air Velocity

Mapping
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Width (Location) [cm]

Figure C.1: Air velocities at height of 30mm- prototype
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Figure C.2: Air velocities at height of 100mm - prototype
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Figure C.3: Air velocities at height of 400mm- prototype
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Figure C.4: Air velocities at height of 700mm - prototype
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Figure C.5: Air velocities at height of 7.5mm - model
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Figure C.6: Air velocities at height of 25mm - model
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Figure C.7: Air velocities at height of 100mm - model
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Figure C.8: Air velocities at height of 175mm - model
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Appendix D

Excel Worksheet for Tracer Gas

Calculations

This appendix present the Excel data sheet for calculating the air change efficiency and
local air change index from one single sampling point. A total of 42 data sheets equal
to the one presented here make up the entire tracer gas calculation. The following sheet
are the sampling point in the exhaust from the measurement in the model on June 4,

2016.
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Exhaust 0,55
Time N20 REG N20

00.05.25 0,92 0,38
00.11.35 8,72 8,17
00.18.10 13,46 12,91
00.24.30 15,15 14,60
00.30.30 15,65 15,11
00.36.40 15,96 15,41
00.42.40 16,00 15,45
00.49.10 15,74 15,19
00.55.30 15,93 15,38
01.01.30 15,99 15,44
01.07.40 15,83 15,29
01.14.10 15,79 15,25
01.20.10 15,67 15,13
01.26.30 15,68 15,13
01.32.30 15,31 14,76
01.38.40 15,38 14,83
01.45.10 15,46 14,91
01.51.10 15,02 14,47
01.57.35 13,97 13,42
02.03.50 7,03 6,48
02.09.50 3,78 3,23
02.16.20 2,19 1,64
02.22.25 1,48 0,93
02.28.40 1,15 0,60
02.34.55 0,96 0,41
02.40.50 0,81 0,27
02.47.20 0,73 0,18
02.53.20 0,70 0,15
02.59.40 0,66 0,11
03.05.50 0,62 0,07
03.11.50 0,57 0,02
03.18.20 0,59 0,04
03.24.45 0,57 0,02
03.30.40 0,55 0,00
03.36.50 0,55 0,00
03.42.50 0,56 0,01
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Appendix E

Equipment

E.1 Tracer Gas Measurement Mquipment and Mp-

paratus

(a) Multi-gas monitor Type 1302 (b) Multi-point sampler Type 1303

Figure E.1: Tracer gas sampler and monitor equipment

To measure gas concentration, a sampler and monitor system from Briiel & Kjeer were
used. The Multi-point sampler and doser Type 1303 has six channels for sampling of
tracer gas, and six channels for dosing. The sampling and dosing is done at regular time
intervals. The instrument also has six inputs for temperature sensors. For the experiments
in this thesis, only the sampling inputs are used. The samples are collected by suction
through plastic tubes up to 50 meters long. The collected sample is delivered through
another tube to the Multi-gas monitor Type 1302 to be analyzed. Both the sampler
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Table E.1: Tracer gas properties

Chemical name Nitrous oxide
Chemical formula N20 NyO

Physical state at 20°C and 1 atm Gas

Color Colorless Colorless

Smell Slightly sweet-scented Slightly sweet-scented
Molar weight 44 g/mol 44g/mol

Melting point -90,81 -90.81

Boiling point -88,5 -88.5

Critical temperature 36,4 36.4

Relative density, gas (air=1) 1,5 1.5

Relative density, liquid (water=1) 1,2 | 1.5

Density 1.98 kg/m3 or g/L 19 kg/m3
Conversion (ppm = mg/m3 1 ppm = 1.8 mg/m?
) 1 ppm = 1,8 mg/m3 No know toxicity

and monitor is controlled remotely from a computer running the LumaSense Technologies
Application Software - Innova 7620. The software is capable of activating the desired
gas filters and sample channels, where each channel correspond to a specific location in
the room. The locations can be named for organization, and the computer then logs the
concentration of gas for each location (Technologies, 2008). All data is saved to a database
and can be viewed graphically of numerically. The active gas filters for the experiments
in this thesis was nitrous oxide (n2o0). For a more in-depth technical review of the the

Type 1302 gas monitor, please refer to Kjeer (1990).

The tracer gas used in the experiments were nitrous oxide (N,O) from a pressurized
cylinder of 10 liters at 50 bar, or 7.5 kg. At room temperature, it is a colorless, non-
flammable gas, with a slightly sweet odor and taste. One of its uses apart from tracer
gas experiments are in surgery and dentistry for its anaesthetic and analgesic effects. At

elevated temperatures, nitrous oxide is a powerful oxidizer similar to molecular oxygen

(AGA, 2016).

E.2 Air Velocity Measurements

To measure air velocities the TSI VelociCalc 9555-P probe anemometer was used. The
device averages each air velocity sample over a user defined sampling period between 1

and 60 seconds. The samples are be saved to a database within the device and can be
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exported for later analysis.

E.3 Air Flow Rate Measurements

To measure air flow rates the TSI VelociCalc 9555-P was used. The VelociCalc can mea-
sure flow by either entering the k-factor into the machine and measure pressure drop over

the dampers, or entering duct size and measuring the average velocity in the duct.

E.4 Smoke visualization

To visualize air movement with smoke Drager air current tubes was used. Once breaking
the seal on a tube, is emits smoke for a certain amount of time. A small rubber bladder is

attached to the smoke tube in order to push out a desired amount of smoke smoke.

E.5 Temperature Measurements

Type T thermocouples were used to measure temperature at different heights and loca-
tions in the model. The thermocouples are connected to a data logger system by National
Instruments. The data are sent to a computer running a custom made National Instru-
ments LabVIEW program. The data are logged at desired time intervals, an written to a

text file on the computer an stored for later analysis.

E.6 Sampling Intervals of Equipment

The Briiel & Kjeer tracer gas equipment runs in intervals of about 1 minute per sampling
point. When utilizing all six sampler points, This results in one full measuring sequence
taking approximately six minutes to finish, and again means that information from each

specific point are acquired every six minutes.

The VelociCalc anemometer data logger averages the velocity over a given time interval.

At each stand location, the anemometer data was collected at five seconds. For the duct
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traversing, it was set to ten seconds.

The data logger gathered information from all thermocouples simultaneously every two

minutes.
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Appendix F

Presence of People During a Work
Day

The presence of people was measured during the course of one work day. Figure F.1 show
an overview at different times of the day. The average presence of people on the whole

floor during the day is 20.75 while the average presence for the area modelled in this thesis

is 10.25.
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Figure F.1: Presence of people on 2nd floor at different times on March 10. The numbers
indicate the number of people in the specified area
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Appendix G

Floor Plans and Drawings of the

Model and Prototype
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Appendix H

Calibration of Equipment

It is crucial to have as accurate equipment as possible to get reliable results from experi-
ments. This is achieved by calibration. The Briiel & Kjeer Multi-gas monitor Typel302
and the TSI comes with a calibration card, see Figures H.1, H.2 and H.3

The thermocouples were calibrated manually. The thermocouples were put into an insu-
lated cup of heavily iced water, and a set of zero point temperature measurements were
taken. Table H.1 show each thermocouple’s mean error from zero degrees Celsius, and the
standard deviation of the measurement samples. The mean error for each thermocouple

is subtracted from its respective measurement data value.

H.1 Errors in Calibration Methodology

The ice-water may not be exactly zero degrees. The thermocouples all show a temperature
above zero degrees, which rises the question if the water is exactly at freezing point. The
thermocouples may also touch the edges of the cup, which is not necessarily at zero

degrees.

137



50209, =rd = W :aanjeusig

Do 08I surodma(y
(sv8 o107 wamodv s210/q) sanode A TIICAN

X (0°S 'N < Aengy) pasn sep oaoz
7 :Aq parnjoenuey
% Kaendy
sjuLIuU0)

nmNMv OMQN

SJoNpOLJ I/ :4q paanjoemuey
SyFuow 09 :93ep sish[eue sed 1a1Je prep
FI0TFI ﬁﬁﬁmca sed Jo :req
PL9%7 ¥ wdd G0'C Ris12:1ERI V)
3P1X0 U2S0A3TUI(T sJuLIu0))
$668055000%0 ou gedynIen

1, 2102111437 SISKPUY,, 23 WoLf pIDC] :sen) QNQ@

: suoneoydadg seo) uedg

wdd ¢o°¢ {UOPEBNUIIUOY) SBr) uoneIqIe)
7 :sed aIynsqng

:sed ogyroadg

2pIX0 WaBOLTUAC]

sgornerqied wﬁtﬁwﬁ poasn seo)

70€T 2dAT,

Tegua
Do

wdd
wdd

wdd
wdd
widd
wdd

sypuowt ¢ jo pouad
© J0J Ajueires € Aq PaIoA0d ST uoneIqie)) s,

“UOPAQIPD SupNp 20Pf4Ns FunpIGIA-UOU
D UO PATUNOW PAIDLGIDI SDM JOTUON] SPE) aY ],

S9X {pasn 3uiqny uoyeN
0°0001 :aanssaxd Jusrqury
9°¢t :aanjesadws) JusIquIy
100 {uoneIASp piEpUEIS
PTG :[9A9] UOHENUIOUOD SeS IFeIAY
€0-H68°/ :(sed 019z 19\ ) ‘UOIIEIAdD prepuelg

0°37€T :(se3 019z J9 ) ) ‘[9Ad] 013z oderoay
70-90ST  :(se8 019z A1) ‘uonerasp piepuelg

€0-d61°C-  :(sed oxdz A1) ‘joa9) o1z aderaay

: BJe(] UoneIqIEe)

JOJITUON wmw\ﬁ—ﬁﬂz J0J Jaeqn) uoneiqien)

'S 01 7 supq 03 pardoo s1uanffa0)) |

00FA0000 _ :d 93]l UO 90UDIYIdIUI $SOID)

N d h@u—ﬂ uao OUEOhuwkwuﬁm mwoho

Q0+AI0OFT  :D 193]l UO IDUIIJIS)UI SSOID)
% : I9)[IJ UO IJUIIIJIIUL SSOLD)
%\ 1Y I9)[J UO 9DUDIIJIIUL SSOLD)
S0+d006°T £10J0B] UOISISAUOD U0
70-959¢7 :1030v} ured AIprounty
90-9960°¢€ :, 40308} JOSJO UONEBIUIIUOY)
10FF JYS1om JeISJOIN
3PIX0 U2S0IITU(] :wreu seo)

: 19)]1] J0} eIR(] UOHRIqIE))

T ojueq 1]

ad  :uonmsod ur pajresuy Ly

‘wdd €00 Iy uondIR
Y4 3PIXO UBOLITUI(] :aInseawt
01 G0 VIT oI 1eandQ pIEIsu]

FO89F8T : 'ON [eH98

SIIDOTONHO3IL

ASNAQVINN'|

Figure H.1: Calibration certificate of the N5O filter of the Briiel & Kjser Multi-gas monitor

Typel302
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CERTIFICATE OF CALIBRATION AND TESTING
v ‘ TSI Instruments Ltd, Stirling Road, Cressex Business Park
High Wycombe Bucks HP12 3ST England
Q] Tel: (Int +44) (UK 0) 1494 459200 Fax: (Int +44) (UK 0) 1494 459700 http://www.tsiinc.co.uk
ENVIRONMENT CONDITION
MODEL 964
TEMPERATURE 2211 °C
RELATIVE HUMIDITY 33.19 %RH
SERIAL NUMBER P08250056
BAROMETRIC PRESSURE 1015.2 hPa
Bd As Lt EJIN ToLERANCE
[ As Founp Clout oF ToLERANCE
—CALIBRATION VERIFICATION RESULTS-
TEMPERATURE VERIFICATION SYSTEM T-201 Unit: °C
#] STANDARD | MEASURED |  ALLOWABLE RANGE | #| STANDARD | MEASURED |  ALLOWABLE RANGE
1] 0.0 | 0.0 | —0.3~0.3 2] 60.0 | 60.0 [ 59.7~60.3
HUMIDITY VERIFICATION SYSTEM H-201 Unit: %RH
#| STANDARD MEASURED ALLOWABLE RANGE #| STANDARD MEASURED ALLOWABLE RANGE
1 10.0 9.4 7.8~12.2 4 70.0 69.3 67.8~72.2
2 30.0 294 27.8~32.2 3 90.0 88.6 87.8~92.2
3 50.0 49.6 47.8~52.2
VELOCITY VERIFICATION SYSTEM V-372 Unit: m/s
#| STANDARD MEASURED ALLOWABLE RANGE # STANDARD MEASURED ALLOWABLE RANGE
1 0.00 0.00 —0.02~0.02 7 3.30 3.29 3.20~3.40
2 0.18 0.18 0.16~0.19 8 5.11 5.11 4.96~5.26
3 0.33 0.33 0.32~0.35 9 7.50 7.55. 7.28~7.73
4 0.51 0.51 0.49~0.52 10 12.70 12.71 12.32~13.08
5 0.81 0.81 0.79~0.84 11 22.94 23.06 22.25~23.63
6 1.69 1.68 1.64~1.74 12 40.50 41.08 39.28~41.71
TSI does hereby certify that the above described instrument conforms to the original er’s (not licable to As Found

data) and has been calibrated using standards whose accuracies are traceable to members of the Eurgpean co-operation for Accreditation (E4)
(for example: UKAS, SWEDAC, DAKKS) or has been verified with respect to instrumentation whose accuracy is traceable to some member of EA,
ieql

or is derived from pted values of ph TSI's calibration system is registered to ISO-9001:2008 and meets the requirements of
1SO 10012:2003.

Measurement Variable —System ID Last Cal. Cal. Due M Variable System ID Last Cal. Cal. Due
Temperature E006116 13-06-11  13-06-12 Temperature E006007 22-03-11  22-03-12
Temperature E006019 29-03-11  29-03-12 Humidity E006126 13-04-11  13-04-12
Volts E006079 29-03-11 29-03-12 Temperature E006007 22-03-11  22-03-12
Pressure E006089 13-06-11  13-06-12 Barometer Pressure E006068 13-06-11  13-06-12
Pressure E006076 13-06-11  13-06-12 Temperature E006104 13-06-11  13-06-12
DC Volts E006082 13-06-11 13-06-12 Pressure E006059 29-03-11  29-03-12
Velocity E006017 18-01-11 18-01-13
/,Z//“/.—_“

16 January, 2012
CALIBRATED DATE
Doc. ID: CERT_GEN_WCC

Precision
Technic Nordic

PSS
Presisjons Teknikk as
TIf: 23 40 41 41 www.ptnordic.no
post@ptnordic.no

Figure H.2: Calibration certificate of the TSI VelociCalc 9555-P
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ﬁ CERTIFICATE OF CALIBRATION AND TESTING

‘ TSI Instruments Ltd, Stirling Road, Cressex Business Park
High Wycombe Bucks HP12 3ST England
™ Tel: (Int +44) (UK 0) 1494 459200 Fax: (Int +44) (UK 0) 1494 459700 http://www.tsiinc.co.uk
ENVIRONMENT CONDITION
MODEL 9555-P
TEMPERATURE 220 °C
RELATIVE HUMIDITY 30.93 %RH
SERIAL NUMBER 9555P0846025
BAROMETRIC PRESSURE 1014.6 hPa
B As LeFT EJIN ToLERANCE
[ As Founp CJout oF TOLERANCE

—CALIBRATION VERIFICATION RESULTS-—

THERMO COUPLE SYSTEM PRESSURE(2-01 Unit: °C
#] STANDARD | MEASURED |  ALLOWABLE RANGE __ ||#| STANDARD | MEASURED | _ ALLOWABLE RANGE
1 202 | 20.3 | 19.1-21.3 71 | |
DIFFERENTIAL PRESSURE SYSTEM PRESSURE02-01 Unit: Pa
#| STANDARD MEASURED ALLOWABLE RANGE #| STANDARD MEASURED ALLOWABLE RANGE
1 —1003.0 —1003.5 —1013.9~-992.0 3 19733 1974.1 1952.7~1994.0
2 535.6 5344 529.1~542.1 4 3472.1 3472.6 3436.4~3507.7
BAROMETRIC PRESSURE SYSTEM PRESSURE(2-01 Unit: hPa
#| STANDARD MEASURED ALLOWABLE RANGE #| STANDARD MEASURED ALLOWABLE RANGE
1 675.6 675.9 662.0~689.1 3 1206.9 1206.9 1182.9~1231.0
2 1019.6 1019.6 999.3~1040.0

TSI does hereby certify that the above described instrument conforms to the original er's i ion (not applicable to As Found

data) and has been calibrated using standards whose accuracies are traceable to members of the Eurgpean co-operalio;l for Accreditation (E4,
(for example: UKAS, SWEDAC, DAKkS) or has been verified with respect to instrumentation whose accuracy is traceable to some member of EA,
o§ g derived from accepted values of physical constants. TSI's calibration system is registered to ISO-9001:2008 and meets the requirements of
1SO 10012:2003.

Measurement Variable SystemID  LastCal.  Cal. Due
DC Voltage E006008 29-03-11  29-03-12
Temperature E006007 22-03-11  22-03-12

Pressure E006004 29-03-11  29-03-12

Measurement Variable = System ID LastCal.  Cal. Due
Pressure E006030 29-03-11  29-03-12

// (MZ—?’ 13 January, 2012

CALIBRATED DATE
Doc. ID: CERT_GEN_WCC

Precision
Technic ‘ Nordic

Presisjons Teknikk as
TIf: 23 40 41 41 www.ptnordic.no
post@ptnordic.no

Figure H.3: Calibration certificate of the TSI VelociCalc 9555-P
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Table H.1: Error from zero point (0°C)

Thermocouple Mean (°C) Standard deviation (°C)

T2 0,326 0,016
T3 0,462 0,022
T4 0,591 0,018
T5 0,411 0,024
T6 0,450 0,025
T7 0,579 0,026
TS 0,539 0,025
T9 0,142 0,024
T10 0,212 0,033
T11 0,274 0,022
T12 0,206 0,017
T13 0,713 0,021
T14 0,922 0,056
T15 0,974 0,267
T16 0,900 0,044
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Appendix 1

Data Sheet for Damper and Channel

fan

The following data sheets are used for calculation of airflow rates in the model. The
CK100C channel fan comes paired with a dimmer that allow for speed control. The
DIRU Iris-damper has pressure measurement tubes that allow for flow rate calculations.
The position of the damper gives a certain k-factor. The k-factor, together with the
pressure drop allow for the flow rate to be calculated by the formula found on the side of

the damper:

q=kx*\/p;

where:
q = air flow rate

p; = pressure drop
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lindab | spjéill och mitdon

Flodesmatspjall

Dimensioner

DIRU

T

5 I
Q
Beskrivning 2d, oD | m
DIRU ér ett irisspjall fér métning och injustering av luftfléden. nom mm mm kg
DIRU har féljande egenskaper: I18g ljudniva, centriskt fldde, 80 135 5o 0.60
fasta matuttag som ger noggrann flédesmétning samt ar 100 163 54 0’80
utrustad med regleringsfunktion som kan 6ppnas helt, vilket !
betyder att det inte krévs nagon renslucka. 125 210 63 1,20
Klarar tathetsklass C. 160 230 60 1,40
2 2, 2 2

Dimensioneringsdiagrammen ska anvéndas for att 00 85 6 00
bestdmma tryckfallet 6ver flodesmétspjallet samt ge infor- 250 333 62 2,60
mation om ljudeffektniva vid olika instaliningar. 315 406 63 3,40
vid ini . llet ska ini ingsdi 400 560 70 6,90

i Ln;usten@ aY spjal ?t E a |n!uster|ngs |agr§mmen . 500 644 60 7.90
anvéndas. For flodesmétspjall finns en monterings-, mat-
nings-, injusterings- och skoétselanvisningen (MMIS). 630 811 60 1.9
Reglerskivorna bildar en matflans som majliggor flédesmat-
ning. Avlast tryckfall dver donets matnipplar ger luftflédet
efter uttrékning med k-faktor. K-faktor och spjallinstélining
ar sammat tal, vilket innebér att man slipper avlasa diagram
for att fa fram k-faktorn utifran en viss spjéllinstalining.
Luftflédet regleras med spjéllets handtag.
Utférande
Spjallet ar tillverkat i galvaniserad stalplat
Montering
DIRU injusteringsspjall monteras sé att stérningsavstandet
beaktas.
Rensning
Genom att stélla spjéllet i Sppet Iage kommer man at att
rensa kanalen. Kom ihag att aterstélla spjllet efter rensning.

Bestéllningsexempel
DIRU 160

Produkt |
Dimension @d4

202 Ratt till andringar forbehalles

j @ Lindab |
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CK 100
CK 125

A/C
A/C

Rohrventilator mit riickwarts gekrimmtem Laufrad

CK 100 A/C
DRUCK/VOLUMEN Volumen mih TECHNISCHE ANGABEN ABMESSUNGEN (mm)
0 75 150 225 300 1
400 T - T K 100 A 100 C
K VHz 23050 230/50
5 350
[ Strom, A 0,18 0,27 -
& 300 Leistung, W M 62
Drehzahl, 1730 2530
250 rehzahl, rpm 3 =
Gewicht, kg 24 24 N -
200 N 8
Schaltplan 4040002 4040001
150 , UF 3 2
100 \ 60°C Motor F F -
60°C Motorschutz, Motor IP 44 IP 44
50
/ .
0 ZUBEHOR
[ 002 004 006 008 010
Volumen ms Befestigungsmanschette, Halterung, Schutzgitter, Thermo-
stat, LU & Rohrversc D
LEISTUNG/VOLUMEN SCHALLDATEN
80
= C CK 100 A, 144 m*/h 125Pa  LpA LwWA totdB (A) 63 125 250 500 1K 2K 4K 8K
© [ A Umgebung 36 43 35 21 33 35 39 37 37 31
40
L Ansaugstutzen 66 45 56 64 60 58 52 45 38
20 =1
0 002 004 006 008 0,10
Volumen /s CK100C, 216 m/h170Pa  LpA  LwAtotdB(A) 63 125 250 500 1K 2K 4K 8K
Umgebung 42 49 34 23 40 40 44 42 44 38
Ansaugstutzen 70 50 61 66 65 65 59 52 46
CK 125 A/C
DRUCK/VOLUMEN Volumen mh TECHNISCHE ANGABEN ABMESSUNGEN (mm)
0 100 200 300 400 500 r
& 400 T T T K 125A 125¢C
ng 350 V/Hz 230/50 230/50
£ Strom, A 0,18 0,27
& 300 .
© \ Leistung, W 40 62
250 Drehzahl, rpm 1640 2480 N
<
Gewicht, ki 24 25 N
200 \\ 9 «
{ Schaltplan 4040002 4040001
150 A \ Kondensator, uF 3 2
100 Motor F F
o
It \ZO C Motorschutz, Motor P44 P44
50
0 ZUBEHOR
0 002 004 006 008 010 012 014
Volumen m¥s Befestigungsmanschette, Halterung, Schutzgitter, Thermo-
stat, LG & Rohrversc D
LEISTUNG/VOLUMEN SCHALLDATEN
80
= c CK 125 A, 144 m*/h 130 Pa  LpA LwA totdB (A) 63 125 250 500 1K 2K 4K 8K
& 7 Umgebung 36 43 Bo 20 B5 34 38 38 36 30
40
A Ansaugstutzen 67 44 51 66 60 56 52 47 39
20 |
0 002 004 006 008 010 012 014
Volumen m/s CK125C, 288 m/h 145Pa  LpA LwA totdB (A) 63 125 250 500 1K 2K 4K 8K
Umgebung 42 49 36 25 39 39 a4 43 45 36
Ansaugstutzen 70 49 55 64 67 64 60 55 48
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Appendix J

Risk Assessment Report

The following risk assessment report was performed prior to the experiments in the

reduced-scale model.
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1 INTRODUCTION

A reduced-scale model of a ventilated office building has been built. The ventilation
efficiency of the model will be evaluated by performing tracer gas experiments.
Temperature and air velocities in the model will be measured. The working conditions of the

test is listed in the table below:

Parameters Conditions

Working media Air with atmospheric pressure
Air temperature 15°C-30°C

Air relative humidity 20% - 60 %

Air-flow rate 40-80 m3/h

Pressure *+ 100 Pa

2 ORGANISATION

Rolle

Prosjektleder

Hans Martin Mathisen

Apparaturansvarlig

Hans Martin Mathisen

Romansvarlig

(Lars Konrad Sgrensen)

HMS koordinator

Morten Grgnli

HMS ansvarlig (linjeleder):

Olav Bolland

3 RISK MANAGEMENT IN THE PROJECT

Hovedaktiviteter risikostyring

Ngdvendige tiltak, dokumentasjon

DATE

Prosjekt initiering

Prosjekt initiering mal

Veiledningsmgte
Guidance Meeting

Skjema for Veiledningsmgte med
pre-risikovurdering

Innledende risikovurdering
Initial Assessment

Fareidentifikasjon — HAZID
Skjema grovanalyse

Vurdering av  teknisk sikkerhet
Evaluation of technical security

Prosess-HAZOP
Tekniske dokumentasjoner

Vurdering av operasjonell sikkerhet
Evaluation of operational safety

Prosedyre-HAZOP
Opplaeringsplan for operatgrer

Sluttvurdering, kvalitetssikring
Final assessment, quality assurance

Uavhengig kontroll
Utstedelse av apparaturkort
Utstedelse av forsgk pagar kort

4 DESCRIPTIONS OF EXPERIMENTAL SETUP

The test rig consists of a physical model. The model is connected to the ventilation system in
the laboratory and a separate fan, which provide the air needed for experiments.
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(o) Example of
sampling point

Figure 1.1: Description of the tracer gas setup and pictures of the test rig. The gas will be
injected straight into the vertical duct seen on the pictures, not into the air-handling unit.

The air states will be monitored by thermocouples and anemometers. The tracer gas
concentrations are monitored by a gas sampler and analyser. The tracer gas used for

experiments are nitrous oxide (N2O). The equipment and instruments are be described in the
tables below.

Instrument list

Description Manufacture Model
Anemometer TSI
Anemometer TSI VelociCalc 8388
Tracer gas sampler Briel & Kjeer Type 1303
Tracer gas monitor Briiel & Kjaer Type 1302
Thermocouple T1-T16 | Lab T type
Data logger National Instruments | NI cDAQ-9172
Air handling unit Systemair Gold-08 RX
Fan Lindab CK 100C
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Equipment list

Description Manufacture Material Model

Reduced-scale model | Lab extruded polystyrene foam Custom made
(Styrofoam), wood, Poly-
methyl methacrylate
(Plexiglas)

Ducts, dampers, Lindab Steel, plastic PSU, CK, DIRU, FHDD
diffusers

Shutdown procedure consist by switching off the channel fan in the test room and the air
handling system placed on the floor directly below the test room. Delivered air is stopped by
switching off the fans. The tracer gas supply is stopped by turning the valve on top of the
tank clockwise until it is shut. The heat sources are disconnected by unplugging them.

5 EVACUATION FROM THE EXPERIMENTAL AREA

Evacuate at signal from the alarm system or local gas alarms with its own local alert with
sound and light outside the room in question, see 6.2

Evacuation from the rigging area takes place through the marked emergency exits to the
assembly point, (corner of Old Chemistry Kjelhuset or parking 1la-b.)

Action on rig before evacuation:
e Shut off the N;O gas supply by closing valve on the tank
e Switch off the fan connected to the model
e Unplug the heat sources

6 WARNING

6.1 Before experiments

Send an e-mail with information about the planned experiment to:
iept-experiments@ivt.ntnu.no

The e-mail must include the following information:
e Name of responsible person:

e Experimental setup/rig:

e Start Experiments: (date and time)

® Stop Experiments: (date and time)

You must get the approval back from the laboratory management before start up. All
running experiments are notified in the activity calendar for the lab to be sure they are
coordinated with other activity.
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6.2 Abnormal situation

FIRE

If you are NOT able to extinguish the fire, activate the nearest fire alarm and evacuate area.
Be then available for fire brigade and building caretaker to detect fire place.

If possible, notify:

NTNU SINTEF

Morten Grgnli, Mob: 918 97 515 Harald Mahlum, Mob: 930 14 986
Olav Bolland: Mob: 918 97 209 Petter Rgkke, Mob: 901 20 221
NTNU — SINTEF Beredskapstelefon 800 80 388

GAS ALARM

If a gas alarm occurs, close gas bottles immediately and ventilate the area. If the level of the
gas concentration does not decrease within a reasonable time, activate the fire alarm and
evacuate the lab. Designated personnel or fire department checks the leak to determine
whether it is possible to seal the leak and ventilate the area in a responsible manner.

Alert Order is in the above paragraph.

PERSONAL INJURY

° First aid kit in the fire / first aid stations

e Shout for help

° Start life-saving first aid

e CALL 113 if there is any doubt whether there is a serious injury

OTHER ABNORMAL SITUATIONS

NTNU:
You will find the reporting form for non-conformance on:
https://innsida.ntnu.no/wiki/-/wiki/Norsk/Melde+avvik

SINTEF:
Synergi

7  ASSESSMENT OF TECHNICAL SAFETY

7.1 HAzOP

The experiment set up is divided into the following nodes:

Node 1 | Tracer gas dosage unit

Node 2 | Air handling unit

Node 3 | Model environment

Attachments, Form: Attachment B: HAZOP REPORT
Conclusion: Treat the tracer gas unit according to guidelines for safe handling of gas
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7.2 Flammable, reactive and pressurized substances and gas

Are any flammable, reactive and pressurized substances and gases in use?
YES l Explosion document has to be made and/or documented pressure test, (See 8.3) ]

Attachments:
Conclusion: Tracer gas (N20) is an oxidizing gas and must be treated according to the data

sheet and the guidelines for safe handling of gas. Unit Responsible has certificate for safe
handling of gas.

7.3 Pressurized equipment
Is any pressurized equipment in use?

[NO | i

Attachments:
Conclusion: T

7.4 Effects on the environment (emissions, noise, temperature, vibration, smell)

Will the experiments generate emission of smoke, gas, odour or unusual waste?
Is there a need for a discharge permit, extraordinary measures?

| YES ] ]

Attachments:
Conclusion: Tracer gas (N20O) is considered a greenhouse gas, but the amount released is so
small that discharge permits or extraordinary measures are unnecessary.

7.5 Radiation
INO ] l

Attachments:
Conclusion: No radiation

7.6 Chemicals

Will any chemicals or other harmful substances be used in the experiments? Describe how
the chemicals should be handled (stored, disposed, etc.) Evaluate the risk according to safety
datasheets, MSDS. Is there a need for protective actions given in the operational procedure?

(NO_ ] ]

Attachments: MSDS
Conclusion: No harmful substances will be used in the experiments.
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7.7 Electricity safety (deviations from the norms/standards)

o] ]

8  ASSESSMENT OF OPERATIONAL SAFETY

Ensure that the procedures cover all identified risk factors that must be taken care of. Ensure
that the operators and technical performance have sufficient expertise.
8.1 Procedure HAZOP

The method is a procedure to identify causes and sources of danger to operational problems.

Attachments: Attachment D: HAZOP Procedure

8.2 Operation procedure and emergency shutdown procedure

The operating procedure is a checklist that must be filled out for each experiment.
Emergency procedure should attempt to set the experiment set up in a harmless state by
unforeseen events.

Attachments: Attachment E: Procedure for running experiments
Emergency shutdown procedure: Shut of the supply of tracer gas by closing valve on tank,
unplug heat sources and channel fan.

8.3 Training of operators

A Document showing training plan for operators

® What are the requirements for the training of operators?
® What it takes to be an independent operator

® Job Description for operators

Attachments: Training program for operators

8.4 Technical modifications

* Technical modifications made by the operator (e.g.Replacement of components, equal to
equal)

8.5 Personal protective equipment

Conclusion: No personal protective equipment are required during operation of the rig.

8.6 General Safety

® Gantry crane and truck driving should not take place close to the experiment.

* Gas cylinders shall be placed in an approved carrier with shut-off valve within easy reach.
8.7 Safety equipment

° The rig equipment itself is a gas detector, though not outfitted with alarms.
° Warning signs, see the Regulations on Safety signs and signalling in the workplace

6
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8.8 Special predations

* Flammable / toxic gases or chemicals

9 QUANTIFYING OF RISK - RISK MATRIX

The risk matrix will provide visualization and an overview of activity risks so that
management and users get the most complete picture of risk factors.

IDnr | Aktivitet-hendelse Frekv-Sans | Kons RV
1 Excessive gas leakage 1 D D1
2 Overheating of heat sources 2 C C2

Conclusion: The risks of the activity are acceptable.

Catastrophic =

(%]
> Major
<
L
3 Moderate
[N}
(72}
% Minor
o
A5
Insignificant

Unlikely Possible
PROBABILITY

Table 8. Risk Matrix

Likely Almost

Table 9. The principle of the acceptance criterion. Explanation of the colors used in the matrix

COLOUR DESCRIPTION

Unacceptable risk Action has to be taken to reduce risk

Yellow Assessment area. Actions has to be considered

Acceptable risk. Action can be taken based on other criteria
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10 REGULATIONS AND GUIDELINES

Se http://www.arbeidstilsynet.no/regelverk/index.html

® Lovom tilsyn med elektriske anlegg og elektrisk utstyr (1929)

e Arbeidsmiljgloven

® Forskrift om systematisk helse-, miljg- og sikkerhetsarbeid (HMS Internkontrollforskrift)

e Forskrift om sikkerhet ved arbeid og drift av elektriske anlegg (FSE 2006)

e Forskrift om elektriske forsyningsanlegg (FEF 2006)

® Forskrift om utstyr og sikkerhetssystem til bruk i eksplosjonsfarlig omrade NEK 420

® Forskrift om handtering av brannfarlig, reaksjonsfarlig og trykksatt stoff samt utstyr og

anlegg som benyttes ved handteringen

Forskrift om Handtering av eksplosjonsfarlig stoff

Forskrift om bruk av arbeidsutstyr.

Forskrift om Arbeidsplasser og arbeidslokaler

Forskrift om Bruk av personlig verneutstyr pa arbeidsplassen

Forskrift om Helse og sikkerhet i eksplosjonsfarlige atmosfaerer

Forskrift om Hgytrykksspyling

Forskrift om Maskiner

Forskrift om Sikkerhetsskilting og signalgivning pa arbeidsplassen

Forskrift om Stillaser, stiger og arbeid p& tak m.m.

Forskrift om Sveising, termisk skjzering, termisk sprgyting, kullbuemeisling, lodding og

sliping (varmt arbeid)

Forskrift om Tekniske innretninger

® Forskrift om Tungt og ensformig arbeid

® Forskrift om Vern mot eksponering for kjemikalier pa arbeidsplassen
(Kjemikalieforskriften)
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ATTACHMENT C: TEST CERTIFICATE FOR LOCAL PRESSURE TESTING

-

Trykkpdkjent utstyr:

Benyttes i rigg:

Design trykk for utstyr (ba ra):

Maksimum tillatt trykk (bara):
(i.e. burst pressure om kjent)

Maksimum driftstrykk i denne rigg:

Prgvetrykket skal fastlegges i folge standarden og med hensyn til maksimum
tillatt trykk.

Prgvetrykk (bara):

X maksimum driftstrykk:
| folge standard

Test medium:

Temperatur (°C)

Start tid: Trykk (bara):

Slutt tid: Trykk (bara):

Maksimum driftstrykk i denne rigg:

Eventuelle repetisjoner fra atm. trykk til maksimum pragvetrykk:................

Test trykket, dato for testing og maksimum tillatt driftstrykk skal markers pa
(skilt eller innslatt)

Sted og dato Signatur
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ATTACHMENT E: PROCEDURE FOR RUNNING EXPERIMENTS

Prosjekt
Analysis of ventilation strategies for ZEB
Apparatur

Klimarom: Reduced scale model
Prosjektleder

Hans Martin Mathisen

Signatur

Conditions for the experiment:
Experiments should be run in normal working hours, 08:00-16:00 during
winter time and 08.00-15.00 during summer time.
Experiments outside normal working hours shall be approved.
One person must always be present while running experiments, and should
be approved as an experimental leader.

An early warning is given according to the lab rules, and accepted by
authorized personnel.

Be sure that everyone taking part of the experiment is wearing the necessary

protecting equipment and is aware of the shut down procedure and escape
routes.

Preparations
_LPost the “Experiment in progress” sign.
Start up procedure

The start-up séquence consist of turning Air handling unit and fans on, turning

the heat sources on, initializing measurement equipment and start the supply W f
of tracer gas.

‘I/
During the experiment )
Control of tracer gas dosage, temperature, and air flow v
End of experiment ]
Shut down procedure:
The shut-up sequence consist of shutting the supply of tracer gas, turning the
/
\\/
7
t/

air handling unit and fans off, unplugging the heat sources and shutting down
the measurement equipment,

Emergency shut down procedure:
Shut of the supply of tracer gas by closing valve on tank, unplug heat sources
and channel fan.
| Remove all obstructions/barriers/signs around the experiment. f
J Tidy up and return all tools and equipment. f
] Tidy and cleanup work areas. f v /

Return equipment and systems back to their normal Operation settings

(fire alarm)

To reflect on before the next experiment and experience useful for others
Was the experiment completed as planned and on scheduled in professional ,
terms? /
[ Was the competence which was needed for security and completion of the f v

5
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experiment available to you?

Do you have any information/ knowledge from the experiment that you s
should document and share with fellow colleagues? v

Operator(s):

Navn [ Dato Signatur

—
bﬂ 28nUS Owren Sangnes ’ A / - 16 /ig/fuh Z& éﬁ\Aj/A J
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ATTACHMENT F: TRAINING OF OPERATORS

Prosjekt

Analysis of ventilation strategies for ZEB Dato Signatur
Apparatur

Klimarom: Reduced scale model ?ff /%///M ﬂ (Awm
Prosjektleder , / By Ve /7 %
Hans Martin Mathisen 5 Pk o Ué

Knowledge about EPT LAB in general

Lab

® Access

® routines and rules
e working hour

Knowledge about the evacuation procedures.

Activity calendar for the Lab

Early warning, iept-experiments@ivt.ntnu.no

Knowledge about the experiments

Procedures for the experiments

Emergency shutdown.

Nearest fire and first aid station.

I hereby declare that | have read and understood the regulatory r
appropriate training to run this experiment and are aware of my
working in EPT laboratories.

Operator(s):

equirements has received
personal responsibility by

Navn Dato

Signatur

Magnus Owren Sangnes 77f'/( V(iyﬂ/g . gﬂ"”;ﬁ’"ﬁ




APPARATURKORT | s aemnee

Laboratorium Klimarom VVSLab

Dette kortet SKAL henges godt synlig ved maskinen!

This card MUST be posted on a visible place on the unit!
/Apparétur(Unit) EE R s | DatoGodkjent (Date Approved) |
‘\ Klimarom: Reduced scale model 23, mai 2016

e S N St T
Prosjektleder (Project Leader) /
Hans Martin Mathisen

]
Telefon mobil/privat (Phone no. mobile/private)
93059175

Apparaturansvarlig (Unit Responsible) / Telefon mobil/privat (Phone no. mobile/private)
Hans Martin Mathisen ’ 93059175 \

Sikkerhetsrisikoer (Safety hazards)
Nitrous oxide (N20) gas leakage, hot surface on light bulbs.

‘Sikkerhetsregler (Safety rules)
Do not interfere with the gas eqgipment without the consent of Unit Responsible. Be careful of hot surfaces.
|

Ngdstopp prosedyre (Emergency shutdown)
Shut the gas supply by closing vavle on top of tank. Unplug the heat sources and channel fan.

Her finner du (Hereyouwill find): |
Prosedyrer (Procedures) In the room
Bruksanvisning (User manual) In the room

| Brannlek;i;gs;pp;a;(Fire gx?ihéuisher) 1. etasje VVSLab (syd)
J Fgrsthjelpsskap (First aid cabinet) ’ 1. etasje VVSLab (syd)

NTNU
Institutt for energi og prosessteknikk

pate S/ . 2
Pl = 6
oo 0l ) ;
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Enhet (unit) og bygg/romnr. (building/room no.):

NTNU-E 302 C247C  2.etg

Laboratorium Klimarom VVSLab

Dette kortet SKAL henges opp fgr forsgk kan starte!
This card MUST be posted on the unit before the experiment startup!

Apparatur (Unit)
Klimarom: Reduced scale model

Prosjéktieder (P?bjeét Leadéf)

Hans Martin Mathisen
Apparaturansvarlig (Unit Responsible)
Hans Martin Mathisen

Godkjente operatgrer (Approved Operétors)

Telefon/Phone Mobil
90657630

Navn/Name
Sangnes, Magnus Owren

Prosjekt (Project)
Analysis of ventilation strategies for ZEB

Férs¢kstid7/ Expierimenteill tﬁﬁe (start i s;top;)
23.05.2016 - 23.05.201?

=

Dato godkjent (Date Approved)
23. mai 2016

'i'elefon mobil/privat (Phone no. mobile/private)
93059 175

Telefon mobil/privat (Phone no. mobile/private)
93059 175

Kort beskrivelse av forsgket og relaterte farer (Short description of the experiment and related hazards)

A reduced-scale model of a ventilated office building has been built. The ventilation efficiency of the model will be
evaluated by performing tracer gas experiments. Temperature and air velocities in the model will be measured.

NTNU
Institutt for energi og prosessteknikk

Dato 3/§~ &/6

Signert g \g' 4/7 /w
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