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ABSTRACT

Carbon dioxide concentration is often taken as an
indicator of indoor air quality, especially in spaces
where human beings are the main contaminant source.
Therefore this CFD analysis focuses on the COs dis-
tribution in a sports hall, representing large and high
enclosures. A buoyancy driven natural ventilation sys-
tem prevails in the absence of wind, so that a pol-
lutant stratification can be expected corresponding to
displacement ventilation. The results of a parametric
study reveal that the most influencing factors on the
vertical carbon dioxide concentration profiles in the
space, in addition to the ventilation flow rate, are the
thermal properties of the surrounding surfaces.

INTRODUCTION

For enclosed environments regularly accommodating
a large number of people, such as classrooms and the-
atres, carbon dioxide is often used as the key indicator
of indoor air quality in the absence of any other major
pollutants. Guidelines call for the compliance with up-
per limiting values of the average concentration of car-
bon dioxide. In this context it often appears that 1500
ppm should not be exceeded in all teaching and learn-
ing spaces (Building Bulletin 101, 2006), which is also
a common guideline value for other premises. How-
ever, the actual distribution of contaminants through-
out a space can vary with its ventilation system.

The objective of this research, therefore, is to exam-
ine the distribution of carbon dioxide as a proxy for
occupant—related pollutants in spaces, with an empha-
sis on tall spaces in which stratification can be as-
sumed. For that purpose, a naturally ventilated sports
hall is chosen as an example of a large enclosure with
a high ceiling, in which the characteristics of the layer
of stale air is to be investigated. Since computational
fluid dynamics (CFD) has been proved to be a power-
ful tool for predicting airflow, commercial CFD simu-
lation software is used to conduct a parametric analy-
sis in order to determine the most influential factors on
the dimensions of the stale air layer.

STATE-OF-THE-ART OF
DISPLACEMENT VENTILATION

A major challenge for building designers is the supply
of indoor air of sufficient quality. Two main princi-

ples prevail to meet this requirement, namely mixing
ventilation and displacement ventilation. The philos-
ophy of mixing ventilation is to provide fresh air via
high velocity supply air streams in order to achieve
fully mixed conditions in the space due to turbulence
caused by the jets. It is therefore aspired to achieve a
constant temperature and pollutant concentration pro-
file. In other words, mixing type ventilation systems
aim for air conditions in the extract flow, with regard
to contaminant concentrations, to be an indication for
the space as a whole. This is achieved by diluting the
stale air as much as necessary to meet this condition
(STYMNE et al., 1991).

The opposite applies to displacement ventilation. The
main idea here is to allow warm contaminated air to
rise towards the ceiling in thermal plumes generated
by heat sources and extract it at high level. Cool fresh
air on the other hand is supplied at low level with
low velocity and is expected to spread out above the
floor. For this purpose common displacement ventila-
tion systems consist of special air diffusers. However,
this strategy is also applicable to natural ventilation as
it takes advantage of the stack effect which occurs due
to the location of the supply and extract at low and
high levels (L1, 2007). Thereby, the aim is to achieve
supply air conditions in the occupants’ breathing zone
due to stratification of stale air at high level and fresh
air at low level.

Spaces ventilated in this manner exhibit three regions
with different flow patterns (SKISTAD et al., 2002). A
uni—directional flow can be found in the lower zone
followed by an interface with horizontal flow only.
The upper—most zone is characterised by recirculation
and is therefore called the recirculating region. As
shown in figure 1, great importance is attached to the
height of the interface, referred to as the neutral height
zn, because the contaminant concentration increases
within this region to reach a relatively stable value in
the upper zone.

Analytical models to determine the neutral height
zy exist for basic geometries and for simplified
assumptions of the heat and contaminant sources
(ETHERIDGE and SANDBERG, 1996; AwBI, 2003;
MUNDT, 1995; L1, 2007). Theoretically, the neutral
height is reached at a level where the sum of the plume
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Figure 1: Principle of displacement ventialtion with
temperature and contaminant concentration profiles
(STYMNE et al., 1991)

flow rates g,(z) above heat sources equals the ven-
tilation flow rate ¢,. It can be found from measure-
ments since it corresponds to the height at which the
air temperature and the wall surface temperature are
equal, as shown in figure 1 (AWBI, 2003). It is not
to be confused with the neutral pressure level found
in buoyancy driven natural ventilated spaces LINDEN
et al. (1990).
A derivation of the maximum contaminant concen-
tration x,x in the upper zone is possible with a
balance between the contaminant production rate M
and the mass lost due to ventilation from the extract
(ETHERIDGE and SANDBERG, 1996). In this model
the contaminant concentration does not exceed

Tmax = % (1)

dv

under steady state conditions. It is widely accepted
that the interface thickness on the other hand is con-
trolled by a balance between convection and diffusion
(STYMNE et al., 1991) and that diffusion is the cause
for the gradual increase in the concentration of con-
taminants. With the diffusion coefficient Dap and the
gradient of the plume flow rate the interface thickness
can be obtained from

Dap - A
§=25- /% 2)
T

where A is the floor area (ETHERIDGE and SAND-
BERG, 1996). SI-units need to be used for the param-
eters here. Work on salt bath experiments confirms
the influence of diffusion (KAYE et al., 2010). It is
also known that the role of diffusion is even greater
in ventilated rooms compared to salt bath modelling
experiments.

SIMULATION METHODS

Understanding the contaminant concentration profile
and its determining parameters is essential for design-
ing a ventilation system. High rooms are often suitable
for natural ventilation because of a stack driven airflow
in the absence of wind when a difference in height be-
tween openings can be established. Therefore, the sub-
ject of this study is a sports hall located in Sontheim,
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Figure 2: Sketch of ventilation strategy of the sports
hall in Sontheim (HOFKER and BUCKLE, 2000)

Figure 3: Picture of the sports hall in Sontheim giving
an overview of the geometry

near Stuttgart, Germany. It serves as a typical repre-
sentation of high roofed rooms. The hall was built in
2001. As part of a natural ventilation strategy the hall
comes with two subterranean concrete channels acting
as a ground-to—air heat exchanger. Aiming for pre-
heating the air in the winter and cooling the air in the
summer, both channels running across the whole width
of the hall. They end in tool sheds, where the air in-
lets are covered with gratings. As illustrated in figure
2, additional sliding heat exchangers are positioned at
the inlets to further heat the inflowing air on cold days.
Fresh air entering the main hall through the permeable
sliding gates of the tool shed is intended to disperse
across the floor and rise due to thermal plumes pro-
duced by the occupants. Finally, stale air leaves the
hall through automatically controlled window sashes
at high level. The sashes’ opening sizes are regulated
by two carbon dioxide sensors placed at head height
at each of the shorter external walls. It is either pos-
sible to use the hall as a whole or divide it into two
sections via a movable partition panel. In order to get
an impression of the space a picture taken from inside
is illustrated in figure 3.

The net sports area of the hall is made up of a rectan-
gular zone with a size of about 44 m x 22 m. Since
the partition panel is located in the middle, it is possi-
ble to divide this area into two squares equipped with
one ventilation system each. Therefore, an additional
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8 m in width provides space for two tool sheds with a
length of about 15 m each. The roof is slightly sloped
so that the height of the hall increases by about 1 m
over the hall’s width, starting from 8.5 m. The air
supply duct’s clear opening is 1.00 m x 1.80 m. An
outside closing device is made from rotatable lamel-
las controlled by the same mechanism as the window
sashes. The north orientated fagade opposite the tool
sheds is equipped with sixteen windows. All windows
have a height of 1.30 m and are 1.40 m wide. They are
arranged in two rows with their centres at a height of
3.45 m and 7.25 m above the floor. However, the lower
row as well as eight smaller windows in the opposite
facade located above the tool sheds only exist to meet
the requirements of the fire protection strategy and are
not used as part of the ventilation system.

The ventilation is controlled by two CO» sensors, as
mentioned before. Lamellas in front of the air supply
duct and the window sashes open at a concentration
of 800 ppm. Initially, they do not open fully, but the
opening size increases continuously with rising CO4
concentration. That is to prevent unnecessarily high
ventilation rates on cold days. However, in addition
to the CO the ambient temperature is another control
parameter within this system. If it exceeds 15 °C, all
windows and the air supply channel open to use pres-
sure induced flow due to density differences as well
as wind if available. If the ambient temperature falls
below 15 °C, only the top row of the windows in the
north fagade open in combination with the openings
in the supply channels. At the same time the heat ex-
changer heats the air at the inlet if required. In this pro-
cess the heat exchanger’s power output is controlled
thermostatically. This ventilation system is designed
to provide an amount of fresh air equal to 14 /(s pers)
for a total of 120 people.

Modelling the air flow in the sports hall in Sontheim
with CFD is limited to one half of the hall, thought
of as divided by the partition panel. The flow domain
therefore covers a space of 22.15 m x 30.30 m with
a height of 11.30 m. Here the first 1.8 m of height
is exclusively used to accommodate the supply chan-
nel. Blockages fill the whole ground, so that the chan-
nel is left free with a width of 1.00 m, covered by
a plate without thickness which represents the hall’s
floor. All unconnected spaces, such as dressing rooms,
stair cases or plant rooms, are excluded from the flow
domain by using blockages. The tool shed, however, is
shaped by thin plates which are arranged in a manner
to form two holes in the gates. Only ventilation due to
buoyancy is considered in this research. To this end,
all windows except the top row in the north oriented
fagcade are neglected and not implemented in the CFD
model. People taking exercise in the hall are simpli-
fied in the model to their most essential features. They
are built out of cuboids, 1.5 m high having a ground
area of 0.30 m x 0.30 m. In order to be able to imitate
the contaminated exhalation, an inlet has been placed

Figure 4: Overview of the geometry of the sports hall
in Sontheim implemented in the CFD code showing
the occupants as well as reading points used for the
analysis

at the top of each cuboid taking up its whole area. This
is to avoid additional geometrical discontinuities with
respect to the computational grid resulting from a po-
tentially smaller mouth. An image of the generated
geometry is illustrated in figure 4. The additional heat
exchanger at the outlet of the supply channel is ne-
glected throughout all simulations.

Windows in the north oriented fagade as well as the
inlet at the supply channel are modelled with an ori-
fice equation assuming a quadratic relationship be-
tween the flow rate and the pressure difference at the
openings with a discharge coefficient of 0.61. In-
stead of a predetermined mass or volume flow through
the openings, the flow velocity is deduced from the
pressure differences occurring throughout the compu-
tation. The ventilation system is demand controlled
and opening sizes vary corresponding to the indoor
air quality. Due to the fact that simulations are run
in steady state mode no regard is made to this effect.
Howeyver, in order to take account of a reduced win-
dow area in reality the opening’s areas are scaled down
while the original aspect ratio is preserved and the cen-
tre of each opening remains at the same position.

A person’s mouth is declared as inlet objects with a
given volume flow rate. An appropriate flow rate is
chosen in accordance to the respiratory minute volume
RMYV depending on the persons’ physical activity.
Thereby, the temperature of exhaled air and the COo
concentration are left unchanged at 33 °C (HOPPE,
1981) and at 0.04 kg/kg (GUYTON and HALL, 2006),
respectively. Turbulence intensity at the inlets is al-
ways at a value of 5.0%.

People’s heat output is considered as fixed heat fluxes
at the surfaces of the cuboids. All five surfaces turn-
ing towards the flow domain are equipped with the
same heat load, although the top surface is consider-
ably smaller than the others. Sixteen people are con-
sidered practicing table tennis at eight tables. This ar-
rangement leads to a more or less even distribution of
people on the sports area as depicted in figure 4.
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The ambient air temperature is set to 18 °C, which
is also the target temperature on cold days where the
ambient air needs to be heated by the heat exchanger.
Therefore, walls of the supply channel are considered
to be adiabatic. While the total heat flux from the oc-
cupants is Q = 300 W/pers, their respiratory minute
volume amounts to RMV = 40 l/(min pers). The
size of the windows is reduced to 16% of the actual
opening size in order to take account of the demand
controlled ventilation strategy.

Simulations of the flow in the sports hall are carried
out in steady state mode. Thus, movement or physical
activity of the occupants is neglected. This, however,
is especially important in a sports hall where intense
physical activity prevails and its effects on the distri-
bution of CO4 could be significant. Other CFD stud-
ies have revealed that moving objects can carry a con-
taminant in their wake, and that movement can cause
a swing in the contaminant concentration at breathing
level (MAZDUMAR et al., 2010). Nonetheless, a rather
high level of physical activity is required to entirely
abolish the displacement effect (MATTSSON, 1999).
On the other hand, the displacement flow pattern is
re—established fairly quickly after the activity is ceased
(MAZDUMAR et al., 2010). As the occupant’s move-
ments in the sports hall are substantial the majority of
the time, corresponding with their exercise, the dis-
regard of movement appears to be one of the major
weaknesses of the CFD model presented in this work.

In spite of that, steady state simulations are judged as
sufficient to examine the global contaminant distribu-
tion pattern instead of the small scale flow features
around people. Reynolds—Averaged Navier—Stokes
equations are solved for finite volume elements to pre-
dict the fluid flow. Thereby, the high Reynolds num-
ber approximation of the RNG k—e model (YAKHOT
and ORSZAG, 1986) is used since it has been proven
in the literature to be one the most promising turbu-
lence models in predicting contaminant distribution
in enclosed environments (ZHAI et al., 2007; ZHANG
et al., 2007). Good results have been obtained with the
model in studies on the air distribution in large spaces
(SEKHAR and WILLEM, 2004) and the plume flow
above heat sources (CRAVEN and SETTLES, 2006).
The log—law function is used as the near wall treat-
ment.

In order to study the distribution of an additional
chemical species an extra variable is introduced in the
CFD model. Both air as the main fluid and the addi-
tional chemical species representing CO, are treated
identically as air at 20 °C and normal atmospheric
pressure. All material properties are considered to be
constant with a density of p = 1.189 kg/m?, a lami-
nar kinematic viscosity v = 1.544 - 107> m?/s, a spe-
cific heat cp = 1005 J/(kg K), a thermal conductivity
A = 0.0258 W/(m K) and a thermal expansion coef-
ficient of 8 = 0.00341 1/K. One advantage of taking
the density of both constituents to be equal and con-

stant is the possibility of making use of the Boussi-
nesq approximation to model buoyancy effects. The
initial concentration of CO5 is set to 0.00038 for all
grid points. It is also the CO5 concentration of ambi-
ent air entering the flow domain through openings in
the building envelope.

In order to enhance the solution algorithms the stag-
gered grid approach has been applied to a structured
mesh system in Cartesian coordinates. The solution
strategy to resolve the problems associated with the
non-linearities and the pressure—velocity linkage in
the momentum equations used in this research is SIM-
PLEST. Convergence is controlled with the aid of a
monitoring point near one of the outlets and the sums
of the absolute residuals. Additionally, global source
imbalances are checked for the continuity of mass, en-
ergy and contaminant concentration. In order to ver-
ify the outcome of the simulations analytical models
are used for comparison of the ventilation flow rates,
maximum COs concentrations and mean internal air
temperatures.

Due to a rather complicated flow field and the main
focus of attention on the contaminant distribution in
the space the prevailing problem is prone to artifi-
cial diffusion. Higher order differencing schemes
should be used in order to achieve accurate solutions
(VERSTEEG and MALALASEKERA, 2007). Therefore,
higher order differencing schemes have been applied
to solve the steady state airflow in the sports hall in
Sontheim. However, convergence was not achieved
for a variety of different differencing schemes. On
this account a gradual grid refinement study was car-
ried out using the HYBRID differencing scheme. Its
formal order is problem dependent and not known in
advance, because it switches between upwind differ-
encing scheme UDS and central differencing scheme
CDS as a function of the flow velocity. A monotonic
grid refinement was conducted with three consecutive
meshes as described by (ROACHE, 1997). The refine-
ment factor of » = 1.5 was applied twice to all direc-
tions of the initial grid with 38 x 36 x 28 grid cells.
Therefore the middle grid counts 60 x 54 x 42 and the
fine grid 90 x 81 x 63 nodes. As a target quantity, the
species concentration of CO, was chosen. With the
aid of an arbitrary monitoring point in the floor plan,
a vertical contaminant profile is compared for all three
different grids. These profiles are illustrated in figure
5. An estimation of the error inherent in each grid is
given for CO3 concentration at a height of 1.0 m. Ab-
solute values of 852, 933 and 970 ppm at z = 1.00
m for the coarse, middle and fine grid respectively,
have been used for the evaluation. While the order of
the HYBRID differencing scheme can be found to be
p = 1.932, the estimated error in the results decreases
from 16.0% to 7.3% and 3.2% when the grid becomes
finer. Finally, a trial on using the third order differ-
encing scheme SMART (GASKELL and LAU, 1988)
on the extra variable only and UDS for the remaining
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Figure 5: Results of grid refinement study, vertical
CO» concentration profile in the sports hall for a read-
ing point at x = 2.00 m and y = 20.00 m, the dashed
lines represent the expected maximum

ones leads to a converged solution as well. This trial
was carried out with the middle grid. Its CO3 con-
centration profile approaches the one for the fine grid,
with a slight offset, as can be seen in figure 5. An
error cannot be calculated in the same manner as be-
fore because the order of the differencing scheme has
changed. Nevertheless, figure 5 reveals that the error
is likely to be less than 5%. In order to save computing
time, this degree of accuracy is taken to be sufficient
for a parametric study, as it is supposed to be smaller
than the sum of all remaining errors and uncertainties
in the model. As such, all the following simulations
are carried out with a grid of 60 x 54 x 42 cells and
the differencing scheme SMART for the extra variable
representing CO2 and UDS for all others.

RESULTS

For the sake of a uniform presentation of the CFD
results a system is established so that a comparison
among different settings is possible. To this end, verti-
cal profiles of the CO, concentration and the tempera-
ture are taken from the results at five reading points on
the sports area of the hall for each case investigated.
Four reading points are located in each corner 2.00 m
away from the surrounding walls and one is placed in
the centre between the heat and contaminant sources
as depicted in figure 4. The average of all five reading
points acts as the CO5 concentration and temperature
profile to be compared with the results of other simu-
lations. It was observed that the distribution of COs at
each height was uniform, thus justifying the use of the
average value over all monitoring points for compari-
son.

The first parameter varied is the heat generated by
the occupants. In steps of 100 W/pers the total heat
output is changed from 100 W/pers to 400 W/pers.
The RMV as well as the heat output are dependent
on physical activity. However, the RMV is left un-
changed at a value of RMV = 40 /(s pers). All sur-

rounding surfaces are considered as adiabatic without
any interaction due to radiation. As illustrated in fig-
ure 6 the CO5 concentration rises gradually from the
floor to a height of about 3.50 m where it reaches an
almost constant value independent of the occupant’s
heat output. Black dashed lines in the diagram sig-
nify the expected maximum concentrations calculated
with equation 1. The ventilation flow rate g, required
to carry out this computation is taken as the sum of
the flow rates through the windows. While the lowest
CO; concentration occurs for the highest rate of heat
released from the people, the shape of the graphs is
approximately the same with a horizontal translation
only. The increment between the maximal concentra-
tions increases with decreasing people’s heat release.
Temperature profiles are also similar to each other.
However, highest temperatures as well as the largest
temperature differences between the floor and the ceil-
ing occur at the maximal total heat output and a max-
imal ventilation rate. The general shape of the graphs
is more parabolic, with a slight variation in slope at
the ground. Again, a fairly stable value is reached at
approximately 3.50 m so that the temperature does not
notably change at higher levels. Since the general tem-
perature profile does not vary significantly throughout
the simulations it is waived to present all temperature
profiles here.

The effect of the position, or more precisely the height
of the windows, on the distribution of the CO5 con-
centration and the temperature is also analysed for the
sports hall. The height of the existing windows, i.e. the
distance from the floor to the opening’s centre, is re-
duced in the CFD model from 7.00 m down to 2.50 m.
Figure 7 shows the impact of a reduced window height
on the vertical concentration profile. Due to a lower
ventilation flow rate CO5 concentration decrease with
a reduction in the height of the windows. Estimations
of the maximum concentration according to equation
1 become more uncertain with lower window heights.

As a next step, the properties of the surfaces are
changed from adiabatic to a fixed surface tempera-
ture. This refers to surfaces of external walls only.
The vitreous part of the north fagcade, for example,
is given a constant temperature of 14 °C, and 19 °C
is set on all concrete walls. This implies an ambient
temperature of -5 °C and an internal temperature of
about 20 °C with averaged U-values for transparent
and opaque building elements at steady state condi-
tions. All other surfaces are considered as adiabatic.
However, the ambient temperature is left at ¢, = 18
°C to represent the use of the heat exchanger at the end
of the supply duct. Heat exchange with cold surface
temperature has a striking impact on the distribution
pattern of carbon dioxide, particularly at low levels,
while the slope in the concentration profile remains al-
most unchanged, the height where the constant value
is reached decreases remarkably, illustrated in figure
8. At a height of z = 1.50 m the carbon dioxide con-
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Figure 6: Vertical COy concentration and temperature
profiles for a variable heat output from the occupants
with 9, = 18 °C, RMV = 40 I/(min pers), 16% of
the original opening size and adiabatic surfaces

centration rises by approximately 350 ppm over that
of adiabatic surfaces, giving an equivalent increase of
more than 30%.

DISCUSSION OF THE
SIMULATION RESULTS

Throughout all simulations the maximum CO; con-
centration predicted by equation 1 matches the simu-
lated maximum concentration well, as depicted in fig-
ures 6 to 8. Larger deviations are observed for a re-
duced window height. This results in a decreased con-
tent of CO5 in the exhaust. The simplified model to
predict the maximum concentration works well. It is
therefore applicable as a simple design tool to estimate
the maximum concentration in larger enclosures with
displacement ventilation. Due to its constraints the ap-
plication should be limited to high spaces where the
outlets are located near the ceiling height.

The first simulations of the parametric analysis pre-
sented were run with the surrounding surfaces mod-
elled as adiabatic. Parameters varied throughout the
simulations, such as heat output of the occupants or
the height of the openings, should influence the gen-
eral CO4 distribution pattern in the space according
the theory of displacement ventilation typified in fig-
ure 1. A distinct interface at which the CO5 concentra-
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Figure 7: Vertical COs concentration profile for a vari-
able window height with ¥, = 18 °C, Q = 300
W/pers, RMV = 40 I/(min pers)and 16% of the orig-
inal opening size
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Figure 8: Vertical CO; concentration and tempera-
ture profiles for a fixed surface temperature at selected
surfaces with ¥, = 18 °C, Q = 300 W/pers and
RMYV = 40 I/(min pers)
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tion undergoes a sharp increase, with the regions above
and below the interface exhibiting higher and lower
carbon dioxide concentrations, respectively, does not
exist in these simulation results. However, in figures
6 and 7 a rising CO; concentration from the floor to a
height of about z = 3.50 m, whereupon the concen-
tration remains constant, can be observed in all cases
investigated.

The plume flow rate in this thermally stratified sur-
rounding can be modelled analytically (MUNDT,
1995). Assuming the temperature gradient to be con-
stant it can be shown that the plume flow rate already
exceeds the ventilation flow rate at floor height in all
cases. Therefore, the neutral height is assumed to be
atz = 0.0 m.

If the graphs representing the distribution of carbon
dioxide in figures 6 and 7 are extended to negative val-
ues, they all end at a common point of intersection for
the cases of varying heat output of the occupants and
varying window height. This point is located at a con-
centration of 380 ppm, which is equivalent to the COo
content of clean air.

Furthermore, an estimation of the interface thickness
is possible by using equation 2. While the floor area of
the hall is given by the geometry, the gradient dg,/dz
at floor height is taken from the analytical model,
whereas the diffusion coefficient D g can be obtained
from the results of the CFD simulations. Due to the
large floor area and a high turbulent diffusion coeffi-
cient an interface thickness of approximately § = 4.00
m could be expected in the present case. This large in-
terface thickness causes the air quality in the breathing
zone to be better compared to higher levels even in the
absence of a typical contaminant concentration profile
for displacement ventilation.

The general CO, distribution pattern does not change
although parameters influencing the plume flow rate
and the ventilation flow rate have been altered. On
the other hand, the surface temperature seems to be
the crucial parameter that changes the distribution pat-
tern. Figure 8 demonstrates that additional vertical air
flows caused by cold downdrafts from the wall trans-
port contaminated air from higher to lower levels and
thereby increase the CO4 concentration in the breath-
ing zone. Furthermore, the maximum concentration
increases with decreasing air temperature due to a re-
duced flow rate caused by smaller temperature differ-
ences between the ambient and internal air. Lower in-
door temperatures allow for a greater maximum con-
centration of contaminant in the slower moving and
less ventilated air. Therefore it is advisable to increase
the quality of the building’s envelope, i.e. the ther-
mal insulation, so that the desirable air quality with
respect to CO» concentration can be achieved with-
out increasing the ventilation flow rate. However, it
should be kept in mind that the surface temperature
depends on other factors such as solar irradiation, ther-
mal admittance of the building material and internal

heat gains. It is a highly transient quantity, particularly
in the present case of the sports hall where intermittent
occupancy prevails.

The parametric analysis itself showed that the ther-
mal properties i.e. the heat loss, or more precisely the
surrounding surface temperatures , are of primary im-
portance in the distribution of CO5. It is therefore
generally advisable to thoroughly determine the ac-
tual boundary conditions if an accurate prediction of
absolute values is desired. If surface temperatures
are measured directly in order to serve as boundary
conditions for a CFD model this data already con-
tains radiation. Otherwise the radiation between the
surroundings should be considered in any simulation
as its influence on the contaminant distribution might
be significant. Special attention should be paid when
defining boundary conditions if indoor environments
are enclosed by transparent building elements through
which solar irradiation is transmitted to internal sur-
faces.

CONCLUSIONS

A numerical study on the carbon dioxide distribution
has been conducted using the example of a naturally
ventilated sports hall, representing large and high en-
closures. Equipped with an inlet at low—level and sev-
eral outlets at high—level the space has been designed
to be ventilated by displacement ventilation induced
by buoyancy forces from internal heat sources. Pa-
rameters influencing the CO- distribution according to
the theory of displacement ventilation have been ex-
amined aiming for a better understanding of the con-
taminant distribution in large spaces.

A distinct vertical concentration profile as predicted
from the theory of displacement ventilation, with a
lower region of fresh air and an upper contaminated
region, separated by an interface at which the CO
concentration sharply increases, could not be found in
any of the cases studied. The height of this interface
instead turned out to be at floor level. However, due
to the large thickness of the interface a stratification
of contaminants with better air quality in the breathing
zone can be achieved.

Additional vertical airflow induced by temperature dif-
ferences between the internal air and the surrounding
surfaces contribute remarkably to the CO5 distribu-
tion in the space. In fact, during this research surface
temperatures turned out to be one of the most impor-
tant factors in the study of contaminant distribution.
Cold downdraughts are likely to carry contaminated
air from the upper layer down to the occupant’s breath-
ing zone with striking impact on air quality. Moreover,
it has been revealed that the maximum contaminant
concentration in a room is reasonably well predictable
if exhaust openings are at high level, i.e. where the
concentration has reached its maximum.

Nevertheless, CFD has been shown to be a powerful
tool for the analysis of airflow and related topics in
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this research and might be one way to further inves-
tigate the problems which have emerged during this
study. CFD is well suited for additional work on the
variation of the interface thickness with varying floor
areas, since changes in the geometry are easy to im-
plement. Further work is also needed on the effect
of surface temperatures on contaminant distribution in
spaces. Also of interest is the impact of different ra-
tios between the surrounding surfaces and the volume
of the room on the nature of displacement ventilation
with respect to their surface temperatures, since most
work presented in the literature is limited to small test
rooms having a simple geometry.
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