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Preface

After working some eight years as a carpenter, I started studying fo become an engineer in
1989. Receiving the engineer diploma in 1992 from Trondheim Technical College, I went
on to study at the Norwegian University of Science and Technology (NTNU). I received my
Msc degree at the University in 1995. During these years my main interest tumed fom
building construction to energy conservation and indoor environment in buildings.

The background for this thesis was laid in a project I had with Professor $.0. Hanssen as a
supervisor, called “Mathematical modelling of Indoor air Quality”. During this project 1
also come in contact with Olav Bjerseth and Rikke Jorgensen at the “working environment
tab”.

Based on the work conducted in this project there was applied for a Ph.D. grant at the
Norwegian Research Council, with Olav Bjerseth and S.0. Hansson as supervisors. After
receiving the grant, the work on this thesis started in 1996.

Parallel to the work with the Master degree and the doctoral thesis, I have been running a
small company (ProgramByggeme ANS) with my brother Kjell A. Dokka. The main area
of work has been development of software applications for energy use, building physics,
and indoor environment in buildings. During the work in the company I have had a lot of
contact with people in the HVAC and building industry. This contact with practising
engineers and consultants has been very valuable, giving a practical basis for the work with
the thesis.

Acknowledgement

This work has been conducted at the Norwegian University of Science and Technology
(NTNU), department of Industrial Economy and Technology Management, with close co-
operation with department of Refrigeration and Air Conditioning. The work has muainly
been financially supported from the Norwegian Research Council (grant no.111372\330),
but also from department of Industrial Economy and Technology Management and
ProgramByggerne ANS.

Thanks to my supervisor Olav Bjerseth for professional guidance, and for always fixing
both practical and financial problems. Thanks also to my co-supervisor Prof. Sten Ofaf
Hanssen.

Thanks to Rikke Jergensen for ail the professional and other discussions. By finishing her
Ph.D. study last year, she inspired me to believe that I also could get through some day.

Thanks to Bjame Malvik for doing all the chemical analysis in the study, and for helping
me understand a simall part of the intricate world of organic chemistry.

Thanks to my co-author Per Olaf Tjeiflaat for professional guidance and discussions on
ventilation and air flow issues.




Thanks to all my colleagues at the “working environment Iab™ for the many interesting
political and philosophical discussions in the lunch break, and for giving me the
opporttunity to win the dart tournament once in a while.

I will lastly thank Hanne, David, Jakob, Alexander and Victoria for giving me something
else to think about, when the work with the thesis was difficult or down right boring,

Authorship

I am primarily responsibie for the scientific quality of this thesis. For the papers I hold the
1* authorship : Paper L, IL, V, VI and VIL, I am responsible for the quality of ideas, design of
the studies, experimental accuracy and reporting of the results. In paper I and IV I share
the responsibility with the first author : Rikke Jorgensen. In these two papers I was mainly
responsible for the development and use of mathernatical models, while Rikke Jorgensen
was responsible for the experimental design and accuracy.

in paper I, 11, 11}, IV and VIi, Bjame Malvik has conducted the chemical analysis with Gas
Chromatogram and Mass Spectrometry (GC-MS).




Table of contents

List of papers

Preface
Acknowledgement
Authorship
Table of contents
1 Introduction
1.1 Indoor air quality, health, perceived air quality and productivity
1.2 Indoor air gualify versus energy use and the external environment
1.3 Design of the atmospheric environment
1.4 The aim of this study
2 Summary of individual papers
2.1 Paper I : The TAQ model “Envisim”
2.2 Paper I} : Field experiments versus chamber experiments
2.3 Paper IH : Ventilation & serption
2.4 Paper IV : Sink models
2.5 Paper V: Vertical gradient models; derivation
2.6  Paper VI : Vertical gradient models; validation
2.7 Paper VII: Sink & substrate effects
3 Discussion and conclusions
3.1  Mathematical modelling
31.1 Source models
3.1.2 Sink models
3.1.3  Air flow models
3.1.4 Gradient models
3.2 Input data for mathematical models
3.2.1 Chemical source data
3.2.2 Chemical sink data
3.2.3 Input for air flow models
3.2.4 Input for gradient models
3.3 Software development
3.4  Practical use of models and simulation tools
3.5  Originality
3.6 Conclusions
4 References

Individual papers




1 Introduction

The indoor environment in buildings, as perceived by the occupants, is influenced by both
physical conditions and psycho-social relations. It is often divided into seven different
components”, as shown in figure 1. The upper five components, which to some extent are
physically measurable, are often called the indoor climate. In this thesis, the main focus is
on the aimospheric environment and to some extent the thermal environment. The
atmospheric environment is often also referred to as the Indoor Air Quality (AQ), although
this is given a broader meaning in some contexts. In this thesis, IAQ is used about the
physically measured air quality (concentrations) and/or the perceived air quality (e.g. odour
intensity).

Figure 1: The working principles in displacement ventilation



1.1 Indoor air quality, health, perceived air quality and productivity

T1AQ and health

The prevalence of diagnosed asthma in industrialised countries has been increasing over the
last 30 years, approximately doubling every 10 to 15 years'. Allergies are showing a similar
increase”. Since outdoor air pollution in industrialised countries has decreased significantly
since the 19705, the increase in asthma and allergies can hardly be explained by outdoor air
poltution. Considering that people on average spend more than 90% of their time indoors’,
a more realistic environmental factor which can explain their increase is the change in the
level of indoor pollution in the same period.

Large epidemiological surveys show that the prevalence of so-called “Sick Building
Syndrome (SBS)” symptoms are common among office workers™®. The sick building
syndrome is defined by the WHO’ as: “Irritative symptoms of eyes, nose, throat, lower
airways and/or skin, and non-specific hyperreactivity, fatigue, headache and dizziness”.
High prevalence of SBS symptoms are often associated with:

+ Buildings with air conditioning™ > **"’

« Buildings with sealed windows (and air conditioning)'®
« Buildings with carpets and much fleecy material®* ¥,

Most studies also show a higher prevalence of SBS symptoms in non-residential,
mechanically ventilated buildings with low ventilation rates™ '**" (below 10 Vs per person).

TAQ and perceived air guality

Extensive studies in non-residential buildings also show that the perceived air quality
(PAQ) is reported as poor by a high percentage (30 — 50%) of the occupants® *%, even
though the mean ventilation rates are high (well above minimum ventilation requirements).
Studies where the PAQ in buildings has been evaluated by an external panel show that
building materials and the ventilation system are the major air pollution sources,
substantially greater than pollution from persons® . This is in contrast to most standards
and regulations where the minimum ventilation rate is calculated as a function of the

number of persons in the room or zone™ %,

1AQ, productivity and related costs

The corporate economic and socio-economic costs due to poor IAQ are large. The
Norwegian building authorities have estimated that poor IAQ costs Norway between $1.0
and $1.5 billion each year™.

Fisk and Rosenfeld” have estimated the potential annual savings and productivity gains to
be made in the U.S. by improving indoor enviromments using currently available
technologies and procedures. Their estimates included reductions in respiratory diseases,
allergies and asthma, and Sick Building Syndrome symptoms, and enhancement of worker
performance. They estimated the total annual savings and productivity gains to be between
$29 and $168 billion. Adjusted for the difference in magnitude between the U.S. population
{~ 258 million) and the Norwegian population (~ 4.5 miilion), the Norwegian estimate lies
within these estirnates.




Seppanen®! has made similar estimates for Finland. The costs of poor IAQ were estimated
for the following factors: radon-related cancer, allergic diseases caused by indoor
pollutants, illnesses caused by ETS, hospital infections, absenteeism from work due to
aitborne indoor contaminants, productivity losses due to high temperatures and sick
building symptoms. The total annual cost of poor IAQ was estimated to be $3.1 billion,
which is close to the upper estimate of Fisk and Rosenfeld when adjustment is made for the
population in Finland (~5 million).

Possible causes of indoor air complaints
Many theories and possible causes have been proposed for the numerous complaints made
about the indoor air in modern buildings:

* The energy crisis in the 1970s led to genexally tighter buildings, which reduced the air
flows induced by natural forces (temperature differences and wind)'.

* Modern, non-residential buildings are often equipped with complex ventilation and air-
conditioning systems which are sensitive to flaws in design, construction and
maintenance. Moreover, several investigations® have shown that air treatment
equipment in such systems is not easily available for maintenance and cleaning, and can
be a potential source of pollution.

¢ Early in the 1900s, the building materials used were few and well known (brick, stone,
concrete, wood, metal). Today, thousands of building materials exist, and many of them
contain synthetic chemicals which can emit chemical pollution to the indoor air. The
U.S. produced 15 times more synthetic organic chemicals in 1990 than in 1945%. The
situation in Norway is probably comparable. A large proportion of these chemicals are
probably used or contained in occupied buildings. It is likely that all these new materials
and chemicals introduced during recent decades can influence the health and well-being
of occupants in buildings.

* Due to new building methods and the capital costs involved in the building process, the
construction time for new buildings has decreased considerably, especially since World
War I This has led to 2 reduction in the time allowed for drying and hardening, and a
greater risk of encapsulating humidity in the construction. High humidity in
constructions is associated with growth of mould and other micro-organisms, enhanced
chemical emissions from building materials and decomposition of building materials, all
of which can have a deleterious effect on the IAQ.

* Modemn architecture and building methods have changed radically during the last 50
years, including lower ceiling height, acoustic ceilings, vapour barriers, highly insulated
constructions in cold climates (as in Norway), lighter constructions in commercial
buildings and more use of glass in buildings. All these factors can have an influence on
the TAQ and climate in buildings.

¢ More use of glass as an architectural feature has increased the need for air conditioning
in buildings. As indicated above, air conditioning in buildings has proved fo increase the
risk of SBS symptoms.




1.2 Indoor air quality versus energy use and the external environment

It is a common belief that increased air-flow rates result in better IAQ, because they dilute
the sources of pollution in the building, Lower concentrations of pollutants result in lower
accupant exposure to the components of indoor air pollutants, which again will lower the
tisk for health effects and poor perceived air quality, However, increased air-flow rates can
lead to draught and noise problems (especially low frequency noise). Another problem
often encountered by building planners is the large space needed for the ducting and air-
handling units of a modern ventilation and air-conditioning system.

High air-flow rates also lead to a high demand for energy to condition (heat, cool and
perhaps bumidify and/or dehumidify) and move (fans) the air, More complex conditioning
of the air (coils, fiiters, dampers, silencers, heat exchangers) and more complex air-duct
systems lead to higher pressure losses and the need for more fan energy. Higher energy use
in buildings also leads to higher emissions of greenhouse gases and other pollutants to the
external environment, if the energy supply does not come from entirely sustainable energy
resources {e.g. waterfalls, solar energy). It is therefore necessary to make a compromise
between IAQ and the external environment, when determining the required air-flow rates to
buildings. A better strategy for the “total environment” (the external and the internal) is
therefore to reduce the sources of indoor air pollution instead of increasing the air-flow
rates to high levels. Smart ways to supply fresh air to the occupants (e.g. displacement
ventilation™*' and task ventilation®) can also reduce the ventilation rate required.

However, from the viewpoint of corporate economics, energy costs are ofien of minor
importance. In a typical office building in Norway, each employee has approximately 20 m*
each, and the specific energy use is around 225 kWh/m? per year®, energy costs around
NOK 0.5/kwh ($ 0.0625/kWh) and a typical yearly satary (including social costs) is NOK.
350,000 (3 44,000). With these figures, the energy cost is only 0.57% of the salary and
social costs. Even though energy costs more in other European countries, the figures there
are, in magnitude, the same as estimated here. Measures to reduce the energy use in
buildings are therefore mostly induced by building regulations or ethical considerations.
Measures to improve the indoor climate are therefore generally much more profitable than
energy efficiency measures. However, most businesses today want to have an environment-
friendly image, where so-called “green buildings™ with low energy use and low emissions
of pollutants to the external environment can be important for the corporate image. The
results from the large European audit project’ also show that it is possible to pian, construct
and run buildings which have both low energy use and good IAQ.




1.3 Design of the atmospheric environment

The thermal environment in buildings is often designed and analysed with advanced
simulation software. These software applications are based on detailed mathematical
models of solar radiation, transmission of radiation through windows, heat accumulation
and heat transmission in the building constructions, long-wave radiation exchange in
rooms, convective heat transfer at surfaces, handling of air in air treatment units, and so
forth. The heat sources such as lighting, computers and occupants, and their variation with
time, are given as input to these programs. Climatic files for a whole vear for different
locations often accompany the programs. In the hands of competent persons, such tools can
be used to predict the thermal environment fairly accurately. They also allow the possibility
for optimising between low energy use, low heating and cooling loads, low investment and
running costs, and good thermal comfort.

In contrast to the rational and defailed thermal design of 2 building, the design of its
atmospheric environment is generally done superficially, based on standards and building
regulations describing the minimum fresh air supply per person in a building® %, Such
design neglects important factors shown in figure 2, including pollution sources from
butlding materials and equipment, sink effects on material surfaces, contaminant gradients,
inter-zonal air flows, infiltration and so forth.

The olffdecipol method developed by Fanger™, which is also the basis of the European
CEN report (CR 1752%), is an attempt to take more of the factors shown in figure 2 into
account. It is based on the philosophy that other pollution sources are counted in “person
equivalent” units, where one olf is the pollution rate from a standard person and one decipol
is the perceived odour intensity in a room polluted with one olf and ventilated with 10 I/s of
clean air. This method takes into account outdoor air quality, pollution from the building
and its ventilation system and the ventilation efficiency. By choosing the desired air quality
in the premises (in decipols), the air flow rate required to achieve this air guality can be
calculated by a simple equation. This method does not take into account sink effects, and it
is assumed that steady-state conditions prevail. Other disadvantages of the method are:

s there is no easy way to translate the sensory evaluation of single building materials into
an evaluation of a whole room™

* there are problems with large variability in the rating of the sensory perception of the air
for different persons, and between trained and untrained panels*®

» there is seldom any correlation between the perceived air quality of the external panel
(trained) and the perceived air quality of the occupants of the investigated building® ¥ %

» there is no clear association between the prevalence of SBS symptoms in buildings and
the rating of IAQ by trained sensory panels* ",

The European Collaborative Action Report 20% also guestions the philosophy that a
common dose-response relationship exists for different indoor air pollution sources
(persons, polluting equipment, material emissions), as the method implies.

An altemative to the olf/decipol method is to measure or mode] the concentration of
relevant contaminants in a building. Figure 2 shows factors that can influence the
concentration of contaminants in a building,. These factors are briefly discussed below.



&

“Fig 2 Factors thal infiuence the TAC) In a premise,
Emission from building materials
Emission from building materials and furniture is now recognised as one of the major
pollution sources in the indoor air. The problem was first addressed in the 1970s due to
high emission of formaldehyde from particle boards, adhesives and insulation foam’. The
emission of formaidehyde from building materials has decreased dramatically since then,
and focus has been turned to the many other volatile organic compounds (VOCs) emitted in
“siall” amounts from building materials, Several countries have intreduced voluntary
labelling of building materials™™ to reduce emission of VOCs and enable users to choose
indoor-air-friendly materials. Emission of VOCs from building materials often decays
exponentially™’. A distinction is frequently drawn between wet sources like paint and
stain, which are often limited by surface evaporation, and solid materials like wood
products, vinyl and linoleum floorings, emission from which is often limited by internal
diffusion. Wet sources often have high emission initiatly, but decay fast if no sinks are
present (see below). Solid sources often have lower emissions initially, but decay more
slowly than wet sources.

Pollution from occupants

Pollutants emitted from people are considered to be a major pollution source in occupied
spaces, Many standards and building regulations still sct ventilation requirements according
to the number of occupants of a spacezs‘ ? indicating that people are the dominant polluter
in many premises. The production of CO, by occupants is often used as a measure of the
pollutant rate from people, as first proposed by Pettenkoffer’. However, CO, is not toxic at
concentrations found in occupied buildings, but is just an easily measurable “substitute” for
the many organic compounds emitted from people”.

Emissien from equipment and processes

Emissions from equipment, such as printers and photocopiers, can also be of importance.
Such equipment often emits ozone, which is known as an initant gas’. Photocopiers can
also emit substantial amounts of VOCs™. Field investigations have also revealed an
association between an increased prevalence of SBS symptoms and photocopying
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machines™ *. Liitle attention has been given to chemicals in cleaning and polishing products
used in buildings; these can be regarded as periodical sources, especially in commercial
buildings. A few investigations have shown that processes using such products can result in
rather large emissions of VOCs®™ %,

Sink effects

Sink effects are another of the factors that can significantly influence the concentration
levels of pollutants in premises™™ . In this thesis, the term “sink effects” is used for
sorption effects on material surfaces (adsorption/desorption) and/or diffusion and
absorption into materials. Such sorption effects can reduce the peak concentration levels
(¢.g. during painting), but also prolong the period when the concentration of contaminants
is rather high, thereby exposing the occupants to harmfut and/or irritating compounds for an
unnecessarily long time. A few indoor environment surveys have also associated fleecy
materials (e.g. carpets and curtains) with the prevalence of SBS symptoms™ * 7. Sorption
effects in such materials can be measured by controlled chamber experiments, and modeiled
with theoretical or empirical sink models.

Yentilation

Ventilation is the most common method of controlling contaminant levels and improving
IAQ. There are many types of ventilation systems, but they are often grouped into natural
systems, mechanical systems and air-conditioning systems. In natural systems, the air is
driven by wind and/or buoyancy (temperature differences) through more or less controlled
openings in the building envelope. Mechanical systems can be divided into those with just a
supplying or an extracting fan, or supplying and extracting systems often called balanced
ventilation. Balanced ventilation often has air-treatment equipment such as filters, coils,
heat exchangers, silencers, etc. Air-conditioning systems are systems that cool the air
mechanically (refrigerative cooling) to the desired temperature, and many such systems also
humidify or dehumidify the air if necessary. Since balanced ventilation is often equipped
with cooling coils, the difference between balanced ventilation and air conditioning 1s
sometimes diffuse. As there is generally a higher prevalence of SBS symptoms in air-
conditioning, and to some extent mechanically balanced, systems (see above), there has
been renewed interest in natural ventilation systems”, and what are referred to as hybrid
ventilation systems”™. Hybrid ventilation systems arc, in short, ventilation systems that use
natural forces as far as possible, and fans when necessary.

All the systems mentioned above can supply air to premises by the mixing ventilation
principle, the displacement ventilation principle, or the task ventilation principle. Using the
mixing ventilation principle, air is supplied to the room outside the occupation zone with
high momentum, ideally inducing full mixing of the air in the premises. With the
displacement principle, cool air (a few degrees below room temperature) is supplied at a
low level (near the floor) with low momentum. Heat sources in the room heat the air so that
it rises to the ceiling where it is extracted. The displacement principle should ideally give
cleaner and cooler air in the occupation zone, compared to mixing ventilation®™ *'. Task
ventilation supplies air more or less directly to the breathing zone of the occupants of the
premises®,




Infiltration

Infiltration and exfiltration is air flow through cracks and unintended leakages in the
building fabric. The air flow rate due to infiltration is often of minor importance for
contaminant transport in newer commercial buildings, but can be important in residential
buildings, old (leaky) buildings and high-rise buildings where the buoyancy forces can be
large. Infiltration can be measured by tracer gas techmiques or modelled by simplified
empirical or theoretical models™ ™. Infiltration can also be modelled by more
comprehensive models, often called network models™ 7™,

Inter-zonal air fiow

Inter-zonal air flow is air exchange between rooms and zones in a building, due to
temperature or pressure differences. Opening of doors or other large openings between
rooms with small temperature differences (1-2 °C) can result in air flows that are 5-10 times
higher than the mechanically supplied air flow to the room™. This exchange of air can of
course influence the contaminant dispersal in a room. Inter-zonal air flows can be measured
by tracer gas techniques, or be modelled by simplified theoretical models. It is also possible
to model them with the network models mentioned above.

Contamirant gradients

When measuring or modelling their concentrations, it is common to assume that
contaminants in premises are fully mixed. In many cases, this assumption is not valid, since
significant gradients may exist in the contaminants in a room. This can lead to wrong
exposure scenarios for the occupants of the premises. The distribution of contaminants in a
building depends on the location and strength of pollution sources, air supply (location,
momentum and temperature), air extraction (location), convective air flows due to heat
sources (plumes) and cold surfaces {draughts). An uneven distribution of contaminants in a
building is often described with different indices, such as ventilation efficiency and air
exchange efficiency®. Concentration gradients can be measured by measuring the “real”
contaminants (e.g. CO, or VOCs) in a building, or by using tracer gas techniques. If tracer
gas is used, it should have approximately the same location, strength and density as the
sources of real contaminant. Concentration gradients can be modelled by simplified zonal
models® 2, or detailed Computational Fluid Dynamics (CED) simulations®™*,

Outdoor air gquality

Even though outdoor air in most locations is cleaner than indoor air, poltution sources in
the outdoor air can be substantial. Typical outdoor air contaminants are carbon dioxide
{CQ;), carbon monoxide (CO), nitrogen oxides (NO,), sulphur dioxide (SQ,), ozone (Q,),
hydrocarbons, VOCs including benzene (toxic substance), particulates and pollen. The most
common pollutant sources outdoors are fraffic and industrial emissions. The quality of
outdoor air in cities has large spatial and temporal variations, and must be evaluated
individually for each building.

Air cleaning

It is common in balanced wventilation to filter the incoming air for particulates. Few
ventilation systems are, however, equipped with air cleaning systems for gaseous
contaminants, even though this option is available. Alr cleaning devices for gaseous
contaminants are mostly based on activated charcoal or similar sorbents for sorption of
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gases in the incoming air. Gaseous air cleaners can either be placed in the ventilation
system, or as local air cleaners in the occupied space. Local air cleancrs equipped with both
particulate and gaseous air cleaning devices are sometimes used in premises where smoking
is allowed"’. The effectiveness of an air cleaner is usually measured by its efficiency, which
is the proportion of the incoming contaminant removed by the air cleaner (measured in
mass units). Biofiltration of air using plants and trees for uptake of VOCs and CO, and
production of O, is perhaps an alternative to ordinary air cleaning. Recent research has
shown promising results for biofiltration®. Biofiltration in the form of plants and trecs
could also have other beneficial effects on the indoor environment™.

1.4  The aim of this study

The main aim of this study has been to develop and validate mathematical models which
can be used to predict concentrations and personal exposure in residential and commercial
buildings, mainky for chemical pollution in the vapour phase. Partial aims to reach this goal
have been to:

* develop and validate practical source models, mainky for VOCs in the vapour phase

* develop practical sink models which can be used to describe the sorption effects of
VOCs on and in materials

* develop simplified models to describe contaminant gradients in premises without full
mixing conditions

* provide sub-models to be employed in a user-friendly IAQ computer model that can be
used to estimate exposure scenarios and evaluate comfort and health in occupied spaces.



2  Summary of individual papers

2.1  PaperI: The IAQ model “Envisim”

This paper describes a prototype of an IAQ model, implemented into a user-friendly
software application (calied EnviSim). This computer model is capable of simulating
variations in the concentration of TVOC, CO, and single VOCs during a day.

The model in BEnviSim is based on a single-zone, dynamic, mass balance for the
contaminant in question. The mass balances (one for the room air and one for the sink) are
described by two coupled differential equations, which are solved analytically within each
time-step. The input data (emission, sink, air-exchange data} are assumed to be constant
during each time-step (variable between 5 and 60 minutes). The model used is the well-
known sink medel of Tichenor®. The emission from building materials is assumed to
remain constant during the design day (assumed steady state emission), but that from
occupants and equipment can be described with time schedules (on/off sources). The air
exchange is given as input for mechanical ventilation and/or through windows used for
airing. Air flow from the latter is calculated using the empirical model developed by de
Gids and Phaff’, Infiltration and exfiltration are simulated with the well-known LBL
model™,

A database of building tightness, climatic data, data for air cleaners and active filters, etc.,
is implemented in the program. Examples of data for emission rates, sink-rate data and
outdoor air conditions are also included in the database.
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The user interface in EnviSim, and results of a diurnal simulation of TVOC in a premise.
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2.2 Paper I : Field experiments versus chamber experiments

The aim of this study was to determine whether testing of materials in small chambers,
together with mathematical models, could predict concentrations in real rooms. A water-
based paint used for refurbishing a bedroom was tested for VOC emission in a small steel
chamber (100 litres). The emission from the paint was rather high. The emission profile was
curve fitted to an exponentially decaying emission (source) model, The bedroom was
carpeted, and this floor covering was regarded as a significant sink surface. Tichenor’s sink
model® was used to describe the sink effect from the carpet, together with sink data for a
carpet from an earlier sorption (sink) experiment®. As shown in figure 5, the prediction was
substantially higher than the measured concentration of TVOC in the bedroom. The
hypotheses proposed to explain the discrepancy were:

1. Substrate effects, that is diffusion or “soaking” of paint, or compounds in the paint, info
the painted wallboard, with possible chemical bindings.

2. Strong surface adsorption with very slow desorption.

3. Scaling effects, since the chamber and the bedroom are completely different in size.

70
60 4
30 4
45
36
26
10 4

¢ Measured

Model prediction

Concentration (mg/m®)

Elapsed time (h)

Fig. 4 Predicted and measured concentration in the bedroom.'

'In the paper the predicted concentration in the bedroom, was based on data from chamber experiments where
the air change rate was set at 1.0 1!, The reat air change rate was only 0.5 b, resulting in a lower predicted
concentration in the bedroom. The prediction based on the correct air change rate (0.5 ™) is shown in Fig.5
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2.3 PaperIII : Ventilation & sorption

The purpose of this study was to investigate the interaction between different ventilation
strategies and sorption effects of VOCs on material surfaces (also called sink effects). Tests
were done in small, glass chambers. Nylon carpets were used as sink surfaces, and a
mixture of (-pinene and toluene {common in indoor air)} was used as the indoor air
pollutant. The source strength was set to be twice as high in working hours (08.00-16.00) as
in non-occupied hours. The ventilation was set to mimic the condition in real buildings,
with approximately two changes in air (2.0 h-1) during the day, reduced to 1/3 at night
{0.67 h-1). Three time schedules were tested for the ventilation: one with the high air-flow
rate (2 h-1) in phase with the occupancy (08-16), one with the high air-flow rate extended 2
hours before and after occupancy {06-18), and one with the high air-flow rate extended 3
hours before and 1 hour after occupancy (05-17). EnviSim was used to simulate (predict)
the variation in concentration during the day (see summary of paper I).

The results show that sink effects significantly influence the variation in concentration (Fig.
6). The no sink curve in figure 6, showing what the variation in concentration would have
been if there had been no sorption effects, does not describe the variation in concentration
adequately. The model prediction based on Tichenor’s sink model® gives an acceptable
description of the variation in concentration, but the measured sink effect seems to be even
stronger than predicted with this model.

Based on the results from the three ventilation strategies, it is recommended that the
ventilation system is “turned” up to its high air-flow level a couple of hours before
occupants arrive in the morning. Keeping the air flow at a high level after the occupants
have lefi the building seems to have little effect on occupant exposure.
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Fig 5 Ventilation strategy 3: day vent. rate; 5.00-17.00, night vent. rate: 17.00-5.00.
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2.4  Paper 1V : Sink models
This paper first discusses criteria which a sink model should ideally comply to:

1. 1t should have a sound physical and chemical foundation.
2. It should preferably be as mathematically simple as possible.
3. It should be validated against measured data.

Specific issues discussed for sink models are adsorption isotherms, mass diffusion in the
interior of the material, irreversibility contra reversibility and coupling of sink models to
general IAQ models.

A new sink model has been developed that complies with the above criteria. It is based on
Langmuir’s adsorption isotherms (as Tichenor’s model) on the surface and Fickian
diffusion in the interior of the material. This model can be seen as an extension to
Tichenor’s sink model®, to improve the description of the tail of the concentration cutve.

The new sink model is validated against measured data from chamber experiments and is
aiso compared with Tichenor’s sink model. It fits the measured data very well, and better
than Tichenor’s model for all cases. However, the regression coefficients of the two models
differ little, so Tichenor’s model also describes the measured data well for the combination
of materials (carpet and PVC flooring) and compounds (g-pinene and toluene) tested here.
The main advantage of the new sink model compared to Tichenor's sink model is that it
describes the tail of the concentration curve substantially better for rough materials such as

carpets.

Vv (Bir flow)

L ¥

C (Concentrationy
R [Source)
¥ (A flow) S {Desorptian)  (Adsorption]
o M, Ck,

M, (Mass in Surface sink) WM 5" (Mass in interior sink)

Fig. 6 Schematic figure of the new sink-diffusion model, with Langmuir adsorption and desorption on the
surface, and Fickian diffusion into material
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2.5 Paper V: Vertical gradient models; derivation

Displacement ventilation is an alternative to conventional mixing ventilation in various
types of rooms. Displacement ventilation is superior to mixing ventilation when it comes to
removing contaminants and surplus heat from a room. This paper proposes models to
predict the vertical contaminant and temperature distribution in displacement ventilated
rooms. Simplified steady-statc models that can be used in a pre-design phase, and more
detailed transient models suitable for implementation in building simulation tools, have
been developed. The paper also describes and discusses different sub-models needed, such
as plume models, down-draught models, radiation-exchange and radiation-distribution
models.

The proposed models can be used for designing displacement ventilation and to evatuate
the efficiency of ventilation and temperature.

£ eox gf;‘con
gcan‘(l - q"cg:n:Il

Fig. 7 Principles and variables in: the contaminant two-zone model
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2.6  Paper VI: Vertical gradient models; validation

In this paper, the vertical gradient models presented in paper V are validated against
empirical data sets found in the literature. The steady-state temperature stratification model
is also compared with three other simplified models. Seven empirical cases have been used
to validate the steady-state thermal model, but only one has been found to validate the
transient thermal stratification model. Fourteen empirical cases have been found to validate
and evaluate the contaminant gradient models (steady state and transient).

As indicated in figure 9, the prediction of the steady-state thermal model is good, and the
model is superior to the other three models for temperature stratification.

The prediction of the transient thermal model is very promising, but should be compared to
more fransient empirical cases before a final conclusion can be drawn about the validity of
the model.

The evaluation of the contaminant models is also very promising for most of the compared
parameters. However, the model under-predicts the indices related to the air guality in the
inhatation zone. This under-prediction is, however, conservative when the models are used
to determine required ventilation air-flow rates.
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Fig 8 Percent prediction within the proposed tolerance for the steady state thermal models
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2.7 Paper VII: Sink & substrate effects

This study investigated whether strong substrate and/or sink effects can explain the
discrepancy found between small chamber experiments and field experiments. As reported
in paper II, the modelled concentration of TVOC based on data from chamber experiments
was substantially higher than the concentration measured in the field. Two of the
hypotheses put forward to explain the discrepancy were strong substrate effects from the
painted watlboard and/or strong sink effects on surface materials in the room.

To investigate substrate effects, emission experiments were performed in steel chambers
using both a spruce panel and an aluminium sheet as substrates for a water-based paint. The
emission from: the aluminium substrate was substantially higher than that from the spruce
substrate, but the substrate effects varied greatly for different VOCs emitted from the paint.

To investigate the sink effects, another experiment was performed in steel chambers, One
chamber contained only an aluminium sheet painted with water-based paint, and the other
contained, in addition, a piece of carpet (sink surface). The emission when the carpet was
present was considerably less than without the carpet, but here, too, the sink effect differed
greatly for different VOCs. The sink effect found was also much stronger than the sink
effects found in earlier somption experiments. The theoretically derived model of Tichenor®

failed to describe the strong sink effect found.

The concentration of VOCs in the bedroom (field experiment} was reanalysed using data
from the sink and substrate chamber experiments, along with the newly developed
mathematical models. The prediction (concentrations) was now in good agreement with the
measured concentrations in the bedroom {Fig. 10). This indicates that strong substrate and
sink effects can explain the often reported discrepancy between field and chamber
experiments.
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Fig. 9 Comparison between measured TVOC concentration in the bedroom and modet prediction.
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3 Discussion and conclusions

This chapter discusses the following topics:

1. Various models that are available for an integrated IAQ model.

2. The necessary and available input data for the various sub-models in an IAQ model.
3. How an IAQ model can be implemented into a user-friendly software application.
4. The practical application of an integrated IAQ model/software application.

5. The originality of the study presented.

The chapter closes with conclusions.

3.1 Mathematical modelling

The purpose of this study was to develop a practical and usable IAQ model, primarily for
chemical pollution in indoor environments. Such a model has to be based on sub-models for
different chemical and physical processes influencing the JAQ in a building. Important
processes that must be modelled are:

* Emissions from building materials and also from poilutant sources such as occupants,
equipment (e.g. photocopiers) and processes (e.g. polishing of floors).

+ Sink effects due to sorption on and in materials.

+ Air entering and leaving the analysed space from the external environment and other
connected zones. Air flows due to both natural and mechanical forces must be modelled.

» Air flow patterns and contaminant dispersal inside the analysed space must also be
modelled, especially if contaminant gradients in the premises significantly influence the
exposure of occupants.

Existing models for the different processes, and models developed in this study are
discussed below.

3.1.1 Source models

Emission of VOCs from building materials often decays exponentially. The simple model
for exponential decay applied in paper II can then be used to describe the emission profile.
This model is also used in the Danish indoor climate labelling method™ . However,
emissions from building materials often end at a quasi-steady-state leve] afier some time,
i.e. the emission rate from the material seems to be relatively constant. In such cases, the
emission/source model proposed in paper V1I can be used.

Other authors have proposed more complex, double exponential models (two exponential
functions) to describe the “slow” emission after a fong time has elapsed®® *’. The drawback
with such models is that more model parameters have to be estimated and reported,
compared to the simpler models. There also exist source/emission models derived from
general mass diffusion theory”™ *. The model of Claussen et al.”? is quite simple and is an
alternative to the simple exponential models proposed above, That of Little™ is
mathematically very complex, and is probably interesting for theoretical purposes only.
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If long-term exposure is to be estimated, it is also possible to model the emission from
building materials as a steady-state source, as was done in paper I (EnviSim). The steady-
state emission must then be based on measurement of the emission rate after, for example, 3
months, or after 6 months as in the Swedish trade standard for flooring materials™

Emtission from occupants, equipment and processes is often modelled as on/off sources.
This means that they are assumed to emit at a constant rate when on (or present in the
space). It is, however, doubtful whether emission from floor-cleaning products or polish
wax can be modelied as an on/off source™. Such sources can perhaps be described better by
the exponential decay models proposed above.

3.1.2 Sink models

Various models to describe the sink effects of VOCs on building materials were proposed
in papers I, IV and VIL The sink model of Tichenor®, implemented in Envisim (paper 1), is
relatively simple (mathematically) and is derived from general adsorption theory (the
Langmuir adsorption isotherm). It seems to describe the sink effects on non-fleecy materials
with rather low concentrations {(below 1 mg/m?®) rather well. However, for very fleecy
materials and/or high concentrations Tichenor’s model does not seem to describe the sink
effect acceptably.

The new sink model proposed in paper IV, which also takes into account diffusion into the
material, describes the slow desorption from fleecy materials better than Tichenor’s model.
It is, however, more mathematically complex, and the parameter estimation procedure is
more cumbersome than for Tichenor’s model. Moreover, it would not be able to describe
the strong sink effect found in paper VII very well, since it is based on the same surface
adsorption kinetics as Tichenor’s model, which failed to describe the strong sink effect
found there.

The sink model derived in paper VII adequately describes the strong sink effects found
there. Its drawback is a lack of a sound theoretical basis (empirically derived), even though
the various parameters in the model can be given a physical meaning. Moreover, three
parameters in the model have to be estimated compared to two for Tichenor’s model.

Other, more complex, sink models also exist®™ ™% Most are so complex that they should
not be used in an integrated IAQ model. The exception is the modified model of Tichenor®,
where the term describing desorption fromt the sink is modified with a non-linear empirical
expression. This modified model describes the slow desorption from rough materials better
than Tichenor’s original theoretical model. It is also implemented in the IAQ/Exposure
computer model EXPOSURE®™.

3.1.3  Air flow models

No air flow models have been developed or validated in this study, except that simplified
infiltration and window-airing models have been implemented in the EnviSim program (see
paper 1). However, since air flow modelling is an important part of an integrated IAQ
model, existing models appropriate for implementation in an IAQ model will be discussed
below.
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Modelling air flows in a multi-zonal structure such as a modern office building is a very
complex task™. Substantial simplification is therefore often applied to mode! air flows in
such structures. The simplest way of determining the air flow entering and leaving a space
is to assume that the mechanically supplied air flow is constant and that inter-zonal air
flows, airing through windows and infiltration are negligible. These assumptions are,
however, seldom fulfilied in real buildings.

Simplified models

A further refinement is to assume that the mechanical air flow is fixed, and to use
simplified models to model infiltration and airing through windows. Examples of such
simplified infiltration models are the LBL model™, the British standard BS 5925% and the
proposal for a new CEN standard to calculate air-flow rates in dwellings™. These are
models based on the single zone assumption, but simplified infiltration models for multi-
zonal structures have also been developed”™ *, An example of a simplified model for airing
through windows is the empirical model of de Gids and Phaff®. If wind effects are
negligible, a simplified expression for buoyancy-driven air flow through large openings can
be derived from Bemoullies equation”. This expression can also be used for inter-zonal air
flows, if temperature differences between zones are the main driving force. Such simplified
models are relatively easy to implement in an integrated IAQ model.

Network models

A more comprehensive and accurate way is to use network models to model all air flows
entering and leaving a space. In such models, each analysed space or zone is assigned a
pressure node, and each air flow pathway (crack, opening, vent, duct) between pressure
nodes is denoted as air flow resistance. The association between pressure differences, the
air flow resistance and the air flow is described by coupled non-linear equations. This non-
linearity means that the resulting equation sets have to be solved numerically, by iteration.
A distinction is often made between the infiltration network representing the natural
porosity of the building fabric and the purposely provided network of openings comprised
of stacks, grills, air vents, and open windows and doors. It is often more difficult to describe
the infiltration network than the purposely provided network™. Several well-documented
network models exist™ " ”, the most used ones, COMIS™ and CONTAM”, being
implemented into programs with a Windows® user interface. In network models,
difficulties may be experienced in describing large openings with bi-directional flow (air
flow taking place in both directions) and in handling air flow in openings with vertical
temperature gradients. Network models are well suited for integration into an JAQ model.

CFD models

The most detailed way of modelling the air flow in a building is to use computational fluid
dynamics (CFD) models, which analyse the air flow (velocity), temperature and
contaminant field in a space. CFD models are numerical methods which divide the space
into a series of small volumes (finite volume methods) or elements (finite element
methods). The governing equations for conservation of momentum, mass and energy,
together with govemning transport laws of momentum, heat, mass and turbulence must be
satisfied for each volume or element. Typically, in a 3D simulation of a room, the space is
divided into 30,000 to 50,000 control volumes™. To solve such large systems of equations
considerable computing power is required. User input to CFD codes are™: location of
openings, mass flows in and out of the analysed space, type of flow boundary, level of
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turbulence of flow through diffusers or mixing fans, thermal boundaries (temperatures,
fluxes), heat sources and sinks, boundary obstacles, locations of contaminants, emission
characteristics and properties. This means that a great deal of user input is required and a
good understanding of the physics behind air flow is needed to achieve realistic results from
these CFD codes. Further disadvantages with the use of CFD are™:

1. Due to the large computer power and storage capacity needed for simulation, CFD
analysis is often restricted to stationary conditions, 2-dimensionality and single-space
analyses. It is also very difficult to present the immense number of results from a three-
dimensional and transient CFD analysis,

2. Difficulties in representing the flow fields generated by natural veniilation and
infiltration.

3. Difficulties in specifying heat-transfer characteristics at boundaries (radiation,
convection and conduction).

4. Some codes have difficulty solving problems where free convection dominates (e.g. in
displacement-ventilated rooms).

CFD models are mostly used by specialised consultants and research institutes, and seem
too costly and complex for the average consultant and architect. Even though CFD models
theoretically can model both source and sink effects, this would be too complex and time
consuming to do in most building projects. Hence, in the author’s opinion, CFD is not
suitable for integration into or with a general [AQ model. CFD can, however, be a valuable
tool for temperature, contaminant and air-flow analysis of large enclosures such as atria,
shopping precincts, airports, concert halls and so forth. Examples of commercial CFD
codes that are available for tackling problems in the physics of buildings are FLOVENT®
and VORTEX-2*,

3.1.4 Gradient models

As mientioned in the introduction, it is common to assume full mixing (no contaminant
gradients) when modelling or measuring contaminants in a space. However, vertical
contaminant gradients can be substantial, especially in displacement-ventilated rooms
where contaminant gradients are intended, and in rooms with high ceilings. For such rooms,
the two-zonal contaminant models presented in paper V and evaluated in paper VI can be
used. These are, however, based on the assumption that the movement of the occupants is
moderate. In spaces with substantial moverment (e.g. shops, walking areas), the models have
to be further refined and validated against measured data.

In spaces with complex geometry andfor uneven sources of contaminants, horizontal
contaminant gradients can be of importance. The models presented in paper V cannot
handle such cases. To take into account both vertical and horizontal contaminant gradients,
resort has to be made to CFD codes {described above). Zonal models which model both
horizontal and vertical temperature gradients have been developed”™ %, but so far they do
not handle contaminant gradients.

The contaminant-gradient models developed in paper V are well suited for implementation
in an integrated JAQ model. Both the source and sink models described above can relatively
easily be coupled to the two-zonal contaminant model. A problem can, however, arise if the
vertical temperature gradient model also presented in paper V is to be coupled with an air-
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flow model. Most air-flow models (simplified and network models) are hased on the
assumption that the temperature remains uniform. However, work being performed by IEA
Annex 35 Hybvent™ is aimed at developing air-flow models which also handle rooms and
spaces with vertical temperature gradients.

3.2 Input data for mathematical models

3.2.1 Chemical source data

Even though emission testing of building materials has been going on for some years,
relatively few data on emissions from building materials have been published® -t 102
Moreover, some of these data are probably out-of-date due to changes in the composition
and manufacture of the tested materials (e.g. to reduce emissions™), or the procedures and
analysis methods for testing the emissions.

Several Nordic countries have introduced voluntary indoor climate labelling of building
materials®*> '%. A European collaborative effort has also resulted in a report” which
describes a method for testing emissions from, and labelling of, flooring materials. The
problem with most of these methods™ *"**is that they focus upon giving an indoor climate
label that fulfils certain requirements, rather than giving relevant emission data for use in an
IAQ model. A better approach, in the author’s opinion, is to atlocate the materials to three
(or more) classes depending on their emission rate, as proposed by the Scandinavian HVAC
organisation, SCANVAC'®, in 1991. This proposal was based on TVOC as a measure of
the heaith and/or comfort effects arising from the emissions. However, there now seems to
be consensus that the TVOC metric is not a good measure of health or comfort effects'™ 1,
Hence, the labelling methods of the European Collaborative Action® and the Danish indoor
climate labefling™ * weight the different VOCs emitted with their respective odour or
irritative thresholds. This approach is based on the assumption that the health and comfort
offects of a VOC mixture are equal to the sum of each weighted component. Few data exist
which verify this assumption”. However, Brinke et al.'® tested different VOC metrics
against the prevalence of SBS symptoms in several investigated buildings. They found that
a VOC metric using irritative thresholds to weight different compounds was statistically
significantly correlated with the prevalence of SBS symptoms in the buildin £5.

Even though few emission data exist at present, the “new” Norwegian building code!®™ 1%
lays down requirements for labelling emissions from building materials. It also takes into
account the emission from building materials when ventilation air-flow requirernents are
stipulated. Hopefully, these demands will lead to more readily available emission data for
building materials in the near future.

Only limited data exist regarding VOC emissions from occupants, equipment and
processes. To the author’s knowledge, Bluyssen™ is the only one who has published VOC
emissions from persons. Brown® has recently published data concerning VOC emissions
from photocopiers, but emission data from both photocopiers and laser printers have been
published earlier'®, Vejrup® has published VOC emission data for several cleaning and
polishing products. Eatough'®® give examples of VOC contents in environmental tobacco
smoke (ETS).

26



3.2.2 Chemical sink data

For Tichenor’s theoretical sink model, also referred to in papers 1, I, II1, IV and VI, there
exists a considerable amount of published data®™ """ in addition to those given in papers 11
and III. These data are, however, mostly for single VOCs, and must be used with caution
for other components and VOC mixtures.

For other models than Tichenor’s theoretical one, there seldom exists more published sink-
rate data than those used to validate them. This is also true for the two sink meodeis
developed in this study {(papers Il and VII).

3.2.3 Input to air flow models
Input data required for air-flow models are:

1. The distribution and air flow characteristics of cracks and gaps in the building envelope.
In simplified models, this is ofien described using the standardised air tightness
measured at a reference pressure of 50 Pa (), together with an estimated distribution
of leakage between floors, ceilings and facades. In network models, this is described
with the flow coefficient (C) and flow exponent (n) for each flow path (at least two for
each face), and for internal air-flow paths between rooms and zones.

2. The frequency of purposely provided areas and openings such as chimneys, air vents,
open doors and windows, both in the building envelope and internally between rooms
and zones.

3. Climatic data in the form of temperature, wind velocity and wind direction for the

location.
The characteristics of the terrain and shielding from nearby buildings and obstacles
have to be known to calculate the local wind velocity from the wind velocity at the
nearest weather station. Wind pressure coefficients (C,) around the building are needed
to estimate the external pressure caused by wind. The indoor air temperature and the
height between openings are needed to calculate the stack pressures {caused by
differences in air density).

The distribution and air flow characteristics of cracks and gaps can be difficult to estimate.
However, air leakage characteristics for different building components have been published
by the Air Infiltration and Ventilation Centre (AIVC)™ ' Data for air tightness, measured
with the n50 value for different building types and building constructions are given in CEN
TC 156/WG2™. In Norway, the n50 value is usually in the range of 2-6 h' for residential
buildings'”.

How frequently purposely provided openings are opened may also be difficult to estimate
with certainty. A way of overcoming this problem may be to perform a sensitivity analysis,
L.e. vary the frequency of opening within a probable range and see what effect this has on
the results for the model (e.g. air flows, TAQ).

Climatic data for a typical year with a time resolution of 1 hour are often available for

larger cities. However, for smaller towns and rural districts reliable climatic data, especially
wind velocity and wind direction can be hard to find.
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Data on the distribution of wind pressure on facades, described by the Cp value, can be
taken from AIVC publications™ ">, Models also exist which calculate the local distribution
of wind pressure on buildings™.

Indoor air temperature is input in air flow models (both simplified and network models),
and a design value (e.g. 22 °C) is most often used. An alternative is to use thermal
simulation tools to estimate the indoor air temperature. A more comprehensive and accurate
way is to couple a thermal simulation program to an air-flow madel, since the air flows
influence the indoor air temperature, and the temperature influences the air flows, Work
being done by IEA Anmnex 35 Hybvent™ is aimed at coupling thermal simulation models
and air-flow models (network models).

3.2.4 Input te gradient models
Input data needed for contaminant gradient models are:

1. Heat output; radiation/convection output, and location and geometry of heat sources in
the space.

2. Generation of pollution; location and geometry of poliution sources in the space, and

how much of the generated contaminants follows the plumes generated by the heat

SOUrces.

Number, location and movement of occupants in the analysed space.

Surface temperature, size and location of cold, vertical surfaces in the space.

5. Location of, and air-flow rates in, mechanically and naturally driven air inlets and
outlets in the analysed space,

B

Most of these data are easily available and are often used in thermal simulation programs,
but some additional geometrical data are needed. However, it may be difficult to estimate
how much of the contamination generated in the occupation zone follows the heat source
plumes into the upper polluted zone.

3.3 Software development

Many of the models presented in the different papers, and existing models discussed in this
chapter are so computational demanding that they are practically impossible to use in hand
calculations. If they are to be integrated into an JAQ model the computational effort needed
is even greater. Another problem is the relatively large number of inputs needed for such
models. A possible solution is to implement the models into a spreadsheet. However,
spreadsheets are seldom user friendly, lacks robustness, and for more complex models the
calculation/simulation time can be substantial. Especially simulation over longer periods
{e.g. a year) is impractical in spreadsheets.

In practise one has to resort to programming languages as C++, Delphi, Fortran and Visual
Basics, for implementation of an integrated IAQ model into a software application. Due to
the fact that Windows® is the dominant operative system in the end user market, most
simulation programs today is developed for Windows. However, many of the simulation
programs developed in the cighties and in the beginning of the nineties, was developed for
the MSDOS® operative system. The EnviSim program (paper 1) is developed in MS Visual
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CH++® for Windows. Some of the advantages with developments of software applications in
modern programming languages as C++ and Delphi for Windows are :

¢ It is possible to design very user friendly software applications, with a graphicat user
interface.

» Standardization of user interface in Windows® makes it easier for users to get started
with new applications, and making it easier to orientate in new programs .

¢ With efficient and optimised programming, the simulation time is quite modest if
modern PCs are used, even for computational complex models and long term
simulations (e.g. a year).

¢ The robustness of application written in these languages is quite good, if the
programming is structured and if necessary debugging and testing has been undertaken.
Extensive use of databases and climatic files can ease the input procedure for the user.
Possibility for on-line help from each dialogue and result/output can also ease the input
procedure and give explanations of the outputs of the model.

s The output/result possibilities in Windows application is much better than the old DOS
programs. Both graphical resulis and numerical results are possible. It is also possible to
present results in a html-file which can be read by different browsers (Netscape,
Explorer, etc.)

An example of a building simulation program using the above mentioned possibilities is
SCIAQ Pro'" (developed in MS Visual C++). This is a building simulation program which
caleulates : temperatures, energy demand, heating and cooling load, CO, and RH levels,
productivity loss {(due to high temperatures), air flow rates due to windows airing, inter
zonal air flow rates, infiltration rates and more. An example of the user interface in SCTAQ
Pro is shown in figure 11. An integrated IAQ model (multizone model) can look much the
same as SCIAQ Pro. In fact, it is possible that SCIAQ Pro will be the basis of an integrated
IAQ model in the future.
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Practical use of models and simulation tools

If the different models proposed in this study are coupled to an air flow model, and in
addition to a thermmal model as SCIAQ Pro, it could be a very powerful tool for
environmental analysis of buildings. Possible usage of such a tool can be

3.5

Evaluation and selection of indoor environmentally friendly building materials. If
emission and sink rate data for building materials become easily available, such a tool
can be used to select appropriate materials for different type of rooms.

It can be used to estimate short term and long term exposure to different contaminants.

Which again, can be used for a health risk evaluation for specific persons or specific
buildings or rooms.

It can be used to evaluate comfort (odour) conditions in a premise,

It can be used for estimation of necessary air flow rate requirement to keep
contaminants at a acceptable level.

It can be used to reduce the need for high air flow rates, which makes it possible to
design innovative ventilation solutions {e.g. hybrid ventilation and “modern” natural
ventilation)

It can be used to optimise between IAQ and energy use in buildings.

It can be used for R&D purposes, e.g. to develop and evaluate new climatization
concepis.

Originality

The main originality of this thesis is the attempt to synthesis models describing ventilation
and air flow processes and models describing chemical source and sink effects. Other
elements that can be regarded as original contributions in this thesis are -

The interaction of sink effects with different ventilation strategies, as presented in paper
HI. To the authors knowledge, this has never been published before.

The two zone contaminant and temperature gradient models derived and validated in
paper V and VI, can be regarded as an original contribution. Even if other two zone
contaminant and temperature gradient models has been published before, no one has
been so comprehensively documented and validated as the models in this thesis.

The documentation that strong sink and substrate effects could explain the difference
between chamber and field experiments (paper VII), can also be seen as a original
contribution.

3.6 Conclusions

1. A prototype of an integrated 1AQ model has been developed and implemented into an

user-friendly software application (EnviSim). The mode! simulates diurnal variation of
TVOC, single VOCs and CO,.

The results from controlled chamber experiments, show that the interaction between
ventilation strategy (time schedules) and sorption effects influence the concentration
variation and exposure in spaces with intermittent occupancy (e.g. offices). Based on
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these results, it is recommended that the ventilation system is furned on a couple of
hours before the occupants arrive.

A new sink/diffusion model describing sorption effects of organic compounds on and in
materials has been developed. This model describes the sorption effecis better than
commonly used sink models, especially for compounds and materials with strong sink
effects.

Models for prediction of vertical contaminant and temperature stratification in
displacement ventilated rooms has been developed. The application of these models can
be : prediction of contaminant distribution and ventilation efficiencies, prediction of age
of air and air exchange efficiencies, prediction of temperature distribution and
temperature effectiveness. The transient models can be implemented in building
simulation tools for better prediction of energy use and long term exposure in
displacement ventilated rooms.

The proposed models for vertical contaminant and temperature stratification have been
validated against empirical data sets found in the literature. Both the steady state and
transient temperature models prediet very well for the seven cases used in the
validation. The steady state and transient contaminant models predict well for most of
the compared cases and variables. However, for the indices measuring the air quality in
the inhalation zone, the models under-predicts the experimental resuits. The under-
prediction is conservative if the model is io be used for determination of necessary
ventilation air flow rates.

Results from chamber experiments show that a carpet (common sink surface) reduce the
emissions from a waterbased paint significantly. The sink effect found are substantially
stronger than those found in earlier sorption experiments, conducted with lower
concentrations. Emission chamber experiments with spruce and aluminium as substrate
for a waterbased paint, show that the emission from a porous substrate as spruce is
considerably lower than for the aluminium substrate. The results from the sink- and
substrate chamber experiments, together with proposed sink- and substrate models, has
besn used to predict the VOC concentrations in a refurbished bedroom. The
concordance between predicted and measured VOC concentrations in the room are
pood, indicating that strong sink- and substrate effects can explain the discrepancy
between chamber experiments and field experiments often found.

Based on the sub-models developed in this thesis, together with existing air flow
models and thermal models, an integrated IAQ medel could be developed. Implemented
in a modern software application it could be a powerful tool for environmental analysis
and design of buildings. However, the most important barrier for using IAQ models
today, is that limited emission data for building materials, equipment and processes
exist. Sink rate date for sink models are also limited.
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ENVISIM; A WINDOWS APPLICATION FOR SIMULATION OF IAQ

TH Dokka', Dr. O.Bjarseth’, Prof. SO Haunssen’

Dept. Ind. Management & Work Science, Norwegian University of Science and Technology
*Dept. Refrigeration and Air Conditioning, Norwegian University of Science and Technology

ABSTRACT

Indoor Air Quality(1AQ) is influenced by several factors, i.e. indoor sources, sink effects,
outdoor air quality, infiltration, ventilation strategy, ventilation effectiveness, use of air
cleaners, It is therefore important to take into consideration all this factors when evaluating
TAQ in rooms and buildings. This paper presents a general dynamic mass balance modet,
which incorporate the most significant factors. Based on this model a user-friendly Windows
application has been developed. This program simulate concentrations of TVOC, CO, , and
single VOC-components. A database of building tightuess, climatic data, data for air cleaners
and active filters, etc., is implemented in the program. Examples of data for emission rates,
sink rate data and outdoor air condition are also included in the database. The model and the
program will be further refined and validated during the PhD study of T'or Helge Dokka.

NOMENCLATURE

sink  Total area of sink surface in the room (m?)

Concentration of contaminants in the sink (g/m?}

Concentration of contaminants in the room air(in the breathing zone) (ug/m*}
Concentration of contaminant in the external air {ug/m?)

Concentration of contaminant in the extract air (pg/m?)

Concentration of contaminant in the supplied air (pg/m?)

Total release of contaminants in the room, from building materials, persoas, smoking, and appliances :
{ng/h)

Alir capacity air cleaner (m*h)

Supply air through the ventilation system (m*/h)

Extracted air throupgh the ventilation system (m*/h)

Mean adsorption-coefficient for the sink surfaces in the room {m/h)

Mean desorption coefficient for the sink surfaces in the room (h"*)
Exfiltration of air from the room (m*/h})

Gins Infiltration of external air to the room {(m*/h}

t Time (h)

£ Ventilation effectiveness, defined by : ¢ = (cﬂ - Cs) /({j‘j - CJ] -}

Tac Air cleaner efficiency (-)
Mex Fresh air filter efficiency (-)

)

P a
*

o
o

w

FoE w0000
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INTRODUCTION

Analysis of thermal environment in rooms and buildings are often done using advanced
simulation programs. These programs/computer models take into consideration different heat
sources, such as : radiation through windows, persons, appliances, lighting, and their
variation with time. They also simulate HVAC!-installations, infiltration, heat transmission
and heat accumulation in the building structure. With such tools the thermal environment (and

' HVAC = Heating, Ventilation and Air Conditioning.

491



energy use) can be predicted, and air conditioning can be dimensioned and optimised
properly.

Design of the atmospheric environment in rooms and buildings are seldom done in the same
rational way as the thermal environment. Prediction of IAQ when projecting new buildings is
often neglected, or done in a superficial way. Standards and regulation often describes a
minimum fresh air supply dimensioned after the number of persons in the room. Such
design/dimensioning take no consideration of external air quality, filtration of air, ventilation
effectiveness, emission from building materials, technical equipment and other sources, sink
effects on surfaces, and more. The olf/decipol method developed by Prof. Fanger, which is
central in the new European CEN-standard : Ventilation in Buildings, \1\, is a step towards a
more rational way of designing atmospheric environment. But even this method neglect sink
effects and variation in concentration levels, which can be important. Another disadvantage of
the olf/decipol method, is that evaluation of air quality is based on subjective values that can’t
be measured physically.

1t is therefore important to developed more objective methods for prediction of TAQ, which
can be used for design of atmospheric enviromment in room and dimensioning of ventilation
systems (natural and mechanical).

A mathematical model for prediction of concentration in rooms and single zones has been
developed, and is validated and further refined in a PhD study. The present model has also
been implemented in a user friendly Windows application called EnviSim.

PHYSICAL MODEL; MATHEMATICAL FORMULATION

Figure 1 : Schematic contaminant model of a room

Figure 1 shows the physical model used in EnviSim, This is a single zone contaminant

model, based on the following main assemptions :

+ Contaminant transport between rooms/zones are negligible or balanced

e Concentration gradients in the room can be characterised by a ventilation effectiveness,
and that this effectiveness don’t vary significantly with time

¢ Adsorption and desorption of contaminants can be modelled with the dynamic Langemuir
isotherm proposed by Tichenor, \2A

= All sources, ventilation, infiltration/exfiltration, external concentration, etc. are assumed to
be constant in each timestep

» Exfiltrated air has the same concentration as in the breathing zone

e Infiltrated air has the same concentration as the external air
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To analyse the variation of concentrafion with time in the room we need to formulate the
contaminant mass balance in the air, and the mass balance for the contaminant in the sink
(here schematically shown as a carpet, fig.1).

A dynamic mass balance for the contaminant in the room air can be stated as (see fig. 1} :

Rateﬁ%z_‘h‘ange Sources / supply Sinks / extract (1)
VEL =g+ Lsupcsup +qinFCa + kn Agnk Cn '"(qcrf ci + Lc.r Cc +L, e Ci + krl As{nﬁci)
where: ¢, =, (1-7,) and C, = & C; +(1- &)1~ 7, )C.,
Sirilarly a mass balance for the sink gives :
Rate of change
—— Supply  Extract
ac. P A . L (2)
sink —a’l_ = Ak, C; — Ak, C,
Mathematical solution
Equations (1} and (2} is in mathematical terms called a 2-dimensional northomogeneous
linear system. It can more nicely be written as :
dC,
iz C o+ fC,+6
w GG 3)
dc,
—SmgC-pC
d! £ i q’ &
Where :
+L e+ L + kA, :
o= Qg T Lo & F Loge e + K g Aging (Y ; f= ko Agns 'y,
v ¥
g+ Lsup Cz:z (] - Um) + Giar C:x - (1 - 6‘){1 - ﬂa)ccr]‘ar Hg m - (4)
&= —3-; =kn—“‘ ;Q?zk,,(h)
v nh h

Solution of equation (3) can be accomplished with a variety of methods, such as Laplace
transform, transform to a second order differential equation, operator methods, and so on. It is
here preferred to use linear algebra, with the eigenvaiue/eigenvector method.

1t is useful to first calculate the equilibrium(stationary) solution of (3), setting
dCydt = dC,/dt=0:
L S L
ap-ef ap-cf e}

Iy )

To simplify the solution of equation (3) it is convenient to introduce the new variables, X;and
X, , given by* :

X=C- Cx'.w ) Xn = Cn - Cn,m (6)
Substituting the new variables, X; and X, into equation (3) gives raise to the new
homogeneous system :

? These new variables transform the equilibrium pomt (C; ., C, ) down to origo (0,0},
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ax,

T E—a X+ X

dt s (7)
o, =—£ X X,

7 moE A - A,

Equation (7) can be formulated in vector-matrix form as ;

X, [ma B . L.dx
[x“ -w][xﬂ]“"“‘" c = @)

where A ° is the coefficient matrix. The general solution of (8) is, \3\ :
X.l(‘f) _ Ayt ~ A
l:)(ﬂ (t)} = C,K+e + CZK_G? (9)

where A, and A. are eigenvalues of A, K. and K . are corresponding eigenvectors. C, and C,
are arbitrary constants.

Eigenvalues for the coefficient matrix A, are given by :

(e+ o)t yf(a+ o) -4 (e - 5)
2

det(A - A)=0 = 4, = (10}

Corresponding eigenvectors for A+ and A are ;

] 1 1
_ A |- . - . __aJ”lz
K'_[a;*]_[h] ’K‘"[AJ PATTp (tn

The constants in (9), C; and Cy, can be determined by the initial values(concentrations) :
C;(t=0) = Ci,() and C,(t=0)=C,, :

X(e=0)=X,,=Co-Cp i X(t=0=X,= Coo-C, (12)

aen

Substituting the initial values into equation (9) gives :

Xio CCK. 4 CK <| ! 1Ec,‘
X, " otetRo=n A,J_CJ (13)

Using for instants Cramer’s rule® gives C; and Cy:

G = Xf,n-'\-- _Xn,D . Xn‘D - Xi.0A+

AL-A, T UAL-A, (14)

* Matrices and vectors are written with bold types
* Cramer’s rule is a convenient method for solving small systems of linear equations. For definition and proof
see \3\ page 93. ’
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The final solution to equation (3), substituting to the original variables C; and C, , is then
given by :
Cit)=cCe™ + Ce™ 4 C,,
(15)

Clt)= Che™ +C A e 4 C,

Infiltration

Calculation of infiltration (and exfiltration) in EnviSim is done with the recognised Lawrence
Berkley Infiltration Model, \5\, which is a theoretically derived infiltration model, taking
account for wind-, and temperature forces and mechanical fans. Transient infiltration through
large openings like windows and doors, are predicted by an semiempirical model proposed by
de Gids and Phaff, \6\. This model takes account for temperature and wind driven infiltration.

Sources

EnviSim differs between four different source types : Constant emission from materials and
furniture(TVOC and single component VOC), emission from persons (CQ, and TVOC),
emission from smoking (TVOC), and emission from various equipment (TVOC and single
component VOC). Emission from materials and furniture are calculated by a stationary
emission factor :

g=g"4 (16)

where g is the emission from the material (ug/h), g” : Stationary emissionfactor (ug/m*h), A :
surface area material (m?*). Emission of TVOC from persons are based on Bluyssen \7\, and
set to 760 pg/h. Emission of TVOC from an average smoker (timeaverage) are set to 2800
ug/h, based on \8\. Emission from equipment are set by the user, as an on-off source.

IMPLEMENTATION

The described model have been implemented in a Windows application called EnviSim, and
applied for simulation of CO, , TVOC and single compoenents of VOC, The simulation
timestep 1s user selectable between 5 minutes and | hour. To ease input procedures the

program contains a databases with building tightness, climatic data, data for air cleaners,
active filters, examples of emission rates , and more.

{pg/ov]

508 4 y
406 —\N \
] e

305 ¢+

TVOC-Concentration

203 4

102 4

4 + + + ¥ ¥ } + Time of day {h)
3 5 8 11 13 16 19 21

[h

Figure 2 : Analysis of TVOC-concentration in a meeting room
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Figure 2 shows an example from EnviSim, analysing TVOC-concentration in a meeting room,
The meeting room, with 15 m® floor area, is used between 9 -11 and 12 - 14, by 7 persons,
where 50 % are smokers. The emission from building materials and furniture are constant
(4450 pg/h). The room is ventilated with 1.5 ACH between 06.00-18.00, and with 0,75 ACH
between 18.00 and 06.00. Constant concentration in the external air are : 230 ug/m?® (near
traffic). Sinks effects on materials are moderate.

CONCLUSION

The computer model in EnviSim needs further refinement and validation, this will be done in
an ongoing PhD study. The quality of the model is also dependent on good input values; the
most central data are :

s Real ernission data for different sources
¢ Characterisation of external air quality
e Sink rate data for different matetials

Data will be collected in lab- and field experiments, and by literature studies, during the PhD
study.
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ABSTRACT

Emission testing in small test chambers has become the most commonly used method to
evaluate the effect of building materials on IAQ in buildings. Emission testing in chambers is
economically favourable and enables test conditions to be controlied. The question, however,
is can small chamber testing be used fo evaluate and predict IAQ in real indoor environments.
Earlier experiments have indicated that concentrations in chambers are considerable higher
than those found in field experiments.

This study compares experiments performed in a small steel chamber with a controlied
field experiment in a refurbished bedroom. Mathematical models are used to predict the
concentration of TVOC in the bedroom based on chamber data, and compares this with the
measured concentration in the bedroom.

The predicted concentration in the bedroom is found to be up to ten times as high as
the measured concentration in the bedroom. The paper provides hypothesis that can explain
this discrepancy.

INTRODUCTION

In the last two decades there has been an increased awareness that the emission of volatile
organic compounds (VOC) from building materials can reduce the indoor air quality (IAQ) in
buildings. Standards and building codes have also begun to take pollution from building
materials into consideration when designing TAQ, or establishing requirements for ventilation
rates. This has led to a need for evaluation of emissions from building materials. To do this
economically and efficiently, small test chambers have been used to measure the emissions
from building materials. Samples of a building material are placed in a test chamber (usually
made of steel or glass), in which the air exchange rate, temperature and humidity are
controlled.

The question, however, is whether this small chamber testing can be used to evaluate
or predict IAQ in real indoor environments (rooms or buildings). Seme comparison
experiments indicate that concentrations in chambers are considerably higher than those found
in field experiments, [1], [2].

This paper compares calculated concentrations based on data from chamber
experiments, with measured concentrations in a controlled field experiment (a refurbished
bedroom).
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METHODS
Chamber experiments

The chamber experiment was performed in a small steel chamber with a volume of 100 litres.
An aluminium plate with a dimension of 0.3 m x 0.4 m was painted with a water-based paint
and placed in the steel chamber. The water-based paint was selected from thres tested water-
based paints, and was chosen because of its high emission rate. The air exchange in the
chamber was approximately 1.0 ACH, and the temperature and relative humidity (RH) in the
chamber were respectively 21 °C (£ 0.4 °C } and 53 % (4 % ). VOC samples were collected
using Tenax TA (250 mg tubes) and analysed using GC -MS. For desorption of the samples
we used a Perkin Elmer ATD 400 unit. The Perkin Elmer Autosyster: GC was equipped with
a capillary column, CP-Wax 52-CB. The mass spectrometer was a Perkin Elmer Turbomass.
For quantification purposes an external standard of toluene was used.

Air samples were taken frequently during the first week (several samples each day), followed
by one samples per day for subsequent days. Air samples were taken less frequent during the
last two weeks of the experiment The experiments were concluded after 30 days. This paper
only includes TVOC vatues based on toluene as standard.

Field experiments

The field experiment was carried out in an unoccupied bedroom (sealed of from other rooms
in the building). The bedroom had a volume of 20 i, and a floor area of 8.7 m?. The walls in
the bedroom were painted with the same water-based paint as used in the chamber
experiments. The bedroom was ventilated by a small vent in the frame of the bedroom-
window. The air exchange rate was measured at 0.15 ACH, which was calculated from a CO,
decay experiment. The temperature in the bedroom was kept at 22 °C by a thermostatically
controlled panel heater. The same chemical analysis and analytical conditions as in the
chamber experiment were used. Air samples were taken frequently during the first week, and
thereafter one sample each day. From day 10, and up to day 29 when the experiment was
concluded, air samples were taken less frequently,

The walls of the bedroom consisted of hard particle board drawn with wall covering.
The ceiling consisted of painted particle board, and the floor was covered by a nylon carpet.

A model for the test chamber

Since volumes, air change rate, loading (ratio of area/volume), and so on are different between
the chamber and field experiments, mathematical models are needed to compare the resulting
concentrations from the two experiments. To calculate concentrations in the bedroom,
emisston factors from the chamber experiment are required. Since emissions from painted
surfaces often have exponential decaying profiles, the following expression is used to describe
the time-dependent emission factor (g") of the painted surface :

g'() = giexp(-at) (1)

g" : time-dependent emission factor (pg/m*h), g", : initial emission factor (ng/m*h), a:
emission decay rate (h-1) and t ; time (h),
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In general equation (1) cannot be used to fit concentration data from a chamber
experiment, since the concentration also depends on the loading (painted area/volume) and the
air change rate of the chamber. To fit concentration data, we have to make a model for the
chamber, based on a mass balance, In 2 chamber with air change rate n, "source loading"
Lsource (Painted area/chamber volume}, and a decaying source as (1), the mass balance for the
chamber can be written as :

%—? = —nC+L,,. geesp(-a-t) (2)

C : concentration in the chamber (pg/m?), n : air change pet hour (h-1}, Lyoyree : SOUTCE
loading {m?/m?). 1f we assume that the initial concentration is zero : C{t = 0) = 0, the solution
to equation (2) is :

C(t) = %’i%-ﬂ[exp(—at) - exp(——m’)] {3

Given the measured concentration in the chamber as a function of time, a curve fitting routine
can estimate the emission factor : g",, and the rate constant : a. This mode] is based on the
assumption of complete mixing in the chamber, and that the sink effect of the chamber walls
are negligible,

A model for the bedroom

"To model the bedroom we cannot ignore the sink effect. If we take as a basis the well-known
sink model developed by Tichenor [3], and modify it with a exponential decaying source as
described by eq. (1), the mass balance for the room air and the sink surfaces can be written as:

Eli—g—=—(n+L

k) CHL
dt

sitt & sinftkrfM + Lsoun:c ) g(’; exp(—a ) l) (4)

aM
— =k C-kEM 5
a " ¢ ©

M : Mass in the sink surface (jug/m?), k, : adsorption rate constant (na/h), k, : desorption rate
constant {h), L, : sink surface loading (m®m?) (sink area/room velume). Assuming zero
initial concentration and mass in the sink, the solution to the coupled differential equations (4)
and (5) is given by :

C(e) = C, exp(At}+ C, exp{A,t )+ a, exp(-at) ©)

M(@) = C,K, exp{d,t)+ C, K, exp(A,t)+ b, explat) (7)

Where :
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n+1’sinlcka i- -
l-alk,

k
by = —tema, (ugim®)
k,—a

With the knowledge of source and sink data, together with the air change rate, equation (6)
can be used to calculate the concentration in the bedroom.

RESULTS

Concentration of TVOC from the chamber experiments and the curve-fitted mode} for the
chamber, equation (3}, is shown in figure 1. The non-linear curve fitting was executed by the
statistical software package SPSS®, and the coefficient of determination was : R? = 0.95. The
estimates of the initial emission factor and the emission decay rate are shown in table 1,
together with other physical data for the chamber and the bedroom.

Table 1 : Dimensions, ACH, sink rate data and source data for the calculation

Steel chamber Bedroom

Air change rate; n 1.00 h-! 0.15 h-t

Room volume, V 0.1 m? 19.7m?

Sink area (carpet), Asink - 8.2m?

Source area (painted), Agopyree 0.09 m? 7.1 m?
Adsorption rate constant, k, - 0.286 m/h*
Desorption rate constant, ky - 0.172 h-1*
Initial emission factor, g", - T1187 pg/meh**
Emission decay rate, a - 0.008 h-1**

* This sink rate data is taken fromm an earlier sorption experiment with siylon carpet and the compound alpha-
pinene, see [4].
** Found by curve fitting equation (3) to the test chamber data.
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Figure I : Chamber concentration data together with the fitted model (eq. (3))

in figure 2 the measured concentration in the bedroom, together with the predicted
concentration using equation (6) is shown. Data from table 1 is used in the calculation.
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Figure 2 : Predicted and measured concentration in the bedroom

As the figure shows, the difference between prediction and measurement is rather large. Table
2 shows the predicted and measured concentrations after 1, 5, 12,22 and 29 days.

Table 2 : Measured and predicted TVOC-concentrations in the bedroom

Days 1 5 12 22 29
Measured (1g/m?) 22671 2510 1784 1084 655
Model prediction {ug/m?) 128400 71950 18770 2752 688
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DISCUSSION

The proposed test chamber model, equation (3), seems to describe the decaying TVOC-
concentration in the test chamber quite well, making it possible to estimate the initial emission
factor (g",) and the emission rate constant (a).

If we look at the model prediction for the bedroom we see that it is many times higher
than the measured concentration in the first 15 days, but that they approach each other after 20
days. After 29 days the predicted and measured concentration are practically the same. The
large discrepancy between prediction and measurement could possibly be explained by :

1. Diffusion or "soaking" of paint or compounds in the paint into the painted wall board,
with possible chemical bindings. This kind of diffusion or soaking into the painted
material has also been reported in [5].

2. Strong surface adsorption with very slow desorption. Cold external walls in the bedroom
can theoretically enhance the adsorption and slow the desorption of TVOC. But it is less
likely that this effect alone can explain the large difference between prediction and
measurement. Reversible adsorption (as modelled here with the Langmuir adsorption
isotherm) cannot explain the difference.

3. Since the air exchange and scale of the chamber and the bedroom is quit different, the air
velocity at the painted surface is likely higher in the chamber. This can maybe lead to
higher and more rapid emission rate in the chamber compared to the bedroom.

It is recommended that further laboratory and field experiments are conducted to investigate
this hypothesis.
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INVESTIGATION OF THE INTERACTION BETWEEN DIFFERENT
VENTILATION STRATEGIES AND THE ADSORPTION/DESORPTION
OF VOCs ON MATERIAL SURFACES

R.B. largensen, T.H. Dokka, O. Bjerseth
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Science and Technology, Norway.

ABSTRACT

The interaction between different ventilation strategies and adsorption and desorption of
VOCs on material surfaces in small test chambers is investigated. Tests exposed nylon campet
to a mixture of toluene and a-pinene at two different source levels, The ventilation strategies
were chosen to mimic the conditions in real buildings, i.e. with one air exchange rate during
the working day (2 h™) and another during the remainder of the 24-hour period (0.67 h'). The
software application "EnviSim" was used to model the concentrations in a model room based
on the experimental conditions. The results show that the sorption behavicur has to be in-
cluded when estimating the concentration variations in a rootn based on source characteristics
and ventilation rates. The ventilation strategy influences the resulting concenirations and it is
recommended that the ventilation system is "turned on" a couple of hours before the start of
the working day and "turned down" again when the occupants have left the building.

INTRODUCTION

The adsomption and desorption of volatile organic compounds (VOC) on material sur-
faces is often given as the explanation when measured data fail to match expected results. In
inter-comparison cvaluations, sorption on chamber walls is used fo explain differences be-
tween different results from different test chambers. In field studies sorption is used to explain
differences between material emissions found in test chambers and material emissions found
in the field.

During recent years many researchers have demonstrated the fact that material sur-
faces mteract with VOCs. Most of this work involves relatively simple test chamber experi-
ments where material surfaces are exposed to VOCs and the concentration in the test chamber
is momitored. Based on this kind of test chamber experiment, medels are set up to describe the
sorption phenomenon [1]. When these sorption models are implemented as room models, the
sorption appears to have a significant influence on the concentration variations of VOCs in
the room [2, 3].

There are few experimental validations of the influence of sorption on the concentra-
tion of VOCs in real rooms, Sparks et al, [3] have compared data from a test house to mod-
elled concentration predictions and Jergensen et al. [4] have made theoretical calculations
about the influence of sorption on resulting room concentrations. The results indicate that the
interaction between sources, sinks, individual activity patierns and ventilation strategies has a
major influence on the resulting concentrations in real rooms.

During recent years the intention of ventilation systems has changed (5]. Some coun-
tries have infroduced ventilation rates based on emissions from the buildings themselves, the
ventilation systems and from materials in the buildings. The influence of adsorption on and
desorption from material surfaces should be taken into consideration when determining the
operation of ventilation systems.
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The objective of this paper is to investigate the interaction between different ventila-
tion strategies and adsorption and desorption of VOCs on material surfaces.

METHODS

Study Design

Three different ventilation strategies were evaluated, Each ventilation strategy com-
prised two different ventilation rates: a low rate used during the night and a high rate used
during the day. The only difference between the strategies is the change in the length of the
day/night periods used. The ventilation rates and the periods used are shown in table 1.

The experiments were conducted in a 50-L glass test chamber {6] on nylon carpet
(composed of 100% polyamide fibres, 100% polypropylene backing and 100% polypropylene
textile texture).

Two different pollution sources were used during the experiments and both consisted
of a mixture of c-pinene and toluene. The source strength during the day period (working
hours) was twice the source strength during the night period, see table 1. This is based on the
assumption that the occupants and their activities cause 50% of the VOC contribution, while
the building and its materials cause the other 50%. The source levels are relative high due to
the monitoring method used. However, this should not influence the results since these are
given by the difference between night and day levels.

Table 1: Experimental conditions.

Strategy 1 Strategy 2 Strategy 3

Day-time ventilation rate 207h7 205h7 205hT
Day-time ventilation period 800-16.00 6.00-18.00 5.00-17.00
Night-time ventilation rate 0.66 k! 0.69 4! 0.68 1"
Night-time ventilation period 16.00 - 8.00  18.00-6.00 17.00-5.00

Source strength - working hours (8.00-16.00) 1.I36 mg/h  1.082mg/h 1,100 mg/h
Source strength - night period (16.00 - 8.00) 0481 mg/h  0448mgh 0469 mgh

The temperature was 22.02 °C (+ 0.06°C) and relative humidity was 48% (£ 2 %). The
loading of the nylon carpet was 4.46 m*/m’.

In addition, one traditional sorption experiment was performed to establish the Sorp-
tion constants at the actual pollution level. This experiment is not described in this paper. It
was performed in the same test chamber and with the same measuring equipment as the other
experiments. The equilibrium concentration before desorption was 9.83 + 0.10 mg/m® (after
correcting for the background concentration of 0.93 * 0.16 mg/m®), the air exchange rate
during the desorption period was 2.04 h™', This experiment was analysed using Tichenor’s
one-sink model, assuming Langmuir type of sorption {1]. The sorption constants found were:
adsorption rate constant k,: 0.176 m/h, desorption rate constant, ks: 0.177 h™'. For method de-
scription see Jorgensen et al. [6]. The data analysis was performed by the non-linear curve
fitting routine in the statistical software package, SPSS®.

Procedure

A sample of the nylon carpet was placed in the test chamber and conditioned with
clean air for one week. The experiments were then performed with high-source dosing during
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the working hours and low-source dosing during the rest of the 24-hour period. The air ex-
change rates were varied, as described in table 1.

Using photoacoustic spectroscopy, the concentration of the test compounds in the ex-
haust air from the test chamber was measured every 4 minutes. The measuring device used
was an Innova 1312 (Briiel&Kjer type 1302). The instrument was calibrated for toluene.

RESULTS

An imagined office with a floor arca of 10 m® and a volume of 25 m’ was used to
compare the experimental results to modelled concentrations based on the sorption results.
The office was ventilated by a mechanical ventilation system. The IAQ program, "EnviSim"
[2], is a computer program that has been developed to calculate the resulting concentration in
buildings based on given input data. The sorption isotherm used of the program is the Lang-
muir isotherm [1]. The input data in this example comprises the experimental conditions used
(loading, air exchange rates, and sorption constants). The imagined office is covered with
nylon carpet and the source strengths are converted so that the resulting concentrations in the
model office comrespond to the experimental concentrations.

The "EnviSim" program is also used to calculate the theoretical no-sink curve of the
imagined office. In this case the sorption constant is omitted, and the rest of the input data are
constant. Figures 1-3 illustrate the experimental results and the modelled curves.

The experimental concentrations during the working day are shown in table 2. The
values are shown for every hour (mean values from 5 measurements). With respect to com-
parisons between the experiments, the values are also shown as a percent of the actual equilib-
rium concentration (C.q) for the experiment. The Cep-values are calculated as mean-values
during the equilibrium period.

Table 2: Experimental concentrations (mg/m®) during the working day.

Ceq 8.00 900 10.00  $1.00 12.00 13.00 14.00 13.00 16200

Vent. strategy 1

Conc. {mg/m®) 11,11 14,57 1253 11,86 11,62 11,31 11,36 11,27 11,09 1106
percent of Ce (%) t31% 143% 107% 105% 102% 102% 101% 100% 100%
Vent. strategy 2
Conc. {mg/im®) 10,71 8,08 10,38 10,55 10,78 10,80 10,74 10,76 10,71 1072
percent of Cgq (%) 5% 97 % 99 % 101% 101% 100% 100% 100% 100%
Vent. strategy 3
Cong. {mg/m®) 0.9 802 1052 10,83 11,02 10,86 1103 11.00 10,89 1080
percent of Ceq (%) T4 % 96 % 99 % i01% 100% 101% 101% 100% 100%
DISCUSSION

In the first strategy the ventilation period is in phase with the pollution periods. This
causes the air conceniration to be at the maximum at the start of the working day and mini-
mum at the end of the working day. At the end of the working day the air concentration in-
creases since the air exchange rate decreases at that moment.

In the second strategy the air exchange rate increases from approx. 0.67 h to approx.
2 h™ two hours before the start of the working day. This means that the air concentration de-
creases to a low level before the start of the working day and then increases during the first
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Figure 1: Ventilation strategy 1: day vent. rate 8.00-16,00, night vent. rate 16.00-8.00.
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Figure 2: Ventilation strategy 2: day vent. rate 6.00-18.00, night vent. rate 18.00-6.00.
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Figure 3: Ventilation strategy 3: day vent. rate: 5.00-17.09, night vent. rate: 17.00-5.00.
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working hours. At the end of the working day the pollution source decreases to the "night
level", while the air exchange rate remains af the high level for a further two hours. This leads
to a decrease in concentration two hours before the ventilation rate is turned down to the
"night level" and the air concentration increases correspondingly.

The third strategy is similar to the second strategy, but the ventilation period is moved
by one hour and is now at "day level" from three hours before start of the working day to one
hour after end of the working day.

The results show that the desorption of pollutants adsorbed during the night contrib-
utes to a higher concentration during the working hours when compared with the concentra-
tion levels assuming that the sink effect is negligible.

To reduce the concentration during the working hours, especially the first working
hours, the ventilation strategy can be modified by elevating the air exchange rate in a period
before the start of the working hours, This is done with ventilation strategies 2 and 3. The in-
creased concentration from desorption of pollutants during working hours is reduced as the
pollutants are desorbed during the moming.

As it is seen from the figures and table 2 there is a noticeable difference between the
concentrations caused by ventilation strategy 1 and the strategies 2 and 3. The pollution
sources are approximately equal in the three cases, the difference in ventilation strategies are
the only cause to the variations in the concenfrations. In strategy ! the occupants of the
building is exposed to a high level of pollution when they start working in the morning. This
level decrease during the day until it reach an approximately equilibrium level after noon. The
pollution level remains thereafier at this level the rest of the working day.

With ventilation strategies 2 and 3 the concentration profile are different. When the
occupants atrive in the moming, the pollution level is low. The pollution level in the building
then increases for two-three hours until it reaches its equilibrium level. This means that the
difference between ventilation strategy 1 and 2 & 3 is that the occupants with the first strategy
are exposed to a higher pollution level before noon, than in buildings ventilated after strategy
2 and 3. Since energy use for running the ventilation system is approximately proportional to
the operation petiod, the choice of ventilation strategy is of crucial importance. Longer opera-
tion period gives higher energy use and running costs. When the purpose is to obtain good air
quality, the ventilation strategies 2 and 3 are more suitable than strategy 1.

There is lLittle difference between the resulting air concentration during the working
day with the ventilation strategies 2 and 3. The concentration decrease during 2 hours (vent.
strategy 2) to 8.06 mgfm3 and during 3 hours (vent. strategy 3) to 8.02 mg/m°. As seen from
table 2, these concentrations are equivalent to 75% and 74% of the equilibrium concentra-
tions. The difference between the concentrations during the working day for the two ventila-
tion strategies is negligible.

Ventilation strategies 2 or 3 are normally seiected because several occupants are pres-
ent in the building after end of the normal working day. This demands for good air quality
also in these hours. In the performed experiments the ventilation strategies are used together
with an experimental design assuming presence of the occupants only in the period 8.00-
16.00, this explain the unnecessarily decrease in concentration after the end of the working
day.

Modelting of the results

By applying the k, and ky values determined in the simple desorption experiment, the
night and day variations of the concentration can be calculated by the "EnviSim" program.
The model predicts the concentration curves in a substantial better way when the sink effect is
included than when the sink effect is ignored. This shows that the influence of sorption has to
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be included when estimating the concentration variations in a room based on source charac-
teristics and ventilation rates,

Implications

The sink effect may also have a positive effect, Occumrence of unusually high expo-
sures causes adsorption of that pollution. The materials may slow down the increase of the
concentration of pollution. By optimising the ventilation strategy the desorption of the pollu-
tion from the materials can be forced o take place at certain time periods. 1t is recommended
that the interaction between adsorption and desorption and different ventilation strategies and
the influence on the indoor air quality is evaluated further,

In these experiments only two diurnal air exchange rates are used. Another approach
to minimise the resulting concentration during the working day could be further increase the
air exchange rate in the momning hours before the occupants start at work. Air exchange rates
could then be 3 h** from 6.00-8.00, 2 h™! from 8.00-16.00 and 0.67 h™' from 16.00-6.00, This
would give a lower concentration in the building when the occupants start at work and with
that a lower mean exposure during the working day than the strategies evaluated in this paper.
It is recommended that this idea is evaluated further.

CONCLUSION

There is good agreement between the experimental results and the modelled concen-
trations using a model including the sink effect. Modelled concentrations using a model ne-
glecting the sink effect do not fit the data satisfactory.

The ventilation strategy influence the resulting concentrations and it is recommended
that the ventilation system is "turned on" a couple of hours before the start of the working
day, and is "turned down " when the occupants has left the building.

The results show that the influence of sorption has to be included when estimating the
concentration variations in a room based on source characteristics and ventilation rates.
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Abstract

Displacement ventilation is an alternative to conventional mixing ventilation in various types of rooms.
Displacement ventilation is superior to mixing ventilation when it comes to removing contaminants and surplus
heat in a room. In the design process of a room: it is necessary to have design methods and simulation fools that
can predict the vertical contaminant and temperature distribution that arise in displacement ventilated rooms. In
this paper, both steady state and transient models for prediction of temperature and contaminant stratification are
proposed. Sub-medels for convective air flow rates, boundary layer air flow and long wave radiation exchange in
the rooms are also presented. The proposed models can be used for design of displacement ventilation and for
evaluation of ventilation efficiency and temperature effectiveness. The transient models can also be implemented
in building simulation tools.

Keywords : Displacement ventilation, Models, Stratification, Contaminants, Ventilation efficiency, Simulation
1. Introduction
1.1 Bachground

The main objective of ventilation is to provide sufficiently clean air for the occupants, i.e. without any
harmfu] or unpleasant contaminants. Secondary objectives can be the removal or supply of heat, or controlling
the humidity level. With regard to air quality, this can be done by diluting contaminants and/or by supplying
clean air to the inhalation or occupation zone. Conventional dilution ventilation is primarily based on the first
principle (dilution/mixing} and so called displacement ventilation is mainly based on the second principle
(supplying clean air and displacing polluted air).

Figure 1 The working principles in displacernent ventilation

The fact that cool air is denser than warm air, leads to a buoyancy effect of warm air raising, Above
monitors, lamps, people, radiators, etc. warm air will raise towards the ceiling. Such currents of warm air are
often called plumes. If there is no air supply near the ceiling, and no other “disturbing” air currents/movements, a
layer of warm air will accumulate below the ceiling. The thickness of this layer is mainly dependent of the plume
air flow rates and the ventilation air flow rates. This accumulation will lead to 2 vertical temperature gradient in
the room, with low temperatore at floor level and a higher temperature at ceiling level. If the pollution sources in
the roont are associated with the heat sources, and thercfore the plumes, the polfution is also accumulated in a
layer near the ceiling, causing a vettical contarninant gradient. This principle is used in displacement ventilation
where clean and cool air is supplied to the lower part of the room while the poliuted and warm air generated in
the occupation zonc is transported by the plumes to the upper zone. The height of the clean zone and the polluted
zone are dependent of the magnitude of the supplied ventilation air flow and the convective air flows in the
room. Displacement ventilation should ideally give much cleaner and cooler air in the inhalation and occupation
zone, compared to conventional mixing ventilation. Chemical and physical measurements in laboratories and in
real rooms show that the air quality in the occupation zone and the inhalation zone is substantially better than
standard mixing ventilation [1-12]. In addition, laboratory and field experiments shows that people perceive the
air as more pleasant in displacement ventilated rooms compared to rooms with difution ventilation (@rhede et.al.
[13], Brohus et.al. [143). Displacement ventilation has successfuily been used in industrial premises, where large
congcentrated heat and pollution sources are often present at floor level. Displacement ventilation has also grown
popular in comfort ventilation, especially in northern Enrope.

1.2 Aims and scope of the work

In the design process of a building or room it is of interest to predict the thermal comfort, indoor air quality,
the heating and cooling load and energy use during various seasons. A good simulation tooi makes it possible to
design optimal ventilation sofutions. An optimal ventilation system should give good thermal comfort and IAQ
with a mintmum of energy consumption and investment in heating and cooling equipment. Most existing models
and simulation tools for JAQ and energy use are based on the assumption of full mixing, and are unable to
predict the advantages of displacement ventilation,

The aim of this work has been to develop both simplified hand caleulation methods and more refined models
for implementation in building simulation tools. Four different models for vertical temperature and contaminant
stratification in displacement ventilated rooms are proposed, covering both stationary and transient conditions.
All models are based on a two-zone model approach, assuming a lower clean and cool zone and a upper polluted




and warm zone, Sub-models for convective airflow from heat sources, boundary layer flow along vertical
surfaces and radiation transfer models are also proposed/described.

This paper is part ong of two complimentary papers. In part two, the models for temperature and
contaminant stratification are validated and evaluated against empirical data sets found in existing literature. An
inter-model comparison is also undertaken in part two.

2, Previous work: predictive models

Simulation tools and models based on the assumption of full mixing has for the most part been used to
predict thermal conditions and IAQ in rooms with displacement ventilation, even if it has been clear thaf the
assumption of full mixing gives inaccurate and dubious results in displacement ventilated rooms. However,
various alternative methods and models have been proposed to predict the effect of displacement ventiiation.

Skistad {15] has proposed a simple model {‘rule of thumb”) for the vertical temperature gradient, where half
the difference between the extract and supply 2ir temperature is evened out at the floor, and that the other half of
the temperature difference gives rise to a linear gradient from floor to ceiling. This is claimed to be
representative for offices with moderate ceiling height and normal heat loads and ventilation rates.

Mundt [11 has proposed a simplified nodal model for vertical temperature stratification, where she takes into
account radiation from the ceiling to the floor, and convection from the floor surface to the supply air current
zlong the floor. Radiation and convection s described with linearized heat transfer coefficients. Three nodal
temperatures are calculated: the surface floor femperature, the ait temperature in the layer near the floor, and the
ceiling temperature. The extract temperature is assumed to be equal to the ceiling temperature. She also assumes
a linear temperature gradient from floor to ceiling.

Mundt [1] has also developed an extended model (a four-node model), where the node temperatures are : the
floor surface temperature, the air temperature in the layer near the floor, the ceiling surface temperature, and the
air temperature near the ceiling. Assuming a linear temperature gradient the extract temperature can be
caleulated from the ceiling air temperature, if the extract opening is located below the ceiling level. This model
also takes into account heat conduction through the floor and the ceiling/roof.

Based on the Mundt models, Li et.al. [16), has proposed more detailed and complex multi-node models for
prediction of vertical temperature gradients. These models have more detailed radiation heat transfer analysis
between the surfaces in the room, and also take into account heat conduction through walls, floor and ceiling.
Because of the complexity of the model the calculations have to be implernented and executed on a computer.
The models do not deal with transient (time varying) effects.

Nielsen [17] has proposed a model for the vertical temperature gradient, based on the Archimedes number.
The velocity used in the Archimedes number, is the air flow rate divided by the floor area, the temperature
difference is the difference between the extract and supply air temperature, and the characteristic dimension is
the height of the room. The temperature pradient from the floor to the csiling is assumed linear. Nielsen gives a
design chart where the dimensionless temperature gradient in a room is given for different type of heat sources
as a function of the Archimedes number. Fhe different heat sources are: distributed heat sources, sedentary
persons, ceiling light and point heat sources. The madel does not deal with transient {time varying) effects.
Nielsen [18] has also proposed non-linear temperature gradient models based on the same design chart as in [171.

Another type of models that can be used to predict vertical temperature and contaminant stratification is
zonal models, in which a room is divided into a number of zones where full mixing is assumed in each zone.
Exchange of air, contaminants and heat between the zones are often described with flow element modets for
boundary layer flow, plume flow above heat sources, and jet flow,

Skaret [19] has proposed a transient two-zone model to predict vertical contaminant stratification in a room.
Flow element models are used to calculate the air exchange between the two zones.

Sandberg et.al. [20] has proposed a rather complex steady-state models for vertical temperature and
contaminant distribution in rooms. The temperature model by Sandberg et.al. also incorporates models for long
wave radiation processes in the room.

Overby [211] has proposed a two zone model for vertical temperature stratification, which ke has implemented
into the thermal building simulation program SUNCODE.

Togari [22] and Inard [23] has proposed more advanced multi-zone models to predict temperature gradients
and stratification in rooms, also taking into account horizontal temperature gradients.

Other simplified zonal models for vertical temperature distribution have been proposed by Shilkrot & Zhivov
[24] and Manzoni & Rongere [25].

Koganei et.al.[26] has propesed a two-zone model for vertical contarninant distribution, assuming piston flow
in the lower clean zone. This model provides simplified expressions for the air exchange efficiency and the
contaminant removal efficiency.

The most advanced models for prediction of vertical contaminant and temperature stratification is CFD
models (CED : Computational Flwid Dynamics}. CFD models are based on the governing equations for fluid




flow and heat transfer, i.e. conservation of mass, energy and momentum, and different rate laws (e.g. Fourier’s
law and Tick’s faw), together with turbulence models. CFD models (or codes) can be divided into general CFD
codes and special purpose codes. Use of a general purpose CFD code, such as Phoenix, in building application is
shown by Quingean [27]. Examples of special purpose CFD models for building applications are Flovent [28]
and Vortex-2 [29}. However, the modelling of thermal plumes and boundary layer flow, which is important in
displacement ventilated rooms, is difficult in CFD models, as shown by Jacobsen & Nielsen [30].

It is also possible to use physical scale models to predict and study displacement ventilation in real rooms.
Often water is used as the medium in such scale models. Scale models to study displacement ventitation have
been used by Sandberg & Lindstrem 31, 32], Hunt & Linden [333, Cooper & Linden {34] and Cooper et.al. [35].

Table | : Capabilitics of the different theoretical inodels

Modet Type of model Vertical Vertical Transtent Heat Mathematical Horizantal

(first author) temperature contaminant calculation conduction solution gradients
gradients gradients

Skistad Nodal X (x)}7 Analytical

Mundt, simplificd Nodal X Analytical

Mundt, extended Nodal X 3 Analytical

Liectal Nodal S X Numericat

Nielsen Nodal X x? Analytical

Skéret Zonal x X Amnalytical

Overby Zonal % x X Numerical

Togari Multi-Zone X X X Numerical x)*

Tnard Multi-Zone X X X Numerical S

Koganei Zonal X X, Analytical

Shilkrot Zonal X Anaiytical

Manzoni Zonal X X X Numerical

Sandberg et.al. Zonal x x % Numerical®

CFD-codes CFD X x (x)' {x)! Numerical x

' Both transicnt cases and heat conduction can in principle be calculated in Cﬁ)-codcs, but due to complexity of the modelling and
interpretation of the results, this is rarely done.

*Heat cenduction is not explicitly treated in these models, but the madels assurne knowledge about the extract temperature, which is partly a
function of the transmissior loss.

* The thermal model has to be solved numerically due to the non-tinear radiation cxpressions. The contaminant modet can supposcdly be
solved analytically if not coupled to the thermal model.

* This madel has vertical zones along the walls for treatment of the boundary layer flow (down draught) along vertical walls and windows,
but has no general model for treatment of horizontal temperature gradients.

3. Ventilation efficiency indices

Different indices are used to describe how effective a ventilation system is to remove contaminants and heat
from a roomt, and/or to supply fresh air to the occupants. A rather large number of indices has been proposed to
describe the effectiveness of the ventilation system of a room. The most common indices are the air exchange
efficiency and the contaminant removal efficiency. These two indices can be evaluated in several ways: for a
point in the room, in the inhalation zone, in the occupation zone or in the complete room. In comfort ventilation
the occupation zone and inhalation zone evaluation is likely to be the most representative and practical, but mean
toom values are also often used. The inhalation zone in this context is assumed to be the zone with the same
concentration as the occupants are inhaling (exposed to), and is taken to be in the height to the nose
(approximately 10 cm below top of head). The horizontal extension of the inhalation zone is often less than the
thickness of the human boundary layer, which has implications for the quality of the inhaled air. This is more
discussed in more depth in section 7.

3.1 Contaminant indices

The contaminant removal efficiencies (also called ventilation efficiencies) are defined as, see Tjelflaat &
Sandberg {36}

eo Lenl complete room
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Coce = C;
= GG inhalation zone (exposure)
Cexp Cs



where C, and C, are the concentrations in the supply and extract air, <C> is the mean concentration in the room,
Cocc the mean concentration in the occupied zone and C,,, the concentration in the inhalation zone (concentration
of exposure). The contaminant removal efficiency expresses how much better the air quality is compared to
perfect mixing ventilation {perfect mixing: & = 1.0). The height of the occupation zone is determined in each
case, but a height of 1,2 m is used where there is mainly seated activity, while 1.8 m is used in rooms with
standing/walking activities.

Brohus & Nielsen [3] has introduced another efficiency for the exposure of inhaled contarninants,
particularly relevant for displacement ventilated rooms, called the effectiveness of entrainment in the human
boundary layer, defined as:

Cp—Crp

M. =
c,~Cy

@

where C, is the concentration outside the human boundary layer at the same height as the inbaiation zone, C,,, is
the concentration in the inhalation zone, and Cp is the concentration at floor level (assumed representative for the
lawer clean zone). (2) expresses the ability to entrain clean air from floor level to the inhalation zone (height of
exposure). If all the air in the inhalation zone comes from the clean air at floor level the efficiency is 1.0.

3.2 Air exchange efficiency indices

In comfort ventilation the pollution sources are often diffuse and consist of many different components,
making it difficult to estimate the contaminant removal efficiency. An alternative way to evaluate ventilation
efficiency, is the concept of ‘age of air” and the air exchange efficiency, assuming that the cortaminant
concentration is rising from the supply to the extract. Extracted “old” air is therefore assumed more
contaminated than supplied ‘fresh’ air. The air exchange efficiency in the complete room, in the occupation zone
and the inhalation zone are defined as [36]:
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where ¥ is the air volume and V¥ ; is the ventilation air flow. The air exchange efficiency in the occupation zone

and the inhalation zone are also often called local air exchange indices.
The mean age of air in the complete Toom can be assessed by measuring the concentration in the extract
during a tracer gas decay experiment, where the age of air is calculated as [2]:
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The age of air at 2 point in the room can be measured based on a tracer gas decay experiment, where the age
of air is calculated as [23:
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where C(0) is the initial concentration in the room {full mixing required), and ¢, »(1) is the concentration at the
point as a function of time(?) in the decay phase., A representative point is measured for the inhalation zone, and
for the accupation zone several points are measured, and a mean value is calculated. In a room with complete

mixing it can easily be shown that: 7, = f,and &° =¢f, =&l =1.0.

3.3 Temperature indices

Int cases with heat surplus the temperature can be viewed as a contaminant. Similar to the contarninant
removal efficiency, the temperature effectiveness in the complete room can be defined as [37]:

T,-T
o e T4 )]
<T>-T,
where <7 is the mean room air temperature, and 7, and T, respectively e extract and supply air femperatares.

A better indicator of the thermal comfort of occupants is perhaps the temperature effectiveness for the
occupation zone, defined as [38]:

7, -7,
Moce = T T ®

where T, is the mean temperature in the occupied zone.

The normalised floor ternperature () , often reported in the literature on displacement ventilation f1, 16-18},
is an alternative way to describe the temperature efficiency in displacement ventilated rooms:

Ty -T.
x=t L o)
T, -T,

where T is the air temperature near the floor, usually measured approximately 10 cm above the floor surface.

4, Models for calculation of convective air flow around and above heat sources

To predict the distribution of contaminants and air temperature in a room, we need modefs that can predict
the buoyancy driven convective air flows (plumes) created by heat sources in a room. Quite a Iot of work has
been done to quantify these air flows, both experimental and theoretical [1, 15, 19, 21, 39-48]. Some of this work
is reviewed here, and suitable models for application in the two-zone models are proposed.

4.1 Convective air flow models, uniform temperature

For the sake of mathematical simplicity, different types of heat sources are often modelled as point sources
and line sources. The sources modelled as point sources are: occupants, computers, desk lamps, printers, etc.
Flaorescent lamps and long convective panel heaters are often modelled as line sources.

Figore 2 : Idcaliscd plume above 2 point source, with an assumed Gaussian temperature and velocity distribution.
Based on conservation of momenturm and energy, and the assumption of Gaussian distribution of temperature

and velocity, the following simple expression for the convective air flow above a point source is theoretical
derived (see for example [13):

Y 7
Pogied = by PeL2 (e 42, 10)




The convective heat output from the soutce (Ppoine} is given in W. The value of %y ranges in the literature from
4.0 1o 8.0, see Popiolek et.al. {46). Popiclek et.al. recommends the value of 6.0, which they state will predict the

air flow within & 20 %. Equation (10} is valid in a still environment (without air movements), and without any
vertical temperature gradients.

Figure 3 : Idealised plume above a line source, with an assumed Gaussian temperature and velocity distribution.

For a line source with length L, with the same assurnptions as the point source, the air flow can be expressed
as, (see for example [39]} :

Ve = 14- Pl 42, ) L (11)

The convective heat from the source (Ppne} is given in W/m. For extended sources (i & 0) the distance to the
virtual origin point (z,) must be estimated. The literature includes several methods for estimating 25 [1, 15, 41,
46]. I most cases z, is given as a linear function of the cross sectional dimension (f) of the source :

z, =a-l, (12)

The @ value range in the literature from 0.7 to ~3.0 [1, 15, 41, 45, 46]. A theoretical value of a can be found if we
assume that there is no contraction of the plume above the source, and the spread angle is 12° (see Fig. 2 and 3).
The distance to the virtual point can then be estimated by the following expression:

2 papper = =251, (13)

This value: @ = 2.5 can be taken to be the upper limit for the distance to the virtual origin [15]. As proposed by
Skistad [15], a lower limit for ¢ can be estimated if we assume that the plume narrows to 80 % of the
characteristic dimension at [;/3 above the source :

081,

k] 13T (14)
2-fanl2°

zp.iawer =

The cross sectional dimension of the squrce can be taken as the diameter for circular sources, and for line
sources it can be taken as the width of the source. For rectangular or other shaped sources, approximated as

point sources, it can be taken as the square root of the source area, [41]: 7, = A e
Convective air flow above a wall mounted radiator or electric panel heater is often encountered in practice.
The line source model can be an approximation, but the distance to the virtual origin is difficult to assess, Based

on measured data, Overby {21] has modified the line source model to predict the air fiow above 2 wall mounted
radiator (electric or water based):
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where P.,.q is the convective heat output of the radiator (W), A, the height from the floor to the top of the
radiator, and L, the length of the radiator. z is the height from the fleor.

4.2 Convective air flow models, stratified surrounding

In a displacement ventilated room there witl normally be a temperature gradient (7/dz = 0), and the model
derived for uniform temperature will therefore not be generally valid. Mundt [1] has proposed models for
convective air flow rates in rooms with temperature pradients. These models are theoretically derived and based
on the work by Morton [49]. For point sources the proposed model is given by the following equations :
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Mundt [1] also gives the maximum rise of the plume (point source):

dT ~3/8
Zpax = 0.98- PO2 [Z] (16¢)

where d7/dz is the temperature gradient in the room (assumed linear). Likewise, for a line source the equations
are:

Vine = 4.82+(Py )2”(%:—)"05 Va (17a)
Ve =0.004+0.477-2, +0.029 - 27 = 0.018. 2 (17b)
2,576 {z+ zp(%]oj pri (170)
z, =191, (17d)

The maximurm rise of the plume for a line source is given by:

-0.5
dT} (17€)
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Mundt also proposes taking into account the boundary layer thickness for vertically extended sources when
estimating the distance to the virtual point {z,), in equation (16d) and {17d). But this requires knowledge about

the temperature difference between the source and the room air, which often can be difficult to assess, The
influence of the boundary layer thickness is often minor, and has been omitted here.,

4.3 Wall phomes and plumes adjacent to each other

When convective sources is located near walls, comers or adjacent to each other the air flow is reduced
significantly. Based on symmetry arguments, Koefoed [39] has derived the following reduction factors for the
different cases:

1. When a point or line source is located near a wall the air fiow is reduced to 63 % of that of a free plume.

2. When a point source is located in a corner the air flow is reduced to 40 % of that of a free plume.

3. When two equal sources are so close to each other that they create ane plume, the air flow for each source is
reduced to 63 % of that of a singie free plume,

The 63 % reduction factor for wall plumes has been experimentally verified by Kofoed [3].

4.4 A proposed model for convection air flows induced by a person



Convective air flows around and above peaple are of special interest, since occupants are often the major heat
source in many displacement ventilated rooms {for example schools, meeting rooms, theatres). Theoretical
models have been developed based on idealised shapes imjtating the human body (often cylinders), and
experiments have been done to quantify convective air flows induced by people.

A meodel for convective air flow around and above a person has been developed by the authors based on the
following assumptions:

* A person can be modelled as a cylinder (with height h, and diameter d,,.,). The diameter of the person is
derived from the given surface area and the height of the person.

»  When the height of the lower clean zone is below the height of the person, the convective air flow is mainly
governed by the boundary layer air fiow around the person. The boundary layer flow can then be calculated
with the lower expression given in equation {18), which is theoreticafly derived in appendix A.

»  When the height of the lower clean zone (zone §) is above the height of the person, the convective air flow
is mainly governed by piume air flow. The expression for a point source with uniform tetnperature
surroundings (see equation (10)) can be used to estimate this air flow.

«  The transition region between boundary layer flow and plume flow around the top of the person is taken as
the larger of the two calculated air flows.

Based on these assumptions the convective air fiow above and/or around a person can be calculated as:

6.0-(Ppcr)”3(z—11per +ad g, -
v

0.3
per = MAX P (18)
8.61-d,,8,[7;i] 2

per

dp,,,=2-(—hper+,/hfm+APc,/:r) (19)

The surface area of an average adult person (Ape ) can be setat / .8 m* [50]. The height of an average adult
seated and standing can respectively be set at: iy g = 1.2 m, and Ap i = 1.75 m. The distance z in equation (18)
is the distance from the floor level, At nornmal room temperature conditions and with normal indoor clothing and
activity the convective part of the sensible heat output of a person can be estimated at 50 % (50 % radiation}.
Under other circumstances the convective heat output from a person can be estimated by the heat balance
aigorithms of Fanger [50].

4.5 Comparison of measuremenis and model prediction

The convective air flows above a vertical circular cylinder, used as a simuiator for a person, has been
investigated (see fig. 4). Experiments are reported by Mundt [1] and Kofoed [39]. The human simulator used is 1
meter high and has a diameter of 0.4 meters, which gives a surface area of 1.38 1,

Figure 4: Dimension of the cylinder used in the experinents by Mundt [1] and Kofoed [39].

Table 2;: Comparison between model prediction and measurements, with temperaturc gradient of 6-0.1 Kim.

Height above floor 125m 15w 1.75m 20m 225m
Experiments

Kofoed [39], Air flow : D ¥s I7Ws 310 30l 5215 S56is
Kofoced [39}, Air flow : 4.2 175 26\s 34Vs 43is G6ls G4l
Model prediction

Gradient model, Mundt [1] 0Vs 29Vs 39Vs 50 62U
Expression (18), lower limit: a= 1.7 005 20Ws 40Vs 32Vs 661
Expzession (18), upper limit za=2.5 s 43Ws 561 TOUs BSMs




Table 3 : Comparison between model prediction and measurements, with temperatuze gradient of 0.3 K/m,

Height above floor 125m 15m 1.75m 20m 2.25m
Experiments

Kofoed [397, Air flow : 4.2 I/s 23 29 33 43 52
Model prediction

Gradient model, Mundt [1] 20Ws 29Ws 3%Ws 30Us 62Vs
Expression {18}, lower Hmit; a= 1.7 0Vs 29Us 401Vs 52Ws 661s
Expression (18}, upper limit a=2.5 32V¥s 43ls 561s  T0ls 851

Table 4 : Comparisan between model prediction and measurcments, with teraperature gadient of 0.6 Km.

Height above floor Lim ldm 1.8m 22m
Experiments

Mundt [1],20.8 /s, Lab 1 23Ws 3245 35Vs 464
Mundt [1],41.6 Vs, Lab 1 24s 35Ys 43Vs G0Us
Mundt [1], 20.8 IVs, Lab2 30Vs 405 52l 66¥s
Mundt [1], 41.6 I/s, Lab 2 351 49l 62l 7615
Mundt [13,20.8 )fs, Lab 3 4V 3iis 400 4B
Mundt [1},41.6 /s, Lab 3 291s 421/ * 68 I7s
Mundt {17, 20.8 /s, Lab 4 2Vs 44Vs 4715 *
Model prediction

Gradient model, Mundt [1] 16Vs 2615 4ils S59Vs
Eypression (18), lower limit:a= 1.7 I5Vs 25Vs 42ls 635
Expression (18}, upper limit: 2 = 2.5 26)s 36VWs S9Iis 82s

* Not measured or not a reliable measurement.

In table 2-5, calculated air flows with the models of Mundt, expression (16), and the proposed human model
expression (18) and (19}, are compared to the experimental results of Mundt and Kofoed. Air flows for different
heights above the floor and different temperature gradients are compared. The heat output for the human
simulators is 100 W, where 50 W is estimated to be convection {1} In equation (18) both the upper and fower
limit values of 4, respectively 2.5 and 7.7, ate calculated.

Tabie 5 : Comparison between model prediction and measurcments, with temperature gradient of 1,2-1.5 K/m.

Height above ficor [lm fdm 18m 22m
Experiments

Mumdt {13, 41.6 I/s, Lab 1 21t 27Us 3105+
Mundt 1}, 41.6 /s, Lab 2 00l 3 ls 431 >
Mundt {1}, 41.6 I/s, Lab 3 2615 37Ws 461s *
Mundt {1}, 70 Vs, Lab 5 WYs 3TYs S52Vs T7Us
Model prediction

Gradient model; Mundt [1] 161/s 261s 411s 59U
Expression (18}, lower limit: 2 = 1.7 15¥s 251/ 421s 63is
Expression (18), upper limit: 2= 2.5 265 39Ws 591s 82

* Nol measured or not a reliable measurement.
4.6 Discussion and recommendation of convective air flow models

The gradient model of Mundt and the proposed human model, expression (18), with the lower limit value (a
= 1.7} predict very similar air flow rates. The human mode! with the upper limit value {z = 2.5) predicts
considerably higher air flows. For the experiments with small temperatute gradients (table 2 and 3), the gradient
model or the ‘lower limit’ model predicts best. For the experiments with higher temperature gradient (table 4
and 5) the human mode] with the upper limit value predicts best up to 1.4 m, but for 1.8 and 2.2 m above the
floor it over-predicts the air flows.

In comfort ventilation with normal ventilation rates (1 - 4 ACH) the front between the clean and polluted
zome is approximately in the range 0.8 — 1.4 meters above the floor. In this height range there is small difference
between the two models, and the simplest can be used (the human model based on uniform room temperature).
A compromise for the value of a in equation (I8) seems tobe: g = 1.9,
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Mierzwinski & Popiolek [48] have measured air flow rates 0.75 meter above a seated person, and reports the
air flows 1o be between 28 U/s and 56 U/s. Assuming the height of the seated person te be 1.2 m and the
convective heat output to be 40 W, the prediction of the model is: 40 Vs and 55 s, for the fower {a = 1.7) and
upper {a = 2.5) limits respectively, i.e. the proposed model seems to give a reasonable prediction also for real
persons.

Mundt {1] also reports the measurement of plume air flow rates above a desk lamp, a heated box simmiating a
computer and a fluorescent light. Appendix B gives a comparison of model prediction and measurements for
these heat sources. Both the uniform temnperature model and the gradient model of Mundt predicts the air flow
satisfactorily, but the spread in the measured data is considerable. The large influence of the temperature
gradient on the air flow, found in earlier studies [42, 43], is not found in the study of Mundt. The lower Himit
value (¢ = 1.7} of the uniform temperature model predicts in most cases better than the upper limit value (a =
2.5). Based on these results a valuc of : g = 1.§ in equation (12} is recommended, if additional information is not
available,

5. Boundary layer flow along vertical surfaces

Down draught along vertical cold surfaces, like poorly insulated walls or external windows, can ina
displacement ventilated room resalt in transport of contaminated air from the upper polluted zone to the lower
clean occupation zone. It is therefore of importance to estimate these air flows as accurate as possible. Based on
a theoretical derivation, using conservation of momentum and energy, and assuming turbulent flow, Skaret [19]
has derived the following expression:

Vo =k w-a7%32 (20)

where AT is the difference between the Toom air temperature (77,) and the surface temperature (7)) of the cold
surface, and w and z the height and width of the cold surface respectively. The value of &; in the literature is
reported to be between 2.1 and 2.9, [2, 19, 213. However, if the fiow is laminar, the following expression is
proposed {2, 21}

I}dr =f, S ATOB AT (21

Mattson {2] gives the value: k»= 2.4 , while Overby [21] reports: k;=2.75 . If the flow is laminar or turbulent
can be determined by the Grashof number {23

. . « 3
Gr=B g Al z
v2

<1-10° = Laminar flow (22)

With the volume expansion coefficient () and the kinematic viscosity (1 evaluated at normal room
temperature (~20 °C), equation (22) can be reduced to:

AT-2° < 6.7 = Laminar flow (23)

Thus, if the product of the temperature difference and height of the cold surface to the third power is less than
6.7, the flow can be regarded as laminar and equation (21) can be applied. Otherwise, if ATZ > 6.7, the flow can
be regarded as turbulent, and equation (20) can be applied. Equation (20} and {21} can also be used to calculate
the rising air flow zlong a warm vertical surface, ¢.g. a solar heated wall or window.

Figuzre 5 : Down draught along a cold vertical surface

Figure 6 ; Air flow rate per meter width along a vertical cold or warm surface, as 2 function of the temperature difference between the surface
and the surrounding air and the height of the surface. A value of k; = 2.5 in equation (20) and a value of k2= 2.57 in cquation (21) has been
used,

6. Proposed models for radiation exchange and radiation distribution in the room

In a room with 2 vertical temperature gradient the temperature in the upper polluted zone will be higher than
in the lower clean zone. The temperature difference causes a radiation exchange between the two zones, which

11



strongly influences the temperature gradient in displacement ventilated rooms. This has been verified
experimentally by Li et.al.[16, 52]. A simplified model for this radiation exchange is proposed below,

The distribution of radiation from diffcrent heat sources on the surfaces in the room can also be of
importance for the vertical temperature gradient in the room, and some simpiified distribution factors are
proposed in sub-section 6.2.

6.1 Long wave radiation exchange between zones

Figure 7 : Two-zone iong wave radiation transfer model.

The radiation exchange between the upper zone (zone 2) and the lower zone (zone 1) can be modelled with a
few assumptions:

¢ The room is assumed to be a cuboid (see Fig. 7), divided into a lower zone (zone 1} with uniform surface

temperature (7,) and an upper zone (zone 2) with uniform surface temperature (773}, This is consistent with
the assumption in the two-zone model, see section 9.

* The two zones are assumed to be grey surfaces with emissivity g, and &,.

The radiation transfer between any two grey opaque surfaces that form an enclosure is calculated as [51):

ol 1) 24

Gras =
R
lot

The temperatures 1, and 7> have to be given in absolute temperature (K). The total resistance to radiation

transfer {R,,) is given as the sum of two surface resistances (Rg; and Ry} and one space/view resistance Ry
1-g I-g,
Rlol = RS! + Rview + RSZ = + Rview + (25)
16 A&y

The view resistance between zone 2 and zone ] is given as:
. -1
Rw'cw = (Aﬁfc—»l +2- Astsw—vz +2- A!wF.hv—aI ) (26)

Fe.; is the view factor between the ceiling and the horizontal piane dividing zones 1 and 2, which can be
calculated by this rather bulky equation [51]:

{ 12
ln[!i + Xt !l +¥? )]I

1+ 4 X7
- Xarctan X ~ Yarctan¥

27
Fo= XY |+ X(I +Y2)”2arc£an X 5
1+ 72

+ }"(l + erzarcran{

where:

! w
=— ; V== 28
hy h, (28)

The view factor between the walls in zone 2 and the plane dividing the two zones is given by:

W arctan——+ H - aretan -+ U arotan ——
w i "

Wl(lwz)r [ H2(|+U2):|H-'

(+w?)u? l+r?)u?

@9

l
Fy g =—— 2 2
. 1+
W 025m i : &:” )
+

12



where H, W and U for the short wall (width: w) are given as:

p
= . Wl U=H?+w? (30)
W w

while for the long wall (length: [} they are given as :

H="2 : W=

-’Iﬁ U=H?+w? 3N

The floor area {4} and the wall areas in zone 2 are simply caleulated as:
Ag=lowy Ag=wlhy 5 Ay =1k (32)
For interpretation it is convenient to define a by floor area normalised radiation heat transfer coefficient:

o = qra

e (33)
AglT, -1}

Figure § : Normalised radiation heat transfer coefficient (o,) s a function of emissivity (&), the ratic ef the width and length of the reom
(w/yand the ceiling height (h.). The temperatures in the zone has been hedd constantat 7, =27 ° Cand 73 =25 °C, and the height of zone
lissetat 1.2 m.

As can be seen from figure 7, the by floor area normalised radiation heat transfer coefficient (&), does not
vary too much in rooms with a normal height (2.4 ~ 3.2 m), normal width and length ratio (1.0 - 0.5}, and for
normal emissivity of the room surfaces {0.85 - 0.98). The influence on the radiation coefficient (o) by the
temperatures (77 and T3) is of minor importance in the normal temperature range (18 - 30 °C). The radiation
coefficient has been calculated for rooms with floor area in the range 16 —~ 22.5 m?®. The influence of the size of
the room is minor for smalt and medium large rooms {~10-70 m?), but can be important for larger rooms. A

rough approximation for the radiation heat transfer coefficient for zoom with normal size, shape and surfaces can
be:

Cprorm = 4 (34)
This is sorewhat lower than : o, = 5 W/m*K proposed by Mundt [1].

6.2 Distribution of radiation heat gain from heat sources

Figure 9 = Distribution of radiation heat output from heat sources in the two zones.

Another issue of importance for the vertical temperature distribution is how the radiation from the heat
sources is distribnted between the lower and upper zones. A rough ¢stimation can be made by weighting the
radiation output by the surface area in the two zones, according to the following:

Traat1 =G 1= oo ) 1 (35.a.)
Graar =0 (1= Qoo }- (1- )} (35.b)
Gragzs = Gall~ Poomy ) €2 (35.c)
Treazz = G2(1 = Promz N1 - 02) (35.4)

where o, and oo, is the surface area ratios :
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gy = 36.a.
! A+ Ay (36.a)
o = 36.b.)
? Ay + Ay (36.b.

where A; and A are the surface areas of zones 1 and zone 2. g, and g, are the totai sensible heat outputs of 2 heat

source in zones 1 and 2, respectively. ¢, and ¢,,2 are the convective component for the heat sources in zones
1 and zone 2, respectively.

7. A steady state two-zone model for vertical contaminant stratification

A steady state model for vertical contaminant stratification has been developed. The model is based on a
two-zone model approach as illustrated in figure 19, with a lower clean zone (zone 1) and a upper poliuted zone
{zone 2). Air exchange between the two zones is calculated with sub-models for plumes and the boundary Jayer
flow presented in preceding sections. In the next section the model is extended to treat transient conditions. The
steady state contaminant model is based on the following assumptions:

s The concenfration within the two zones are wniform.

+ A constant part {(cen} of the contaminants generated by hot sources in zone 1 is following the convective air
flow (the plume) up into zone 2. This is called the convective factor.

+  The height of the clean zone is determined from an air mass balance which states that the supplied
ventilation air plus the down draught air flow, equals the convective air flow from hot sources in zone 1.
The supplied air flow equais the extract air flow.

Diffusive and turbulent transport of contaminants between the two zones is assumed negligible compared to
the convective transport.

The supply air unit is located well within zone I, and the extract air unit is located in zone 2.

Exfiltration and infiltration from the extemal environment and other adjacent rooms are assumed negligible
compared to the ventilation air flow.

s Sink effects (adsorption) on material surfaces in the room are assumed negligible.

Figure 10: Principles ang variables in the contaminant twa-zone madcl
7.1 dir mass balance, and the height of zone 1{clean zone)

If we assume that the density of air is constant, an air mass balance of zone 1 (clean zoneg) can be written as
(see figure 10):

Airflow tozonet  Air flow from 20ne 1

Vy + Vg lhyy= Voplhy) (37

The air mass balance for zone 2 gives the same result. In practice, only the ventilation air flow (¥, } is

known, and the down draft air flow (Vd, } and the convective air flow ( ¥, ) are dependent on the height of the

clean zone (h;), i the height of zone 1 has to be iterated until equation (37) is satisfied, Bxpressions for
calculation of the convective air flows (plumes) and down draft air flow (boundary layer air flow) are given in
section 4 and 5, respectively.

7.2 Mass balance of comtaminants

Referring to figure 10 and the above mentioned assumptions, a steady state contaminant mass balance for
zone 1 and zone 2 are given as:

g+ (1 ~Peon )gcon + V.vcs + P.'a'r CZ . Vcon Cl =0 (38.a.)

&2t Peon8eon t I}t:m'n Cl - Vdr Cl - I./VCZ =0 (38b)
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The solution to these two equations can be written as:

Contarninant penerationinzanei  Contaminant transfer from zone 2

Concentr. in.supply air
[ond + 1- ar- +
C]w = Cs + &1 gcan.( Peon ) + (52 gcon¢con) (393)
v, v,
Tatal conlaminast gencratien in both zones
Conc.in supply air ’_h"-"""'“"""‘__‘
= g1t Eeon 82
Cro= G (39b.)
V\i
where the contaminant transfer factor () is given by:
17
dr
@ =t 40
= (40)

CON

The units most often used for concentration in indoor environments ate pg/m® , mg/m® or ppm (parts per
miilion}.

7.3 Calculation of contaminant efficiency indices

From the derived expressions in the preceding section, the mean concentration in the complete rootn and in
the occupation zone can be calculated as:

<C=Cihy + Gy, (‘hceﬁ - hl) (4l.a.)

C:eo ;ifhl 2hucc
CG“ = C,wh] +C2w(hﬂﬂc mhl) -ifh > h[

* oce
haCC

(41.b.)

where Ay, is the height of the occupation zone, The contaminant removal efficiency in the complete room and
in the occupation zone can now be calculated (see definitions in section 3):

[ -
o€ m G =G (42.2.)
<C>»-C
Cso —C
Eope = L (42b)
Cuc‘c “Cs

If we assume that air in the human boundary layer (see section 3) is entrained evenly from floor level to the
height of the inhalation zone (/4,,), the mean concentration entrained in the human boundary layer is given by
the expression:

Cie ifhy2hg,
Corp 4 Crnlt + Cpullegy 1) S on (43)
3 (¢
hesp P

where we have assumed that the entrained concentration is the same as the concentration in the inhalation zone
(discussed below). A, is the height to the inhalation zone (exposure). The contaminant removal efficiency in the
inhalation zone can now be calculated as:

EC . Clw'"cs
P Cop €

exp s

(44)
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If the height of zone 1 is below the height to the inhalation zone (7 < Aoy , the effectiveness of entrainment
in the human boundary layer (), {defined in section 3), can be estimated as;

L 45

" G, G 43)
In cases where the lower clean zone is higher than the inhalation zone (B> heyp), expression {45) is undetermined
{77, = 0/0). This only means that the inhaled concentration is the same as the concentration in the clean zone (C,,

= C)s). If equation {43) is introduced into (45), and assumming Ai; < ke, , the following relationship is revealed:

R

A
Cenp =C, "'U.:(Cp -—-C_r)z Cre '"T”L’"(C;'co "Ciw):} e ™
exp cxp

{46)

The fact that 77, can be estimated by the height of the clean zone divided by the height to the inhalation zone, was

first proposed by Brohus & Nielsen [3]. Brohus & Nielsen has also derived expression (46) empirically, based on
their own experiments and other experiments found in the literature.

7.4 Results and discussion

From expression (39.a.} it can be seen that the steady state concentration in zone | consists of three terms:

¢ The concentration in the supply air (C;)

+  The contaminant production in the occupation zone, divided by the ventilation air flow. This is the
concentration we get when the supply air is clean, and there is no transfer of air down from zone 2.

+  The last term can be interpreted as the contaminant transfer from zone 2. If there is no refurn air to zone 1
(¥, =0), the transfer factor becomes zero {w= 0}, and no contaminant from the zone 2 is fransferred to
zone 1.

Obvious measures to keep the air in the occupation zone as clean as possible are therefore to supply clean

ventilation air, reduce ‘cold” pollution sources in zone 1 (e.g. using low polluting building materials), and
preventing down draught of air from zone 1.

The steady state concentration in zone 2 (39.b.) is given as the supply air concentzation plus the total
contaminant generation in both zones divided by the ventilation air flow. This is the same concentration as we
get with full mixing ventilation. This is an interesting result, since intuition would say that the concentration in
the upper poliuted zore using displacement ventilation would be higher than the mean concentration in a fully
mixed room.

It is of interest to study a Hmiting case:

there is no ‘cold’ peltution sources in zone 1 (g; = 0)
and no pollution generation in zone 2 (g; = 0)
and most of the contaminant generation from the hot sources in zone 1 is following the convective air
current (o = 0.9).
¢ The down draft air flow is assumed small (~1 Ifs).

This can be regarded as a rough model for a well insulated room where the dominating poliution source is
bioeffluents from people. Three outputs from the model has been calenlated: the contaminant removal efficiency
in the occupation zone (£, }, the height of zone 1 (h;) and the effectiveness of entrainment in the human

boundary layer (7). This outputs have been calculated as a function of the specific ventilation air flow rate, for
different heat source levels.

Figare 11; Contaminant removal efficiency in the occupation zone (Egm }as a function of the different heat source levels and specific

ventilation air flow rate { V‘f) ina 10 m? office room. The height of the occupation zone is 1.2 m (scated activity),

Figure 12: The height of the clean zene (zone 1) as a function of the different heat souree levels and specific ventilation air flow rate ina 10
m? office room.

Figure 13: The effectiveness of entrainment in the human boundary Tayer {nc) as a function of the different heat source levels and specific
ventilation air flow ratc in a 10 n® office room. The height of the inhalation zone (ko) is sct at 1.1 m (scated activity).
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In figure 11 we see that even for small air flow rates the ventilation efficiency in the occupation zone is high
(not below 1.9), the influence of the heat sources are strong, and the ventilation efficiency is reduced
considerable for higher heat loads. A maximum contaminant removal efficiency of approximately 8.7 is the limit
for all four heat source levels, Comparing the contaminant removal efficiency in figure 11 with the height of
zone 1 in figure 12, reveals that when the height of zone 1 is above the height of the uceupation zons, the
contaminant removal efficiency limit of 8.7 is approached.

Superior air quality in the occupation zone can therefore be achieved by supplying sufficient ventifation air
flows which match the convective air flows at the height of the occupation zone. Raising of the clean zone can
be achieved by either supplying higher air flow rates, or reducing the heat output (especially the convective part)
from sources in the occupation zone, hence reducing the need for feed air to the convective plumes. If possible,
the last option (reducing the heat soutces) is ¢learly the most cost and energy efficient, since it reduces the need
for ventilation and it also reduces the energy demand for appliances and lighting.

Figure 12 and 13 show that the effectiveness of entrainment in the human boundary layer (7,) approaches 1.0
when the height of the clean zone (%) approaches the height to the inhalation zonelfr,y,). Figure 13 also shows
that even if the polluted zone is drawn below the inhalation zone (#, < Tigip), most of the inhaled air is entrained
fromn the clean zone. This fact has tmplication for the design of displacement ventilation.

The “old’ design rule for displacement ventilation (see e.g. Mathisen [53]) can be stated as; “Supply air flow
rates has to be dimensioned so the height of the clean zone is equal to or larger than the height of the
occupation zone”. This design rule results in supply air flow rates equal to or higher than those used in
conventional mixing ventilation. And the cost and energy reduction potential of displacement ventilation systems
are poorly utilised.

The ‘new’ design mule, using the theory of entrainment in the human boundary layer, could be stated: “The
supply air flow rate can be dimensioned so the height of the clear zone is below the height to the
inhalation zone (“height of the nose”). The air quality will still be substantially better than with mixing
ventilation”. With this design rule the air flow rate could be lower than those used in conventional mixing
ventilation, and significant reduction in costs and energy use could be achieved.

The fact that the air quality in the human boundary layer is substantially better than outside the boundary (at
same height) has been experimentally verified in several studies: Mundt [1}, Mattson [2], Brohus & Nielsen [3],
Holmberg et.ak. [5], Nickel [7], Hatton & Awbi [9] and Kruhne & Fitzner [54]. However, as Brohus&Nielsen
pointed out, the human boundary layer is disturbed by human movement, giving possible poorer inhaled air
quality. In such cases (for example sports halls and shopping malls) the concentration cutside the human
boundary layer at inhalation zone height is a more conservative estimate of the concentration to which the
occupanis are exposed.

8. A transient two-zone model for vertical contaminant stratification

In cases with varying ventilation air flows and/or very transient pollution sources {e.g. people in a
classrooms) the concentrations will be transient until a new steady state conditions are reached . To analyse such
situation a transient (time dependent) model is required. The steady state model in section 7 is easily extended to
a transient model by adding terms for mass accumulation in the mass balance for the two zones.

8.1 Transient mass balances of contaminanis

Referring to Fig.10, the transient rate mass balances for the two zones become:

46

g * (1 ~ Peon )gcun + I}1.-Cs + I‘/d‘rc?. - p"ronci = Vl &t (47.2.)
, - . dc,
g2 Y PeonLoon + chncl - Vdrcz - VBCZ = Vz _a?" (471))

where ¥, and V; are the air volumes of zones 1 and 2 respectively, and ¢ is time. All other variables are the same
as in the steady state model, Equations (46.2.) and (46.b.) are two coupled ordinary linear differential equations,
which in matrix notation can be written:

Lo 4 & B
d1G o _|an e |G N b, (48)
dr| ay apn |G b,
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Where the arrow denotes a vector or a matrix. A is the coefficient matrix, also called the transport matrix, and
B is the source vector. The new coefficients are:

7, v,
ap ="_“““;ﬂ ; apy = ;r
1 t
. A (49)
-~ Vcon . - Vdr +Vu
ay = v, » ] "_'——V—”
2 2
b= B Eeall =P WG, 8t e (50)

¥, ! v,

The system (48) can, for example, be solved by the eigenvalue/eigenvector method. As shown in Dokka
et.al.[35] the general solution to a system on the mathematical form of (48) is given as:

Cy () = dy exp{A )+ d, exp(A0)+ Cp (51.a)
Co(t) = d ik exp(t)+ dydey exp(Aye)+ Cspy (51.b)
where d; and d, are arbitrary integrating constants which can be determined from the initial values

{(concentrations). The steady state concentrations ) and C,, is the same as those derived in the section 7. The
eigenvalues (2} and the entries in the eigenvectors (k) are given as:

% (a“ + an)%\/(an + 4y )2 ‘4'(‘311322 “‘112‘121)
Aypy = 5 (52)

A —a
v an -
khp=—— 5 k=
dja ay;

3'2 — 4y (53)

By introducing the initial values (concentrations) C(0) and Cy(0) into {51), the constants d; and d; can be
determined:

dy = [Cr (0)"“ Ch P‘z -G (0)"' Cie
ky — &y

(54.2)

dy = G;{0)- G -6 00)- Gl

54.b,
o (540)

For the sake of interpretation it is often convenient to introduce the time constants, defined as the reciprocal
of the eigenvalues with opposite sigm:

1 1
B =-— 92=_7
2

) {55)

8.2 Derivation of age of air expressions

From the definition in section 3, the room mean age of air can be derived by integrating expression (51.b.):
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ledt
<cFo=l =912[k2“1}kz+922{1”k1]k2

56
g giikz"*!]h*‘gzh‘kl}]‘z 6y
I Cy(e)-dt
a
Referring to the definition in section 3, the age of air in zone 1 can be caloulated as:
1 °]- ok, ~1]+8,[t -k}
T =—— |C{dr = 22 22 12
) i (1) K, <k, (57
a

where we have set Cy(0} = Co(0) = C(0) (full mixing before start of decay), and since there is no source in the

transient part of a tracer gas experiment : Cyo = Ci, = (. Similar integration of the concentration in zone 2,
gives the age of air in zone 2:

7= &k {kz “1]'”92":[1—1‘1}
=

58
o —k, {(58)
It can be shown that the age of air in zone 2 is equal to the nominal time constant, defined in section 3:
F, =1, =V /¥,. The mean age of ait in the occupation zone is then easily calculated:
7 5ifhy 2 hy,
Facc = 'T_lhl + ?2 (hocc - hl) ;if hguc > hi (59)
hnm
Similarly the mean age of air in the inhalation zore {exposure) is given by the expression:
T ifhy 2he,
Fop =\ By + gy ~ 1) o (60)
h P

onp

From the definition in section 3, and the expressions for the ‘age of air’ presented here, the air exchange
efficiencies for the mean room air, the ocoupation and inhalation zone can be calculated.

We can also define an apparent air flow rate for the occupation and inhalation zore in a displacement
ventilated room. This is the air flow rate required in a perfectly mixed ventilation system, which gives the same
age of air in the occupation or inhalation zone as the displacement system. The apparent air flow rates for the
occupation and inhalation zone can therefore be calculated as:

. V a T - ¥ a
Vapp,occ == = gorch H Vnpp,cxp === gexpyv (61)
Toee Taxp

8.3 Results and discussion

The following facts can be drawn from the presented transient model:

s Itcan be shown that the eigenvalues are always negative, which implicates that the exponential expressions
in the model approach zero when ¢ becomes large. This again implies that the concentrations in the two
zones approach the steady state concentrations {Cra,, Cra ).

* How fast the steady state concentrations are approached is determined by the time constants, expression
(55). Large time constants means that steady state conditions are approached slowly. Large time constants
are typically associated with low ventilation and large air volumes (high ceilings), typical in old buildings.
Typical modemn buildings with high veatilation and small room volumes leads to small time constants, and
fast fransients {steady state conditions are approached fast) .
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*  The time constants (55) are functions of the ventilation air flow rate, the convective air flow, the down draft
air flow, the height of the two zones and therefore the ceiling height.

s The height of the clean zone (#,) is derived the same way as in the steady state model, by expression {37)

To illustrate the effect of the different variables on the air exchange efficiencies and the apparent air flow rate
the same cases as in section 7 have been calculated (different air flow rates and different heat source levels). The
results is shown in figure 14 and 15.

Figure 14: The air exchange efficiency in the inhalation zone as a function of specific air fiow rate, and witls different heat source strength
levels in the occupation zone. The room is 10 m?, with a ceiling height of 2.5 meters, and the down draught air flow is assumed small {~1
I/5). The height of the inhalation zone is set at 1.1 meters {seated activity).

Figure 15 The apparent ais flow rate in the inhalation zone as a function of specific air fiow rate, and with differing heat source strength
levels in the occupation zone, Other data as in figure 14.

As seen from figure 14, the air exchange efficiency in the inhalation zone rises to a given point, dependent on
the heat source level, and from there decreases with increasing ventilation air flow rate. Comparing figure 14
with figure 12 reveals that this maximum point occurs when the height of the clean zone (#,) is equal to the
height of the inhalation zone {A,,). For ventilation rates above this point/value, the nominal time constant is
decreasing faster than the age of air in the inhalation zone, Jeading to an decrease in the air exchange efficiency.
This fact has also been experimentally proven by Mierzwinski et.al. [56], who found that the air exchange
efficiency {(complete room) reduced significantly (2- 20 %) when the air flow was doubled from 5 to 10 air
changes per hour. The heat load was varied between 15 W/m? and 62 W/m?, in these experiments,

In figure 15 the apparent air flow rate in the inhalation zone is shown. If the ventilation air flow is adjusted
to the convective air flow from heat sources so the height of zone one is near the height of the inhalation zone,
the apparent air flow is approximately twofold of the real ventilation air flow. If the models presented here and
the age of air concept are accepted, this means that only half the air flow is necessary compared to conventional
mixing ventilation, if the same air quality shall be achieved in the inhalation zone. A 50 % reduction in air flow
rate will lead to a significant reduction in energy use and ventilation plant costs.

Another variable that influences the ajt exchange efficiency, is the height of the ceiling. High ceilings were
often used in old buildings to keep the air in the occupation zone acceptable. In figure 16 the air exchange
efficiency in the inhalation zone is calculated for different ceiling heights, and for the four different heat source
levels. The ventilation air flow rate is kept constant at 2 J/sm® (20 U's).

Figure 16: The air exchange efficiency in the inhatation zone as a fuaction of ceiling height, and with different heat source fevels in the
otcupation zone. The room is 10 m?, with a specific air flow rate of 2 1/sm?, and the down draught air flow is assumed small (~1 1/s). The
height to the inhalatior zone is set to 1.1 meters (seated aclivity).

As seen from figure 16 the height of the ceiling has a strong influence on the air exchange efficiency in the
inhalation zone, For example, in the case with I person and 1 PC in the occupation zone (normal heat load in
offices), the efficiency is rising approximately 62 % per meter raised ceiling height. By raising the ceiling from
2.4 mto 3.2 m, which is in the ‘normal’ ceiling height range, the air exchange efficiency in the inhalation zone is
increased from 2.05 to 2.58. This is equal to say that the apparent air flow rate in the inhalation zone is increased
from 4.1 Vsm? to 5.2 Vsm? (the specific ventilation air flow rate is 2 Vsm?),

9. Models for vertical temperature stratification

In this section a simplified two-zone heat balance mode] is proposed. To simpiify the model, complete
mixing is asswmed within the upper and lower zones. However, this is only true outside the thenmal plume. In the
thermai plume the temperature will be higher. When expressions for the mean temperature in the lower and
upper zone are derived, it is shown how these can be used fo predict more realistic linear and non-linear
temperature distribution occurring in displacement ventilated rooms. Both a steady state miodel and a transient
model are presented.

Figure 17: Principles and variables in the two-zone heat balance modei.
9.1 Heat balances

The thermal two-zone model is based on the following assumptions:
»  The temperature within the two zones is assumed to be uniform
»  The effective internal heat capacity of a construction is concentrated at one point in the construetion, or
more correct in the middle of the accumulating layer of the construction. This heat accumulating layer (also

20



called the building structure) can be estimated from: an analytical solution of the general one dimensional
heat diffusion equation, see for example [57].
¢ The room air temperature, the surface temperature and the temperature in the heat accumulating layer are
assumed to be equal in each zone.
All the convective output from heat sources in zone ! is assumed transported by the plume into zone 2.
The supply air flow rate is assumed equal to the exfract air flow rate.
The supply air device are located well within zone 1, and the extract air device is located in zone 2.
Exfiltration and infiltration from the outside and other adjacent rooms are assumed negligible compared to
the ventilation air flow.
»  The height of zone 1 is determined the same way as in section 7.1, with expression (37).

Referring to figure 17 and the above stated assumptions, a heat balance for zone 1 and zone 2 can be written:

Radiation gain Supply airflux Comveetive Now flux
v, et —

Frad11 V' Gragzt + Cm’rVT: - CaferonTl

Heataceemulation (623)
e e,

dr,

dt

Radiation heat mansfor  Downdraft flux Transmission loss

+ “rAﬁ(Tz =1 ) + CnirVdrTE “lel(Tl '"Ta.z)= Ca

Convection heat gain - Radiation heat gain Convcntiv-c flow flux  Radaition heal transfer
Geomt T Deanz + Graarz Y Gradan + Cal‘r anTl - &, Aﬂ (TZ - TI
Heataceumutation (62.b.)
rm—
ar,

VdrTz ~H (Tz ‘Tr:z )" Cm'erTz = Cn 'ET

Downdmftflux  Transmissionloss  Extractair flux
pm——— oty

-C

air

where C,; and C,» are the total effective heat capacities of zones 1 and 2 respectively, 1 is time, C,- is the
volumetric heat capacity of air. H,; and H,,, are the specific transmission losses from zones 1 and 2 respectively:

Hyy =Y U 4 (63.a)

Hyy =3 Uy - Ay (63.b)

where [/ is the U-value and 4 is the area for the different constructions in each zone. 7, is the temperature on
the other side of the construction (adjacent room or the externat environrnent). I the constructions in each zone
are facing rooms or the external environment, with different temperatures, a weighted mean temperature must be
calculated:

. ZUEAiTai
Y N (64)

" Y U4

Equation (62.2.) and (62.b.} are mathematically similar to the transient contaminant model (section 8), and in
matrix notation can be written:

7 4 I B

Y
AT _fen e [N, by ©5)
dii 7T, dy ap T b,

here the entries in the transport matrix ( 4 ) and the source vector { £ ) are:
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Coir Vcon + gy A_ﬂ + H!ﬂ . - Cair Var + rad Aﬂ

ay = ;a
1] Cﬂ[ 12 Cﬂ|
. . (66)
P Cair Vcou + &y Aﬂ . oy = Cm'r (Vd'r + Vv)+ X pad Aﬂ + H.lr2
2 B A by
Cnl Ca2
b o= Crrirl}vrs + pen + I'IlrlTn.l . b2 - Grez + HIrZTn;Z (67)
>
Crrl Caz
where ¢, and ¢,.,» are the net heat gain in zones 1 and 2;
Fuet = Gradit + Dradn1 — T (68&)
Fnerz =Geom ¥ Geonz * Graas2 ¥ Graqzz — 2 (68.h.)

9.2 Steady state model

A steady state model can be derived by setting dT/dt = dT>/d1 = 0 in (65), and solving for the unknown
temperatures (7 and 7). Solving for the unknown temperatures can, for example, be done by Cramer’s rule,
which gives:

_detd,  apby-anh
detd  apay -a,ay

(69.a.)

loo

det 4 ayb —a,b
e = r = 2:1 11v2 (69.b,)
detd  apjay - a0y

It can easily be shown that the effective heat capacities (C,,, C,), cancel out from expression (69), i.e. the steady
state temperature is not a function of the heat capacity in the room.

9.3 Transient model

The thermal model (65) is mathematically equivalent to the transient contaminant mode!l (section 8), and the
general transient solution is given as:

1(0) = dy expldy)+ dy expliyt) + T, (70.2)
Ty(0) = diky exp(Rye)+ doky exp(Ayt)+ T, (70.b.)

The cigenvalues (2) and the entries in the eigenvectors (k) are given s:

1 A N4 -4 detd
2

1/2 —

(71)

-
R =) (72)
a2 a1z

where the determinant of the transport matrix (det4) is defined in expression (69),and 14 is the trace of the
transport matrix, given as :

rd =ay +ay, (73)

By introducing the initial values (temperatures) 7¢0) and Ty(?) into (70), the integrating constants , and d>
can be deterrnined:
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dy= ITI (0)"‘ Tlaolkz - (0)+ T3

4.,
Iy =k, (74.2)
¢, = 2O Too ~[10)- Ty )
ky -k
The time constants are defined as:
1 i
g =-— Oy =-— e
=T N (75)

9.4 Models for the vertical temperature distribution

If there were no radiation processes ocourring in the room the vertical temperature distribution would be
similar to the contaminant distribution in the room, with a rather clear boundary between the lower cool zone and
the upper watm zone. In practice, radiation heat gain distribution and leng wave radiation between room surfaces
will smooth out the stratification, giving more linear temperature profiles. The model presented in the preceding
section calculates the bulk temperature in zones 1 and 2. As mentioned earlier, the temperature in each zone is
never uniform, and a more realistic temperature distribution is reguired. Tn offices and similar rooms, with fewer
and weaker heat sources, and relatively high air flow rates (2-6 ach), the temperature gradient is often
approximately linear [1,15,17], see figure 18. In such cases the temperature gradient {d7/dz) can be calculated as
tinear from floor to ceiling, intercepting the bulk temperatures in the middle of zone 1 and zone 2. The fincar
temperature gradient can then be catculated as:

dz hrcﬁ
The temperature in the room as a function of height from the floor (2) can be calculated as:
AT
Ti(2)=T, +[z ——2'-)—;,; (76)

Figure 18: Typical and idealised vertical temperature distribution in office-like rooms, with fewer and weaker heat sources and relatively
high air flow sates.

Howevet, in rooms with many heat sources and moderate ventilation (relative to the heat sources), the
temperature will be more non-linear as illustrated in Fig. 19. Reciroulation gives a nearly uniform temperature in
zone two, while a rather steep temperature gradient arises in zone 1, Such temperature gradients are commaon in
classrooms, meeting rooms, theatres, and similar rooms, where the occupant density is high, see [2, 15} A non-
linear model for such temperature distributions can be made, assuming uniform temperature in zone 2, and the
entire gradient taken in zone 1 (see Fig. 19). This gives the following expressions for the gradient in zone 1:

dTn!l'ri - 2 (TZ o Ti)

77
dz, h ("
The temperature as 2 function of the height from the floor for this non-linear model is given as:
A AT,
T +(z—-‘—)—rﬂﬂ sk <z
Tnh‘n (Z) = 2 dZ] (78)

T,y if k22
Figure 19: Typical and idcalised vertical temperature distribution in rooms with many heat sources, and relatively modesate air flow rates.

9.5 Calculation of temperature indices
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From the expressions derived in the preceding sections the mean temperature (<7>) and the temperature
effectiveness {7} for the complete room can be calculated as:

oo Dbyt Ty

(79
cell
_ LT,
(R (80)
The mean temperature (Tyec) and the temperature effectiveness in the occupation zone (7,..) can be
calculated:
Tlh] + (hocr - hl )TZ : y{ ]11 < hoce
Toee = Froge (81
Tl H 'Ef hl z horc
T, T
Toee ™ TZ—_;. &2

oce 5

The floor temperature (7yq) is usually measured 10 cm above the floor when assessing the normalised floor
temperature (x). Depending on the temperature distribution used, the floor temperature and normalised floor
temperature can be calculated as:

/
7+ 0.1= 19T i tinear distribution
2 jdz
Tg= (83)
Y e
T, +i 0.1—-— |—==-; with non - linear distribution
2 ) dz
Ty-T,
x=o ot (84)
7y —T,

9.6 Results and discussion

In figure 20 and 21 fhe temperature effectiveness (7oe.} and the normalised floor temperature () has been
calculated with the steady state model (sub-section 9.2}, for the same cases as in sub-sections 7.4 and 8.3 (10 m?
office room). Additional data for the thermai calculation (e.g. heat transmission data) is given in the figure text.
It is seen from Fig. 20 that the temperature effectiveness in the occupation zore is increasing steadily with
increasing ventilation air flow, starting from around 1.1-1.2 and increasing to 1.6-1.7. Compared to the
contaminant removal efficiency presented in Fig. 11, the temperature effectiveness is much smaller. This is
mazinty due to radiation heat gain from heat sources, long wave radiation heat transfer from the zone 2 to zone 1,
and heat conduction through walls, floor and ceiling. In contrast to the contaminant removal efficiency, the heat
source tevel, and hence the convective air flow rate, does not influence the temperature effectiveness to a great
extent,

The normalised floor temperature, shown in Fig. 21, is decreasing steadily with increasing ventilation air
flow rate. This means that the air temperatuze 10 cm above the fioor is approaching the supply temperature,
when the ventilation air flow is increasing. Figure 21 also shows that the heat source level, and therefore the
convective air flow rate has almost no influence on the normalised floor temperature.

As Mattson [2] points out, steady state conditions rarely occur in real displacement ventilated rooms. This is
due to heat accumulation in the building structure, giving rise to thermal time constants much larger than the
nominal time constant for the ventilation (). In the transient thermal mode] time constant 1 is in ali practical
cases much Jarger than time constant 2: 4, >> &, . This implies that in step down or step up experiments, time
constant I determines how fast steady state is reached. 8 can therefore be called the dominating time constant.
In figure 22 the dominating time constant has been calculated for rooms with different constructions (tight to
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very heavy constructions), and with different ventilation air flow rates. Other data are equal to those used in Fig.
20 and 21. Even with Kght constructions and high ventilation (6 I/'sm?) the dominating time constant has a vatue
of approximately 2.0 (see Fig. 22), which is about 15 times higher than the nominal time constant of the
ventilation air flow (z, = 7 minutes). After three time constants approximately 95 % of the total temperature
change has elapsed, which can be a practical way to define steady state conditions. Le. that the steady state
temperatures are reached after approximately 6 hours. In real rooms {offices, classrooms, meeting rooms, etc.)
the occupants seldom stay in the room for such a long period, and steady state conditions are therefore untikely
to happen, even in rooms with small thermal time constants,

Figure 20: The temperature effectiveness in the occupation zone as a function of specific air flow rate, and with different heat source levels in
the oceupation zone. The toom is LG m?, with a ceiling height of 2.5 weters, and the down draught air flow is assumed small (~1 I/s). The
height of the oceupation Zone is set at 1.2 meters (seated activity), U-vaiues for the walls, floor and ceiling arc respectively 0.35W/meK, 0.2
WK and 0.2 WAnK. The terperature in the air surrounding the simulated room is set at 20°C, and the supply zir temperature is 16°C.
The by floor arca normalised radiation heat transfer cocfficient is 4.0 W/mrK.

Figure 21: The normalised floor ternperature as a function of specific air fiow rate, and with different heat source levels in the cccupation
zone. The data for the simulated room is the same as in Fig. 20,

Figure 22 : The dominating time constant as a function of specific air flow rate, and with different weight of the constructions in the room.
The light room consist of composite walls, floor and ceiting. The medium heavy room consist of composite walis, floor with carpet and
acoustic ceiting below the concrete floor. The heavy raom consist of lightweight concrete walls, concrete floer with thin floor covering and
acoustic ceiting below the concrete floor. The very heavy room cansist of masonry walls and massive concrete floor and ceiling. Otherwise
the samc data as used in Fig. 20 apply.

10. Conclusion

Models for prediction of vertical contaminant and temperature statification in displacement ventilated rooms
have been developed. Both steady state and transient models have been proposed. These models can be used to:
» predict contaminant removal efficiency in the inhatation zone, the occupation zone and in the complete

T00m.

» predict age of air and air exchange efficiency in the inhalation zone, occupation zone, and in the complete
roon.

e predict temperature distribution and temperature effectiveness under both steady state and transient
conditions.

+  the fransient models proposed can be implemented in building simulation tools for better prediction of, for
example, energy use and long-term exposure in displacement ventilated rooms.

+  design optimal ventilation solutions, giving prescribed air quality with low energy use and ventilation plant
costs.

The developed contaminant models indicate that the polluted zone can be drawn below the nose level
(inhalation zone) without deteriorating the inhaled air quality significantly. This is verified by experiments
described in the literature. This opens for design of displacement ventilation with substantially reduced air flows
compared to conventionai mixing ventilation, with significant reduction in energy use and ventilation plant costs.
This apply for rooms with moderate human movements (offices, classrooms, theatres, etc.).

By use of the developed transient thermal model, it is shown that steady state conditions are unlikely to accur
in real rooms. This has also been verified in experimental studies.

In an accompanying paper (part 2), the prediction from the proposed models is compared to experimental
data found in the literaure. The steady state thermal model is also compared to other simplified models.

11. Nomenciature

Area (m?)

Transport matrix
Entries in the transport matrix (h or s}, or a constant

Source vector

Entries in the source vector

Concentration {mg/m?, pg/m’ or ppmy) or heat capacity {(Wh/K or JVK}}
Integrating constants or diamneter {m)

View factor {-)

Grashof™s number (-}

Contaminant generation rate (mass/time) or acceleration of gravity (m/s?)

W@ﬂ@()@w;m:};}
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Specific transmission loss (W/K)

Height (m)

Entries in the eigenvector () or a constant
Length (m)

Cross sectional dimension {m}
Convective heat output (W)

Heat flow (W)

Time (h or s}

Temperature (°C or K}

U-value (W/m?K)

Air volume (m?)
Air flow rate (V/s)
Width (m)
Vertical space co-ordinate (m)
Greek letters
o Radiation heat transfer coefficient (W/mK) or area ratio (-)
8 Volume expansion coefficient (1/K)
£ Efficiency (-}
@ Convective part ()
n Effectiveness (-)
A Eigenvalues {h or s}
K Normalised floor temperature (-)
G Time constant (h or §)
T Age of air or time constant (h or s)
7 3.1415
v Kinematic viscosity {m?/s)
@ Contaminant transfer factor (-)
Subscript
1 Zone 1 or number 1
2 Zone 2 or number 2
a Ambient or accumulating layer
air Air (heaf capacity)
app Apparent
c Convective
ceil Ceiling
con Convective
dr Down draught
e Extract or entrainment
exp Exposure or inhalation zone
f Surface (temperature)
fi Floor
k Characteristic
tin Linear
tine Line source
n Nominal
net Net gain
nlin  Non-linear
max  Maximum
o Occupation zone
p Point or pole point
per Person
point  Point source
r Radiation
rad Radiator or radiation
s Supply
tr TFransmission
v Ventilation
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o Steady state (infinity)

Super script

a Air exchange

c Contaminant removal
T Temperature
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Appendix A : Theoretical derivation of boundary layer air fliow around a person

Skéret [19] has theoretically derived the following expression for the rising air flow along a vertical heated
surface:

V=29 w AT (a.1)
AT is the difference between the room air temperature (7,) and the surface temperature () of the hot surface, w
and z is the height and width of the cold surface respectively. Expression (A.1) is derived using conservation of
momentum and energy, and assuming turbuleni flow.

The surface temperature of the person is most often unknown, but the convective heat output of the person
(P} can often be estimated. The convective heat transfer coefficient gives a relationship between the

temperature difference (A7) and the convective heat output (P,..). The convective heat transfer coefficient fora
vertical plate can be calculated by the following expression, [51]:

Nu==0.1-RL? (A.2)
Inserting physical data for air at 20 °C into (A.2), gives the following expression for the convective coefficient:
2, =121.A7"° (A.3)

Here, we have assumed turbulent flow and that the cylinder can be regarded as a vertical plate. The convective
heat output form the person can know be calculated as:

Ppcr = AperacAT (A4)

Inserting {A.4) and {(A.3) into (A.1) gives the following expressions for the boundary air flow rate along a
person:

0.3
. P
Y per =8-61-[f’—] 22 ey (A5)

per
which is the expression for the boundary layer flow along a person given in section 4.4,
Appendix B : Comparison of plume model prediction and measurements

A.1 Desk lamp

Plume flow rates above a desk lamp placed 1.2 meters above the floor (top of the lamp) has been measured
[1]. The diameter of the desk lamp was 5 cm, and the heat output where 60 W, where 1/3 was assumed to be

conveciive heat. For more details about the experiments see Mundt [1]. Table [ and 2 show resalts from the
experiments compared to model predictions.

Table Al: Comparison between model prediction and measuremenis for a desk lamp, gradient 0.8 Kim

Height above floer L6m 1Bm 20w 225m
Experiments

Mundt [13, Air flow : 20.8 1/s 6lfs 11¥s 12Us 13Vs
Mundt [1], Air flow : 41.61/s 5ls 9ls 11ls 12U
Model prediction

Gradient model (Mundt), expression (16) 4¥s  TVWs 11lUs 16Vs
Expression (10), lower Hmit: a= 1.7 5s  Sls 13¥s 191/
Expression (10), upper limit: a=2.3 6lls 10Ws l4¥s 20Vs
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Table 2: Comparison between model prediction and measurements for a desk lamp, gradient 2.4 ¥/m

Height above floer Béem 1.8m 20m 225m
Experiments

Mundi [13, Air flow : 21 ¥s Gls 10)s t31s *
Mundt {13, Air flow : 42 I/s SVs 16Us 13 12¥s
Model prediction

Gradient model (Mundt), expression (16) 415 8ls 11ls 151s
Expression {10), lower Himit: 2= 1.7 5ls Ols 131s 191
Expression (10), upper limit a=2.5 6is 10¥s 14Vs 20Vs

A.2 Compuder simulator

Plume flow rates above a corputer simulator with the top 1.05 meters sbove the floor have been measured
[1]. The *computer’ was cubic with all sides equal to 30 em. The heat output was 75 W, where 2/3 was assumed
to be convective heat. For more details about the experiments see Mundt [1]. Table 3 and 4 show resuits from the
experitnents compared to model predictions.

Table A3: Comparison between model prediction and measurements for a computer simulator,
temperature gradient 0.6-0.7 K/m

Height above floor Id5m T.85m 2.25m
Experiments

Mundt [1], Air flow ; 42 lis 16¥s  30Vs 545

Mundt [13, Air flow : K Vs Wlis  31¥s  40Vs

Model prediction

Gradient model (Mundt) 19ls 334 4910

Expression (10}, lower limit a=1.7 1915 35ls 545

Expression (10), upper limit a = 2.5 28l 4615 67

Table A4: Comparison between medei prediction and measurerents for a computer simulator,

temperature gradient 2.0 K/m

Height above floor 145m 185m 2.25m
Experiments

Mundt 1], Air flow; 42 ¥s 0¥ 3l 4015
Model prediction

Gradient model (Mundt) 1955 3t lis  43Ws
Expression (10), lower limit: g = 1.7 19ls  35)Vs 5S4
Expression (16), upper imit: = 2.5 281s  46Ws 671

A.3 Fluorescent light

Plume flow rates above a fluorescent Hght 1.2 meters above the floor have been measured [1]. The light was
1.25 meters long. The diameter was small, so the distance to the pole-point could be ignored. The heat output
was 36 W, where 1/3 was assumed to be convective heat. For more details about the experiments see Mundt [1].
Table 5 and 6 show results from the experiments compared to model predictions.

Table A5: Comparison between mode! prediction and Taeasurerments, with temperature gradient ¢.3-0.5K/m,

HEight above floor I3m 16m E8m 20m
Experiments

Mundt [1], 42 Vs, 0.3 K/m * 1i¥s *  22¥s
Mundt [1],42 Vs, 0.4 K/m * 1t¥s 2515 *
Mundt [1],21 Vs, 0.5 K/ * 16 2315 250
Model prediction

Gradient mode} (Mundt) 3¥s 1ZWs 19)s 251V
Expression {11), lower limit: a=1.7 3¥s 14ls 20Ms 270
Expression (11), upper limit: @ = 2.5 3¥s 141ls 20Hs 271
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Table A6: Camparison between model prediction and measurements, with temperature gradient 2.0-2.1K/m.

Height above floor i3m 16m 1L8m 20m
Experiments

Mundt {13, 42 Ifs, 2.0 X/m TV i6ls  * *
Mundt [13, 42 I/5, 2.1 K/'m * 15155 2118 *
Mundt [13, 21 s, 2.1 K'm * L5lfs 2115 *
Model prediction

Gradient model (Mundt) 3Vs 12Us i81s 221/
Expression (11), lower litsit: @ = 1.7 3Ws 141 20Vs 27Ms
Expression (11}, upper limit: ¢ =2.5 3is 141 20Vs 27Vs
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Figure 2 ; [dealised plume above a point source, with ar assumed Gaussian temperature and velocity distribution.
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Figure 3 : 1dealised plume above a linc source, with an assumed Gaussian temperature and velocity distribution.

Figure 4: Dimension of the cylinder used in the experiments by Mundt [1] and Kofoed [39}.
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Figure 5 : Down draught along a cold vertical surface

- Z=10m +Z=2.Gm +Z=3.0m
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(¥sm)

Ajr flow rate

4 5 6 7 & 9 10
Temperature difference (K)

Figure 6 1 Air flow rate per meter width along a vertical cold or warm surface, as a function of the temperature difference between the surface
and the surrounding air and the height of the surface. A value of & = 2.5 in equation (26) and a value of &: = 2.57 in equation (21) has been
used.

Figure 7: Two-zone long wave radiation transfer model
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Figure 8 : Normalised radiation heat transter coefficient (o) as a function of emissivity (£), the ratio of the width and length of the room

{(wyand the cetling height (A1), The temperatures in the zone has been held constant at T) = 27 ° Cand T3 = 25 °C, and the height of zonc

| issetat 1.2 m.

Figure ¢ : Distribution of radiation heat output from heat sources in the two zones.
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Figure 10 Principles and variables in the contaminant two-zone model
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Figure 11: Contaminant removal efficiency in the occupation zone (Egm ) as a function of the different heat source levels and specific

ventilation air flow rate { Vv") ir a 10 ©? office room: The height of the occupation zone is 1.2 m {seated activity).
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—— 2 Persons +1 PC o 2Persons +2PCs
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Specific air flow rate (Vsm?)

Figure 12: The height of she ¢lean zore (zone 1) as a function of the different heat source tevels and specific ventilation air flow rate ina 10
m? office room.
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Figure 13: The effectiveness of entrainment in the human boundary layes £).) 2s # function of the different heat source levels and specific
ventilation air flow rate in a 10 m? office room. The height of the inhalation zone (Fep) is set at 1.1 m (seated activity).
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Figere 14: The air exchange efliciency in the inhalation zone as a fumction of specific air flow rate, and with different heal source strength
levels in the oceupation zone. The room is 10 nv?, with a ceiting height of 2.5 meters, and the down draught air flow is assumed small {~3
#s). The height of the inhalation zone is set at 1.1 meters {seated activity).
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Figure 15: The apparent air flow rate in the inhalation zone as a functien of specific air flow rate, and with differing heat sovree strength

levels in the oceupation zone. Other data as in figure 14.
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Figure 16: The air exchange efficiency in the inhalation zone as a function of ceiling height, and with different heat source ievels in the
occupation zone. The room is 10 m?, with a specific air flow rate of 2 ¥sm?, and the down draught air flow is assumed small (~1 145). The
height to the ishalation zone §s sct to 1.1 meters (seated activity).
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Figure 17: Principles and variables in the two-zone hest balance model.
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Figure |8: Typical and idealised vertical temperature distribution in office-like rooms, with fower and weaker heat sources and relatively
high air flow rases.
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Figure 19; Typical and idealised vestica} temperature distribution in rooms with many heat sources, and refatively moderate air flow rates.
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Figure 20: The temperature effectiveness occupation zone as a function of specific air flow rate, and with different heat source levels in the
occupation zone. The raom is 10 m?, with a ceiting height of 2.5 meters, and the down draught air flow is assumed small {~1 V/s). The height
of the occupation zone is setat 1.2 meters (seated activity). U-values for the walls, floor and cedling are respectively 0.35W/nitK, 0.2 WinPK
and 0.2 Wm?K. The temperature in the air surrounding the simulated roor is set at 20°C, and the supply air temperature is $6°C. The by
fioor area norrualised radiation heat transfer cocfficient is 4.0 W/m*K.
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Figure 21: The normalised floor emperature 25 2 function of specific air flow rate, and with different heat source tevels in the occupation
zone. The data for the sirmuiated room is the same as in figure 20,
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Figure 22 1 The dominating time constan? as a function of specific air flow rate, and with different weight of the constructions in the room.
‘The Tight reom consist of composite walls, floor and eefling. The medium heavy room consist of composite walls, fioor with carpet and
acoustic ceiling below the concrete floor. The heavy room consist of lightweight concrete watls, concrete floor with thin floor covering and
acoustic ceiling below the concrete floor. The very heavy room consist of masonry walls and massive conerete floor and ceiling. Otherwise
the same data as used in figure 20 apply.
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Abstract

Emtission testing in small test chambers has become the most commonly used method to
evaluate the effect of building materials on VOC concentrations in indoor air. Several studies
have shown that the concentration of VOCs found in field experiments are substantially lower
than those measured in small test chambers, especially for wet sources like water-based
paints. Hypotheses put forward to explain this discrepancy have included strong sink effects
or strong substrate effects. This study involves controlled chamber experiments to test these
hypotheses.

The experiments show a strong sink effect by a carpet on emissions from a water-based
paint. This sink effect is much stronger than those found in earlier sorption experiments, and
cannot be explained by first order reversible adsorption kinetics only.

Subsirate experiments with water-based paint applied on both wood and aluminium
substrates show that the emission from the wood substrate is substantially lower than the
emission from the aluminium substrate, indicating a strong substrate effect of the wood panel.

Data from the sink and substrate chamber experiments, together with mathematical
models, is used to predict the concentration of VOCs in a bedroom. The prediction is
compared to VOC measurements in the bedroom under controlled conditions. The predicted
concentrations are in good agreement with the measured concentrations, and these findings
can explain the often reported discrepancy between field and chamber experiments. Models
to predict VOC concentrations in real rooms, based on emission, sink and substrate data are
proposed.

Keywords : Sink effects, substrate effects, water-based paint, mathematical models, chamber

experiments, field experiments.



Introduction

There has been growing concern the last decades about the influence of indoor air quality
(IAQ) on people’s health and well-being. The emission of volatile organic compounds
{VOCs) from building materials is suspected as being a possible cause of degraded JAQ in
buildings. This has led to a requirement for testing and labelling of building materials, and a
few countries have introduced voluntary labelling of building materials (Wolkoff and Nielsen,
1993; Gustafsson and Johnsen, 1993).

Due to economical and space saving reasons, small chamber testing has become the most
used method for the evaluation of VOC emissions from buildings materials. However,
several studies show that the concentrations found in small chamber tests are substantially
higher than those found in real buildings (Zellweger et al., 1995; Dokka et al., 1999). Fig. 1,
from the study of the authors (Dokka et al., 1999), shows that the medelled TVOC
concentrations, based on data from small chamber experiments, are substantiatly higher than
those measured in the field. Suggested hypotheses to explain the difference in this study
included: strong sink effects of materials in the room, strong substrate effects of materiat
painted on the wall, and scaling/boundary layer effects due to the magnitude difference
between the chamber and the real room (field experiment).

Strong sink effects have been reported by Chang (Chang, 1997 a.), when studying the sink
effect of carpet on emissions from a latex paint (water-based). The calculated equilibrium
constant, a measure of the strength of the sink, was up to 20 times higher than earlier reported
values from sorption experiments (Tichenor et al., 1991; Chang and Guo, 1993; Jergensen
and Bjgrseth, 1999).

Strong substrate effects when studying emissions from a latex paint has been reported by

Chang (Chang et al., 1997 b.). Chang found that the amount of VOCs emitted from a painted



stainless steel plate were up to ten times higher than those emitted from a painted gypsum

board. Similar results has been reported by Jergensen (Jergensen and Bjarseth, 1995)

The aim of this study has been to investigate if strong sink effects and/or strong substrate
effects can explain why concentrations found in field experiments are often much lower than
concentrations found in comparable test chamber experiments. To investigate this, two test
chamber experiments and one field experiment have been conducted. Different models to

describe the source, sink and substrate behaviowr are also proposed.

Experimental design and methods

This study is based on three different experiments, which consist of five different
experiment series (see below). The three experiments are :

1, A chamber experiment with a water-based paint (hereafter called paint A), which
provided emission and sink data for model prediction and comparison to the field
experiment.

2. A field experiment in a bedreom sealed off from rest of the building, where walls were
painted with paint A.

3. A follow up chamber study with another water-based paint (hereafter called paint B), to

investigate the influence of substrate effects on emissions from paint B.

The three experiments consisted of five experiment series :

1.a. : Paint A applied to an aluminium plate in an otherwise empty chamber.

Lb. : Paint A applied to an aluminium plate in a chamber with wool carpet as the sink.
2.a. : Paint A painted on walls in a sealed bedroom (field experiment).

3.a. : Paint B applied to an aluminium plate in an otherwise empty chamber.



3.b. : Paint B applied on wood panel (spruce) in an otherwise empty chamber,

Air change rate, dimensions and other physical data for the different experiments are shown in

Table 1.

Table 1 Air exchange, dimensions, and sink- and source loading for the different experiments,
Experiment series : la Lb. 2a 3.a. b,

Air exchange 0.53h7 0.50h™ 0.15h" 0.53h" 0.5h"
Air volume chamber/room 0lm? 0.1 19.7m’ 0.1m 00 m
Source area paint 0.101m*  0.101 m? 7.1 m? 0.104m>  0.102m?
Sink area “ 0115 m2 8.2 m? - -
Source loading Lol m¥m® 1.0l m¥m? 036 m¥m® 104w’ 1.02 m¥m?
Sink loading - LISm¥m® .42 m¥md - -

Chamber experiments with paint A
This experiment was performed in a small polished steel chamber with a volume of 100 litres.
An aluminium plate with a dimension of 0.3 m x 0.4 m was painted with paint A and placed
in the chamber. Paint A was selected from three tested water-based paints and was chosen
because of its high emission rate. The air exchange rate (Table 1) in the chamber was
measured with a flow meter. The temperature and relative humidity (RH) in the chamber were
respectively 21°C (+ 0.4°C ) and 53% (+ 4% ). VOC samples were collected using Tenax TA
{250 mg tubes) and analysed using GC-MS. A Perkin Elmer ATD 400 unit was used for
thermal desorption of the samples. The Perkin Elmer Autosystem GC was equipped with a
capillary column, CP-Wax 52-CB. The mass spectrometer was a Perkin Elmer Turbomass.
For quantification purposes an external standard of toluene was used.

Air samples were taken frequently during the first week (several samples each day),
followed by one sample per day for subsequent days. Air samples were taken less frequently

during the last two weeks of the experiment. The experiments were terminated after 30 days.

Field experiments
The field experiment was carried out in an unoccupied bedroom (sealed off from other

rooms in the building). The walls were painted with paint A. The bedroom was ventilated by a




small passive vent in the frame of the bedroom window. The air exchange rate was measured
at 0.15 ach, which was calculated from a CO; decay experiment. The temperature in the
bedroom was maintained at 22°C by a thermostatically controlled panel heater. The same
chemical analysis and analytical conditions as in the chamber experiment were used. Air
samples were taken frequently during the first week, and thereafter one sample each day.
From day 10, and up to day 29 when the experiment was terminated, air samples were taken
less frequently.

The walls of the bedroom consisted of hard particle board drawn with wall covering. The

ceiling consisted of painted particle board, and the floor was covered by a nylon carpet.

Chamber experiments with paint B

This chambelr experiment was performed in the same type of chambers as the experiments
with paint A. An aluminium plate with a dimension of 0.3 m x 0.4 m was painted with paint
B, and placed in the chamber. The paint is a commonly used water-based paint, from one of
the larger manufacturers of paint on the Norwegian market. The air exchange rate (Table 1) in
the chamber was measured with a flow meter. The temperature and relative humidity (RH) in
the chamber were respectively 22.8°C (£ 0.5°C ) and 41% ( 3% ). Sampling and chemical
analysis were the same as for paint A. Air samples were taken twice a day the first week,
followed by one sample per weekday for subsequent weeks. Air samples were taken less

frequent after one month, and the experiment was ended afier 1917 hours (80 days).

Modelling

Source model
Since volumes, air change rate, loading (ratio of area/volume), and so forth are different

between chamber and field experiments, mathematical models are needed to compare



{transiate) the resulting concentrations. Emissions from painted surfaces often have
exponential decaying profiles, but often ends at a quasi stationary level. The following
expression can be used to describe the time-dependent emission factor (g*) of the painted

surface:

2" = g§ expl-at)+ gl (1

g": time dependent emission factor (ug/m?h), g*, : initial emission factor (pg/m*h), g"e:

steady state level emission factor (pug/m?h) a : emission rate constant (h') and 1 : time (h).

In general, equation (1) cannot be used to fit concentration data from a chamber experiment
since the concentration also depends on the loading (painted area/volume) and the air change
rate of the chamber. To fit concentration data we have to make a model for the chamber based
on a mass balance. In a chamber with air change rate », source loading Lyoye. (painted
area/chamber volume), and a decaying source as (1), the mass balance for the chamber can be

written as:

i;—?— = 1O+ Lguree (g{’, CKp(-g.{)_‘_g:;) (2)

C : concentration in the chamber {g/m?), » : air change per hour (h-1), Lyure. : Source loading
{m*m*. If we assume that the initial concentration is zero . C(¢ = 0) = 0, the solution to

equation {2) is:

Cty= LeoweeB0 [exp(—at) - cxp(—ﬂt)]+ LopureeBo [1 - exp(—rzr)] (3)
fi—a 7



Given the measured concentration in the chamber as a function of time, a curve fitting routine
can estimate the emission factor : g”, , and the rate constant : @, This model is based on the
assumption of complete mixing in the chamber, and that the sink effect of the chamber walls

is negligible.

Sink model 1: Tichenor’s sink model

In real rooms or chamber expetiments with sink materials (e.g. carpet), the sink effect cannot
be ignored. If we take as a basis the commonly used sink model developed by Tichenor
(Tichenor et al.,1991) and modify it with a exponential decaying source as described by cq.

(1), the mass balance for the room air and the sink surfaces can be written as:

ac . .
E = _(n +Lsink 'kﬂ)'c+ Lsinkde +Lsr:mn'.e '(g() exp(-a-£)+ gm) (4)

dM
—=k, Oty M
koM (9)

M : Mass in the sink surface {mg/m?), k, : adsorption rate constant (m/h), Ay : desorption rate
constant (h™), Ly : sink surface loading (m?*/m®) (sink area/room volume). Assuming zero
initial concentration and mass in the sink, the solution to the coupled differential equations (4)

and (5) is given by:

C(t) = C; exp(dy 1)+ Cy exp(Ayr)+a, exp(-at)+b, (6)

M(8) = C.K; expl{2 )+ oK, exp(/?.zl)+ ay CXP(“““")"'bz (7



where :
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G
Kl _KZ
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Sink model 2: Empirical sink model

The chamber experiment with and without the carpet as a sink, and with paint A as the source,

indicate that the carpet has the following influence on the concentration:

1. The initial emission is lower with the carpet present, indicating a lower net initial emission
factor.

2. A faster decay in the first phase of the emission process with the carpet present, indicating
a higher net value of the emission rate constant (a).

3. Generally a higher steady state concentration in the chamber after a Iong time (500 — 700
h), indicating a slow steady desorption from the carpet.

4. The emission process has the same exponential decaying nature, both with and without the

carpet.

These observations can be described by modifying the source model (1) with some sink-
related factors: an adsorption factor which reduces the net initial cmission, an emission rate

factor that scale (increase) the emission rate constant, and a desorption rate constant raising



the steady state concentration level. The net emission to the chamber air, including source and

sink effects, is proposed described by the following expression :

Gncf(z) = (Asourccg:a - Asink Ka )GXP(—f ~d 't)+ (Asourccg:u + Asink Kd ) (9)

Ge : net emission rate (mg/h), K, : adsorption rate factor (mg/m?h), K, : steady state
desorption rate (mg/m?h), {: emission rate factor, A : sink area (m?) and ¢ : time (h).
Introducing this net emission source into a mass balance similar to (2), gives the following

mass balance:

dac " "
H(}-? ==+ (Lsourcego Lsink “Kn Lsink )EXp(—f a- 't) +(Lsourregm + Lsink Kd' ) (1 0)

L - sink loading (m*/m?), Assuming the initial concentration to be zero : C(t =) =0, the

solution to equation (10) is:

C(n) = i‘%‘«i-“}fw-]gfﬁ[exp{--f aty- exp(—nt)}+ Co {1 - exp(—m‘)} (1 1)

where Cw is the steady state concentration;

Cnu = Lsourceg:o + Lsink Kd ( 1 2)
n

Given the measured concentration (in the sink experiment) in the chamber as a function of
time, and assuming a, g s and g = as known from emission experiments, a non-linear curve

fitting routine can estimate the sink related parameters f, K, and K.

10



Introducing a substrate factor

From earlier experiments and the experiments conducted in this study, it seems that the VOC
emission from a porous/permeable substrate is reduced in the first part of the experiment, but
the “steady state™ emission level is almost equal for both the permeable subsirate and the non-
permeable substrate (e.g. steel or aluminium). A simple model to take this into account could

be to introduce a substrate factor that scale down the initial emission factor in eq. (1):
g;erm (f} = Fsubgg exp(vat)+g:, (13)

£ "perm | €mission factor for the permeable substrate (mg/m*h), Fyyy : substrate factor (-). g"% ,
a and g’'» is the initial emission factor, the emission rate constant and the steady state
emission factor for the non-permeable substrate (defined before). Inserting (13} into a mass
balance similar to eq. {2) and solving with the same inifial conditions (C{0} = 0) gives the

following expression for the concentration in the chamber:

F. L o L .
ci) = ‘"bn+':;“g° [exp(wat) - cxp(wm)]+ —-i‘ﬂ’-’;:-igi [1 - exp(—nt)] (14}

Parameter estimation
When fitting experimental data from the chamber experiments to the different source-, sink-
and substrate models {eq. {3), (6), (11} and (14)}, a non-linear regression curve fitting routine
in the statistical software package SPSS® was used.

When fitting the experimental data from experiment 1.a. and 3.a. to the source model (eq.

(3)), it was assumed that the steady state concentration level was reached. The steady state

11



concentration was taken to be the mean of the three last measured concentrations, and the
steady state emission were calculated as : g7 = #*Co/Lypurce. With the steady state emission
level known, the unknown parameters found by the curve fitting routine were the emission
rate constant (a2} and the initial emission factor (g",).

Fitting the experimental data from experiment 1.b. to Tichenor’s sink model (eq. (6)), the
values for a, g7, and g"- were assumed known (parameters estimated from experiment 1.a.).
With these parameters known, the unknown parameters found by the curve fitting routine
were the adsorption rate constant (k,) and the desorption rate constant (k).

Fitting the experimental data from experiment 1.b. to the empirical sink model (eq. (11}),
the same values for a, g", and g"» as for Tichenor’s model were used. It was also assumed
that a steady state concentration level had been reached (taken as the mean of the last three
measured concentrations), making it possible to calculate a steady state desorption rate (K, as
P Ky =(Co* 1t — Loguree™g ")/ Ly . The unknown parameters {K, and ) were then found by the
curve fitting routine,

When fitting the experimental data from experiment 3.b. to the substrate model (eq. (14)),
the values for a, g7, and g”.. was assumed known (paramsters estimated from experiment

3.a.). The substrate factor (Fy,;) was found by the curve fitting routine.

Resulis and discussion

Sink models

Figure 2 shows the sink experiment with the carpet and emission of TVOC from paint A,
together with the curve-fit of the two sink models. It is clear that the empirical sink model
describe the experimental data better than Tichenor’s model. The best fit for Tichenor’s
model (Table 2) is found with a very smalt value of the desorption rate constant, indicating a

extremely slow desorption from the carpet (k4). In fact, the 95 % asymptotic confidence

12




interval for this parameter (k4) contains zero, which in a parameter estimation setting means
that this parameter is redundant in the model, Physically, this indicates that the adsorbed mass
is not re-emitted from the carpet, i.e. that the carpet acts as an imreversible sink, or the
desorption is very slow. Similar results have been reported by Chang (Chang et al., 1997 b.).
In all cases, it seems that Tichenor’s theoretical sink model, based on linear and reversible
sorption kinetics, fails to describe the influence of the sink effect from the carpet on the
emission of TVOC from paint A. The same holds true for propylene glycel (dominant VOC)
emitted from paint A, the desorption term in the sink model seems redundant. The parameter
estimation of the empirical sink model (Table 4) indicate, however, a slow steady state
desorption from the carpet, Due to the better description of the experimental data, the
proposed empirical sink model is used to describe the sink effect in the remaining of the

paper.

Table 2 Curve fitted parameters for Tichenor’s sink model {eq.(6)), from the sink experiment with carpet and the
emission of propylene glycol and TVOC from paint A.

Compund TVOC Propylene glycol
k, {m/h) 0.484 0.458

{95% confinter.}  (=0.0008-0.0012)  (=0.0008-0.00§2)
ki () 0.0002 0.0002

(95 % confinter,) {=0.0007.0.011) {+0.0008-0.012)
K, (m) 2420 2292

R* 0.907 0.923

Emission and sink experiments in chambers

The six major VOCs emitted from paint A were: acetic acid, 1-acetoxy-2-propanol (acetoxy
propanol), propylene glycol, 2-oxo-propanoic acid (propanoic acid}, 2-2(buthoxy-etoxy)-
ethanol (BEE) and 2-2{buthoxy-etoxy)-ethanol acetate (BEEA). The four compounds:
propylene glycol, propanoic acid, BEE and BEEA, in that order, are the most dominant VOCs
emitted from paint A (amounts to 96 % of the emitted mass). However, all six compounds are

counted when calculating TVOC (TVOC = sum of the 6 compounds).
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Fig. 4-8 show the emission of TVOC and the four dominating compounds from paint A,
with and without the carpet present in the chamber. As expected, the carpet dampens the
initial emission from the paint. The strength of the sink effect from the carpet is different for
the different compounds. Propanoic acid has the strongest sink effect, while the sink effect for
BEEA is rather weak. Another effect of the carpet scems to be that maximum emission
comes earlier with the carpet present in the chamber. Intuitively one would expect the
opposite to occur, i.e. that the maximum emission would be fater when the carpet was present.
This emission/sink behaviour is therefore difficult to explain. The emission from the paint
also seems to decay faster with the carpet present in the chamber. This behaviour cannot be
explained with linear and reversible sorption kinetics (e.g. Tichenor’s model) as shown in the
previous sub-section (Sink models). Lastly, the steady state emissions are somewhat higher
with the carpet present, indicating a slow and seemingly steady desorption (re-emission) from

the carpet.

The source model (eq. (3)) describing the emission from paint A fits the experimentally
data acceptably. The parameter estimated values and the regression coefficients for TVOC
and the different compounds are shown in Table 3.

The proposed empirical sink model (eq. (11)) also fits the experimental data (experiment
1.b.} for TVOC and the different compounds well. The regression coefficients and the
parameter estimated values for the empirical sink model are shown in Table 4. The decay
factor (f} varies very much for the different compounds. Propanoic acid has a decay factor of
nearly 7, which means that the emission decay rate is much faster when the carpet is present.
Acetoxy propanol and BEE have only slightly higher decay rates with the carpet present. The
steady state concentration level for TVOC is approximately twice as high with the carpet

present, indicating substantial desorption from the carpet. As the value of the steady state



desorption rate (Kq) in Table 4 shows, the variation between compounds are large, with

propylene glycol {dominant VOC) as the compound with the highest desorption rate.

Table 3 Curve fitted parameters for the source model (£4.(3)), with data from the experiment without carpet
(experiment 1.a.).

a g"o g“m R?
() (mglrh) (mpmh)
TvVOC 0.008 369 0.53 0.956
Acetic acid 0.012 1.6 0.03 0.954
Acetoxy propanocl  0.032 1.3 0.005 0.950
Propylene glycol  0.009 189 0.04 0.935
Propanoic acid 0.006 5.6 0.04 0.891
BEE 0.008 6.6 016 0.953
BEEA 0.007 34 0.25 (.945

Table 4 Curve fitted parameters for the empirical sink mode] (eq.{11)}, with data from the experiment with
carpet (experiment 1.b.}

f K, K4 R?
(-} (mg/m*) (mg/m’h)
TVOC 2.5 1.1 0.54 0.970
Acetic acid 4.4 0.6 0.063 0.928
Acetoxy propanol 1.2 03 0.002 0.896
Propylene glycol 2.1 5.7 0.19 0.973
Propanoic acid 6.9 23 0.13 0914
BEE 1.6 1.7 0.14 0.953
BEEA 2.6 0.9 0.08 0.931

Another important quantity is the total emitted mass (mem) during the experimental period.
Using the measured concentrations, the emitted mass can be calculated by the trapezoid

method:

¢ V.on f=n-=1
Mo, {1} = V'"JCU)df = ;(Ci +Cias Ntz —1:) (15)

The total emitted mass, both with and without the carpet present in the chamber, during the
experimental period of 700 howrs is shown in Table 5. The difference in emitted mass
between the experiments with and without the carpet is an estimate of the remaining mass in

the sink (the carpet). Table 6 shows that the remaining mass in the sink after 700 hours is



considerable, and amounts to 78% for the compound with the strongest sink effect (propanoic
acid), and an average of 47% for TVOC, This means that, on average, half of the emitted
mass is still remaining in the sink after 700 hours. If we use the calculated remaining mass in
the sink after 700 hours (Table 6}, and the steady state desorption rate {rom the carpet (Table
5), an estimate of the time when all the mass in the sink is re-emitted can be calculated, This
extrapolation of the empirical sink model indicates that the carpet is free of the dominating
VOC (propylene glycol) after 7 months, and free of TVOC after approximately 8 months.
This estimation assumes a constant desorption rate. In a real situation, the desorption rate will
most likely decrease with time, and the desorption time will probably be even longer than
those estimated. To investigate this slow desorption effect further, long term sink experiments

are needed.

Table 5 Emitted mass from paint A, with and without carpet, and remaining mass in the sink. Calculated from
experimental data (with eq. (15)), for the experimental period of 700 hours.

M, (mg) Amg, (mg)

Compound Without With Remaining
carpet  carpef mass in sink
Acetic acid {mg) 5 5 10 (68 %)
Acetoxy propancl {mg) 5 3 2(31%)
Propylene glycol (mg) 202 108 94 (46 %)
Propanoic acid {mg} 92 20 71 (78 %)
BEE (mg) 95 70 25 (26 %)
BEEA (mg) 70 46 24 (35 %)
TVOC (mg) 476 253 314 (47%)

Substrate experiments in chambers

The five major VOCs emitted from paint B are: 2-butoxy-ethanol (butoxy ethanol), propyiene
glycol, 1-1-methyl-2-(2-propenyloxy)ethoxy-2 propanol (MPEP), 1-1-methyl-2-(2-
propenyloxy)ethoxy-2 propanol (MPEP*)' and butan, 1-(1-methylpropoxy) (BMP). The four

compounds: butoxy ethanol, propylene glycol, MPEP and MPEP*, are the most dominant

! Two peaks ate identified as the same compound (MPEP) in the mass spectrometer (NIST library), even if they
are two distinct peaks with different retention time in the gas chromatogram. A possible explanation can be that
the two compounds are isomers.
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VOCs emitted from paint B, and amount to approximately 96% of the emitted mass (after
1900 hours, see Table 8).

Fig. 8-13 show the emission of TVOC and the four dominating VOC compounds from
paint B, with both aluminium and spruce as substrate. As one would expect, the emissions
from the paint are lower with spruce as substrate compared to ahuminium as substrate. This
substrate effect is, however, very different for different compounds in the paint. The
compound butoxy ethanol has no significant substrate effect, i.e. the emissions from the two
substrates are practically equal. In contrast to this, propylene glycol {dominant VOC emitted
from the alominium substrate) has a very strong substrate effect. In fact, with spruce as
substrate propylene glycol is no longer the dominant emitied VOC {Table 6).

The most important effect of the substrate seems to be that the initial emission is reduced.
For TVOC and most of the compounds, the steady state emissions level from the two
substrates are approximately equal. However, propylene glycol, the compound with the
strongest substrate effect, has a somewhat higher steady state emission level from the spruce
substrate.

Fig. 9-13 and the regression coefficients in Table 6 show that the source model (eq. (3))
describes the emissions from the aluminium substrate adequately. The simple substrate model
{eq. (14)), also scems to describe the main effect of the spruce substrate acceptably. Even if
the regression coefficient for propylene glycol is somewhat low (Table 7), it describes the

large effect of the spruce substrate on this compound acceptably.

Table 6 Curve fitted parameters for the source model {eq. (3}), fitted to the data from the aluminium substrate
experiment {3.a.)

a " £ R
") (mgmh) (mgimh)
T™VOC 0.034 86.2 0.22 0.935
Butoxy ethanol  0.130 9.6 0.03 0.984
Propylene glycol  0.032 48.9 0.0t 0.905
MPEP 0.033 15.2 0.08 0.968
MPEP* 0.03t 133 0,09 0.963
BMP 0.030 1.5 0.02 0.970
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Table 7 Curve fitted parameters for the substrate model (eq. {(14)), fitted to the data from the sprace substrate
experiment (3.b.}

Fsub R?

T™VOC 0.37  0.864
Butoxy ethanol 076 0942
Propylene glycol 0.15  0.600

MPEP 0.64 0941
MPEP* 0.67 0933
BMP 0.75 0952

The total emitted mass for both the aluminium substrate and the spruce substrate during the
experimental period of 1917 hours is shown in Tabie 8. The difference in emitted mass
between the aluminium and spruce substrates, is an estimate of the remaining mass in the
spruce substrate. Table 8 shows that the remaining mass in the spruce substrate amounts to
73% for propylene glycol, and an average of 48% for TVOC. These figures are similar to the
sink effect of the carpet, i.e. approximately half the emitted mass (TVOC) is still remaining in
the spruce substrate. Since the experimental period for the substrate experiment is longer than
the sink experiment, it is more likely that the spruce substrate acts as an irreversible sink., i.e.
that a considerable amount of VOCs are permanenily bound in the wood substrate.

Table 8 Emitted mass from paint B, with both aluminium and spruce panel as substate, together with remaining
mass in the substrate after 1900 hours.

Mo, (M) Amy, (mg)
Compound Aluminium  Wood Remaining
substrate  substrate  mass in sink
Butoxy ethanol (mg}) 11 i2 -1(-6 %)
Propylene glycol (mg) 169 46 123 (73 %)
MPEP 1 (mg) 6% 52 15 (23 %)
MPEP 2 {mg) 70 54 16 (22 %)
BMP (mg) 9 7 2 (19 %)
TVOC (mg) 126 171 155 (48%)

Field experiments
With the new data from the sink and substrate experiments, a new and more accurate
comparison of prediction and measured concentrations in the field experiment (bedroom) is

possible, The proposed empirical sink model and the proposed subsirate model are used in the
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predictions. Data from different emission, sink and substrate experiments used in the

prediction are shown in Table 9.

Table ¥ Emission-, sink- and substrate data used in the model prediction of the bedroom.

Data for prediction Value for TVOC  Value for prop. glycol Taken from

Emission rate constant, a 0.0079 k" 0.009 1" Emission experiment, Table 3.
Initial emission factor, g”s 36.9 mg/hm? 18.9 mg/m*h Emission experiment, Table 3.
Steady state emission factor, g” 0.53 mg/m*h (.04 mg/m*h Emission experiment, Table 3.
Adsomption rate factor, K, 11.1 mg/m*h 5.7 mg/mh Sink experiment, Table 4.
Steady state desorption rate, Ky 0.54 mg/mth 0.19 mg/m*h Sink experiment, Table 4.
Emission decay factor, 2.5 2.1 Sink experiment, Table 4.
Substrate factor, Fos 0.685* 0.575% Substrate experiment, Table 7.

* Calculated as F::b‘TVOC = (Psub‘al\un + :['?snb.spmcc)'l2 =(i0+037)"‘2 = 0-69! Fsub.pr.glycol. = (Fsub‘alum + Fsub.spmcc}/z =
(0.15 + 1.0)/2 = 0.58

Emission and sink rate data for the field prediction is guite easy to choose since the
emission experiments are done with the same paint as nsed in the field experiment (paint A),
and the sink experiments with a carpet similar {0 the carpet in the bedroom (field experiment).
The substrate data are, however, more difficult to estimate, since the substrate experiments are
done with paint B and a different substrate. The substrate in the bedroom is a hard particle
board with a glass fibre wall covering with “old” paint. The substrate effect of the hard
particle board will likely be substantially lower than the substrate effect of the spruce used in
the substrate experiment. As a first approximation, we have estimated the substrate factor for
the particie board to be the mean between the values of the sprice and the aluminium (no
substrate effect). This yields the values in Table 9. Other physical data for prediction in the
bedroom are given in Table 1.

Fig.14 and Fig.15 show the comparison between model prediction and measured
concentration in the bedroom, for TVOC and the dominant VOC (propylene glycol). The
predicted TVOC concentration profile are close to the measured concentrations. The steady
state concentration level after the experimental period of 700 hours are, however, higher than
the measured concentration level. The predicted concentration of propylene glyc-ol are also

acceptably close to the measured one, even if the prediction is somewhat low in the first part



of the experiment. The steady state concentration level is predicied well for propylene glycol.
A substrate factor for propylene glycol of approximately 0.7 gives a much better prediction
than the value of 0.58. This is in the range where the “real” substrate factor for the hard
particle board can lie.

Overall, the concordance between prediction and measurement is good when both sink
effects and subsirate effects are taken into account. The TVOC predictions with the proposed
empirical sink model and the substrate model (Fig.14) are much better than the earlier

prediction (Fig, 1) where Tichenor’s sink model was used.

Conclusion

The conclusions of this study are:

» The presence of a carpet, representing a common sink surface in real indoot environment,
decrease the measured emissions from a water-based paint significantly (chamber
experiments).

* The influence of the carpet cannot be described with linear and reversible adsorption
kinetics, like the commonly used model of Tichenor. The measured data indicate a rather
strong irreversible sink effect, or a very slow re-emission from the carpet, taking several
months. The sink effect of the campet varies considerably for different VOC compounds
entitted from the paint.

* The substrate, in this study represented by an aluminium plate and a spruce panel, strongly
influences the emissions from a water-based paint. The emissions from the spruce
substrate are substantially lower than the emissions from the aluminium substrate. An

irreversible substrate factor has been proposed to take this phenomena into account when
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modelling emissions from paints on permeable substrates (e.g. wood), The substrate factor
varies considerably for the different VOCs emitted from the paint.

* When taking into account sink effects of carpets and substrate effects of painted wall
boards, the modelled concentrations and measured concentrations in a refurbished
bedroom are close.

o New models are proposed to describe the strong sink and substrate effects found. These
models can also be used to predict VOC concentrations in real rooms, based on data from
small chambers experiments (emission, sink and substrate experiments).

» Strong and maybe irreversible sink and substrate effects can probably explain the
substantial difference in concentrations between chamber experiments and field
experiments found in earlier studies.

¢ To investigate if the sink and substrate effects found are irreversible, or only if the

desorption is extremely slow, long-term sink and subsirate experiments are needed.
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Fig. 1 Predicted and measured concentration in the bedroom. ‘Taken from Dokka et al. (1999)'

"In this paper (Dtokka et al., 1999) the predicted concentration in the bedroom, was based on data from chamber

experiments where the air change rate was sct at 1.0. The real air change rate was only 0.5 ach, resulting in 2
lower predicted concentration in the bedroom, The prediction based on the correot air change rate (0.5 ach) is

shown in Fig.1
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Fig. 2 Comparison of Tichenor’s theoretical sink model (eq. (6)), and the proposed empirical sink model {eq.

(11)) to describe the sink effect of carpet on the emission of TVOC from paint A.
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Fig. 3. Comparison of Tichenor’s theoretical sink model (eq. {(6)), and the proposed empirical sink model (eq.

{11)) to describe the sink effect of carpet on the emission of propylene glycol from paint A.
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Fig. 4 Effect of the carpet on the emission of TVOC from paint A
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Fig. 5 Effect of the carpet on the emission of propylene glycol from paint A
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Abstract

Several models for prediction of temperature and contaminant stratification in displacement ventilated rooms
has been proposed in an accompanying paper, part 1. These models both cover steady state and transient
conditions.

In this paper, part 2, these models are vatidated and evaluated against empirical data sets taken from the
literature. The steady state temperature stratification model is also compared to three other simplified models for
temperature stratification. The steady state thermal model predictions comes close to the measured values, and
are superior to the other three models for temperature stratification.

The prediction of the transient thermal model is very promising, but should be compared to more transient
empirical cases before a final conclusion can be drawn about the validity of the model.

The evaluation of the contaminant models is also very promising, for most of the compared parameters.
However, the model is under-predicting the indices related to the air quality in the inhalation zone. This under-
prediction is, however, conservative when the models are used to determine ventilation air flow rates.

Keywords: Displacement ventilation, Models, Stratification, Conteminants, Inter-model comparison, Validation

1. Introduction

There are basically two ventilation principles that can be utilised in a room: mixing ventilation and
displacement ventilation. In mixing ventilation, air with high velocity is supplied outside the zone of occupancy,
which ideally gives uniform temperature and concentration in the room. Mixing ventilation is the most used
ventilation principle in comfort ventitation. In displacernent ventilatien, cool air with low velocity is supplied in
the lower part of the room. Contaminated air and heat is transported towards the ceiling by the convection
currents set up by heat sources, where it is extracted'. This ventilation principle has the potential to provide clean
air to the occupants, give energy efficient cooling and lower noise and turbulence level due to the low air supply
velocity. Displacement ventilation has grown popular in industrial and-non industrial buildings during recent
decades, especially in the Nordic countries.

When designing displacement ventilation it is important to use models predicting vertical temperature and
concentration gradients in the room. Such models can be used to predict and evaluate thermal comfort, IAQ and
energy use for different design alternatives under varying climatic corditions.

Figure 1: The working principles in displacement ventilation

In an accompanying paper [1}, part 1, the authors have proposed several simplified models for prediction of
temperature and contaminant stratification in displacement ventilated rooms. These models cover both steady
and transient conditions, and can be used for hand calculation or implemented in computerised building
simulation tools. In this paper, these models are validated against experimental data sets found in the literature.
The steady state thermal model is also compared to other simplified models [2, 3, 4] for vertical temperature
stratification in displacement ventilated rooms.

2. Thermal models used for inter-model comparisen

Three different models for prediction of temperature stratification in displacement ventilated rooms under
steady conditions have been chosen for the inter-model comparison. They are:
*  the “rule of thumb” model proposed by Skistad [2]

¢ the simplified model by Mundt [3], where the floor temperature is deduced from the specific ventilation air
flow

s the simplified model by Nielsen [4], where the floot temperature is deduced from the Archimedes mumber
These models are briefly described below.

2.1, Skistad's vertical temperature gradient model

Skistad [2] has proposed a very simplified “rule of thumb” mode] where half the temperature difference
between the supply and extract air is evened out at floor level, and the other half is given as a linear gradient
from floor to ceiling, see Fig. 1. This is equal to saying that the normalised floor temperature has a value of 0.5:

! ‘Phere are also other types of displacement ventilation systems, for example air supply through a perforated flaor or ceiling, but these
systems are not deatt with in this paper.
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Ty 1s the floor ajr temperature (10 cm above the floor), 7; the supply temperature and 7., the extract temperature.

Figure 2: The principles in Skistad’s “rule of thumb” model.

Assuming that infiltration is negligible, the heat load(g,,) in the room is removed by ventilation and
fransmission (gr,). The temperature at the ceiling (Tyer) is assumed equal to the extract temperature (T}, which
from a steady state heat balance can be calcutated by:

Gior = e
To=Tey =T, +—rg‘"“g"r“ @

air’ v

If the extract temperature (7,) is given, which is the case for the empirical test cases used in this paper, the
transmission loss can be caiculated by rearranging (2):

Gor = Gror —Cope ¥y (Tc ~T, ) &)
From definition (1), the floor femperature can be calculated as:
Tﬂ =05 (T.; + chr‘{) “

The temperature gradient (d7/dz) and the mean room temperature (<T>) are then:

ar - Teeit =T g (5)
dz hcm’f
<T>=0.5-{T) +7,) (6)

hcen 18 the ceiling height. Given the height of the occupation zone (h,..), the mean temperatures in the occupation
zone (7,,.) and the upper non-occupied zone (7o) can be calculated as:

daT
Toee =Ty + O-S'Ehom N

dT
Troce =Ty +0.5 T{;(hm-, +hy. ) (8)

The temperature effectiveness for the occupation zone( 7,..) is then (see {1]):

chir - Ts

%
Tom - Ts

Toce =

2.2. Mundt’s vertical temperature gradient model

In Mundt’s model [3], the normalised floor temperature(x) is given as a fanction of the specific air flow
(¥, 7 4g):
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Cuuieis the volumetric heat capacity of air, Vv is the ventilation air flow rate and Ay is the floor area. The

lingarized radiation heat transfer coefficient is assumed to be constant: &, = 5 W/m?K and the convective heat
transfer coefiicients ate in the range: &, : 3-5 W/m?K (we have used 4 W/m?K in the comparison below). The
transmission loss {gy), the temperatares in the room (Teew, Ta, Tneums Toces Tnoec)s the temperature gradient (d77dz)
and the temperature effectiveness in the occupation zone (77,,.) are calculated the same way as in the Skistad
model {equations 2-9).

Figurc 3: The vertical temperature gradient model of Mundt {3], and the normalised fioor temperaturc as a funclion of the specific air flow.

2.3. Nielsen’s vertical temperature gradient model

In Nielsen’s model 4], the normalised floor temperature () is a function of the Archimedes number {47)
and type of heat source. The Archimedes mumber is defined here as:

Ar= ﬁ'g('i'ltcei.' '(Tjez_Ts) (11)
v, /4,

Where #and g are respectively the volumetric expansion factor and the acceleration of gravity. The normalised
floor temperature (x) as a function of the Archimedes number for different types of heat sources is shown in Fig,
4.

Figure 4: The normatised floor temperature versus the Archimedes number for different types of heat sources (design chart adapted from
Niclsen [4]), and the principles in Nietsen™s vertical temperafure gradient model.

The transmission loss (g,,), the temperatures in the room (Teer, Ty Trrewn Toces Tnoce)s the temperature gradient
{dT/dz) and temperature effectiveness in the occupation zone {77,.) are all calculated the same way as in
Skistad’s model (equations 2-9)

3. Empirical validation and inter-model comparison of the thermal models

In this section, the thermal models presented in the accompanying paper [1] are compared to experimental
data sets, and the three simplified models presented in the preceding section.

3.1 Description of test cases

Empirical data sets for validation and comparison of the models have been taken from the literature on
displacement ventilation. There exist a lot of expetimental investigations on temperature stratification in
displacement ventilated rooms. Many of them, however, ignore, or fail to report, important parameters that
influence thermal stratification. The cases chosen for validation of the models have detailed temperature
measurements and most of the data needed for prediction. But even here some of the input data for the model
predictions has to be assumed. This will be discussed in more detail below,

Data sets for the empirical validation and inter-model comparison of the steady state thermal model have
been taken from Mattson 5] {two offices and two classroom cases), Li et.al. [6,7] ( two office cases) and Brohus
& Nielsen [8] (one meeting room case). These rooms differ in size from 15 m? to 60 m? and in ceiling height
from 2.5 m to 4.2 m. The heat load varies from 8 W/m? to 48 W/m?, and the specific air flow rates ate in the
range : 1,38 /sm* to 3.16 I/sm?, This is fairly representative for rooms in office and educational buildings.
Reliable data sets for larger rooms such as shopping centres, theatres and concert halls, have not been found. A
description of the data sets used for testing the steady state thermal model is given in table 1.



Table 1: Description of the different test cases used in the validation and inter-model comparison of the steady state therral model

Case  Author(s) Heat sources (fotal heat output/convective part Typeof Airflowrate/  Tot heatload/  Floor arga/
no heat outtput* *height to top heat source from room supply temp./  Trans.heat loss  Ceiling
floorfcross sectional dimensien heat source ) exfract temp. height
1 Mattson Thermal manikin (100 W/0.5/8.71 0¥0.33 m), Office 2091/ 395 W/ 15.1m¥%
Cylind. person simuiat, (100 W/0,5/1.2 m/0.26 ), 16.4 °C 152 W+ 25m
PC-simulator {50 W/0.67/1.11 mA0.42 m), 25.9°C
Ceiling light {143 W/0,3/2.2 m/0.t m)

2  Matison Thesma]l manikin (100 WA.5/1.71 m/0.33 ry), Office  36.61l/s 395 W/ 15,1 m¥
Cylind. person simulat. {100 W/0.5/1.2m/0.26 m), 16.4°C T2 W* 2.5m
PC-simulator (50 W/L67/1.11 m/0.42 ), 23.6°C
Ceiling light (145 W/0.3/2.2 n/0.1 m)

3 Lietal. Point heat source (300 W/0.9/0.4 m/ 0.35 m) Office 23.1¥s 300 W/ 15.1 m¥
i%2°C 88 W+ 275m
26.7°C

4 Li ct.al Point heat source (300 W/0.5/40.4 m/0.35 m) Officc  34.71s 300 W/ 151 m¥%
184°C 12W* 275m
4.8°C

5 Brohus & Therrmal manikin (75 WALS/1.7 m/0.25 m), Meeting  80.61s 376 W/ 48 w?f

Nielsen 2 eylind. person simul. (103 W/0.5/1.0m/0.4m),  T100m 17.6°C -117 WH 4.0m
Point heat source {101 W/0.5/0.2 n/0.13 m) 226°C
6 Matison 25 cylind. person simul. (95W/AL5/1.32 mfA0.38 m), Class~ 19115 2900 W/ 60.5 m¥/
Ceiling light (525 W/0.3/2.5 m/0.1 m) room  14.5°C 100 W+ 30m
26.5°C

7 Maltson 25 cylind. person simul. (95W/0.5/1.32 m/0.38 m), Class- 19115 2900 W/ 60.5 m

Ceiling light {525 W/0.3/3.7 m/0.1 m) room 14.5°C 100 W 42m
26.5°C

* The transmission heat loss is caiculated according to expression (3) in the preceding section. ** The convective part of the heat output from
thermal maniking and person simulators is set at 50%.,, as deduced by Mattson [3]. The PC simulators in the Matison cases are made of
aluminium (low emssivity} , and the convective part is estimated at 67%. The paint sources in the cases of Li et.al, is reported to be
designed to emit minimum radiaticn, and the convective part s sct at 90%. The emissive propertics for the point source in the case of Brohus
& Nielsen are not given, and the convective part is estimated at 50%. The fluorescent ceiling light in the cases of Matison presumabiy gives
most of its heat output in the form of radiation, and the convective part is set at 30%.

In the accompanying paper [1], the authors have proposed two models for the vertical temperature gradient:
ane linear gradient model for rooms with few to normal number of heat sources/occupants (for example offices),
and one non-linear gradient model for rooms with high occupancy/many heat sources (for example classrooms}.
Table 2 shows the model that has been used for the different cases. Table 2 also shows which curve in the design
chart has been applied for Nielsen’s model for the different cases, and lastly which value of the convective heat
transfer coefficients has been used in Mundt’s model.

Table 2:Temperature gradient model {linear or non-linear) used by the authors, curves used for Nielsen’s model and radiation heat transfer
coefficient used in Mundt’s model.

Caseno. ; i 2 3 4 5 6 7
Madel used by the Linear Linear Lingar Linear Linear Non-lincar  Non-lincar
guthors grad. model  grad. model  grad. mode!  grad. model  prad. model  grad. medel  grad. model
Curve used in Nielsen’s B (Sedentary B (Sedentary D (Point D (Point B (Scdentary B (Sedentary B (Sedentary
design chart persans) persons) heat source)  heat source) persans) persens} persons)

Convective coefficient 4 WimK 4 WintK 4 WimK 4 WimtK 4 WimK 4 WimtK 4 WimK
used in Mundt's model

Very few data sets for testing transient cases are reported in the literature, even if transient conditions are
more likely than steady state conditions in a real oom [1, 5]. The only reliable transient thermal case found is
that of Mattson {5]. A description of this case is given in table 3.

Table 3: Description of the test case used in the empirical validation of the transient thermat model
Author Heat sources {totat heat output/convective part Room  Air flow rate/  Heat capacity  Tot. heat Tead/ Floor arca/

heat output/height to top heat source from type  supply temps  (wall/ficor/ U-valucs(walls/  Ceiling
floor/cross sectional dimension heat source) Initial temp. roof) floot/roel) height
Mattson  Cyl. persen simul. (100 W/0.5/1.21 m/.26 m), Office 209 ¥s 2.4 WhimK 245W 151 m¥
Ceiling light {145 W/A.3/2.2 m0.t m) 169 °C 12 WhmiK U =05 WmK 25m
194°C 4.4 Whim?K U= 0.4 WimK

U, =02 WK
Comment: Based on reporcd susface temperatures in [5] the down draft air flow in the transient case has been estimated to be smali (1 ¥/s).




3.2 Compared quantities and proposed tolerance

To compare the models with measurements and the other three simplified models, the following eight
temperatures and temperature efficiency indices are computed for the steady state thermal madels:
* 7. - the temperature in the occupied zone. In ali cases set to 1,2 meters above the floor, assuming seated
activities
Tugec - the temperature in the non occupied zone (above 1.2 meters)
loce - the temperature effectiveness in the occupation zone, as defined in the accompanying paper {1]
Thoor - the air temperature at floor level (~10 cm above the fioor}
Teen - the air temperature near the ceiling (~10 cm below the ceiling)
& - the normalised floor temperature, as defined in the accompanying paper [1]
dT/dz - the mean temperature gradient, defined as the difference between the temperature in the upper
polluted zone and the temperature in the lower clean zone, divided by half the ceiling height,
¢ Thowm - the mean air temperature in the room.

* * & & 0 @

The quantities above may have influence on the thermal comfort and energy use in a displacement ventilated
room. To evaluate and compare the models, the following allowed tolerances for the different computed
quantities are proposed:

+  Temperature T: £ I °C

¢ Normalised floor temperature & =+ 0,10
¢ Temperature effectiveness 7,..: + 0.15

¢ Temperature gradient d7/dz: + 0.25 K/m.

3.3 Resuits and discussion

In table 4 the linearized and by floor area normalised radiation heat transfer coefficient is shown, together
with the calculated height of zone 1 and the estimated down draught air flow rate. The heat transfer coefficient
and the height of zone ! (clean zone) are calculated with models given in the accompanying paper [1]. The
radiation coefficient is quite close to the “nile of thumb”™ value of 4 W/nPK, as proposed by the authors [1].
Table 4 also reveals that the 1adiation coefficient increases when the height of zone 1 is reduced, when the other
variables are similar, The down draught air flow is estimated from reported surface temperatures, from U-values
and temperatures in the surrounding air, or from reported smoke tests (visnal tests). In most of the cases the
down draught air flow is reported to be negligible (cases 1-4 and 6). In the meeting room case (case 5), the down
draught air flow is considerable, as indicated by the reported concentration in and height of zone 1. Also in the
classroom case (case 7) with the 4.2 m high ceiling, the down draught air flow is reported to be significant. In
these two cases the down draught air flow is adjusted so the reported (measured) and calculated height of zone 1
are equal.

Table 4: By fleor area normalised radiation heat transter coefficient, height of zone 1, and estimated down draught air flow. Caleulated with
models from the accompanying paper [1]

Case no, 1 2 3 4 5 6 7

Normalised radiation heat transfer coefficient (W/m2K)  3.95 393 4.18 399 3.85 3.97 R
Height zone t (m) 0.94 1.29 0.5% .71 1.36 0.88 4.95
Estimated down draught air flow (i/s} 1 ! 0 4] 20 H 1%

Figure 5: Comparison of measured and predicted temperature in the occupation zone

Fig. 5 shows the measured and predicted mean air temperature in the occupation zone (1.2 m high). Our
model predicts temperatures higher than those measured, but all are within the proposed tolerance { £ 1 °C). The
models of Skisted, Mundt and Nielsen are in all cases low compared to the measured temperatures. Mundt’s
model in particular predicts very low terperatures for the classroom cases. This can partly be explained by the
fact that the gradient is very non-linear (stecp in the lower part of the Toom) in the classrooms, while Mundt’s
mode] assumes a linear gradient. However, Nielsen’s model also assumes a linear gradient but is much closer to
the measured temperatures.

Figure 6: Comparison of measured and predicted temperatuse in the non-oceupied zone




Fig. 6 shows the air temperature in the non-occupied zone. Our model predicts temperatures that are very
close to the measured terperatures, and well within the proposed tolerance limit (+ 1°C). The models by
Skistad, Mundt and Nielsen all under-predict compared to the measured temperatures, for all the cases. The
under-prediction is especially large for the classroom cases (cases 6 and 7).

Fig. 7 shows the floor air temperature (10 cm above the floor). Our model over-predicts for the office and
meeting room casecs (cases 1-5), but under-predicts for the classroom cases, but is for alf cases within the
proposed tolerance limit. Skistad’s mode] is also within the tolerance limit in all cases. Mundt's model predicts
well for the office and meeting room cases, but under-predicts for the classrocom cases (6 and 7). Nielsen’s model
is within the tolerance for the office and meeting room cases, but over-predicts the floor temperature in the
classroom cases (6 and 7).

Figure 7: Comparison of measured and predicted air temperature at floor level

Fig. 8 shows the measured and predicted ceiling air temperature (10 cm below the ceiling), Except for case 4
(office case) our model is within the tolerance limit. The models of Skistad, Mundt and Nielsen predict within
the tolerance limit for all except cases 2 and 3 (office cases), where they under-predict the ceiling temperature.
The models of Skistad, Mundt and Nielsen give the same value for all the cases, because the ceiling temperature
is assumed to be equal to the extract temperature (given) for all three models. In the classroom cases (6 and 7},
the non-linear gradient model used by the authors predicts equal to the three other models. This is due to the fact
that the temperature in the upper zone (zone 2} is assumed constant, and therefore equal to the extract
temnperature (as the other models).

Figure 8: Cornparison of measured and predicted air ternperature at cziling level

Fig. 9 shows the mean room air temperature. Gur model is very close to the measured temperatures. The
models of Skistad and Mundt under-predict the temperature in all cases, and only cases 4 and 5 (office and
meeting room) are within the proposed tolerance. Nielsen” model also under-predicts the temperature, but only
cases 3 and 7 are ocutside the tolerance limit.

Figuzre 9 Comparison of measured and predicted mean room air temperature

Fig. 10 shows the measured and predicted temperature effectiveness in the occupation zone (at 1.2 meters).
Our model under-predicts the temperature effectiveness for cases 3 and 4 (office cases), but predicts within the
Iirnits (£ 0.15) for the other cases. The models of Skistad, Mundt and Nielsen ali over-predict the temperature
effectiveness for all the cases. Mundt's mode} well over-predicts the temperature effectiveness for many of the
cases. Nielsen’s model also considerably over-predicts for cases 3 and 4 (offices), but is quite clese for the
classroom cases (6 and 7). The over-prediction of the temperature effectiveness for the models of Skistad, Mundt
and Nielsen can be explained by the fact that these models under-predict the temnperature in the occupation zone
{see Fig. 5).

Figure 10: Comparison of measured ané predicted temperature cffectiveness in the occupied zone

Fig. 11 shows the normalised floor temperature. Our model under-predicts the normalised floor temperature
in the office and meeting room cases {1-5), while it over-predicts for the classtoom cases (6 and 7). However, the
prediction lies within the proposed tolerance limits (+ 0.1). Skistad's model predicts within the tolerance for all
cases except the meeting room (case 5). Mundt’s model predicts outside the tolerance for cases 5 and 7.
Nielsen’s mode] predicts within the tolerance for the office and meeting room cases (1-5), while it over-predicts
the normalised floor temperature in the classroom cases (6 and 7). The measured normalised floor temperature
for the classroom cases are surprisingly close to the 0.5 value for offices, as proposed by Skistad, while some of
the office cases (1 and 4) and the mecting room case is a long way from 0.5

Figurell: Comparison of measured and predicted normalized floor temperature

Fig. 12 shows the measured and predicted mean temperature gradient. This value is calculated as the
difference between the mean temperature in zone oke and two, divided by half the ceiling height (see [1] for
mathematical definition}. Our model predicts close to the measured value for all except case 3 where it under-
predicts the gradient. Skistad’s modet predicts the gradient poorly, and only case 5 (meeting room) is within the
proposed tolerance (£ 0.25 K/m). Mundt’s model predicts the gradient acceptably for most cases, but under-
predicts it considerably for cases 3 and 4 (offices). Nielsen’s model strongly under-predicts the gradient for all
cases except the meeting room case {case 5).




Figure 12: Comparison of measured and predicted mean temperature gradient

Figure 13: Percent prediction within the proposed tolerance for the steady state thernal models

Fig. 13 summarise the predictive ability of the steady state thermal models for all seven cases and for the
eight compared quantitics (total 56). Both Skistad’s and Mundt’s model predict approximatety 50 % within the
proposed tolerance limits, while Nielsen’s model predicts somewhat better with 57 %. Our model predicts
considerably better than the three other models, with 93 % of the predictions within the proposed tolerance
limits. Although our model is more complex than the other three models, this can be defended by its superior
predictive capability. The reasons for the rather low predictive capability of the other models can be:

»  The ceiling temperature is not equal to the extract temperature (as assumed in the three models) due to the
location of the extraction unit’

o The assumption of a linear vertical temperature gradient is not fulfilled in many cases, especially in cases
with high occupancy (for example the classroom cases)

«  The estimation of the floor temperature or the normalised floor temperature in these models is inaccurate, or
not representative for many of the cases.

+  The models of Skistad and Mundt does not take into consideration the convective air flow around heat
souzces, which strongly influence the mass and heat transfer in the room.

+  Nielsen's model does indirectly take into consideration the convective transport for different heat sources,
by having different curves for different heat source types, but the different curves do not always reflect the
heat loads in real rooms, since they are often a mixture of ceiling light, sedentary persons and point heat
sources (for example computers).

In Fig. 14 and 15, predictions with the transient thermal model presented in the accompanying paper [1] are
compared to measured terperatures 1.2 meters above the floor and in the extract air. This case is described in
table 3. Predicted and measured temperatures agree well, with a maximum difference of 0.6 °C between
prediction and measurement. Even if the results are promising for the transient thermal model, it should
be compared to more well documented transient experiments before conclusions on the validity of the model can
be drawn.,

Figure 14: Measurced and predicted terperatures in the exiract air, during a thermal step up experirnent {eciling fight and a persor simulator
switched on at time: 1= Q).

Fipure 15 Measured and predicted air temperatures 1.2 meters above the floor, during a thermal step up experiment (ceiling light and a
person simulator switched on at time: t=0).

4. Empirical evaluation of the contaminant gradient model

In this section the contaminant gradient models presented in the accorpanying paper [1] are applied and
results are compared to expetimental data found in the literature. The reason for using the phrase “evaluation”
instead of “validation”, is because some of the parameters in the contaminant model are adjusted to fit the
measured concentration data, i.e. this is not a strict and independent comparison of the prediction and
measurements, as implemented for the thermal models. The adjusted parameters are discussed below.

4.1 Description of test cases

A relatively large number of cases (14} have been taken from the literature to evaluate the contaminant
models. These cases contain both steady state results (for example contaminant removal efficiencies) and/or
transient results (air exchange efficiencies or age of air). However, for many of these cases there has only been
reported a few results that can be compared to the output of the models presented.

Data sets for evaluation of the contaminant models have been taken from Mattson [5] (three office cases and
two classroom cases), Heiselberg & Sandberg (9] (five office cases) and from Brohus & Nielsen {8] (four
meeting room cases). The different cases are descried in table 5. In table 6, the compared quantities chosen to
evaluate the contaminant models are shown together with cases that provided results for these ounfputs.

2 Mund? has also proposed an extended model for cases where the exiract is located below the ceiling level. This model also take into
consideration heat conduction through the raof and the floor, but is considerably more complex than the simplified model vsed here
{mathematically complex).




Table 5: Description of the test cases used in the evaluation of the contaminant model

Case Firstauthor  Heat sources (total heat output/convective part Type of Ventzair Total Height  Floer area/
no heat output**/eight to top heat source from room flow heat oceup,  Ceiling height
floge/cross sectional dimension heat source ) load zone
i Mattson Thermal manikin (F30 W/0.5/1.71 m/0.33 m), Cifice 2091 295W 1.7m 15.im¥25m

PC-simulator (30 W/0.67/1.1F m/0.42 m),
Ceiling light (145 W/0.3/2.2 m/0.1 m}
2 Mattson Thermal manikin (§00 W/0.5/1.71 m/0.33 m), Office 2094 395W  1L.7m 15.1 m*%2.5m
Cylind. person simulat, {100 W/0.5/1.2 m/0.26 m),
PC-simulator {30 WHO.A1/1.11 m/0.42 m),
Ceiling light {145 W/0.3.2.2 mA).1 m)
3 Mattson Thermal manikin (100 W/A.5/1.71 m/0.33 m), Office 36615 395W 17m 151 m¥%25m
Cylind. person sirlat. (100 W/A.5/1.2 m/0.26 m),
PC-simuiator (50 W/0.67/1.11 m/0.42 m),
Ceiling fight (145 W/0.3/2.2 m/0.7 m}
Heiselberg  Heated slender cylinder {608 WAL.89/2.5 m/0.1 m) Office 10.61s 600W 18m 15.1 m#2.5m
Heiselberg  Heated slender cylinder (600 Wi0.89/2.5m/0.1 m) Office 281 600W  18m 151 mi/2.5m
Heiselberg  Heated slender cylinder (600 Wi0.89/2.5 m/0.1 m}  Office 345 600W  18m 151 m¥25m
Heiselberg  Heated slender cylinder (600 W/.89/2.5 m/0.3 m) Office 4191 o0OW  18m 151 m¥2.5m
Heiselberg  Heated stender cylinder (600 W/).89/2.5 m/0.1 m) Office 52.515 600W 18m 15.im¥/2.5m
Brohus Scated thermal manikin (75 W/0.5/1.2 m/0.35 m), Meeting- 40315 771W  18m 48 m¥4.0 m
2 ¢ytind. person simul. {100 W/A.5/1.0 m0.4m),  room
Point heat source (500 W/0.5/0.2 m/0.i5 m)
0 Brohus Stand. therm. manikin (75 W/0.51.2m/0.26 m), Meeling- 403¥s TIW  18m 43 m¥4.0 m
2 cylind. person simut. (100 WAL5/1.8 mA04 m),  reom
Point heat source (500 W/3.5/0.2 m0.15 m)
11 Brohus Seated thermal manikin (81 W/0.5/1.2 m0.35 m), Meeting-  80.6¥s 381W  18m 48 m¥4.0
2 eylind. person simul. (100 W/0.5/1.0 m/0.4 m),  room
Point heat source {103 W/0.5/0.2 m/0.15 m)
12 Brohus Stand. therm. manikin (81 W/0.5/1.2 v3.26 m),  Meeting-  80.6¥s 381 W 18m 48 m¥4.0m
2 cylind. person simul. (100 W/0.5/1.0 m/0.4 m),  room
Point heat source (100 W/0.5/0.2 m/0.15 m)

DGO =) O WLy

13 Matisen 25 cylind. persen simul, (95W/0.5/1.32 m0.38 m), Class- 1915 2000W 1.2m 60.5m?/3.0m
Ceiling light (525 W/0.3/2.5 m/0.1 i) room

14 Mattson 25 cylind. person simut. (95W/0.5/1.32 m/0.38 m), Ciass- N7 2990W 1.2m 60.5 3.0 m
Ceiling light (525 W/0.3/2.5 m/0.1 m) rogm

COMMENT: In the cascs of Heiselberg & Sandberg {cases 4-8), the convective air flow rates atound the heated cylinder are measured and
not calculated values. For all other cases the conveetive air flow induccd by heat sources are caloulated by models given in the accompanying
paper [1].

Table 6: Compared quantitics for the contaminant models, and the cases with which they arc compared.

Compared quantities Cases that have reported these quantitics
Height zone 1 (clean zone} (m) i-13

Contaminant removal efficiency compicic room 1-8,13

Contaminant removal efficiency occupation zone T-12

Contaminant removal efficiency inhalation zone, seated person 2,539,113

Contaminant removal efficicncy inhalation zone, standing person 1,2,3,10,12

Air exchange efficiency complete raom 1,2,3,13,14

Air exchange efficiency inhalation zone £12,14

Effectiveness of entrainment, scated person 1,2,3,9,11, 13

Effcctiveness of entrainment, standing person 2,3,10,12

4.2 Results and discussion

Table 7 shows the estimated convective factor and the estimated down draught air flow for all the cases. The
convective factor is the part of the pollution generated around heat sources following the plume (the convective
air flow) above the sources into zone 2. A convective factor of 1.0 means that all the contaminants are
transported into zone 2. The convective factor, as shown in table 7, has been adjusted to give the best prediction
of the concentzation in zone I and 2. The convective factor is close to 1.0 for many of the cases, the lowest value
is 0.8 for cases 11 and 12 (meeting room cases). This means that most of the generated contaminants in the
occupation zone are transported into the polluted zone (zone 2). The down draught air flow rate in table 7 is
estimated from reported surface temperatures, U-values and temperatures in the surrounding air (surrounding the
test room), or from reported smoke tests (visual tests). In most of the cases the down draught air flow is reported
to be negligible (cases 1-8, 13 and 14), In the meeting room cases of Brohus & Nielsen, the down draught air
flow is considerable, as the reported concentration in zone 1 and the height of zone 1 indicate. In these cases the
down draught air flow is adjusted to fit the reported height of zone 1.




Table 7: The estimated convective factor {part of the pollution following the plume into zons 2), and the estimated down draught air frow
rate for the different cases.

Case no. : 1 2 3 4 5 [ 7 ] 9 10 11 12 13 14
Convective factor 050 0950 050 1.00 106 160 095 085 090 090 080 080690 090
Estirrated down Iis 1V 1ls 3Ws 31U 1l t¥s OWs 281 2815 25Vs 206 1Ms 1is
draught

Figure 16: Comparison of predicted and measured height of zone 1

Fig. 16 shows the height of zone 1 {the clean zone), also called the stratification height or the height of the
stationary front. The height of zone 1 is entirely determined from the ventilation zir flow, the calculated
convective air flow, and the estimated down draught air flow. Higher ventilation air flow or down draught air
flow raises the height of zone I, while higher convective air flows induced by heat sources lower the hei ght of
zone 1. The measured height of zone 1 is defined as the height where the concentration is 50% of the
concentration in the extract, as proposed by Heiselberg & Sandberg (9] The predicted and measured heights of
zone | seem to follow each other for the different cases quite well. Only in case 2 (the office case of Mattson 5D
is there a significant under-prediction. But in this case the measured height of zone 1 is uncertain due to few
measuring points for the concentration (based on a linear interpolation), and could in reality be much closer to
the predicted value. Except for the meeting room cases (9-12) discussed above, the caleutated (predicted) height
of zone 1 is primarily a function of the calculated convective ait flows around and above the heat sources in zone
1. Given the good prediction of the height of zone 1 it is fair to assume that the models of the convective air flow
presented in the accompanying paper [1] give acceptable resnlts.

Figute 17: Comparison of predicted and measured contaminated removal cfficiency for the complete room

Fig. 17 shows the contaminant removal efficiency for the complete room. This index shows the ability of the
ventilation systems to remove contaminants from 2l points in the room under steady state conditions. For the
mathematical definition see [1]. The measurements and predictions ate close for all the compared cases.

Fig. 18 shows the contaminant removal efficiency for the occupation zone. This index shows the ability of
the ventilation systems to remove contaminants from the occupation zone, for definition see [1]. The height of
the occupation zone for the different cases is given in table 5. The predicied efficiency is very close to the
measured value in all cases,

Figure 18: Comparison of predicted and measured contaminant removal efficiency in the occupation zone

Figure 19: Comparison of predicted and measured contaminant removal efficiency in the inhalation zone, seated persons

Fig. 19 shows the contaminant removal efficiency in the inhalation zone for the cases with seated persons
{persons simulators). This efficiency shows the ventilation systems ability to provide clean air to the occupants.
A high efficiency value means that the concentration to which the oceupant is exposed is low compared to the
concentration in the extract (see [1] for a definition of the efficiency). The figure shows that the mode! under-
predicts the measured efficiency, especially for case 3 (office case). In case 3 the air in the inhalation zone is
almost as clean as the supply air, which implies that the air in the boundary layer around the person is entrained
from the clean air layer at floor level. In our model [1], which on this point is similar to the model proposed by
Brohus & Nielsen [8], it is assumed that the air in the human boundary layer is entrained evenly from all heights
up to the height of the inhalation zone. Cases 9, 11 and 13 in Fig. 18, seems to correspond well to this
assumption, but also in case 2 (office case) the air in the inhalation zene is substantially better than predicted by
the model. However, the model gives in all cases a conservative estimate of the air quality in the inhalation zone.
If the contaminant removal efficiency in the inhalation zone is to be used for determining the necessary air flow
rates, as proposed in the accompanying paper [1], it is preferable that the model under-predicts the efficiency
{conservative).

Fig. 20 shows the contaminant removal efficiency in the inhalation zone for standing persons. Compared to
seated persons, the inhalation zone for standing persons is often located high into the polluted zone (zone 2, and
one would expect that the efficiency was lower in these cases. This holds true for cases 2 and 3, where both the
efficiency for seated and standing persons are measured. The efficiency for the seated persons are much higher
than for the standing persons. The mode! under-predicts the efficiency substantially for cases 1 and 3, but
predicts quite closely for the other cases (2, 10, 12). The reason for under-prediction in cases 1 and 3, could be



due to the fact that zone 1 is relatively high in these cases, and that the human boundary layer is therefore
entraining air to the inhalation zone mostly from the clean zone (zone 1).

Figure 20 Comparison of predicied and measured contaminant removal efficiency in the inhatation zone, standing persons

Figure 21: Comparison of predicied and measured air exchange cfficiency in the complete reom

Fig. 21 shows the air exchange cfficiency for the complete room. The model prediction of the air exchange
efficiency is predicted with the transient (time dependent) contaminant stratification model presented in the
accompanying paper [1], since thie air exchange efficiency is measured with a time dependent experiment {often
a step down experiment, see for example Mattson [5} ). The predictions and measurements are in good
concordance for all cases. As seen, the air exchange efficiency does not vary much for the different cases. In our
opinion, it is therefore a poor indication of the effectiveness of a ventilation system in a room. A better indication
of how effective the ventilation system is in providing clean air to the occupants, is the air exchange efficiency in
the occupation zone or in the inhalation zone.

Fig. 22 shows the air exchange efficiency in the inhalation zone (zone of exposure). Case 1 (office case)
involves a standing person, while cases 13 and 14 (classroom cases) have seated persons. As for the contaminant
removal efficiency in the inhalation zone, the model under-predicts the efficiency, but the under-prediction is
more moderate here. The under-prediction is larger for the seated persons, compared to the standing persons. The
under-prediction means that the air to which the occupants are exposed is “younger” than the model predicts.

Figure 22: Comparison of predicted and measured air exchange efficiency in the inhalation zanc

Fig. 23 shows the effectiveness of entrainment in the human boundary layer for cases with seated persons.
This index, proposed by Brohus & Nielsen [8], measures the ability of the human boundary layer to entrain
(supposedly) clean air from the fioor level to the inhalation zone (height of exposure). An effectiveness of 1.0
means that all the air in the inhalation zone is entrained from the clean air layer at floor level (see {1] for
definition). The mode} prediction corresponds well with the measured effectiveness, for all the cases. In case 11
{meeting room case), the effectiveness is even better than 1.0, which means that the air quality in the inhalation
zone is even better than the air quality in the clean air level at floor level.

Figure 23: Cornparison of predicted and measured effectiveness of entrainment, seated persons

Figure 24: Comparisor of predicted and measured effectiveness of entrainment, standing persons

Fig. 24 shows the effectiveness of entrainment for standing persons. The predictions in these cases are also
acceptable. As one would expect, the effectiveness is lower for standing persons, compared to seated persons.

5, Conclusions

The following conclusions can be drawn from the experimental validation and from the inter-model
comparison of the steady state thermal model:

s The model presented by the authors is predicting well for all the seven cases and for the eight compared
quantities. The validity of the steady state thermai model can therefore be regarded as good for rooms
similar to those tested here (small to medium large rooms).

s Use of the linear temperature gradient assumption for office and “meeting” room cases, and use of the non-
linear temperature gradient assumption for the classroom cases give the best results.

e The predictions of our steady state thermal model are closer to the experimental data than the predictions
using the models of Skistad , Mundt and Niglsen. However, our model is slightly more complex than the
three other models, but can (in the authors opinion) be defended by its superior predictive capability.

The transient thermal model proposed by the authors {17 is in excellent concordance with experimental data.
However, the model should be compared to additional transient cases before a conclusion can be drawn about
the validity of the model.

The evaluation of the two contaminant models (steady state and transient) is very promising for mast of the
variables compared. However, predicted values for indices measuring air quality in the inhalation zone undes-
predict the experimental results, This under-prediction is, however, conservative if the models are to be used for
determining necessary ventilation air flow rates. The convective factor {see sub-section 4.2), which is an
important factor in the contaminant models, seems to fit the experimental data (concentrations) best with a value
of 0.9.
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6. Nomenclature

A Area (m%)

Ar Archimedes number (-}

C Volametric heat capacity (Wh/m'K )
g Acceleration of gravity (m/s?)

h Height (m)

q Heat flow {W)

T Temperature (°C)

Vv Air flow rate (/s or m*/h)

z Vertical space coordinate (m)
Greek letters

o Radiation or convective heat transfer coefficient (W/m*K)
B Volume expansion coefficient {1/K)
n Effectiveness

K Nommalised floor temperatire
Subscript

air Air (heat capacity)

c Convective

ceil Ceiling

e Extract

fi Floor

nocc  Nom-occupation zone

occ Occupation zone

3 Radiation

s Supply

T Transmission

v Ventilation

Acknowledgement

This work has been financially supported by the Norwegian Research Council, Project no. 1112721330,

References

] Dokka T.H., Tjelflaat P.O, “Simplified models for prediction of vertical contaminant and temperature
stratification in displacement ventilated rootns. Part 2 ; Derivation™. To be published in Energy &
Buildings.

[2] Skistad H., “Displacement ventilation”, Research Studies Press Ltd, John Wiley & Sons inc., 1994.

[3] Elisabeth Mundt, “The performance of displacement ventilation systems; Experimental and Theoretical
studies”, Ph.D.thesis, Royal Institute of Technology, Stockholm 1996,

4] Nielsen P.V., “Temperature distribution in a displacement ventilated room” Proc, ROOMVENT 96,
Yokohama, Japan, 1996,

£5] Mattson M.; “On the efficiency of displacement ventilation”, Ph.I). thesis, Royal Institute of
Technology, Gavle, Sweden 1999,

61 Li¥Y,, Sandberg M., Fuchs L., “Vertical temperature profiles in Rooms Ventilated by Displacement:
Full-Scale Measurement and Nodal Modelling. Indoor Air, 2, 225 — 243 (1992)

i1 LiY., Sandberg M., Fuchs L., “Effects of thermal radiation on airflow with displacement ventiiation: an
experimental investigation™”. Ettergy and Buildings, 19 (1993) pp. 263 — 274. 1993

12




(8]

[9]

Brohus H., Nielsen P.V,, “ Personal Exposure in Displacement Ventilated Rooms”, Indoor Air 6/96,
pp. 157-167. Munksgaard 1996.

Heiselberg P., Sandberg M., “Convection from a siender eylinder in a ventilated room”, Proceedings
Rootnvent "90, Oslo Norway, 1990,

13




Clean and cool zone
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Figure 1: The working principles in displacement ventilation

~ T
Ts Tq=0.5(Tg+T,)

Figure 2: The principles in Skistad’s “rule of thumb” model.
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Figure 3: The vertical temperature gradient tnodel of Mundt §3], and the normalised fioor temperature as a function of the specific air flow.
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Figure 4: The normalised floor temperature versus the Archimedes number for different types of heat sources (design chart adapted from
Nielsen {4]), and the principles in Niclsen's vertical temperature gradient model.
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Figure 15: Measured and predicied air temperaturcs 1.2 meters above the floor, during a thermal step up experiment (ceiling light and 2
person simulator switched on at time: 1= 0),
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