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Ar Archimedes number [-] 

DR draught rate [%] 
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l length scale [m] 

N number of discrete values [-] 
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x, y, z Cartesian coordinate axes [m] 

 fluctuation energy ratio [-] 
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x, y, z Cartesian coordinate axes 
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1. Introduction 

A healthy, comfortable and energy-efficient indoor environment is a key objec-
tive in promoting comprehensive well-being. This is also the main target of 
HVAC-technology. Consequently, the air distribution is a major factor in health, 
comfort and performance (Müller et al., 2013). The earlier studies have shown 
that ventilation is an essential method for good indoor environmental quality 
(Mundt et al., 2004; Wyon, 2004; Seppänen, 2008). Furthermore, thermal 
comfort has an effect on indoor environmental quality (Alfano et al., 2014). In 
addition, the indoor environmental quality has been shown to affect signifi-
cantly on learning and human performance (Wargocki and Wyon, 2017; Haver-
inen-Shaughnessy et al., 2015). Therefore, it is not a surprise that draught and 
thermal discomfort has been a common complaint indoors (Fanger et al., 1988; 
Lan et al., 2011; Kosonen et al., 2011; Sakellaris et al., 2016).  

The main challenge in indoor air distribution is to provide occupants with 
clean air for breathing and maintain their thermal comfort. This means that 
both the environment in the entire occupied zone and the micro-environments 
around each occupant have to be considered while evolving intelligent indoor 
environments (Melikov and Knudsen, 2007; Daum et al., 2011; Zhao et al., 
2014; Boerstra et al., 2015; Ghahramani et al., 2015). However, the ventilation 
requirements can be too low to prevent health and comfort problems (Wargocki 
et al., 2002). Therefore, a new framework for ventilation requirements has been 
proposed (Carrer et al., 2018). Generally, the air quality guidelines have been 
defined by the World Health Organization (World Health Organization, 1987; 
Heseltine and Rosen, 2009; World Health Organization, 2010). In addition, the 
criteria for acceptable thermal environments have been defined by the ASHRAE 
standards and the European ISO standards (CEN, 2005; CEN, 2007a; 
ANSI/ASHRAE, 2017). This means that new knowledge is necessary on indoor 
airflows. Thus, a research on heat loads and air distribution is justified.  

The indoor environment involves airflow elements that are interacting with 
each other, e.g. the ventilation jets, free convection flows and gravity currents 
(Heiselberg and Nielsen, 1996). Therefore, the strength and location of heat 
sources and heat sinks as well as the initial airflow conditions are important 
when characterizing airflow field. The indoor airflows are typically turbulent 
with variable air speed, fluctuation frequency and airflow direction (Müller et 
al., 2013). In addition, the indoor air may contain also laminar air movement 
and nearly stagnant volumes. Consequently, the indoor airflow field includes a 
wide range of scales and gradients of the describing parameters that are usually 
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in a continuous change. This has to be recognized and controlled in order to 
maintain optimal indoor climate. This is because it is challenging to guarantee 
good conditions with high heat loads. However, controlling room airflows can 
be difficult in the occupied zone based on the total volume air distribution (Me-
likov, 2016).  

In the large enclosures, the occupied zones covered typically only a small air 
volume compared with a total air volume (Heiselberg et al., 1998; Liddament et 
al., 1998). In those enclosures, the meaningful air distribution emphasizes oc-
cupied zones. In modern offices, the main challenge is to distribute clean air to 
the workstations without draught risk and guarantee optimal users’ perception 
on indoor climate. The draught has been defined as an unwanted local convec-
tive cooling of a person (Fanger, 1970). In this sense, the optimal air distribution 
methods play a major role while responding to spatial and temporal changes of 
indoor climate. For instance, the risk of draught increases when the airflow tem-
perature decreases and the mean velocity and the turbulence intensity increase 
(Fanger et al., 1988; CEN, 2005; Müller et al., 2013). Hence, the control of air-
flow conditions is important for occupants’ satisfaction with perceived thermal 
environment. Therefore, advanced air distribution methods and individual con-
trol are necessary to optimize occupants’ comfort in energy efficient manner. 
Furthermore, a recent study indicates that the knowledge on interaction of dif-
ferent elements is lacking in indoor environments (Wierzbicka et al., 2018). 
Consequently, also the knowledge on airflow interaction between the thermal 
plumes and the ventilation jets have to be improved.  

 

1.1 Indoor airflows 

Indoor air is a fluid whose structures cannot resist external shear forces (Fer-
ziger and Peric, 2002). The indoor airflows are usually turbulent, hence those 
airflows are in a spatial and temporal fluctuation. Earlier studies have shown 
that the energy spectrum of velocity fluctuations is proportional to the mean 
velocity such as the fluctuation energy increases when the mean velocity in-
creases (Hanzawa et al., 1987; Melikov et al., 1988; Hagström, 2002). In addi-
tion, Fanger et al. (1988) stated that the turbulence intensity has a significant 
effect on the sensation of draught. In a subsequent study, Melikov et al. (1997) 
showed that also temperature fluctuation increases draught sensation. Thus, the 
frequency has an influence on human thermal sensation (Müller et al., 2013). 
For instance, the sedentary subject experiments have shown that the maximum 
discomfort occur at the frequencies between 0.3-0.5 Hz with the periodically 
fluctuating airflow at a mean air velocity of 0.3 m/s and at an air temperature 
preferred by the subject (Fanger and Pedersen, 1977). Generally, the indoor air 
velocity has been found to fluctuate randomly from a very low level up to 2 Hz 
frequency (Finkelstein et al., 1996). In addition, the experiments have shown 
that individuals are more sensitive to the airflow deviation with the equivalent 
frequency between 0.2-0.6 Hz than the other frequency levels if the average air 
velocity is higher than 0.1 m/s (Zhou and Melikov, 2002; Zhou et al., 2002). 
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Generally, the equivalent frequency is an integral measure for the frequency of 
the random air speed fluctuations in rooms (Müller et al., 2013).  

The high-frequency motions may arise from the small-scale motions whereas 
the low-frequency motions grow up from the large-scale motions containing 
most of the inertial energy because the largest amount of air movement is asso-
ciated with the large-scale flows. However, the low-frequency fluctuation can be 
related also on the viscous forces that in turn dissipate the small-scale motions. 
This, in turn, is closely related to the diffusion phenomenon, i.e. to the shear 
forces in the boundary layers and in the mixing layers. The interaction of airflow 
elements with the velocity and pressure gradients as well as the vortical struc-
tures can thereby have a remarkable effect on flow stability and fluctuation. 
However, the indoor airflows can be in a transitional state between the laminar 
and turbulent flow conditions (Kandzia and Müller, 2016). This means that the 
chaotic and vortical flow structures are minor in the certain air volumes and 
major in the other air volumes, which are in a continuous change in the airflow 
field. It follows that when the airflow fluctuation changes, the fluctuation energy 
changes, and the human perception may change due to fluctuation of skin tem-
perature.  

Consequently, the free and forced convection flows may form a complicated 
airflow field involving changes that are difficult to predict. Generally, the room 
airflow pattern depends on the heat source strength and relative locations of air 
distribution units and heat sources (Koskela et al., 2010; Kosonen et al., 2010; 
Nielsen et al., 2017). In indoor environment, the most probable draught risk 
comes from the ventilation jets and the convection flows from heat sources (Ko-
skela et al., 2012). Furthermore, cold vertical surfaces provide downdraught to 
occupants (Heiselberg, 1994; Larsson and Moshfegh, 2002). In addition, the 
thermal radiation asymmetry is important. Actually, the airflow direction af-
fects significantly on draught perception (Mayer and Schwab, 1988). For in-
stance, the rising natural convection flow may interact with the vertical supply 
airflow and reducing the convective cooling of skin (Toftum et al., 1997). When 
internal heat loads begins to rise, the ventilation airflow rate can be increased 
to remove additional heat from indoor environment. However, the increased 
heat loads and airflow rate yield usually to increased air speeds, which may in-
crease draught discomfort (Müller et al., 2013). However, individuals may need 
air movement at higher indoor air temperature levels below the human temper-
ature, to improve thermal perception of indoor environment (Toftum et al., 
2000; Toftum, 2004).  
 

1.2 Objectives 

The motivation was to improve knowledge on airflow characteristics and indoor 
air movement, and also the interaction of air jets and thermal plumes on air 
distribution. This is because new knowledge on indoor airflow characteristics 
are necessary for developing intelligent indoor environments in the future. The 
optimal thermal conditions should be stable containing also indoor airflows and 
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draught levels. However, a lack of knowledge existed about a comprehensive 
representation of airflow characteristics that can be observed reasonably in 
those environments. Therefore, the main objective was to create a physical basis 
for characterizing indoor airflows. Furthermore, the objective was to investigate 
the effects of heat load strength and heat load distribution on the air speed, air 
temperature and draught rate profiles in the occupied zone. The heat sources 
were chosen such that 40 W/floor-m2 described a common heat load conditions 
and 80 W/floor-m2 described a peak load conditions. The workstations con-
tained test dummies, typical heat sources as well as simulated windows and 
heating foils for direct solar load. In addition, the large-scale air movement and 
airflow interaction were considered in the large enclosures. That is because only 
a few studies were found in which the large-scale air movement was investigated 
in detail, although those play a central role in the future. The objective was also 
to investigate different heat load conditions with diffuse ceiling ventilation. The 
diffuse ceiling ventilation provides very low momentum flux of supply air and 
the major factor that effects on air distribution is the convection flow of heat 
loads. Those objectives were investigated in the laboratory conditions and in the 
field studies by conducting the experimental and modeling methods.  

Consequently, the research questions were related to the interaction of free 
convection flows and the air distribution flows which are probably the main ex-
ternal airflow elements affecting the human thermal perception indoors. Hence, 
the first question was to examine what is the effect of heat load strength on air-
flow characteristics (Publications I-II). The second question was to explore what 
is the effect of heat load distribution on airflow characteristics (Publications II-
III). The third question was to recognize how the effects of convection flows can 
be reduced (Publications I-III). The fourth question was to realize indoor air 
movement in the large enclosures (Publications IV-V). The fifth question was to 
discuss on how the micro-environments and the total volume environment can 
be improved towards optimal human thermal sensation (Publications I-III).  

In this sense, the first hypothesis was that the heat load strength have a sig-
nificant effect on the airflow field, because the amount of inertial energy in the 
room will change due to the combined effect of heat load strength and ventila-
tion airflow rate. The effect of heat load strength has been studied in Publica-
tions I-II. The second hypothesis was that the heat load distribution has a re-
markable effect on the airflow field controlled by the diffuse ceiling ventilation. 
This is because the earlier studies have found significant effects of heat loads on 
indoor airflows controlled by other air distribution methods, e.g. Koskela et al. 
(2010), Müller et al. (2013), Bertheussen et al. (2013), Mustakallio et al. (2016) 
and Nielsen et al. (2017), to name a few. However, in the earlier studies, the 
detailed effects of increased heat load conditions were not found on the pro-
posed airflow characteristics. Therefore, this study represents the detailed ef-
fects of heat load strength and heat load distribution on the airflow characteris-
tics. The effect of heat load distribution and low momentum air distribution 
method has been studied in Publications II-III. The third hypothesis was that 
large-scale air movement plays a significant role in the large enclosures and 
those are convenient to observe. The indoor air movement in large enclosures 
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has been discussed in Publications IV-V. The fourth hypothesis was that the dis-
comfort frequency level 0.3-0.5 Hz can be recognized from the fluctuation en-
ergy. Additional discussion covers on how the micro-environments and the total 
volume environments can be improved towards intelligent indoor environment 
in the future.  

The study will contribute to the building sciences, indoor airflows, heat loads 
and air distribution in thermal environments. The symmetric and asymmetric 
heat load distribution and the equally distributed vertical supply airflow offered 
a good platform to investigate time and spatial averaged airflow field. The dif-
fuse ceiling ventilation enabled locally a low-momentum supply airflow field 
that disturbs little the buoyancy driven flows from heat sources. Adds to the 
knowledge has been provided by calculating descriptive statistics from the 
measured data and by conducting the Fourier transform to change time series 
records to the frequency domain. Furthermore, the study conducts the experi-
ments and predictions to investigate probable trends in indoor air movement in 
a large enclosure.  

The study enhances understanding on airflow conditions and draught discom-
fort under the common and peak heat load conditions that can be important in 
the future. In fact, the indoor climate, air distribution and indoor air movement 
are not well understood in the large enclosures, in which a range of length, time 
and velocity scales can be very large. Thus, the study on indoor air movement in 
large enclosures is topical and justified.  

A scientific discussion will be continued in complementing earlier studies on 
airflow characteristics and draught discomfort. Furthermore, when under-
standing better the airflow interaction, the healthy and comfortable indoor en-
vironments can be optimized more reliable than earlier by conducting advanced 
HVAC-technology. Overall, the proposed airflow characteristics form a physical 
basis for investigating indoor airflows for the future intelligent environments. 
Thus, assessing airflow characteristics is an essential part of human well-being 
and performance indoors.  

 

1.3 Novelty of the study 

In this study, novelty comes from systematic investigation and statistical analy-
sis of time and spatial averaged airflow characteristics in a controlled indoor 
environment. This is because so far the lack of knowledge on detailed effects of 
heat loads have constrained the discussion on indoor airflow characteristics. 
Furthermore, a complementary airflow characteristics has been proposed as a 
physical basis for controlling indoor airflows. The proposed airflow characteris-
tics can be used to assess dependencies, regularities and relationships from both 
the experimental and numerical data. In addition, the novelty of the study is in 
comparing the airflow characteristics with the symmetric and asymmetric heat 
load distributions not only at the common heat load conditions but also at the 
peak load conditions by conducting rather long measurement interval (h) and 
high sampling rate (Hz). Furthermore, the categories of thermal environment 
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are discussed based on EN ISO Standard 7730 and draught rate model (CEN, 
2005).  

One of the novelties is the knowledge gained from the indoor air movement in 
large enclosures. The novelty comes from the field measurements that have 
been infrequent in the earlier studies and from the CFD simulations that can 
deepen understanding of probable trends in indoor air movement under the 
given boundary conditions. Thus, the findings may provide insights into a phys-
ical airflow structures in the large enclosures. In addition, the novelty of the 
study lies in a comprehensive investigation of total air volume environment by 
conducting the monitored, measured and modeled data from the multipurpose 
arena.  

1.4 Content of the study 

In Publication I, the effects of heat load strength on the proposed airflow char-
acteristics are discussed with the symmetric heat load distribution. The clear 
cause effect relationship was found between the heat load strength and the air-
flow field that enables an opportunity to develop new indicators for exploring 
indoor airflow field. In Publication II, the impact of heat load strength on the 
airflow characteristics are discussed with the asymmetric heat load distribution. 
The study found a circulating airflow pattern from the heat loads to the other 
side of the room. In Publication III, the influence of heat load distribution on 
the airflow characteristics are discussed. The flow field was different with those 
heat load distributions. In Publication IV, the indoor air movement of the mul-
tipurpose arena are discussed. The large-scale air movement was observed up-
wards along to lower seating area and downwards along to upper seating area 
with displacement and zoning ventilation. The experiments have been comple-
mented with CFD simulations. In Publication V, the indoor air movement of the 
ice rink arena and the performance of air heating are discussed. The publica-
tions supplement each other and can be linked together as shown in Figure 1. 

 

 

Figure 1. A schematic framework of the study. 
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In Publications I-III, the airflow characteristics has been studied in detail in 
the laboratory environment, in which the boundary conditions can be con-
trolled. In Publications IV-V, the study widens the scope to the field studies, 
where the large-scale indoor air movement has been studied in real environ-
ment. CFD simulations provided detailed data about the probable airflow pat-
terns under the given boundary conditions. In the multipurpose arena, the in-
creased heat load came from the audience, lighting and equipment. In the ice 
rink arena, the additional heat load came from the Nordic summer conditions, 
in which the solar energy heated the envelope structures. Those publications 
contribute to new knowledge on indoor airflow characteristics for the further 
studies regarding with the intelligent indoor environments. 

1.5 Experimental methods 

A purpose of an experimental method is to observe and measure a system of 
quantities within a certain accuracy (Bradshaw, 1970; Ower and Pankhurst, 
1977; Benedict, 1984). Those methods are also necessary while validating nu-
merical modeling of indoor airflows (Chen and Srebric, 2002). Hence, the ex-
perimental methods are very important while investigating indoor airflows. A 
measurement has been defined as a process of experimentally observed quantity 
values that can be attributed to a quantity (JCGM, 2012). Thus, the measure-
ment assign numerals to objects that can yield to a reasonable scale and meas-
ure of a flow phenomenon (Stevens, 1946; Suppes and Zinnes, 1962; Finkel-
stein, 1973). In a subsequent study, Loomans (1998) proposed that a measure-
ment is merely a knowing issue and its reliability should not be overestimated. 
Furthermore, a quality of the measuring instruments and a careful calibration 
of those instruments are essential for a reasonable measurement (Melikov et al., 
1998a; Melikov et al., 1998b; Melikov and Popiolek, 2004; Sillanpää, 2009). In 
addition, checking the calibration afterwards before an actual measurement is 
suggested (Melikov, 2018).  

The velocity, the pressure and the temperature are typical properties to meas-
ure (Benedict, 1984; Goldstein (ed)., 1996). In indoor environments, also the 
measure of thermal radiation, air humidity and concentrations such as carbon 
dioxide, VOC and chemicals are common properties to measure while assessing 
thermal conditions, thermal comfort and indoor air quality. Furthermore, the 
earlier studies have shown that airflow fluctuation can have a significant effect 
on draught sensation (Fanger et al. 1988; Melikov et al. 1997; Zhou and Melikov, 
2002). This is because the fluctuation increases the heat transfer between the 
human and the surroundings. Therefore, a sufficiently long measurement pe-
riod with high sampling rate have to be observed such as the deviation can be 
detected properly. However, a dynamic response of the instrument defines the 
measurement of fluctuations (Melikov et al., 1998c). Furthermore, the direc-
tional sensitivity and the natural convection flow from the sensor affect the re-
sult (Melikov et al., 1998a; Popiolek et al., 1998; Melikov et al., 1998b). Gener-
ally, the standards are basis for a good quality measurement of indoor air, e.g. 
the European standards EN 13182:2002 (CEN, 2002), EN ISO 7726:2001 (CEN, 
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2001) and EN ISO 20988:2007 (CEN, 2007b). Recently, the three-dimensional 
particle tracking velocimetry (3D PTV) has shown promising results while de-
tecting large-scale flow structures (Lobutova et al., 2009; Lobutova et al., 2010). 

In this study, the observed parameters were the air temperature, the air speed 
and the static pressure difference. The air speed and the air temperature were 
measured by using omnidirectional anemometers. The pressure difference was 
measured to estimate the ventilation airflow rate. Furthermore, the air humidity 
and the surface temperature were measured. The detailed measurement meth-
ods are shown in Publications I-V. In the laboratory environment, also the 
boundary layer conditions were detected (Publications I-III). The measured da-
taset records were reasonable long, i.e. from 0.5 h to 1 h compared to widely 
used 3 min interval. The sampling rate was correspondingly from 1 Hz to 10 Hz 
depending on the sensor height and test case. The higher sampling rate was im-
plemented on the seated person zone and the lower sampling rate on the upper 
zone, because the study concentrated on the workstation height. Hence, it is be-
lieved that the recorded datasets include a reasonable number of instantaneous 
values for investigating air speed fluctuation. In the field studies, the measured 
interval was 3 min (Publications IV-V). The air speed fluctuation is required for 
assessing the turbulent kinetic energy and the turbulence dissipation that are 
necessary for estimating the turbulence scales.  

 

1.6 Numerical modeling 

Numerical modeling is a common method while solving fluid flow problems, 
because experimental methods can be more expensive and time-consuming 
while providing detailed data from the flow field. Furthermore, the measure-
ment in the large enclosures are challenging in practice. The mathematical 
model describes the given flow phenomena including simplifications compared 
with exact behavior in nature. The simplified mathematical model involves typ-
ically a set of partial differential equations that expresses a certain conservation 
principle (Patankar, 1980). Furthermore, the main sources of fluid flow are usu-
ally the external forces (Ferziger and Peric, 2002).  

In numerical modeling, the simplified mathematical model is discretized, in 
which the partial differential equations are approximated by a system of linear 
algebraic equations at the discrete locations in space and time. A linear algebraic 
equation, in turn, relates a value of variable at the certain location to the values 
at the neighboring locations. Consequently, the discretization is expressed for 
the variety of linear and nonlinear terms including derivatives describing the 
changes in the flow. The boundary conditions are then set to define a given flow 
phenomena at the flow field boundaries, and the initial conditions are described 
for the time dependent computation.  

A numerical solution of linear algebraic equations is mainly obtained by con-
ducting an iterative method. A numerical solution consists of a set of numbers 
from where the distribution of dependent variable can be constructed in the flow 
field (Patankar, 1980). The derivatives are calculated usually from the fluxes 
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and the temporal change of variables are then solved in every coordinate direc-
tion.  

Lax equivalence theorem states that consistency and stability are required for 
convergence (Richtmyer and Morton, 1967). Consistency refers to discretiza-
tion, which becomes exact when grid spacing tends to zero. Stability, in turn, 
refers to iterative method that does not diverge. However, the stability can be 
difficult to verify in non-linear problems, hence linear approximations are com-
monly used. In numerical solution, the convergence can be investigated by re-
fining systematically the computational grid and the time-step size.  

Turbulence is defined as a chaotic and a random flow motion that is unpre-
dictable and involve a wide range of scales in space and time (Tennekes and 
Lumley, 1972; Etheridge and Sandberg, 1996; Pope, 2000). However, some co-
herent structures may be predicted by approximating the flow. The earlier stud-
ies have shown that a well-posed numerical modeling can predict the mean flow 
parameters properly, but less accurately the turbulent properties (White, 1991; 
Chen et al., 2007). Turbulent kinetic energy is produced from the mean flow to 
the eddies in which the turbulent kinetic energy is further transferred to the 
smaller and still smaller eddies until the turbulent kinetic energy is dissipated 
to the heat. Therefore, maintaining turbulent motion requires a continuous sup-
ply of energy against the turbulent stresses (Townsend, 1976).  

The turbulence increases the flow disturbances and the interaction between 
the vorticity and the velocity gradients in the flow, and improves the transform 
of energy. The flow disturbances turn into a chaotic and three-dimensional fluc-
tuation with vortex stretching and vortex tilting (Davidson, 2012). In addition, 
the initial flow conditions have found to provide a stable or an unstable large-
scale flow structures that are fluctuating in the flow field (Kandzia, 2013; Kan-
dzia and Müller, 2018). This in turn complement the evidences by Chen et al. 
(2010) who stated that a selection of appropriate CFD simulation method is 
merely a case dependent issue.  

In large indoor environments, main challenges may arise from the boundary 
conditions. Typically, the behaviour of computational methods are known, but 
implementing reasonable boundary conditions are difficult. In large enclosures, 
the geometry may include the wide variety of length scales on the order of mil-
limeters up to tens of metres. Thus, the computational grid have to be rather 
dense or the expansion factor small to prevent too coarse grid in the middle of 
the total air volume. This means a large number of computation nodes in the 
flow domain that can be evaluated e.g. by calculating descriptive statistics of the 
computational grid such as the average size, min, max, stdev and nodes per cu-
bic meter. In addition, the quality of elements in the computational grid affects 
the results.  

The large-scale air movement is strongly influenced by the gradients. Hence, 
the computational grid have to be reasonable in entire total air volume, because 
the location of mixing layers are not actually known in advance. Therefore, the 
grid adaptation methods are usual to adjust a computational grid during calcu-
lation. (Baker, 1997; Venditti and Darmofal, 2002; Remaki and Habashi, 2005).  
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By utilizing an adaptive grid method, nearly uniform distribution of discreti-
zation error can be possible in the flow domain (Ferziger and Peric, 2002). The 
buoyancy flows and the ventilation jets deviate in reality. Thus, the time-de-
pendent modeling is necessary to get a reasonable numerical solution for each 
time-step. In many cases, only the part of indoor environment is modeled. How-
ever, the air distribution system is rarely symmetric. Therefore, the total air vol-
ume have to be modeled, because the reasonable boundary conditions are diffi-
cult to implement for the virtual boundaries in the total air volume.  

In this study, the experimental data was used at the boundary conditions if 
available. This improves the reliability of the solution. However, the numerical 
modeling was steady-state, hence the time-averaged trends of air movement 
was considered.  
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2. Methods 

Research methodology covers both experimental and modeling methods. The 
experimental methods were conducted in the controlled laboratory environ-
ment and non-controlled arena environments. CFD simulation methods were 
used in the multipurpose arena study. 

2.1 Experiments in controlled indoor environment 

The experiments in the controlled indoor environment were carried out in a test 
chamber, in which the impact of strength and distribution of heat loads were 
investigated on airflow characteristics.  

2.1.1 Test chamber 

Internal dimensions of the test chamber were 5.5 m (length), 3.8 m (width) and 
3.2 m (height) from the floor up to the suspended ceiling. The depth of the upper 
plenum chamber was 0.35 m above the suspended ceiling. A duct diffuser with 
a diameter of 0.2 m was installed in the upper plenum chamber to extend nearly 
the entire length of the chamber. It follows that the suspended ceiling was 5 cm 
below the duct diffuser. A supply airflow pattern from the duct diffuser was 180° 
upwards, from where mainly the static pressure difference forces the supplied 
airflow through the suspended ceiling down to the occupied zone.  

The ceiling was made of perforated glass wool elements, in which the perfora-
tion rate was 0.50±0.02 % and the nozzle diameter was 14 mm (Figure 2c). The 
nozzle row next to each wall was sealed. The symmetric setup consisted of 12 
cylindrical heat sources with a diameter of 0.4 m and a height of 1.1 m (Figure 
2a and Figure 3a). Each cylinder had a same heat power such as a target heat 
load level was achieved. The asymmetric setup consisted of a double office lay-
out (Figure 2b and Figure 3b). The test chamber was located inside a laboratory 
hall where the thermal environment was stable for the experiments. 

 

Figure 2. The test chamber: a) The symmetric setup. b) The asymmetric setup. c) The diffuse 
ceiling inlet with the perforation rate of 0.50±0.02 %. 

b)a) c)
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2.1.2 Experimental set-up 

Table 1 summarizes the test cases for the both heat load setups. The test cases 
describe a growth of internal heat load strength from a common level up to a 
peak load level in the office environment.  

Table 1. The major parameters of the test cases regarding the heat load strength (±standard de-
viation) in the symmetric and asymmetric distribution. 

Test cases 40 W/floor-m2 57 W/floor-m2 80 W/floor-m2 

Floor area [m2] 21±0.3 21±0.3 21±0.3 
Heat load [W/floor-m2] 40±2 57±3 80±4 

Exhaust air temperature [°C] 26±0.5 26±0.5 26±0.5 
Supply air temperature [°C] 17±0.3 17±0.3 17±0.3 

Supply airflow rate  
[l/s,floor-m2] 3.6±0.2 5.2±0.3 7.3±0.4 

 
The heat sources of the asymmetric setup are summarized in Table 2. The heat 

sources at a workstation were a seated dummy (88±5 W), a laptop (48±3 W) 
and a monitor (35±2 W). The workstations were located 0.6 m from the heated 
window wall. Light (116±6 W) was installed at the suspended ceiling at height 
3.2 m in the middle of the workstations. Heating foil (420±21 W, 5 x 1 m2, 
length x width) was installed on the floor 0.8 m from the parallel window panel 
wall to simulate direct solar radiation. At the peak load conditions, a cube-
shaped heat source (103±5 W) of 0.4 x 0.4 x 0.4 m3 was located under the table 
(Figure 3b, rectangle near the location 13).  

The dimensions of each window panel were 0.60 m width and 1.79 m height. 
The surface temperature of window panels was adjusted to 30-40°C depending 
on the target heat load level. In the symmetric setup, the indoor air was ex-
tracted from the height of 0.4 m above the floor (Figure 3a, circle at length 5 m, 
width 2.4 m). The diameter of the exhaust duct was 0.16 m. In the asymmetric 
setup, the indoor air was extracted at the height of 3.2 m (Figure 3b, circle near 
the location 11). The perimeter area is defined as the zone, in which the heat 
loads have been located in the asymmetric setup. 
 

 

Figure 3. The measurement locations and the heat load distribution: a) The symmetric setup. b) 
The asymmetric setup. 
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Table 2. The heat loads for the asymmetric setup (±standard deviation). 

Test case 40 W/floor-m2 57 W/floor-m2 80 W/floor-m2 
2 x dummy [W] 176±9 176±9 176±9 
2 x laptop [W] 96±5 96±5 96±5 

2 x monitor [W] 70±4 70±4 70±4 
Cube load at floor [W] 0 0 103±5 

Light [W] 116±6 116±6 116±6 
7 x window panel [W] 381±19 317±16 696±35 
Heat load at floor [W] 0 420±21 420±21 

 

2.1.3 Measuring instruments 

Low velocity thermal anemometers were used during the measurements. The 
characteristics of the anemometers and other used measuring instruments are 
listed in Table 3. The anemometers were installed at the heights of 0.1 m, 0.6 m, 
1.1 m, 1.4 m, 1.7 m, 2.3 m and 2.9 m following the recommendations by the 
standard EN ISO 7726 (CEN 2001). The seated person zone is defined as an 
indoor air volume below the height of 1.2 m. Hence, the seated person zone in-
cluded the anemometers at the heights 0.1 m, 0.6 m and 1.1 m. The occupied 
zone is defined correspondingly below the height of 1.8 m.  

In the symmetric set-up, the sampling rate was 1 Hz in the seated person zone 
from 0.1 m to 1.1 m, and 0.5 Hz in the upper zone from 1.4 m to 2.9 m. In the 
asymmetric setup, the corresponding sampling rates were 10 Hz and 0.5 Hz, re-
spectively. The measuring intervals were 0.5 h for the symmetric setup and 1 h 
for the asymmetric setup. The dynamic response time for the air temperature 
was below 1 s in the seated person zone. 
 

Table 3. The measuring instruments. 

Meter-type Variable Accuracy 

Omnidirectional anemometer 1 
Air temperature 

Air speed  
(at height 0.1 m-1.1 m) 

Air speed: 
±0.01 m/s ±2.5% of reading 

Air temperature: 
±0.15°C 

Sampling rate 10 Hz 
STDerr < 10 % up to 2 Hz 
time-constant < 1 s (temp) 

Omnidirectional anemometer 2 
Air temperature 

Air speed  
(at height 1.4 m-2.9 m) 

Air speed: 
±0.02 m/s ±1.5% of reading 

Air temperature: 
±0.2°C 

Sampling rate 8 Hz 
STDerr < 10 % up to 1.5 Hz 

Tinytag data logger Air temperature ±0.5°C (0…+45°C) 

Infrared camera Surface temperature ±2°C or ±2% of reading 

Infrared thermometer Surface temperature ±1°C or ±1% of reading 

Measuring instrument Pressure difference ±0.3% of reading, 
lowest ±0.3Pa 

Regulation and measuring device Airflow rate ±5% 
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2.1.4 Airflow characteristics 

The detailed explanation about the airflow characteristics can be found in Pub-
lications I-III. Generally, the instantaneous air speed can be divided into a time-
averaged component and a fluctuating component as 

 (1) 

where  [m/s] is the instantaneous air speed in the discrete data set,  [m] 
refers to the length, width and height coordinates at the measured location,  [s] 
is the time,  [m/s] is the time-averaged component of air speed and  [m/s] 
is the instantaneous fluctuating component of air speed. The time-averaged 
component, i.e. the mean of variable is expressed from the discrete dataset rec-
ords as 

 (2) 

where  [s] is the time interval,  [s] is the time-step size and subscript  de-
notes the index notation for the discrete values. The sample standard deviation 
is written correspondingly 

 (3) 

In this study, the equivalent frequency (Zhou and Melikov, 2002) is approxi-
mated as 

 (4) 

The turbulence intensity is expressed as 

 (5) 

The fluctuation energy ratio is determined as 

 (6) 

that shows generally an amount of fluctuation energy over the inertial energy 
including also the mean airflow motion. The local draught rate model is defined 
as  

 (7) 

where  [°C] is the local air temperature from 20°C to 26°C,  [m/s] is the local 
mean air speed from 0.05 m/s to 0.5 m/s, and  [%] is the local turbulence 
intensity from 10 % to 60 % according to EN ISO 7730 (CEN, 2005). The Archi-
medes number  can be written as 
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 (8) 

where  [1/K] is the thermal expansion coefficient,  [m/s2] is the acceleration 
of gravity,  [m] is the characteristic length scale,  [°C] is the exhaust air 
temperature,  [°C] is the supply air temperature and  [m] is the hydraulic 
diameter of supply-ceiling inlet. It follows that when Gr<<Re2, Gr>>Re2 or 
Gr~Re2, either the forced convection, natural convection or mixed convection 
dominates, respectively (White, 1991). Hanzawa et al. (1987) determined the 
turbulent kinetic energy as  

 (9) 

and the relationship between the turbulent kinetic energy and the turbulence 
dissipation (Wilcox, 2006; Taylor, 1935) is approximated as 

 (10) 

where  [m2/s3] is the turbulence dissipation and  [m] refers to the largest 
length scale in the flow field. The largest time-scale was defined as 

 (11) 

The Kolmogorov scales (Kolmogorov, 1941; Wilcox, 2006) are expressed as 

  ;    ;   (12) 

where  [m/s] is the velocity scale, the  [m2/s] is the kinematic viscosity, 
 [m] is the length scale and  [s] is the corresponding time scale. 

 

2.2 Experiments in non-controlled indoor environment 

The experiments in the non-controlled indoor environment were carried out in 
a multipurpose arena located in the southern Sweden and in an ice rink located 
in the southern Finland.  

2.2.1 Multipurpose arena 

The experiments were conducted to identify the thermal conditions, airflow pat-
terns and indoor air quality. The measured zones were the ice rink, the seating 
area and the middle of the total air volume above the ice rink and the seating 
area. The multipurpose arena had a seating capacity for 13000 visitors. The 
arena dimensions were approximately 100 m length, 90 m width and 30 m 
height. The internal environment was consisted of the ice rink, seating area, 
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cabinet region and building envelope with the side spaces (Figure 4a). The ser-
vice catwalks and the light structures were located approximately at the height 
of 23 m above the ice sheet (Figure 4b and Figure 4c). 
 

 

Figure 4. The multipurpose arena indoor environment:  a) The ice rink (white), lower-seating area 
(red), upper-seating area (blue), cabinet area between the lower and the upper seating areas. 
b) A view from service catwalks. The retractable stands are at off-position. c) The light struc-
tures, field and scoreboard in the middle. 

Displacement ventilation was employed for the lower-seating area and zoning 
ventilation for the upper-seating area. In displacement ventilation, the supply 
airflow was discharged through the drilled holes from below the seats into the 
lower-seating occupied zone (Figure 5a and Figure 5b). In the zoning ventila-
tion, the supply air was distributed from the wall above the upper-seating area 
(Figure 5c). The indoor air was extracted from the ceiling zone from both ends 
of the arena. 

 

 

Figure 5. The Displacement and zoning ventilation: a) Air distribution below the retractable stand. 
b) Supply airflow from below the seats at the lower-seating area. c) Zoning ventilation above 
the upper-seating area. 

The ice hockey game was a midseason game in the December weather condi-
tions. 4000 spectators were assumed to generate sensible heat of 85 W per per-
son. The corresponding heat for the 50 players were 200 W per person. The 
lighting load was altogether 280 kW and the scoreboard load was around 
30 kW. The infiltration rate was assumed to be 0.05 1/h. The detailed explana-
tion of the design parameters and the breakdown of the heat loads can be found 
in Publication IV.  

In the seating area, the sensors were installed on the measuring masts at the 
heights of 1.5 m, 2.5 m and 3.5 m over the seating-row and the variables were 
recorded over the 3 min time-interval. The masts were installed to the back of 
the seats (Figure 6a and Figure 6b). The measured locations 1-9 for the ane-
mometers and the locations A and B for the air temperature-probe-wires are 
shown in Figure 6c. The lowest locations 1-3 were on the retractable stand area 
and the locations 4-6 were on the fixed seating area, whereas the locations 7-9 
were on the upper seating area. 
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Figure 6. The measuring masts at the seating sector: a) A measuring mast and the sensors. b) 
The measuring masts fixed at the lower-seating area. c) The measurement locations 1-9 for 
the masts and the locations A and B for the thermistor chains above the seating area. 

The flow patterns were investigated using omnidirectional anemometers and 
marker smoke visualization. The smoke was released into the ventilation ducts 
and directly to the occupied zones and ventilation jets. High intensity lights and 
a video camera were used to record the airflow patterns. The middle of the air 
volume was measured gradually from the service catwalks down to the occupied 
zone using the anemometer and a long cable wire. The arena temperature strat-
ification was measured with chains of thermistor sensors. The operative tem-
perature was observed with the black-globe thermometers and the envelope sur-
face temperature levels were investigated using infrared thermography. In the 
ice rink, the ice-surface temperature and the vertical air temperature stratifica-
tion were measured in the empty arena conditions. The detailed explanation on 
the experiments can be found in Publication IV. 

2.2.2 Ice rink  

The indoor air volume of the ice rink enclosure was approximately 13 000 m3. 
The height of the enclosure was about 7 m above the ice sheet. The floor area 
was approximately 1800 m2. The ice rink dimensions were 58 m length and 
26 m width. The audience balcony for 60 people was around 3 m above the ice 
sheet (Figure 7). The envelope structure was the concrete floor, steel element 
wall and corrugated steel ceiling. 
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Figure 7. The ice rink arena from the audience stand floor. 

The air terminal devices were located at the ceiling zone of the balcony at an 
inclined angle (Figure 7). Consequently, the supply air was distributed from the 
other side of the arena. Furthermore, the indoor air was extracted from the end 
side of the arena (Figure 8). The system was equipped with the automation, 
which enables the monitoring the performance of variable air volume (VAV) 
ventilation system. The VAV airflow rate was designed up to 4 m3/s. In the air-
handling unit, the recirculation air, heat recovery and dehumidification were 
introduced.  

 

 

Figure 8. A schematic view of air distribution system and the measurement locations of indoor 
airflow. 

The measurements were carried out with the wireless omnidirectional ane-
mometers (Table 3, anemometer 2) in the ice rink as shown in the Figure 8. The 
measurement heights were 3 m, 3.7 m and 4.3 m above the ice sheet (Figure 9). 
At lower heights, the air movement was not measured, because the marker 
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smoke visualisation showed nearly stagnant air movement. The sampling rate 
was 0.5 Hz over 3 min time-interval. 
 

 

Figure 9. The measuring mast on the ice rink. 

 

2.3 Numerical modeling 

Computational fluid dynamic (CFD) simulations were conducted to investigate 
the airflow field in the multipurpose arena (Publication IV). CFD simulations 
followed the guidance recommended by Nielsen et al. (2007) and the validation 
process as recommended by Chen and Srebric (2002). The Reynolds-averaged 
Navier-Stokes equations (RANS) were modeled by using the ANSYS CFX soft-
ware (ANSYS Inc., 2016). The CFD geometry and the computational grid were 
created by using the ANSYS ICEM CFD software (ANSYS Inc., 2016) based on 
the architectural plans and the building information model (BIM). The pre-
dicted velocity magnitude and the turbulence intensity were modified to corre-
spond the omnidirectional measurements (Koskela et al., 2001).  

The micro and macro CFD models (Chen and Srebric, 2002) were applied to 
describe the arena indoor climate. The micro CFD model predicted a small part 
of the total air volume and the macro CFD model predicted a total air volume of 
the arena enclosure or a large part of the total air volume. For instance, the air-
flow from the air terminal unit was predicted using the micro CFD model. The 
box-method was implemented to describe the air terminal units (Nielsen, 1976; 
Nielsen et al., 1978; Nielsen, 1991). The different air terminal units were mod-
eled individually and the flow profiles were used in the entire arena CFD simu-
lation model as the boundary conditions. The boundaries of the air terminal 
units were based on the measurements, design data and laboratory experiments 
in which the air temperature and air velocity or pressure were estimated to-
gether with turbulence quantities (Publication IV). The CFD simulation was 
performed using the CFX finite-element-based control volume method and the 
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implicit pressure-based multigrid coupled solver (ANSYS Inc., 2016). The high 
resolution discretization scheme was conducted with the SST-turbulence model 
(Menter, 1994) and the automatic wall treatment formulation. Thermal radia-
tion was computed using the discrete transfer method (ANSYS Inc., 2016).  

The CFD simulations were made for the ice hockey game at the prevailing con-
ditions near the end of the game. The boundary conditions for the seating area 
and the arena envelope were based on the average temperatures from the infra-
red thermography. Audience were applied at the seating surfaces to generate 
assumed heat flux, carbon-dioxide and humidity. The players were described as 
a volumetric source above the ice sheet. The boundary conditions of the air ter-
minal units were based on the measurements, design data and laboratory ex-
periments where the air temperature and air velocity or pressure difference 
were estimated together with turbulence quantities. The indoor air model was a 
multicomponent ideal gas model including air, water-vapor and CO2 compo-
nents.  

An unstructured tetrahedron grid was generated with 3-10 prismatic element 
layers at the wall surfaces with certain expansion factor. The grid size was 
ranged from 0.1 m to 0.6 m in the entire arena CFD model. The corresponding 
grid size was approximately 0.5 mm for the CFD model of the small suplly air 
nozzle, in which the nozzle diameter was ~50 mm. In the arena CFD model, the 
total number of grid nodes was  with  elements describing 
the airflow field in the discrete locations. The larger elements of the computa-
tional grid were located in the middle of the arena air volume, because the gra-
dients were assumed larger in the occupied zones. 
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3. Results 

In this chapter, the main findings are shown for reasoning the discussion and 
the conclusions. First, the effects of heat load strength on the airflow character-
istics with symmetric heat load distribution are discussed. Second, the effects of 
symmetric and asymmetric heat load distribution are discussed on airflow char-
acteristics. Those results are based on the laboratory experiments under the 
controlled conditions. Third, the symmetric and asymmetric heat load distribu-
tions are compared. Fourth, the field measurements are discussed under non-
controlled conditions. In the multipurpose arena, the results from experiments 
and CFD simulations are discussed regarding the large-scale air movement and 
performance of the air distribution. In the smaller ice rink, the indoor air move-
ment and performance of heating and air distribution are discussed. 

 

3.1 Symmetric heat load distribution 

Airflow characteristics form a physical basis for assessing indoor airflow condi-
tions e.g. when optimizing a thermal environment for individuals. Generally, 
the symmetric heat load distribution generated well-mixed airflow conditions 
with diffuse ceiling ventilation, although the heat load was increased up to 
80 W/floor-m2 (Publication I). This is because diffuse ceiling ventilation offers 
low-momentum flux. In the measured cases, indoor airflows are mainly turbu-
lent, hence those flows are always time-dependent. Therefore, descriptive sta-
tistics have been calculated to identify the effects of increased heat load condi-
tions on coherent airflow structures and time-averaged airflow field.  

The results indicate that when thermal loads increase, the indoor airflow mo-
tions increase (Figure 10). For instance, the mean air speed and the standard 
deviation increased with the heat load. This additional inertial energy arises 
from the combined effect of increased buoyancy flows and supply airflow rate, 
because the target indoor air temperature was constant 26±0.5°C. The range of 
local mean air temperatures was 0.9°C in the case of 40 W/floor-m2. The corre-
sponding range was 1.3°C in the case of 80 W/floor-m2 while the seated person 
zone was considered, i.e the heights of 0.1 m, 0.6 m and 1.1 m. Furthermore, the 
experiments reveal that the average of local mean air speeds, the spatial devia-
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tion of local mean air speeds increase with the increase of the heat load (Publi-
cation I). Consequently, also the range of those local mean air speeds and the 
maximum of local mean air speeds increased.  
 

 

Figure 10. The instantaneous air speed fluctuation, the mean air speed, the standard deviation 
and the averaged air speed over 60 s interval at the location 8 at the height of 1.1 m: a) 
40 W/floor-m2 and b) 80 W/floor-m2.  

3.1.1 Airflow characteristics 

Table 4 summarises the cause-effect relationship between the heat load strength 
and airflow parameters at a given height (Publication I). The results indicate 
that symmetric heat load distribution with the diffused ceiling ventilation pro-
vides an airflow field, in which the mean air speed is highest at the ankle height 
and lowest at a head height of seated person. Most probably, the height at which 
the mean air speed is lowest is proportional to the heat source height, because 
the lowest mean air speeds were found at the top height of cylindrical heat 
sources. The growth of heat load strength and, as a consequence, the growth of 
supply airflow rate then increase the airflow motion. Consequently, the average 
of local mean air speeds was 0.12 m/s at 40 W/floor-m2 and 0.18 m/s at 
80 W/floor-m2 in the seated person zone, i.e. in the air volume below the height 
of 1.1 m. It follows that the relative difference of mean air speed increased by 
47 % in the seated person zone, while the heat load strength was doubled from 
40 W/floor-m2 to 80 W/floor-m2. Therefore, the supplied mass flow rate in-
creased 100 % and the corresponding momentum flow rate increased 300 %, 
because also the supply airflow rate was doubled to remain indoor air tempera-
ture at 26±0.5°C.  
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Table 4. The average of variable of locations 1-10 against the internal thermal load level and room 
height. 

Heat load [W/floor-m2] 40 40 40 57 57 57 80 80 80 
Room height [m] 0.1 0.6 1.1 0.1 0.6 1.1 0.1 0.6 1.1 
mean air speed [m/s] 0.16 0.11 0.09 0.20 0.14 0.12 0.23 0.16 0.14 
standard deviation [m/s] ×10-2 6.9 6.1 5.6 7.7 7.2 6.7 8.7 8.3 7.5 
turbulence intensity [%] 43 56 60 39 53 56 38 51 54 
equivalent frequency [Hz] 0.13 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.15 
fluctuation energy [m2/s2]×10-3 4.7 3.8 3.2 6.0 5.3 4.5 7.6 6.9 5.7 
turb. kin. energy [m2/s2]×10-3 2.4 1.9 1.6 3.0 2.6 2.2 3.8 3.4 2.9 
turb. dissipation [m2/s3]×10-5 3.9 2.7 2.2 5.5 4.6 3.6 7.9 6.8 5.2 
large length scale [m] 2.39 0.93 0.75 2.22 1.35 1.08 2.64 1.19 0.88 
small length scale [m]×10-3 3.2 3.5 3.7 2.9 3.1 3.3 2.7 2.8 3.0 
large time scale [s] 19 27 32 15 22 26 13 19 22 
small time scale [s] 0.65 0.77 0.88 0.54 0.60 0.68 0.45 0.49 0.57 
large scale frequency [Hz]×10-2 5.3 3.7 3.1 6.7 4.5 4.0 7.7 5.4 4.7 
small scale frequency [Hz] 1.6 1.3 1.2 1.9 1.7 1.5 2.2 2.1 1.8 
length scale ratio [-] 754 271 207 761 452 334 1018 427 300 
time scale ratio [-] 29 36 37 28 37 37 29 38 38 
fluctuation energy ratio [-] 0.16 0.24 0.26 0.13 0.22 0.24 0.12 0.21 0.22 

 
The average increase in the mean air speed with increase of the heat load 

seems reasonable in the seated person zone. Furthermore, the standard devia-
tion of instantaneous air speeds increased on average 32 % from 0.06 m/s to 
0.08 m/s, thus revealing a great impact on airflow fluctuation. However, the rise 
in heat load had a small effect on the average turbulence intensity, obviously 
because both the mean air speed and the standard deviation of instantaneous 
air speeds increased with heat load. This means that also the effect on the equiv-
alent frequency defined by Eq. (4) was small, because the temporal deviation 
increased with heat load, hence affecting both the standard deviation of air 
speeds and the acceleration of air speeds.  

The observations show that the mean air speed level had a more significant 
effect on the turbulence intensity than that of the heat load increase, since the 
turbulence intensity increased remarkably while the mean air speed level de-
creased, e.g. from the ankle height up to the head height of seated person. The 
relative effect was not so large in the equivalent frequency, which was rather 
similar in the test cases. In addition, the heat load strength had a small effect on 
the fluctuation energy ratio defined by Eq. (6), which describe an amount of the 
fluctuation energy over the inertial energy in a given location.  

In this study, the fluctuation energy ratio was proposed to characterise local 
airflow conditions along with the turbulence intensity and the equivalent fre-
quency. In accordance with the experiments, a portion of fluctuation energy was 
9-30 % over the inertial energy in the seated person zone. Furthermore, the fluc-
tuation energy ratio was highest at the head height and lowest at the ankle 
height of seated person, similar to that of the turbulence intensity and in con-
trast to that obtained for the mean air speed. Most probably, this is because the 
air speed deviation may dominate in the regions of low mean air speeds. How-
ever, the amount of fluctuation energy was still greater at the ankle height than 
at the head height of seated person as shown in Table 4. 

The results indicate that the largest relative effect of increased heat load was 
observed for the turbulence dissipation, even 127 %. A large relative effect was 
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also found in the turbulent kinetic energy, that is 73 %. Generally, the average 
turbulence dissipation was approximately two order of magnitudes smaller than 
the turbulent kinetic energy. The results also imply that a range of length scales 
may increase with heat load, because the size of largest eddies increased and the 
size of smallest eddies decreased in the indoor airflow field. This is logical, be-
cause airflow motion increased with heat load. Hence, the turbulent flow motion 
also increased. It follows that the largest length scales were on the order of the 
room height and the smallest length scales on the order of the millimeters. In 
addition, the largest time-scale was on the order of tens of seconds and the 
smallest time-scale on the order of a second. The rise of heat load decreased 
time-scales. 

 

3.2 Asymmetric heat load distribution 

The asymmetric setup (Publication II) provided rather similar effects of heat 
load strength on the seated person zone than the symmetric setup (Publication 
I). However, the asymmetric setup generated a circulating airflow pattern from 
the heated perimeter side to the other side of the room that was not found with 
the symmetric setup. Consequently, the airflow conditions were different be-
tween the room sides and in the middle with the asymmetric setup.  

3.2.1 Airflow characteristics 

Table 5 summarises the relationships between the heat load strength and the 
airflow parameters at a given height (Publication II).  

Table 5. The average of variable of locations 1-15 against the heat load strength and room height. 

Heat load [W/floor-m2] 40 40 40 57 57 57 80 80 80 
Room height [m] 0.1 0.6 1.1 0.1 0.6 1.1 0.1 0.6 1.1 
mean air speed [m/s] 0.15 0.11 0.10 0.19 0.14 0.11 0.21 0.15 0.11 
std. deviation [m/s] x10-2 5.1 4.8 4.5 5.8 5.7 5.0 6.5 6.2 5.1 
turbulence intensity [%] 37 48 50 35 44 49 36 44 52 
draught rate [%] 10.2 6.7 5.5 12.7 9.4 6.7 14.1 10.4 6.6 
fluctuation energy ratio [-]  0.13 0.19 0.20 0.11 0.16 0.19 0.12 0.17 0.21 
turb. kin. energy [m2/s2] x10-3 1.3 1.2 1.1 1.7 1.6 1.3 2.1 1.9 1.4 
turb. dissipation [m2/s3] x10-5 1.7 1.5 1.3 2.3 2.3 1.7 3.3 2.9 2.0 
small length scale [mm] 4.1 4.3 4.6 3.6 3.7 4.2 3.4 3.5 4.1 
large time scale [s], l=3 m 23 31 36 18 24 32 17 22 34 
small time scale [s] 1.1 1.2 1.4 0.8 0.9 1.2 0.7 0.8 1.1 

 
The experiments reveal that the asymmetric heat load distribution provides 

an airflow field, in which the average mean air speed is highest at the ankle 
height and lowest at a head height of seated person. This is similar to that ob-
tained for the symmetric distribution, although the seated dummy was 0.25 m 
higher than the cylindrical dummy in the symmetric case and the heat sources 
were located on the perimeter area in the asymmetric setup.  

In the seated person zone, the mean air speed was on average 0.12±0.05 m/s 
at 40 W/floor-m2, in which the variation denotes the spatial standard deviation 
of local mean air speeds. The corresponding average was 0.16±0.07 m/s at 
80 W/floor-m2. The maximum of local mean air speeds were 0.25 m/s and 
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0.32 m/s, respectively. It follows that the average mean air speed increased by 
32 % in the seated person zone while the heat load was increased from 
40 W/floor-m2 to 80 W/floor-m2. Hence, the relative effect was smaller than in 
the symmetric setup. Furthermore, the mean air speed decreased on average by 
42 % from the height of 0.1 m up to 1.1 m, i.e. from 0.18 m/s to 0.11 m/s includ-
ing all the heat loads. At this stage, the relative effect was only slightly higher in 
the asymmetric setup than in the symmetric one. 

The average mean air speed was 20 % and 26 % higher in the corridor side 
than in the window side at 40 W/floor-m2 and at 80 W/floor-m2, respectively. 
Consequently, the average air speeds were 0.11 m/s in the window side, 
0.12 m/s in the middle and 0.13 m/s in the corridor side of the seated person 
zone at 40 W/floor-m2. The corresponding average air speeds were 0.14 m/s, 
0.16 m/s and 0.18 m/s at 80 W/floor-m2, respectively. The results indicate that 
both the mean air speed level and the relative difference between the perimeter 
and corridor sides increased with the combined effect of heat load and airflow 
rate. 

The temporal standard deviation describes an airflow fluctuation in indoor 
airflow field. In the asymmetric setup, the standard deviation of instantaneous 
air speeds increased on average 24 % while the heat load increased from 
40 W/floor-m2 to 80 W/floor-m2. Consequently, the relative effect was smaller 
than with the mean air speed, but larger than with the turbulence intensity. Gen-
erally, the average temporal deviation and the relative effect of heat loads on 
temporal deviation were smaller in the asymmetric setup than in the symmetric 
one. Furthermore, the temporal deviation decreased on average by 16 % from 
the height of 0.1 m up to 1.1 m, including all the heat loads. Hence, the given 
relative effect was at the same level in the asymmetric setup than in the sym-
metric one. This means that the temporal deviation decreased when the mean 
air speed decreased. 

The average temporal deviation was 30 % higher in the corridor side than in 
the window side at 40 W/floor-m2, and 19 % higher at 80 W/floor-m2, corre-
spondingly. Consequently, the results indicate that the temporal deviation in-
creased and the relative difference between the room sides decreased while the 
heat load and airflow rate increased. In the asymmetric setup, the average tem-
poral standard deviation of air speeds was at the same level at 40 W/floor-m2 
and slightly lower at 80 W/floor-m2 than the average spatial standard deviation 
of mean air speeds. In contrast, the temporal deviation was at the higher level 
than the spatial deviation in the symmetric setup. 

In the asymmetric setup, the average turbulence intensity decreased by 3 % 
(1 % percentage point) while the heat load increased from 40 W/floor-m2 to 
80 W/floor-m2. Hence, the rise in heat load had even a smaller effect on the 
average turbulence intensity than the corresponding rise in the symmetric 
setup. However, the average turbulence intensity increased by 39 % (14 % p.p.) 
from the height of 0.1 m up to 1.1 m, similar way as in the symmetric setup. Fur-
thermore, the average turbulence intensity was 16 % higher (6 % p.p.) in the cor-
ridor side than in the window side at 40 W/floor-m2, but 3 % lower (1 % p.p.) at 
80 W/floor-m2, correspondingly.  
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Generally, the fluctuation energy ratio was highest at the head height and low-
est at the ankle height of seated person, similarly as in the symmetric setup. In 
the asymmetric setup, the relative effect on the fluctuation energy ratio was 
smaller than in the symmetric setup, similarly as observed for the turbulence 
intensity. In the asymmetric setup, the average portion of fluctuation energy 
was 3-42 % over the inertial energy in the seated person zone. Hence, the range 
was greater than in the symmetric setup. It follows that the relative effect of 
increased heat load on the fluctuation energy ratio was at the same level in the 
seated person zone than that obtained for the turbulence intensity. However, 
the fluctuation energy ratio increased by 67 % from the height of 0.1 m up to 
1.1 m. Thus, the relative difference was greater than that of the turbulence in-
tensity or than that of the mean air speed. In addition, the fluctuation energy 
ratio and the relative difference between the heat loads on the seated person 
zone as well as the relative difference between the ankle height and the head 
height of seated person were smaller in the asymmetric setup than in the sym-
metric one, similarly than obtained for the turbulence intensity.  

In the asymmetric setup, the fluctuation energy ratio was 29 % higher in the 
corridor side than in the window side at 40 W/floor-m2. In contrast, the corre-
sponding ratio decreased 4 % at 80 W/floor-m2. There is no clear explanation 
on that. However, the average ratios were generally at the same level in those 
air volumes, i.e. 0.14-0.18, although the dataset records included 36000 items. 
This indicates that the average ratio of the fluctuation energy over the inertial 
energy was rather similar in the window side and in the corridor side, and that 
the significantly greater difference on the average ratio was found as a function 
of room height in the seated person zone. 

The air temperature was kept at the level of 26±0.5°C that is within one de-
gree. However, the experiments reveal that the range (max-min) of local mean 
air temperature were 1.7°C and 2.0°C at 40 W/floor-m2 and at 80 W/floor-m2 
in the seated person zone, respectively. Thus, the range increased with heat 
load. Furthermore, the range was greater in the asymmetric setup than in the 
symmetric one. However, the relative effect of heat load strength on the air tem-
perature range was smaller with the asymmetric setup than with the symmetric 
one.  

The draught rate was on average 7.5±4.0 % at 40 W/floor-m2 and 10.4±5.5 % 
at 80 W/floor-m2 in the seated person zone. Consequently, the average draught 
rates were smaller in the asymmetric setup than in the symmetric setup. In ad-
dition, the average draught rate was 7 % in the window side, 7 % in the middle 
and 9 % in the corridor side of the seated person zone at 40 W/floor-m2. The 
corresponding average draught rates were 9 %, 10 % and 13 % at 80 W/floor-
m2, respectively. Hence, the average draught rates were slightly greater in the 
corridor side than in the window side, similarly than obtained for the average 
air speed. The average draught rate decreased from 12% to 6% from the ankle 
height up to the head height of seated person, similar way as in the mean air 
speed and in contrast to that observed for the turbulence intensity. It seems that 
the average draught rate increased mainly with the mean air speed, because the 
effect of heat load was small on the average turbulence intensity or the average 
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mean air temperature, which are the main parameters affecting the draught rate 
(CEN, 2005). Furthermore, the maximum draught rate was 18 % and 21 % at 
40 W/floor-m2 and at 80 W/floor-m2, respectively. In the seated person zone, 
the maximum draught rate in the asymmetric setup was slightly higher at 
40 W/floor-m2 and at the same level at 80 W/floor-m2 than in the symmetric 
setup. 

In the asymmetric setup, the relative increase on the turbulent kinetic energy 
and the turbulence dissipation were 53 % and 85% when the heat load increased 
from 40 W/floor-m2 to 80 W/floor-m2, respectively. Hence, relative effect was 
greater than that of the mean air speed or turbulence intensity. Furthermore, 
those relative differences were smaller than with the symmetric setup. The av-
erage turbulence dissipation was approximately two order of magnitudes 
smaller than the turbulent kinetic energy, similarly as in the symmetric setup.  

The experiments in the asymmetric setup also indicate that the range of length 
scales may increase with heat load. The largest length scale was estimated to be 
on the order of the room height and the smallest length scale on the order of 
millimeters. In addition, the smallest length scale was smaller in the asymmetric 
setup than in the symmetric one, probably because greater differences occurred 
with the asymmetric setup. In addition, the largest time-scale was on the order 
of tens of seconds and smallest time-scale on the order of a second. The rise of 
heat load decreased time-scales, and the time-scales were generally larger in the 
asymmetric setup than in the symmetric one. 

3.2.2 Spatial and temporal deviation  

Figure 11 shows the spatial and temporal statistics of air temperature at the head 
height and at the ankle height of seated person in the asymmetric setup (Publi-
cation III). The results indicate that the heat load increased both the spatial and 
temporal deviation. In addition, the room air temperature was greater in the 
perimeter window side at the locations 12-15 than in the corridor side at the 
locations 1-4. Most probably, this was because the air was heated in the window 
side. In addition, the location 13 had a highest air temperature level and a tem-
poral deviation, obviously due to strong heat loads of the perimeter side. 
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Figure 11. The spatial and temporal statistics of air temperature in the seated person zone: a) At 
the head height at 40 W/floor-m2. b) At the head height at 80 W/floor-m2. c) At the ankle 
height at 40 W/floor-m2. d) At the ankle height at 80 W/floor-m2. The x-axis denotes the meas-
uring locations. The box indicates the 25th percentile, median and 75th percentile of instan-
taneous air temperatures at a given location. The whiskers denote a range excluding the 
outliers. 

 
Figure 12 shows the spatial and temporal statistics of air speed at the head 

height and at the ankle height of seated person (Publication III). The results 
indicate that the mean air speed, the spatial deviation of mean air speeds and 
the temporal deviation of instantaneous air speeds increased with heat load. 
Generally, the vertical mean air speed gradient was greater in the middle of the 
room than in the window side or in the corridor side. Therefore, the largest and 
the smallest air speeds were found in the middle of the room. In addition, the 
spatial deviation of local mean air speeds was significantly greater in the middle 
of the room than in the window side or in the corridor side. The average mean 
air speed, in turn, was greater in the corridor side than in the window side while 
considering the seated person zone. This is partly because the buoyancy forces 
accelerate the airflow upwards in the perimeter zone and turn the flow towards 
opposite corridor side along the ceiling. The return flow comes to the work-
stations along to floor that may increase a sensation of draught at the leg height 
of seated person. However, this airflow cannot be warmer than the surrounding 
air, because the warmer air stays at the ceiling level until cooled or extracted 
from the room.  

Generally, the temporal deviation of air speeds was higher in the symmetric 
setup than in the asymmetric setup. However, the spatial deviation of mean air 
speeds was smaller in the symmetric setup than in the asymmetric one. Thereby, 
the experiments reveal greater spatial gradients of the mean air speed with the 
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asymmetric setup than with the symmetric one, and in contrast the greater tem-
poral gradients with the symmetric setup than with the asymmetric setup. This 
can be relevant knowledge e.g. on the airflow field simulations when selecting 
spatial and temporal discretization methods. Furthermore, the spatial and tem-
poral deviation was smaller at the head height of seated person than that of the 
ankle height, although the turbulence intensity increased significantly up to the 
head height. This is mainly because the mean air speed decreased more than the 
standard deviation at the head height of seated person compared to the ankle 
height. 
 

 
 

 

Figure 12. The spatial and temporal statistics of air speed in the seated person zone: a) At the 
head height at 40 W/floor-m2. b) At the head height at 80 W/floor-m2. c) At the ankle height 
at 40 W/floor-m2. d) At the ankle height at 80 W/floor-m2. The x-axis denotes the measuring 
locations. The box indicates the 25th percentile, median and 75th percentile of instantaneous 
air speeds at a given location. The whiskers denote a range excluding the outliers. 

 

3.2.3 Turbulent kinetic energy 

Figure 13 shows a logarithmic presentation of fluctuation energy in the fre-
quency domain (Publication II). The fluctuation energy is shown up to 5 Hz 
limit, that is half of the sampling rate according to definition of Nyqvist fre-
quency (Koopmans, 1995). The dashed line, in turn, describes the Kolmogorov 
-5/3 law for the cascading process in turbulence (Pope, 2000). Consequently, 
Figure 13 shows that the frequency distribution follows reasonably the Kolmo-
gorov law indicating that the measured data set records are reasonable. In ad-
dition, the average functions were rather similar in the window side (Figure 13a) 
and in the corridor side (Figure 13b). Generally, the fluctuation energy increases 
with the heat load and the supply airflow rate, and the highest energy level is at 
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the lowest frequencies as shown in the energy and frequency axis. Furthermore, 
the Figure 13 shows smooth and continuous decrease of average fluctuation en-
ergy up to a frequency level of 5 Hz. However, the normalized fluctuation energy 
level is approximately two order of magnitudes smaller at the level of 5 Hz than 
at a level of 0.3 Hz. 
 

 

Figure 13.  A logarithmic presentation of the average fluctuation energy as a function of fre-
quency at the height of 1.1 m at the heat loads of 40-80 W/floor-m2: a) Window side locations 
12-15. b) Corridor side locations 1-4. 

 
Experiments show that the average turbulent kinetic energy increased by 53 % 

from the heat load level of 40 W/floor-m2 to the heat load level of 80 W/floor-
m2. The relative effect of increased heat load was thereby greater than observed 
for the standard deviation, mean air speed or turbulence intensity, similarly as 
in the symmetric setup. However, the average turbulent kinetic energy and the 
relative difference between the head loads were smaller in the asymmetric set-
up (Publication I) than in the symmetric set-up (Publication II). On the other 
hand, the average turbulent kinetic energy decreased by 26 % from the height 
of 0.1 m up to 1.1 m including all the heat loads. In this case, the average turbu-
lent kinetic energy was smaller in the asymmetric setup than in the symmetric 
setup, but the relative difference between the heights was at the same level in 
those both setups. This indicates that turbulent kinetic energy increased with 
the mean air speed level, in contrast to that obtained for the turbulence inten-
sity, which increased when the mean air speed level decreased. This is because 
the turbulent kinetic energy is an absolute parameter while the turbulence in-
tensity is a relative parameter (ratio). At 40 W/floor-m2, the turbulent kinetic 
energy was 65 % greater in the corridor side than in the window side. The cor-
responding relative difference was 41 % at 80 W/floor-m2. The results indicate 
larger fluctuation energy level, but smaller relative effect between the room 
sides at higher heat load. Consequently, the results imply significantly smaller 
turbulent kinetic energy in the seated person zone near the heat sources than in 
the other side of the room, in which the mean air speed increased. The difference 
between the room side and the middle of the room was small with the symmetric 
setup. 
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3.3 Comparison of heat load distribution 

The results show that the spatial differences increased and the temporal devia-
tion decreased with the asymmetric heat load distribution compared to sym-
metric one in the seated person zone (Publication III). 

3.3.1 Mean air temperature 

The both heat load distributions provided thermal conditions, in which the av-
erage mean air temperature increased from the ankle height up to the head 
height of seated person, and then decreased from the head height up to the ceil-
ing zone due to the colder supply air than the surrounding air. This may char-
acterize a vertical air temperature profile with diffuse ceiling ventilation regard-
ing with typical office environment. In the symmetric setup, the vertical mean 
air temperature gradients were below 0.9°C/m in the occupied zone. In the 
asymmetric setup, the corresponding vertical gradients were smaller, below 
0.5°C/m. Furthermore, the average gradients increased with heat load. How-
ever, the difference quotient varies with the vertical measurement grid. The air 
temperature was at the same level in the room side and in the middle in the 
symmetric setup (Figure 14a). In contrast, the average mean air temperature 
was different between the middle of the room and the room sides in the asym-
metric setup (Figure 14b). This was one of the main effects while changing the 
heat load distribution. In the double office layout, the air temperature was the 
highest in the window side and the lowest in the corridor side, because of the 
heated convection flows in the window side. 
 

 

Figure 14. Dimensionless air temperature between the room sides: a) Symmetric setup at 
80 W/floor-m2 b) Asymmetric setup at 80 W/floor-m2. The horizontal error bars indicate the 
spatial standard deviation and the vertical error bars denote the uncertainty in height. 

3.3.2 Mean air speed 

Figure 15 shows the characterising air speed profile. In the symmetric setup, the 
average mean air speed decreased from the ankle height up to the head height 
of seated person and then remained rather similar up to the ceiling zone (Figure 
15a). In the asymmetric setup, the average mean air speed increased both at the 
floor and at the ceiling levels (Figure 15b). Most probably, this is due to large-
scale circulating airflow pattern, which increased the mean air speed levels also 
close to the ceiling. Therefore, the average mean air speed in the seated person 
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zone was slightly lower in the asymmetric setup than in the symmetric one. Fur-
thermore, the relative difference between those setups increased with heat load. 
In those both setups, approximately same amount of inertial energy was re-
leased into the room. However, part of the inertial energy entered to the circu-
lating airflow pattern with the asymmetric heat load distribution.  

 

 

Figure 15. Average mean air speed as a function of room height at 40 W/floor-m2 and at 
80 W/floor-m2: a) Symmetric setup. b) Asymmetric setup. The horizontal error bars indicate 
the spatial standard deviation and the vertical error bars denote the uncertainty in height. 

 
In the symmetric setup, the results show that the mean air speed was at the 

similar level between the middle of the room and the room sides (Figure 16a). 
In the asymmetric setup, the average mean air speed was different between the 
room sides and the middle (Figure 16b). Most probably, this is due to circulating 
airflow pattern, which increases the spatial differences in the airflow field com-
pared to symmetric one. In the asymmetric setup, the vertical mean air speed 
gradients were greater in the middle than in the window or in the corridor sides, 
in contrast to that obtained for the symmetric setup. Furthermore, those differ-
ences increased with heat load. Therefore, the highest and the lowest average 
mean air speeds were found in the middle of the room with the asymmetric 
setup. However, in the window side, the lower average air speed was found at 
the ankle height and the higher one at the head height of seated person, in con-
trast to that obtained for the corridor side or the middle of the room. The results 
evidence larger spatial differences in the asymmetric setup than in the symmet-
ric one. 

 

 

Figure 16. Average mean air speed between the room sides at 80 W/floor-m2: a) Symmetric 
setup. b) Asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in 
measurement and uncertainty in height, respectively. 
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3.3.3 Draught rate 

Figure 17 shows the maximum draught rate in the occupied zone at the given 
location. Generally, the draught rate increased mainly with the mean air speed. 
In the symmetric setup, 22 % of locations exceeded the draught rate level of 
10 % in the occupied zone at 40 W/floor-m2. Furthermore, the share increased 
up to 85 % at 80 W/floor-m2. Hence, the evaluated draught discomfort in-
creased with the combined effect of heat load and airflow rate. In the asymmet-
ric setup, the corresponding shares were 12 % and 35 %, respectively. Thus, 
those portions were smaller in the asymmetric setup than in the symmetric one. 
However, the maximum draught rate was at the same level in the both setups. 
This reveals that the draught rate level was generally lower in the asymmetric 
setup than in the symmetric setup. Most probably, because part of the momen-
tum goes to large-scale circulation in the asymmetric setup, which on the one 
hand, increase the spatial differences, and on the other hand, decrease the 
draught rate levels in the middle of the room air volume. Therefore, a share of 
locations was higher and more uniform with the symmetric setup than with the 
asymmetric setup. 

In the symmetric setup, the maximum draught rates ranged from 11 % to 15 % 
at 40 W/floor-m2, and from 16 % to 21 % at 80 W/floor-m2 in the occupied zone 
below the height of 1.7 m (Figure 17a). The greatest draught rates were observed 
at the location 4 at 0.1 m with the both heat loads, i.e. in the middle of two 
heated cylinders. In the asymmetric setup, the maximum of local draught rates 
ranged from 6 % to 18 % at 40 W/floor-m2, and from 9 % to 21 % at 80 W/floor-
m2 in the occupied zone. Consequently, those ranges were greater in the asym-
metric setup than in the symmetric one, because asymmetry increased spatial 
differences in the airflow field. Furthermore, the maximum of local draught 
rates around the workstations ranged from 9 % to 14 % at 40 W/floor-m2 and 
from 9 % to 21 % at 80 W/floor-m2 in the occupied zone. The largest vertical 
gradient of average draught rates was obtained in the middle of the room at the 
both head loads. The maximum draught rate was observed at the ankle height 
of the location 5 at 40 W/floor-m2 and location 6 at 80 W/floor-m2. With the 
both heat load distributions, a thermal environment would be classified as the 
category B at 40 W/floor-m2 and the category C at 80 W/floor-m2 according to 
the EN ISO 7730 (CEN, 2005). 
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Figure 17. The maximum draught rate [%] in the occupied zone at 40 W/floor-m2 and at 
80 W/floor-m2 marked as 40/80 at each location shown in the lower maps, respectively: a) 
Symmetric setup. b) Asymmetric setup. The category for thermal environment defined by EN 
ISO 7730: The category A (DR<10 %), category B (DR<20 %) and category C (DR<30 %). 

 

3.4 Multipurpose arena 

The ventilation performance and air movement was studied in the multipurpose 
arena (Publication IV). The main objective was to investigate thermal condi-
tions, air distribution and airflow patterns. Experimental methods were con-
ducted to explore thermal conditions and air movement. CFD simulations were 
conducted on providing the detailed information of indoor airflow field by im-
plementing the boundary conditions that were based on the measurements. 

3.4.1 Unoccupied arena 

The ice rink conditions were measured at 11 locations in the unoccupied arena. 
The average ice surface temperature was −4.0°C. The measured thermal radia-
tion intensity was 68 W/m2 and the illuminance level was 260 lx on the ice sur-
face. A polynomial curve fit was generated for the air temperature profile above 
the ice (Figure 18), in which the squared correlation coefficient was R2=0.998 
and the standard deviation of the air temperature was within 0.33°C at each 
height. The curve fit was expressed as 
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where  [°C] is the air temperature and  [m] is the height above the ice. The 
curve fit was generated to estimate the air temperature and vertical derivative 
at a given height. Consequently, the remarkable air temperature stratification 
was obtained from the ice sheet up to the height of 2 m and the derivative in-
creases significantly towards the ice sheet. In contrast, the linear temperature 
gradient was mainly below 1°C/m on the seating sector. 
 

 

Figure 18. The ice rink conditions: a) Average vertical air temperature difference. b) Relative hu-
midity. A horizontal errorbar denotes the standard deviation. 

 
It seems that the large-scale air movement existed generally from the ice rink 

to the measured seating sector. In the upper-seating sector, the smoke tests in-
dicated a downward flow along the occupied zone (Figure 19) from where the 
indoor air flowed to the middle of the arena air volume. In the lower-seating 
sector, the smoke tests indicated an upward flow along the occupied zone (Fig-
ure 20).  
 

 

Figure 19. Air movement along the upper-seating sector. 
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Figure 20. Air movement along the lower-seating sector. 

Consequently, two major air circulation regions were found based on experi-
ments and CFD simulations (Figure 21). The schematic idealization shows how 
the large-scale air movement circulates from the ice rink up to the lower seating 
zone facing similarly the downward flow from the upper seating area that, in 
turn, interact with each other. The circulating airflows were mainly driven by 
the supply airflows, heat sources and heat sinks. The smoke tests indicated that 
the large-scale air movement was significantly affected by the ventilation airflow 
rates of different air handling units and the air temperature differences between 
the supply airflow and surroundings. For instance, when the airflow rate was 
decreased, the upward air movement decayed and turned towards the end-side 
of arena. Furthermore, the retractable stand position and the prevailing thermal 
conditions affected the air movement. One parameter was also the pressure dif-
ferences between the arena enclosure and the surrounding enclosures. Gener-
ally, this highlights the challenges of non-controlled indoor environments and 
reveals uncertainty while concluding three dimensional indoor air movement in 
a large enclosure. 

 

Figure 21. A schematic view of indoor air movement in the multipurpose arena. The cross-section 
approximately in the middle of both sides as shown in Figure 20. 

g



Results 

47 

 

3.4.2 Ice hockey game 

At the beginning of the game, the building management system (BMS) showed 
a total supply airflow rate of 30 m3/s that was later increased up to 68 m3/s 
(Publication IV). In the BMS-system, the air temperature inside the arena was 
on average 16.6-17.6°C and the supply air temperature was 14.8-16.4°C. The ex-
tracted air temperature was lower than the arena temperature, i.e. 15.9-17.0°C. 
This is because the arena sensors were located below the cabinet region, and 
probably therefore, under slightly warmer thermal conditions than the middle 
of the arena air volume. Generally, the temporal rise of air temperature was 
around 2°C in the arena enclosure. This was mainly because the number of au-
dience was 30% of the maximum. It follows that the average vertical difference 
of air temperature between the upper air volume and the lower air volume was 
within 1°C. However, the air temperature increased considerably on the seating 
sector (Figure 22). The air temperature range increased from 12.3–15.1°C up to 
14.4–16.9°C at the locations 1-6 in the lower-seating sector during the game 
(Figure 22). In the upper-seating sector, the air temperature range increased 
from 15.1-15.9°C up to 16.5-17.1°C at the locations 7-9 (Publication IV). Hence, 
the average growth of air temperature was 2.4°C in the lower-seating area and 
1.3°C in the upper-seating area. Thus, the temporal increase was greater in the 
lower-seating area than in the upper-seating area.  
 

 

Figure 22. The measured indoor air temperature at the heights of 1.5 m, 2.5 m and 3.5 m at the 
locations 1-6 defined by Figure 6: a) Before the game. b) In the third period. 

 
According to infrared thermography, the surface temperature of the arena en-

velope increased only slightly during the game. A reason for this is the short 
game (3h), the massive envelope structures and the large total air volume com-
pared to prevailing heat sources in the arena enclosure. However, remarkable 
differences were obtained locally at the seating area due to audience (Figure 23). 
Generally, the surfaces at a lower temperature were obtained near the ice rink 
and near the entrances whereas the surfaces at a higher temperature were ob-
served at the audience, cabinets and screens. This means that buoyancy flows 
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occur at those boundary layers, where the heated air accelerated upwards due 
to gravitational force. 
 

 

Figure 23. Infrared thermography image: a) At the beginning of the game. b) At the end period of 
the game. 

 
The results indicate that the mean air speeds decreased at the lower seating 

sector during the game, particularly near the ice rink locations 1-3 (Figure 24), 
in which higher mean air speeds were observed at the beginning of the game 
than in the other locations. In contrast, the mean air speeds increased at the 
upper seating sector (Publication IV). Thus, the range of mean air speeds de-
creased from 0.07-0.36 m/s to 0.06-0.19 m/s in the lower seating sector and 
increased from 0.07-0.18 m/s to 0.14-0.25 m/s in the upper seating sector.  
 

 

Figure 24. The measured mean air speed at the heights of 1.5 m, 2.5 m and 3.5 m in the lower 
seating sector at the locations 1-6 defined by Figure 6: a) Before the game, b) At the end 
period of the game. 

 

3.4.3 CFD simulation 

The steady-state RANS simulations were made for the third period conditions 
of ice hockey game (Publication IV). The purpose was to investigate the time-
averaged trends in airflows under the prevailing boundary conditions, because 
the RANS simulation dampen the fluctuations in turbulent flow. Generally, CFD 
simulation predicted reasonably well the trends in large-scale flows. For in-
stance, the indoor air movement above the lower and the upper seating area was 
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well-predicted. This means that the large scale flows had a rational magnitude 
and direction. Figure 25 shows the predicted airflow field from the duct diffuser 
model and from the upper seating sector model. In the numerical solution, the 
supply airflow extends to the lower part of upper seating area that was also ob-
served in the marker smoke visualization. 

 

 

Figure 25. CFD simulation model for air distribution system above the upper-seating area: a) 
Duct diffuser model. b) Upper seating sector model. Color plot scale refers to the air velocity 
magnitude. 

 
CFD-simulations predicted mixed conditions in the arena enclosure. Conse-

quently, low air temperature stratification was predicted above the seating area 
that was also obtained by experiments. However, higher air temperature strati-
fication was predicted in the ice rink that was also obtained by experiments. 
Furthermore, the results show that the predicted and the measured air temper-
ature distributions were at the same level (Figure 26). However, the building 
management system (BMS) indicated higher air temperature, most probably 
because the sensors were located on the top of the lower-seating area occupied 
zone below the cabinets. In those locations, the air temperature can be higher 
than the average air temperature in the arena during the events. This, in turn, 
may ensure fast response in the building management system as the air temper-
ature rises in the occupied zone during the events. Furthermore, the CFD simu-
lation results show clearly that the spatial gradients of air temperature were 
higher near the supply airflows and near the heat sources or heat sinks than 
beyond those areas. 

 

a) b)
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Figure 26. The predicted and measured air temperature at the location B (Figure 6c) in the middle 
of the lower seating sector. Location B has been marked with a black vertical line at the color 
plot surface in the middle of the arena. At the location B, the arena indoor height was from 
3 m up to 30 m. The light grey color with the predicted function describes the range of actual 
location and near-field values within the 1 m distance. 

 
Figure 27 shows the mean air speed distribution in the arena enclosure at the 

given color plot sections. The results show higher mean air speeds near the sup-
ply airflows and seating occupied zones than in the middle of the air volume. 
However, the local mean air speeds deviate considerably depending on location. 
For instance, the mixing region between the upper-seating area and the lower-
seating area can be recognized, which was also observed by the experiments. 
Generally, the predicted and the measured mean air speeds were more near 
each other at the lower parts of both the upper-seating area and the lower-seat-
ing area compared to the upper parts of those areas. For instance, at the location 
5, which is in the middle of lower-seating sector, the predicted mean air speed 
follows reasonably well the corresponding measured mean air speed (Figure 
27).  
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Figure 27. The predicted and measured air speed at the location 5 (Figure 6c) in the middle of 
the lower seating sector. Location 5 has been marked with a black vertical line at the plotted 
surface. At the location 5, the arena height was from 6 m to 30 m. The light grey color with 
the predicted function describes the range of actual location and near-field values within the 
1 m distance. 

 
Figure 28 shows a view of the middle section at the color plot surface. The 

arrowheads provide direction of air movement. The predicted results show sim-
ilar behaviour of indoor air movement than the marker smoke visualisations 
such as the large-scale air movement was upwards along the lower seating area 
and downwards along the upper seating area. At this cross-section, the pre-
dicted supply airflow is not entering properly the occupied zone in the upper-
seating area. The schematic drawings can be too simplified compared to predic-
tions and experiments. Most probable, the transient simulation method may 
improve the prediction, because the airflow behaviour is more reasonable in the 
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transient simulation than in the steady state simulation. Overall, the indoor air-
flows are three dimensional and time-dependent such that the reliable behav-
iour can be performed by using the correctly implemented transient simulation 
methods e.g. URANS and LES simulation methods. 
 

 

Figure 28. Large-scale air movement at the cross section in the middle of the arena air volume. 
The color plot scale describes the mean air speed and the arrowheads denote the flow di-
rection.  

 

3.5 Indoor ice rink 

In the indoor ice rink, the air-handling unit was used for heating the outdoor air 
and similarly the indoor air. This is challenging in practice, because warm air 
will rise upwards to the ceiling zone (Publication V). Additional systems could 
be the floor or radiative heating while preventing condensation on the envelope 
structures. The experiments show different airflow zones in this indoor environ-
ment. The marker smoke visualisations indicate two separate vertical air move-
ment zones, i.e. an ice rink zone from the ice sheet up to the height of 3 m (Fig-
ure 30) and an upper zone from the height of 3 m up to the ceiling (Figure 29). 
The air movement was near quiescent at the ice level compared to the upper 
zone where the large-scale air movement was noticeable due to ventilation jets. 
In the middle of the air volume, the large-scale induced airflow movement was 
towards the ventilation jets and the exhaust air devices. This happens because 
the ventilation jets were located in the other side of enclosure. The thrown pat-
tern of the air jets did not reach the ice level, because the ventilation jets are not 
directed towards the ice sheet for preventing ice melting. In addition, the buoy-
ancy of warm supply air makes it difficult to penetrate downwards. 
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Figure 29. A photo of marker smoke visualisation for the upper zone. The largest arrow charac-
terises the induced airflow movement towards the ventilation jets. The curved arrows denote 
the interaction zone with ventilation jets. 

 

Figure 30. A photo of marker smoke visualisation for the ice rink zone. Indoor air was near a 
stagnant condition. 

The indoor airflow motions increased towards the upper zone and the exhaust 
end side of the arena (Figure 31). Generally, the indoor air movement was low 
in the ice arena, except in the air volume near the supply air jets. Consequently, 
the mean air speeds were slightly higher at the air supply side than in the middle 
or in the opposite side of arena (Figure 32). Furthermore, the air speeds in-
creased considerably in the exhaust-end side compared to the opposite-end side 
of the arena (Figure 33). However, the temporal deviation of instantaneous air 
speeds occurred widely on those locations (Figure 34). Note that a slightly 
greater amount of supply air was discharged into the exhaust-end side than into 
the opposite-end side that can increase the air speeds and the fluctuation levels 
in the exhaust-end side of the arena enclosure. 
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Figure 31. The mean air speed at the height of 3 m, 3.7 m and 4.3 m above the ice sheet. The 
vertical axis denotes the air speed [m/s]. The horizontal axis denotes lengthwise cross-sec-
tions and the depth axis refers to wide wise cross-sections of ice rink as shown in the map. 

 

  

  

Figure 32. The temporal duration curve of air speed at the height of 3 m, 3.7 m and 4.3 m above 
the ice sheet. Vertical axis denotes the air speed [m/s]. Horizontal axis denotes the normal-
ized measurement period. 

 

  

  

Figure 33. The temporal duration of air speed at the height of 3 m, 3.7 m and 4.3 m above the 
ice sheet. Vertical axis denotes the air speed [m/s]. Horizontal axis denotes the normalized 
measurement period.  
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Figure 34. The instantaneous air speeds above the ice sheet at the height of 3 m, 3.7 m and 
4.3 m. Vertical axis denotes the air speed [m/s]. Horizontal axis denotes the measured pe-
riod.  

The results are summarised in the Table 6 and Table 7. At the height of 3.0 m, 
the arithmetic average of instantaneous air speeds was 0.09±0.05 m/s, in which 
the variation denotes the temporal standard deviation of air speeds by using 
0.5 Hz sampling rate over 3 min measuring interval. The maximum air speed 
was 0.26 m/s.  

At the height of 3.7 m, the corresponding average of air speeds was 
0.12±0.07 m/s. Hence, the average air speed was 33 % higher at the height of 
3.7 m than at the height of 3 m. Furthermore, the standard deviation was 43 % 
greater than at the height of 3 m. The maximum air speed was 0.43 m/s.  

At the height of 4.3 m, the average air speed was 0.13±0.08 m/s. Thus, the 
average air speed was 12 % higher than at the height of 3.7 m, but 49 % higher 
than at the height of 3 m. The standard deviation, in turn, was only 9 % higher 
than at the height of 3.7 m, but even 56 % higher than at the height of 3 m. The 
maximum air speed was 0.57 m/s.  

The results show that the air speeds were lower at the height of 3 m, but in-
creased up to the heights of 3.7 m and 4.3 m. However, the average levels were 
reasonable indicating a low indoor air movement, although the instantaneous 
maximums increased clearly at a higher level in the upper zone than in the lower 
zone of the arena enclosure. Furthermore, the average air speed, the maximum 
air speed and the temporal standard deviation were greater in the exhaust-end 
side than in the opposite-end side of the ice rink at the heights of 3.7 m and 
4.3 m. However, at the height of 3 m, the average air speed was lower in the 
exhaust-end side than in the opposite-end side, although the maximum and the 
temporal standard deviation were greater in the exhaust-end side, similarly as 
obtained for at those higher heights (Table 6). In addition, the results imply that 
the average air speed, the maximum air speed and the temporal standard devi-
ation were higher in the air distribution side than in the opposite side of the ice 
rink (Table 7). Furthermore, the difference increases at the upper heights com-
pared to the height of 3 m. 
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Table 6. Temporal statistics of instantaneous air speeds [m/s] at the heights of 3.0 m, 3.7 m and 
4.3 m. The columns denote the given cross-section defined by Figure 33 during 3 min measuring 
interval and 0.5 Hz sampling rate. Columns are at lengthwise direction towards exhaust-end side. 

Height at 3 m 12, 13, 14 11, 15, 16 1, 2, 10 3, 8, 9 5, 6, 7 1-16 
Average air speed 0.09 0.10 0.08 0.12 0.07 0.09 
Maximum air speed 0.16 0.25 0.19 0.26 0.24 0.26 
Standard deviation 0.03 0.05 0.05 0.05 0.06 0.05 
Height at 3.7 m 12, 13, 14 11, 15, 16 1, 2, 10 3, 8, 9 5, 6, 7 1-16 
Average air speed 0.10 0.10 0.09 0.16 0.16 0.12 
Maximum air speed 0.18 0.35 0.23 0.41 0.43 0.43 
Standard deviation 0.03 0.07 0.05 0.07 0.09 0.07 
Height at 4.3 m 12, 13, 14 11, 15, 16 1, 2, 10 3, 8, 9 5, 6, 7 1-16 
Average air speed 0.10 0.12 0.10 0.17 0.16 0.13 
Maximum air speed 0.18 0.57 0.40 0.39 0.48 0.57 
Standard deviation 0.04 0.08 0.06 0.09 0.09 0.08 

 

Table 7. Temporal statistics of instantaneous air speeds [m/s] at the heights of 3.0 m, 3.7 m and 
4.3 m. The columns denote the given cross-section defined by Figure 32 during 3 min measuring 
interval and 0.5 Hz sampling rate. 

Height at 3.0 m air distribution side middle of ice rink opposite side 
Average air speed 0.11 0.10 0.06 
Maximum air speed 0.26 0.25 0.23 
Standard deviation 0.05 0.04 0.04 
Height at 3.7 m air distribution side middle of ice rink opposite side 
Average air speed 0.17 0.10 0.08 
Maximum air speed 0.43 0.29 0.25 
Standard deviation 0.08 0.05 0.06 
Height at 4.3 m air distribution side middle of ice rink opposite side 
Average air speed 0.19 0.10 0.10 
Maximum air speed 0.57 0.26 0.30 
Standard deviation 0.09 0.05 0.06 
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4. Discussion 

A careful study based on a systematic understanding and critical awareness of 
knowledge has been carried out to recognize main characteristics of indoor air-
flows under different heat load conditions. Furthermore, the airflow interaction 
between thermal plumes and air distribution flows has been investigated. In ad-
dition, the large-scale airflow patterns, turbulence scales and numerical model-
ing have been discussed. The airflow characteristics form a physical basis for 
assessing indoor airflows in a thermal environment. Airflow characteristics are 
necessary while optimizing indoor environments for the occupants. The study 
adds to the knowledge on airflow characteristics by conducting the laboratory 
and the field measurements. The laboratory measurements represent the exper-
iments in controlled indoor environment with diffused ceiling ventilation under 
the various heat load strength and distribution. The field measurements repre-
sent the experiments in non-controlled large enclosures. The numerical model-
ing has been used to provide detailed data from the simplified indoor airflow 
field under the given boundary conditions. The numerical solution provides 
probable information that can supplement the monitored data, because the sen-
sors of measuring instruments cannot be located everywhere in the occupied 
zone and total volume environment. The information has been provided by cal-
culating descriptive statistics from the dataset records. In addition, the Fourier 
transform has been used to change the time series records from the time-do-
main to the frequency-domain. In this way, e.g. the fluctuation energy can be 
associated with the frequency. Furthermore, the evidences have been observed 
and logical reasoning has been proposed for arguing the relevance of findings 
that complement earlier studies.  

The study contributes to the building sciences, indoor airflows, heat loads and 
air distribution indoors. The laboratory measurements contribute merely the 
fundamentals of proposed airflow characteristics. The field measurements wid-
ens the scope to the indoor air movement in large enclosures. The symmetric 
and asymmetric heat load distribution offered a good platform to investigate 
spatial and time averaged effects of heat loads on the airflow field. Furthermore, 
the diffuse ceiling ventilation enabled locally a low-momentum and equal sup-
ply airflow field that disturbs less the buoyancy driven flows from heat sources 
than many commonly used methods such as ventilation jets from different air 
terminal units.  

Consequently, the study enhances understanding on airflow conditions and 
draught discomfort under the common and high heat load conditions. This new 
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knowledge can be useful while developing intelligent indoor environments in 
the future by controlling micro-environments inside a total volume environ-
ment, e.g. the workstations. In this sense, one of the main objectives was to cre-
ate a physical basis for characterizing indoor airflows and investigate effects of 
heat load strength and heat load distribution on the occupied zone.  

 

4.1 Hypotheses 

The first hypothesis was that the heat load strength will have a remarkable effect 
on airflow field even when the air distribution was handled with a low momen-
tum air distribution method (diffuse ceiling ventilation). The first hypothesis 
was validated in detail for the proposed airflow characteristics (Publications I-
II). Furthermore, a cause-effect relationship was found between the heat load 
strength and the airflow field.  

The second hypothesis was that the heat load distribution will have a consid-
erable effect on the flow field. The second hypothesis was also validated (Publi-
cations II-III). The major distribution effect compared to strength effect was 
large-scale airflow pattern that was circulating in the test chamber. Further-
more, the spatial deviation of air temperature and air speed increased and the 
corresponding temporal deviation decreased with the asymmetric heat load dis-
tribution compared to symmetric one.  

The third hypothesis was that the large-scale air movement can be considered 
conveniently in the large enclosures. This hypothesis have to be rejected, be-
cause the large-scale flows were difficult to analyse in the total enclosure (Pub-
lications IV-V). Therefore, it is suggested to focus on the smaller part of large 
enclosure and vary each desired parameter such that the effect of that parameter 
can be identified on the airflow field. Therefore, CFD simulation can provide 
useful information about the probable trends of airflows under the measured 
boundary conditions in the future when the computing resources increase. The 
fourth hypothesis was that the discomfort frequency level 0.3-0.5 Hz can be rec-
ognized from the fluctuation energy. This hypothesis has to be rejected, because 
the fluctuation energy changed smoothly such as the specific features were not 
found in those frequency levels. 
 

4.2 Reliability of measurement and simulation 

The uncertainty consist of a random and a systematic uncertainty. The system-
atic uncertainty of measurements can be reduced by calibration. The require-
ments and uncertainty have been discussed by Melikov et al. (2007). The au-
thors showed that the uncertainty of draught rate defined by Eq. (7) can be 
around ±5 % (p.p.). Generally, the dynamic response of instrument determines 
the measurement of fluctuations, and also the directional sensitivity and the 
sensor free convection affect the results (Melikov et al., 1998a; Popiolek et al., 
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1998; Melikov et al., 1998b; Melikov et al., 1998c). In this study, the more reli-
able results were observed in the controlled environment, in which the instru-
ments can be managed carefully. In the field studies, the measuring instruments 
and total air volume measurements were more uncertain, because the instru-
ments were exposed to relocation and movement. The most reliable results were 
obtained in the seated person zone, in which the measurement period was an 
hour and the sampling rate was 10 Hz. The estimated error level in the temporal 
standard deviation was below 10 % up to 2 Hz (Table 3). Hence, the inaccuracy 
for temporal standard deviation was greater at the sampling rate of 10 Hz. The 
spatial standard deviation was based on the local mean values that were reliable 
due to long measurement interval.  

The experimental setup for the symmetric head load distribution was success-
ful, because the power of heat load could be measured conveniently for the cy-
lindrical test dummies containing light bulbs. Furthermore, the measurement 
of the airflow rate as well as the supply air temperature and the exhaust air tem-
perature were reliable arranged. The main challenge in symmetric setup was to 
adjust indoor air temperature at a target level. In addition, maintaining stable 
conditions was important during a long measurement period.  

The experimental setup for the asymmetric heat load distribution was more 
complicated than for the symmetric one. The workstation heat sources were rea-
sonably measured, because the seated dummies include heat bulbs. However, 
the heating foil at the floor as well as the heated water panels, i.e. the window 
panels, had a somewhat larger uncertainty. The solar heat load is difficult to 
implement in practice, because the direction of radiative heat flow changes con-
tinuously and the furniture absorb a part of the thermal radiation. This means 
that the heating foils should be located also in those surfaces. Generally, the 
power of the heating foil was rationally measured, but a part of the heat flow 
may transfer into the envelope instead of indoor air. Therefore, additional insu-
lation was installed behind the heated water panels.  

In the field measurements, the main challenge in conclusions was to identify 
inaccuracy of initial conditions and sensitivity of those conditions on the results, 
because the effect of thermal mass, changing heat loads and doors affects the 
results. For instance in the multipurpose arena, the large-scale air movement 
was considerably affected by the ventilation airflow rates and the air tempera-
ture differences. In addition, e.g. the retractable stand position and a share of 
lower and upper air distribution had a great impact on indoor air movement. 

The control of the HVAC-systems can be difficult in practise. Generally, a care-
ful investigation of those systems and air distribution performance should be 
made before the commission. Moreover, the air distribution have to be designed 
case-dependently for the given indoor environment such as the supply air covers 
the occupied zones. Therefore, different systems may need to be used.  

In the smaller ice rink, the indoor air movement can be more reliably ob-
served. The measuring instruments provided reasonable data about the prevail-
ing indoor climate during the selected events. The focus was to investigate a 
performance of air distribution system and examine large-scale air distribution. 
In both field studies, the answer on those set questions were certainly found. 
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The results covered only the prevailing initial conditions that can be synchro-
nized from the building management system. Therefore, the additional test 
cases are suggested for the gradually changed initial conditions including the 
differences between the adjacent sectors as well as the upper and the lower air 
distribution to explore effects of a given parameter on the indoor air movement.  

The CFD simulation predicted rather reasonably the time-averaged trends in 
airflows under the given boundary conditions e.g. along the lower and the upper 
seating area. Consequently, the main airflow directions could be predicted 
properly, whereas the smaller details were more uncertain. In this study, the 
main differences existed regarding the airflow speeds and the dimensions of air-
flow patterns compared to the experiments. Furthermore, the wide variety of 
supply airflow profiles existed in the steady-state solution that showed the effect 
of local forces on indoor air movement. Most probably, this can be enhanced by 
introducing more advanced computational methods that can be able to simulate 
a temporal fluctuation of the airflow.  

Probably, the characterising airflow profile could be generated by averaging 
spatially several cross-sections from the indoor airflow field. In the one sector 
model, the supply air distribution above the upper-seating area was well-pre-
dicted. Hence, the result indicates that the performance of single ventilation jet 
can be successfully modeled. However, the boundary conditions are difficult to 
define for the chosen boundaries in a total air volume. In most cases, the air 
distribution system is not symmetric. Therefore, the total indoor airflow field 
have to be modeled in order to get a reliable numerical solution about the de-
fined indoor environment.  

In large enclosures, a wider variety of length scales and time scales typically 
occur compared to small indoor environments. This require rather dense com-
putational grid such as the truncation error is at the same level in the approxi-
mated spatial derivatives. As a result, a dependency of computational grid is 
suggested to be investigated on the numerical solution such that the effect of 
grid spacing and grid quality can be identified. The behaviour of the conducted 
spatial and temporal discretization as well as the iterative solution methods can 
be generally well known. Therefore, the main uncertainty in CFD simulation 
may be an implementation of well-posed problem. This means that correctly 
stated boundary conditions are essential for reliable numerical solution. Large 
eddy simulation is very promising approach to predict indoor airflow field. 
Therefore, the future objective can be to apply the large eddy simulation method 
to current virtual environment together with measured and perceived data.  
 

4.3 Methodology and analysis 

In the laboratory environment, a successful measurement is based on the con-
trol of thermal environment and the quality of measuring instruments. One 
question is how to capture the airflow vector field. The visualization can be done 
by releasing the marker smoke or helium bubbles in the airflow. Recently, the 
PIV techniques have been used for the airflow phenomena (Cao et al., 2014; Li 



Discussion 

61 

et al., 2017) and the three-dimensional particle tracking velocimetry has been 
used for the large scale structures (Lobutova et al., 2010; Fu et al., 2015). Those 
are promising techniques in the future. The challenge in the smoke test is the 
appropriate light and background color and dimensions such as the airflow pat-
terns can be identified. In this sense, also the hand smoke is rather good choice 
for local investigation. In practice, the smoke movement is suggested to be video 
recorded from the desired coordinate directions so that the dimensions of flow 
patterns can be determined in the background or in the camera. Otherwise, the 
air movement cannot be concluded properly and synchronize with adjacent 
measurements.  

The control of thermal environment is based on the reliable adjustment of in-
itial conditions. Therefore, also the boundary conditions have to be monitored 
including stability of thermal environment and heat balance. At the beginning, 
also a theoretical heat balance is necessary, because the first settings are based 
on calculations. The theoretical balance and the measured balance have to 
match each other such as the correct levels of heat flows can be recognized. Con-
sequently, those balances double check each other. The considered environment 
is three dimensional. Thus, each measurement location, heat source and furni-
ture are suggested to express in the coordinate system that can be used while 
the measurement is repeated. Furthermore, the requirements for the measuring 
instruments can be found in the standards (CEN, 2001; CEN, 2002).  

The methodology for a successful measurement in a large enclosure is merely 
case-dependent. The air movement can be detected by introducing smoke tests 
and by adding the measuring masts on the considered air volume including an-
emometers for air speed. The challenges are basically similar than in the labor-
atory measurement but the dimensions are greater in the large enclosures than 
in the small enclosures. Furthermore, the measuring masts can be in the occu-
pied area, thus the question is how to prevent people to touch the instruments.  

In the multipurpose arena, the marker smoke shows a reasonably way an 
large-scale air movement in the seating sector level. However, very large dimen-
sions caused uncertainty while observing an actual direction of the airflow in 
the total arena air volume. Other technique is to release helium bubbles to the 
airflow. However, large number of bubbles are necessary for the large indoor air 
volume.  

Generally, some guidelines are proposed below. First, a careful plan, safety 
measurement and reasonable time-schedule are essential, because a lot of 
equipment are necessary, the dimensions are large and the change of measure-
ment locations may be time consuming. Second, the local time of each equip-
ment have to be checked compared to building management system such as the 
system and the measurement data can be synchronized. Third, the measure-
ments are suggested to record on video from each coordinate direction such that 
the instant moments and the locations can be checked afterwards. However, this 
will increase the amount of data significantly. Fourth, a reliable method for de-
tecting the three dimensional position is necessary while e.g. comparing the ex-
periments with the predictions. Fifth, a sensitivity analysis of gradually changed 
initial conditions are suggested. Otherwise, clear conclusions can not be made 
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about a sensitivity of air movement in different conditions. However, this is 
time-consuming, because a delay occurs between the old and a new stable con-
dition, and the delay may increase with the total air volume. The measured da-
taset records have to be checked already at the beginning of measurements such 
that possible errors can be detected. In this way, entire measurements have not 
to be repeated. 
 

4.4 Significance of results 

The proposed airflow characteristics create a basis for investigating indoor air-
flows. The results show a clear cause-effect relationship between the heat 
sources and the indoor airflow field. Furthermore, the significance on reducing 
heat loads around the workstations has been realized such as the draught dis-
comfort can be minimized. This is because the buoyancy flows from heat sources 
affects also the air distribution flows. The optimal thermal environment is asso-
ciated with neutral thermal perception of occupants. However, thermal percep-
tion is an individual feeling. Therefore, a target is to minimize draught discom-
fort in the European ISO standard. The ASHRAE standard accept higher mean 
air speed levels than the European standard at the air temperature level of 26°C. 
However, when an occupant feel draught discomfort, it is usually difficult to 
control the systems of total volume environment. On the other hand, when the 
occupant feel too hot, local technology can be used conveniently to improve the 
sensation with thermal environment, e.g. by using a fan. This justifies the 
smaller air speed level in the occupied zone.  

Generally, indoor air movement is affected by the convection flows from heat 
sources and heat sinks as well as air distribution flows. Their combination 
changes the inertial energy in indoor airflow field. It follows that when the heat 
loads will increase, the ventilation airflow rate of the all-air system will increase, 
and the mean air speed levels and the airflow deviation will increase. Conse-
quently, this will increase the risk of draught discomfort in indoor environment. 
This increase is usually smaller by using the air-water systems, because a venti-
lation airflow rate can be reduced. In any case, the significance of heat loads can 
be greater than earlier has been indicated. Furthermore, those buoyancy flows 
have interaction with air distribution flows. Consequently, the convection flows 
from heat sources may disturb the designed behavior of ventilation jets.  

The large-scale flows are mainly driven by natural and forced convection. 
Hence, the external forces accelerate the flow patterns. Understanding large-
scale flows is important, because those have considerable effects on human 
thermal perception. Large-scale air movement can be laminar, turbulent or in 
transition from laminar to turbulent. Laminar flow can be controlled easily e.g. 
by using flow barriers. Turbulence arise from the laminar flow while the inertial 
forces increase sufficiently compared to viscous forces. Consequently, the air-
flow conditions generate instabilities into the flow structures turning into cha-
otic motions involving vorticity and wide range of eddies in the flow.  
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Turbulence increase the flow interaction as well as the heat and mass transfer. 
Hence, the impact on human thermal sensation can be considerable. Further-
more, turbulent flow is difficult to control, because it is fluctuating. It follows 
that the largest circulating airflow pattern can be on the order of room size 
whereas the smallest turbulence length scales can be on the order of millimeters. 
Consequently, indoor air includes wide range of eddy sizes that are interacting 
in the total volume environment and generating large-scale structures that are 
in stable or unstable condition.  

This all means that mainly the air distribution, heat loads and heat sinks de-
termine the indoor airflow field. Thus, their location is essential while designing 
optimal air distribution system. This is closely related to controlling micro-en-
vironments and total volume environments.  

The turbulent large-scale flows can be controlled by using flow barriers and 
partition walls, similarly than the laminar flows. Furthermore, the fluctuating 
airflow patterns can be dampened at the walls by conducting internal architec-
ture such as green walls and curtains etc. that, in turn, may enhance also human 
health and well-being if the harmful emissions from the materials are negligible. 
A risk of discomfort can be minimized by reducing heat sources or by directing 
buoyancy flows into the exhaust valve at the ceiling zone.  

The ventilation airflow rate can be reduced by increasing the water cooling 
power such as the required ventilation airflow rate is smaller. One system is a 
chilled-beam installation with ceiling plenum cavity for the buoyancy flows 
(Woollett and Rimmer, 2014). Otherwise, thermal comfort can be difficult to 
control e.g. at the workstations in office environment. However, individuals may 
need an air movement under increased heat load conditions to improve per-
ceived air quality. Therefore, the individual control of workstation environ-
ments are suggested in the future.  
 

4.5 Practical implications 

The management of large-scale flows is important while decreasing a risk of 
draught (Publications I-III). In addition, the field studies show that large-scale 
flows are highly influenced by initial conditions, heat loads and air distribution 
(Publications IV-V). This means that controlling large-scale flows have to be 
performed more or less case-dependently such that the building management 
system will identify the changes in indoor climate and adjust new settings to 
maintain optimal indoor conditions. Therefore, the appropriate monitoring sys-
tem is essential with good quality sensors e.g. for the air temperature, air hu-
midity, CO2 and VOC concentrations, to name a few. In the future, the assess-
ment of indoor environmental quality (IEQ) can be made by using the meas-
ured, perceived and modeled data involving also the indoor airflows. However, 
assessing indoor airflows require measurements in total volume environment 
so that the performance of air distribution system can be monitored including 
the sensitivity analysis for desired parameters. In addition, CFD model for the 
total volume environment have to be created such as the probable flow trends 
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can be modeled under the monitored boundary conditions. In this way, also the 
indoor air movement can be estimated for the draught discomfort and thermal 
comfort models. Furthermore, the online feedback of the actual indoor condi-
tions can be offered for the occupants.  

The main practical implication is that it is important to give insights on the 
effects of heat loads on indoor airflows. Earlier studies have shown effects, e.g. 
Kosonen et al. (2007), Koskela et al. (2010), Kosonen et al. (2010), but the de-
tailed analysis on the proposed airflow characteristics was not found from the 
literature. Therefore, this study shows detailed effects on the flow field (Publi-
cations I-III). Furthermore, the important aspect is also to understand behavior 
of indoor air movement and the relationship with the heat balance. For instance, 
when the heat load strength increases, the cooling power have to be increased 
to maintain thermal conditions. This means that either a ventilation airflow rate 
have to be increased or e.g. the water based cooling system has to be introduced 
to maintain thermal conditions, i.e. the local radiant panels, chilled beams or 
chilled ceiling (Kosonen et al., 2011; Mustakallio et al., 2016).  

In this study, the results show that the increased strength of heat loads and, 
as a consequence, the increased ventilation airflow rate increase the risk of 
draught (Publications I-III). The results indicate that the greatest levels were 
obtained at the ankle height and the lowest levels at the head height of seated 
person. The thermal perception is individual and local feeling, thus draught sen-
sation at one single location is enough to decrease the human satisfaction at a 
nonacceptable level. Therefore, the target is generally to minimize the draught 
discomfort in the entire occupied zone. Furthermore, the results indicates that 
the category A defined by EN ISO 7730 (CEN, 2005) for a thermal environment 
is very difficult to achieve under the high heat loads. However, the draught dis-
comfort can be reduced by arranging the heat loads properly. Those issues are 
proposed to be considered in the guidelines and standards.  

Another practical implication was that the ventilation performance is highly 
affected by the heat loads, settings of HVAC systems and geometry of the large 
enclosures. Therefore, the ventilation performance should be always analysed 
carefully especially in the large enclosures before the use. It is clear that air dis-
tribution should be introduced such that the individuals will have enough clean 
air in every situations. This is challenging, because occupied zones are typically 
small compared to total volume environment in large enclosures. Therefore, air 
distribution is a key issue in large enclosures such that the occupied zones can 
be covered properly. The most meaningful way is to distribute clean supply air 
near the people. This would also need a localized technology. In large lobbies, 
the requirement can be to distribute clean outdoor air to occupied corridors. If 
the enclosure is high, the vertical air temperature stratification usually occur, 
especially with the glazed facades. Thus, the convection flows may be strong and 
as a consequence, larger airflow patterns than in the office indoor environment. 
The warm air is then extracted from the ceiling zone.  

In the large multipurpose arenas, the events determine the initial conditions. 
There is a big difference between e.g. the ice hockey game and the concert event. 
In ice hockey game, the temperature range between the cooled ice rink and the 
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surrounding environment is the main effect. In many cases, the heat flow be-
tween the ceiling and the ice rink is important. Hence, the low-emissive ceiling 
material is suggested to be chosen. Furthermore, the highest air temperature 
gradients occur typically in the ice rink. Furthermore, the cold ice rink affects 
individuals’ thermal comfort. The seating areas are wide and the air distribution 
should be arranged equally on those areas.  

In this field study, the terminal units were placed below the lowest seating 
rows such that the supply air was flowing through the drilled holes up to the 
spectators. In the upper seating area, the supply air was distributed from the 
wall above the seating area. Obviously, the most effective air distribution could 
be introduced by using the local technology to the seats. However, it can be a 
real challenge to bring clean supply air to the thousands of people. Overall, the 
performance of air distribution was reasonable in the ice hockey game. The sen-
sors for monitoring the air temperature and CO2 were placed between the lower 
and upper seating areas. The measurements have shown considerable effects of 
heat load on air distribution flows that was also obtained in the large enclosures. 
Therefore, the real time monitoring is important to develop for the conditions 
that are merely case-dependent. 

In the advanced systems, the number of sensors are recommended to be in-
creased to cover larger areas. Therefore, more advanced monitoring system for 
the air temperature, air humidity, CO2, VOC and other desired harmful concen-
trations and bioeffluents are suggested to be considered. In this way, further 
targets for the healthy, comfortable and intelligent indoor environment can be 
reached by using also the artificial intelligence in learning from experience. In 
multipurpose arenas, thermal comfort models can be different than that of the 
office environment models. This is because, the spectator activity is typically 
greater in the arena events and the people can be in a continuous motion. Fur-
thermore, the earlier studies have found an impact of activity and overall ther-
mal sensation on human sensitivity to the air movement (Toftum, 2002; Tof-
tum, 2004). It follows that the changes and the heat load levels are most obvi-
ously larger during the arena events than that of the office environments, but 
the sensitivity to the air movement can be smaller on the audience in a concert 
or in an ice hockey game than on the office occupants on average. However, 
similar fundamental physics occur in the common occupied environments. The 
main question is how to respond fast to the spatial and temporal changes of the 
desired quantities while maintaining optimal indoor environment. This may re-
quire highly intelligent systems and their synchronization in the IEQ control 
strategy.  

The draught rate model for the local discomfort in a thermal environment is 
defined in the EN ISO 7730 (CEN, 2005). In the higher room air temperature 
levels, but below human temperature, the individuals need air movement to im-
prove their thermal perception of indoor environment. However, the first prior-
ity is to reduce heat loads and keep the cooling demand lower, because the com-
plex airflow structures with high heat loads are difficult to manage. The 
ANSI/ASHRAE 55 standard (ANSI/ASHRAE, 2017) allows higher air speed lev-
els than the EN ISO 7730 standard (CEN, 2005). Hence, the mean air speeds 
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between 0.3-0.5 m/s may not be so critical at the indoor air temperature levels 
of 26±0.5°C. Actually, the preferred air speed has been found to exist even above 
0.5 m/s while the air temperature is 26°C (Arens et al., 1998). This agrees also 
with the study by Toftum (2004), in which the human subjects did not generally 
feel draught at the air speed levels up to 0.4 m/s while the air temperature was 
above 23°C. Furthermore, the office studies have indicated that occupants are 
less sensitive to the air movement than stated in the standards (Toftum et al., 
2000; Zhang et al. 2007; Zhang et al., 2010). However, those who feel discom-
fort cannot usually control their near environment if the total volume systems 
are used. Thus, the lower acceptable mean air speed levels are justified. In ad-
dition, the higher air speed levels may amplify acute subjective responses e.g. 
the distraction and eye irritation. 
 

4.6 Recommendations for further research 

In the controlled environment, the proposed airflow characteristics can be used 
to elaborate dependencies, regularities and relations from both the experi-
mental data and the numerical data, and to develop new indicators by excluding 
the impact of additional parameters. Therefore, it is recommended to conduct 
further studies in different office and heat load layouts with advanced air distri-
bution methods. The key issue in cooling season can be to prevent the solar heat 
load and the large-scale airflow patterns at the workstations. 

In the future, the individualized control is important at the workstations, thus 
investigating micro-environments under a total volume environment are neces-
sary. Those studies can be related to a local technology, because the local tech-
nology is usually individually controlled and the human thermal perception is 
an individual feeling. In this sense, the local radiant panels, equipped floor 
structures and air-water systems can be the key topics in the further studies. 
However, the wearable heating and cooling can also be an increasing trend, be-
cause it is usually more efficient than those other methods outside the human 
body micro environment. In this sense, the layer between the clothing and the 
skin is important for comfort (Melikov, 2015). A recent study shows that cooling 
clothing improves thermal comfort in warm environment (Sakoi et al., 2014). 

In the large enclosures, the recommendations on further studies are associ-
ated with the performance of air distribution systems and the sensitivity of air 
distribution with the given initial conditions in the total volume environment 
and in the adjacent sectors. The further topics are the studies on the indoor en-
vironmental quality during the occupied events, because those are rarely inves-
tigated by conducting the advanced experimental methods. CFD simulations 
can provide useful information about the probable trends of airflows under the 
measured boundary conditions in the future when the computing resources in-
crease. The main uncertainty in CFD simulation is to determine a well-posed 
problem. This means that correctly stated boundary conditions are essential for 
reliable numerical solution. Large eddy simulation is very promising approach 
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to predict indoor airflow field. Consequently, it is recommended to investigate 
the large eddy simulation methods for indoor airflows.  

Furthermore, the real time monitoring and modeling of indoor airflow field 
together with online feedback from building occupants are the opportunities to 
improve indoor environment assessment and people’s well-being. Therefore, 
combining the perceived, measured and modelled data in the interaction data-
base is suggested while evolving intelligent indoor environments in the future. 
Currently, the performance of air distribution methods and indoor air move-
ment are not well-understood in the large-enclosures in which the range of 
length, velocity and time scales can be significant. Thus, when understanding 
better the indoor airflows, the healthy and comfortable indoor environments 
can be optimized more reliable than earlier by conducting advanced HVAC-
technology. 
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5. Conclusions 

The motivation of the study was to improve knowledge on airflow characteris-
tics and indoor air movement under different heat load conditions, and also the 
interaction of buoyancy flows and air distribution. The study adds to the 
knowledge on airflow characteristics by conducting the laboratory measure-
ments and the field studies. The laboratory measurements represent experi-
ments in controlled indoor environment. The field measurements represent ex-
periments in non-controlled large enclosures. The numerical modeling was 
used to provide detailed data from indoor airflow field of large enclosure under 
the given boundary conditions. The descriptive statistics have been calculated 
to identify the effects of increased heat load conditions on coherent airflow 
structures and time-averaged airflow field.  

The airflow characteristics can be used to realize the dependencies, regulari-
ties and relations from both the experimental and the numerical data. In this 
way, the simplified mathematical models can be investigated and new indicators 
can be developed. Consequently, a relevant indicator called fluctuation energy 
ratio has been proposed to characterise the local airflow conditions (Publication 
I). Generally, Publications I-III discussed on the effects of heat load strength 
and heat load distribution on the airflow characteristics. Publications IV-V dis-
cussed on the indoor air movement in large enclosures.  

The airflow characteristics offer a physical basis for controlling indoor climate 
while combining the measured, modelled and perceived data against the 
changes in indoor environmental quality (IEQ). Thus, assessing airflow charac-
teristics is an essential part of human well-being and performance indoors in 
the future while developing intelligent indoor environments. 

 

5.1 The effect of the strength and the location of heat loads 

The results show that a cause-effect relationship can be found between the heat 
load strength, heat load distribution and indoor airflow field. The experiments 
indicate that the average of mean air speeds, the spatial deviation of mean air 
speeds and the temporal deviation of instantaneous air speeds increase with 
heat load strength (Publications I-III). Consequently, also the range and the 
maximum of air speeds increase. Those statistics increased also for the indoor 
air temperature otherwise, except for the average air temperature that was kept 
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at the same level (Publications I-III). Generally, those results reveal that indoor 
airflow motion increases with heat load. Therefore, also the range of length 
scales increased with heat load. In principle, the inertial energy of the indoor air 
movement arises from the combined effect of natural and forced convection 
flows. 

In the heat load study, the air temperature increased from the ankle height up 
to the head height of seated person, and decreased in the ceiling zone (Publica-
tions II-III). This may characterize the vertical air temperature profile gener-
ated by the heat loads in the occupied zone and the diffuse ceiling air distribu-
tion. 

In the symmetric heat load distribution, the average air temperature was at 
the same level in the room side and in the middle of the room (Publication III). 
In the asymmetric heat load distribution, the average air temperature was the 
highest in the window side and the lowest in the corridor side (Publication II). 
Furthermore, the difference of average air temperature between those sides in-
creased with heat load. 

In the symmetric heat load distribution, the average air speed decreased from 
the ankle height up to the head height of seated person and remained at the 
same level up to the ceiling zone (Publication I). In the asymmetric heat load 
distribution, the average air speed increased both in the floor zone and in the 
ceiling zone (Publication II). Furthermore, the average air speed was greater in 
the corridor side than in the window side with the asymmetric heat load distri-
bution in the seated person zone (Publication II). 

The asymmetric heat load distribution generated a circulating airflow pattern 
from the heat loads to the opposite side of the test chamber that was not found 
with the symmetric heat load distribution (Publications I-III). Consequently, 
the airflow conditions were different in the window side, in the corridor side and 
in the middle of the room with the asymmetric heat load distribution. Generally, 
the asymmetric heat load distribution increased the spatial deviation of local 
mean air speeds compared to symmetric one (Publication III). This is because 
part of the inertial energy entered to the circulating airflow pattern with the 
asymmetric heat load distribution. Therefore, also the vertical mean air speed 
gradients were greater in the middle of the room than in the room sides with the 
asymmetric heat load distribution (Publications II-III). 

The range of maximum draught rates increased with the asymmetric heat load 
distribution compared to symmetric one. In the symmetric heat load distribu-
tion, at least one height exceeded 10 % in all the measured locations in the oc-
cupied zone. In the asymmetric setup, the corresponding share was 47 % at 
40 W/floor-m2 and 87 % at 80 W/floor-m2 (Publication III). This means that 
the category A for thermal environment is difficult to achieve in the standard 
EN ISO 7730, because the draught rate model increased the draught discomfort 
over 10 %.  

Generally, the draught risk can be decreased by reducing heat loads, extracting 
the buoyancy flows at the ceiling zone and dampening the airflow patterns 
properly e.g. by conducting the localized technology and internal architecture 
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(Publications I-III). However, the air movement is necessary on average at the 
higher air temperature levels below human temperature.  

The results indicate that a range of turbulent length scales increases with the 
heat load and the supply airflow rate. The largest length scales were on the order 
of the room size whereas the smallest length scales were on the order of milli-
meters. The time-scales indicate a decreasing turn-over time for eddies when 
the heat load increases (Publication II). 
 

5.2 Large enclosures  

The indoor air movement was investigated in a large multipurpose arena (Pub-
lication IV) and in a small ice rink (Publication V).  

In the multipurpose arena, the air distribution method was displacement ven-
tilation below the retractable stands in the lower-seating area and zoning venti-
lation above the upper-seating area. The indoor air was extracted from the ceil-
ing zone in the both end sides of the arena. The main heat loads were the people, 
screens, lights and scoreboard. The heat sink was the ice rink (Publication IV).  

In the unoccupied conditions, the large-scale air movement was from the ice 
rink to the seating area while the cross-section at the middle of the long side was 
considered. In the lower-seating area, the marker smoke indicated an upward 
flow along the occupied zone. In the upper-seating area, the smoke indicated a 
downward flow along the occupied zone from where the indoor air movement 
was into the middle of the total air volume. Consequently, two major air circu-
lating regions were found, above the lower-seating sector and above the upper-
seating sector (Publication IV). 

In a multipurpose arena, the large-scale air movement was significantly af-
fected by the ventilation airflow rates of each air-handling units and the air tem-
perature difference between the supply airflows and surroundings. Further-
more, the retractable stand position and the share of lower and upper air distri-
bution influenced on the indoor air movement (Publication IV). 

The CFD-simulation results indicate that the predicted and the measured 
mean air temperature distributions were at the same level. However, the build-
ing management system (BMS) indicated higher air temperature than that of 
the experiments and predictions. Furthermore, CFD-simulations predicted a 
low temperature stratification above the seating area that was also obtained by 
experiments. Furthermore, higher stratification was predicted on the ice rink 
that was also observed by experiments (Publication IV). 

CFD simulation results show higher mean air speeds near the supply airflows 
and the occupied seating sectors than in the middle of the total air volume. Fur-
thermore, the mixing region was recognized between the upper-seating area and 
the lower-seating area, which was also observed in the experiments. Generally, 
the CFD simulation results showed surprisingly similar behaviour of large-scale 
air movement than the marker smoke visualisation (Publication IV). 
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The indoor ice rink was heated by the ventilation jets. The air distribution was 
mixing ventilation from the one side of the arena. The indoor air was extracted 
from the end side of the arena (Publication V).  

The marker smoke visualisations indicate two separate vertical air movement 
zones, i.e. an ice rink zone and an upper zone (Publication V). 

The indoor air movement was rather quiescent in the ice rink zone compared 
to the upper zone, in which the large-scale air movement was considerable due 
to ventilation jets. In the middle of the upper air volume, the large-scale air 
movement was mainly towards the ventilation jets and the exhaust air devices 
(Publication V). 

The results imply that the average air speed, the maximum air speed and the 
temporal standard deviation were higher in the air distribution side than in the 
opposite side of the ice rink (Publication V). 

The average air temperature stratification in the ice rink occupied zone was 
smaller in the ice rink arena than in the multipurpose arena. However, the av-
erage indoor air temperature was greater in the multipurpose arena than in the 
indoor ice rink (Publications IV-V). 
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