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ABSTRACT 
 
The thermal indoor climate is a complicated combination of a number of physical 
variables, all of which strongly affect people’s well-being. The indoor climate not only 
heavily affects people’s health and life quality, but also their productivity and ability to 
work efficiently.  
 
One of the reasons why so many problems are associated with indoor climate is that it is 
more or less invisible; it is hard to understand something that cannot be seen. In 
particular, the near-zone of supply air diffusers in displacement ventilation is very 
critical. Complaints about drafts are often associated with this type of ventilation 
system.  
 
The main aim of this research is to improve the knowledge of the whole-field 
techniques used to measure and visualize air temperatures and pollutant concentrations. 
These methods are explored with respect to applicability and reliability. Computational 
Fluid Dynamics (CFD) has been used to predict the velocity and temperature 
distributions and to improve the current limitations. 
  
Infrared thermography is an excellent technique for visualization of air temperature and 
airflow pattern, particular in areas with high temperature gradient, such as close to 
diffusers. It is applicable to both laboratory and field test environments, such as in 
industries and workplaces. For quantitative measurements the recorded temperatures 
must be corrected for radiation heat exchange with the environment, a complicated task 
since knowledge about the local heat transfer coefficients, view factors and surrounding 
surfaces are needed to be known with good accuracy. 
 
Computed tomography together with optical sensing is a promising tool in order to 
study the dispersion of airborne pollutants in buildings. However, the design of the 
optical sensing configuration and the reconstruction algorithm has a major influence on 
the performance of this whole-field measuring technique. A Bayesian approach seems 
to be a rational choice for reconstruction of pollutant concentration indoors, since it 
avoids the high noise sensitivity frequently encountered with many other reconstruction 
methods. A modified Low Third Derivative (LTD) method has been proposed in this 
work that performs well particular for concentration distributions containing steep 
gradients and regions with very low concentrations. 
 
CFD simulation is a powerful tool for visualization of velocities, airflow pattern and 
temperature distribution in rooms. However, for predictions of the absolute value of the 
physical variables the CFD model have to be validated against some reference case with 
high quality experimental data. CFD predictions of air temperatures and velocities close 
to a complex supply diffuser are very troublesome. The performance of CFD prediction 
of the airflow close to a complex supply diffuser depends mainly on the accuracy of the 
diffuser, turbulence and wall treatment modeling.  
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NOMENCLATURE 
 
Ae  : Effective opening area [m2] 
Ar  : Archimedes number [-] 
B, F, R  : Calibration factors [-] 
BBin  : Initial specific buoyancy flux [m /s ] 4 3

bu, bT, bc  : Plume widths [m]   
cp  : Specific heat at constant pressure [J/kg.K] 
C1, C2, C´1, C´2, Cμ, Cε1, 

Cε2, Cε3  : Coefficients in turbulence models [-] 
Cij  : Convection of Reynolds stresses [W/m3] 
d  : Normal distance to the wall [m] 
dp  : Diameter of particle [m] 
dg  : Geometric mean diameter of particles [m] 
D  : Diameter [m] 
DL,ij  : Molecular diffusion of Reynolds stresses [W/m3] 
DT,ij  : Turbulent diffusion of Reynolds stresses [W/m3] 
E  : Wall function coefficient (function of wall roughness) [-] 
F1, F2  : Damping functions [-] 
Fij  : Production of Reynolds stresses due to rotation [W/m3] 
f(dp)   : Size distribution function 
g  : Gravity [m/s2] 
gi  : Gravity vector [m/s2] 
g´  : Effective gravity [m/s2] 
Gij  : Production of Reynolds stresses due to buoyancy [W/m3]  
H  : Height [m] 
i  : Momentum loss [-] 
I  : Light intensity [V] 
Im   : Thermal value (incident radiation) [V] 
ITamb  : Thermal value (radiation from surroundings) [V] 
ITobj  : Thermal value (radiation from the object) [V] 
k  : Turbulent kinetic energy [m2/s2] 
l  : Length scale [m] 
L  : Hydraulic diameter [m] 
lm  : Thermal length [m] 
m  : Total number of beam paths [-] 
mc, mT, m u  : Gaussian constants [-] 
min  : Initial specific momentum flux [m4/s2] 
N  : Total number of samples [-] 
N  : Number of particles per unit volume [1/m3] 
n  : Total number of pixels [-] 
q&   : Heat flux [W/m2] 
Qe  : Extinction efficiency [-] 
p  : Pressure [Pa] 
Pij  : Stress production term [W/m3] 
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Pk  : Production of turbulent energy [W/m3] 
Pr  : Prandtl number [-] 
Rij  : Reynolds stresses [m2/s2] 
Re  : Reynolds number [-] 
s  : Path length [m] 
Sφ  : Source term of general fluid property 
Sij  : Magnitude of rate-of-strain [1/s] 
t   : Time [s] 
T  : Transmittance [-] 
T  : Temperature [°C, K] 
Tin  : Inlet temperature [°C, K] 
Tobj  : Object temperature [°C, K] 
Tr  : Mean room temperature [°C, K] 
Tu  : Turbulence intensity [-] 
x, y, z  : Cartesian coordinates [m] 
U   : Mean velocity [m/s] 
Uref  : Reference velocity [m/s] 
u  : Velocity [m/s] 
u´  : Fluctuating velocity [m/s]  
uin   : Inlet velocity [m/s] 
V&   : Volume flow rate [m3/s] 
xd  : Horizontal distance [m] 
yN   : Distance to nearest wall [m] 
 
 
 
Greek symbols 
 
α   : Size parameter for light scattering [-] 
α   : Relaxation factor [-]  
β   : Volumetric thermal expansion coefficient [1/K] 
δij   : Kronecker delta function [-] 
ε   : Emissivity [-] 
ε   : Rate of dissipation of turbulent kinetic energy [m2/s3] 
εij   : Dissipation of Reynolds stresses [W/m3] 
εikm   : The Levi-Civita symbol 
φ   : General fluid property 
φij  : Transport of Reynolds stresses due to turbulent pressure-  

strain interactions [W/m3] 
κ   : Von Karman´s constant [-] 
λ   : Thermal conductivity [W/m.K] 
λ   : Wave length [m] 
μ    : Dynamic viscosity [kg/m.s] 
μt   : Eddy viscosity [kg/m.s] 
ν   : Kinematic viscosity [m/s2] 
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νt   : Eddy viscosity [m/s2] 
θ   : Instantaneous temperature [°C, K] 
θ´   : Fluctuating temperature [°C, K] 
θ0   : Reference temperature [°C, K] 
Θ   : Mean temperature [°C, K] 
Θ0   : Reference temperature [°C, K] 
θ′    : Fluctuating temperature [°C, K] 
ρ   : Density [kg/m3] 
ρ0   : Reference density [kg/m3] 
σaa   : Aerosol absorption coefficient [1/m] 
σas   : Aerosol scattering coefficient [1/m] 
σe   : Extinction coefficient [1/m] 
σma   : Molecular absorption coefficient [1/m] 
σms   : Molecular scattering coefficient [1/m] 
σk,σ ε,σ t   : Turbulent Prandtl numbers [-] 
σg   : Geometric standard deviation, GSD [-]  
τ    : Atmosphere transmittance [-] 
τ    : Optical depth [-] 
τij   : Stress components [N/m2] 
τw   : Wall shear stress [N/m2] 
ψ   : Contraction coefficient [-] 
ϕ   : Degree of perforation [-] 
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1 INTRODUCTION 
 
1.1 Background 
Several physical parameters influence the quality of the indoor climate. The design of 
a building and its building services strongly affects these parameters and therefore the 
indoor climate. Obtaining good indoor climate requires comprehensive knowledge of 
the primary climate parameters among people involved in the early stages of the 
design process. The capacity to incorporate changes in a building project becomes 
very limited as the design advances over time. Hence, it is the planning and design 
which basically determine the result of the building process and the building in 
operation. 
 
The physical indoor climate can be divided into four primary climate factors or 
parameters: thermal climate, indoor air quality, sound, and light. The thermal climate 
is one of the best developed aspects of indoor climate research. Thermal climate 
parameters are important for the heat balance of the human body. Fanger (1972) 
performed comprehensive work on the parameters influencing the heat balance of the 
human body, which resulted in a single equation, the comfort equation. The heat 
generation by the human body should be balanced by the heat losses through 
convection, radiation, and evaporation. Air temperature, air velocity, surrounding 
surface radiant temperature and relative humidity are therefore important thermal 
climate environmental parameters. Two additional factors that are bound to the 
human body are metabolism and clothing insulation. Indoor air quality is used as a 
general denomination for the cleanliness of indoor air. Indoor air quality is heavily 
influenced by the pollutant concentration and duration of the exposure. Noise is 
defined as unwanted sound; important parameters influencing the indoor sound 
comfort are sound level, the frequency distribution of the sound, and the 
reverberation time. Some important indoor climate factors related to light are 
luminance, illuminance, reflection and contrast. 
 
It has for a long time been known that indoor climate is very important for our well-
being, productivity, and quality of life. Air temperatures, air velocities, indoor air 
pollution and flow patterns are among the most important factors affecting indoor 
climate (e.g. Fanger 1972, Wargocki 1998). Studies have shown (e.g. Nero 1988, 
Brohus 1997) that people are exposed to numerous air pollutants emitted indoors 
(tobacco smoke, volatile organics, microbial organisms, chemical synthesis) as well 
as outdoor pollutants brought into buildings (radon, ozone, gaseous contaminants). 
Airflow patterns affect the contaminant spatial distribution and comfort of building 
occupants in a ventilated air space. Improper indoor airflow patterns, air velocities 
and air temperatures are frequently described as air drafts1, insufficient ventilation, 
poor distribution, stuffiness, etc. Location and design of the supply terminal as well 

                                                 
1 The risk of draft is a function of air temperature, air velocity, and turbulence intensity (Fanger et al. 
1988).  
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as the extract terminal often significantly determine the airflow pattern in a room 
(buoyancy flux, airflow rate, supply velocity, room geometry, obstacles, movement of 
objects and heat loads/sinks are other factors influencing the airflow patterns) and 
thus affect the air quality and the thermal comfort. Understanding room air 
distribution is critical for design of ventilation systems and equipment. A study 
carried out in office buildings in nine European countries reported that around 30% of 
the occupants indicated dissatisfaction with the indoor environment despite efforts to 
improve the indoor climate (Bluyssen et al. 1995). Parameters such as health, age, 
and emotional state influence the perception of the physical indoor climate. For 
example, persons with asthma problems are more likely to have higher demands 
regarding air quality, and older people usually prefer higher temperatures.  
 
People tend to stay more and more of their time indoors. Many people spend more 
than 90% of their time in artificial climates, such as homes, workplaces, factories, and 
transport vehicles (Awbi 1991). The main design challenge is to achieve acceptable 
thermal comfort and indoor air quality for people rather than designing aesthetically 
attractive buildings. However, focusing on people instead of buildings requires good 
knowledge and understanding about indoor air climate. It is important to fully 
understand temperature distributions, air movements, and the transport and mixing of 
pollutants indoors for different conditions. Unfortunately, the requirements for indoor 
air quality and thermal comfort can be contradictory. For example, high airflow rates 
are preferable for good indoor air quality but may cause draft problems.  
 
Physical quantities, such as temperature, velocity and concentration, can have very 
high spatial and temporal variability in the occupational zone, suggesting that 
mapping of indoor climate must be performed over relatively large areas. A basic and 
long-standing problem in indoor climate research is the lack of proper measurement 
techniques and instrumentation for visualization of air velocities, temperature and 
concentration in rooms. Conventional methods for measuring air velocities, air 
temperatures and pollution concentration are based on single-point techniques, such 
as thermocouple, thermistor, hot-wire anemometer, laser Doppler velocimetry and 
passive gas tracers. With these techniques the measurements are performed only at 
the location where the sensor is placed. Therefore mapping and measurements of 
large areas in a ventilated room with traditional technology are very troublesome. It 
takes either many sensors or the translation of a single sensor to cover the quantity-
distribution over a large area. In pollutant concentration measurements, point 
samplers are usually integrated over a long period, placed at fixed locations in a test 
region. This means that information about short-term fluctuation is lost, because 
concentrations are integrated over a long time. Traditional techniques are often 
intrusive, giving rise to disturbances as air movements in the test region. In 
conclusion, studies of the indoor climate with the help of point-measuring techniques 
are not always satisfying. Therefore, other techniques need to be used as a 
compliment to point-measuring techniques in indoor air research.  
 
Methods of studying indoor parameters not only include experimental methods but 
also numerical simulation. Given the restrictions of the point-measuring techniques 
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and the effort and costs of full-scale measurement, Computational Fluid Dynamics 
(CFD), is a very attractive tool for studying indoor climate since it is a whole-field 
method. CFD simulations of room airflows are a rather young activity. One of the 
earliest attempts to simulate airflow in rooms was conducted by Nielsen (1974). It is a 
more and more common tool for prediction of indoor airflow and because of the ever 
increasing computer capacity it will probably be developed into a more and more 
important tool for the design of indoor climate. Numerical simulations of room 
airflow are complex because it involves non-isothermal non-steady multi-flow 
features, including laminar boundary layers, highly turbulent diffuser jets, and low 
turbulent flow in the occupant region. Current available CFD methods indicate 
limitations with respect to reliability and sensitivity (e.g. Chen 1995, Chen 1997, 
Baker et al. 1997, Nielsen 2004). Numerical simulation results vary greatly among 
models because of the simplified assumptions and limited understanding of boundary 
layer conditions. It is important to have a quality assurance system for quantities 
calculated with CFD over a whole room. CFD codes must not only be validated 
against quality point measurements but also against visualization measuring 
techniques, instantaneously providing measurements over large areas that can then be 
used as a complement in order to achieve quality validation of CFD.  
 
Today indoor climate is often treated very schematically at the design stage. For 
example, it could be described by only a value for the inlet airflow rate and for the 
mean air temperature in the room. One explanation for this very rough assumption in 
the design stage is that the indoor climate is invisible, making it very hard to 
understand and easy to neglect. Another explanation is that indoor climate and 
building installations suffer from a lack of popularity in contemporary architectural 
education, and often aspects of indoor climate are not covered unless they form an 
important part of the building’s aesthetic identity (Hartog 2004). As a consequence, 
indoor climate receives little attention in current design practice. The invisibility of 
indoor climate generates some direct negative consequences such as difficulties in 
conducting a specific dialogue about the indoor climate, difficulties in setting up a 
specification of requirements, and difficulties for manufacturers to show differences 
in the function of different systems. As a consequence it is difficult to implement 
quality control and to purchase a specified indoor climate, since the price, not the 
quality and function, will be decisive and customers more often buy the cheapest 
system. Therefore, dissatisfaction with today's heating, cooling and ventilation 
technology is common and it is far from uncommon that mistakes are repeated, see 
Figure 2 as an example. Complaints on draft can lead to that peoples block the supply 
devices with the consequence that the ventilation flow rate is reduced. The reduction 
in dilution capacity can give rise to problems with high contaminant concentrations.  
 
 
 
 
 
 

 3 



 
 

Figure 1. At the design stage the air temperature is often described by only one 
value. 

 
 

          
 
Figure 2. Examples of non-optimal operating displacement ventilation systems in two 
office rooms. In these two cases the fresh air from the diffusers is not fully spread out 

over the floor level. In the left picture the airflow is blocked by different objects 
reducing the air flow rate, while in the right picture an electric convector is placed 

too close to the inlet diffuser, forcing the air to rise too early. 
 
There is still much more work to do in order to fully achieve understanding and 
knowledge among clients and designers about the functions and performance of 
different air diffusers, especially low-velocity diffusers. This lack of understanding 
makes planning and operation become a trial and error process and the industry gets a 
low reputation. 
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1.2 Indoor Climate Visualization  
The continuous demand for better buildings has resulted in an increasing number of 
new strategies and technologies aimed at improving buildings with respect to a 
variety of performance considerations, such as comfort, aesthetics, environmental 
impact, energy consumption, etc. As discussed above, the quality of the indoor 
climate of buildings is partially the result of decisions that designers make. In order to 
improve the design process on the aspect of indoor climate, designers need 
information and feedback on the performance of the design. Scientific visualization 
can provide architects and others with information on the indoor climate in a 
comprehensible and abstract form, translating raw data into a single image. Isometric 
surface is known to be one of the more favorable scientific visualization techniques in 
order to provide abstraction for the purpose of understanding (Nielson and Shriver 
1990). Figure 3 is an example of scientific visualization of air temperature in an 
office room using isometric surface, while Figure 4 shows a perspective view of the 
constant velocity magnitude in the occupied zone in an industrial facility for the 
summer and winter cases with the iso-velocity 0.25 m/s and 0.15 m/s, respectively. 
The results reveal that the velocity exceeds 0.25 m/s and 0.15 m/s for both summer 
and winter cases in significant parts of the occupied zone, resulting in a high value for 
the Percentage Dissatisfied due to draft and complaining from staff. 
 
This type of visualization technique shown in Figures 3 and 4 facilitates identification 
of problem areas and minimizes confusing details. Architects prefer yes/no statements 
regarding design alternatives over detailed exact physical values.  
 
 

 
 

Figure 3. Example of scientific visualization of air temperature in an office room 
using isometric surface. Isometric surfaces present clear pictures of the specific 

distribution of a scalar and in many cases also reveal the principle airflows. 
(Picture source: Den Hartog 2004). 
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Figure 4. Scientific visualization of air velocity in an industrial facility. Perspective 
view of the packaging facility and constant velocity magnitude in the occupied zone. 
Lower left: Summer case, iso-velocity 0.25 m/s; lower right: winter case, iso-velocity 

0.15 m/s. 
(Picture source: Rohdin and Moshfegh 2006). 

 
 
 

 
 

Figure 5. The VR room with temperature presentation.  
(Picture source: Linden et al. 2001). 
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The traditional way to present measurements has previously been with tables and 
graphs, since a small amount of data is collected. Designers and clients can find it 
hard to relate to this data and have difficulties in drawing conclusions from tables or 
figures. When whole-field methods are used, more amounts of data are collected, 
which can be presented as images. This large amount of information received from 
both measurements and CFD simulations can then underlie the display and 
presentation of indoor environment in three-dimensional virtual rooms (Nielsen 1998, 
Linden et al. 2001). In Linden et al. (2001), VRML (virtual reality modeling 
language) was used to build the virtual presentation. The presentation included the 
test room, the inlet diffuser and the interpolated temperature measurements, see 
Figure 5. The virtual room could be presented on the Internet using JavaScript. At the 
side of the VR-presentation, controls could enable the viewer to alter the presentation. 
The viewer could, for example, be able to adjust supply air temperature and airflow 
rate from the inlet diffuser and compare the results. An additional benefit is in 
checking if there is a conflict between the positioning of ventilation inlets/outlets and 
room furnishings. If isotherms are presented, different threshold values could be 
selected and their resulting iso-surfaces observed. The proposed presentation 
technique provides the possibility for the “people” to “walk” through the rooms and 
“feel” the indoor climate. It is a powerful tool for achieving understanding and 
knowledge, among clients and designers, about the indoor climate and the 
performance of different air ventilation systems. However, all the data would have to 
be measured or simulated in advance. Therefore, a database of example cases has to 
be built up, where users can review the climate performance for different design 
solutions. 
 
The rapid advances in information technologies and the continuously decreasing cost 
of computing power present promising opportunities for the development of 
computer-based tools that may significantly improve decision-making and facilitate 
the building design process. Den Hartog (2004) presents a computer environment that 
stimulates the integration of indoor climate analysis into architectural design. This 
environment, called the Meta design environment, is an information system 
supporting creative architectural design of mechanical building services and indoor 
climate. It uses the design representation in AutoCAD as the basis for simplified CFD 
simulations; calculation results are then scientifically visualized. The idea is that 
users should perform simplified CFD simulations of design solutions that up till then 
are lacking in the database of the Meta design environment. Users can review 
drawings, climate performance, and other textual and graphical documents from 
earlier design solutions. Den Hartog (2004) reports that the design environment had a 
positive effect on the performance of architect students with regard to the indoor 
“awareness” of their designs.  
 
A similar tool is under development by Papamicheal and colleagues (Papamicheal 
1999, Papamicheal et al. 1999) at the Building Technologies Department of the 
Environmental Energy Technologies Division at Lawrence Berkeley National 
Laboratory. They have designed a computer program, called Building Design 
Advisor (BDA), to make the use of simulation tools quick and easy. It allows 
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designers, through a single graphical user interface, to use different simulation tools 
from early, schematic phases of building design to the detailed specification of 
building components and systems, as well as request information from databases and 
present output in forms that support multi-criteria judgment. 
 
 
1.3 Aim 
The work presented here is a part of a wider research program called “Making the 
indoor climate visible at the design stage”. The objective of the program is to prepare 
a way for an easy, legible and powerful presentation of indoor climate data (such as 
air temperatures, air velocities, air pollution concentrations, noise level) with the help 
of modern technology. The project includes whole-field measuring methods and CFD 
simulations that capture the indoor climate and produce digital “pictures”.  
 
In this thesis the applicability and reliability of whole-field measuring techniques for 
mapping air temperature and pollutant concentration are investigated. These 
techniques are based on infrared thermography and computed tomography. Also, 
CFD simulations for predictions of thermal climate parameters (velocity and 
temperature) are studied to reveal any current limitations.  
 
The study focuses on measurements in regular office-size rooms under relatively 
normal indoor conditions. In addition, the quality of CFD predictions and whole-field 
measurement of temperatures is limited to the near-zone of a low-velocity diffuser for 
displacement ventilation. The displacement ventilation system is used because it is 
commonly used in the Scandinavian countries and often associated with complaints. 
 
 
1.4 Displacement Ventilation 
Different ventilation principles are established in the search for good indoor air 
quality and thermal comfort. Basically air flow distribution in rooms can be divided 
into three types: piston flow, mixing flow, and displacement flow. They create room 
conditions with essential differences in the distribution of velocity, temperature, and 
contaminants. Airflow rate and cooling demand are the most decisive parameters in 
choosing air distribution type.  
 
Piston flow is the simplest type of flow distribution. The flow is unidirectional, 
usually from the ceiling to the floor for the whole cross-section, creating a more or 
less uniform velocity distribution (Figure 6). Piston flow is used in clean rooms and 
operating rooms where high airflow rates are vital.  
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Figure 6. Concept of piston flow. 
 
Mixing systems are the most common in North America, especially in office 
buildings. Air can be supplied either at the ceiling or at the floor, and it is exhausted 
at the ceiling (Figure 7). The airflow pattern causes room air to mix thoroughly with 
supply air so that contaminated air is diluted and removed. As a result air temperature 
and concentration of contaminants are close to uniform throughout the room.  
 

 
 

Figure 7. Concept of mixing ventilation. 
 
Displacement ventilation is an interesting type of air distribution principle, which if 
properly used can create both good indoor air quality and thermal comfort. It allows 
efficient use of energy because it is possible to remove exhaust air from the room 
where the temperature is several degrees above the temperature in the occupied zone. 
There is a fast increase of the temperature when the air enters the room and moves 
across the floor (Skistad 1988, Mundt 1990). Thereafter, the air temperature and 
pollutant concentration increases almost linearly with the room height for a floor 
surface source (Skistad 1988, Mundt 1990). For point sources the profiles are more S-
shaped. High ventilation effectiveness, compare to mixing ventilation, can be 
established because the system utilizes natural convection currents within the space to 
cause air to rise and form a neutral zone above a stratification level, separating the 
fresh air and the polluted air (Figure 8). However, this advantage can disappear when 
people are moving in the room (Sandberg and Mattsson 1992).  
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Figure 8. Concept of displacement ventilation. 
 
Displacement ventilation has been used extensively for several decades in industrial 
areas and is also common in offices (Sandberg and Blomqvist 1989, Cehlin et al. 
2000). Ventilation air is supplied at a lower temperature than the mean room 
temperature. The air diffusers for displacement ventilation are located in the lower 
part of the room, while the warm air is extracted at ceiling level. The aim with 
displacement ventilation, when regarding air quality, is to create supply air conditions 
in the occupied zone. This is in contrast with mixing ventilation systems, where the 
aim is to dilute and obtain uniform air conditions in the whole room. 
 
Air is supplied directly into the zone of occupation in displacement ventilation, and 
therefore the systems are designed to create low supplied air velocities with a large 
area consisting of a perforated front panel. However, one can expect buoyancy to 
strongly influence the flow, leading to the formation of gravity current (Etheridge and 
Sandberg 1996) with relatively high velocities close to the diffuser. Displacement 
ventilation has a limited ability to handle high heating loads. The range of supply air 
temperatures and discharge velocities is limited to avoid discomfort, as the air is 
introduced at the floor level. For this reason, and the fact that turbulence intensity is 
often very high close to the diffuser, these systems are often associated with 
complaints of air draft (Melikov and Nielsen 1989, Wyon and Sandberg 1989, 
Pitchurov et al. 2002), defined as an unwanted local convective cooling of a person. 
According to Fanger et al. (1988) the risk of drafts can be calculated by the PD index 
(percentage of dissatisfies occupants). A displacement system also risks significant 
vertical air temperature differences, because cool air is supplied at the feet and 
becomes warmer as it rises towards the heads of occupants. These temperature 
gradients can be uncomfortable. 
 
The size of the uncomfortable region close to the diffuser, often called the near field 
zone, is of great importance, since it will determine the size of the useful floor area. 
The near field zone is commonly defined as the area close to the diffuser where the 
air velocities are higher than 0.2 m/s. Alternatively, the near field zone is defined as 
the distance from the diffuser to the point where the flow mainly becomes horizontal 
(Sandberg and Holmberg 1990). This distance is also called the horizontal distance, 
xd, see Figure 9. Outside this point the far field zone begins, where the flow is no 
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longer influenced by the diffuser characteristics. Melikov et. al. (1989) proposed that 
it is more reasonable to define the near zone as the zone around the diffuser where PD 
is larger than 15 %. 
 

Far field

Section

Near field, xd

 
Plane

xd

 

Inlet diffuser 

Supply 

Supply 

 
Figure 9. Airflow pattern for a low-velocity diffuser in displacement ventilation. The 
horizontal distance xd is the distance between the diffuser to the point where the flow 

mainly becomes horizontal. 
 
The airflow pattern in the near field is not only influenced by the initial specific 
momentum flux, min and the diffuser characteristics, but also the initial specific 
buoyancy flux, BBin. When air is discharged into a room with a temperature different 
from the ambient value, the initial specific buoyancy flux is equal to  
 

VgV
T

TT
gB

r

inr
in

&& ′=
−

=
)(

    [Eq. 1]  

 
The ratio between the momentum flux and the buoyancy flux and is of great 
importance for airflow close to the diffuser. One way of describing the inlet condition 
for a diffuser is by the length scale, lm, often called thermal length: 
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A more frequently used parameter, which is actually based on the thermal length, is 
the non-dimensional parameter Archimedes number: 
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The square root of the area in the Archimedes number is often replaced by the height 
of the diffuser, H,  
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The diffuser characteristics are also of high importance for the flow pattern. The 
direction and distribution of the supply air vary heavily among diffusers. The degree 
of perforation, ϕ, is also of importance. A diffuser with perforated front panel give 
rise to many individual jets which coalesce to a single jet further downstream. 
Assuming that none of the jets entrains air from the ambient (the panel is assumed to 
be infinite) before they coalesce, the momentum loss, i is  

 
ψϕ=i       [Eq. 5] 

 
where ψ  is the contraction coefficient. As the number of holes in the plate tends to 
infinity the value of i approaches the theoretical value of ψϕ  (Malmström 1974). 
Thus, the loss of momentum flux for a single jet is less than the loss for many 
individual jets with the same total area as the single jet. The higher degree of 
perforation, the faster the airflow will drop down on the floor. 
 
Manufacturers of ventilation devices often provide catalogue data, such as the 0.20 
m/s iso-vel, that is valid under only limited specific conditions such as temperature 
and flow rate.  
 

a0.20

b0.20 
 
 
 
 
 
 
 

Figure 10. Isovel distance for a semi-cylindrical air diffuser. 
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Therefore, there have been attempts for several years to find universal equations that 
can be used to predict local velocities in a room with displacement ventilation. Some 
early models were suggested by Mathisen (1991) and Etheridge and Sandberg (1996). 
Skåret (1998, 2000) has taken major steps in this direction, with a semi-empirical 
model describing the velocity in the gravity current along the floor. In NT VVS 
project 1507-00 (2003) further improvements of the model suggested by Skåret are 
presented; a series of laboratory measurements have been conducted in order to 
validate these universal equations.  
 
These equations are an important step in the development of methods of predicting 
the uncomfortable region and local thermal discomfort due to the diplacement flow. 
The equations enable manufacters of ventilation devices to improve their product 
catalogues and product software. Heating, ventilation, and Air Conditioning (HVAC) 
consultants are then better able to design displacement ventilation systems with 
confidence, ensuring a good thermal environment. 
 
However, these universal equations need to be validated against a vast amount of 
experimental data before they can be utilized. 
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2 WHOLE-FIELD TECHNOLOGY 
 
Given the importance of the indoor climate and the current shortcomings in 
measurement techniques, other tools can be used as a complement. In this study 
whole-field measuring methods and CFD are considered for acquiring data for 
visualization and prediction of indoor climate. 
 
 
2.1 Whole-Field Measuring Methods 
A whole-field measuring technique is the process of measuring physical quantities 
over relatively large regions with high spatial and temporal resolution, in contrast to 
traditional methods, such as thermocouples for air temperature measurements. 
Whole-field measuring techniques give extensive two- or three-dimensional 
quantitative information about the indoor climate (velocity, temperature and 
concentration distributions) and the result can be presented in pictures.  
 
 

Table 1. Different whole-field measuring techniques. 
 

Physical variable  Whole-field measuring methods 

Air temperature  Infrared camera and a measuring screen 

Contaminant concentrations Computed tomography (Compare brain 
imaging in medicine technique) 

3-D velocity field Particle image velocimetry and particle 
streak velocimetry  

  

Whole-field techniques will be an important tool in establishing a quality assurance 
system for numerical simulations, since this type of measurement enables a direct 
comparison with computational fluid dynamics. Whole-field measuring techniques, 
along with CFD, provide a wealth of information. As discussed above, obtaining this 
amount of data with conventional point measuring systems is very time-demanding. 
Whole-field measurements can also provide boundary conditions for such as surface 
temperatures of walls, diffusers, equipments, objects, etc. Information achieved from 
different whole-field measuring methods can be displayed in one combined image, 
yielding a very powerful presentation of the indoor climate, see Figure 11.  
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Figure 11. Combined image showing temperatures and velocities around a diffuser.  
Top: Supply flow rate =15 l/s, ΔTin = 4  and Ar = 0.32; bottom: Supply flow rate 

=15 l/s, ΔT
C°

in = 6  and Ar = 0.47. C°
 
 
2.1.1 Air Velocity Measurements  
For low velocity measurements such as indoor airflow, buoyancy effect makes it 
difficult to use thermal-based sensors. Most researchers use hot wire anemometers to 
measure the velocity distribution in full-scale rooms. The thermal anemometers 
commercially available are often designed for air velocities higher 0.10 m/s, which is 
above the indoor air velocities in many occupied zones. The disturbance to the 
airflow field created by the physical obstruction of the instrumentation and the 
sensors themselves is difficult to evaluate. Laser Doppler Velocimetry (LDV) can 
measure low velocity magnitude and direction accurately without disturbance to the 
flow fields, but it can only measure one point at one time, and is expensive. For 
transient flows, point measurement results are difficult to interpret, since the various 
spatial locations are sampled at different times. For full-scale room measurements, 
LDV is difficult to set up.   
 
Particle imaging velocimetry (PIV), a technique that uses particles and their images to 
measure flow velocity, is a promising technology to meet the needs of room air 
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studies. PIV does not disturb the flow field, can measure the flow in full scale 
accurately, and has no low-speed limitation. PIV measures a 2D velocity vector map 
of a flow field at an instant time by acquiring and processing images of particles 
seeded into the flow field.   
 
With PIV, images of a group of particles or one particle falling into interrogation 
spots are analyzed by auto-correlation or cross correlation analysis methods 
depending on the image acquisition modes: one frame / two exposures or two frame / 
one exposure. In general, a PIV system consists of illumination, image acquisition, 
particle seeding, and image processing and data analysis subsystems. Laser light is 
commonly used as the illumination source in PIV systems. PIV started as a two-
dimensional velocity measurement method and is being developed into a three-
dimensional velocity measurement method. Most PIV experiments regarding indoor 
air applications have been conducted on flows at very small scales, typically around 
200 × 200 mm field of view, and fairly low turbulent flow (Cermak et al. 2002, 
Prévost et al. 2000). Enlarging the study scale is limited by the ratio between particle 
size and camera pixel size resolution, and flow field illumination. Kowalewski (2001) 
presents interesting PIV experiments using liquid crystals tracers. In this measuring 
technique, computational analysis of the color and the displacement of the liquid 
crystals are applied to determine both the temperature and the velocity profile in a 
cavity.  
 
Particle tracking velocimetry (PTV) or particle streak velocimetry (PSV) are the 
extension developments of flow visualization. In PTV or PSV the concentration of 
seeding particles should be dilute enough to form individual particle streaks, which 
can be analyzed automatically. These particles should have the same density as the 
fluid and be large enough to be registered by a camera. To observe the movements of 
the particles in a region, a light sheet produced by lamps or lasers is used. The motion 
of the particles (trace) is captured by a camera placed perpendicular to the light sheet. 
On the photograph the particle movements are registered as streaks. Given the 
particle displacement and the shutter time, and assuming a constant velocity vector, 
the velocity can be determined.  
 
PSV is a whole-field method for quantitative measurement of indoor air velocities, 
introduced among others by Besse et al. (1992), Scholzen and Moser (1996), Muller 
and Renz (1998), and Linden et al. (1998, 2000). These studies show that the method 
is promising for indoor airflow studies. Recent improvements, such as a computer 
controlled-shutter system and different interpolation techniques, have been proposed 
by Elvsén and Sandberg (2004). The method is non-intrusive and registers 2-D or 3-D 
information instantaneously.  
 
By use of stereo-photogrammetry it is possible to measure the movements in all three 
dimensions. The principle is that a point in the room with coordinates (x, y, z) is 
projected onto the image plane of two cameras or three cameras, as in Figure 12. By 
knowing some main geometrical factors, such as the distance between the camera and 
the light sheet and the distance between the cameras, the recorded image coordinates 

 17 



can be related to the coordinates in the room. Using an image processing program the 
three-dimensional coordinates of a streak in the room are obtained from the two-
dimensional coordinates on the two images of the streaks. Using the particle 
displacement and the shutter time the velocities can be evaluated. 
 

camera camera

light sheet

 
 

Figure 12. Stereo-photogrammetry of particle movements in air with help of two 
cameras and a light sheet. 

 
 
2.1.2 Infrared Thermography  
Infrared thermography has been developed for several decades and is now commonly 
used in industry and research activities such as building inspection (e.g., Ljungberg 
and Lyberg 1991), aircraft inspection (Banks et al. 2000), machinery inspection (e.g. 
Rinehart and Pawlikowski 1999), and automotive control (e.g. Burch et al. 1992). As 
a real-time diagnostic tool, infrared thermography provides non-contact surface 
temperature measurement over a large two-dimensional region with high resolution. 
Infrared thermography in conjunction with a measuring screen makes it possible to 
monitor air temperatures quickly and easily at any cross-section of a ventilated room, 
with very high spatial and temporal resolution. The technique is very useful for 
checking the performance of ventilation systems in different environments. It is 
applicable to both laboratory and field environments, such as in industries and 
workplaces. Because the technique records real-time images, correction and 
improvement of the performance of diffusers can be made instantaneously on site. 
This measuring method can be employed for easy and fast determination of the flow 
pattern and temperature distribution in a room and for detecting the failure of 
diffusers. The test equipment can easily be transported from one location to another. 
This measuring technique has been used in indoor climate investigations in industries 
(Cehlin et al. 2000, Karlsson and Moshfegh 2005). That study demonstrates how 
powerful this technique can be both for indoor climate investigation as well as for 
energy savings in industries.  
 
 
2.1.2.1 Infrared Thermography System 
An infrared thermography system uses infrared detectors to generate thermal images 
based on surface temperatures. There are two types of infrared cameras: scanners and 
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array devices. Scanners use a single detector and mirrors to scan the field of view, 
while array devices consist of a matrix of detectors to resolve parts of the field of 
view individually. The latter camera has become more and more popular, and is 
recommended because they provide fast and instantaneous measurements. Infrared 
cameras operate between different spectral ranges, usually in the 3 to 5 μm range or 
in the 7 to 13 μm range.  
 
The quality of an infrared camera system for measuring temperatures is highly 
influenced by the camera’s spatial and thermal resolution. The spatial resolution is 
quantified by the number of detectors (pixels) and the field of view (FOV). It is 
recommended to use a camera with at least 320×240 pixels in order to resolve the 
temperature of a feature. The thermal resolution is quantified by the thermal 
sensitivity, which should be below 0.1°C. A broad field of view, achieved by using a 
wide range lens, allows a shorter distance between the camera and the surface, but 
can introduce a perspective distortion that decreases the spatial accuracy.  
 
 
2.1.2.2 Accuracy of Screen Surface Temperature Value from Infrared 
Thermography 
It is critical that uncertainty be estimated for the experimental data because of the 
complex nature of the infrared thermography system and in order to improve its 
usefulness, e.g. for validating computer models. The accuracy of surface temperature 
values obtained from infrared thermographic data depends on both the characteristics 
of the imaging system and the techniques used to record and process thermal images. 
Infrared thermography systems typically have accuracy specifications of ±1.5° or 
±2.0°C. However, this level of accuracy can be considerably improved if the 
investigated surface has a high emissivity and the image is corrected for distortion, 
applying offset correction and averaging measurements over time. Through proper 
camera handling, thermography images can provide quantitative surface temperatures 
on flat high emissivity materials (ε > 0.90) with relatively high accuracy. According 
to my own observations, the difference between instantaneously infrared 
thermography measurements with an Agema 570 infrared camera and individual 
thermocouples are within ±0.6 °C for temperatures around 17–25 °C, see also Paper I. 
If the thermography measurements are sample-averaged (over 60 samples) the 
difference is estimated to be as low as ±0.3 °C compared with the mean value from 
thermocouple readings for a well-defined point (no distortion error), see Figure 13. 
This difference might be higher for some pixels, since the camera consists of 76,800 
detector elements. These accuracy values are in good agreement with Roots (1997), 
Inframetrics (1988), , Hassani and Stetz (1994a), Schulz (2000), Türler et al. (1997) 
and Wisniewski et al. (1998).   
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Point
x (mm) y (mm) thermocouple IR camera

SP01 100 600 20.6 20.6
SP02 100 300 18.5 18.3
SP03 100 50 18.0 17.9
SP04 500 600 21.1 21.2
SP05 500 300 19.9 20.1
SP06 500 50 18.6 18.4

screen: paper (ε =0.91)
Inlet temperaure: 16.5oC
Mean room temperature: 21.5oC
Inlet velocity: 0.27 m/s

temperaturecoordinate

 
 
Figure 13. Surface temperature of a paper screen placed parallel to the airflow from 
a low-velocity diffuser for displacement ventilation. Infrared camera measurements 

versus thermocouple measurements. The temperature values from the infrared 
camera were offset adjusted against a reference temperature. 

 
 
The temperature error can be divided into the following parts: random noise, 
emittance and background compensation error, calibration function error, internal 
radiation correction error, lens transmittance error, distortion error, and air absorption 
error. Therefore the total uncertainty of the final surface temperature is very hard to 
estimate. However, the errors that contribute the most for modern cameras such as 
AGEMA 570 are the noise error, background and emittance correction, and distortion 
error.  
 
Random Noise 
Random noise comes from the noise level from the infrared camera including optics, 
electronics, and detection of infrared radiation. Random error is reduced significantly 
if the readings are averaged over time. Thermography equipment specifications for 
the Noise Equivalent Temperature Difference (NETD) provide useful information on 
the level of random noise. The error level can also be determined by conducting 
experiments with a temperature-controlled plate, and then analyzing pixel values over 
time. The amplitude of the noise for each detector is estimated to be around 0.2°C for 
the camera used in this work. 
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Surrounding and Emittance Correction  
The measurement performed with infrared detectors needs to be corrected for surface 
emittance and surrounding radiation. Uncertainties in these two values will result in 
uncertainty in the thermography system calculated surface temperature. Equation 6 
shows how this temperature is calculated by the camera software assuming that the 
test surface is opaque and has a constant spectral emissivity. The detector signal 
(thermal value) is related to a temperature value via a semi-empirical calibration 
function based on Planck’s law, see Equation 7. The surrounding mean temperature 
can be estimated from surrounding wall temperatures and view factors between 
screen and walls. The view factors can be calculated with very good precision, but 
each wall might have a non-uniform temperature, causing error in the estimated mean 
temperature. Therefore, the emissivity of the object should be as high as possible. 
This will ensure that most of the detected radiation is coming from the object and 
only a small fraction from the surroundings. Thus, it is highly recommended that the 
screen surface has a high emissivity, since surrounding temperature often is non-
uniform and hence troublesome to determine.     
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Distortion 
Lenses are not flat surfaces. Points are therefore not projected on a plane, but rather in 
a surface, which can be considered to be spherical. This has the effect that straight 
lines are mapped to parabolas in the image. According to the literature, the distortion 
function is dominated by the radial component. Hence, the maximum error occurs at 
the outermost edge of the image. Low distortion lenses should be used. Therefore, if 
possible one should not use wide range lenses. The uncertainty in spatial coordinates 
depends on imager resolution, viewing distance, and number of location markers. The 
magnitude of the error caused by distortion varies from case to case. Distortion is 
particular critical in regions with high temperature gradients. 
 
 
2.1.2.3 Imaging of Air Temperature using Infrared Thermography 
Measurement of air temperature with infrared thermography is a quite new method. 
Some earlier studies are reported by Hassani and Stetz (1994a), Hassani and Stetz 
(1994b), and Stetz (1993). They measured air temperatures in regions with very high 
velocities (free jets) and the technique introduced by them can only be applied when 
the assumption of uniform background temperature is not violated. Sundberg (1993) 
has used thermography to make a rough estimate of the airflow pattern and the 
temperature distribution from an air supply diffuser. Sun and Smith (2005) used 
infrared thermography to visualize the air temperature close to a square cone 
diffuser.  
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The screen should be placed parallel with the airflow, disturbing the flow minimally. 
Also, the screen should be prepared with low-emittance location markers or 
alternatively diode lasers, which will help identify spatial locations and distances in 
the thermal image. Averaging measurements over time and applying offset correction 
ensure relatively high accuracy. Considering the complexity of the infrared 
thermography system, it is recommended that the infrared temperature measurements 
of a reference surface are checked with some calibrated direct contact point 
measurements of the surface temperature. Deviation between infrared measurements 
and direct contact measurements is then used to scale the rest of the thermal image. 
As was addressed above, the emissivity of the screen, as well as the surrounding 
temperatures, must be known with good precision. Very hot/cold objects should be, if 
possible, covered with low-emittance sheets. It is also of interest to place the camera 
as close as possible to the screen. This will ensure that the instantaneous field of view 
(IFOV2) is small. If the IFOV is too large, the resulting temperature image will then 
be too smoothed out in regions with high temperature gradients.  
 
Basically, two types of measuring screens can be applied; solid or porous screens. A 
porous one might make it possible to measure any cross-section. However, according 
to our own observations a porous screen (porosity of 0.25) placed perpendicular to an 
air flow close to a diffuser for displacement ventilation can disturb the airflow 
substantially. The convective heat transfer coefficient might be higher for a porous 
screen than for a solid screen, resulting in better agreement between screen surface 
temperature and ambient air temperature, see Table 2. However, one major problem 
with porous screens is the background radiation transmitted trough the screen. With a 
solid screen, instead, this transmitted radiation is negligible, but measurements are 
always forced to be performed parallel with the airflow. Moreover, temperature 
measurements can be carried out in several planes around the supply device parallel 
to the airflow, enabling three-dimensional representation of the temperature.  
 

Table 2. Example of the difference between screen temperature and ambient air 
temperature at 200mm from a low-velocity diffuser. The airflow rate from the diffuser 

was 20 l/s and the inlet temperature was around 5.5°C below mean room 
temperature. The thread thickness was 1.0mm and 1.2mm, respectively. 

 

y (mm) solid porosity 0.25 porosity 0.70
20 1.0 0.8 0.3
50 1.6 1.3 0.3
100 1.7 1.4 0.4
200 0.8 0.5 0.2
300 0.2 0.2 0
400 0.2 0 0.2
500 0.3 0.2 0.1

ΔT (oC)

 
                                                 
2 IFOV is the solid angle through which an individual detector is sensitive to 
radiation. 
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Ideally, the air exchanges heat with the measuring screen by convective heat transfer, 
making the screen adopt the same temperature as the local air temperature. Clearly, 
one cannot expect the screen temperature to adopt exactly the same temperature as 
the ambient air. It is a tradeoff in the emissivity of the screen. In order to drive the 
screen temperature toward the temperature of the surrounding air, it should have a 
low emissivity, so that its temperature depends more on convection with the air and 
less on radiation with the surrounding walls. However, low emissivity introduces 
errors into the measurement caused by non-homogenous radiation from surroundings 
reflected in the screen from surroundings. A screen with high emissivity instead will 
adopt incorrect temperature due to absorption of radiative heat transfer from 
surroundings (see Figure 14). This difference between the screen temperature and the 
ambient air is a function of different parameters, such as convective heat transfer 
coefficient, surrounding temperatures, view factors, and emissivity. Of course, this 
temperature difference can be accounted for with given knowledge of the parameters. 
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Figure 14. Schematic figure illustrating errors caused by the screen as a function of 

screen emissivity. 
 
 
Applying a radiative shield on the back side of the screen or just placed behind the 
screen is a simple way to reduce errors caused by absorption, see Table 3. 
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Table 3. Experiment with and without aluminum shield covering one side of a paper 
screen. Measurements were performed at 3 different distances from a flat diffuser 

(Diffuser A, see chapter 3.1) and at different heights above the floor. The inlet 
temperature was around 4°C below mean room temperature. 

 

x (mm) y (mm) shield no shield
50 200 0.7 1.3
50 350 0.6 1.1
300 50 0.6 1.0
300 200 0.7 1.0
300 350 0.2 0.3
500 50 0.6 0.9
500 100 0.5 0.8

ΔT (oC)

 
 
 
2.1.2.4 Screen Surface Emittance Determination 
The surface emittance depends on the screen material, its surface condition, the 
temperature, and wavelength. To make use of literature values for emittance, it is 
necessary to obtain spectral data over the range of wavelengths being measured, 
which is unlikely to find.   
 
There are different ways to determine the emittance of a screen surface. One of the 
most accurate approach is to use a FTIR spectrophotometer, which typically has an 
accuracy of ±0.01. Two other approaches, explained below, are simple and quick 
procedures. In the first procedure a sample of the screen material should be placed on 
a heated plate. Then one should select a reference point and measure its temperature 
using a thermocouple. Alter the emissivity until the temperature measured by the 
infrared camera agrees with the thermocouple reading. This is the emissivity value of 
the screen material. Note that the heated plate must be much warmer than the ambient 
temperature for this to work. Another way to find the emissivity of the screen is to 
apply a material with a known emissivity on part of the screen sample before heating, 
i.e. black electrical tape (ε=0.96). Measure the temperature of the material with 
known emissivity using the camera, by setting the emissivity to the correct value. 
Alter the emissivity until the screen sample has the same temperature reading. Again, 
the temperature of the screen must be much higher than the ambient temperature.     
 
 
2.1.3 Computed Tomography 
Images produced by computer tomography are formed by computer processing of 
information from many individual path-integrated measurements obtained non-
destructively through the object or volume (Herman 1979). By using tomographic 
techniques, multiple path-integrated measurements of a parameter can be converted to 
two-dimensional spatially resolved distribution of the parameter. Tomography is best 
known for its use in medical X-ray absorption imaging, where it is an established 
diagnostic technique (Hounsfield 1972; Brooks and Di Chiro 1975). However, the 
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principle of tomography, i.e. image reconstruction from path-integrated 
measurements in a plane of interest, has application in many other areas, such as 
radio astronomy and electron microscopy. 
 
In indoor applications, computed tomography is the process of measuring a spatial 
concentration profile of a plane through a room, using a network of light extinction 
(or attenuation) measurements, see Figure 15. The computations transform one-
dimensional extinction measurements into a two-dimensional estimate of gas 
concentration or particle concentration. The extinction measurements are converted 
into a two-dimensional image by a reconstruction algorithm. The mathematical 
description of the process in computed tomography applies to both medical 
applications and in indoor testing (Brooks and Di Chiro 1975, Herman 1979). While 
the concepts are similar, some of the problems involved with reconstructing e.g. 
plumes in air over large areas are different from those that arise from reconstructing 
organs in a body. Reconstruction of chemical concentration or particle concentration 
are troublesome, because they fluctuate in both time and space, which make sampling 
and reconstruction of plumes in air much harder than reconstructing organs in a body. 
Another important distinction is that the images should normally convey quantitative 
information rather than relative changes, for example absolute values for the gas 
concentration distribution in a given cross-sectional image. 

  

2 

 
In pollutant concentration application, tomographic technology involves acquisition 
of measurement signals from detectors, located mostly around the boundaries of an 
investigated region, revealing information about the concentration distribution within 
the region. When light emitted from lasers passes through an object, its intensity will 
be attenuated. The degree of attenuation is dependent on the density profile and the 
size of the object being penetrated.  
 
The basic components of any tomographic system are the remote sensing system and 
the tomographic reconstruction algorithm. For a given application, the design and 
selection of each of these to component must be carefully considered in order to 
obtain a good quality of the reconstructed data. In paper VII, suitable remote sensing 
system and tomographic reconstruction algorithm are discussed. In indoor 
applications, different setups and algorithms must be used depending on the 
requirements and purpose of the investigation. Under the past ten years, research has 
been focused on developing accurate and fast optical open-path systems (Todd and 
Leith 1990, Drescher 1995, Fischer et al. 2000) as well as reconstruction algorithms 
(Drescher 1995, Price et al. 2000) for indoor application. However, there is still much 
work in developing appropriate and accurate reconstruction algorithms and designing 
optical remote sensing geometries, particular over large areas.  
 
A tomographic system may enable real-time evaluations of short-term or chronic 
peak exposures, at any location in a measurement space. This system may also 
provide a tool to determine ventilation efficiency and pollutant transport. 
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Optical paths are sent through
the room yielding line-
integrated concentration
measurements.

A numerical method (reconstruction algorithm) is
used to convert the 1-D measurements into a 2-D
concentration profile.

Reconstructed concentration
profile.

 

source 

 
Figure 15. The procedure to reconstruct concentration distribution in a room. 

Images produced by computed tomography are formed by computed processing of 
information from many individual path-integrated measurements performed 

nondestructively through the room. 
 
 
2.1.3.1 Optical Properties 
When a medium is illuminated by a beam of light, some of the light is scattered 
and/or absorbed by the aerosols, thereby diminishing the intensity of the beam. This 
behavior is called extinction and addresses the attenuation of light along a line. 
Molecular absorption by a medium removes energy from the beam of radiation and 
reradiates it uniformly in all directions at a different wavelength. Medium in the air 
can also remove energy from the beam of radiation, by scattering radiation in all 
directions. Scattering changes the direction of propagation only, not the wavelength. 
Scattering of radiation by particles usually dominates over absorption by particles.  
 
The intensity loss due to absorption by a chemical gas at a certain frequency is 
directly proportional to its molecular concentration. Via a calibration curve the 
measurements can be converted to path-integrated concentrations (ppm-m). For 
aerosol particles this attenuation depends on the wavelength of the incident beam, the 
chemical composition of the particles, particle size and shape, number of particles, 
and orientation.  
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The influence of scattering by particles is much more complex than the influence of 
molecular absorption. The complexity of scattering by particles arises from: 

 
• The strong directional properties of the scattered radiation. 
 
• The strong dependence of scatter on the size of the scattering particle, dp, 

relative to the wavelength of the radiation, λ. This dimensionless ratio is 
called the size parameter and is given by 

 

λ
π

α pd
=      [Eq. 8] 

 
• Multiple scattering—if the particles are sparse, radiation is scattered once.  

The scatter primarily changes the angle of propagation, removing 
(attenuating) energy from the beam of radiation.  In the single scatter case, the 
scattering can only remove energy from the beam. In the multiple scattering 
case, then, scattering can both remove from and add energy to the beam of 
radiation as it propagates through the scattering medium.  

 
 
2.1.3.2 Extinction Theory 
Absorption and scattering tomography is based on physical processes that reduce 
intensity as radiation passes through the sample in straight lines. As light passes 
through a medium the intensity will be reduced according to an extinction coefficient 
or attenuation coefficient, σe, which has a 2-D spatial variation in each plane. This 
coefficient is a sum of four individual parameters: molecular and aerosol absorption 
coefficients, σma and σaa , and the molecular and aerosol scattering coefficients, σms 
and σas.  
 

asmsaamae σσσσσ +++=    [Eq. 9] 
 
Beer’s law (or Beer-Lambert law or Beer-Lambert-Bouguer’s law) states that the rate 
of decrease in intensity of radiation as it passes though a medium is proportional to 
the intensity of the radiation:  
 

I
ds
dI

e ⋅−= σ      [Eq. 10] 

 
where I is intensity of the light. 
 
Integrating this equation over a distance in the direction of s, yields: 
 

ds
I

dI s

e

I

I
∫∫ ⋅−=
00

σ      [Eq. 11] 
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and furthermore 
 

∫ ⋅−=
s

e ds
I
I

00

ln σ     [Eq. 12] 

 
The extinction coefficient indicates the degree to which a light beam is weakened by 
a medium as a result of undissolved and dissolved substances. It states the rate of 
diminution of power with respect to distance along a path.  
 
 
2.1.3.3 Absorption and Scattering of Light by Particles 
The interaction of particles and light forms the basis for an important class of 
instrument for measuring particle size and concentration. Optical measurement 
methods have the advantages of being extremely sensitive, near real-time 
measurements, and of disturbing the sampling area.  
 
Scattering refers to the “pinball machine” nature of light trying to pass through a 
medium. Scattering is not related to a loss of energy due to a light absorption process. 
Rather, it can be understood as a redirection or redistribution of light that can lead to 
a significant reduction of received light intensity at the receiver location. Several 
scattering regimes exist, depending on the size parameter. The theory of light 
scattering can be divided in three types: 
 

- Rayleigh theory 
- Mie theory 
- Geometric optics 
 

For α << 1, the scattering is in the Rayleigh regime; for α ≈ 1, the scattering is in 
the Mie regime; and for α  >> 1, the scattering can be handled using geometric 
optics, the tracking of diffracted, reflected, and refracted rays. An example of 
Rayleigh scattering is scattered sunlight by air molecules.  The scattered energy is 
inversely proportional to the power four of the wavelength of the incident radiation, 
which implies that shorter wavelengths are scattered much more than longer 
wavelengths. Rayleigh scattering is the reason why the sky appears blue under 
sunny weather conditions. For aerosols with a size of around 1 μm illuminated by 
visible light, the impact of Rayleigh scattering on the transmission signal can be 
neglected. Mie scattering occurs when the wavelength of the propagating radiation 
is of the same order as the particle diameters ( )pd≈λ  in the medium the radiation is 
propagating through. In this region the scattering of light by particles is a very 
complicated phenomenon. The Mie scattered energy has an oscillating behavior, 
depending on the particle size parameter. Forward scattering prevails over backward 
scattering. The study of light scattering by aerosols started in the late 1800s by Lord 
Rayleigh. At the beginning of the 1900s Gustav Mie (Mie 1908) developed a 
general theory of scattering from Maxwell’s theory of electromagnetic radiation. 
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The Mie theory yields a rigorous solution of light scattering and extinction by a 
particle. This general theory of light scattering is exact for spherical and 
homogenous particles.  
 
For monodisperse spherical particles of diameter dp, with refractive index m and size 
parameter α, light extinction can be described by its extinction efficiency, Qe(α, m). 
A monodisperse aerosol of N particles per unit volume has an extinction coefficient 
of  
 

4

2
ep

e

QNdπ
σ =      [Eq. 13] 

 
The particles in a volume of interest are seldom uniform in size. Such an aerosol 
would be said to be monodisperse. More or less monodisperse particles can be 
generated in a laboratory, typically with a spread in particle diameter of a few 
percent. Particle size distributions mostly follow the lognormal distribution. 
Therefore, the spread of particle diameter is often characterized by the geometric 
standard deviation, σg.. 
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where dg in Equation 14 is the geometric mean diameter, defined by 
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Equation 14 can also be expressed as 
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where d84% and d16% are the diameters that include 84% and 16% of all the particles 
with diameters from zero to the diameter in question. The geometric standard 
deviation has a value equal to or greater than 1. For monodisperse particles σg=1. 
Conventionally, a distribution with a spread of less than about 10% to 20% is 
considered monodisperse. Particles that have a larger range in size are said to be 
polydisperse.  
 
For light extinction by an assembly of polydisperse particles in a non-absorbing and 
scattering solvent, the transmittance T of a light beam can, according to Beer’s law, 
be expressed by  
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0/ IIT =       [Eq. 17] 
 

seeT σ−=       [Eq. 18] 
 

∫
∞

=
0

2 d)(
4 ppepe ddfQdN πσ    [Eq. 19] 

 
Where σe is the extinction coefficient due to aerosols (scattering coefficient σas + 
absorption coefficient σaa) and f(dp) is the size distribution function. This means that 
the extinction coefficient is a unique function of the number of particles if the size 
distribution and refractive index of the particles is intact during the measurement. The 
term σes is often called optical depth, τ.  
 
The discussion of extinction (Beer’s law) holds for single scattering. If the particle 
concentration is sufficiently dense, the scattering behavior changes relative to that for 
an isolated sphere and the particles may no longer scatter independently. This effect 
is known as multiple scattering and can be avoided only by diluting the particles. If 
the particles are sufficiently dense, the radiation is scattered again and again, and a 
portion of the radiation can be scattered back into the original beam of radiation. The 
light scattered by each particle will illuminate other particles in a direction that is not 
parallel to the incident light, and a portion of the light can be scattered back into the 
original beam. This process allows multiple scattered lights to reach the detector. 
Extinction measurements performed by Hodkinson (1962) using 1.8μm polystyrene 
spheres showed that the results obeyed the Beer’s law for the transmittance range of 
0.37 ≤ T ≤ 1 per centimeter. However, for narrow-angle extinction measurements 
where only a very small fraction of scattered light can reach the detector, one can 
expect that the validity range of the Beer’s law may be even broader (Baron and 
Willeke 2001).      
 
 
2.1.3.4 Tomographic Reconstruction  
Traditional tomographic algorithms can be divided into two major groups: the 
analytical methods and the discrete methods. The characteristic of traditional 
analytical methods is that they utilize exact formulas for the reconstructed image 
density. Discrete reconstruction tomography is the most common type in the field of 
computed tomography. In discrete tomography the cross-section is considered as a 
matrix of n cells. Each ray-integral is a sum of the attenuation of each cell along the 
path line. The total attenuation is the sum of the extinction coefficient for the pixels 
along the ray, multiplied by the length s, which relates to the proportion of a cell 
being interrogated by the ray. Considering all m beam paths 
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where j = 1, 2, . . ., m.  
 
Equation 20 can be rewritten as: 
 

Scy =     [Eq. 21]  
 
where y is the data vector of path-integrated concentrations and c is the concentration 
vector. Path-integrated concentrations can be obtained from the extinction 
measurements via a calibration curve. The system matrix S consists of the weighting 
factors, so that Sji denotes the path length of path j through pixel i.  
  
To solve these sets of equations might appear as a straightforward matrix-inversion 
problem. However, for situations where there are more unknowns than equations (n > 
m), conventional matrix inversion is not possible. Instead, an iterative approach has to 
be employed, which adjusts the ci values by comparing the computed beam intensity 
with the actual intensity measured. 
 
Many types of tomographic reconstruction algorithms have been developed and 
applied in a variety of applications of computed tomography. Since different 
algorithms converge on different solutions, the choice of algorithm has to be 
determined from a prior knowledge of the physics of the object under study. Many 
fluid flows and chemical gas concentrations are, at least partially, controlled by 
diffusion and thus characterized by smooth shapes and the absence of sharp edges. 
Thus, an algorithm converging toward smooth concentration distributions consistent 
with the path-integrals is a rational choice. Furthermore, all pixels should encounter 
non-negative values. Also, an algorithm has to be chosen that performs well for 
limited data, i.e. with an underdetermined problem.  
 
 
The LTD Method 
In this thesis the LTD method has been chosen as the reconstruction algorithm. The 
algorithm was introduced by Price et al. (2000). The algorithm is not an iterative 
process; instead it performs a linear least-squares solution by direct matrix inversion 
of the system matrix. This makes reconstruction of gas concentrations very rapid, 
because the matrix inversion has only to be performed one time for a certain optical 
and prior information setup. The LTD method is more explained in paper V, VI and 
VII. A modified version of the LTD method has been proposed in papers V and VI, 
by introducing an extra constraint on the solution, making reconstruction of 
distributions containing steep gradients and regions with very low concentrations 
more accurate.  
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2.1.3.5 Application Example – Plume Width 
Plumes are common phenomena in both the environment and in indoor applications. 
Due to increased power requirements and continued industrial growth, simple 
plumes, maintained by thermal buoyancy, have received extensive attention, given 
the problem of waste heat.  
 
Pure plumes from point sources have been studied mostly in the fully developed 
region in a variety of orientations and configurations. However, in real situations 
indoors it is frequent that plume flows are fully developed. The initial size of plumes 
is relatively large in consideration to the room size. For example, air plumes rising 
from humans barely reach the transition region before they arrive at the stagnation 
level or hit the ceiling. Jets and plumes have mainly been studied by point measuring 
techniques, such as hot-wire and anemometer and laser Doppler anemometer (LDA), 
to measure velocities, temperatures, or concentration in order to determine such 
factors as the profile width and the entrainment coefficient. LDA is a novel method 
due to its invasive nature and also permits accurate measurements of low velocities 
and reversed airflow such as at the jet and plume edges. However, the transportation 
of the sensor to cover the quantity distribution over a large area is very time-
consuming. 
 
Scattering tomography enables cheap and small systems that can record the spreading 
of a plume and its movement. In fact, if the concentration profile is axisymmetric 
then it can easily be determined with help of the inverse Abel transform and path-
integrated measurement from one view. Notice that a Gaussian concentration profile 
also has a Gaussian projection profile with the same Gaussian constant. Hence, m and 
b for axisymmetric plumes and jets can directly be determined from their projection 
profile.  
 
Figure 16 shows normalized projection distributions in the transition region of an 
axisymmetric plume. The path-integrated measurements were performed with a bench 
scale apparatus, see Figure 16. The plume was generated by a heated cylinder of D = 
4cm, placed on a movable pipe. The source was heated by resistance heating with an 
effect of 40 W. The smoke was supplied through small openings around the cylinder 
via a head tank, distributing the flow evenly across the cylinder. The apparatus could 
be rotated 360 degrees and in this experiment and the measurement frame was placed 
horizontally and consisted totally of 16 lasers and 16 detectors divided over only one 
view. Path-integrated measurements were performed for different horizontal planes 
above the heat source. For each plane and projection, angle data was collected for 120 
seconds with a frequency of 100 Hz. With this bench apparatus the measurements 
could only be performed up to 10D above the current cylinder. See Chapter 3.2 for 
more information about the data acquisition system for tomography measurements. 
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Figure 16. Bench scale apparatus. 
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Figure 17. Projection profiles at 4D, 6D, 8D and 10D above the heat source. 

 
As shown in Figure 17 the projection distributions are more or less completely 
symmetric. However, some of the distributions are slightly displaced, indicating that 
the plume is moving over a very long interval time. This is also clearly shown in 
Figure 18 below. This figure shows the signal from the laser/detector pairs placed 2D 
above the source and at the near outer boundary of the practically top-hat distribution 
of the smoke. This indicates that measurement has to be performed over a very long 
time in order to achieve completely symmetric projection distributions.  
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Figure 18. Readings from two detectors at the plume boundary indicating the 

movement of the plume. 
 
The projection data is forced to follow a Gaussian distribution (see the explanation in 
Appendix 1) with least-squares linear fit. Even as close as a distance of 6D from the 
source the profile is very similar to the Gaussian. Closer than 6D the profiles do not 
completely look like Gaussian distributions. 
 
From fitted projection profiles the Gaussian constants, mc, and width scales, bc, are 
obtained. The predicted Gaussian constants are presented in Figure 19, while the 
predicted width scales are presented in Figure 20. The Gaussian constant of the plume 
is slightly increasing more or less linearly from 40 to 50.  This is in good agreement 
with George et al. (1977). They also used the Gaussian fit approximation to estimate 
the Gaussian temperature constant for an axisymmetric buoyant plume. The constant 
was found to be around 65 at up to 16 nozzle diameters downstream. The results are 
also in good agreement with measurements performed on a vertical low-Reynolds 
buoyant jet by Bayazitoglu and Peterson (1990). They observed that mu increased 
from just over 30 at 5 nozzle diameters downstream to just under 70 at 28 nozzle 
diameters downstream. 
 
The value of the plume width scale, bc, climbs relatively quickly in the beginning but 
at 9 to 10 nozzle diameters the rise starts to decline, indicating decreased entrainment 
downstream. The results clearly show that the measurements were performed in the 
transition region and not in the fully developed similarity zone, since mc is non-
constant and the increase of bc is non-linear.  
 
The goal of this application example, to implement a simple, non-intrusive Mie-
scattering-based system for the study of plume entrainment in the transition region, is 
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successfully completed. The example demonstrates the usefulness of path-integrated 
optical measurements together with tomographic theory, and reveals that this 
approach is especially sophisticated for measurements of scalar fields in 
axisymmetric plumes and jets.  
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Figure 19. (Left): Gaussian constant, mc, versus height above plume. (Right): Results 

compared to experiments performed by Rouse et al. (1952). 
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Figure 20. Plume width, bc, versus height above plume. 
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2.2 Numerical Simulations 
Numerical methods of calculating room air flow and heat transfer are attractive in 
terms of time and costs given the difficulty to determine the flow and temperature 
field experimentally. Different types of numerical models with different levels of 
complexity have been developed to allow the study of energy use, airflow pattern, 
indoor air quality and thermal comfort. In building simulation program the room is 
normally modeled as a single node assuming a fully mixed room. This type of 
programs can predict mean room air temperatures, mean surface temperatures, 
operative air temperatures and energy use. CFD software, however, performs 
numerical solution of the partial differential equation governing the flow field, 
temperature, and concentration, generating detailed information for the whole 
domain; hence it is known as a whole-field technique. CFD simulation generates 
detailed information for all velocity components, temperature, pressure, and 
turbulence intensity over the whole computational domain simultaneously. It has 
become a practical tool for predicting air velocities, air temperatures, and pollutant 
concentrations in ventilated spaces. One of the benefits of CFD is the possibility to 
perform parametric studies at relatively low cost and more rapidly compared to 
corresponding experiments. 
 
Before the 1990s CFD was very moderately used in the industrial community, due to 
the tremendous complexity of the underlying behavior, preventing a description of 
fluid flow that is both efficient and sufficiently accurate. In recent years, the interest 
in performing numerical calculations of physical problems has increased drastically 
because of the availability of affordable high-performing hardware and user-friendly 
CFD software. Today, extensive CFD simulations are preformed to predict and study 
airflow in ventilated rooms and buildings (e.g. Törnström and Moshfegh 2006, 
Karlsson and Moshfegh 2006).   
 
More or less all commercial CFD software available today contains the following 
three main elements: pre-processor, solver and post-processor. The pre-processor 
program contains tools for creating the computation mesh to represent the flow 
domain, as well as specifying the properties of the fluid and the different boundary 
conditions. In the flow analysis part the problem is solved; the quality of the progress 
of the run is controlled by monitoring and analyzing various output data and solution 
statistics. The post-processing part enables visualization and presentation of the 
calculated result. This involves the display of data from the solver, using facilities for 
a multitude of different plot options as well as animations illustrating different flow 
phenomena. 
 
 
2.2.1 Governing equations 
The fundamental equations governing fluid flow are the continuity and the 
momentum transport equations, which together are known as the Navier-Stokes 
equations. Simulation of a heat transfer problem also needs to incorporate the 
equation of the conservation of energy.  
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2.2.1.1 Conservation of Mass 
In general the conservation of mass can in Cartesian tensor form be written as  
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2.2.1.2 Conservation of Momentum 
The conservation of momentum can be written as 
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2.2.1.3 Conservation of Energy 
The energy equation expressed in temperature form can be written as 
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2.2.1.4 Assumptions about the Fluid Properties and the Flow 
The fluid in this work is air, which can be approximated as a Newtonian fluid. The 
fluid flow can be treated as incompressible since the velocities considered in this 
work are small compared to the velocity of sound. Further, the thermo-physical 
properties, i.e. ρ, λ, μ, cp, are assumed to be constant, and are evaluated at the inlet 
temperature. The buoyancy effect was modeled based on the Boussinesq 
approximation. Further, the influence of radiation heat transfer is not included. The 
flow is assumed to be stationary; turbulent and viscous heating are assumed to be 
negligible.   
 
For stationary, incompressible flow, a Newtonian fluid, using Boussinesq´s 
approximation and assuming no viscous heating, Equations 22–24 become in 
Cartesian tensor form 
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2.2.2 Turbulence  
The flow of a fluid can be denoted as laminar, transitional, and turbulent. All flows 
appearing in engineering practice are unstable above a certain Reynolds number, Re. 
Turbulence can be described as random and chaotic flow, continuously changing with 
time, see Figure 21, and play an important role for momentum and heat transfer 
between different parts of the flow and at boundaries. These fluctuations always have 
a three-dimensional spatial character and the turbulent flow reveals rotational flow 
structures with a wide range of length scales and frequencies. As a consequence, heat 
and momentum are very efficiently exchanged, giving rise to high values of diffusion 
coefficients for momentum and heat.  
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Figure 21. Hot-wire measurement taken from paper IV. Measurement performed 0.2 

m from the supply openings and 0.1 m above floor level. 
 
The instantaneous velocity can be written as 
 

iuiUiu ′+=      [Eq. 28] 
 
where  represents the mean velocity and iU iu′  the fluctuating velocity. This technique 
for decomposing the instantaneous motion is referred to as the Reynolds 
decomposition. The mean velocity can be expressed by ensemble-averaging 
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where N is the number of samples. The variance of the fluctuating part is obtained by 
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The variance is important, since it describes the behavior of turbulence, i.e. the 
turbulent kinetic energy, k.  
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Furthermore, the turbulent intensity, Tu, is linked to the kinetic energy and a reference 
mean flow velocity, Uref, as follows: 
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The largest turbulent eddies in a turbulent flow are of the same order of magnitude as 
the velocity scale and length scale of the mean flow. These large eddies are 
dominated by inertia effect and viscous effects are negligible. They extract energy 
from the mean flow by vortex stretching, which maintains the turbulence. The 
fluctuations in this region are very anisotropic which results in excessive turbulent 
mixing. Large eddy scale is usually referred as integral scale. 
 
The vortex-stretching process creates motions at smaller length scales and time 
scales. These smaller eddies, usually referred as intermediate scale eddies, act as a 
bridge for transferring the turbulent energy from the large eddies to the small eddies 
in what is termed the energy cascade. Still the fluctuations are anisotropic and 
correlate to the mean flow, but not to the same degree and as strongly as the large 
eddies.   
 
Finally, the energy transferred to the smallest eddies is dissipated and converted into 
heat by means of the viscosity of the fluid. The smallest eddies, dictated by viscous 
dissipation and viscosity of the fluid, have length scales on the order of 0.1 and 0.01 
mm and frequencies of 10 kHz in typical turbulent engineering flows. These smallest 
scales are called Kolmogorov micro scale. The fluctuations in this region are isotropic 
and contribute minimally to the turbulent mixing.  
 
The difference between the integral scale and the Kolmogorov scale is a function of 
the Reynolds number of the large eddies, Rel. It means that low Rel results in a narrow 
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turbulence spectrum, while high Rel results in a wide turbulence spectrum. At fully 
turbulent flow two distinct regions appear that are separated from each other: 
 

- region dominated by the turbulent energy 
- region dominated by the viscous dissipation  

 
  
2.2.2.1 Time-Average Transport Equations  
Solving the time-dependent Navier-Stokes equations of fully turbulent flows requires 
extremely vast computing power, due to the wide range of length scales and 
frequencies in turbulent flows. Instead, when considering turbulent flows, the 
independent variable, e.g. ui, can be described as the sum of a steady mean 
component Ui and a time-varying fluctuation component ui´ with zero mean value, 
see Equation 28. This approach is known as the Reynolds decomposition and the 
resulting time-averaged Navier-Stokes equations are called Reynolds-Averaged 
Navier-Stokes equations (RANS). Solution of the RANS equations and the averaged 
heat transport equation gives information about the time-averaged properties of the 
flow, e.g. mean velocities, mean, pressure, mean stresses, and mean temperature. The 
time-averaged, steady state, incompressible governing equations can be written as 
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These equations contain additional unknowns, the Reynolds stresses, jiuu ′′− , and the 
turbulent heat fluxes, θ ′′− iu . The Reynolds stresses and the turbulent heat fluxes 
must be modeled to solve the equation system. It is the main task of turbulence 
modeling to develop models of sufficient accuracy and generality to predict the 
Reynolds stresses and the turbulent heat transport terms or other scalar transport 
terms.  
 
 
2.2.3 Turbulence Modeling 
Many different turbulence models have been developed during the past decades with 
different levels of complexity. The most common models are classified in Table 4. 
These CFD models have the inherent weakness that they rely on empirical equations 
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to simulate turbulence. Thus it is essential to validate these models and to compare 
the effects of different simplifying assumptions with full-scale measurements.  
 
 
Table 4. Classical turbulence models 
 
Eddy viscosity models 

Zero-equation models 
One-equation models 
Two-equation models 
 
Second-moment closure models  

Reynolds stress models 
 
Models based on space-filtered equations 

Large eddy simulation 
 
 
 
2.2.3.1 Direct Numerical Simulation (DNS) 
Direct numerical simulation involves the numerical solution of the instantaneous 
equations that govern fluid flows, resolving all fluctuations. So far only some basic 
cases have been solved using DNS. However, one can expect this approach to be 
continuously increasing, due to increasing computer capacities in the future. 
 
 
2.2.3.2 Large Eddy Simulation (LES) 
Large eddy simulation involves the solution of the complete time-dependent Navier-
Stokes equations for the largest eddies, whereas the effects of smaller eddies are 
modeled. The fluctuations at the small eddies are modeled by a sub-grid scale model. 
The principal idea behind LES is to filter Navier-Stokes equations over a small region 
of space by introducing the so-called filter kernel function. The Fourier cutoff filter 
and Gaussian filter are examples extensively used in LES. These functions are used to 
determine the size and the structure of the small eddies. Due to the fact that LES 
shares some aspects from DNS and RANS, it can be claimed that the error introduced 
by RANS turbulence modeling can be reduced to a great extent. It is also believed to 
be easier to find a universal model for the small eddies, since they tend to be more 
isotropic and less affected by the macroscopic features like boundary condition than 
the larger eddies are.  
 
 
2.2.3.3 Reynolds-Average Navier-Stokes Models (RANS) 
As mentioned earlier, the Reynolds-Averaged Navier-Stokes equations involve the 
solution of the time-averaged Navier-Stokes equations, with the whole range of the 
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scales of turbulence being modeled. The Reynolds-averaged approach therefore to 
great extent reduces the required computational effort and resources, and is widely 
adopted for practical engineering applications. Eddy viscosity models, which are the 
most common RANS models, are based on the presumption that there exists an 
analogue between the action of viscous stresses and Reynolds stresses on the mean 
flow. The turbulent eddy viscosity is considered as diffusivity determined by the 
velocity scales and length scale of the large energetic eddies of the turbulence. Eddy 
viscosity models utilize Boussinesq’s eddy viscosity hypothesis. According to this 
hypothesis, the Reynolds stresses can be approximated by 
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and the turbulent heat fluxes are modeled by introducing a turbulent thermal 
diffusivity, which is proportional to the turbulent viscosity. The proportionality 
constant is called the turbulent Prandtl number, σt. In this study the, σt, is assumed to 
be constant. 
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where υt is the turbulent eddy viscosity. The eddy viscosity models can be divided 
into three groups depending on the number of differential transport equation that are 
required for the modeling. 
 
In zero-equation models, the turbulent length scale and the turbulent velocity scale 
are calculated directly from the local mean flow quantities (e.g. Prandtl’s mixing-
length model and LVEL). In the one-equation model, the turbulent velocity is 
calculated from a suitable transport equation, usually the turbulent kinetic energy, and 
the length scale is prescribed empirically (e.g. Prandtl’s k-L model). The most 
common type of turbulence model adopted to solve the governing equation of mass, 
momentum, and energy today is the two-equation model. Both the turbulent length 
scale and the turbulent velocity scale are calculated from transport equations, usually 
k, and its dissipation rate, ε,. Hence, two-equation models are the simplest “complete 
models” since the solution of two separate transport equations allows the turbulent 
velocity and length scales to be independently determined. There are several forms of 
two-equation models. The conventional forms are developed for high-Reynolds 
number boundary layer flows, and are typified by the use of so-called wall functions 
to deal with the regions close to the surface where viscous effect becomes important. 
Observe that these wall functions are explicit empirical expressions. 
 
A more recent form of the two-equation model is the low-Reynolds number 
turbulence model. This model takes account for the increasing viscous effects at low 
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Reynolds number. This allows the solution to be extended into the inner zones of the 
boundary layer. However, it demands high computing power, since the grid has to be 
extremely close to walls and surfaces.  
 
More complex RANS models are second-moment closure models. These models 
involve solving the Reynolds stresses either differentially (Differential Second 
Moment Closure) or algebraically (Algebraic Second Moment Closure). However, 
they are less common, because they are much more demanding in terms of computing 
power than eddy viscosity models.   
 
In this work, five different turbulence models have been used; the LVEL model, the 
standard k-ε model, the RNG k-ε model, the Chen-Kim k-ε model and the Reynolds 
stress model. These models are discussed in sections 2.2.3.4 through 2.2.3.8. 
 
 
2.2.3.4 The LVEL Model 
This is a simple algebraic turbulence model which does not required the solution of 
any partial differential equations. The model depends on the calculation of the 
distance of the nearest wall, the local velocity, and the laminar viscosity to determine 
the effective viscosity. This model is called the LVEL turbulence model because it 
requires knowledge only of the wall distances (L) and the local speed (VEL). The 
LVEL model is to be regarded as providing a practical solution to heat transfer 
engineers' problems, and not as one providing new scientific insight (Agonafer et al. 
1996). 
 
The LVEL model is of the “effective-viscosity” variety. This means that it provides 
the values of the “effective” transport properties of momentum and energy that are 
necessary for the solution of the time-averaged Navier-Stokes and heat-transport 
equations. The calculation of the effective viscosity proceeds as follows.  
 
With the local speed and the wall distance a Reynolds number is calculated. Then, 
using the Reynolds number relationship stated below together with a version of the 
universal law of the wall, the calculation of the dimensionless effective viscosity is 
obtained by analytical differentiation of the wall function relationship. As a 
consequence ν+ and hence the effective viscosity can be computed for every point in 
the flow, which is what the turbulence model is supposed to permit.  
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Equation 44 is a formula that states the u+ versus y+ relation which covers the entire 
laminar and turbulent regimes (Spalding 1961). This is sometimes known as 
Spalding's Law of the Wall.  
 
Model constants: 
κ = 0.417, E = 6.8 
 
 
2.2.3.5 The Standard k-ε Model 
The standard k-ε model (Launder and Spalding 1972) is a semi-empirical model 
based on model transport equations for turbulent kinetic energy and its dissipation 
rate. The derivation of the model transport equation for k is based on the exact 
equation, while the model transport equation for ε is obtained using physical 
reasoning. The model is valid for fully turbulent flows, and the effects of molecular 
viscosity are negligible.  
 
The turbulence kinetic energy and its rate of dissipation are obtained from the 
following transport equations, assuming incompressible and steady state flow: 
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 [Eq. 42] 
 
The eddy viscosity is computed by combining k and ε, as follows: 
 

ε
ρμ μ

2kCt =  [Eq. 43] 

 
Model constants: 

C1ε=1.44,  C2ε=1.92, 
u
vTanhC =ε3 ,  Cμ=0.09,  σk=1.0,  σε=1.3 

 
v is the component of the flow velocity parallel to the gravitational vector and u is the 
component of the flow velocity perpendicular to the gravitational vector. 
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2.2.3.6 The RNG k-ε Model 
The RNG k-ε model is derived from the Navier-Stokes equations using a rigorous 
mathematical technique called renormalization group theory (Yakhot et al. 1992). In 
this approach, RNG techniques are used to develop a theory for the large scales in 
which the effects of the small scales are represented by modified transport 
coefficients. The model is similar in form to the standard k-ε model but differs in that: 
 

• The subsequent model constants take different values.  
• The dissipation-rate transport equation includes an additional source term.  

 
The equation of the turbulent kinetic energy is identical to Equation 41. The equation 
for the dissipation rate of turbulent kinetic energy is given by 
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Model constants: 

C1ε=1.44,  C2ε=1.92, 
per

par

u
u

TanhC =ε3 ,  Cμ=0.09,  σk=1.0,  σε=1.3,  σt=0.85 

 
where upar is the velocity vector parallel to the gravitational vector and uper is the 
velocity vector perpendicular to the gravitational vector. 
 
 
2.2.3.7 The Chen-Kim k-ε Model 
The standard high-Reynolds-number form of the two-equation eddy-viscosity k-
ε turbulence model employs a single time scale (k/ε) to characterize the various 
dynamic processes occurring in turbulent flows. Accordingly, the source, sink, 
and transport terms contained in the closed set of model equations are held to 
proceed at rates proportional to ε/k. Turbulence, however, comprises fluctuating 
motions with a spectrum of time scales, and a single-scale approach is unlikely 
to be adequate under all circumstances because different turbulence interactions 
are associated with different parts of the spectrum.  
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In order to remedy this deficiency in the standard model, Chen and Kim (1987) 
proposed a modification which improves the dynamic response of the ε equation 
by introducing an additional time scale (k/PK), where PK is the production rate of 
k.  
 
The Chen-Kim model involves dividing the production term in the ε-equation 
into two parts, the first of which is the same as for the standard model but with a 
smaller multiplying coefficient, and the second of which allows the turbulence 
distortion ratio (PK/ε) to exert an influence on the production rate of ε. 
According to the authors the extra source term represents the energy transfer 
rate from large-scale to small-scale turbulence controlled by the production-
range time scale and the dissipation-range time scale. The net effect is to 
increase ε when the mean strain is strong (PK/ε>1), and to decrease ε when the 
mean strain is weak (PK/ε < 1). This feature may be expected to offer advantages 
for flows with separation and recirculation.  

 
The extra time scale k/PK is included in the ε-equation, resulting in the following 
equation:  
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where F1 is the Lam-Bremhorst [1981] damping function which tends to unity at high 
turbulence Reynolds numbers. 
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In Equation 55 yN is the distance to the nearest wall. 
 
Model constants: 
C1ε=1.15,  C2ε=1.9, C3ε=0.25,  Cμ=0.09,  σk=0.75,  σε=1.15 
 
 
2.2.3.8 The Reynolds Stress Model  
The RSM can account for the directional effects of the Reynolds stress field, such as 
streamline curvature, swirl, rotation, and rapid changes in strain rate, in a more 
rigorous manner than one-equation and two-equation models. It has greater potential 
to give accurate predictions for complex flows. Abandoning the isotropic eddy-
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viscosity hypothesis, the RSM closes the Reynolds-averaged Navier-Stokes equations 
by solving transport equations for the Reynolds stresses, together with an equation for 
the dissipation rate. However, the fidelity of RSM predictions is still limited by the 
closure assumptions employed to model various terms in the exact transport equations 
for the Reynolds stresses.  
 
The modeling strategy originates from work reported by Launder et al. (1975). As in 
eddy viscosity models, the turbulent heat flux is modeled by introducing a turbulent 
thermal diffusivity, which is proportional to the turbulent viscosity. The equation for 
the transport of Reynolds stresses, Rij, takes the following form:    
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The terms on the right-hand side of Equation 50 are the rate of production of Rij, the 
molecular diffusion term, the turbulent diffusion term, the dissipation rate, the 
pressure-strain interactions term and the production due to buoyancy term (where 

kjiijk uuuR ′′′= ). Among these terms the turbulent diffusion, dissipation, pressure-strain 
and buoyancy terms need to be modeled. The six equations for the Reynolds stresses 
are solved together with the transport equation for the dissipation rate, ε:  
 
The modeled equation for the transport of Reynolds stresses, Rij, used in this work 
takes the following form:    
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where DL,ij and Pij are defined as in Equation 50 and 
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nk is the xk component of the unit normal to the wall, d, is the normal distance to the 
wall. 
 
The following values of the model constants and variables were used: 
C1=1.8, C2=0.60, C´1=0.50, C´2=0.30, Cμ = 0.09, σk = 0.82, σε = 1.30, Cε1 = 1.44, Cε2 
= 1.92, κ = 0.41, σt = 0.85, Cε3 = Tanh[upar/uper] 
 
 
2.2.4 Boundary Conditions  
Boundary conditions specify the flow and thermal variables on the boundaries of a 
physical model. They are, therefore, critical data for the CFD modeling and it is 
important that they are specified accurately.  
 
 
2.2.4.1 Inlet Conditions 
Velocity inlet boundary conditions are used to define the flow velocity, along with all 
relevant scalar properties of the flow, at inlet boundaries. Defining accurate boundary 
conditions for the flow from an inlet diffuser may cause problems. The small details 
of a supply air diffuser have an obvious influence on the airflow pattern in both the 
mixing and the displacement types of ventilation. The air diffusion in a room is at 
least partly dominated by diffuser design and supply air parameters, such as velocity 
and temperature. Modern diffusers applied in the field of ventilation of rooms are 
often complex in terms of geometry, with the intention of creating satisfying thermal 
comfort for the occupants. This necessitates more precise calculation of the flow 
field. Simulating a diffuser is therefore costly, because it requires a fine resolution in 
the region near the inlet. It is therefore considered necessary to make an 
approximation and simplification of the complicated inlet device, which will account 
for the effects of the inlet, admitting the use of a coarser mesh. The main problem of 

 48 



diffuser modeling research is to correctly determine air velocity (magnitude and 
distribution), mass flow rate, and effective area. Various solutions have been 
proposed which can be applied to replace a complex diffuser.  
 
The most commonly used methods are: 
 
• Basic model: In this model the diffuser is modeled by a simple opening with the 

same effective area as the small nozzles together (Heikkinen 1991). The opening 
should have the same aspect ratio as the real diffuser. This is one of the simplest 
models. 

• Momentum model: In this model the boundary conditions of the continuity 
equation and the momentum equations are set separately (Chen and Moser 1991). 
This means that the actual dimensions of the real diffuser are used. 

• Box model: This is a model where measured boundary conditions are given at the 
surface of an imaginary box around the diffuser (Nielsen 1973, Nielsen 1992).  

• Prescribed velocity model (PV model): Boundary conditions are given both at a 
simple opening describing the supply opening and also in the flow field as in the 
box model (Nielsen 1992). Only a few boundary conditions are imposed onto the 
flow field.  

 
The PV model has been used significantly and it has proven to make rather good 
predictions of the air velocities in a room (e.g. Skovgaard and Nielsen 1991, 
Heikkinen 1991). However, the box model and the prescribed velocity model are 
non-optimal since they need experimental data, unless detailed simulations of the 
flow near the diffuser or analytical data are set as boundary conditions (Kondo and 
Nagasawa 2002, Hue et al. 2000).  The basic model has been shown to produce poor 
predictions (Emvin and Davidsson 1996, Heikinnen 1991). Improvement of the basic 
method has been reported by Djunaedy and Cheong (2002). They used the application 
of the jet characteristic equation to improve the performance of the basic model. The 
momentum model, however, seems to predict air velocities and temperature similar to 
those of experiments (Chen and Moser 1991, Rees 1998). However, the comparisons 
have been done quite far away from the diffuser, e.g. one meter away from the supply 
device.  
 
In this work the geometry of the diffuser has be incorporated and presented in detail 
in the simulations in order to correctly capture the airflow pattern entering the room 
from a complex diffuser without the need of experimental or analytical data around 
the diffuser. In both Paper III and Paper IV the velocity, temperature, and turbulence 
of the air entering the diffuser were defined at the top of the diffuser. In Paper III the 
velocity, temperature, and turbulence were applied with a uniform distribution across 
the inlet area. The boundary conditions for the turbulence were specified by the 
turbulence intensity. It was set constant at 5% in all simulations, matching 
experimental findings.  
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In Paper IV a micro/macro level approach, MMLA, was proposed for predictions of 
velocity and temperature distribution close to a complex low-velocity diffuser. In this 
approach first a micro-level simulation of the flow inside the diffuser is preformed in 
order to obtain airflow data for the air leaving the diffuser. The output is then used as 
boundary conditions for a coarser grid simulation inside the room. A similar approach 
has been used by Sun and Smith (2005). In Paper IV the velocity and turbulence were 
applied with a non-uniform distribution across the inlet area. Again, the boundary 
conditions for the turbulence were specified by the turbulence intensity. The mean 
turbulence intensity was 5 %. The boundary conditions for k and ε was obtained by 
means of the following assumptions: 
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where L is the hydraulic diameter of the inlet.  
 
 
2.2.4.2 Walls 
All walls were treated as non-slip conditions with wall function characteristics, 
meaning that all velocities at the walls are equal to zero. Fixed temperatures were set 
and therefore radiation was not included in the simulations. In order to resolve the 
sharply varying flow variables in near-wall regions, a disproportionately large 
number of grid points are required in the immediate vicinity of the solid boundary. 
For most typical flow scenarios, this leads to prohibitively expensive computations. A 
number of techniques have been developed to model the effect of the viscous sub-
layer on the mean flow field. The well-known “law-of-the-wall” approach has been 
the technique most commonly adopted in the field of applied CFD. With the wall-
function approach the viscous sub-layer is bridged by employing empirical formulae, 
called wall functions, to provide near-wall boundary conditions for the mean-flow 
and turbulence transport equations. These formulae therefore connect the wall 
conditions to the dependent variables at the near-wall grid node. This first grid node 
is presumed to be located outside the viscous sub-layer in fully turbulent fluid. The 
advantages of this approach are that it avoids the need to extend the computations 
right down to the wall, to account for viscous effects in the turbulence model. 
Although it is a popular and practical tool, this approach possesses a number of 
inherent weaknesses and drawbacks which become more apparent and pronounced as 
the complexity of the problem increases. For example, the “wall functions” that are 
used to apply appropriate boundary conditions for the various flow variables at the 
edge of the computational domain become less appropriate when there is significant 
departure from local one-dimensionality in the near-wall region. Such circumstances 
arise near points of separation, reattachment, and stagnation, and in other situations 
involving strong acceleration, retardation, or body forces. The law of the wall is valid 
when the flow near the wall is predominantly parallel to the wall, in local 
equilibrium, and the effects of body forces are small. If this is fulfilled then the shear 
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stress, the heat flux, and the mass flux across the flow are very nearly constant and 
equal to the corresponding values of these quantities at the wall. The validity of the 
wall functions has for a long time been queried for the air flow pattern indoors (Chen 
1988, Baker and Kelso 1990).  
 
Two different CFD software packages have been used in this work: the commercial 
codes Phoenics and Fluent. For the simulations using Phoenics the following 
functions were used:  
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For the simulations using Fluent the following functions were used:  
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In Fluent, the log law is employed when .  225.11>∗y
 
When the mesh is such that  at the wall-adjacent cells, FLUENT applies 
the laminar stress-strain relationship that can be written as . 

225.11<∗y
∗∗ = yu

 
In the two-equation models and in the RSM, the k equation is solved in the whole 
domain including the wall-adjacent cells. The boundary condition for k imposed at 
the wall is  
 

0=
∂
∂
n
k      [Eq. 59] 

 
where n is the local coordinate normal to the wall. The ε equation is not solved at the 
wall-adjacent cells, but instead is computed using the following equation: 
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Reynolds' analogy between momentum and energy transport gives a similar 
logarithmic law for mean temperature. Similar near-wall temperature distribution is 
used in Fluent and Phoenics. The law-of-the-wall implemented in Fluent and 
Phoenics has the following composite form: 
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See Fluent (2004) and the Phoenics encyclopedia for more detailed information about 
the near-wall temperature function. 
 
In this work y+ was just under 10 (close to the diffuser) as recommended by Niu 
(1994) and Chen (1995). However, despite applying this optimal y+ the temperature 
gradient is likely to be overestimated (Loomans 1998).  
 
2.2.4.3 Symmetry Plane 
In Paper IV, only half the physical problem was included in the model due to 
symmetry, in order to reduce the model size. Along the symmetry surface there is no 
flow and no scalar flux across the boundary. 
 
2.2.5 Mesh Strategies 
Performing high quality CFD studies requires operator skill and experience. The main 
tasks in the pre-processor are the specification of the domain geometry and the choice 
of computational grid. Inadequate grid design can result in poor simulation results. It 
is desirable to use a large number of cells, since the accuracy of CFD is governed by 
the number of cells in a grid. However, the necessary computer hardware and 
calculation time are also dependent on the fineness of the grid. Making a good initial 
grid design requires knowledge about fluid dynamics and insight into the expected 
properties of the flow. For example, the grid should be finer in areas with large 
gradients and can be coarser in regions with low gradients (Figure 22). A systematic 
way to reduce error due to grid coarseness is to successively refine the grid until 
certain key results do not change. Then the solution is said to be grid independent. 
 

 
Figure 22. Mesh configuration with finer cell sizes in areas with large gradients. 

(Mesh configuration used in paper IV along the symmetry plane.) 
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2.2.5.1 Non-conformal Mesh 
In Fluent it is possible to use a grid composed of cell zones with non-conformal 
boundaries. That is, the grid node locations need not to be identical at the boundaries 
where two sub-domains meet. This feature has been used in Paper V between the 
diffuser openings and the room. An interface makes it possible to have separate cell 
sizes for the inlet openings and the rest of the room. Using this non-conformal 
meshing approach can substantially reduce the number of cells in the model (Figure 
23). 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Example of non-conformal mesh. 
 
 
2.2.6 Solution Algorithms and Numerical Aspects 
Solution of the governing equations by numerical means requires firstly, 
discretization of the differential equations into algebraic equations, thereafter 
application of the boundary conditions before final solution methods to the large sets 
of algebraic equations are applied. When the governing equations are discretized, the 
computational region is first divided into a number of cells. Discretization can be 
performed by applying the Finite Element Method (FEM), the Finite Difference 
Method (FDM), or the Finite Volume Method (FVM). In this work, FVM was used in 
all papers regarding CFD. In Paper III the finite volume code Phoenics was used, 
while in Paper IV the finite volume code Fluent was used.  
 
The FVM is based on the idea of dividing the computational domain into small 
control volumes. By integration of the governing equations of the fluid flow over all 
the control volumes of the solution domain, the conservation of the fundamental 
properties over any group of control volumes, and over the whole calculation, each 
finite-size cell is satisfied. The next step is to discretize and convert the integral 
equations representing transport phenomena such as convection and diffusion, as well 
as the source terms into a system of algebraic equations. Finally, to solve these 
complex and nonlinear equations an iterative solution process is required. This clear 
relationship between the numerical algorithm and the underlying conservation 
principle is the main attraction of FVM and makes it the most common method of 
solving fluid flows and heat transfer problems. Examples of commercial CFD codes 
that use FVM are Fluent, Flow3D, Phoenics and Star-CD.  
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In order to generate physically realistic results, a proper discretization scheme has to 
be selected that possess conservativeness, boundedness and transportiveness. 
Violation of conservativeness and boundedness may lead to physically impossible 
solutions. First order schemes such as upwind can possess conservativeness, 
boundedness, and transportiveness but suffer from false diffusion. False diffusion has 
a diffusion-like appearance causing properties to become smeared. Higher order 
schemes minimize false diffusion, hence resulting in more accurate solutions (e.g. 
second order upwind scheme). In the simulations using Phoenics the hybrid 
discretization scheme was utilized, while when using Fluent the second-order upwind 
scheme was utilized.  
 
In both papers III and IV the Semi-Empirical Method for Pressure-Linked Equations 
(SIMPLE) approach was used to link pressure and velocity.   
 
An aspect that needs to be considered in CFD simulations is convergence of the 
iterative process. The residuals, which are a measure of the overall conservation of 
properties in a converged solution, should be very low. The convergence process has 
to be assisted by careful selection of various relaxation parameters. The linear 
relaxation adds a factor, α, between the variable value at iteration i and i-1 to 
calculate a new value for the variable at ith iteration, e.g. 1, )1( −⋅−+⋅= iinewi φαφαφ . 
By this way the solution speed can be controlled and good convergence can be 
achieved. However, optimization of the various relaxation factors requires experience 
with the code itself.  
 
In papers III and IV, four-node quadrilateral elements were used. 
 
 
2.2.7 Validation of the Numerical Models 
Simulations are used to predict the model behavior to given sets of inputs/parameters. 
There are always inaccuracies between the simulation results and the reality because 
of: 
 

- The limits and assumption of the theory made to derive it 

- The numerical method limits 

- The simplification of the problem (for example geometry and boundary 
conditions) 

- Variability and uncertainty of model parameters. 

 
Therefore it is of great importance that numerical simulation results are validated. 
Validation of any numerical model is quite complicated. There are two standard ways 
to validate it: either by comparing model results with analytical solutions or by 
comparing model results with measurements. Comparison with analytical solutions 
cannot fix and eliminate possible errors in mathematical equations and physical 
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hypotheses. Furthermore, analytical solutions very seldom can be obtained due to the 
complexity of the mathematical equations. Usually it is necessary to simplify 
equations in order to derive analytical solutions. However, simplification of equations 
may cause the loss of some important features. From another point of view, it is a 
pure scientific work to find an analytical solution and compare it with numerical 
results.  
 
Comparison with measurements is much preferable, because it can more or less verify 
equations and the physical background of the model as well as the approximated 
numerical solution of the equations. However, even if simulation results match the 
measurements, simulations are not exact predictions of reality. Experimental data 
always have measurement uncertainties.  
 
In this work simulations have been validated against experiment data from hot-wire 
anemometry, thermocouples and infrared thermography. 
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3 EXPERIMENTS  
 
The methodology used to make experimental measurements, design and measurement 
systems are discussed in this chapter. Experiments have been conducted with two 
primary purposes in mind: 
 

• To investigate the applicability and accuracy of infrared thermography to 
measure air temperatures, and computed tomography to measure extinction 
coefficients. 

• To provide data that can be used to validate the CFD predictions. 
 
 
3.1 Experimental Setup for Displacement Ventilation 
All experimental investigations regarding displacement ventilation were carried out in 
the same test room at the Laboratory of Ventilation and Air Quality at the Centre of 
Built Environment, University of Gävle. The room is specially designed for full-scale 
research experiments and the size of the room is 4.1×3.4×2.7 m built in a larger 
operator chamber. Figure 24 shows the chamber configuration. 
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Figure 24. Chamber configuration. 
 
All measurements were performed in the room under assumed steady state 
conditions. The air was supplied through a low-velocity diffuser located at one of the 
walls. The air was removed through an outlet of size 0.2×0.1 m near the ceiling. All 
walls were always acting as internal walls, resulting in negligible heat transfer for 
most cases through these walls. A window, sized 0.77×1.15 m, was mounted in the 
outer wall separating the test room from a climate chamber, making it possible to 
simulate outdoor temperature conditions. However, the climate chamber was not used 
in this study. The air in the test room was kept at an appropriate temperature with an 
electric mat or an electric air convector placed centrally at the wall opposite the 
diffuser. The air temperature was measured with infrared thermography as well as 
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with thermocouples. A frame mounted perpendicular to the diffuser, parallel with the 
airflow, held the measuring screen in the air stream during the experiments. All 
measuring screens were about 0.6 m high and 1.0 m long. The surrounding wall 
temperatures were measured by thermocouples. The wall temperature was measured 
at five points (close to each corner and at the middle of the wall). The average value 
was assumed to be the average wall temperature.  
 
 
3.1.1 Low-Velocity Diffusers 
Three different types of diffusers were used in this thesis. Figure 25 shows these 
different low-velocity diffusers. They were different products and they were all 
designed for flow rates up to around 40⋅10-3 m3/s. 
 

               
                    Diffuser A     Diffuser B 

 

 
Diffuser C 

 
Figure 25. Three different low-velocity diffusers for displacement ventilation. 

 
Diffuser A is a semicircular device manufactured by ABB Stratos with a height of 
0.55 m and a free area of 0.075 m2. It generates a radial flow at the supply surface. 
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Diffuser B is a flat diffuser manufactured by Pohlman’s without any devices for the 
generation of radial flow at the supply surface. The diffuser has a height of 0.23 m 
and a free area of 0.0163 m2.  
 
Diffuser C is a flat diffuser manufactured by Lindab without any devices for the 
generation of radial flow at the supply surface. The diffuser has a height of 400 mm 
and a free area of 0.0427 m2. 
 
All type of diffusers had a supply velocity with large variation over the supply area 
both in speed and in direction. Diffuser A generated a radial flow at the supply 
surface, while diffuser C generated almost a 2-D inlet flow. 
 
 
3.1.2 Temperature and Velocity Measurement 
Thermocouples of type T were used for point temperature measurement, which 
consists of copper-constantan. For temperatures between 10 and 30 °C this type of 
thermocouple has been shown to have an accuracy of ±0.1°C. 
 
Point measurements of air velocities in this work have been carried out with a 
StreamLine CTA Anemometer System, consisting of a 1-D temperature-compensated 
hot-wire anemometer (1D 55P81 Dantec probe), CTA module, controller and 
automatic probe calibrator. The hardware system was connected to a PC via the serial 
port and an A/D converter board, see Figure 26, and is operated by the StreamWare 
application software. The probe wire had an over-temperature of around 220°C. The 
probe was calibrated with Dantec’s calibration system; the calibration interval was 
divided into 20 points on a logarithmic scale. A polynomial curve fit of the fourth 
order has been used for these 20 points. The curve fitting was accurate for points over 
0.1 m/s (less than 2% deviation). For velocities under 0.1 m/s the deviance from the 
curve is much higher (up to 10%). According to the manufacturer, the relative 
standard uncertainty of a single air velocity sample acquired via an A/D board from a 
CTA anemometer with a single-sensor probe using an over-temperature of 200°C is 
±3%. However, this uncertainty might be higher due to turbulence. According to 
Bruun (1995), turbulence causes overestimations of the values of, U , and, 2u′ , due 
to truncation errors introduced in the signal analysis. This overestimation in the 
values of U , measured with a 1-D probe, might be well over 10%, provided that Tu is 
around 50% (Bruun 1995). In this work, the measured turbulence intensity in the 
near-zone of the diffusers could be up to 60%. This means that measurements 
performed in the room can present large measurement errors. Measurement errors can 
also be caused by natural convection around the wire since the temperature of the 
wire was much higher than the surrounding air temperature. Therefore, during the 
measurements the probe was located, according to the flow field, in a similar way as 
in the calibration to account for natural convection from the wire. Taking into account 
all the uncertainties, the relative accuracy of the measured mean velocities in the 
room is estimated to be up to 10% for velocities over 0.2 m/s and Tu < 30% (similar 
findings from Jorgensen et al. 2004 and Loomans 1998). 
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Figure 26. Hardware setup for velocity and temperature measurement. 

 
To measure air temperatures and air velocities near the diffuser and the measuring 
screen, the hot-wire probe and a thermocouple was placed on a computer-controlled 
traverse, which made it possible to measure all points with the same probe and 
thermocouple, thus disturbing the airflow only minimally. 
 
An air conditioning unit was used to condition the air that was introduced into the test 
room. The flow rate was determined via an orifice plate, with estimated uncertainty of 
±5%, and the supply set-point temperature was controlled by a climate control 
system. 
 
The infrared camera used in this work to measure the emitted infrared radiation from 
the screen is an Agema 570. This type of camera has an FPA detector, with 320×240 
detector elements, sensitive to long-wave radiation (7.5-13 μm). Before each 
measurement session the temperature values from the infrared camera were offset 
adjusted against thermocouple values. This was done by placing a small sample of the 
screen (100×100 mm) in the middle of the room. A thermocouple was attached on the 
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back of the screen. The temperature value registered by the infrared camera was then 
corrected with the mean value from the thermocouple. 
 
 
3.2 Tomography Experiment Setup 
At the Centre of Built Environment in Gävle a measuring system was built suitable 
for reconstruction of small regions such as plumes and jets. The data acquisition 
system for tomography measurements consisted of laser diode modules (Transverse 
Industries Co., type TIM), receiving lenses and sensing silicon photodiodes (Burr-
Brown Co., type Opt210P). The diode lasers were operating at a wavelength of 650 
nm and with a beam width around 3 mm. Light was generated and optically 
configured to form a collimated beam from the laser diode modules. A smoke 
generator (Dantec, type SPT smoke generator) produced smoke filaments of adequate 
density to enable attenuation measurements. The oil mist is formed by heated Shell 
Ondina 917 oil in an air stream. The resultant "smoke" being largely a suspension of 
fine liquid droplets with a mean diameter of around 1.56 μm and standard deviation 
0.68 μm and geometric standard deviation around 1.6, see size distribution in Figure 
27, below. This means that the smoke is polydisperse. According to the manufacturer, 
oil droplets of magnitude 1μm in air will follow flow fluctuations up to 10 kHz, 
allowing tracking of small flow features, see Figure 28. This characteristic, along 
with its excellent light scattering properties, makes it suitable for extinction 
measurements as well as various flow visualization purposes and LDA and PIV 
measurements. 

 
 
 

 
Figure 27. Size distribution. Data from SPT smoke generator product data sheet. 
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Figure 28. Jet flow visualization using heated Shell Ondina 917 oil and visualization 
laser. (Horizontal circular symmetric air jet used in paper V.) 

 
The receiving lenses and photodiodes were aligned opposite the laser modules. The 
lenses focused the transmitted light intensity onto the photodiodes placed behind the 
lenses. A frame for optical attenuation measurements of the air jet was composed of 
up to 64 diode-lasers and 64 detectors divided over two projection angles, see Figure 
29. The voltage generated by the sensors is related to the degree of attenuation and 
thus to the relative proportion the smoke particles traverse by the beam. For the 
experiments presented in this work, the detector signal, P, operated between 2 and 10 
volts (10 V corresponds to zero smoke). However, the transmittance range for the 
mean measurements was controlled to be between 0.35 ≤ T ≤ 1, in order to ensure that 
Beer’s law held. In this way the effects of multiple scattering were insignificant. After 
signal conditioning by an amplifier, the analogue output voltage from the sensor is 
converted into digital form via A/D card (National Instruments Co., type AT-MIO-
64E-3) and collected by a data acquisition program (Labview). The maximum 
amplitude and RMS of background random noise signals for each detector were 
around ±0.1 V and 0.03 V, respectively. The minimum detection level was set to 0.1 
V for all attenuation measurements with the described data acquisition system, 
meaning that all signals with a change in the intensity below 0.1 V were set to zero.  
 
When the system was placed in a room with constant temperature (±1°C change 
maximum), a baseline drift of 0.1 V was observed over a period of 0.5 h. 
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Figure 29. Frame with lasers and detectors. 
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Figure 30. Detector signal reading for smoke-free air conditions. Variations are due 

to random noise. 
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The accuracy of the mean voltage signal over 60 s for light extinction/transmission 
measurements is estimated to be around ±0.1 V. This uncertainty is caused by 
variations in the size distribution and concentration of oil droplets generated by the 
generator. Heavy variations in the particle concentration and particle diameter seem 
to occur at start-up of the generator. After around 30 s the signal from the detectors 
was relatively stable.  
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4 SUMMARY OF PAPERS  
 
 
4.1 Paper I 
The title of the first paper is “Visualization and measuring of air temperatures based 
on infrared thermography.” It was published in Proceedings of the 7th International 
Conference on Air Distribution in Rooms in 2000. 
 
 
4.1.1 Outline 
The paper presents an experimental investigation of a whole-field measuring 
technique to record air temperature. In this technique the instantaneous temperature 
was measured by using an infrared camera and a measuring screen. The aim was to 
study the quality of the recorded air temperature around a low-velocity diffuser for 
displacement ventilation. Measuring screens that differ with respect to conductivity, 
structure, emissivity, etc. were studied in order to improve the performance of the 
method. A dimensionless term, RAD, was introduced in the paper stating the 
radiative effect compared to the convective effect on the screen, which can be 
interpreted as a measure of the quality of the screen temperature. 
 
All experiments reported were carried out with a 550 mm high, semicircular low-
velocity diffuser (Diffuser A), placed centrally at one wall down at the floor. The 
supply flow rate varied between 0.010-0.030 m3/s and the supply air temperature was 
between around 3–6 °C under mean room air temperature. Experiments with three 
different screens were reported in this paper: a solid paper screen, a solid aluminum 
foil screen, and a porous rubber screen with porosity 0.25 and thread thickness of 1.0 
mm.  
 
Thermocouple measurements were performed around the diffuser with and without a 
screen placed parallel to the airflow. To compare the air temperatures to the screen 
temperatures thermocouple measurements of both were performed simultaneously 
and average over 100 samples. The surface temperatures were measured at the same 
time that infrared images of the screens were taken. The vertical screen and air 
temperature gradients in the near-zone were measured for three different distances 
from the diffuser. Infrared thermography measurements were performed with the 
infrared camera placed approximately 1.5 m perpendicular to the present measuring 
screen.  
 
 
4.1.2 Conclusion and Discussion 
Results indicate that a parallel, thin measuring screen has very little impact on the 
mean airflow field and the mean temperature distribution around a radial low-velocity 
diffuser. All investigated screens presented slightly higher temperatures than the 
corresponding ambient air in the gravity-current airflow stream. This temperature rise 
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is caused by radiation from warmer surrounding surfaces. The infrared camera 
measures the screen temperature with very high accuracy but only if the screen has a 
high emissivity. For best performance of the technique a homogeneous screen should 
be used with high emissivity facing the camera, due to its minimal background 
radiation and reflection of surrounding objects. Instantaneous solid screen 
temperatures were measured with good agreement compared to the thermocouple 
measurements. For a well-defined point and if measurements are averaged, even 
better agreement is possible. 
 
The study shows that this thermal imaging technique is a good tool for qualitative 
measurements of air temperatures close to a radial low-velocity diffuser. However, 
for quantitative measurements the recorded screen temperatures must be corrected for 
radiation heat exchange with the environment, a task complicated since knowledge 
about the local heat transfer coefficients, view factors and surrounding surfaces are 
needed.  
 
 
4.2 Paper II 
The title of the second paper is “Measurements of Air Temperatures Close to a Low-
Velocity Diffuser in Displacement Ventilation Using Infrared Camera”; it was 
published in Energy and Buildings in 2002. 
 
 
4.2.1 Outline 
The paper presents a analytical investigation of infrared thermography measurement 
of air temperatures. The purpose of the paper was to perform a parameter and error 
analysis of the proposed whole-field measuring method in a flow from a low-velocity 
diffuser in displacement ventilation. A model of the energy balance, for a solid 
measuring screen, was used for analyzing the influence of different parameters on the 
accuracy of the method. The analysis was performed with respect to convective heat 
transfer coefficients, emissivity, screen temperatures and surrounding surface 
temperatures. 
 
In order to be able to analyze the influence of the different parameters on the 
accuracy of the method, the view factors between the measuring screen and 
surrounding surfaces were calculated. The span of the convective heat transfer 
coefficient along a thin homogenous screen exposed to an airflow pattern from a low-
velocity diffuser in displacement ventilation was also estimated. Next, a theoretical 
analysis of the method was performed, under different supply air and indoor 
conditions. In the analysis the ambient air temperature was taken to 17 and 18 °C, 
respectively. The weighted mean surrounding temperature varied between 20 and 24 
°C. The effective emissivity of the screen was assumed to be between 0.5 and 1, 
while a range of variation for the convective heat transfer coefficient was based on 
measurement results. 
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Also, an analysis of the uncertainty of the predicted air temperature from infrared 
camera measurement was performed. The predicted air temperature was calculated 
and analyzed for two different assumed measuring screen temperatures. In this 
analysis the uncertainty of the infrared camera measurement of a surface was 
assumed to be ±0.3°C. 
 
 
4.2.2 Conclusion and Discussion 
The results of the investigation show that air temperature measurements with the 
described method can give rise to incorrect values. For the specific delimitation in the 
investigation, the screen temperature was theoretically between 0.2 and 2.4 °C 
warmer than the ambient air temperature. 
 
View-factor calculations show that heat sinks or heat loads placed on the opposite 
side of the diffuser and the measuring screen or in the ceiling have very small 
impact. The agreement between screen temperature and ambient air temperature is 
quite acceptable for a screen with an effective emissivity of 0.5 when the ambient air 
temperature is up to 3 or 4 °C cooler than mean surrounding temperature. A high 
effective screen emissivity, on the other hand, can give poor agreement due to high 
radiation heat exchange with the surroundings.  
 
The maximum uncertainty of the predicted air temperature was found to vary 
between 0.6 and 1.0 °C for the four presented cases. The maximum uncertainty can 
be reduced to a great extent by estimating the convective heat transfer coefficient 
more accurately and using a screen with low effective emissivity. 
 
 
4.3 Paper III 
The title of the third paper is “Numerical and experimental investigation of air flows 
and temperature patterns of a low velocity diffuser,” published in Proceedings of the 
9th International Conference on Indoor Air Quality and Climate in 2002. 
 
 
4.3.1 Outline 
This paper reports both numerical investigations and experimental measurements 
with point measurements as well as infrared thermography in a typical ventilated 
office room. Experiments were performed in a full-scale test room in the near-zone of 
a low-velocity diffuser for displacement ventilation. A three-dimensional CFD model 
was built with similar geometry to that of the test room. The aim was to verify the 
CFD simulations against point measurements and also to compare it with whole-field 
measurements. Turbulence was modeled by means of a zero-equation model (the 
LVEL model) and three two-equation models: the standard k-ε model, the RNG 
model, and the Chen-Kim model. 
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The air was supplied through a low-velocity diffuser sized 0.23×0.525 m and with a 
free area of 0.0163 m2 (Diffuser B). The air in the test room was held at an 
appropriate temperature with an electric mat covering the whole floor. In the 
investigation a measuring screen of size 1.0x0.6 m, made of paper with an emissivity 
of 0.91, was used. Measurements were performed for supply airflow of 15 l/s with a 
temperature of 17°C. The vertical air temperature and the vertical air velocity close to 
the diffuser were measured at four different distances from the diffuser along the 
centerline. The vertical temperature distribution was also measured in the middle of 
the room. 
 
The diffuser consisted of 3600 rectangular openings with a total area (free area) of 
0.0163m2. The diffuser was simulated by 200 rectangular openings (9mm×9mm) 
resulting in more or less the same total area as the original diffuser. The flow rate of 
the inlet air was defined at the top of the diffuser. The mesh consisted of totally 
383250 cells, with only 2 cells in each opening.  
 
 
4.3.2 Conclusion and Discussion 
The accuracy of the CFD simulation is highly dependent on the number openings 
included in the model. Using fewer numbers of openings in the model compare to the 
real diffuser implies that some diffuser characteristics can be lost, e.g. the loss of 
momentum is too low and the horizontal distance is therefore overestimated.  
 
All two-equation models captured the recirculation of the airflow close to the supply 
diffuser and agreed fairly with the instantaneous infrared thermography image. For 
the LVEL model, the size of the recirculation bubble at the floor-level is to some 
extent larger than the two-equation models.  
 
All two-equation models are capable of predicting the velocities and the temperatures 
in quite good accordance with experimental findings. For all models, the agreement is 
not perfect very close to the diffuser, at x = 0.1 m, because the flow patterns are to a 
great extent affected by the diffuser characteristics and modeling. However, the 
results indicate that the modeling of the inlet device seems to be quite acceptable. The 
maximum velocities predicted by two-equation models are higher than the 
experimental data (2–14%). The LVEL model underpredicts the maximum velocity 
especially close to the floor (4–16%). These underpredictions of the velocities for the 
LVEL model result in high temperatures near the floor. The temperature is 
overestimated by up to 1.1°C. 
 
Overall, all two-equation models are in good agreement with point measurements. 
The predictions from the RNG and the Chen-Kim model were almost the same and 
slightly different than the standard k-ε model. However, employed turbulence models 
overpredict the temperature gradient, especially at x=0.5m from the diffuser, 
indicating poor heat transfer analysis near the floor. The RNG and the standard k-ε 
models are very stable during computations, while the Chen-Kim model is quite 
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unstable and requires more iteration to converge. The LVEL model is less 
computationally expensive (by around 20%) than the two-equation models, but as 
with the Chen-Kim model it requires many iterations to converge.  
 
 
4.4 Paper IV 
The title of the fourth paper is “Numerical Modeling of a Complex Diffuser in a 
Room with Displacement Ventilation.” It has been submitted to Building and 
Environment in 2004. 
 
 
4.4.1 Outline 
The purpose of this article was to verify that the use of the micro/macro level 
approach, MMLA, is sufficient to achieve good predictions of velocity and 
temperature distribution close to a complex low-velocity diffuser (Diffuser C) in a 
room with displacement ventilation. In this approach first a micro level simulation of 
the flow inside the diffuser is preformed in order to obtain airflow data for the air 
leaving the diffuser. The result in then used as boundary condition for a coarser grid 
simulation inside the room, macro level simulation. The diffuser in the macro level 
simulation was modeled by just one simple opening with the same geometry as the 
real diffuser. 
 
The micro-level model was build in a way geometrically similar to the real diffuser, 
but only half of it was included in the CFD model due to symmetry. Turbulence was 
modeled by means of steady-state RSM. The final mesh consisted of 812 944 
hexahedral elements and each opening consisted of 9 elements. 
 
Also in the macro-level simulation was only half of the environment included due to 
symmetry. A non-conformal mesh setup was applied between the simple inlet 
opening and the room. Again turbulence was modeled by means of steady-state RSM. 
The final mesh consisted of 1 330 754 hexahedral cells.  
 
The CFD results were evaluated against point measurements, hot-wire anemometer 
and thermocouples, as well as whole-field measurements, infrared thermography.  
 
 
4.4.2 Conclusion and Discussion 
Generally, the MMLA proposed in this article resulted in CFD predictions of air 
velocities and air temperatures that agreed rather well both qualitatively and 
quantitatively with measurements. In the micro-level simulation, the predicted 
vertical and horizontal velocity outlet profiles agreed very well to the measured data 
considering the relative high measurement uncertainty that could be expected. 
However, in the macro-level simulation the diffusion of momentum and temperature 
in the near-zone of the diffuser were under-predicted by the model. Also in this paper 
the temperature gradient close to the floor was overpredicted, indicating poor heat 

 69 



transfer analysis near the floor. The predicted turbulence intensity was much lower 
than measurements indicated. This might be related to high instability of the airflow 
close to the diffuser, which steady-state simulations probably not correctly capture. 
Slightly incorrect predicted flow direction of the air leaving the diffuser was another 
source to the discrepancies between the predicted air velocities from the macro-level 
simulation and measured air velocities. 
 
The study shows that it is very difficult to achieve excellent predictions of velocities 
and temperatures close to a low-velocity diffuser. The diffuser can be complex and 
the airflow can be very unstable. Therefore, unsteady simulations are recommended 
to more accurately capture the nature of the airflow close to a complex low-velocity 
diffuser.  
 
 
4.5 Paper V 
The title of the fifth paper is “Visualization of Isothermal Low-Reynolds Circular Air 
Jet using Computed Tomography”; it has been presented at the 6th World Conference 
on Experimental Heat Transfer, Fluid Mechanics, and Thermodynamics, 
Matsushima, Miyagi, Japan, April 17-21, 2005. 
 
 
4.5.1 Outline 
This paper demonstrates the usefulness of computed tomography for studying 
pollutant concentrations and pollutant transport indoors. In this paper scattering 
tomography is applied to reconstruct the extinction coefficient distribution of smoke 
particles in a horizontal circular symmetric isothermal air jet. The reconstructed 
extinction coefficient distributions were compared to the corresponding velocity 
profiles measured by hot-wire anemometer. In the Mathematica programming 
environment the LTD approach is use to convert the one-dimensional extinction 
measurements into two-dimensional information. The algorithm has been modified so 
that all pixels within beams whose path-integrals are under a certain cutoff limit were 
forced to be very close to zero.    
 
 The jet flow was injected in a chamber with dimensions (length by width by height) 
3.5×3.0×2.5m. The free jet flow was issued from a small nozzle, diameter 40 mm, 
designed as a fifth degree polynomial where the exit section coincides with the point 
where the tangent is parallel to the nozzle axis. The jet is a low Reynolds jet, intended 
for personalized ventilation applications. The test was conducted for the supply 
velocity of 1.0 m/s, and the Reynolds number at the exit of the nozzle was around 2 
600. The frame for remote optical detection of the air jet was composed of 62 diode-
lasers and 62 detectors divided over two projection angles. The frame was rotatable 
45 degrees, enabling 62 more extinction measurements from two different views. The 
reconstruction area was 0.394×0.394 m and images were constructed on a 31×31 grid. 
Smoke with a mean diameter of 1.5 microns was used as tracer gas. 
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4.5.2 Conclusion and Discussion 
According to the results, the modified algorithm produced promising non-artifactual 
reconstructions from time-averaged light extinction measurements performed from 
only four views. The modification seems to be important for concentration maps with 
steep gradients and regions with very low concentrations. 
 
Results from the reconstructions shows that the width parameter of the extinction 
coefficient distribution is around 23% larger than the velocity distribution for 
distances between 10 and 20 nozzle diameters downstream. This finding is in good 
agreement with the results of other investigators. 
 
This initial experimental study illustrated that the reconstruction quality depends 
heavily on the weighting scheme; hence finding an optimal scheme is of very great 
importance in order to improve the method. 
 
 
4.6 Paper VI 
The title of the sixth paper is “Computed Tomography for Gas Sensing Indoors Using 
a Modified Low Third Derivative Method - Numerical study”; it has been submitted 
in revised form to Atmospheric Environment in 2006. 
 
4.6.1 Outline 
This article presents a numerical study of the performance of the LTD method as well 
as the modified LTD method. Eight test maps, six bivariate Gaussian type 
distributions and two more complex non-Gaussian type distributions, were 
reconstructed under different conditions, such as weight ratio, beam density, cut off 
limit, pixel resolution and measurement noise. The reconstruction algorithms were 
evaluated both qualitatively (visual inspection) and quantitatively (r2, nearness and 
peak error). The r2 value states the agreement between re-projections of the 
reconstructed map and path-integrated data from the true map, while nearness 
describes the pixel-by-pixel discrepancy between reconstructed map and the true 
map.  
 
A hypothetic quadric region with side length l was used in this study. In the basic 
configuration, a beam configuration consisted of 120 beam-paths divided over four 
projection angles was used. This configuration is similar to previous studies 
performed by other researchers. In the basic configuration the test region was divided 
into square pixels with width equal to the distance between light sources, resulting in 
a pixel resolution of 20×20. 
 
The cut-off limit (path-integrated values below the cut-off limit were set to zero) was 
assumed to be between 0.5l and 8l ppm-m. In order to simulate measurement noise, 
the output signal from the detectors was modeled using a normal distribution with 
mean zero and relative standard deviation of 2.5% and 10%.  
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4.6.2 Conclusion and Discussion 
The quality of the reconstructions was heavily affected by the weight ratio. Results 
showed that weight of the prior information should be much lower than the mean 
weight of the beams both in the original and the modified LTD method, especially for 
noise free reconstructions. As the measurement noise increased the weight ratio had 
to be decreased (prior weight increased).  
 
For low measurement noise (≤2.5 %) the optimal weight ratio was observed to be 
around 50 to ensure sufficient reconstruction quality of both the simple and the 
complex distributions. The 20 by 20 pixel resolution was optimal both when 100 % 
and 50 % of the beams were used. In this study the optimal cut-off limit was observed 
to be around 5 % of the mean path-integrated data.  
 
As could be expected, the quality of the reconstructions decreased as the complexity 
of the test map increased. 
 
The modified LTD method performed better that the original for reconstruction of 
maps containing steep gradients and regions with very low concentrations. The 
modified LTD method efficiently lessened the effects of noise and created close to 
non-artifactual reconstructions. 
 
In this paper the algorithms were evaluated using only eight different test maps. A 
more comprehensive evaluation of The LTD methods needs to be performed using a 
battery of test maps under different conditions before it can be utilized with good 
certainty for monitoring of tracer gas concentration in large indoor spaces. 
 
 
4.7 Paper VII 
The title of the seventh paper is “Computed Tomography for Indoor Applications.” It 
has been published in Journal of Ventilation in 2006. 
 
4.7.1 Outline 
This paper deals with tomographic techniques for two-dimensional spatially resolved 
concentration measurements indoors. Methods for the recording of path-integrated 
data as well as today available tomographic reconstruction algorithms are discussed. 
Fundamental concept of computed tomography is explained as well as light extinction 
measurements.  
 
4.7.2 Conclusion and Discussion 
The basis components in a tomographic system for reconstruction chemical or 
particle concentration distributions are the optical sensing system and the 
tomographic reconstruction algorithm. The design of the optical sensing 
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configuration is not straightforward. It depends on size and layout of the region and 
number of available path integrated measurements. Also of importance is the purpose 
of the investigation, which basically sets the requirements on spatial and temporal 
resolution of the reconstructions. The design of detailed flow field diagnostics 
applications has to be different than fore example leak detection and simple 
visualization applications. Also one can expect that the optimal sensing configuration 
design is influence by the type of reconstruction algorithm that is used. Since air is a 
dynamic environment it is preferable that series of beams are quickly shoot thought 
the air to produce accurate real-time monitoring. 
 
For indoor application it is common to use a scanning configuration such as multiple 
rotating steerable FTIR spectrometers along with mirrors and retroflectors at the 
perimeters of a room. Scanning the room using FTIR spectrometers often take several 
minutes and therefore transient monitoring of pollutant dispersion is non-optimal. 
However, this configuration works well under steady-state conditions. More optimal 
is therefore a snapshot configuration system where all beam paths are measured 
simultaneously. This type of systems can of course be very costly, but with the used 
of fibre-optic based systems might in the future make it possible to examine transient 
chemical transport indoors over large areas.  
 
Reconstruction algorithms for indoor application should perform well for limited data 
and in the present of measurement noise, especially if real-time reconstructions are 
desirable. A Bayesian approach seems to be a rational choice for reconstruction of 
pollutant concentration indoors. The Bayesian approach avoids the high noise 
sensitivity frequently encountered with many other reconstruction methods. The 
SBFM and the LTD approach are the most promising algorithms for indoor 
application since they regularized to converge toward smooth distributions. 
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5 CONCLUSION 
 

In order to understand indoor climate it is important to have good tools. The methods 
presented in this work are tools to attempt to get closer to this goal. By being able to 
visualize the characteristics of indoor climate a discussion can be started, which could 
lead to improvements in designing pleasant indoor environments.   

This chapter aims at connecting the introduction of this thesis with general results 
from the different papers. 
 
 
5.1 Infrared Thermography 
These are the conclusions from the study regarding infrared thermography: 
 
• Infrared thermography is an excellent technique for visualization of air 

temperature, particular in areas with high temperature gradient, such as close to 
diffusers. The proposed technique is very useful for checking the performance of 
ventilation systems in different environments, e.g. control of the airflow pattern 
close to a low-velocity diffuser in displacement ventilation. It is applicable to both 
laboratory and field test environments, such as in industries and workplaces. 
Because the technique records real-time images, correction and improvement of 
the performance of diffusers can be made instantaneously on site. 

• As shown in Paper I, an offset adjusted Agema 570 camera measures the 
instantaneously temperature of a solid high-emissivity measuring screen with an 
accuracy around 0.6 °C compared to thermocouples. The difference is estimated 
to decrease down to as low as 0.3 °C if measurements are averaged and corrected 
for distortion error.  

• Most practical and for best performance, particular in transient events, a solid 
measuring screen should be used, with an high emissivity of the surface facing the 
infrared camera and some kind of radiation shield protecting the other side of the 
screen. Analytical and experimental investigation performed with a high-
emissivity solid screen placed in a typical airflow from a low-velocity diffuser in 
an office room show that the temperature of a solid screen can be around 2 °C 
warmer than the ambient air due to surrounding radiation.  

• Using a porous screen the temperature of the screen might be closer to the 
ambient air due to higher convective heat transfer coefficient between air and the 
screen. However, if using a porous screen there may be substantial error 
introduced to the air temperature measurements across the screen due to thermal 
radiation transmitted through the screen from background surfaces. 

• Experimental data provided by this method is not accurate enough to validate 
numerical predicted temperature values. For quantitative measurements the 
recorded screen temperatures must be corrected for radiation heat exchange with 
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the environment, a task complicated since knowledge about the local heat transfer 
coefficients, view factors and surrounding surfaces are needed and known with 
good accuracy. Still, with this whole-field measurement technique it is possible to 
identify overall and serious discrepancies between numerical predictions and the 
experimental observations. 

 
 
5.2 Computed Tomography 
These are the conclusions from the study regarding computed tomography: 
 
• As reported in Paper VII, the design of the optical sensing configuration has a 

major influence on the performance of this whole-field measuring technique. 
Ideal is to perform vast number of path integrated measurements over vast 
number of views, such as in CAT scans used in medicine. An indoor application 
will be economical only if it requires relatively few numbers of light beams. 
Generally, extinction measurements should be evenly distributed over at least four 
views, covering each part of the studied region identically. For indoor application 
it is common to use a scanning configuration such FTIR spectrometers along with 
mirrors and retroflectors at the perimeters of a room generating a total of around 
100 to 120 beams. However, to enable transient monitoring of pollutant 
dispersion a snapshot configuration system has to be used. This type of systems 
can of course be very costly, but with the use of fibre-optic based systems it might 
in the future be possible to examine transient chemical transport indoors over 
large areas.  

• Reconstruction algorithms for indoor application must perform well for limited 
data and in the present of measurement noise, especially if real-time 
reconstructions are desirable. The trick is finding an algorithm that pinpoints 
pollution locations as well as magnitudes with a minimum number of light beams. 
A Bayesian approach seems to be a rational choice for reconstruction of pollutant 
concentration indoors. The Bayesian approach avoids the high noise sensitivity 
frequently encountered with many other reconstruction methods such as 
discrete/iterative types. Today, the SBFM and the LTD approach are the most 
promising algorithms for indoor application since they regularized to converge 
toward smooth distributions. However, designing algorithms that produces the 
most accurate results with sparse data is a crucial and continuing task. 

• In paper V, a low cost optical remote sensing system in conjunction with a very 
fast algorithm has been used to reconstruct a horizontal jet beam. It was shown 
that smoke particle could be used as tracer medium to study the behaviour of a jet 
beam. The LTD method was slightly modified to perform better, particular over 
rather small areas where steep gradients and regions with very low concentrations 
can occur. This modification resulted in more non-artifactual reconstructions. The 
results showed that the modified LTD method worked well with limited numbers 
of extinction measurements. 
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• The LTD approach seems to perform rather well using only four views (paper V 
and VI), which opens the possibility for real-time imaging indoors. From the 
results reported in Paper VI, the quality of the reconstruction with both the 
original and modified LTD method was found to be very dependent on the ratio 
between the weight of the measurement data and weight of the prior information. 
Optimal weight ratio was observed to be around 50 (measurement noise ≤2.5 %), 
which ensured sufficient reconstruction quality of both the simple and the 
complex distributions. From the numerical study in Paper VI, the reconstruction 
quality achieved by the modified LTD version was found to outperform the 
original LTD method when the maps contained steep gradients and regions with 
very low concentrations. It was also observed that the optimal cut-off limit was 
around 5 % of the mean path-integrated data for the studied test maps. 

• Computed tomography together with optical sensing can be an excellent tool in 
order to understand the dispersion of airborne pollutants in buildings. This 
technique can be used to e.g. reducing health risks as well as to improving 
occupant comfort. Also it might be possible to use computed tomography to 
validate numerical models especially if instantaneously whole-field 
reconstructions are possible. This system may also provide a tool to determine 
ventilation efficiency. 

 
 
5.3 Numerical Simulations 
These are the conclusions from the study regarding numerical simulations: 
 
• Like infrared thermography, CFD simulation is a powerful tool for visualization 

of airflow pattern and temperature distribution in rooms as well as velocities. 
However, for predictions of the absolute value of the physical variables the CFD 
model have to be validated against some reference case with high quality 
experimental data.  

• CFD simulations of room air temperature and velocities including complex 
diffusers are very troublesome. Complex diffuser often needs to be simplified 
otherwise solution requires extremely vast computing power.  

• The accuracy of the CFD simulation is highly dependent on the number openings 
included in the model. It is a trade-off in the number of openings. In order to 
achieve good predictions close to the diffuser, the numbers of openings should 
match the real diffuser as much as possible. However, this implies that a very fine 
grid with very high resolution must be used; otherwise large errors and divergence 
might appear. Using fewer numbers of openings a more sophisticated mesh is 
possible for the same cost in computing time. But than again some diffuser 
characteristics can be lost, e.g. the loss of momentum is too low and the 
horizontal distance is therefore overestimated.  

• From the results reported in Paper III, the accuracy of the predicted velocities and 
temperatures was found to be very dependent on the complexity of the turbulence 
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model. Simulations using any of the studied two-equation models resulted in 
much better agreement with measurement data than the zero-equation model. 
Among the two-equation models the RNG and the Chen-Kim model agreed 
slightly more with measurement data than the Standard k-ε. With the relatively 
coarse grid that had to be used in Paper III, the airflow inside the diffuser was not 
correctly capture with any of the studied turbulence models.  

• An interesting approach proposed in paper IV, is to first model the flow inside the 
diffuser, and then used this result as an inlet boundary condition for the room. 
This will make the meshing procedure easier and the number of cells can be 
lowered. Diffusers can be very detailed modelled. This micro/macro level 
approach makes it possible to improve the design of supply air devices and 
extensively study the effect of diffuser characteristics and placement of the supply 
air diffuser in a conditioned room.   

• Comparison of experimental and numerical results in paper III and IV indicates 
that the wall heat transfer is not properly modeled with the standard wall 
functions. The predicted temperature gradient was overestimated and as a result 
the wall heat transfer coefficient was underestimated. This error seems to increase 
with the increasing distance from the diffuser. Also the flow behavior seems to be 
very unstable which is not captured by the steady-state CFD simulations. 
Applying transient simulation with enhanced wall treatment or unsteady low-
Reynolds number turbulence models may improve the agreement with 
measurements.   

• The applicability of CFD simulation of the airflow close to a complex diffuser is 
confirmed. As mentioned the accuracy depends mainly on the accuracy with 
which the diffuser, turbulence and wall treatment are modelled. Data from CFD is 
commonly used in a comfort analysis of the room. However, prediction of e.g. the 
near zone (PD > 15 %) in a displacement ventilated room is very problematic 
since air velocities, air temperatures and turbulence intensity need to be predicted 
with good accuracy.     
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6 FUTURE WORK 
 
Plenty of work is left to do in order to complete the project “Making the indoor 
climate visible at the design stage”. Continued development of whole-field measuring 
techniques for recording of indoor climate data has to be accomplished in the future. 
Also, some improvements need to be made in order to be able to display and present 
the indoor air data in three-dimensional virtual rooms. 
 
The research so far has shown that visualization and measuring of air temperatures 
with infrared thermography is quite satisfactory in the near-zone of a diffuser for 
displacement ventilation under normal indoor conditions. However, in the future it 
would be of interest to more accurately determine the convective heat transfer 
coefficient along different screen materials and structures for different flow 
situations. Accurate and good knowledge about this coefficient will increase the 
quality of the estimated air temperature significantly.  
 
It would also be interesting to focus research about background radiation correction 
when using porous screens. Porous screens have higher convective heat transfer 
coefficient with the surrounding air. There is two possible ways to extract background 
radiation: 

• Use a net with thick threads, and with help of image processing extract pixels 
placed on threads.  

• Perform measurements with and without a porous screen, and then with help 
of image processing extract background radiation. 

 
In computed tomography, work needs to be performed regarding accuracy in 
reconstructing concentration distributions for different types of situations. Different 
setups and algorithms must be more throughout analyzed.  
 
Work should also focus on finding the optimal beam configuration for a given 
number of optical beams. Performing reconstruction from a combination of light 
extinction measurements and point measurements (or short beam paths) would also 
be of interest. The optimal weighting factor values in the LTD method need to be 
investigated more extensively for different cases. In this work the same prior weight 
was used for every pixel. Allowing weight to vary with position might create better 
reconstructions. However it is not obvious how to determine the best spatial variation 
of weights by just analyzing the path integrated data.  
 
More work need to be done regarding validation of CFD code for prediction of indoor 
climate parameters, particularly in rooms with displacement ventilation. In order to 
achieve better CFD predictions of velocity and temperature distributions close to 
complex low-velocity diffuser, unsteady RSM with enhanced wall treatment is 
recommended if possible. If the MMLA is used it can be possible to perform LES in 
the micro-level model. 
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APPENDIX 1 – ENTRAINMENT THEORY 
Many attempts have been made to empirically determine the profile width of the jet, 
buoyant jet, and plume with variety of results. Rouse et al. (1952), Gebhart et al. 
(1970) and Pera et al. (1972) are some examples of early studies of pure plumes from 
line or point heat sources. The most cited quantitative experiment was performed by 
Rouse et al. (1952) who used vane anemometers and thermocouples to measure mean 
velocity and mean temperature profiles above a gas burner.  
 
At some distance upstream, above a heat source, the distribution of the mean radial 
concentration profile can be expressed using the self-similarity hypothesis. 
 
Self-similarity hypothesis: 
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Rouse et al. (1952) find that for axially symmetric cases, the distribution of the mean 
radial velocity and temperature profile can be approximated with a Gaussian profile 
resulting in the following relationship: 
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The Gaussian constants were experimentally 
determined to be mu = 96, mT  = 71 in the 
fully developed similarity zone. This means 
that the width of the temperature profile was 
observed to be greater than the velocity 
profile. This was in accordance with Hinze 
and Van der Hegge Zijnen (1949), who 
studied the transfer of momentum, heat and 
matter for a turbulent axially symmetric jet. 
They concluded that the rate of spreading of 
heat was higher than that of velocity, but also 
that the rates of spreading of heat and matter 
were mutually equal. Therefore the Gaussian 
concentration constant, mc, and the Gaussian 
temperature constant, mT, are assumed to be 

s

z >> ds

D 
Figure 31. Plume 
shape. 
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equal.  
 
The Gaussian constant, m, is commonly used to characterize the profile width of jets 
and plumes in the fully developed similarity zone. Results from George et al. (1977) 
and Bayazitoglu and Peterson (1990) indicated that m can also be used to predict the 
profile width in the transition region (>5 nozzle diameters downstream). The most 
commonly used width scale in a plume is the distance between the centerline and the 
point at which the velocity or concentration is e-1

 of the maximum. The concentration 
profile distribution is then expressed as 
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The relationship between m and b is    
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In the fully developed similarity zone bu is proportional to z via the entrainment 
constant, α, 
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This means that bu approaches a linear increment with the distance over the source.   
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