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ABSTRACT

The importance of satisfactory air quality and thermal comfort are continuousscientific research regarding energy efficiency
and health in swimming pool. This study aims to improve the ventilation efficiency in passive house swimming pools with
respect to the air quality for swimmers and thermal comfort. Numerical simulations are performed with computational
fluid dynamics CFD methodology for this. The CFD model in this work is based on the swimming pool under construction
(Afjord swimming pool) located in centeral Norway.

Multicomponent compressible Navier-Stokes system of equations together with turbulence models are solved for this. The
evaporation of water from the pool surface are modelled based on the ASHRAE Shah phenomenological model. The multi-
component gas mixture consists of water vapour, chlorine and air. Surface to surface radiation models are also considered
to include the effects of radiation inside the swimming pool. Five different ventilation strategies are investigated e.g.,
mixing ventilation (MV), mixing ventilation-displacement ventilation (MV-DV), and three more displacement ventilation
(DV4, DV5 and DVT) cases with different air change per hour (ACH). These three cases are considered as conventional DV
strategies in swimming pool.

The results confirm that the MV case can be a highly recommended option to use in Afjord swimming pool. For this
case, due to the indicator for air quality with local mean age of air (LMA) there are no stagnant air regions inside the
swimming pool. Also, due to the air exchange efficiency indicator (ACE) this system exchange the air similar to "piston
mode" ventilation. Furthermore, the air quality in the swimming pool is clearly improved and there is no sign observed
for condensation risk. The thermal comfort is considered as accepted. Worthy reduction in operation expenses is strongly
expected for this system. The analysis of MV-DV case reveals that, it is highly recommended to use especially during
the winter time when the heat demand is high. This system shows the best performance in order to reduce the chlorine
concentration near and above the water bath. This system exchange the air with intermediate efficiency similar to "fully
mixing" ventilation according to the ACE measurements. It also shows good thermal comfort due to stable air temperature,
low air velocity and good air humidity level. In case of DV, we found a poor performance to reduce the chlorine concentration
swimming breathing zone. Furthermore, It can also be concluded that, the chlorine concentration reduction is negligible
with the increase in ACH for DV cases with conventional strategies.
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Project Description

The importance of satisfactory air quality and thermal comfort are continuous
scientific research regarding energy efficiency and health in swimming pool. The
number of air change per hour ACH is a rule of thumb that is widely used to
provide information on the intensity of the ventilation in swimming pools. This
rule of thumb is usually used with the conventional ventilation where high volume
of air flows along the windows in the exterior facades to avoid condensation and
to reduce the contaminant especially the chlorine by-products in the swimming
bath. ACH does not provide information on the quality of fresh air distribution
and contaminant concentration.

Afjord Swimming pool is a passive house swimming pool which is still under con-
struction and it is located in Afjord city, Trondelag County, Central Norway.
Passive house swimming pool provides the opportunity to use other ventilation
strategy than the conventional ventilation. Multiconsult Norway AS is interested
in testing diverse ventilation strategies in Afjord swimming pool in order to pro-
vide a healthy air quality for the swimmers and to achieve more energy reduction
benefits.

In this research, different ventilation cases e.g. mixed, displacement or combination
of both should be considered for Afjord swimming pool with the use of numerical
analysis in order to explore:

e The air exchange efficiency in the pool area.

e The relationship between the ventilation strategy and chlorine concentration
in the water bath.

e The impact of ACH with conventional ventilation due to the air quality in
the water bath and ventilation efficiency.

e The condensation risk on external windows and glazed facade.

e The thermal comfort in terms of measuring air temperature, air velocity and
relative humidity in the breathing zone.
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Abstract

The importance of satisfactory air quality and thermal comfort are continuous
scientific research regarding energy efficiency and health in swimming pool. This
study aims to improve the ventilation efficiency in passive house swimming pools
with respect to the air quality for swimmers and thermal comfort. Numerical
simulations are performed with computational fluid dynamics CFD methodology
for this. The CFD model in this work is based on the swimming pool under con-
struction (Afjord swimming pool) located in centeral Norway. Multi-component
compressible Navier-Stokes system of equations together with turbulence models
are solved for this. The evaporation of water from the pool surface are modelled
based on the ASHRAE Shah phenomenological model. The multi-component gas
mixture consists of water vapour, chlorine and air. Surface to surface radiation
models are also considered to include the effects of radiation inside the swimming
pool. Five different ventilation strategies are investigated e.g., mixing ventilation
(MV), mixing ventilation-displacement ventilation (MV-DV), and three more dis-
placement ventilation (DV4, DV5 and DV7) cases with different air change per
hour (ACH). These three cases are considered as conventional DV strategies in
swimming pool.

The results confirm that the MV case can be a highly recommended option to
use in Afjord swimming pool. For this case, due to the indicator for air quality
with local mean age of air (LMA) there are no stagnant air regions inside the
swimming pool. Also, due to the air exchange efficiency indicator (ACE) this
system exchange the air similar to "piston mode" ventilation. Furthermore, the
air quality in the swimming pool is clearly improved and there is no sign observed
for condensation risk. The thermal comfort is considered as accepted. Worthy
reduction in operation expenses is strongly expected for this system.

The analysis of MV-DV case reveals that, it is highly recommended to use espe-
cially during the winter time when the heat demand is high. This system shows
the best performance in order to reduce the chlorine concentration near and above
the water bath. This system exchange the air with intermediate efficiency similar
to "fully mixing" ventilation according to the ACE measurements. It also shows
good thermal comfort due to stable air temperature, low air velocity and good air
humidity level.

In case of DV, we found a poor performance to reduce the chlorine concentration
swimming breathing zone. Furthermore, It can also be concluded that, the chlorine
concentration reduction is negligible with the increase in ACH for DV cases with
conventional strategies.
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1 Introduction

Norway ranks number one when it comes to the number of swimming pool per
population, with approximately 1000 swimming pools distributed throughout the
country [I]. Energy efficiency of buildings in the recent years has become increas-
ingly important in Norway, and many buildings continuously meet more strict
requirements such as TEK 17 and passive house standard. Well insulated build-
ings with better U-values reduces the heat loss from building significantly.

Enova published statistics on energy consumption in various types of buildings. A
building category that consumes a significant amount of energy are sports facilities.
Within this category, swimming pools and ice rinks constitute the highest energy
consumption (see figure |1)).

kWh/m?

Figure 1: Energy consumption in different building categories [2]

It is predicted that in the coming years a large number of public swimming pools
need to undergo considerable renovations. Swimming pools have a high consump-
tion of energy for ventilation and water treatment in order to obtain good indoor
climate and high water quality [3].

It is well reported in a research work done for approximately 850 swimming fa-
cilities in Norway that the delivered energy (DE) for all Norwegian swimming
facilities is approximately 883 % [3]. The DE varies from one swimming facility

to another with approximately from 1 000 %% to 11 000 £%2 according to their

m m

ws U
water surface [WS] size and building year (see figure [2| and . Interesting fact is



that the oldest building have the highest DE, while buildings built over the next
decade had a considerably lower DE.
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Figure 2: Average DE for each swimming pool category with standard deviation
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Figure 3: Average DE according to the building year in decades with standard
deviation [3]

In an interesting research work reported by Kampel et al. [3], about the energy
usage in swimming pool based on four different other studies. It is concluded with
the fact that the ventilation has the largest energy usage in the swimming facilities

as shown in figure [4]
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Figure 4: Energy usage for ventilation is greatest in swimming facilities and vary
between 40-66% presented from various publications [3]

The ventilation system in swimming pools maintains the design temperature, rel-
ative humidity, and secures acceptable air quality within the pool hall. Swimming
pools conventionally are ventilated by blowing up hot air, typically fresh air and
recirculated air along the windows in the exterior facades to avoid condensation on
the cold surfaces. This method requires large volume of airflow to dehumidify the
air to the desired design humidity level and also to ensure an acceptable mixing
of the air in the ventilated room (see figure [5)).

Figure 5: Conventional ventilation in swimming pool



1.1 Passive house swimming pools

The passive house swimming pools are energy efficient and have become widely
popular, which is likely the case study of Alfjord swimming pool in this work. The
concept of the passive house focuses on enhancing both the building’s design and
installations to reduce the heating and cooling energy. Several studies reported
analysis and methods to achieve energy savings in passive house swimming pools.
High ability of insulation and air tightness in passive house building shows op-
portunities to think better compared to the conventional ventilation (see figure

[6).

Passive House concept for pool halls
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Figure 6: Energy savings opportunities in passive house swimming pools [4]

Conventional ventilation is no longer necessary thanks to high temperature surfaces
of well insulated building envelope. This gives the opportunity to investigate new
ventilation concepts that take into account the athletes in the pool when they are
swimming and breathing the most polluted air in the entire room especially in the
present of chlorine by-products. Chlorine by-products like trichloramine NC'Lg
and trihalomethans T'H M, are to be found in gaseous form in the swimming pool
air and they can cause eye irritation and respiratory symptoms [5][6].



1.2 Purpose of the study

As part of the energy savings for passive house swimming pools, it is suggested
to operate ventilation in pool halls with lower air circulation, which could result
in energy efficiency. This work describes the method and result of a study using
computational fluid dynamics CFD in order to asses different ventilation strategies
in swimming pools in terms of their ventilation efficiency. The CFD model in this
work is based on the swimming pool under construction (Afjord swimming pool)
and results may contribute for energy efficiency. Furthermore the airflow inlet
should be located in consideration for air quality and thermal comfort for the
visitors.

The objectives of this study are therefore to address the points mention
in the project description with respect to the ventilation strategy to-
wards the air quality for swimmers, thermal comfort and energy usage.

1.3 Literature study

Previous studies using CFD technique to evaluate indoor air quality and the ther-
mal comfort of occupants in swimming pools generally concluded with poor air
quality and thermal discomfort in swimming pools.

A study was conducted for the semi-Olympic pool of Bishop’s University (Sher-
brooke, Quebec, Canada) [7], where the airflow inlet and exhaust are positioned
on the ceiling of the swimming pool (see figure @ Both the numerical results and
experimental measurements in the swimming pool show positive outcome, further-
more the study states that CFD studies of the conditions in large enclosed spaces
with HVAC system can be performed at low cost [§] .

North —m— South
False ceiling

/;'h-,n. inlets @ -
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I % 25 m

3M45m

Figure 7: Airflow inlet and outlet in the semi-Olympic pool of Bishop’s University
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Another investigated case regrading a swimming pool was at school in Byton,
Poland [9], where the inlet airflow is positioned along the windows and exhaust
on the ceiling (figure . This is the most common air distribution method that
operates in the swimming pools in Norway, which this study clearly states for
further improvements.

Qutlets

Swimming ] Ky 8 :

pool f
P }’l
South wall Tla
East/ West wall

Figure 8: Airflow inlet and Outlet at the school swimming pool in Byton [9]

Several studies have used the CFD methods in order to estimate the evaporation
rate from the swimming pool. Li and Heiselberg conducted a study about the
influence of the evaporation on indoor air conditions in swimming pool by using
a CFD model [10]. The study concluded that the two water evaporation models
for the member ASHRAE - Shah correlation for unoccupied pool [11] and Shah
empirical correlation for occupied pool [I2] are quite good to calculate the water
evaporation from water pools. An improved version of Shah’s evaporation models
for unoccupied and occupied were latest reported in the year 2018 [I3].

There are two big challenges when simulating ventilation /swimming pool situation
in CFD. The prediction of the jet inlet airflow and the importance of correct
turbulence model. In order to describe the jet inlet airflow from supply diffuser,
ASHRAE Srebric and Chen have suggested two methods. These are known as the
box method or the momentum method [14].

Li and Nielsen reported in their study, the importance of using the correct turbu-
lent model in CFD simulations to obtain realistic airflow in room [15], and how
this depends on inlet airflow and corresponding Reynolds number in the turbulent
flow.
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1.4 Afjord swimming pool

Afjord Swimming facility is located in Arnest also called Afjord city, Trondelag
County, central Norway. The local municipality decided on 16" June 2016, to build
new swimming facility as a part of the new larger activity and cultural building
for the local population. Construction work started on the first quarter of the year
2019 and it is expected to take up to two year to complete the project. However,
it is still not announced an official date for the pool opening (see figure E[)

l“‘!,!ll..ln.. al b

B T —— T

Figure 9: Afjord swimming pool [16]

Afjord swimming facility satisfies the passive house standard and it is potentially
expected to have much lower air leakage infiltration than the requirement of the
passive house. The gross floor area of the facility is around 1314 m? accommodating
two particular pools and various area services. The investigated swimming pool
is a 25 metre pool with 6 swimming lanes, jumping boards and water slide and it
has the water temperature of 28 °C (figure . The other one is a therapy pool
and expected to have the water temperature of 34 °C. The two swimming pools
are separated from each other with glass facade.

Table 1: Investigated swimming pool volume and area

Property | Examined hall | Pool [water surface area] | Floor area
Area [m?] 732.9 387.5 345.4
Volume [m? 5142 - -

12
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Figure 10: Invistgated swimming pool [16]

2 Theory

2.1 Byggforsk’s recommendation

The Norwegian Building Quality Directorate DiBK recommends using SINTEF
Byggforsk Building Research Design Guides as a documentations for the technical
solutions in buildings.

Byggforsk series 552.315 recommends to ventilate the swimming pools with ap-
proximately 4-7 ACH airflow in order to achieve an acceptable indoor climate [17].

Table 2: Airflow for afjord swimming pool due to the rule of thumb ACH

ACH | Airflow ;=
4 20568
5 25710
6 30852
7 35994

Tabel [2] above shows huge required airflow due to the conventional ventilation
strategy in swimming pool. A pure supply of outdoor fresh air would bring an
unacceptable huge energy consumption.

Good hygiene and low pollution level in the hall makes recirculation of the air
quite safety. The required amount of outdoor fresh air must be able to ensure
good air quality. This depends on dehumidification technique in the facility.
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Byggforsk series 552.315 recommends to use the highest fresh outdoor airflow from
one of the two values in table Bl

Table 3: Minimum outdoor fresh air Byggforsk series 552.315

Area type SI value
Water surface area + floor area | Area(m?) x 1.4(L/s.m?)
Water surface Area (m?) x 2.8(L/s.m?)
e 14 L, =504 hr_:f;Q (water surface area + floor area).
e 2.8 £,=10.08 hf’;; (water surface area).

Evaporation occurs on the water surface of the pool and also from the unclothed
bodies of the swimmers as result of the heat lost. In order to minimise this evap-
oration rate and consequently reducing the risk for moisture and moulds. The air
temperature should be two or three degrees above the temperature of the pool of
the water during operation hours [I0] [I7]. For a water temperature of 28 °C, the
air temperature should be 30 °C. Furthermore, Byggforsk recommends the rule of

thumb (0.25 2%, (water surface area)) to estimate the evaporation rate.

2.2 CIBSE’s recommendation

The Chartered Institution of Building Services Engineers CIBSE makes standards
and is the authority on building services engineering and it is consulted by the
government in the UK. It is also well represented in the EU and worldwide.

CIBSE reports about several guides that could be used in order to calculate the
airflow in swimming pools (see table . Those guides show large variations in
their results as reported for 4-10 ACH . The reason for this variation is that the
swimming pools vary in the design of the building and conditions.

Table 4: CIBSE repoted guides for airflow calculation in swimming pool

Legislation Guide
Sport England Swimming Pools Updated Guidance for 2013
HSE Managing Health Safety in Swimming Pools. Published 2003 (Revised 2013)
Pool Water Treatment Advisory Group Treatment and Quality Standard for Pools and Spas
Building Regulations Approved Document F Table 6.3 refers to CIBSE
CIBSE Guide B2005 Section 2.3.21 (Table 2.27) - Sports Centre Ventilation Guide

CIBSE recommends 30 % minimum fresh outdoor air for the circulation purpose
[18]. This is higher than the Byggforsk recommendation for outdoor fresh air.

14



CIBSE reports that based on their experiences and experiments with evaporation
rate in swimming pool, the empirical equation of Biasin & Krumme (1974) is the
most reliable model to calculate evaporation rate. Using the Biasin & Krumme
(1974) empirical correlation in equation (1| for occupied swimming pool, the evapo-
ration rate becomes 0.26 hl;fQ. The evaporation rate is similar to the recommended
one from the Byggforsk.However, Byggforsk does not specify any information for
this empirical correlation.

E =0.118 + 0.01995(0.4823(py, — pr)) (1)
Where:
e F is the evaporation rate for occupied pool.
e r = at room temperature and humidity.

e w = saturated at water surface temperature.

p is the partial pressure of water vapour in air, Pa.

pr = 2268.6 pa @ air temperature = 28 °C and RH= 60%.

Pw = 3784 pa @ water surface temperature = 28 °C and RH= 60%.

0.118 is an empirical factor applied for the random shape of disturbed water.

0.01995 is a factor applied relating to heat convection.

0.4823 is an activity factor for public swimming pool.

2.3 ASHRAE’s recommendation

American Society of Heating and Air-Conditioning Engineers ASHRAE is known
as the World’s largest institute for making standards in providing well advanced
sustainable technology for the built environment and industry.

(ASHRAE,1999) Applications Handbook recommends the following air changing
rate for swimming pools :

e 4 to 6 ACH for pools with no spectator area.
e 6 to 8 ACH for pools with spectator areas

e 4 to 6 ACH for therapeutic pools

15



ASHRAE Standard 62.1 recommends the following minimum values for outdoor
fresh airflow (see table [5)).

Table 5: ASHRAE Standard 62.1: Minimum outdoor fresh air rate

Area type SI
Pool & wet deck Area (m?)x2.4(L/s.m?)
Remaining floor (dry area) Remaining Area (m?)x0.30(L/s.m?)
Spectator & Bleacher Spectator area (m?)x0.30(L/s.m?) + number of spectatorsx3.8(L/s)

ASHRAE Shah has developed two methods in order to calculate the evaporation
rate form occupied swimming pools. The first one is an empirical correlation,
which it is obtained by regression curve to Shah’s tested data. It is known as Shah
empirical correlation as equation [2| below.

E=0.113 — O‘OOU(W) + 0.000059(py, — py) (2)

where:

o U=45N*=4.5x0.20 =0.91 is the pool utilisation factor .

o N* — N __ 78 persons

=7 = Sz = 0.20.27% is the occupant’s density.

e N is the number of occupant.

A is the pool surface area.

p is the partial pressure of water vapour in air, Pa.

pr = 2268.6 pa @ air temperature = 28 °C, and RH= 60%.

e p, = 3784 pa @ water surface temperature = 28, °C, and RH= 60%.
e r = at room temperature and humidity.

e w = saturated at water surface. temperature.

Computing the design data for the Afjord swimming pool in the previous correla-

tion, it provides evaporation rate of 0.20 nfg"

i

The second method for the evaporation rate calculation considers physical phe-
nomena in the pool. It is called Shah phenomenological model, and it is based on
experiments that notes that the evaporation increases proportional to the increas-
ing in water surface area caused by the number of occupants [13].

E
— =33U+1for U <0.1 (3)
Eo

16



E
7 = 13U +12for 01<U <1 (4)
0

E
— =25 forU >1 (5)
Eq

Where:

e F is the rate of evaporation from occupied swimming pool, l‘;g

m?.h

kg
2.

e FEj is the rate of evaporation from unoccupied swimming pool, —

h

The rate of evaporation from unoccupied swimming pool Fj ngg

by using the larger evaporation rate of equation [6] and [7] or from Shah’s developed
table [6] for the unoccupied pool evaporation rate.

- can be obtained

W=

Ey = C puw(pr — pu)s(Wy = W) (6)

Ey = b(pw - pr) (7)

where:
e (' =35 in SI units.

b = 0.00005 in SI units.

p is density of air, mass of dry air per unit volume of moist air, kg/m3 (This
is the density in psychometric charts and tables).

® p. — p, can be obtained from Shah’s developed table for the air density
differences at swimming pool appendix [A]

W is specific humidity of air, kg of moisture/kg of air (psychometric chart).

17



Table 6: Shah formulas SI unit: Evaporation from unoccupied indoor swimming
pools

Evaporation from Unoccupied Pool (E), Space Air Temperature, and Relative Humidity

Water
Temp., 25°C 26°C 27°C 28°C 29°C 30°C
D('
50% 60% 50% 60% 50% 60% 50% 60% 50% 60% 50% 60%

25 0.1085  0.0809  0.0917 0.0636 0.0732 0.0515 0.0639 00450 0.0583  0.0382 0.0523 0.0311
26 0.1333  0.1042  0.1171  0.0872  0.0997 0.0693  0.0806 0.0547 0.0679 0.0479 0.0620  0.0408
27 0.1597 0.1289 0.1433  0.1118 0.1262  0.0941  0.1081 0.0753 0.0885 0.0582 0.0723  0.0510
28 0.1877  0.1556  0.1711  0.1380  0.1539  0.1200  0.1360  0.1014 0.1171  0.0818  0.0968  0.0618
29 0.2174  0.1841 02006 0.1661  0.1831  0.1477 0.1651  0.1287  0.1463  0.1092  0.1268  0.0888
30 0.2491 02146 02319 0.1962 0.2142 0.1773  0.1959 0.1579 0.1771  0.1380  0.1575 0.1176

Using the design condition for Afjord swimming pool in table |§| will result in a
evaporation rate of Ey = 0.0618 % when the pool is unoccupied. Furthermore,
the evaporation rate for occupied pool F, using equation [5| becomes as following:

kg
EF=33x091 x0.0618=1.19 — 8
X X o (8)

2.4 Computational Fluid Dynamics

CFD stands for Computational Fluid Dynamics, it is a technique that allow us
to simulate fluid flow using computer simulations. We solve primary equations
called the Navier Stokes Equations, and then to get more information out of the
simulation, it is needed to solve more additional equations. This is typically the
case for engineering applications.

Flow analysis are governed by partial dierential equations that represent the con-
servation of mass, momentum and energy. However the physical processes are
modelled using simplified mathematical equations for saving computational ef-
ficiency, these models interact with the fundamental governing equations, then
numerical analysis is used to solve this governing equations on a computational
mesh, and finally an engineering quantities can be obtained as output. Star CCM+
is the simulation software used in this study. In details it contains three main el-
ements[19)]:

1. Pre-processor.
2. Solver.

3. Post-processor.
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2.4.1 Pre-processor

Pre-processing is the input data made by the user for a flow problem. These data
is normally transformed in a suitable form for the solver. This includes:

e Geometry definition called the computational domain.
e Grid generation into smaller mesh for control volumes.
e Fluid properties.

e Boundary conditions and interfaces

Star CCM+ resolve velocity, pressure, temperature and mass flow in each cells
and any other properties should be computed. Pre-processing large number of
cells, increase the accuracy of the solution, but on the other hand calculation
time increases dramatically which can be a time issue. Modelling a situation
involving swimming pool is challenging. Very large number of cells require a
suitable super computer. To reduce the computational cost the mesh generation
can be controlled. Star CCM+ offers the volumetric control to refine the mesh in
the areas where large variation occurs and coarse mesh in areas with little changes.

2.4.2 Solver

Star CCM+ operates finite volume method. The numerical algorithm consists of
the following steps:

e Integration of the governing equations of fluid flow over all the finite control
volumes of the domain.

e Discretisation converse the integral governing equations into a system of
algebraic equations.

e Solution of the algebraic equations by an iterative method.

The control volume integration in the first step is one of the biggest advantages
of the finite volume method. The practical conversion of integral equations into
algebraic equations, and then solving it for each cell by iterative method, consid-
ered as a clear relation between the numerical algorithm and physical conservation
principle, and make it easy to understand by many engineers.

The conservation of general flow variable ¢ within a finite control volume is shown

figure [11]
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Figure 11: General conservation of flow in finite volume method

The discreziation step in CFD process the transport phenomena with respect to
time due to the:

e Convection is the physical process that occurs in a flow which some property
of the fluid is transported by fluid motion usually due to the temperature
differences.

e Diffusion is the physical process that occurs in a flow which some property
of the fluid is transported by random motion of fluid molecules usually due
to the concentration differences.

e Source terms: the creation or destruction of ¢.

2.4.3 Post-processor

The Post-processor presents and visualizes the results in clearly and friendly way.
The Star CCM+ software is equipped with versatile data visualisation tools. These
includes:

e Geometry and grid display.
e Scalar plot.
e vector plot.

e Contour plot.
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e view options(Translation, rotation, scaling).

e Colour Postscript output.

2.4.4 Governing equations

Historically only the momentum equations was referred to as the Navier Stokes
Equations, but these days this definition is no longer used in a very stronge sense.
Many engineers refer to this entire set of equations in figure [12] as Navier Stokes
Equations [20].

These equations describe how the flow takes place without taking into account
the application, so the way these equations are able to understand that the flow
is actually is taking place in a swimming pool ventilation is from the boundary
conditions.

So, in order to use CFD effectively, it needed to have a full understanding of each of
these terms. Figure [12] shows four boxes that divide the equations for explaining
reason. The red box called the time derivative terms, they represents how the
quantity inside the time derivative changes as a function of time. The blue box
called as a convective terms, this term is a special derivatives and they are present
in all equations. The orange box called as pressure drop terms. This term is
responsible for capturing the effect of pressure. Finally the black box called as
diffusion terms. Diffusion is related to the shear tensor which help in taking into
account the wall effect and describing the boundary layer flows. The stress tensor
7 is the cross product of multiplying two velocity vectors.The stress tensor has
nine velocity components, and each component of the stress tensor is the second
derivatives of the velocity component. In the CFD the stress tensor are often
approximated by turbulence model.

There are four independent variables x, y, z and time t. and six dependent
variables, which are three velocity components (u, v and w) in the direction of x,
y and z respectively, pressure p, and temperature T. Noticed the energy equation
contains all the six dependent variables.

Three-dimensional turbulence flow, is based on the solution of the governing equa-
tions for the six dependent variables, which are functions of all four independent
variables.
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Figure 12: Navier-Stokes Equations 3-dimensional-unsteady [20]

The demonstrated equations were derived independently by G.G. Stokes in Eng-
land, and M. Navier in France, in the early 1800’s. The equations are expansion
of Euler equations, and include the impact of viscosity on the flow [20].

Re Reynolds number. It is a dimensionless number that express the ratio
between inertial forces and viscous forces (Re = %) Laminar flow occurs at
low Re, when the viscous forces dominates and its characterisation as smooth fluid
motion. The turbulent flows occurs at high Re, when the inertial forces dominates
and its characterisation as chaotic fluctuating flow.

Pr Prandtl number. It is a dimensionless number that express the ratio between
the kinematic viscosity to the thermal diffusivity.

Usually, the value for Prandtl number is approximated to be around 0.7-1.0 for
gasses and round 1-10 for water [21].

The following equations are the governing equation expressed in the dimensional
form for turbulent flow.
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Continuity equation:

dp 0
ot T oz,

(pUi) =0 (9)
where:

e p is the the density of the fluid [£%].

e ¢ is the time [s].

e U; is mean velocity component corresponding to the i direction [].

e 1; is the coordinate direction i [m].

Energy equation: the conservative energy form is expressed in the following
general transport equation.

or o, or

0
T —
—(pT) + pU; Dz, ~ oa; (v o,

ot

— pu;T') + St (10)
Where:

e T is the time-mean temperature of the fluid [°C].

e 7 is the diffusion coefficient.

e T is the fluctuating temperature [°C].

e Uj is the mean velocity component corresponding to the j. direction [7].

e 1, is the coordinate direction j [m)].

e u; is the fluctuating velocity component in the j direction (],

=

e Sy is the source term [75].

Momentum equations (Navier-Stokes equations)

0 oU; oP 0  0U;
ﬁ(pUj)axj Oy * o 0z, (“T B puzuj) TP (11)

Where:
e P is pressure [Pa]
e 4 is laminar dynamic viscosity [%]

e g; is gravitational acceleration in the i direction [%2]
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2.5 Governing equations of radiative heat transfer

Thermal radiation is the emission of electromagnetic waves from all matter that has
a temperature greater than absolute zero, and represents a conversion of thermal
energy into electromagnetic energy.The radiative transfer equation (RTE) governs
this process. This equation can be written in terms of radiant intensity for a
specific wavelength A:

d[)\ k’s)\ k. EDN
EN B L+ kel /IQdQ kol p /]QdQ 12
7 Balx + AbA+47T D +p)\pb)\+4ﬂ_ D (12)
Where:
e I,: radiative intensity at wavelength A\[—'"—].

e [;\: black body intensity at wavelength .

e [x: particle black body intensity at wavelength A and current particle tem-

perature.
e s: distance in the direction.
e [\: extinction coefficient.
e k,y: absorption coefficient at wavelength A(m™1).
o kg, scattering coefficient at wavelength A\(m™1).
o k. particle absorption coefficient at wavelength A(m™1).

o ks particle scattering coefficient at wavelength A(m~1).

Q2 solid angle.

2.6 Transport equations for gas species

Gases like water vapour and chlorine are usual to be found in the swimming pool
environment. Therefore, additional differential equations for the multicomponent
gases in the swimming pool need to be solved by additional equations given by:
The transport equation for species (k) is shown in equation .

9, 9, 0 Yy,

P ovirs L uvy = -2 (D
g7 PYe) + - (puili) = 5 -(pDig -

) (13)
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Figure 13: Description of the gas species transport equation

2.7 Turbulence models in CFD

Several turbulent models have been developed in order to fit the various application
systems. It is important to understand turbulent model’s definition, its strength
and weakness, when it comes to choose the most accurate one. The closure of
the Navier Stokes equations to their stress term in the equation, describes the
turbulence model.

2.8 Reynolds-averaged Navier-Stokes Models RANS

Reynolds-averaged Navier-Stokes Models RANS is the most common used model
in the field of turbulence flow. The models attempts to close the turbulence equa-
tion using the viscosity term and the kinetic energy per unit mass of turbulent
fluctuations variable k.

2.8.1 RANS Two-Equation model: Standard k — ¢

The advantages of this model can be assumed as following:
e Simple turbulence model requires just boundary and initial conditions.
e Good performance for several industrially flows.
e The most widely validated and established model.

The reported disadvantages of this model:

e Poor performance in some important case like swirling flow, rotating flows,
and fully turbulent developed flow in a non circular form.
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The k — e model is based on the transport equations [14] and 15| for £ and € respec-
tively [19]:

égpk) + div(pkU) = dw( grad k) + 2p,5:;Si; — (14)
9(pe) ¢
o + div(pel) = dw( grad €) + C’kautSwSU 026,0 ’ (15)
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Figure 14: Description of k and € transport equation

2.8.2 RANS Two-Equation: Standard k —w, and SST k —w

This model shows good performance in complex geometry and phenomena at dif-
ferent length scales induced by the geometry which considered as a huge advantage.
The disadvantages of this model is that this model showing problems in free stream
flow. w is based on the transport model shown in equation

d(pw) 2 oU;
8.’L'j

——+div(pwlU) = div(u+%gmd.w)+'yl(1pSij.Sij—fpw 8ij) — Bipw? (16)

ot
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Figure 15: Description of w transport equation
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1. Standard k£ — w model : this is a popular two equation model where
the turbulent kinetic energy k& and the specic dissipation rate w equations
governing the turbulence of the ow. The main aim of this model is to simulate
flow near wall regions more accurately than k& — ¢, however the model has
problems with free stream flow.

2. SST k — w model: is more like a hybrid model. The model has better
reattachment and separation an ability compared with both £ —w and k — ¢
models. In other words, working like k — € far from the wall and like k£ — w
near from the wall.

3 Method

The present study is accomplished using two steps: pre-processing the investigated
swimming pool and studying the air quality indicators like local mean age of air
LMA and air exchange efficiency ACE.

3.1 Geometry and design model

The investigated swimming hall has the geometry shape of a right trapezoid ap-
pendix [B] and its ceiling has two different heights to fits the jumping boards and
water slide shown in appendix . The water pool has the dimensions of 15.5 x 25
metre, and the 15.5 meters pool’s width is divided into 6 lanes with a width of 2.50
metres for each lane appendix . According to the specifications and regulations
of swimming pool which are published by the Norwegian swimming federation,
this basin is certified as a short pool for non competition purpose [22].

The main purpose of creating the geometry, is to generate computation of cells
to solve the the governing equations. The pre-processing starts using Star CCM+
implemented 3D cad user interface tools. Creating 2D and 3D sketches is often the
first step in creating a body. These sketched is used as basis for 3D operations like
extrude, revolve, sweep, loft and sheet from sketch. Then when parts is created,
the Boolean operations (like unite, intersect, and subtract) is used to combine
multiple body to create a single body or to create a single body from multiple
body.

The facade’s features like external walls, floor, ceiling and external windows are

pre-processed based on the 2D drawing of swimming pool see appendix . The
ventilation pipes are drawn in the design model to operate like a mixing ventilation
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(MV) and it is located on the ceiling, and the exhaust is positioned according to
the building shaft plan shown in the appendix ﬂEﬂ It is considered in the simulation
setup displacement ventilation (DV) diffusers under the external windows .

Figure shows all bodies and surfaces for the swimming pools like the water
bath, external walls and windows, MV, DV and exhaust.

The 3D coordinate system that is used in modelling near the bottom surface see
figure [I6] The negative Z- direction is pointing to the north while the positive Z
direction is pointing to the south.The positive X- direction is pointing to the east
while the negative X-direction pointing to the west. The top and the bottom of
the model is pointing to the positive and negative Y-direction respectively.

In more detailed words we have external walls, windows and DV diffusers in the
west and south facade. The MV is in the top while the water bath is in the bottom.
The exhaust is located in the north facade.

i

Figure 16: Afjord model: positive Z-axis direction is pointing to south, negative
Z-axis direction is pointing to north, positive X-axis direction is pointing to east
and negative X-axis direction is pointing to west

3.2 Mesh

Star CCM+ is powerful to generate mesh of very good quality even with complex
geometries. Still, mesh quality always needs to be checked as the mesh specifi-
cations could sometimes not fit with what is required by the complexity of the
model’s geometry.
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It is used the polyhedral mesh mesh for this study. The polyhedral volume
mesher is a good balance between speed and efficiency and creates a high-quality
mesh. The mesher starts by building a tetrahedral mesh, then combines cells
to generate the poly mesh with a lower number of cells, though each is slightly
larger. This mesher is the most common core volume mesher and used most often
in internal flows.

A representative mesh distribution is shown in figure [I7} Generating fine meshes
in areas where it is expected to have the greatest change in e.g. pressure, energy,
or velocity. The mesh is then refined with the volumetric control function in
areas such inlet flow, pressure outlet, water pool, and near the relevant breathing
area.

Figure 17: mesh

The polyhedral mesh is combined with a highly recommended optional boundary
mesher called the prism layer mesher. This helps to obtain an accurate solution
as it will ensure capture of the boundary layer and accounts turbulence modelling.
It creates prismatic cells on the walls in the simulation. This capture boundary
layer effects like friction and flow separation.

For turbulent flows a wall treatment is applied. Depending on this it is needed
to choose the number of prism layers required to resolve the boundary layer ad-
equately while maintaining the height of the first cell near the wall within the
acceptable y values. In this study the All y™ wall treatment is used and at least
2-3 prism layers should be used according to Star CCM+ guideline. Here 4 prism
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layers were chosen see figure . Furthermore, based on the size of the model and
number of prism layers, a value between 1.1-1.5 is recommended for the stretch
factor, here the value 1.5 is chosen.

Figure 18: Prism layer near MV distributor

Once the polyhedral volume mesh has been generated, its validity and quality have
been checked. The mesh may generate and when visualized appear to capture the
geometry, but it is important to ensure that the cells are of high quality and not
invalid (no negative volume cells, for example). The face validity of the cells is
around 99.9% and the volume change equal to one is around 99.8%.

Table 7: Mesh’s specifications

Properties Value
Mesh type PSP
Base size 0.4 m
Prisme layer thickness 33%
Number of layers 4.0
Prims layer stretching 1.5
Number of cells 420,000
Volumetric control 50% of base size and prims layer

3.3 Physics setup and solvers

Now as the volume polyhedral mesh is defined, it is needed to define what the
various sections are made of. These sections in swimming pool will be fluid. Con-
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tinua in Star CCM+ presents various physic models to specify for the design model
condition.
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Figure 19: Physics models

Figure 19 shows the physics models that have been used for all five cases simulated
in this study. The applied physics models presents a realistic scenario of heat
transfer and thermodynamic of water evaporation and air that occur in a swimming
pool. The physic continua is selected as follwing:

e The spatial dimensions for simulation is set as three dimensional and therfore
a 3d volumetric mesh is created.

e The time is set as a steady simulation.

e Specifying the material whether the part is solid, liquid gas or some combina-
tion of the three. A multi component-gas means have different materials
of the same state. Air, water and chlorine is selected. Gradient and Ideal
gas is also selected here.
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e Once the material is selected, the flow solvers options will appear. Segre-
gated flow solver is selected. The Segregated Flow model solves the flow
equations (one for each component of velocity and one for pressure) in a
segregated or uncoupled manner. The linkage between the momentum and
continuity equations is achieved with a predictor-corrector approach. It is
capable of handling compressible flows and low Rayleigh number natural
convection, and uses less memory than the coupled flow solver. The seg-
regated species is an additional segregated solver that solves for mutli
component gas materials.

e With a flow solver selected, an equation of state will appear to define the
flow. A Segregated fluid enthalpy is selected.

e When defining the viscous regime in swimming pool, flow viscosity and tur-
bulence cannot be neglected. One the viscous model Turbuelnt is selected,
there will be several options for turbulence modelling. K-Omega Turbu-
lence, SST(Menter) K-Omega and All y+ wall treatment are then
selected.

e Optional model like surface to surface radiation is activated. This model
define the overall solution method for the governing radioactive transfer
equation (RTE). The view factors calculator model enables solvers for
generating radiation patches and calculating view factors.The Gray Ther-
mal Radiation option models is then selected, which purely depends on
surface temperatures, material properties, transmission media, and topology
of the geometry.

The optional model Cell quality redemption is also activated. This model
define the overall solution method for the governing radioative transfer equa-
tion (RTE). This tool is ideal for detecting and correcting for poor cells in
the model. It attempts to identify poor-quality cells, based on a set of prede-
fined criteria, such as Skewness Angle, that exceed a certain threshold. Once
these cells and their neighbors have been identified, the computed gradients
in these cells are modified in such a way as to improve the robustness of
the solution. Passive scalar model is selected. Its called passive because
they do not affect the physical properties of the simulation. Passive scalars
are user-defined variables, which are assigned to fluid phases or individual
particles. They are used in this study because of the interest in tracing a
fluid flow.
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3.3.1 SST(Menter) K-Omega, All y+ wall treatment

The Menter SST K-Omega model is one of the most commonly used Reynolds-
Averaged Navier-Stokes (RANS) turbulence models. The K-Omega Turbulence
models allows to compute the turbulent kinetic energy k and the specific
dissipation rate w to provide closure to the Reynolds-Averaged Navier-Stokes
equations. In this turbulence model, the shear stress limiter, commonly referred to
as the al coefficient figure [20, can have a significant impact on solution accuracy.
The shear stress limiter prevents turbulent shear stress from exceeding the al
coefficient multiplied by the turbulent kinetic energy in the inner part of the
boundary layer.

SST (Menter) K-Omega - Properties % =
Secondary Gradients on - |-
Kappa 0.41
BetaStar 0.09
Betal 0.075
Sigma_k1 0.85
Sigma_w1 0.5
Beta2 0.0828 =
Sigma_k2 1.0 I
Sigma_w2 0.856
TR -
al 9
a1 coefficient

Figure 20: Value of al coefficient used in the simulations

The following turbulence model and physical quantities is used in this study in
order to estimate the turbulent properties at the inlets of a CFD simulation.

The turbulent kinetic energy k is the measure of how much energy is contained
in the fluctuations of the turbulent flow. K is equal to:

k=2 (2] (17)

where:
e [ is the turbulence intensity.

e v is the local velocity magnitude.

The Turbulent dissipation rate ¢ is the measure of the rate at which turbulent
kinetic energy is dissipated, it means destructed and converted into thermal energy.
€ is equal to:
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(18)

i

h |

Where:
e (), is a model coefficient and it is equal to 0.9
e k is the turbulent kinetic energy.

e L is the turbulent length scale

The specific turbulence dissipation rate w is the rate of converting the tur-
bulence kinetic energy into thermal energy.

an
LB1

w=| ] (19)

s
Where:

e [ is a model coefficient and its equal to 0.9.

The turbulent length scale L is the measure of how big the eddies in a turbulent
flow. Simulating a fully developed turbulent flow in CFD, the length scale become
as following:

L =0.07d, (20)
Where:

e dj is the hydraulic diameter

Hydraulic diameter d;, is a useful quantity for the calculation of the Reynolds
number in non-circular tubes. It can also be used to estimate the turbulent length
scale for setting inlet boundary conditions. For a circular tube the hydraulic
diameter corresponds to the actual geometric diameter. For rectangular tube or
channel geometry is defined as following:

ab

dy =2
4 a+b

[m] (21)
Where:

e a and b are the width and the height of the hydraulic diameter.
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The conservatives law of mass flow rate of fluids passes through a pipes, is used
in this study in order to determine the relation between the mass flow and inlet

velocity of air.
3

Q=vA["] (22)
Where:
e v is the mean velocity of fluid in [7].
e A is the cross section area in [m?].

Furthermore:
- [ (23)
Where:

e p is the fluid’s density [£4

ms )
e m is the fluid’s mass [kg].

e V is fluid’s volume [m?].

The Wall treatment in STAR-CCM+ is the set of assumptions for modelling near-
wall turbulence quantities such as wall shear stress, turbulent production and
turbulent dissipation. Traditionally, the two basic types of wall treatment are
available:

1. High y+ wall treatment is the classic wall-function approach, where wall
shear stress, turbulent production and turbulent dissipation are all derived
from equilibrium turbulent boundary layer theory. It is assumed that the
near-wall cell lies within the logarithmic region of the boundary layer, there-
fore the centroid of the cell attached to the wall should have y+ > 30.

2. The low-y+ wall treatment assumes that the viscous sublayer is well resolved
by the mesh, and thus wall laws are not needed. It should only be used if
the entire mesh is fine enough for y+ to be approximately 1 or less.

The all y+ wall treatment is an additional hybrid wall treatment that attempts
to combine the high y+ wall treatment for coarse meshes and the low y+ wall
treatment for fine meshes. It is designed to give results similar to the low-y+
treatment as y+ < 1 and to the high-y+ treatment for y+ > 30. It is also
formulated to produce reasonable answers for meshes of intermediate resolution,
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when the wall-cell centroid falls within the buffer region of the boundary layer, i.e.
when 1 < y+ < 30.

y+ is The non-dimensional wall distance and u+ is the non-dimensional velocity.
The inner region of the boundary layer can be split up into three sublayers. In each
of them the flow has different characteristics and can be modelled using different
empirical approaches:

e Viscous sublayer: The fluid layer in contact with the wall is dominated by
viscous effects and is almost laminar. The mean flow velocity only depends

on the fluid density, viscosity, distance from the wall, and the wall shear
stress.

e Log-law layer : The turbulent log-law layer is dominated equally by viscous
and turbulent effects.

e Buffer layer: The buffer layer is a transitional layer between the viscous
sublayer and the log-law layer.

Figure [21] below shows the regions of applicability of the wall treatments:

[
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Low-y+ treatment mm) High-y+ treatment

Figure 21: Y+ wall treatment
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3.4 Passive scalar of local mean age of air LMA and air
exchange efficiency ACE

3.4.1 The local mean age of air

Considering the air flow as particles motion, the average time needed for air to
reach a point P in the room, since It entered the room, called the local mean age
of air. LMA increases from zero at the entrance to the nominal time at the exit
[23].

LMA is considered as an important parameter to remove the contaminant from
the room or ventilated spaces, the longer times spend the air’s particle at a point,
the more it will be contanimated by the pollutant . LMA has low value in short
circuited zone and high value in stagnate zone [24]. Using separate differential
equation of passive scalar, can one estimate the LMA in CFD calculations. This
defined passive scalar will act like attaching a clock to each volume element of
air. These virtual clocks can be used to measure the residence time of the air in
position in room.

One way to make the passive scalar in Star CCM+ tracking the fluid particles, is
to modify the scalars diffusivity properties, setting both Schmidt numbers to very
high values figure 22] setting the Passive Scalar Source Option to Scalar flux with
inferred density, and set the Passive Scalar Source Density Inferred to [1] figure
23| This allows advection to dominate the transport of the time scalar where there
is motion in the flow, whilst allowing diffusion to work on the scalar where there
is little to no advection.

bl Material Properties |
% ¢ Molecular Diffusivity

Dimensions

‘[

Method Schmidt Number
? @ Schmidt Mumber
Schmidt Number 1.0E9
? :‘{Turbulent Schmidt Number

Dimensions

‘[

Method Constant
¢ @ Constant

Value 1.0E9 |:|

Figure 22: Schmidt number properties
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L4 Physics Conditions
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o ?‘ Initial Condition Option
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] b‘ Passive Scalar Source Option
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¢
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Figure 23: Passive scalar source option

Without the high Schmidt numbers, diffusion in boundary layers keeps the mean
age near-zero at the wall, which is incorrect. The suggested values accounts for
the turbulent diffusion of "young' air into the mixing sublayer of the boundary
layer, while keeping the age of air in viscous sublayer relatively undiffused.

3.4.2 Air exchange efficiency

It is an air quality indicator. understand the air quality indicator that express
the efficiency of air distribution in the room. It represents the ratio between
shortest time required to replace the air in the room 7, and the average time for
air exchanges Tz, [25]. It is given by:

Tn

Na = (24)

7—61‘6
Where:
e 7, has an efficiency, having values between 0 < n, < 1.
® 7, = % is the ratio between the room’s volume and its supplied fresh air.
e 7. is equal twice the local mean age of air LMA.

The ventilation modes with the typical flow pattern and air exchange efficiency
are described in figure
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Figure 24: Air exchange efficiency [26]
There are defined user field functions for the several investigated ventilation cases

in this study. These functions depend on the particular of both local mean age of
air LMA and supplied fresh air q.

[VAq]/(2*${User_Mean age of air})

Figure 25: Air exchange efficiency user field function

3.4.3 Validation

In this validation, a CFD simulation of ventilated room was performed in order
to measure the mean age of air and then to validate the defined passive scalar
function for LMA in STAR-CCM+.

In a reported experimental and numerical study of local mean age of air [24], the
test room was simulated using ANSY'S software with the k-e turbulent model figure
The rom is supplied with an air flow of 363’”73, an inlet air velocity of 1.68 ,
an air temperature of 23 °C, and 14% turbulent intensity.
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Figure 26: Test room

The validation case started with pre-processing the test room, and a segregated
solver was assigned with the applied physics figure as shown in [27]

t -
‘e -
=@ Models
(@) Exact Wall Distance
& (@) Gas
@) Gradients
-(®) Ideal Gas
--(®) K-Epsilon Turbulence
&-(®) Passive Scalar
--(@) Realizable K-Epsilon Two-Layer
(@) Reynolds-Averaged Navier-Stokes
-.(@) Segregated Flow
-(®) Segregated Fluid Isothermal
-(®) Steady
-.(®) Three Dimensional
--(®) Turbulent
‘@) Two-Layer All y+ Wall Treatment

Figure 27: physics model

Post-processing the validation case for the LMA shows clearly low LMA values
nearly the inlet along the jet and reaching high LMA values in recirculation zone.
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A value of 1.1 to 1.3 LMA is everywhere presented in the room at the height of
1.1 m which is considered as breathing zone for a sitting person.

Mean age of air
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Figure 28: LMA-validated case
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Figure 29: LMA-reported case [24]

In CFD, the residual measures the convergence or divergence of a simulation, and
it tends to decrease for convergence. For this validation case a residual level of
1075 — 1077 is achieved (see figure [30).
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Figure 30: The validation case residual

ming hall (DV, MV-DV, DV4, 5, 7 ACH)

The Afjord swimming pool satisfies the passive house standard NS 3701 [27], hav-

ing the u-values for constructions and components described in table [8]

The outside designing temperature in Afjord municipality is around -21.4°C [28],
and computing the u-values for external walls and windows in equation [25|, pro-

Table 8: U-values for passive house

Property

Value [-7-]

window and door
external walls
ceiling
floor

0.8
0.12
0.09
0.08

duces surface temperatures of 26.9°C and 22.9°C receptively [29].

Where:

0, = 0i — URy(0i

e 0 is surface temperature.

e (; is the room air temperature

e R, is the internal thermal transition resistance and it is equal to 0.13 [
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e U is the u-value of component or part.

Internal walls, floor and ceiling are in contacts with neighbour zones and therefore
heat lost is considered as negligible. The exhaust valves are defined as a gradient
pressure outlet.

Figure 31: Pressure oulet

The water bath boundary conditions is defined as mass flow inlet with a thermal
temperature of 28°C. The rate of mass flow evaporation is based on Shah ASHRAE
phenomenological model equation |8 which gives a total evaporation rate of equal
0.124 %2,

The minimum guideline value for free active chlorine in the swimming pool water
range between 0.4-1.0 mg % [30]. The Afjord swimming pool contains approx-
imately 866.10° litre water. A 1.06_6%" mass fraction of the evaporation rate is
represented as a chlorine evaporation in this study (see figure .
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Figure 32: Evaporation

When it comes to define the boundary condition for the inlet air flow, it is defined
as a mass flow inlet, but with diverse turbulence model conditions. The variety
of supplied air flow from different ventilation cases and different inlet flows require
basically defining the turbulent model at each inlet.

Table 9: Boundary condition

Boundary Boundary condition
External window Surface temperature of 22.9°C
External walls Surface temperature of 26.9°C
Other walls Adiabatic wall with no slip condition
Exhaust Gradient pressure outlet
Water bath Mass flow inlet, T= 28°C, 99.9% H,0 and 1.0e"6%Cl,
Inlet air flow Mass flow inlet with with thermal temperature of 30°C
Turbulent specification k—w
Initial temperature of the hall 28°C

3.5.1 Mixing ventilation (MV) case:

The air flow in this case is supplied with a total air low of 17500 ng from six inlets
of textile ducts mounted on the ceiling. These textile ducts are divided into three
systems to maintain a good airflow supply. Furthermore, the textile duct features
like holes and nozzles are designed as described in appendix [F].

The reason for using textile ducts in the swimming pool is its high initial energy
in the form of velocity (momentum) through holes which ensures an effective air
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change without dead zones. In addition, the textile duct usage in swimming pool
have advantages such as, no condensation and no corrosion problems and also its
flexibly and tailored design.

Figure 33: Textile duct illustrative picture

The first system consists of flow through three inlet ducts which are located at
the lower height of the hall equal to 5 m (see figure . This system delivers an
airflow of 8751 %3 with a temperature of 30°C and it has generally a low turbulent
intensity equal to 4%.

In order to define the boundary condition for the turbulent model k¥ — w at the
inlets. Field functions for k and w at each inlet location are assigned as shown in

figures [35] and [36]

+Y Relative Velocity im /s,
7z X 15772 15772 1.5772 1.5772 15772 15772

Figure 34: MV system 1.
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1.5*${I system 1}*${I system 1}*${U inlet systeml}*${U inlet systeml}

Figure 35: The turbulent kinetic energy k = %(I v)?, turbulent intensity I and inlet
air velocity U at MV system 1

LY
| 1)

sqrt(${TKE system 1})/0.0023

Figure 36: The specific turbulent dissipation w = [ﬁ%—] at MV system 1

The second system of the MV has two inlets and supplies a total air flow of 5824’"73
from a 8.5 m heigh (see figure [37). Its turbulence intensity is set to 5%. There is
assigned a user defined turbulent kinetic energy k and specific turbulent dissipation
w at the two inlets figure

WY Relative Velocity im /s,
31545 31545 31546 31546 31546 31546

7 (L

Figure 37: MV system 2.
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1.5%*${I system 2}*${I system 2}*${U inlet system 2}*${U inlet system 2}

Figure 38: The turbulent kinetic energy k = %(I v)?, turbulent intensity I and inlet
air velocity U at MV system 2

sqrt(${TKE system 2})/0.0011

Figure 39: The specific turbulent dissipation w = [L’%] at MV system 2
4

The third system supplies air flow of 2917 mTS and has a turbulent intensity of 5%.
This system has also an inlet air flow direction normal toward the west facade (see
figure . Inlet k and w are assigned as described before.

4;2&____4’7__3’[’__&&__
7 A RN

Y Relative Velocity (m/s)
;_! e 14049 1.5445 1.6841 1.8238 1.9634 21030

Figure 40: MV system 3

47



-',‘J TKE system 3 - Definition

1.5*${I system 3}*${I system 3}*${U inlet system 3}*${U inlet system 3}

Figure 41: The turbulent kinetic energy k = 2(Iv)?, turbulent intensity I and inlet
air velocity U at MV system 3

"

sqrt(${TKE system3})/0.0011

Figure 42: The specific turbulent dissipation w = |

L\[/fl] at MV system 3-90 degree

B > TKE system 3-90degree - Definition

1.5*${I system 3}*${I system 3}*${uinlet3 90 degree}*${uinlet3 9@ degree}

Figure 43: The turbulent kinetic energy k = %(I v)?, turbulent intensity I and inlet
air velocity U at MV system 3-90 degree

L

sqrt(${TKE system 3-90 degree})/0.0011

Figure 44: The specific turbulent dissipation w = [ﬁ{] at MV system 3-90 degree
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3.5.2 Mixing ventilation-displacement ventilation (MV-DV) case

This system includes both the previous MV system and a DV system that supply
an additional air flow of 1000 mT3 to compensate for heat lost in cold period with
a turbulent intensity equal to 1. The system supplies a total airflow of 27500 mT?’
The air supply for this case from different air inlets are shown in figure

Y Veloeity fm/s!
1.0877 1.5050 1.9204 2.3318 2.7431 2.1545

Figure 45: MV-DV system

1.5*3%{I window}*${I window}*${Uinlet window}*${Uinlet window}

Figure 46: The turbulent kinetic energy k = 2(Iv)?, turbulent intensity I and inlet
air velocity U at DV under windows

Y
Il-?

sqrt(${TKE window})/0.0111

Figure 47: The specific turbulent dissipation w = [ﬁ{] at DV under windows
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3.5.3 Displacement ventilation (DV4, 5 and 7 ACH)

These are displacement ventilation that supply airflow of 20568, 25710 and 35994

ng respectively from inlet flow under the windows. k and w are assigned for each

inlets in this different cases, based on their different air flow and inlet air velocity.

A Beity (n /5!
2.5 22839 2.2887 2.2934 2.2982 2.3029 2.3077
E

Figure 48: DV 7 ACH inlet flow

4 Results and discussion

Table [10] summarises the main features of the different cases studied in this work.
This confirms that the MV system has 12% less chlorine concenteration in the
swimming breathing zone compared with DV7 ACH system. Furthermore the MV
system has high air exchange efficiency ACE which can lead to increased energy
efficiency with 50% compared to the DV7 ACH system. The data used to compare
the chlorine concenteration in the swimming breathing zone for the investigated
ventilation cases is based on the surface average of molar concentration of chlorine
in the swimming breathing zone (see appendix . The presented data in the table
about ACE is based on countor plots and xy-plots which is presented later in this
section.
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Table 10: Different test cases

ACE level The surface average of molar | The chlorine s
. on the ACE level . . . Ventilation
Investigated . . concenteration of chlorine concenteration
swimming | on people | . R . . energy
cases . in the swimming reduction .
breathing | around . Romol . saving
Zone breathing zone *" in procent (-)
MV (3.5 ACH) | 0.62-0.84 0.60-0.76 5.34 x 1077 - 12.0% 50%
MV-DV
(MV 3.5 ACH)
+ _ - -9 _ o o
(DV 2 ACH) 0.44-0.59 0.40-0.51 3.89 x 10 36.0% 21.0%
(5.5 ACH)
DV4 ACH 0.64-0.85 0.54-0.77 6.05 x 107 +1.0% 42.0%
DV5 ACH 0.49-0.65 0.42-0.60 6.08 x 1077 +0.5% 28.5%
DV7 ACH 0.35-0.46 0.30-0.42 6.09 x 107° - -

The table shows also that the MV-DV system has the lowest chlorine concenter-
ation in the swimming breathing zone with 36% less in chlorine concenteration
compared with the DV7 ACH system. This system has intermediate air exchange
efficiency ACE which can lead to increased energy efficiency with 21% compared
with the DV7 ACH system. The ventilation energy saving is estimated by com-
paring the number of air change per hour ACH for the particular cases to the ACH
of DV7 system.

On the other hand, it is noticed that insignifcant increase in chlorine concenteration
when the inlet air flow in DV system decreases as shown in table [I0] The DV5
ACH system and the DV4 ACH system have an increased chlorine concenteration
in the swimming breathing zone with 0.5% and 1% respectively.

The swimming breathing zone is defined to be 10 cm above the water surface, and
the zone for people around is defined to be 1.6 m above floor. Relevant solution
data is extracted of these defined plans. This is useful to provide the xy-plots with
further data about the swimming breathing zone condition. The zones are shown

in figure 49|
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plane IBm ~—
/ plane 10 cm above water surface

Figure 49: The swimming breathing zone and the zone for people around the
swimming pool

This section presents further detailed results for the five investigated ventilation
cases in Afjord swimming pool. The results will be presented in two parts for
each investigated case. The first part is for the swimming breathing zone and the
second part is for the people around the swimming pool.

In this study contour plots for the LMA, ACE, the molar concentration of chlorine
above the the water bath, the air temperature, the air velocity and the relative
humidity are used for analysis. Relevant XY plots for LMA and molar chlorine
concentration, ACE and molar chlorine concentration, LMA and ACE, ACE and
air velocity and ACE and air temperature are discussed.

The residual for all five simulated cases in this study are presented in appendix [F]
Figure [50] shows a representative residual plot for the MV case.
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Figure 50: The MV case residual

4.1 Mixing ventilation (MV) case
4.1.1 Swimming breathing zone

Figure [51]shows the countor plot of LMA in representative XZ-plane in the breath-
ing zone. The LMA value varies from 0.77 to 1.03. The lowest values are in the
water bath area while the highest value around the east and west external walls and
windows. Generally, The contour plot shows good LMA values for the swimming
breathing zone.

I ———————

Mean age of air.
¥ ¥ 0.77006 0.82297 0.87587 0.92878 0.98168 1.0346

Figure 51: MV case: LMA on swimming breathing zone. The west external wall
is along the -Z direction and the south external walls is along the +X direction
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It can be seen from figure [52) that ACE value varies from 0.61 around the external
walls and windows to 0.83 in the water bath area. The ACE values confirms a
good ventilation mode nearly "piston ventilation" especially in the bath area. The
high ACE values for this case would lead to a low energy usage due to the decrease
in airflow supply.

A 0.61860 0.66110 0.70360 0.7%610 0.78860 0.83110

11 [ D Bl 'm

Figure 52: MV case: ACE on swimming breathing zone

Investigation of the chlorine concentration in swimming pool is of a big interest
due to the effect and irritations caused by chlorine to the swimmers/human beings.

The molar concentration of chlorine is higher in the bath area with 9.34e=°[mel]

and smaller around the external walls with a value of 3.20e~9[£22'] (see figure .
This is expected as the source of the chlorine evaporates from the water bath.
The MV system shows good performance to reduce the chlorine concentration in
the bath area.
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Molar Concentration of CI2 (kmol/mA3)
¥ 3.2068e-09 4.4338e-08 5.6607e-09 6.8B77e-08 B.1147e-08 5.3416e-08

lz (L

Figure 53: MV case: Molar concentration of chlorine on swimming breathing zone

The XY plot offers us more information than the contour plot can offer. The
relationship between the LMA and molar concentration of chlorine as shown in

figures reveals that the chlorine concentration is smaller in area where the
LMA are high around 1.

o plane 10 cm above water surface

XY Plot

9e-09-

Be-09+4

Te-094

Ge-094

5e-094

Molar Concentration of CI2 (kmol/m~3)

4e-094

— T T
0.76 078 0.8 0.82 0.84 0.86 0.88 0.9

User Mean age of air

Figure 54: MV case: Relation of LMA and chlorine concentration on swimming
breathing zone
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Figure also reveals high chlorine concentration in area where the ACE value
is high around 0.85. However, the difference between the high and small chlorine
concentration in the swimming pool area is small as shown in the graph.

=] lane 10 cm above water surface |
XY Plot [op

9e-09-] gno °
ge-09-
7e-09-
62-09-

S5e-094

Molar Concentration of CI2 (kmol/m~3)

4e-094

— T T T —r— ——
0.62 0632 0.684 065 0.67 0.69 071 0.73 0.75 0.77 0.79 0.81 0.82 0.85
ACE

Figure 55: MV case: Relation of ACE and chlorine concentration on swimming
breathing zone

The relationship between the ACE and LMA is shown in figure[56] Clearly higher
ACE matches with lower LMA values.

Y Plot | o plane 10 cm above water surface |

0.954

0,854 \
0.84 \%

User Mean age of air
[=1
w
I

0.754 So
R EmE e e I L e e e
0.62 0.63 0.64 0.65 0.67 0.69 0.71 0.73 0.75 0.77 079 08l 083  0.85

Figure 56: MV case: Relation between ACE and LMA on swimming breathing
zone
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4.1.2 People around

The result confirms good LMA values for the people around the water bath as
shown in figure

User Mean age of air
0.83157 087612 0.52068 0.95523 1.0098 1.0543
JZ

Figure 57: LMA on people around

This result also confirms good ACE for the people around the swimming pool, It
shows a little more efficient ventilation than the mode of "mixing ventilation" as
shown in figure. [58|

ACE
0.60701 0.63954 0.67206 0.70458 0.73711 0.76963
!Z

Figure 58: MV case: ACE on people around
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The air temperature varies from 22.9 °C on the external windows to around 29.3
°C deeper inside the hall (see figure [9).

Temperaturs {0
22.900 24177 25.453 26720
1z

28.007 29.284

Figure 59: Air temperature on people around

The result in figure [60] shows high air velocity ~0.4 ™ around external windows,
moving towards the zone for the people around and continuing inside the water
bath region.

This is called draught risk. Often in winter time, cold, natural

convective flows from glazed facade causes draught risk [31]. Air velocity higher
than 0.2["*] can be considered as a thermal discomfort [32].

All simulated cases in this study were simulated when the outside temperature
is assumed to be in a very cold winter day equal to -21.4°C. Normally in cold
period, there will be additional airflow to compensate for the heating in swimming

pool. The MV-DV hybrid system case represents the case of the MV system with
additional airflow under windows which avoids this draught risk.
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Relative Velocity: Magnitude (m/s)
0.00000 0.15478 0.30855 046434 0.61912 0.77389
]Z

Figure 60: MV case: Air velocity on people around

The result confirms that the MV system maintains good air humidity level lieing
between RH= 54% and 63% (see figure [61).

RH %
‘Llf( 54.420 56.734 59.048 61.361 63.675 65.989

Figure 61: MV case: Relative air humidity on people around
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Figure [62] shows that condensation problem on the external windows and facade
could be avoided in passive house swimming pool. However, the result shows
relative air humidity equal to 66% for this investigated case.

s FH %
Xz 54.420 56.734 59.048 61.361 63.675 65.989

Figure 62: MV case: Air velocity on people around

The relationship between LMA and ACE as a result of the conducted test for the
people around the swimming pool in this case is described in figure

¥ Plot o plane 1L.&m
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Figure 63: MV case: Relation of ACE and LMA on people around
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It can be stated from the figure [64] that air exchange efficiency ACE increases
with decreasing in the air velocity marginally. High air velocity caused by draught
risk decreases both the thermal comfort and the ventilation air exchange efficiency

ACE.

[ 1e
XY plot

1.2 - =

Relative Velocity. Magnitude (m/s)

ACE

Figure 64: MV case: Relation of ACE and air velocity on people around

4.2 Mixing ventilation-displacement ventilation (MV-DV)
case

4.2.1 Swimming breathing zone

LMA values varies from 0.80 to 1.08 as showen in figure[65] Areas with lower LMA
are more presented here than the case for the MV system. Especially around the
external walls and windows. The reason behind this is a higher inlet airflow in
this case.
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User Mean age of air
IX"X 0.80259 0.85811 0.31364 0.95916 1.0247 1.0802
z

Figure 65: MV DV hybrid case: LMA on swimming breathing zone

The ACE values in this case confirms that the ventilation mode is nearly "full
mixing ventilation' in the swimming breathing zone as shown in figure [66l The
ACE value for this case shows that the energy usage is higher than the MV case.

ACE
I'Y“x 044065 047114 0.50162 0.53211 0.56260 0.59308
Z

Figure 66: MV DV case: ACE on swimming breathing zone

The molar concentration of chlorine varies from the lowest value 2.06_9[%] to the
highest chlorine concentration 8.55¢?[~%!] in the water bath region (see figure
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@. It is noticeable that the case for the MV DV system shows significant decrease
in the chlorine concenteration in the swimming zone than the MV system.

Molar Concentration of CI2 (kmol/mA3)
IX"X 2.0044e-08 3.3153e-08 4.6263e-09 5.9373e-08 7.2483e-08 B.5593e-08
z

Figure 67: MV DV case: Molar concentration of chlorine on swimming breathing
zone

Chlorine concenteration is lower in region where the LMA is high (around 1) and
higher in region where the LMA is low. The concenteration points here have a
better alignment with the graph than the case for the MV system. This reflects a
stable and more chlorine concenteration removing.
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Figure 68: MV DV case: Relation of LMA and chlorine concentration on swimming
breathing zone

The MV-DV system shows a lower chlorine concenteration in region where the
ACE is low. Figure [69| reveals that the higher ACE the higher the chlorine con-
centeration.
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Figure 69: MV DV case: Relation of ACE and chlorine concentration on swimming
breathing zone
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Figure [70] describes the relationship between the LMA and ACE in the swimming
breathing zone for the MV DV hybrid system case.
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Figure 70: MV DV case: Relation of ACE and LMA on swimming breathing zone

4.2.2 People around

The result confirms good LMA value for the people around the swimming pool as
shown in figure [71]

User Mean age of air
0.93648 0.985594 1.0354 1.0848 11343 11838
IZ

Figure 71: MV DV case: LMA on the people around
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The result shows ACE values (around 0.45) which it is similar to "fully mixing
ventilation" mode for the people around the swimming pool as shown in figure
Generally the result for the MV DV system confirms the mode of fully mixing
ventilation for the swimmers and for the people around around the swimming pool.

ACE
040211 042334 0.44458 046582 0AETOF 0.50823
!Z

Figure 72: ACE on the people around

The MV DV hybrid system shows more stable air temperature than the MV system
due to its higher air flow (see figure figure [73).

Temperature {0
22.900 24.314 25.729 27.143 28.558 29.972
k [ D -

Figure 73: MV DV cas: Air temperature on the people around
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Figure [74 below confirms that the detected draught risk in the case of MV system
is avoided. The air velocity is around 27 which contribute for a good thermal
comfort.

Velocity: Magnitude in/s)
2.00000 0.20513 041225 0.61838 0.62451 1.0305
IZ

Figure 74: MV DV case: Air velocity on the people around

It can be seen from figure[76] that the external windows have a low relative humidity
as a result from having the inlet air flow under the external windows.

s FH %
A 50.021 51.675 53.329 54.983 56.637 58.291

Figure 75: MV DV case: Air humidity on the external window
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The relative humidity is considered good and lieing between 50% and 58% for the
people around the swimming pool as shown in figurd76] It is noticed that The MV
DV system has a lower relative humidity than the MV system.

‘_&If( 50.021 51.675 53.329 54.983 56.637 58.291

Figure 76: MV DV case: Relative humidity on the people around

The relationship between LMA and ACE as a result of the conducted test for the
people around in this case is described in figure [77]
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Figure 77: MV DV case: Relation between ACE and LMA on the people around
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4.3 Displacement ventilation (DV4 ACH) case

4.3.1 Swimming breathing zone

The contour plots in the result section shows that the DV4, 5 and 7 ACH systems
have the same air flow pattern. They all have the position of the inlet airflow
under the external windows.

The LMA values varies from 0.76 to 1.0. The low LMA values are widely presented
in the swimming breathing zone and outside the swimming breathing zone (see

figure .

User Mean age of
X 0.76621 0.81320 0.86019

air
0.90718 0.95417 10012

Figure 78: MV DV case: LMA on swimming breathing zone

The ACE values varies from 0.63 to 0.83 as shown in figure [f9 The high ACE
values are widely presented in swimming breathing zone. The high ACE values
for this case indicate a nearly "fully piston ventilation".
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Figure 79: DV4 ACH case: ACE on the swimming breathing zone

The DV 4 ACH system case shows less performance in in order to remove the

chlorine concenteration in the swimming breathing zone compared with the MV
case as shown in figure

| ’lﬂ
L ‘ﬂ:‘_l

e

Molar Concentration of CI2 (kmel/mA3)
[y__x F.9181e-03 F.0125e-03
z

E.I070e-03 F.2014e-03 8.295Fe-03 9.3303e-03

Figure 80: DV4 ACH: Molar concentration of chlorine on the swimming breathing
zone

Figure [81] shows the relationship between LMA and chlorine concenteration as a
result of the conducted test for this case. The chlorine concenteration is low when
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the age of air LMA is high (around 1).
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Figure 81: DV4 ACH case: Relation of LMA and chlorine concentration on swim-

ming breathing zone

As the previous investigated cases in this section, it is clearly that high ACE values
leads to high chlorine concentration.. Figure 82 shows stable and smooth relation

between the graph and chlorine concenteration points.
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Figure 82: DV4 ACH: Relation of ACE and chlorine concentration on the swim-

ming breathing zone
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Figure [83] describes the relationship between the LMA and ACE in the swimming
breathing zone for the DV4 ACH system case.

XY Plot

o Swimmer's breathing zone
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Figure 83: Relation of ACE and LMA on swimming breathing zone

4.3.2 People around

The result shows good LMA values for the DV4 system for the people around the
swimming zone (see figure .

User Mean age of air
0.82850 0.89861 0.36873 1.0388 11090 11791
z

Figure 84: DV4 ACH: LMA on people around
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Figure [85] shows that the DV4 ACH system has almost the same ACE values level
as the investigated MV case for the people around the swimming pool.

0.54280 0.586873 0.63467 0.68061 0.72654 0.77248
z

Figure 85: DV4 ACH: ACE on people around

It can be seen from figure [86) that the air temperature is stable for the people
around the swimming pool. And relatively stable temperature around the external
windows and facades where the inlet air flow is located.

—

Temperature (0
22.900 24.273 25.647 27.020 28.394 29.767
z

Figure 86: DV4 ACH: Air temperature on people around
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The results shows stable air velocity around the external windows in the DV4 ACH
case as shown in figure

Relative Velocity: Magnitude (m/s)
¥ X 0.00000 0.23854 0.67708 1.0156 1.3542 16927
z

Figure 87: DV4 ACH: Air velocity on people around

The relationship between LMA and ACE as a result of the conducted test for the
people around is described in figure [88]

User Mean age of air
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Figure 88: DV4 ACH: Relation between ACE and LMA on people around
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4.4 Displacement ventilation (DV5 ACH) case

4.4.1 Swimming breathing zone

The previous results for the investigated case DV4 ACH system show good stable
air temperature and air velocity. Normally high air flow contributes for good
thermal comfort in swimming pools. The DV5 and DV7 ACH systems supply
high inlet air flow. Therefore, the investigation for these cases is focused on ACE
and on the air quality in the breathing zones.

The results confirms a lower LMA values than the DV4 ACH system in the swim-
ming breathing zone as shown in figure [89) The reason for lower LMA, is the
higher supplied air flow in this case.

of air
0.91074 0.95885 10070

User Mean ag
0.76640 0.81452 0.56263

Figure 89: DV5 ACH: LMA on swimming breathing zone

The result confirms fully "mixing ventilation" mode for the case of the DV5 sys-
tem (see figure . ACE values are around 0.5 and lead to higher energy usage
compared to the DV4 ACH system.
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Figure 90: DV5 ACH: ACE on swimming breathing zone

Figur [91] shows insignificant reduction in chlorine concenteration compared with
the DV4 ACH system. Increasing airflow above 4 ACH in swimming pool should
be considered due to cover the heat lost and not to reduce chlorine contaminant.

Molar Concentration of CI2 (kmel/mA3)
FFT6le-03 +.9112e-03 E.0463e-03 F.A1B14e-03 8.3164e-09 2451 5e-03
JZ

Figure 91: DV5 ACH: Molar concentration of chlorine on swimming breathing
zone

The relationship between the LMA and chlorine concentration in the swimming
breathing zone is shown in figure Low LMA values have higher chlorine con-
centeration. It is clearly from all previous investigated cases in this study that
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the LMA with a value very close to one is very effective to reduce the chlorine
concenteration.
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Figure 92: DV5 ACH: Relation of LMA and chlorine concentration on swimming
breathing zone

The DV5 system has ACE values vary from 0.45 to 0.65 which confirms less energy
efficiency than the DV4 system figure DV5 ACH system is good choice to cover
heat lost in the winter time.
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Figure 93: Relation of ACE and chlorine concentration on swimming breathing
zone
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Figure [94] describes the relationship between the LMA and ACE in the swimming
breathing zone for the DV5 ACH system case. The more ACE, the less the LMA.
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Figure 94: DV5 ACH: Relation of ACE anf LMA on swimming breathing zone

4.4.2 People around

The DV5 ACH system has a lower LMA values than the DV4 ACH system due to
its higher air flow (see figure

User Mean age of
Y x 0.83044 0.90098 0.97152

air
1.0421 11126 1.1831

Figure 95: DV5 ACH: LMA on people around
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The result confirms nearly "fully mixing ventilation" mode for the people around
the swimming zone in the case of the DV5 system (see figure .

Y ¥ 0.41838 0.45382 0.4884¢€ 0.524939 0.560532 0.59607
z

Figure 96: DV5 ACH: ACE on people around

The relationship between LMA and ACE as a result of the conducted test for the
people around is described in figure [07]

User Mean age of air
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Figure 97: DV5 ACH: Relation of ACE and LMA on people around
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4.5 Displacement ventilation (DV7 ACH) case

4.5.1 Swimming breathing zone

The DV7 ACH system has a lower LMA than all investigated cases due to its high
inlet air flow equal to 36000’%3 (see figure .

of air
0.91240 095821 1.0040

58
0.77499 0.820739 0.86660
l (L

Figure 98: DV7 ACH: LMA on swimming breathing zone

The result confirms totally inefficient energy ventilation mode for the the DV7
ACH system. ACE low vaules are widely presented as shown in figure [09]

ACE
0.35557 0.37659 0.39760 0.41862 043964 0.46065
z

Figure 99: DV7 ACH: ACE on swimming breathing zone
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Figure confirms insignificant reduction in chlorine concenteration compared
with the DV5 ACH system. Increase the airflow to 7 ACH in the swimming pool
is not convenient to reduce chlorine concentration.
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Figure 100: DV7 ACH: Molar concentration of chlorine on swimming breathing
zone

The relationship between LMA and molar chlorine concentration is described in

figure [10T}
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Figure 101: DV7 ACH: Relation of LMA and chlorine concentration on the swim-
ming breathing zone
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Figure[102] shows the relationship between the ACE and the chlorine concentration
in the swimming breathing zone. The ACE values for this system are very low
and inefficient.
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Figure 102: DV7 ACH: Relation of ACE and chlorine concentration on swimming
breathing zone

Figure [I03] describes the relationship between the LMA and ACE in the swimming
breathing zone for the DV7 ACH system case.
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Figure 103: DV7 ACH: Relation of ACE anf LMA on swimmer’s breathing zone
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4.5.2 People around
The DV7 ACH system shows a lower LMA values than all investigated cases (see

figure [104)).

User Mean age of air
E[ ® 0.84752 0.91459 0.98185 1.04590 11162 11834

Figure 104: DV7 ACH: LMA on people around

The result confirms inefficient energy ventilation for the people around the swim-
ming pool. The ACE values are between 0.3 and 0.42 system (see figurg105]).

ACE

:z( x 0.30168 0.32553 0.34350 0.37341 0.39732 042123

Figure 105: DV7 ACH: ACE on people around
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The relationship between LMA and ACE as result of the conducted test for the
people around in this case is described in figure
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Figure 106: DV7 ACH: Relation of ACE and LMA on people around

5 Conclusion

It is apparent in this study that (MV) case is a highly recommended ventilation
option to use in Afjord swimming pool. The air distribution strategy (textile ducts
installed above the water bath) combined with exhaust outlet, positioned on the
floor level is an operational ventilation system in the investigated swimming pool.
Due to the measure indicator for air quality with local mean age of air LMA there
are no stagnant air flow regions. Also, due to the air exchange efficiency indicator
ACE, the system exchanges the air efficiency similar to "piston mode" ventilation.
Worthy reduction in operation expenses is strongly expected for this system.

Furthermore the investigated (MV) case confirms improved air quality in the swim-
ming breathing zone with at least 12% reduction in chlorine concenteration com-
pared to the rule of thumb system DV7 ACH which operate with more than two
times airflow of the (MV) case. There is no sign observed for condensation risk
on the external window, and the thermal comfort due to the measured air tem-
perature, relative humidity and air velocity are also considered to be accepted.
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It is also apparent in this study that the (MV-DV) case is a highly recommended
option to use in Afjord swimming pool specially during winter time when the heat
demand increases or in special cases (very crowded visiting situation) when the
the need for more air supply is considered as necessary. The combination of MV
system with DV (additional air flow supply under the external window), makes
the system robust to reduce the chlorine concentration in the swimming breathing
zone up to 36% compared to the rule of thumb system DV7 ACH. This system
exchange the air with intermediate efficiency simliar to "fully mixing" ventilation
due to the ACE measurements. The energy saving in ventilation operation for this
system is expected to become around 21%. This system provides good thermal
comfort due to the measured stable air temperature, low air velocity and lower
humidity level than the MV case.

Furthermore, it is also recommended for Afjord swimming pool not to operate with
just displacement ventilation inlet air flow under windows. This system provides
good thermal comfort in general but poor air quality in form of high chlorine
concenteration in the swimming breathing zone.

5.1 Future work

In future detailed analysis with the apparent relationship between the chlorine
concenteration in the swimming pool and the air quality indicator local mean age of
air LMA and air exchange efficiency ACE can be performed. All investigated cases
show low chlorine concenteration in the swimming breathing zone when the LMA
is equal to 1 or very close to one. Recommendation to increase the supply air flow
to decrease the chlorine contaminant in swimming pool is not sufficient as higher
airflow leads to decrease the LMA while the chlorine concenteration increases.
On the other hand the chlorine concenteration in the swimming breathing zone
increases when the the air exchange efficiency ACE increases. However this study
presents two situations where they have almost the same ACE level (see table
but with different chlorine concenteration in the swimming pool. The (MV-DV)
case and the (DV5 ACH) case both have almost the the same ACE level on the
investigated zone but the result confirms different chlorine concenteration in the
swimming breathing zone for the two investigated cases. The (MV DV) case has
36.5% decreased chlorine concenteration in relation to the (DV5 ACH) case . The
other situation is, the (MV) case and the (DV4 ACH) case both have almost the
same ACE level but they have different chlorine concenteration in the swimming
breathing zone. The study shows also decreasing in the air exchange efficiency
ACE when the air temperature or the air velocity increases.
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This study confirms that the best way to improve the air quality is to investigate
the ventilation strategy in the swimming pool. Examination the hall with varying
the positions of inlet air flow and exhaust will contribute for a better understanding
of the air quality in swimming pool.
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A ASHRAE Shah’s density difference table

Density Difference pr - pw. kgfm" Space Air Temperature and Relative Humidity

Water
Te{:l("l’--. 25°C 26°C 27°C 28°C 29°C 30°C
50% 60% 50% 60% 50% 60% 50% 60% 50% 60% 50% 60%

25 0.0185 0.0148 0.0135 0.0096  0.0084 0.0043  0.0034 0 0 0 0 0
26 0.0246  0.0209 0.0196  0.0157 0.0145 0.0104 0.0095 0.0051 0.0044 0 0 0
27 0.0308 0.0271  0.0258 0.0218 0.0207 0.0166 0.0156 0.0113 0.0105 0.0059 0.0054  0.0005
28 0.0370  0.0333  0.0320 0.0281 0.0270  0.0228  0.0219 0.0175 0.0168 0.0122 0.0116  0.0068
29 0.0434  0.0397 00384 00344 00333 00292 0.0282 00238 00231 00185 0.0180 0.0131

30 0.0498  0.0461 0.0448  0.0409 0.0397 0.0356  0.0347 0.0303  0.0295 0.0249 0.0244 0.0195
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C Section view
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D Facades
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E Ventilation pipes and exhaust plan
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G Textile duct specification

COWIAS KE FIBERTEC

TILBUD

Tilbudsnummer: Versjon: Prosjekt: Dato: Side:
Afjord kommune revidert 2702 27.02.2019 3av9

Pos. nr. Produkt

Svemmebasseng : System # 1

1-1/1.1 (10) 3 Stk.  KE-Inject System
#Afjord kommune revidert 2702
#Svgmmebasseng
Dimmensjon: @500 mm, L=17000 mm
Materiale: MultiWeave
Farve: Hvit (Pantone 11-0601-TP)
Opheng: 1 row SafeVulst, L=15 mm
Lynlas etter: 100, 5100, 10100, 15100
Med 12 rows LV Inject ved 180°

1-1M (20) KE-Montagesett, Safetrack
#Afjord kommune revidert 2702
#Svgmmebasseng
SafeGevind Rustfri

Svemmebasseng : System # 2

1-2/1.1 (30) 2 Stk.  KE-DireJet System
#Afjord kommune revidert 2702
#Svgmmebasseng
Dimmensjon: @500 mm, L=17000 mm
Materiale: MultiWeave
Farve: Hvit (Pantone 11-0601-TP)
Opheng: 1 row SafeVulst, L=15 mm
Lynlas etter: 100, 5100, 10100, 15100
Med 1 row 18 mm Dyse Med 7 Stk./m ved 165°
Med 1 row 18 mm Dyse Med 7 Stk./m ved -165°

1-2M (40) KE-Montagesaet, Safetrack
#Afjord kommune revidert 2702
#Svgmmebasseng
SafeGevind Rustfri

I AR THE WAY YOU WAN T |

M.
KE Fibertec Norge AS TIf. +47 97 57 59 45

Teglverksveien 83 jorn@ke-fibertec.no
N-3057 Solbergelva




COWIAS

TILBUD

Tilbudsnummer: Versjon: Prosjekt: Dato: Side:
Afjord kommune revidert 2702 27.02.2019 4av9

Pos. nr. Produkt

Svemmebasseng : System # 3

1-3/1.1 (50) 1Stk.  KE-DireJet System
#Afjord kommune revidert 2702
#Svgmmebasseng
Dimmensjon: @500 mm, L=17000 mm
Materiale: MultiWeave
Farve: Hvit (Pantone 11-0601-TP)
Opheng: 1 row SafeVulst, L=15 mm
Lynlas etter: 100, 5100, 10100, 15100
Med 1 row 18 mm Dyse Med 3 Stk./m ved 90°
Med 1 row 18 mm Dyse Med 6 Stk./m ved 165°
Med 1 row 18 mm Dyse Med 6 Stk./m ved -165°

1-3M (60) KE-Montagesaet, Safetrack
#Afjord kommune revidert 2702
#Svemmebasseng
SafeGevind Rustfri

I AR THE WAY YOU WAN T |

MR
KE Fibertec Norge AS TIf. +47 97 57 59 45

Teglverksveien 83 jorn@ke-fibertec.no
N-3057 Solbergelva




H The surface average of molar chlorine concen-
tration in the swimming breathing zone

This appendix shows the surface average of molar chlorine concentration in the
swimming breathing zone for the systems MV, MV-DV, DV4, DV5 and DV7 ACH

respectively.

Surface Average of Molar Concentration of Cl2 on Volume Mesh

Part Value (kmol/m~3)
Plane 10 cm above water surface 5.342445e-05
Total: 5.342445e-05

Surface Average of Molar Concentration of Cl2 on Volume Mesh

Part Value (kmol/m~3)
Plane 10 cm above water surface 3.888233e-0%8
Total 3.888233e-09

Surface Average of Molar Concentration of Cl2 on Volume Mesh

Part Value (kmol/m"~3)
Plane 10 cm above water surface €.0871€le-0%

.0871lele-05
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Surface Average of Molar Concentration of Cl2 on Volume Mesh

Part Value (kmol/m*3)
Plane 10 cm above water surface €.0728443e-05
Total: €.078443e-0%9

Surface Awverage of Molar Concentration of Cl2 on Volume Mesh

Part Value (kmol/m"3)
Plane 10 cm above water surface €.04889%¢€e-09
Total: €.0488%¢€e-0%9
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