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ABSTRACT

Building design has the objective to achieve a awtable and healthy indoor
environment for the occupants with high energycedficy. Both, indoor environment
conditions and energy consumption could be sigmifily influenced by heat and mass

exchange through building zones.

Multizone airflow mainly occurs through large vedi and horizontal openings, such as
windows or staircases openings respectively. Thseareh developed in this thesis
allows contributing to the understanding of the theachange through horizontal

opening.

Although a wide variety of building energy simutatitools (which provide users with
building performance indicators) have been devealppleey do not consider airflow
exchange through horizontal openings in generak @ay to enhance the study of
airflow through large openings has been the inaafpan of Computational Fluid

Dynamics (CFD) technique in building design.

In this thesis, correlations that describe the lfieat through a horizontal opening in a
two-story test-hut were developed. Theses corolatare based on dimensionless fluid
numbers (Nu, Gr, Re, Pr) and are applicable fofeddht air conditions such as;
temperature difference between the lower and upmen, ventilation strategies (natural

and mixed convection) and opening aspect ratios.

The thesis suggests that reliable and robust CEDItserequire users’ skills on CFD
modeling even for basics indoor airflows. Also, aod environments under natural
convection regimes can be predictedkay standard model while indoor environments
under mixed convection regimes can be predictektbrealizable model. Finally, based
on CFD results, empirical equation representing arpwheat transfer through the

horizontal opening were developed for natural amechconvection.

xii



RESUMEN

El objetivo del disefio de edificios es crear amiggrconfortables y saludables para los
ocupantes considerando eficiencia energética. badiciones interiores del edificio y
su consumo de energia son afectados por el intbroase calor y aire a través de las

zonas del edificio.

El flujo de aire a través de las zonas de un edifiacede principalmente por aberturas
horizontales y verticales tales como aberturassdaleras y ventanas respectivamente.
Esta tesis contribuye al conocimiento sobre efr@at®@bio de calor a través de aberturas

horizontales.

A pesar de que existe una gran variedad de hem&msiele simulacién para determinar
consumos y datos de energia para edificios, los grogeen a los usuarios con
indicadores sobre su comportamiento, en gener@d eshsideran de manera muy basica
el intercambio de flujos de aire a través de abastlhorizontales. Una forma de
complementar el estudio de flujos a través de atsrtha sido la incorporacion de la
técnica de Dinamica de Fluidos Computacional (C&Dgl disefio de edificios.

En esta tesis se desarrollaron correlaciones ga@idir el flujo de calor a través de una
abertura horizontal en una casa de dos pisos usaRbo Estas correlaciones se basan
en numeros adimensionales del fluido (Nu, Gr, ReyRon aplicables para diferentes
condiciones del aire tales como: diferencias depe&atura entre las habitaciones,

estrategias de ventilacion (conveccion naturalxtaiy dimensiones de la abertura.

La tesis revela que, para obtener resultados dbedsiay robustos al usar CFD en la
modelacion de ambientes interiores, es necesaguiradhabilidades previas, incluso
para casos béasicos. Ademas, el modetostandardes el mas preciso para modelar
ambientes interiores bajo régimen de conveccionrabmientras que el modeloe
realizable es el mas preciso para conveccion mixta. Finalmesge desarrollaron
correlaciones empiricas basadas en resultados dg fzifa representar el flujo
ascendente de calor a través de una abertura htalizara conveccion natural y mixta.

xiii



1. Introduction

1.1. Background information

Building design objective is to achieve a comfoieaand healthy indoor environment
for the occupants with high energy efficiency. Asmple of design specifications, the
indoor temperature recommended for houses, apat$meffices, school rooms, hotels
and restaurants for healthy adults and kids is£232with a maximum indoor operative
temperature change allowed in a 15 min period &f °C (ASHRAE, 2004). Also,
minimum ventilation is required to eliminate contaants and odors concentrated in
closed spaces. For livings and rooms with 5 perqmers100 i the recommended
ventilation rate per person is 3.3- 4.7 x*10°/s (ASHRAE, 1977). Also, there are
requirements associated to the air velocity, fanegle the mean air velocity in a single
office or kindergarten during the winter season may exceed 0.10 m/s (ISO 7730,
2005). When these considerations are not takenaittount in the building design, may
cause negatives effects on occupant for examplsithebuilding syndrome (SBS). The
SBS describes a situation in which the occupanis bfilding experience a health- or
comfort-related effect that are linked to the tithey stay in the building. This problem
increases sickness absenteeism and decreases tpidducSome symptoms are
headache, dizziness, nausea, eye, nose or thritation, flu-like symptoms, increased
incidence of asthma attacks and personality cha®@sedha M, 2008). On the other
hand, a building design without energy efficienopsideration may cause extra costs in
the energy used for building operation such heatingcooling, lighting etc. For
example, in Chile 22% of the total energy consunsefbr residential use and 60% of

this electricity consumption is used only in ligigiand refrigeration (CNE, 2008).

Since the past 50 years, a wide variety of buildingrgy simulation tools have been
developed, which provide users with key buildingf@enance indicators such as heater
and cooling energy demand, indoor conditions (teatpee, humidity) and costs, with

the objective to achieve more comfortable buildifgysoccupants considering energy



efficiency. The tooldhave modeling features and capabilities in differsategories a
zone loads, infiltrationsbuilding envelope, daylightingventilation and multizon
airflow, renewablenergy systems, HVAC syste, etc.

In particular, consideration of ventilation amultizone airflowsare important aspec
in building design because they allow the massemetgy transport inside mt-zone
building and between the indoor and outcenvironments. The heat and mass exchi
influences the indoor environment perceived by peats and the energy requireme
for the building operation. An important way in i mass and energy may

transported inside mu-zone building is throughatge vertical and horizontal openir

Figure 1 showshe typical vertical and horizontal openings in altr-zone building in
which airflow exchangeappens.
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Figure 1 Airflow through horizontal and vertical openinigsa house(Straube, 2008).

Some energy simulatiortools are TRNSYS, SUNREL, eQUEST, EnergyPI
ECOTECT, ESH; Energ-10, BSimamong others. All this programs can simu
single zone infiltration common in any building, eontrast only few software can ts
into account multizone airflow via pressure netwmodel (Crawley et al., 200

Moreover, these multizone airflow moc only considerer airflow exchange throu



vertical opening as windows or doors while, thegsider the airflow exchange through
horizontal opening as staircases opening in a basic. One exception is Energy Plus
software which in the last version includes horiabrirench ground heat exchanger
object (EnergyPlus, 2013) but it does not consaldlow exchange through horizontal

openings in general.

Mass and heat flow through the different buildirpes is caused by convection due to
diverse air conditions in each zone. Convectiorthes heat and mass transfer mode
comprised by both diffusion (energy transfer dueattdom individual particles motion)
and advection (energy transfer due macroscopic omotif currents in the fluid).
Convection heat transfer may be classified accgrtbrthe nature of the flow as natural,
forced or mixed convection. Pure forced convectopresent when the flow is caused
by external sources such as fans, pumps or windcewl pressure, whereas a pure
natural convection is present when the flow is oetliby buoyancy forces caused by
density differences due to temperature variationbe fluid. A mixed convection exists
when a combination of forced and natural convestisrpresent. The flow is determined
simultaneously by both an external forcing systemd a inner not uniform density
distribution of the fluid medium (Incropera et &Q06).

Interzone energy and mass transport in a buildeng ltave important implications in
indoor temperature variations, thermal comfortJygahts distributions, spread of smoke
and energy consumption. Consequently, empiricabegus representing the airflow

through horizontal openings are essential for g@piate buildings design.

Little work has been done about energy and massfaabetween different zones in
buildings. Particularly, few authors have studiedlav through horizontal openings
and most of them only considered pure buoyancyvedriflows. Also, limited

experimental data is available. Thus there is & t#Hcstudies and validated empirical
correlations of natural convective and mixed cotivecheat transfer through horizontal

opening.



1.2. Objective

Develop correlations capable to describe the heat through a horizontal opening
separating two rooms via Computational Fluid Dyreani(CFD) technique. The
correlations will be based on dimensionless numfiéws Gr, Re, Pr) that describe the

fluid, and the opening dimensions.

It is expected to develop a correlation applicaioledifferent air conditions such as
temperature difference between the lower and upmen, ventilation strategies (natural
and mixed convection), as well as the opening dspgios, which are all independent

variables.

1.3. Hypothesis

The temperature difference between two rooms cdaddxy a horizontal opening will
cause a bidirectional flow of air through the openidepending on the temperature
difference between the spaces and opening dimensidme CFD simulated datasets
would allow obtaining correlations to describe the&erzonal airflow under different

conditions.

1.4. Methodology

This thesis is a numerical work with the aim toasbtempirical correlations to describe
the upward heat flux through a horizontal openkigure 2 shows the flowchart of the

thesis work consisting in three stages:

1. Acquire basic skills in CFD technique: CFD will beed to study the upward heat
flow through a horizontal opening. The softwareduseFLUENT 14.0, a component
of Ansys software. The CFD technique requires tihatmodeler acquire basics skill
to obtain accurate and robust solutions. Threesca$enatural, forced and mixed
convections found in literature will be modeled.n Analysis of the influence of

modeler experience on the simulation results vélplerformed.



2. Evaluation of two- eddy turbulence models: A tworgttest-hut with available
experimental data (Vera et al., 2010) will be medelising CFD technique. Five
two-eddy turbulence models will be evaluated faedocting indoor air distribution
and the upward mass flow through the horizontalnome Six cases will be
modeled, which present variations on the ventitatgirategy and temperature
differences between the upper and the lower roomurBulence model will be
selected as the most accurate model to predictralatonvection and mixed

convection by separate.

3. Determination of correlations to describe heat fltthwwough a horizontal opening:
Thirty two cases will be modeled to extend expentakdata available (Vera et al.,
2010) of the airflow distribution in a two-storystenut. The cases will be model
using CFD technique using the turbulence modelsigusly found. The cases are
modeled to study the interzonal airflow through bmgizontal opening for different
combinations of opening dimensions, temperaturerdihce between the upper and
lower room and ventilation strategies. A correlatfor the heat transfer through the
horizontal opening which considers the opening disiens will be found for natural

convection and for mixed convection.

1.5. Thesis structure

The following thesis consists of seven chapterschvistart by presenting the problem
and a literature review of the state of the artuat@rflow and heat exchange through
large verticals and horizontals openings and the afs CFD technique for indoor

environment modeling. Chapter 3 corresponds tamgl article that describes the CFD
technique and the necessary user skills to propadgel indoor environments and

obtains reliable and robust CFD simulations resilsee basics convection cases found
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Figure 2: Flowchart of the thesis work.

in literature with available experimental data wased to acquire basics skills in CFD
technigue. Chapter 4 presents another journall@ificwhich a two- story test-hut with

available experimental data (Vera et al., 2010hdagleled to study the airflow exchange
through a horizontal opening connecting two roonith \& specific size of the opening
but different initial conditions of the rooms. Thabapter aims to evaluate five two-eddy
viscosity turbulence models to predict the indoovieonment and the airflow exchange
through a horizontal opening in a two-story fulkk test-hut. Chapter 5 shows CFD

results of a variety of natural and mixed convettoases. The cases describe a two-




story test-hut with four different opening aspeatias. These simulations are performed
using the turbulence models evaluated in chaptérhis chapter concludes with two
correlations that represent the upward heat flomuph the horizontal opening for
natural and mixed regimes. Finally chapter 6 shtivesmain conclusions of this thesis
work and chapter 7 presents the contribution of ttesearch and suggests future

researches.

2. Literature Review

Indoor air distribution in buildings has signifitcampacts on thermal comfort, indoor air
quality and energy efficiency. Important indoor parrameters are distribution of air
velocity, temperature and relative humidity, indqmollutants concentration such as
carbon dioxide (CO2) and volatile organic compoun@d&C), indoor surface

temperatures and air turbulence intensity (Zhaiel.e2007). Otherwise, indoor airflow
in multi-zone buildings can be driven by differefirces such as wind, thermal
buoyancy, and/or mechanical ventilation causingunadt forced or mixed complex

airflows.

Important paths through which mass and energyransported in multi-zone buildings
are large vertical and horizontal openings suchdasrs and stairwell opening
respectively. There are different investigationsading the airflow through vertical
opening. In this case a relatively stable velodtgtribution or flow pattern at the
opening is observed. This results in a stable presdistribution between the zones that
is greater at the top and bottom of the openingweaker at the centre. On the other
hand, horizontal opening have not been profountllgied. The transient and unstable
pattern across this opening for natural convectiases and the lack of experimental
data are the main reasons for the limited knowledgehave of the airflow through

horizontal openings.



2.1. Experimental studies of airflow through openings.

2.1.1. Experimental studies of airflow through vertical openings.

The first solution to estimate the airflow througtertical openings for natural
convection was proposed by Brown and Solvason (1962e authors assume that
airflows through the vertical opening are drivendwsnsity fields on both sides of the
opening. Since an incompressible and inviscid flowsteady condition is considered, it
is possible to use Bernoulli’'s equation to detemmihe horizontal velocity along the
streamline as equation (1), then the mass flowwbéh@ neutral plane (ZN) is given by
equation (2) (see Figure 3). The discharge coefiiciC; is assumed to be a
characteristic of the whole opening and it is canstp,andp, T, and T; are the
densities and temperatures at each side of thargpegspectivelyW is the width of the
opening in meterg is the acceleration due to gravity in meters peoad squared and

is the high level of the opening in meters. In thse of an existing supply of air in one
zone, or of different thermal gradients on bottesidf the opening, a solution can also

be reached using numerical tools.

—p; 1/2
v, = [2(252) g7] (2)
=ZN
m'ozy = Cq fZZZO poV:Wdz (2)

Figure 3: Velocity distribution through vertical @ping for natural convection



Several studies (Allard and Utsumi, 1992; Santameti al.,1995; Woloszyn and
Rusaouén, 1999; Favarolo and Manz, 2005; Tanny.eP@08; Ozcan et al., 2009;
Ravikumar and Prakash, 2009; Nitatwichita et &l0& Cheung and Liu, 2011; Allocca
et al., 2003) have been carried out in order toelbgy general solutions to predict

airflow through large vertical openings with exteresexperimental data available.

2.1.2. Experimental studies of airflow through horizontal openings.

The stable distribution of the driving force foumdvertical openings is not present in
the case of horizontal openings especially undee puoyancy driven flows. Figure 4
shows a horizontal opening for natural convectinthe horizontal plane separates the
air of two zones, the pressure is constant anghtbgesure difference across the plane at
any point is zero therefore, there is theoreticathydriving force at all. However, in the
case of greater density in the upper room the fbattern is highly transient and an
unstable equilibrium occurs across the horizonp&ning in which a minor disturbance
breaks the equilibrium and causes that warm airemaypward and cold air moves
downward. There is no force to stabilize or requltdtis exchange. This scenario of

instability has made to researchers more diffidllé study of airflows through
horizontal opening.

The first study in considered mass transport thindugrizontal opening was carried out
by Brown (1962) about natural convection acrosszbotal partitions for heavier fluid
above the partition using air as the fluid. In thigiation an unstable condition across

the opening and an exchange of lighter and he#luidris observed.
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Figure4: Natural convection through horizontal oper

The experimental tests were carried out in a lamgd-panel test consisting in tv
boxes. One box produces the warm side and the btheproduces the cold side. Thi
singlessquare were used to try different openings sizB24k15.24 cm, 22.86x22.¢
cm and 30.48x30.48 cm, with air difference tempemtacross the opening rang
about 20 to 90°C.

Although an experimental study was carried outyas necessary to take iraccount
theoretical considerations in order to derive aredation for convective heat trans
through a square openinFigure 4shows the theory divo cavities containing fluid &
densitiesp, andp, (p, > p,) connected by a horizontal opening of thicknesstHs
not possible to assume a steady distribution de inlhherently unstable conditic
mentioned before. Using Bernoulli's equation, foe tighter fluid flowing upward an

the heavier fluid flowing donward, density difference can be described by enu#é3)

2 2
(pr = p2)GH = p175+ po 2+ (L + 1) 3)

where g is the acceleration due to gravity in neefger second squared al, 1, are
pressure losses due to entrance into the openiddlad friction. After manipulating
the equations, Brown obtained an expression foocitsl, heat and mass transfer
described by equation (4), (5) and (6) respecti
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/(2+bd)
b Cz(%)gH)l 2+ .
= ~ad/(z+bd) ;;\bd/(z+bd) ( )
() ()
. _~ L2
q=pCp > (T =TV (5)
. _L2
m = P?(Cz —C)V (6)

Where exponentd lies between 0 and -1 and exponadties between 0 and %;is the
kinematic viscosity in kilograms per secondxmeters, length of the side of the square

opening in meters;; and C, are constants an, is the specific heat of air.

The result showed that the heat and mass trarefeincrease with increasing partition
thickness. Then, introducing the heat transfer fameft hy and the mass transfer
coefficienth,,, Brown obtained dimensionless relationship fortheansfer through a

horizontal square opening based on experimentalrégresented by equation (7).
Nuy = 0.0546Grg %> Pr(L/H)'/3 7)

where L is length of the side of the square pariitNuy is the Nusselt number based on
partition thicknessGry is Grashof number based on partition thicknessPand Prandtl

number.

Epstein (1998) carried out an experimental studypbwdyancy-driven flows through
horizontal opening using brine above the partitaena higher density fluid, and fresh
water below the partition. Flows measurements wegde with a single round opening
varying theL/D ratio between 0.01 to 10, wheteis the thickness opening in the
direction normal to the partition, ardl is the diameter of the opening. The density
difference makes that the heavier fluid moves doanawfrom the upper compartment
into the lower compartment while mass conservatitakes the lighter fluid moves
upward causing a countercurrent exchange flow adtwos opening. The results of the

experiments suggested that there exists an infuefche density ratid\p/p, on the
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Froude number where at lowefD the flows rate decrease and appears to be tending
toward a constant value &gD—> 0. Whereas, at highdt/D the flow rate decreases
with increasingL/D. Thus, Epstein recognizes four different flow regs asL/D is
increased as shown in Figure 5: (I) an oscillateschange flow regime, (II) a
countercurrent Bernoulli flow regime, (Ill) a regemof combined turbulent binary
diffusion and Bernoulli flow, and (V) a region plire turbulent binary diffusion. In the
first regime, at very small/D the thickness of the partition is reduced andpitessure

at the level of the opening is essentially the saméoth bodies of fluid. Visual
observations revealed upward and downward plumesbath bodies of fluid,
periodically breaking through the opening. In tkead regime, the exchange flow data
adjusts with air exchange flow reported by Browr9G62). An expression for the

exchange flow was given by equation 8:
t = 0.23(D%g Ap/p)*/?(L/D)"/? (8)

In regime (IV) the progress of each liquid into tther was observed to be much slower
in vertical tubes with largé/D than in the other three regimes. Thia~(L/D)~3/2
behavior is determinate for this regime but it &t apply if L/D decreased so it is

necessary to link Bernoulli and turbulent diffusegproaches in regime (llI).

o
=3

Q
(D°’gap/h)'"?

Figure 5: Experimental results for countercurresdhange flow through a single

opening (Epstein, 1998).
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Heiselberg and Li 4007 analyzed the same case than Epstein in é&scale
experimental setup. They measured airflow rateutinoa horizontal opening usii
constant injection tracer gas technique. The smuiseialization confirms a -
directional airflow through the openg which is highly transient, unstable and com.
Figure 6shows a comparison between the measured airfloas ras a function ¢
temperature difference with predicted airflow ratalculated with Epstein (1998)
formula The results show a good agment for all regimes except in regime (I

because in this study the regime (lll) and regiti@ ¢ould not be distinguishe:

——Epsieinformuia = Measuremeni data == Revised formuia

Fr

Figure 6:Comparison of threlation between the dimensionless ner Fr and L/D
ratio developed bifeiselberg ar Li and the relations developed by Eps (1998).

A similar unstable situation was observed by Zolanalet al.(1989)in an experimente
study of buoyancykiven flows of mass and energy in a kscale model of a stairwe
The circulation of air was maintained by the operabf a heater in the lower floor. T
study was focused in the throat area of the stdlirslewing a tridimensional an
unsteady flow with considerable temporal variatiofrs this area, it is possible

identify two layers of fluid one above the othensistent of an upward fluid of war

air and a downward fluid of cold air moving in ogjie drections causing the heat &
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mass exchange. There were also detected a numisapafations, reattachment and

circulation zones which contributed to the comglew situation as shown in Figure 7.

~
\ Heater

Figure 7: View of the flow pattern in the stairw@lohrabianet al., 1989).

Previous studies include only buoyancy driven floAstudy of forced convection was
carried out by Cooper (1994). He presented a stdidyailable experimental data of a
combined buoyancy and pressure (i.e., forced) drilewv through a horizontal vent
where the higher density fluid is above the opernd the lower density fluid is below
the opening. The analysis of experimental datavshibat for relatively large cross vent
pressure differencsp, the flow through the vent is unidirectional, frahe space with
higher pressure to space with lower pressure, vibreelatively small to moderatep
the flow through the vent is bidirectional and gtandard model, which use Bernoulli’s
equations with constant discharge coefficiéntdoes not predict the expected behavior.
The study suggests an algorithm to predict thesrfitav through shallow, horizontal,
circular vents under high Grashof number conditiang for an arbitrary specified fluid

pressure in each space.

Vera et al., (2010) carried out an experimentadlystabout interzonal air and moisture
transport through a horizontal opening in a fuldlsctwo-story test-hut. The study
extended the cases with buoyancy driven flows teesawith combined buoyancy
airflows and mechanical ventilation and cases wuidnmer upper room than the lower
rooms. Interzonal airflows were calculated basedracer gas technique using water

vapor as a single tracer gas. The results showirtteazonal air and moisture exchange
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through the horizontal opening are strongly linkedhe temperature difference between
the two rooms where higher upward mass airflowsioed when the upper room was
much colder, while much smaller upward mass airfleere found whe®dT was near
0°C. Upward interzonal mass airflow existed alsewhhe upper room was warmer;
however, it is not evident why upward mass airflogcurred under this condition. The
mechanical ventilation significantly restricts therizontal airflows in comparison with

cases without mechanical ventilation.

2.2. Studies of airflow through horizontal openings by neans of CFD technique.

2.2.1. Computational Fluid Dynamics technique.

One way to enhance the study of airflow and heeahaxges through large openings has
been the incorporation of Computational Fluid Dyima(CFD) technique in the design

of buildings.

2.2.1.1. Whatis CFD?

CFD is a technigue used to study fluid in motiod &ow the fluid behavior influences
processes that may include heat and mass tramsdecheemical reactions. The physical
characteristics of the fluid motion can usuallydescribed through three fundamental
mathematical equations: continuity, momentum arefggnequations (Tu et al., 2008).
In their general form, these equations are an rategquation or partial differential
equation. The CFD technique is to solve these @amstcomputationally through
numerical simulations. This is done by replacing ititegrals or partial derivates in the
fundamental equations by discretized algebraic $orifhese discretized forms are
solved to obtain numbers for the flow field valagliscrete points in time and/or space
(Anderson, 1995).

CFD is a well suited tool for research and desigoalise it might save time and effort
(Hajdukiewicz et al., 2013). For this reason CFDmpatational tools have had
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significant advances, thus CFD software are mooesmible with user interfaces that
facilitates students, researchers and engineepgerform CFD simulations in different
areas. In building design it can be used to modeiperature distribution and air
movement within spaces that allows designers tavkiine building performance under
different configurations before they are built aselect the most effective solutions.
Figure 8shows examples of CFD applications in differentustdes such as chemical
processing, biomedical sciences, civil engineeriagtomotive engineering, building
design and sports where fluid flows play an imparteole. CFD is a useful tool to
predict and have a full picture about how the flwdl flow in a studied zone, and
allows localizing regions or process with deficigmrformance depending on the
industry objective. This technique provides a caetel description of the three-
dimensional flow in the entire domain in terms oélocity field and pressure

distribution.

Figure 8: CFD uses in chemical processing, bionadiciences, civil engineering,

automotive engineering, building design and sports.
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2.2.1.2. Fundamentals of fluid dynamics

Next section describes the CFD technique baseduast @l. (2008) description.

CFD technique is based on the conservation lawghgskics expressed as equations.
Thus, the objective is to solve the governing equat of fluid dynamics. These are:

continuity, momentum and energy equations, desgrisefollow.
e Continuity equation: mass conservation

The law of conservation of mass states that thesroha system must remain constant
over the time, which implies that matter can neitle created nor destroyed.
Considering Figure 9 at a control volume, the nwasservation requires that the rate of
change of mass within a control volume is equivialerthe mass flux outside the control

volume. This can be expressed as:

dm

T Yin™M — Yoy M ©)

Applying Gauss’s divergence theorem and considettiegscenario of a fluid flowing
between two stationary parallel plates, mass ceatien equation can be expressed as
%=V-(pv)=0 (10)
Where V is the fluid velocity, and - (pV) = div pV

And in cartesian coordinate system

9p | 9(pw) | A(pv) , d(pw)
or T 6x+6y+ 9z =0 (11)
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Figure 9: Conservation of mass in an infinitesig@itrol volume (Tu et al., 2008).

* Momentum equation: force balance

Newton’s second law of motion describes the refmsiiip between a body,
the forces acting upon it, and its motion in regmto those forces. The law states that
the acceleration of a body is directly proportiot@l and in the same direction as, the
net force acting on the fluid element, and invergebportional to its mass. Considering

Figure 10, the Newton second law can de expressgdia= ma,
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Figure 10: Surfaces forces acting on the controime for the velocity component

Deformed fluid element due to the action of thdee forces (Tu et al., 2008).

There are two sources of forces that the movingl fllement experiences, body forces
and surface forces. The body forces are the faltstsbuted over the entire mass or
volume of the element that influence on the ratel@nge of the fluid momentum as
gravity, centrifugal or electromagnetic forces. Twface forces are the forces exerted
on the surface of the fluid element by its surrangsd, as normal stress and tangential
stress. By citing the continuity equation, the mataen equations with the inclusion of
stress-strain relationships can be reduced to equétt2) and equation (13) also known

as Navier-Stokes equations.

ou ou ou 10p 0%u 0%u
6t+u6x+v6y_ p6x+v6x2+v0y2 (12)
ov ov v _ 1dp 0%v 0%v
6t+uax+v6y_ p6y+v6x2+v6y2 (13)

wherev is the kinematic viscosity = u/p with u the dynamic viscosity.
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* Energy equation: energy conserva

The equation of theconservation of energy said that the total energyg o
be conservedver time and is derived from the first law of timedynamics. This la\

can be expressed as
AU=Q-W (14)

whereU is the internal energy of the system Q is thedfidteat supplied to the syste
and W is the work done by the systeFigure 11 show the first lawf thermodynamic

over a finite element.
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Figure 11:Work done by surfaces forces on the fluid and bhdded to the fluid withi

the control volume. Only the fluxes in tx direction are show(iru et al., 2008).

Combining all contributions of the surface forceghe x, y and z direction and applyi
Fourier's law of heat conduction that relates tlathflux to the local temperatu

gradient, energy equation can be express:

DT ad oT ad oT 2 oT
PCo o = ox ’faﬁa["a]%["z (15)
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Finally, since there are similar commonalities lkegw continuity, momentum and
energy equations, it is possible to introduce seganvariabley and formulate a unique
general transport equation as follow:

ot (V)Y = 6V + ¥, (16)

wherey can be any fluid property andis the velocity vector which is function of space
and timeu(x,y, z,t). In words, eq. 16 describes in the left side #te of change o¥
term and the net flux due to convectiand in the right hand the net flux due the

diffusion term §= difussion coefficient) and the generation terntakespectively.

2.2.1.3. Two- eddy viscosity turbulence models

Most of the engineering problems are related wittbulent flows. These flows are
complex cases and need a numerical solution thr@fgb technique unlike laminar
flows which can be easily described by continuityd anomentum equations. The
turbulence condition is produced when small disandes in the flow are amplified and
lead a chaotic and random state of motion. In tleases, the fluid becomes unstable and

flow properties varying in a random way.

Considering a flow property as velocity the governing equations have to be applied
for an instantaneous velocity which is impossibl@tedict under a constant fluctuating.
Then, the velocity can be decomposedi&9 = u + u'(t) with a steady mean valie
and a fluctuating componemt(t). Visualizations of turbulent flows has revealee th
presence of turbulent eddies which are rotatiolwaV Structures with different lengths

and velocities.

To solve the Navier- Stoke equations for turbuldmis in a direct numerical solution

(DNS), extremely high computational efforts areuieed. Then CFD technique has the
ability to supply adequate information about tudmil processes but avoiding the
prediction of effect associated with insignificaddies. Then, the solution is focus in
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the mean quantities. This process that producesrige averaged governing equations
is commonly known as Reynolds- Averaged Navierk&o(RANS) equations which
contain means values of the steady compongntaid mean values of the turbulent
fluctuations ¢'). Then, the governing equation can be writtefobsw

ou  ov
EHT=0 (17)

ou | o@m oW _ _10p 0 (vaﬁ)+ ) (Vaﬁ)+ ) vz_z]+:_y Vaﬁ]_

at dx dy p 0x 5 E 5 5 5 5

5+ 5] (18)
00, 00W) 00T _ 109 0 (,,0%) O (%) | O[,00) O [,00)

at dx dy p oy ox dx dy dy ox dy dy dy

5+ 5] 19)

67_"+6(W) +6(W) _ 0 k oT a k oT . [GTT’_I_aﬁ]
at ox dy T ox pCp Ox dy \pCp 0y dx dy

Since the equations above introduce the terhi, knows as Reynolds stress, three
additional unknowns variables are introduced, thus necessary to add additional

equations to solve the system.

Many turbulence model have been developed in dadeitroduce relationships to solve
the govern equations system. The eddy-viscosityetsoare classified according to the
number of transport equations used. The two- egosteddy-viscosity models includes

two extra transport equations to represent theutariy properties of the flow.

The most popular turbulence model is tke standard model. This model was
developed by Launder and Spalding (1974) and isl dise high Reynolds numbers

flows. The model proposes that the turbulent vigggs;, which includes the effects

2
of turbulence, can be calculated ﬂ$=Cuk? where ¢ is the dissipation rate of

turbulence energy an@, is an empirical constant. It is a popular model ifedoor
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airflow simulations due the simple format, robust solutions and wide validations
(Zhai et al., 2007).

The k-¢ standard model calculates the turbulent effectafa@ingle turbulence length
scale, thus a modified model had to be developezhliulating the turbulent diffusion
for different scales of motion. Thes RNG model was developed by Yakhot and Orszag
(1986) using Re-Normalization Group (RNG) metholdisTmodel has also been widely
used to predict indoor airflows. Other variation thee k-e models family is thek-¢
realizable model. This model was developed by $1#95) and is recommendable for
high Reynolds number flows. This model providesdypoedictions for swirling flows

and flows involving separations.

Thek-¢ models usually fail in the treatment of the neatlwone due that the dissipation
of the turbulence in this region is not well corsgl. Thusk-o models family was

developed.

Thek-w standard model was developed by Wilcox (1988pahicing the terna as the
ratio ofe overk which represent the scale of the turbulefites model is superior tk-¢
models in predicting low Reynolds number flows. $hone advantage &fw models is
the easy formulation to the near wall zone treatraed flow separations. Howeuein
model is less robust th&s models in predicting far wall regions and freeashidows.

In this way, a new model was developed by Ment884]) to integrate the advantages of
k-¢ andk-ow models. The shear stress transport (3&@)model works as ko model in
the near wall zones and as a transforieanodels in free-shear zones. Tte models
present a potential for modeling indoor environmaith good accuracy and numerical
stability. Some advantages lotv models are the accurate prediction for low Reysold
number flows and heat transfer with a simple arisb formulation (Zhai et al., 2007).

All these models have been extensively validatednidoor airflow simulation (Zhai et
al., 2007) and an evaluation of their ability oe firediction of airflow in a two-story

test-hut was carried out in chapter 4.
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2.2.1.4. Components of CFD analysis framework

The salient features that are common in many coriale€FD codes consist of three
main element; pre-processor, solver and post- psace that are interconnected to
attempt fluid flow problems. Figure 12 shows thé&eroonnectivity of the three main

elements. Their description and relevance in thB @sults are detailed in chapter 3.

Solver

Governing equations solve on a mesh
Creation of geomet i .
* geometry Transport Equations Physical Models
¢ Mesh generation Chysical Vioaels
o Material properties o Mass B e Turbulence
e Boundary conditions * Momentum - e Combustion
e Energy ¢ Radiation
o Other transport o Other processes
variables

e Equation of state
¢ Supporting physical

models
i
Post-processor Solver Settings
o X-Y graphs ~ o Initialization
« Contour B « Solution control
* Velocity vectors » Monitoring solution
o Others « Convergence criteria

Figure 12: The interconnectivity functions of tieee main elements within a CFD

analysis framework (Tu et al., 2008).

2.2.2. Review of airflow through horizontal openings usingCFD technique

CFD technique has had a rapid advance since #k dpplication to simulate indoor

airflows by Nielsen (1974). Similarly to BuildingnErgy Simulation tools, nowadays,
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CFD is extensively and intensively applied in thesign stage of buildings to supp

evaluations of natural ventilati(\WWu, 2012; Ramponi, 2012Bangalee, 201 Hussain,
2012; Carrilho Da Graga, 201ZzRundle et al., 2011) HVAC system designTye-

Gingras, 2012;Corgnati, 201; Chiang, 201f pollution dispersion and contr
(Siddiqui, 2012 Saha, 201), fire and smoke control (Deckers, 20C3i, 2012 Chen J.
C., 2005), andouilding envelope desi( (Pasut, 2012Giancola, 2012Suarez et al.,
2012; Gagliano et al2012)

In terms of mass and energy transport inside -zone building, Riffat and Sh (1995)
were one of the first to introduce a study of bumy-driven flow through horizonte
opening using timeependent CFD in a tw-dimensional model. TI computation
revealed the highly transient flow patterns inzbaes and across the horizontal opel
showing that the air exchange rate between thezoves is continuously oscillatin
They concluded that this dominant mode of air ergleacorrespondo intermittent
pulses as shown ifigure 13 in which is observed that the flow rate through

horizontal opening present continuous fluctuati

Flow rate (m3/s) 004

oo

l |
ooz HI N fW

= I by

0

/] 100 0 300 40 500 600 b 800 0
Time (s)

Figure 13:Time history of flow rate through the horizontalemying(Riffat and Shao,
1995)

Peppes et al. (200Erudiec buoyancy driven airflow through a real stairwelkéd n
CFD simulations. The found arelationship to predict the mass and htransfer
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through the horizontal opening where the coefficieh dischargeCy was rather

independent of the opening size but it was affebietémperature difference as follow:

m = pACq+/ATgH/T (20)
q = pcpACq/gH(AT)*/TO> (21)

In a subsequent study (Peppes et al., 2002) tth@@uextend the investigation to an
experimental and numerical study for stairwellswflon a three storey building

estimating the airflow rate through a stairwellngsiCFD method. Results show very
good agreement with the corresponding values peavity the formulas proposed in the

early study.

The limitation of the relationship found is thatncat be generalized since only two

opening sizes were studied and one stair desigruses

Other study of buoyancy driven flow through horiropening was performed by Li
(2007). He simulated the airflow through a squaneiZontal opening in a test room
shown in Figure 14 using CFD technique. The sinmmat were performed usinre
standardmodel and LES model. Previous experimental datavsh bidirectional flow
through the opening which is highly transient. Hmaulation of this transient pattern
could not converge wheke standardmodel in a steady state was used while the LES

model results agree well with measured data.

This study concluded that LES model is a suitabld to predict airflow through a
horizontal opening, however do not found relatigpsko describe it. Also, the
simulation was performed for one opening size, tm@e simulations considering

different opening aspect ratios are required taiobtonclusions applicable to any case.
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Qutlet air fiow

Figurel4: The experiment test cell layout (Li, 2007)

Vera et al. (2010performed an experimental study of combined buoyamdtlows anc
mechanical ventilation in a tw-story testhut by means of CFD technique. Tt
modeled cases with two different ventilation stgégs; single ventilation wit
downward et flow through th opening andndependent ventilation in each rooi
Similar conditions for the tested experimental sasere simulated extending for ca
with additional ventilations rates and temperatdiféerence between the two room
CFD simulations were perform in Airpak using indoor zerequation turbulenc
model and the results verify that t- way airflow exists even in cases with warr
upper room. Temperature difference between therdoms and ventilation rate strong
influence the interzonal mass aiw through the opening when the upper room is cc
than the lower room. Empirical correlation betwebka upward mass airflow and t
temperature difference between the two rooms weseeldped for cases wi
mechanical ventilation. Finally Vera et, (2012)investigated the heat transfer throt
horizontal opening in a full scale t-story testhut for the previously two ventilatic
strategies bases on cases simulated using CFDultRdemonstrated that upward h
fluxes through the opening are prrtional to the temperature difference between
lower and the upper room. Heat fluxes were evendouhen the upper room is warn
than the lower room. Heat transfer through the omers mainly caused by buoyan

driven flows with significant contriktion from forced flows. Finally, mixed convecti
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heat transfer occurs through the opening and thebowed effect can be predicted by the

following correlation
Nu = 3.11Gr%057 Re%63 (22)

The limitation of the previous correlation is thatvas obtained for one opening size
thus it should be evaluated for different openimges Also, the previous study only
considered cases with mixed convection but nattwalvection should be also studied

since it is normally present in buildings.

2.3.Conclusion of literature review.

From literature review it is possible to concludmatt airflow exchange through large
horizontal openings has not been profoundly studvmte studied are required to obtain

general relationship to describe heat and massaegehthrough horizontal openings.

Table 1 shows a comparison of main results and lgsionis obtained by previous
experimental and CFD studies. It is possible tceolesthat most of the studies confirm
that the airflow through the opening is complex amdtable and it is proportional to
temperature difference between the rooms. Howdnezetis a lack of information in the

following aspects:

* Most of the studies are carried out for natural vemtion, while only limited
knowledge exists about mixed convection.

« Heat and mass exchange through the horizontal ogenre affected by the
relationship between opening size and thicknessveder, most cases only studied
fixed opening size with variable thickness. It scassary to study airflow through
horizontal opening for variable opening sizes.

* Most correlations for heat flow have been develofmecthatural convection in small

scale models. This correlation could be not apple#$or full scale cases.
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e There are limits evaluations of the capabilitiesdifferent turbulence models to
predict; i) indoor conditions in zones connected Horizontal opening, ii) mass

airflow through the horizontal opening.

In consequence this thesis work has the objectivdetvelop correlations capable to
describe the heat flow through a horizontal opersegarating two rooms via CFD
technique. The correlations will be based on dinwess numbers (Nu, Gr, Re) that
describe the fluid. It is expected to develop datrens for different air conditions such
as temperature difference between the lower ane@ruggom of a full-scale two- story
test- hut and ventilation strategies (natural amdeohconvection), as well as the opening

aspect ratios.



Table 1: Main conclusions of airflow through homtal openings review

Author Type of study Phenor_nenon Main conclusions Correlations
studied
. Natural Heat and mass transfer rate increase with incrgasirr Heat transfer
Brown, 1962 Experimental . " . 0.55
convection partition thickness H. Nuy = 0.0546Gry > Pr(L/H)*/3
. : Natural . . . » Mass transfer
Epstein, 1988 Experimental convection Recognizes four flow regimes BgD is increased. 0 = 0.23(D5g Ap/p)Y/2(L/D)!/?
» Mass transfer
. . _0.5
Heisleberg and Experimental Natural bRee %Ii;nt?n(lllji)sﬁgg g\e/f)ir]:irrc:moirl)sfrlug ?g:%%f: ;Jc;(rj k?éttlj 5 g ~iz = 0:0077 (‘)
Zhigang Li, 2007 b convection regimesg g only D gAPI{P) / D
0.55 < — < 4.455
. . . . . . D
Zohrabian et al. 1989 Experimental Natural . An InCrease in heat input resulted. N an INCFeASE \, - orrelation was found.
convection velocity and in temperature of recirculation flow.
. For relatively large pressure differente, the flow
, Mixed . S ] . )
Cooper,1994 Experimental . is unidirectional; for relatively small to No correlation was found.
convection ST
moderaté\p the flow is bidirectional.
Interzonal air and moisture exchange are strongly
. Mixed linked to temperature difference between the twg No correlation was found.
Vera et al.2010 Experimental . : S o
convection rooms. The mechanical ventilation significantly
restricts the horizontal airflows.
. . Natural The air exchange rate between the two zones is .
Riffat and Shao,1995 CFD technique . . i No correlation was found.
convection continuously oscillating.
» Mass and heat transfer
The coefficient of discharge is affected by M = pACy\/ATgH /T
. i ic ai — 5 5
Peppes et al.2002 CFD technique Natural_ temperature difference. Volumetnc_ airflow rate Q = pc,AC, [gH(AT)*S )T
convection increased when the temperature difference WhereC., = 11.85Gr-02
. d — . H
increased.
Mixed Upward heat fluxes through the opening are ’ I;\Ileagtr?/r;sie;6 86(Gr/Re?)0-08
Vera et al.2010 CFD technique convection proportional to the temperature difference between u/Re’/* = 36.86(Gr/Re?)

the lower and the upper room.

o€
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3. Evaluation of two-eddy viscosity turbulence model$o predict airflow in
enclosed environments as training exercise for ne@rD users

3.1. Abstract

Prediction of airflow pattern and velocities, temgiare, moisture and pollutants
concentration is required to design healthy and fodable indoor environments.
Computational Fluid Dynamics (CFD) is the most awhe technique to model and
predict the airflow in enclosed environments. Hoerethe main errors in CFD models
and their results are linked to the human factagiBners on CFD modeling do not
account with skills, experience and engineeringiment to generate robust and reliable
CFD models. This process is not intuitive and néviDQisers need guidance. This paper
aims to provide more complete information on CFDdeling of basic natural, forced
and mixed convection cases that would allow CFDirreys to acquire skills and
confidence. CFD modeling includes mesh generasettjng convergence criteria and
under-relaxation factors, and evaluating diffeeimbulence models for each convection
case. Results show that users” expertise is neéadesth step of CFD modeling, even

for these basic convection cases.

Keywords: CFD; enclosed environments; new CFD ysenbulence models; CFD

validation

3.2. Introduction

Indoor air distribution in buildings has signifidcdmpacts on thermal comfort, indoor air
quality and energy efficiency. Important indoor @iarameters are temperature and
relative humidity; indoor pollutants concentratisach as carbon dioxide (GOand
volatile organic compounds (VOC); indoor surfaceperatures; and distribution of air
velocity and air turbulence intensity (Zhai et2007). Indoor airflow in building can be
natural, forced or mixed and driven by differenictes such as wind-induced infiltration,

thermal buoyancy, and mechanical ventilation.
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Computational Fluid Dynamics (CFD) technique hag aaapid advance since its first
application to simulate indoor airflows by Niels€®74). Similarly to building energy

simulation tools, nowadays, CFD is extensively amensively applied in the design

stage of buildings to support evaluations of natueatilation (Wu et al. 2012; Ramponi

and Blocken 2012; Bangalee et al., 2012; Hussath @osthuizen 2012; Carrilho da
Graca et al., 2012; Rundle et al. 2011); HVAC systiesign (Tye-Gingras and Gosselin
2012; Corgnati and Perino 2013; Chiang et al., 204@llution dispersion and control

(Siddiqui et al., 2012; Saha et al., 2012); firel @moke control (Deckers et al. 2013;
Cai and Chow 2012; Chen et al., 2005); and buildgingelope design (Pasut and De
Carli 2012; Giancola et al. 2012; Suarez et al22@agliano et al. 2012).

CFD is a well suited tool to model indoor air cdrahs for research and design because
CFD modeling might save time and effort (Hajdukiexvet al., 2013). For this reason
CFD tools have had significant advances, thus Céfvare are more accessible with
user interfaces that facilitates students, reseascland engineers to perform CFD
simulations of enclosed environments. However, thiglves an important risk of
obtaining erroneous results due to lack of usdtsskn CFD modeling and expertise to
deal with indoor air specific engineering problefkerefore, CFD codes and user skills
need to be verified and validated to obtain reéabhd successful CFD simulation

results of indoor environmental conditions in bunigs.

Although the American Institute of Aeronautics afdtronautics (AIAA, 1998) and

American Society of Heating, Refrigerating and éanditioning Engineers (Chen and
Srebric, 2001) provide different definitions of Wation and validation, they pointed
out that verification is focused on the CFD coddjlevvalidation is focused on the
coupled user skills and the representation of tiggneering problem by a CFD model.
Verification consists on checking the capabilittéshe CFD code to take into account
the physical phenomena and identifying errors & tdomputational model and its
solution. On the other hand, validation focuseswaluating the coupled ability of the
user and CFD model, first, to properly represemspacific indoor environments, and
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secondly, to perform accurate indoor environmesitaulation. Recently, Hajdukiewicz
et al. (2013) proposed a process to achieve a G#Hid model for indoor environments.
Besides verification and validation, they recommandalibration methodology of the
CFD model. This methodology consists of performéngarametric study to determine

the influence of the boundary conditions on theiltes
CFD modeling requires expertise to:

» Decide how to model a specific engineering probl€or. instance, the physics
of the problem could be represented as 2D or 3Dstaatly-state or transient.

* Define the geometry that represents the indoor renment engineering
problem.

* Generate a proper mesh which includes deciding tasme and meshing
topology as well as testing grid independence.

» Set the fluid properties.

e« Set the boundary condition such as wall boundaryditions (surface
temperature, heat flux), air supply and outletsgthrend moisture sources and
sinks, etc.

» Define solution algorithms, pressure or densityeldasolution methods.

« Choose a proper turbulence model that providesabigli results for the
characteristic airflow of the problem.

» Establish the numerical parameters such as differgnschemes, under-
relaxation factors, time-step in case on transggablems, number of iteration,

convergence criteria; etc.

Since several CFD codes have been already widelfieek errors to simulate indoor

environments via CFD technique are mostly linketheohuman factor. These errors are
associated to user’s attitude and their experiemcketraining (Casey and Wintergeste,
2000). Errors in any step may cause unreliableltsedturthermore, inexperienced users

may not realize that results are wrong. Nowaddys,high accessibility to commercial
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CFD software with friendly user interfaces and ciibresults increases the risk of
errors and false confidence on results. Therefosers must acquire confidence and

expertise on CFD modeling before they obtain swgfakand robust simulations.

The “Best Practice Guidelines for Quality and Trasindustrial CFD” published by the
European Research Community on Flow, Turbulence @othbustion (Casey and
Wintergeste, 2000) shows the need for CFD useirsirigpand provide guidelines to do
this. Besides training and knowledge in CFD fundatale, solution of realistic indoor
environment cases is needed for new users. Thelqued for CFD modeling of AIAA
(1998), ERCOFTAC (Casey and Wintergeste, 2000), RS8H (Chen and Srebric
2001), and Oberkampf and Trucano (2002) show prgesdto validate CFD models
based on comparing experimental results with CFRukition results for an specific or
various turbulence models. This procedure, for s\a@ses, would help new CFD users
to acquire confidence and expertise on CFD modalfigdoor environments. Section 2

shows extensive literature about validating CFD eted

The main focus of studies shown in Section 2 isvaluate different turbulence models
for natural, forced and mixed convection flows imclesed environments. However,
these works do not provide detailed informationwbmarameters used on these CFD
models and the engineering judgments applied tmeléhe modeling parameters and
how to generate a representative model of realitys information is useful for new

CFD user to acquire skill and confidence on CFD etiod.

In consequence, this paper aims to provide morept&m information on CFD
modeling of basic natural, forced and mixed conweactases that would allow CFD
beginners to acquire skills and confidence. CFDidasibn of five k-¢ and k-o
turbulence models is followed to show the critearal engineering judgments used to
model the cases of Ampofo and Karayiannis (2008h&tural convection (NC), Restivo
(1979) for forced convection (FC) and Blay et 4992) for mixed convection (MC).
The CFD validation process and datasets shownisnptiper could be used as training
exercises for new CFD users to acquire skills aquetgise on CFD modeling.
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3.3.Review on evaluating turbulence models and experiméal studies

This paper proposes that CFD validation proces®rdowy to CFD guidelines (i.e.
AIAA, ASHRAE, etc.) is a proper methodology foritreng of inexperienced CFD users
such as students, researchers and HVAC/buildingneags. CFD validation has focused
in a major part of the last two decades to evaludifferent turbulence models. This
requires experimental datasets to compare CFD tsesil predicted quantities with
experimental measurements (i.e. air velocity, tamtpee, turbulent kinetic energy, etc.).
The following sections summarize most recently istsidin evaluating turbulence
models, as well as basics experimental setups @rAC and MC that will be modeled

on CFD as training exercises for new CFD users.

3.3.1.Evaluation of turbulence models

There is a large amount of work on evaluating tlebce models for indoor
environments. Many works have focused on evaluatiteg capabilities of different
turbulence models to predict the airflow patternl amdoor environmental parameters
for natural, forced and mixed convection flows abdratory enclosed cavities and in
real offices or atriums. Table 2 summarizes someias carried out during the last
decade that evaluated several turbulence modeisdlosed environments. Most studies
focused on the evaluation of two-eddy viscosity eiedk- ¢ standardk-¢ RNG, k-¢
realizable,k-o standardk-o SST, etc.). However, studies shown in Table 2 cave
broad range of turbulence models, from simpler uletice models such as zero-
equation model of Chen and Xu (1998) to more adedmeodels such as detached-eddy
simulation models of Shur et al., (1999).

Table 2 also provides a performance evaluationftdrdnt turbulence models to predict
temperature and velocity from “A” to “D” accordirig the information provided in the

revised studies. “A”, “B”, “C"” and “D” mean that Ers between measurements and
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simulations are less than 20%, between 20 and ®@¥ween 30 and 40%, and over

40%, respectively.

Table 2 shows that ¢ standardk-¢ RNG andk-o SST have been widely evaluated. It is
observed that several authors have evaluatedtandard ané-o SST for NC, showing
very good performance of these turbulence modejwadict temperature and velocity.
A couple of studies (Choi et al., 2004; Zhang arr; 2007) have also shown very
good performance of v2f and its variation v2f-davNC.

For FC, k- ¢ standard an#-e RNG show very good results for temperature arghsif
lower performance for velocity. Zhang et al. (2P8Rowed that the v2f-dav and LES
models also provide very good predictions of indaorconditions for FC. Thk-ow SST
model was evaluated by Cao et al. (2011) and Zleard, (2007) but their results have
been extremely different. In fact, while Cao et @011) found th&k-oo SST model

provides excellent results, Zhang et al. (2007pébthat its performance was poor.

For MC, evaluation errors fall under “A” or “B” rges for all turbulence models, as
shown in Table 2. Rohdin and Moshfegh (2011) euallisseveral variants df- ¢
models (standard, RNG and realizable) in large strtal rooms. While all these
turbulence models predict well the airflow condiio the RNG showed the best results
even for pollutant transport in large rooms. Zhatal., (2007) found that the zero-
equationk-e RNG and v2f-dav predict well airflow conditions émclosed cavities with
low Raleigh number. Stamous and Katsiris (2006)uatad several turbulence models
in offices. They concluded that all evaluated medptedict well temperature and

velocity, however, th&o SST model performs better when a proper mesheid. us

3.3.2Experimental studies

Complete datasets for experimental studies on indwaonditions in enclosed cavities
are needed to be able to validate CFD models. Smsegaper recommends evaluating

different two-equation eddy-viscosity models a#irgy exercises for CFD’s new users,



Table 2: Literature review on performance of tugnage models
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(Choi and Kim|Temperature
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g (Zhang et al. |Temperature C A A C A B | A C
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D |(Posner, et |Temperature

S |al.m 2003)  |Air speed B B A
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Table 2: Literature review on performance of tugnage models (continuation).

Mixed Convection

(Rohdin and
Moshfegh
2011)

Temperature

D

Air speed

(Vera, Fazio,
and Rao 2010

Temperature

D

Air speed

(zZhang et al.
2007)

Temperature

Y

Air speed

(zhang and
Chen 2007)

Temperature
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Air speed

(Stamou and
Katsiris 2006)

Temperature

Y

Air speed

w|®[>|>|w| >

(Moureh and
Flick 2003)

Temperature

Y

Air speed

* |etters indicate the errors between measuremardsimulationsA for less than 2098 for between 20 and 30%, for

between 30 and 40%, abdfor over 40%, respectively
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experimental data for sic convection flow problems is required. This pagi®ows the
validation procedure for fundamental cases of m@htdorced and mixed convectic
according to ASHRAE guideline(Chen and Srebric 2001Figure 15 shows the

enclosed cavities for each convection flow, which lariefly described as follow

=

R Y,

=
UiN=U. 3/ Mve

Tin=15°C
ITh=50°C [Tc=10°C

Tw=15°C]|
Tw=15°C

780

1040

o
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J.ﬁEi‘..i |

3000 |

b) Forced convection(Restivo 1979)

Figure 15:Experimental cavities for NC, FC and MC cases (tisn@ansare in mm)

* Natural convection: Ampofo and Karayiann(2003) carried out a natur:
convection experiment in a square cavity where [B@ bccurs. Thi experiment
consists in a cavity of 0.75 x 0.75 m and 1.5 mpd{Figure 15a) with hot and
cold side walls at 50°C and 10°C, respectivelysiRanumber is 1.58x1°. The
top and bottom walls are highly insulated. Thedlproperties arc, = 1006.43
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JIkg-°K, k= 0.0242 W/m-°Ku = 1.7894x10 kg/m-s, and a molecular mass of
28.966 g/mol.

Forced convection: The isothermal Annex 20 roomRafstivo (1979) and
described in Nielsen (1990) consists in a room &ithforced convection flow
(Figure 15b). The air supply is provided by an tirdi®t at air velocity of 0.455
m/s and air temperature of 20°C. The room is 9R80xm, the inlet height is
0.168 m and the outlet height is 0.48 m. The kirnteaascosity of inlet air is
15.3x16 m%s, thus Re is 5.000 based on the inlet heightitndir conditions.
According to Nielsen (1990), the turbulent intepdiased on inlet conditions is
4%.

Mixed convection: Blay et al. (1992) developed apeximental apparatus of
1.04 x 1.04 x 0.7 m giving a 2D flow (Figure 158)r is supplied from the inlet
slot at temperature and air velocity of 15°C an8i70m/s, respectively. The
outlets are placed at the floor level on the opposall. The wall temperature is
15°C while the floor temperature is 35.5°C. ThRepased on the inlet condition
Is 684. The measured turbulence intensity at tle 15 6%.

3.4. CFD modeling of basic convection cases

The evaluation of five two-equation eddy-viscositpdels is presented in this section

according to guidelines for validation of CFD madélhe objective of this evaluation is

to provide information, criteria and engineeringlgments used for CFD modeling of

each convection case shown in Figure 15. Each asan opportunity for CFD

beginners to acquire skills and confidence on mongehdoor environments. Five two-

eddy viscosity models are evaluated using FLUEND:13

k-¢ standard (Launder and Spalding, 1974)
k-¢ RNG (Yakhot and Orszag, 1986)

k-¢ realizable (Shih et al., 1995)

k-o standard (Wilcox, 1988)
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* k-0 SST (Menter, 1994)

For each convection case, the validation procedolitews the processes shown in
Figure 16, which is an adaptation of the validajwocess proposed by Hajdukiewicz et
al. (2013). The first step consists of generatingiratial CFD model and test grid
independency. This test consists of verifying tlsahulated results do not vary
significantly for different mesh sizes. Thus, a mege is choosing among mesh sizes

that passed the test balancing accuracy of resudtscomputing time.

This initial model requires several inputs suclyasmetry that represents the problems,
boundary conditions, parameters related to theipbysf the problems (i.e. 2D or 3D,

steady state or transient), initial mesh and twhce model. To start verifying grid

independency, a coarse mesh is set initially. Tlilea, number of mesh elements is
increased consecutively and grid refinement isqueréd in certain zones (i.e. regions
close to walls, inlet). Mesh size independency dhieved when close results are
obtained. Once grid independency is obtained, @amige is chosen balancing accuracy

of simulated results and computing time.

Then, the validation procedure is carried out. Tinplies that some parameters of the
initial CFD model might need to be modified (i.ender-relaxation factors, mesh
refinements, etc.) to accommodate requirementsdi enodel. Since the mesh is tested
for independency of the results, the under-relaxatactors are modified in this study
for each convection case and turbulence model lewatonvergence and accurate

simulation results.
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Figure 16: Process flow for CFD validation as eiserd¢or new users to acquire CFD

modeling skills.

3.4.1Natural convection (NC)

3.4.1.1. Initial CFD model

The experiment shown in Figure 15a was modeledDagreported by Ampofo and
Karayiannis (2003). It was not possible to reachveogence when the problem was
defined as steady-state. This result agrees wittilasi studies that have modeled the
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same experiment (Rundle and Lightstone, 2007). ,Tthes problem was modeled as
transient with a time step size of 0.19 s. It igthp to notice that time step setting is not
straight forward. Smaller time-steps could allowren@accurate results but it is more
difficult to reach convergence. The initial turbute model was set dso standard

because it shows good performance according tbténature review shown in Table 2.

Table 3 shows the main CFD setup parameters faniti@ CFD model.

Table 3: CFD setup parameters of NC case

General Under-Relaxation Factor

Time Transient Pressure 0.3
Gravity y =-9.81 mA Density 1.0
Models Body Forces 1.0
Energy On Momentum 0.7
Viscous k-0 standard Turbulent Kinetic Energy 0.9
Radiation Off Specific Dissipation Rate 0.8
Materials Turbulent Viscosity 0.4
Fluid Air Energy 0.9
Density Ideal gas Convergence Absolute Criteria
Solution Methods Energy 0.0001
Scheme SIMPLE Continuity 0.001
Spatial discretization x-velocity 0.001
Pressure Standard y-velocity 0.001
Density Second Order Upwind z-velocity 0.001
Momentum Second Order Upwind Turbulent Kinetic Eyyer | 0.001
Turbulent Kinetic Energy First Order Upwind Specibissipation Rate 0.001
Specific Dissipation Rate First Order Upwind Run Calculation

Energy Second Order Upwind Time step Size (S) 0.19

The hot and cold temperatures (Th and Tc in Figlba) were set as boundary
conditions of the hot and cold side walls, respetyi The top and bottom walls were
set as adiabatic because they were highly insyl#hed heat flows through theme are

supposed to be negligible.

Convergence was difficult to reach. Convergencteria were 16 for all parameters
except for energy. Ansys, Fluent (2012) recommendsnvergence criterion for energy
of 10° However, it was not possible to obtain convergewith this criterion. Thus, it

was increased to T0to reach convergence. Moreover, default undexatian factors
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needed to be modified to obtain convergence. The sd residual errors m
convergence criteria at 2,023 iterations as sha Figure 17 At this iterations numbe
results were not satisfactory and simulations wasegformed until 4,000 iteration
Although the fluid flow is developed at 2,000 itgoas as shown Figure 18, the
temperature distribution is right after 4,000 itemas only. Hot air rises along the
wall while cold air drops down along the cold wadind temperature stratificatic

occurs.

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Figurel7: Residuals for NC case wikho standard.

3.4.1.2.Verification of grid independency

Since the simplified geometry of the experimenfofpofo and Karayianni(2003), the
mesh is composed for quads elements in a unifostrilalition (structured mesh)

shown in Figure 19aThe mesh was refined close to the walls to be &bltransfe
properly the boundary conditions to the air domaim. fact, large gradients «
temperature and velocity occurs in the zorose to the walls, thus a finer mesh all
predicting these gradients more accurately. A @vargesh is observed in the cente

cavity where the air parameters show very low Vigtie
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| Temperature
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Figure 18: Temperature distribution for NC casditierent iterations wittk-o standard

Grid independency verification was carried out foesh sizes of 79x79, 94x94,
125x125 and 188x188. Figure 20a and Figure 21a shiosvtemperature and velocity at
midheight of the square cavity (Y/H = 0.5). It isserved that all mesh sizes predict well
the velocity and temperature in the center of thetg at Y/H = 0.5. The maximum
difference between the simulated and experimeratia & 0.23% for mesh 94x94, which
is negligible.
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c) Mesh grid of 60x60 for MC case

a) Mesh grid of 125x125 for NC case

b) Mesh grid of 40x120 for FC case

Figure 19: Mesh grid of initial CFD model for NCCFRand MC cases.

Nevertheless, Figure 20b shows that the CFD modhblmvesh 125x125 predicts better

the temperature drop close to the hot wall. Alsgufe 21b shows that the coarsest

while the other

mesh predicts very well the velocity close to tlo# &nd cold walls

meshes underpredict it significantly between X/010and 0.05. Based on the overall
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performancethe mesh size of 125x125 is chosen to proceed thé&éhCFD validatior
process.
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3.4.1.3. CFD model validation

CFD validation is carried out comparing the simolatresults for five turbulence
models and experimental data reported in Ampofo #&adayiannis (2003) for
temperature and velocity at Y/H = 0.5. Overall,fegg22a and Figure 23a show that all
evaluated turbulence models predict very well gragerature and velocity distribution
at midheight of the square cavity. The five two-gdtcosity models are able to predict
the large variation of temperature and velocityselto the hot and cold walls as well as
the constant temperature and velocity at the migelition of the cavity.

Despite this good overall performance of all eveddak-¢ and k-o models, their
performance vary significantly in the region cldsewalls. Figure 22b shows thitw
standard predicts better the temperature variatiose to the hot wall, while the model
k-o SST presents the largest variation from the ewpmmtal results. Furthermore,
Figure 23b shows that both variationked model (standard and SST) do not predict the
variation of velocity close to the hot walls as Wa$ thek-¢ models. Thek-o SST
overpredicts the peak velocity and underprediatsviiocity drop in the outer border of
the boundary layer. The simulated results Wwh SST show differences up to 13.4%
with experimental data, which is the largest ddéfeze among evaluated two-eddy
viscosity models. Similar limitations déw SST to predict velocity in the boundary
layer were found also by Rundle and Lighstone (2@0d Zitzmann et al. (2005). On
the other hand, thike RNG and realizable show excellent performanceigtied the

air velocity close to the hot and cold walls.

These results show that convergence was difficuteaich even for this basic NC case.
The problem needed to be modeled as transient adérwelaxation factors and
convergence criterion for energy were modified éb gpnvergence and reliable results.
Modification of these factors is not intuitive aretjuires specialized knowledge.

Also, it was found that simulated results in thgioa close to walls vary significantly

among turbulence models. Accurate predictions atwlappen in this region are crucial
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because the heat anthss transfer between walls and air occurs inzitme. This coult
have great influence on the predicted room air tmm$ (temperature, velocit
moisture content, pollutant concentration). Thist famphasizes the need of C
beginners to be awareat choosing the right turbulence model to indooriremmental

conditions. New CFD users need to get experienc€l modeling. Otherwise, tt
CFD model and results may not be relie
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Figure 22:Performance of tw-eddy viscosity models for NC: a) Dimensionl:

temperature along Y/H =0,5. b) Dimensionless temoee close to the hot we

3.4.2. Forced convection (FC

Since a similar process to NC case was carriedrdate€ the initial CFD model ar
verification of grid independency for FC case, thistgm focuses on the validatic
procedure via the evaluation of the turbulence & Table 4show: the main CFD
setup parameters for tlk-¢ RNG model. The experimental setup of Res(1979) was

modeled as 2D and steestate. Since this setup is isothermal, the ait sUgply is the
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main factor that influences the airflow patteFigure 1% shows a structured grid

40x120 quad elements. The mesh was refined cloghetavalls and inlet supply -

properly transfer the heat and mass flow from thenlolaries to the air dome
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Figure 23:Performance of tw-eddy viscosity models for NC: a) Dimensionl

temperature along Y/H =0,5. b) Dimensionless temuoee close to the hot w

Table4: CFD setup parameters of FC case

General Under-Relaxation Factol

Time Steady-state Pressure 0.3
Gravity y =-9.81 m/§ Density 1.0
Models Body Forces 1.0
Energy On Momentum 0.7
Viscous k-¢ RNG Turbulent Kinetic Enerc 0.9
Radiation Off Specific Dissipation Ra 0.8
Materials Turbulent Viscosity 0.4
Fluid Air Energy 0.9
Density Ideal gas Convergence Absolute Criterit
Solution Methods Energy 0.000001
Scheme SIMPLE Continuity 0.001
Spatial discretization x-velocity 0.001
Pressure Standard y-velocity 0.001
Density z-velocity 0.001
Momentum Second Order Upwind | Turbulent Kinetic Enerc 0.001
Turbulent Kinetic Energy First Order Upwind Specific Dissipation Ra 0.001
Specific Dissipation Rate First Order Upwind

Energy First Order Upwind
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The same under-relaxation factors used for NC e@se used in this CFD model.

Although convergence criterion for energy was nsiregent for FC case, convergence
was obtained in short time (650 iterations). Figdeshows the airflow pattern for the
initial CFD model. It is observed a clockwise afl with a strong jet flow under the

ceiling due to the air inlet. This result is in goagreement with other CFD simulation
studies (Olmedo and Nielsen 2010).

Velocity
. 4.643e-001
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Figure 24: Airflow pattern for initial CFD model.

The evaluation of the five turbulence models igiedrout for velocity at the vertical
plane at X = 2 m. Results of each turbulence madel experimental data reported in
Nielsen (1990) are shown in Figure 25. It can bseoled that all turbulence models
predict the general airflow pattern, a jet flowsgato the top wall of the experimental
cavity, and a reverse flow close to the bottom w@ilerall, velocities predicted by all
evaluatedk-¢ andk-o models are in good agreements with measured Wiel®ealong the
cavity height at x = 2 m. However, significant diénces on predicted velocities among
turbulence models are observed close to the topbattdm walls. In this zone, tHee
standard and RNG predict very well the reverse fiboge to the floor and the jet flow
close to the ceiling, showing the best performanith differences lower than 7% (or
0.009 m/s) with the experimental data. Otherwike,kte realizable model shows the
largest differences, 21.3% or 0.05 m/s.
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Similarly to NC case, significant variation of sitated air velocity close to the floor
found among turbulence models, and k- RNG predict well the whole air dcain. In
contrast with NC casek-¢ realizableshows poor performance predicting air veloc
This result evidences that the performance of ferime models could strongly depe

on the quantity predicted and airflow ty

(18]

——k-e Standard

Mo
~
un

----k-e RNG

Y (m)

Figure 25:Performance of tw-eddy viscosity models to @dict temperature along=

2m for FC case.

3.4.3. Mixed convection (MC)

The mixed convection experiment of Blay et(1992)is modeled via CFD techniqu
This experiment has been widely uso validate new CFD models. The airflow
influenced by inertia forces due to the air supphd buoyancy forces due to {

temperature differences on the wa

Figure 19cshows the mesh of 60x60 elements used to modekMpsrimentTable 5
summarizes the main setup parameters of CFD madelitth the k-¢ realizable.
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Convergence was obtained at 350 iterations. HoweN#erent under-relaxation factors

were used to allow obtaining accurate results.

Figure 26 shows the flow pattern obtained withedight turbulence models and those
observed experimentally by Blay et al. (1992). dt abserved that all evaluated
turbulence models predicts well the clockwise awflpattern. Howeverk-¢ realizable
and bothk-o models predict a large eddy in the upper-righteowf the cavity that is
not predicted by th&-¢ standard and RNG models. Due to the lack of meteiléd

experimental data showing this eddy, it is not gmesto get conclusions about the

accuracy of the turbulence models to predict thisigular feature of the airflow.

Table 5: CFD setup parameters of MC case

General Under-Relaxation Factor

Time Steady-state Pressure 0.3
Gravity y =-9.81 mk Density 1.0
Models Body Forces 1.0
Energy On Momentum 0.6
Viscous k-¢ realizable Turbulent Kinetic Energy 0.8
Radiation Off Specific Dissipation Rate 0.8
Materials Turbulent Viscosity 0.4
Fluid Air Energy 1.0
Density Ideal gas Convergence Absolute Criteria
Solution Methods Energy 0.000001
Scheme SIMPLE Continuity 0.001
Spatial discretization x-velocity 0.001
Pressure Standard y-velocity 0.001
Density z-velocity 0.001
Momentum Second Order Upwind Turbulent Kinetic Eyyer 0.001
Turbulent Kinetic Energy First Order Upwind Specibissipation Rate 0.001
Specific Dissipation Rate First Order Upwind

Energy First Order Upwind

This section focuses on validation procedure araluewion of the turbulence models.
The validation is based on the velocity and temjpeeameasurements carried out at the
middle height (Y = 0.52 m) and middle width (X =58) of the cavity as shown in
Figure 15c. Figure 27 and Figure 28 shows the teatpe and velocity at X = 0.52 and
Y = 0.52, respectively. In Figure 27a and Figur@,28 is observed thadt-o models
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significantly underpredict the temperature by 1t@hg the midwidth and midheight of
the cavity. On the other hand, the simulation tssoil temperature fdt-¢ models are in
good agreement with experimental data. Amongkieemodels, the realizable variant
shows a better performance because it accurateljigis the temperature distribution
close to the boundary layer and along the cord@fchavity. The maximum differences
between the experimental and simulation dat&forealizable are 0.97% and 1.3% at Y
=0.52 m and X = 0.52 m, respectively.

=

n Tl

k—= Realizable

Figure 26: Comparison of airflow pattern for diet turbulence models and

experiment
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Figure 27:Performance of CFD model to predict temperatureaandelocity at X =
0.52 m for MC case.

Velocity profiles at X = 0.52 m and Y = 0.52 m af@wn inFigure27b and Figure 28b.
It is observed that all turbulence models prediet general pattern of the airflow
large discrepancies occur close to the walls. Thedard versions of thk-¢ andk-o
models predic better the air velocities in the regions far frahe walls. Also, botl
turbulence models predicts well the air velocitésse to the top wall at X = 0.52 a
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close to the right wall at Y = 0.52 m. However,d9benodels significantly underpred
the everse flow close to the bottom wall at X = 0.52nd the vertical velocity close
the left wall at Y = 0.52 where maximum differeneee close to 0.1 m/s. In these zo

where large velocity gradients occur, k-¢ RNG model performs bett

In this case, it can babserved similar results than that for NC and F€esaHowevel
performance of turbulence models to predict tentpesaacross de air domain var
more significantly. It is notorious thk-o models underpredict temperature not c

closeto walls but also across the cavity cc
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Figure 28:Performance of CFD model to predict temperatureaandelocity at Y =
0.52 m for MC case.
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3.5. Discussion and final remarks

CFD modeling is not an intuitive process and rezpiitaking decisions about several
parameters such as representative geometry, meshasid topology, convergence
criteria, under-relaxation factors, turbulence mpdenong others. The main source of

errors in CFD modeling is the lack of users’ exisert

The main objective of this study was to provide enamomplete CFD modeling
information of basic natural, forced and mixed cection flows that allows CFD
beginners to acquire skills and confidence on CF@eling. This paper provides a
procedure, criteria and engineering judgment tduata five ke and k e turbulence
models. Modeling these three basics flow of najui@ced and mixed convection in
enclosed environments with different two-eddy v@tgomodels is proposed as exercise
for new CFD users to obtain expertise on CFD madeli

The results evidences that reliable and robust @=lts require users’ skills on CFD
modeling, even for the basics indoor airflows stddin this paper. The main general

conclusions that can be drawn from this study are:

e Overall, the five evaluate#-c¢ and k-o model performs well predicting air
velocity and temperature. However, their accuraegemds on the convection
type, quantity predicted and regions of the air dmmTherefore, the use of the
right turbulence models is crucial to obtain reabesults. Literature review
provides evidence about which turbulence model$oparbetter for different
cases. However, studies from different authorsotsatways in good agreement
due to particularities of the case studied andro@f€D modeling parameters
that also influences the results (i.e. mesh sizktapology).

* Predicted indoor conditions for temperature andvaiocity in the boundary
layer region might vary significantly amonige and k-w models. Accurate
predictions of what happen in this region are @ubecause the heat and mass

transfer between walls and air occurs in this zoReis could have great
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influence on the predicted room air conditions (penature, velocity, moisture
content, pollutant concentration). This fact stigreypport that new CFD users
need to acquire skills on CFD modeling even for blasic convection flows
reviewed in this paper.

Convergence cannot be given for granted, especfalynatural convection
cases. The setting up of time step and under-rietexéactors is needed, which
involves advanced knowledge and expertise of thB @edeler even for basic
indoor environmental problems.

The basic convection cases studied in this pagegand exercises to get skills
on CFD modeling of indoor environments. This pap@vides information and
engineering judgment that allow new CFD users tiperly model these cases

and obtain robust and reliable CFD models and t&sul
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4. Evaluation of two eddy-viscosity turbulence modelsto predict indoor air
conditions and interzonal air transport through a horizontal opening in a full-

scale two-story test-hut for natural and mixed congction using CFD technique.

4.1. Abstract

Building design has the objective to achieve hgaltlhmfortable and productive indoor
environments for the occupants in balance with ggnefficiency. Interior building
openings such as stairwells are important pathexXohange of heat, air, moisture, and
pollutants. Interzonal airflow through horizontapemings has not been profoundly
studied due its highly transient and unstable matiiherefore, there is very limited
available experimental data. Computational Fluich@vyics (CFD) is an excellent tool
to study this phenomenon. However, there are w@mystudies that have applied CFD to
study the airflow in indoor environments with irgenal heat and mass exchanges
through horizontal openings and evaluate the masba@ge through these openings.
This paper evaluates the performance of five twadyadscosity turbulence modelkse
standard k-e RNG, k-¢ realizable k- standard andk-ow SST, to predict indoor air
conditions and upward mass airflows through a looitizl opening in a full-scale two-
story test-hut. This study involves 6 cases wiffedent temperatures gradients between
the two floors and three ventilation strategiest th@present natural and mixed
convection. The main results show that temperatamesvell predicted by all turbulence
models while simulated air speeds present largaati@ns among turbulence model
used. Overall, the k-standard model is the most accurate model to greddoor
temperatures and air speeds, and upward massaarfloough the opening for natural
convection, whereas the ekrealizable model is the most accurate model faxenohi

convection.
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4.2. Introduction

Staircases of multi-storey houses and buildingstlagemain paths for interzonal air,
moisture, heat and pollutants exchange betweeerdift floors. Heat and mass transport
through stairwell openings could have significanffees on building energy
consumption, indoor air quality, ventilation effieeiness, and fire and smoke spread in
building fires. Despite the importance of heat andss exchange through horizontal
opening in buildings, there is very limited infortia for natural (Brown and Solvason,
1962; Epstein, 1988; Riffat and Kohal, 1994; Peppesal., 2001; Blomqvist and
Sandberg, 2004; Heiselberg and Li, 2009) and momavection (Vera et al., 2010a,
2010b; Tan and Jaluria, 2001; Klobut and Sirén,419R00per 1995). Most of these
studies have been carried out in small-scale exyertis and used saline water instead
air. Full-scale experiments using air as fluid @xpensive, time consuming and complex
to be carried out. For this reason, there have bmmne attempts to study this
phenomenon by means of Computational Fluid Dynaf@¢D).

Few authors have used CFD technique to study tievaiexchange through horizontal
opening, and most of them have focused on buoydnugn flows. Riffat and Shao
(1995) performed one of the first studies on natooavection flow through horizontal
opening using a transient and two-dimensional CHBukation. The CFD results
revealed the highly transient flow patterns at lloeizontal opening. The air exchange
rate between the two zones was continuously osoijaand with intermittent pulses.
The predicted air exchange rate between the twesohtained via CFD showed a good
agreement with experimental data of Riffat et &B94), thus a relative difference of
10.5% was found. This study does not indicate tineulence model used to solve the

Navier-Stokes equations.

Peppes et al. (2001) presented the measurementharFD modeling of buoyancy-
driven flow through a stairwell connecting two imdiual floors in order to study the
mass and heat transfer between the floors. Airflatg was measured using the tracer

gas technique. They noted that the airflow ratevben the two floors was determined
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by the size and geometry of the opening separéti@dloors and by the air temperature
differences between the upper and lower rooms. Wghexperimental data, the authors
proposed relations to obtain the mass and heat ffdgvthrough the stairwell opening.
The experimental cases were simulated using CHInigge. The k: RNG model was
chosen because of it ability in predicting bothhhamd low Reynolds number flows. The
relative differences between the CFD and experialepsults for airflow rates through
the opening remained below 11.6% for all the expents. In a subsequent study,
Peppes et al.,, 2002, the authors extended thetigagsn to an experimental and
numerical study of a three-story building. The sarevious turbulence model was used

and the CFD and experimental data showed a verg ggreement too.

Li (2007) also studied natural convection flowsotlgh square horizontal openings via
CFD. He modeled a three-dimensional test-room withupper opening. Simulation
were time dependent and two turbulence models weatiated, the k-standard and
Large Eddy Simulation (LES). The LES model was dblecapture the bidirectional
flow observed experimentally and agrees well witbasurements. Otherwise, the k-
standard turbulence model showed poor performaecause the airflow rate through
the opening was significantly underpredicted.

More recently, Vera et al., (2010a) carried ouhague experiment on interzonal air and
moisture transport through horizontal opening infudl-scale two-story test-hut
dominated by mixed convection. Indoor air condisi@cross the test-hut and mass flow
rates through the opening under different scenavere measured experimentally. Vera
et al. (2010b) extended the experimental study l®ama of CFD simulations. CFD
simulations were performed using indoor zero-equitirbulence model (Chen and Xu,
1998). The CFD results verified that two- way awil exists even in cases with warmer
upper room. The CFD model was extensively validated CFD results agreed well
with the experimental data for air speed, tempeeatuwumidity ratio and interzonal mass

airflows.



62

In the view of the foregoing, it is self-evidentaththere is a scarcity of studies on
evaluating turbulence models to predict, first,aadair conditions in rooms connected
by an horizontal opening, and secondly, the hedt mass exchange through these
openings. In contrast, there is extensive litemtlrowing the evaluation of turbulence
models to predict indoor air conditions in singlavities or rooms for different
convection regimes. These studies cover a broadtyaf turbulence models, from the
simplest models such as zero-equation (Zhang 208al7) to more complex models such
as Detached Eddy Simulation models (Zhang and C2@0i/, Zhang et al, 2007). The
two-eddy viscosity turbulence models such as &nd ke are the most widely models
evaluated for single enclosed cavities i.e Poshat,2002; Choi et al, 2004; Zhang et
al, 2007; Rundle and Lighstone, 2007, Susin eP@D9; Cao et al, 2010; Rohdin and
Moshfegh , 2011; Choi and Kim, 2012. Overallg land ke» models evidence good
performance to predict indoor airflow conditionsidathe accuracy of these two-eddy
viscosity models is significantly associated to to@vection regime (natural, forced or
mixed). In consequence, the objective of this papr evaluate five two-eddy viscosity
turbulence models (k-standard, k& RNG, k< realizable, ko standard and k- SST) in
terms of predicting: i) the indoor air conditiors a full-scale two-story test-hut with
heat and mass exchange through an horizontal gpenimecting two floors, and ii) the

mass exchange rate across the horizontal opening.

The evaluation of the turbulence models is base@x@erimental results obtained by
Vera et al. (2010a) in a full-scale two-story test: The experimental results correspond
to indoor air conditions such as temperature andpsed across the test-hut and upward
mass flow rates through the horizontal opening. Ukabed CFD results for each
turbulence model are compared with experimentalltesit different locations for each

case of natural and mixed convection.
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4.3. Full-scale two-story test-hut description

A two-story full-scale test-hut representing a tgbiwood-framed house was built in a
previous study (Vera et al., 2010a). It consistsaaf rooms with internal dimensions of
3.62 m x 2.44 m x 2.43 m each and a horizontal iogeof 1.19 m x 0.91 m and 0.22 m
thick. The opening connects the two rooms and allbeat and mass airflow exchange.
Figure 29a shows an schematic isometric view oftésehut. A baseboard heater was
located at the bottom part of the north wall infea@om to provide the desired indoor
temperature varying the mean heating power. A mssource, named as heat source
in Figure 29a, is placed in the lower room prodgamoisture at a constant rate. The
average temperature differences between the lomeérupper roomAT, ranged from

0.2°C to 2.8°C, thus the upper room was coldan tha lower room for all cases.

Three ventilation strategies were studied as showirigure 30. These ventilation
strategies correspond to natural convection (NEnago 1) and mixed convection (MC,
scenarios Il and V). Air speed across the fulllsdao-story test-hut were measured by
19 omnidirectional anemometers (hot-sphere typedahblT- 412 probes and HT-428
transducers from Sensor Electronic and Measurefagaotpment, Poland), while the
indoor temperature was monitored by 64 sensorss@a@aiHumitter 50Y and HMP50).
All sensors are distributed along the test- huditd¢rent heights forming lines from the
floor of the lower room to the ceiling of the uppeom. Figure 29b shows the location
of these sensors in the lower room. More detaitgiatest setup and measuring process
can be found in Vera (2009).

Table 6 summarizes the experimental conditions ades of Vera, 2009 that are

numerically studied in this paper.
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Figure 29:a) Twc-story testhut CFD geometry model, (b) Plan view of lir

distribution of experimental data
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Figure 30:Scenarios tested: no ventilation (scenario 1), Isingntilation with
downward net flow through the opeg (scenaridl), and independent ventilation

each room (scenario V).

4.4.CFD model

A CFD model of the fu-scale two-story tedtut was developed to simulate the ind
environment using commercial CFD software, Ansyseht v.14.0(Ansys 14, 201..
The airflow pattern and temperature distributioa governed by the conservation le

of mass, momentum and energy. Five two «viscosity turbulence models we
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evaluated in this study. These models wetestandardLaunder and Spalding., 1974
RNG (Yakhot and Orszag, 1986;¢ realizable (Shih et al., 1995k-w standard
(Wilcox, 1988) andk-w SST (Menter, 1994). Thk-¢ models are the most popular
models for indoor airflow simulations due their uvsb performance, whereas tkeo
models present a newer formulation for the neal tsehtment which might make them
more accurate and robust for indoor environmentitmms. These models were chosen
due their accuracy in the assessment of indoor@mvient conditions and because they
have been widely validated for indoor airflow imgle-zone enclosed cavities (Zhang
and Chen, 2007; Rundle and Lighstone, 2007; Zitzmamd Cook, 2005 ; Choi et al.,
2004; Susin et al., 2009 ; Zhang Z. et al., 20@dsner, et al., (2002); Voigt, 2000;
Rohdin and Moshfegh, 2011; Stamou and Katsirie62®oureh, 2003).

Table 6: Cases and experimental conditions (Ve&¥a9p

Parameters Case1-2 Casel1l-3 Case?2-2 Case?2-3 Case 4-1 Qase 4
AT 3.9 3.0 3.7 29 29 0.3
Supply air condition:
Inlet airflow rate 1 (m/s) - - 3.65 3.59 1.96 1.96
Inlet Temperature 1 (°C) - - 17.97 18.04 17.81 8.2
Inlet airflow rate 2 (m/s) - - - - 1.76 1.72
Inlet Temperature 2 (°C) - - - - 18.01 17.90
Baseboard heater 1 (w/m2) 554.08 698.63 660.80 0807. 421.58 344.50
Baseboard heater 2 (w/m2) - 409.54 - 244.43 216.81 660.80
Heat source (w/m2) 6508.42 6508.42 6508.42 6508.426508.42 6508.42
Wall surface temperatures lower room (°C)
North wall 19.9 22.6 20.5 20.3 20.1 19.2
East wall 18.9 21.2 18.8 18.8 18.8 18.4
South wall 18.3 20.7 18.4 18.6 18.3 17.6
West wall 18.6 21 18.7 18.7 18.6 184
Ground floor 18 19.1 18.1 18.2 17.91 18.6
Ceiling 20.9 23.6 21.2 21 20.78 19.6
Wall surface temperatures upper room (°C)
North wall 17.6 20.1 16.6 16.5 17.8 20
East wall 16.9 194 16.2 17.2 17.2 18.8
South wall 16.6 18.7 15.6 16.5 16.4 18.3
West wall 16.9 194 16.2 17.2 17.2 18.7
Floor 18.69 19.8 16.9 17.8 17.63 17.9

Ceiling 17.6 20.4 16.8 18 17.94 20.8
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4.4.1. Geometry

The full-scale two-story test-hut was modeled inDCWalls were considered as zero-
thickness and adiabatic. The experimental surfacgeératures at different locations for
each case were set as boundary conditions. Theshaate was considered as a small
cylinder of sensible heat of 85 W. The ventilatiotets and outlets were rectangular
sections of 96.5mm wide by 21.8 mm high and 135 mide by 85 mm high,
respectively. The baseboard heaters were modeleelctmgular objects of 0.045 m x
0.15 m x 0.920 m.

4.4.2. Numerical solution method

In order to predict the main conditions of the iodairflow across the test-hut,
temperatures and air speeds, and the interzona andlow rate through the horizontal
openings, steady-state and 3-dimensional simuktiere performed in Ansys Fluent
v.14.(Ansys 14, 2012) . A second order upwind défeecing scheme was chosen to
achieve higher accuracy of the solutions. Boussireggroximation was considered,
thus density is taken into account as a constdoevia all solved equations, except for
the buoyancy term. The convergence criteria wergfafenergy and I8 for the other
variables. In order to obtain convergence, the unelaxation factors were set between
0.15 and 0.5 for momentum; between 0.5 and 0.8%rfessure; 1.0 for density, body
forces, turbulent viscosity and energy; and 0.8tdiobulent kinetic energy and turbulent
dissipation rate. The SIMPLE (semi implicit-methimd pressure linked equation) was

chosen as a default pressure- velocity couplingratgn.

4.4.3. Grid verification

An hexahedral unstructured mesh (Figure 31a) wal$ With finer cells near to the
walls, inlet, outlets, baseboard heater and hesdarce to ensure a proper transfer of
boundary conditions to the air domain. Grid vedtfion is needed to evaluate that CFD

results are mesh independent. It is usual to @artyhe mesh verification comparing the
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CFD results among the tested meshes with the empatal results.n this study three
different meshes were testeA1l ,A2 andA3 as shown in Table A1 is the finest mesh
while A3 is the coarsest mesFigure 3b shows, as example, the simulated and
experimental results of air temperature for théseet meshes at lines 1, 8 and 9 of «
2-3. It can be seen that the results of the coaA3) and medium42) meshes are very
close and in excelleragreement with experimental data, while the resuflthe finest

mesh QA1) are not as good as the results for the other es

Table 7 Grid elements and refinement ratio for threeadéht mesh siz

Al A2 A3 r32 r21
1,065,895 493,575 153,769 1.48 1.29
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Figure 31:a) Computational mesh grid used. b) Predictedcadrtemperatures .
various points along vertical lines at differentdtions of the te-hut for three mes

densities for case 2-3.

Previous qualitative analysis does not allow codiclg which mesh ia good balance
between accuracy and computing time. Thereforejaatifative analysis to verify gr

independency is performed based on the quantidicadi the uncertainty of the gr
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convergence by means of the estimation of the gpidvergence index, CGI (Roache,
1994; Hajdukiewic et al., 2013). This index cansken as the error estimator associated
with the grid resolution and indicates how much #wdution would change with a
further refinement of the grid. The GCl is defirasl

: €
GCIfine = Fs—— (23)
rP—-1
1n|fecarse~fmedium
— fmedium—ffine

p= - (24)

f, —f5
€ = coarse —lfine (25)

ffine
Afine 1/3

r= (Acoarse) (26)

whereFs is the safety factor equal to 1.25 when compaitinge grids (Roache, 1994);

Is the order of convergence that has been calculas the average value over the
sensor at the nine lines presented in Figure 20b ithis equal to 5.1¢ is the relative
error between the coars(se) and fine f;,.) grid solutionsy is the refinement ratio
between the number of grid elements of the finehresd the coarse mesh for a 3D
mesh.GCl,; in this study, corresponds to the grid convergero®r due to the
refinement from mesiA2 (medium size) to mesh1 (the finest mesh). Similarly, it is
defined GCIS92"5¢ as the grid convergence error due to passing ffencoarsest mesh
A3 to the medium mesh?2.

The GCI indexes for case 2-3 are shown in Tabler&ir temperature data at several
locations of lines 1, 8 and 9 as examples of th&@ll index. The GCls obtained when

refining from meshA2 to A1 are close to the accuracy of temperature measuateme
(2%) while GCls for refining mesA3 to A2 are much smaller for all measurement
points. This means that all meshes are accurategbnand can be used for further
analysis nevertheless meshl with 1,065,895 elements would have a higher

computational cost than mesh&s andA2 without achieving more accurate results. The
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convergence error is much smaller when the meskfised from the coarsest to the
medium mesh. This suggests that m&2hwith 493,575 elements represents a good

balance between accuracy and computing time.

Table 8: Grid convergence index for indoor tempees for three mesh sizes.

z (m) Experiment (°C) A1 A2 A3 e32 e21 GCI32(%) GCI 21(%)

Line 1

1.13 20.20 20.9820.00 20.06 0.003 -0.047 0.056 -2.159
2.245 20.99 20.1721.10 21.19 0.004 0.046 0.088 2.137
3.78 19.11 18.7719.12 19.39 0.014 0.019 0.276 0.879
4.895 19.00 18.7219.28 19.34 0.003 0.030 0.057 1.388
Line 8

2.26 20.44 20.5420.98 20.58 -0.019 0.022 -0.377 1.001
2.54 19.80 19.2720.08 20.24 0.008 0.042 0.162 1.930
2.929 19.63 18.7919.12 19.76 0.034 0.017 0.675 0.800
3.387 19.50 18.7819.01 19.15 0.007 0.012 0.149 0.569
491 19.59 18.7119.29 19.29 0.000 0.031 0.007 1.428
Line 9

1.13 20.73 20.8821.04 21.13 0.004 0.008 0.082 0.351
1.8 21.50 21.9021.50 21.55 0.002 -0.018 0.048 -0.853
2.26 21.66 21.4622.29 22.28 -0.001 0.039 -0.011 1.788
3.78 19.35 18.8119.25 19.35 0.005 0.024 0.105 1.094
4.45 19.42 18.9019.42 19.50 0.004 0.028 0.077 1.295
491 19.45 18.8819.47 19.59 0.006 0.031 0.122 1.452

4.4.4. General CFD results

The CFD model of the full-scale two-story test-putdicts two main parameters of the
airflow, temperature and air speed distributiongufe 32 shows the location of two

vertical planes used to show CFD model results.

Figure 33, Figure 34 and Figure 35 show, as exanipése CFD results for cases 1-2
dominated by natural convection and case 2-3 ahdldminated by mixed convection.

These figures reveals that bidirectional airflowcleange occurs through the horizontal
opening and significant differences of the airfloanditions and pattern are observed

between the cases.
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Figure 33 shows the velocity and temperature coatfmr case 1-2. This case represents
a natural convection scenario due the “no ventitdtistrategy used. The length of the
vectors indicates the high air velocity in both eppand lower room and through the
opening. The air velocity in case 1-2 is much highan case 2-3 (Figure 34) and cases
4-1(Figure 35) which represent mixed convectionnades. The flow pattern is
dominated by vortices in all studied cases. In dagethe major vortex is identified in
the upper room in the left side of the upward flaile a smaller vortex is formed in
the right side. At the lower room, another vortax de identified at the left side of the
downward airflow. The air exchange between theegzaiakes place at the horizontal
opening, where the upward and downward flow seemake place in the same part of
the opening but in opposite directions. The wareiefrom the lower room comes from
the baseboard heater and flows along the ceilind,then it flows upward through the
right half of the opening into the upper room cagsithe temperature rise. The
downwards cold air takes place at the same riglfitoh#he opening. Also, it is possible
to see a stratified fluid inside the room, with thain flow of warm air coming from the
baseboard heater and heat source flowing upwardughr the opening and the

temperature increases from bottom to the top lef/tHe test-hut.

Case 2-3 shown in Figure 34 represents a scenamax@d convection produced by
single ventilation with downward net flow throughet opening. The airflow pattern
presents a vortex in the upper room in the rigtie if the upward flow. The length of
the velocity vector indicates that the air speedligher in the upper room than in the
lower room. There, the air velocity is close toaercept in the upward flows produced
by the baseboard heater and heat source and thewdod flow coming from the

opening. In the upper room, the main air velocgyproduced by the jet flow entering
through the inlet at the top of the south wall.sTat flow moves along the ceiling and
then moves downward over the right wall to findlyw downward through the center
of the opening into the lower room. The warm aiflocoming from the baseboard
heater and heat source at the lower room, movesandpwntil the ceiling and flows

upward through the left half of the opening inte tipper room causing the temperature
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there to riseComparing to case-2, Figure 33shows that the air velocitfor mixed
convectionis in general much lower thanatural convection. Also, fanixed convection
Is easier to see that the upweand downward flowsoccur in diferent parts of th

opening.

Figure 35 showthe case -1 which represents a scenario of mixed convectrodyred
by independent ventilation in earoom. As in case 3; the airflow pattern presents
vortex in the upper room in the right side of thewvard flow. The overall indoor a
behavior in this case is similar to ca«3 in which velocity vector indicates that the
speed is higher in thepper room than in the lower room. However, in c4-1 the
general air speed is higher than in ca-3, that can be due the independent ventile
in each room that contributes with the air movemBwispite a downward flow throug
the opening is obserdethe upward warm flo comingfrom lower room into the uppt
room seems to be greater and with a major velocliye jet flow entering through tt
inlet in the lower room contributes to create atewrwhich may hinder the upwa
airflow coming from thebaseboard heater. The airflow from theat source move
upward until the ceiling and then flows upward tigh opening into the upper roc

next tothe downward flow

Figure 32: Location of vertical planes. Plane a) x=1.22m alash@ b) y=1.81t
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Case 1-2
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Figure 33:Visualization of warm convective currents when ltheer room is warme
for no ventilation strategy: a) longitudinal cr@esstion at x= 1.22m, b) longitudin
cross section at y=1.81 m

Case 2-3

Figure 34.Visualization of warm convective currents when lih@er room is warme
for single ventilation with downward net flow thrgluthe opening: a) longitudinal crc
section at x=1.22m, b) longitudinal cross sectibg=1.81 m, (temperature volum

rendering of two-story test- hut .
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Case 4-1
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Figure 35:Visualization of warm convective currents for a mar lower room an
independent ventilation in each room: a) longitatlzross section at x=1.22m,
longitudinal cross section at y=1.81 m.

Despie that CFD is a technique well validated to predndoor air conditions ii
buildings, there is no extensive validation of tWemce models to predict the
conditions and mass exchange in enclosed enviroismerth horizontal openin
between floors. The next section presents the atiatuof five }-¢ ard k-o turbulence
models to predict these quantities under this sa.

4.5. Evaluation of turbulence model:
4.5.1. Evaluation of turbulence models to predict indoor émperature and
air speed distribution.
In this section five tweeddy viscosity turbulence models are evaluate@énms of thei

capability to predict indoor air conditions (temgierre and air speed) under the scer

of heat and mass exchange through an horizontairmgpé¢hat connects twdows. The
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evaluated turbulence models &re standardk-¢ RNG, k-¢ realizablek-o standard and
k-w SST. These models have been evaluated extensosehgdict indoor air quantities
in single rooms and cavities (Zhang and Chen, 2Bhdle and Lighstone, 2007;
Zitzmann and Cook, 2005; Choi et al., 2004; Susiale 2009; Zhang Z. et al., 2007,
Posner, et al., (2002) ; Voigt, 2000; Rohdin andgshfegh, 2011 ; Stamou and Katsiris,
2006 ; Moureh J. F., 2003).

The evaluation of turbulence models consists onpawing the simulated results with

experimental data across the full-scale two-stesy-hut shown in Figure 31b.

This paper performs the evaluation of the turbudemodels for six different cases with
warmer lower room under three ventilation strategiehich corresponds to two cases of
natural convection and four cases of combined bmoyand forced driven flows. Table
6 summarizes the main boundary conditions measamddeported by (Vera, 2009). A
CFD model for each case was built and indoor teatpez and air speed was obtained
for each evaluated turbulence models.

The evaluation of the five two-eddy viscosity maded carried out, first, qualitatively
comparing the experimental and CFD simulation tesofl temperature and air speed at
different poles. The qualitative analysis allowsaleing if the enclosed environment
can be predicted by the turbulence models. Secprallguantitative evaluation is
performed based on the normalized root-mean-sqeam (RMSE). The following
sections present these results and evaluations.t®length limitations of the paper,

results for only three cases are shown (1-2, 2e34ah).

4.5.1.1. Qualitative comparison between predicted and meased data.

Figure 37c, line 9 represent the supply jet flotoithe room at the top of upper room
for case 2-3 and at the top of upper and lower réoncase 4-1. For case 2-3 CFD
turbulence models predicts accurately air speethim line, except fok-o standard

model which presents an overall different behainathe upper room. At the top of the
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upper room onlyk-¢ realizable model predicts accurately air speedevbiher models
have a difference of ~0.2 m/s. For case 4-1, aiui@nce models predict accurately air
speed in line 9 with difference lesser than 0.1, rexzept fork-¢ RNG model which
present an overall different behavior. This shouat the inlet was properly modeled by

most models.

For all cases, line 9 and line 4 represent thecefié baseboard heater in temperature
distribution while line 5 represents the heat sewgftfect in temperature distribution. All
the turbulence models can predict temperature lpsofilose to measured data with a
highest difference found of 1°C considering alldstal cases. Pronounced temperature
stratification of 2°C-3°C exist in the lower roomitkvthe lowest temperatures found
close to the floor and highest temperatures atdpe Temperature is more uniform in
the upper room. This indicates that baseboard heatd heat source effects were
properly modeled.

Line 8 represents the air conditions through thenom. Figure 36 shows that
temperature distribution was well predicted by talbulence models with difference
between predicted and experimental data lower 1i@) excepting for Case 1-2 (Figure
36a) in which the predicted temperature profilansund 2°C underpredicted. Line 8 in
Figure 37 shows the velocity distribution at theemipg which presents more
discrepancies between predicted and measureddatadmperature profiles. Although
predicted data from all turbulence models are otlly far of measured values, each
data point is better predicted by a different tlebhue model and it is not easy to

determinate which model has the best overall behavi

For all cases, the results graphed showed an decymadiction of the indoor
environment. A wide range of computational paramsetenodel inputs, experimental
accuracy etc. might have influenced the discrepam&FD predictions. For this reason,
a comparison of the overall prediction of tempemtdistribution and air velocity

distribution per model based on the error diffeeenmas performed in order to
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determinate which model is the best in predict ord@nvironment for natural

convection and mixed convection.

4.5.1.2. Quantitative comparison between predicted and measead data.

Although predicted data from all turbulence modale in good agreement with
experimental values, each data point is betterigtestiby a different turbulence model,
which make difficult to establish which turbulengceodel has the best overall

performance. In consequence, a quantitative arsalysequired.

Table 9 and Table 10 show the percentage of erfahe data predicted by each
turbulence model based on the experimental date. &rhor is calculated for each
available sensor distributed into the test-hut lasns Figure 31b. These tables show
only data for case 2-3 as example. In this case,ntaximum error in temperature
prediction considering all predicted values is 9.ge88°C) in line 8 fokk-¢ realizable
model. For air velocity the maximum error was eximeyally 300% (0.14 m/s) in line 9
for k-« RNG model at one point. This large error can bebated to the small
magnitude of velocity that ranges between 0.05@48 m/s. Thus, small variation of

0.1 m/s results in a large error.

The previous analysis is not enough to determitregebility of the turbulence model in

predict the indoor environment. Since one model rhaye better prediction at one

location but worse in another, it is necessarypplyaan extra technique to compare the
overall prediction performance quantitatively. Tih@rmalized root-mean-square error
(RMSE) index is applied based on the procedurerit@sg by Wanga and Zhai, 2012.

RMSE is used to evaluate how far the predictioniates from the experimental data,
considering first the uncertainty in the experimemd then normalizing the deviation

by the absolute value of measurement data. The RiSI8&fined as

Lit1 8pm (IPM)-M(D)|-e(i))?
i=1 M()?

RMSE(P, M) = J (27)
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5 — 1|P(A) — M(i) > e(i)
pm {0|P(i) — M(@) < e(i)

(28)
Where P(i) and M(i) are the prediction and the meawment datasets at certain
locations, respectively, and e(i) is the uncertiaiof the test instrument in the
experiment. The RMSE was calculated for all avé@adata location. Thus the index
was calculated with 56 data point for temperatusgridution and 12 data point of air
speed distribution shown in Figure 31b. Then the SEMof the cases for each
convection type was averaged to obtain a uniqueevaf RMSE for each turbulence
model and convection type. Table 11 and Table 1@wsthe RMSE indexes for
temperature and air speed for natural convectiaseg€ 1-2 and 1-3) and mixed
convection (cases 2-2, 2-3, 4-1 and 4-2), respagtiv

The results show that th&-e standard model has the lowest deviations from
experimental data to predict air temperature asedpn the cases of natural convection
(cases 1-2 and 1-3), which represents the besalbysrformance among turbulence
models. The average RMSE indexes are 0.019 fordeatyre and 0.134 for air speed.
For mixed convection (cases 2-2; 2-3; 4-1 and 4H8k- realizable model reveals the
lowest RMSE indexes of 0.014 and 0.429 for tempeeand air speed, respectively.
Despite that a specific turbulence model show beieformance for each characteristic
convection flow, all turbulence models present milsr RMSE for temperature in

natural and mixed convection cases.

Therefore, the five evaluated two-eddy viscositydele perform well and can be used in
further studies and analysis. Otherwise, largeueslof RMSE and variations among
turbulence models evidence that air speed is reatigted by all turbulence models with
the same accuracy, so that it is necessary to khewnost accurate model for further

analysis.
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Table 9: Percentage error measured and simuladedirata for temperature distribution in case 2-3

Temperatur
Location z (m) Measured ke Standard % error lRNG % error k¢ Realizable % error kStandard % error ke SST % error
Line 1 1.13 20.20 21.00 3.99 21.33 5.62 20.93 3.61 21.29 5.44 20.85 3.23
2.25 20.99 22.10 5.31 22.58 7.60 22.01 4.88 2246 027 2213 0.05
3.78 19.11 19.12 0.08 19.46 1.85 19.78 3.52 18.84 141 19.55 0.02
4.90 19.00 19.28 1.48 19.76 3.99 19.48 2.53 19.29 1.54 19.42 0.02
Line 2 0.10 19.32 20.16 4.35 20.01 3.58 20.11 4.12 20.48 6.02 19.83 0.03
1.13 20.28 21.12 4.13 21.17 4.36 21.05 3.77 21.43 5.68 20.81 0.03
2.25 20.86 21.76 4.31 22.05 5.69 21.94 5.16 22.08 835 21.99 0.05
2.75 18.49 18.83 1.84 19.16 3.63 18.99 2.75 18.76 501 18.96 0.03
3.78 18.90 19.12 1.16 19.45 2.96 19.29 2.08 1892 110 19.13 0.01
4.90 18.97 19.24 1.40 19.41 2.32 19.58 3.22 19.07 0.54 19.42 0.02
Line 3 0.10 19.41 20.16 3.84 20.20 4.06 20.04 3.27 20.04 3.25 20.70 0.07
1.13 20.24 20.09 0.74 21.10 4.21 21.02 3.85 2135 465 20.97 0.04
2.25 20.69 21.76 5.19 21.28 2.83 21.68 4.80 2229 737 2187 0.06
2.75 18.71 18.83 0.63 18.99 1.54 19.17 2.49 18.45 351 18.77 0.00
3.78 18.88 19.12 1.22 19.37 2.59 19.32 2.31 18.94 270 19.16 0.01
4.90 18.89 19.24 1.81 19.55 3.45 19.39 2.62 19.03 0.70 19.29 0.02
Line 4 0.10 19.28 20.13 4.44 20.18 4.69 20.05 4.01 20.65 7.09 19.96 0.04
1.13 20.47 21.47 4.89 21.55 5.23 21.30 4.04 21.50 015 20.74 0.01
2.25 21.45 22.13 3.14 22.69 5.78 22.27 3.80 2242 514 2193 0.02
2.75 18.30 18.73 2.35 18.83 2.92 18.79 2.67 1844 76 0 18.76 0.03
3.78 18.77 18.99 1.16 19.23 2.46 19.21 2.35 18.70 400 19.11 0.02
4.90 19.13 19.16 0.18 19.38 131 19.86 3.84 18.68 2.37 19.59 0.02
Line 5 0.10 19.43 20.14 3.67 20.10 3.46 19.81 194 19.91 2.47 20.05 0.03
1.13 20.30 20.74 2.19 20.92 3.06 20.49 0.94 20.93 123 2054 0.01
2.25 21.12 22.24 5.29 22.09 4.59 22.41 6.08 21.99 114 22.09 0.05
2.75 18.51 18.74 1.25 18.69 0.95 18.49 0.13 1849 100 18.69 0.01
3.78 18.90 18.79 0.60 18.96 0.30 18.96 0.30 1852 .022 18.71 0.01
4.90 19.01 19.24 1.20 19.66 3.39 19.59 3.04 18.96 0.28 19.32 0.02

08



Table 9: Percentage error of measured and simuladedr data for temperature distribution in cas (2ontinuity)

Line 6 0.10 19.43 20.73 6.71 20.06 3.25 19.89 240 20.99 8.07 20.46 0.05
1.13 20.18 21.10 4.57 21.49 6.50 20.91 3.63 20.99 .01 4 20.82 0.03
1.80 20.49 21.37 4.26 21.93 7.00 21.76 6.16 21.86 .66 6 21.62 0.06
2.25 20.73 21.72 4.77 21.69 4.61 22.41 8.11 22.17 .95 6 21.86 0.05
2.75 18.69 18.89 1.08 19.12 2.30 18.82 0.70 18.77 420 18.79 0.01
3.78 18.84 19.16 1.65 19.44 3.14 19.27 2.27 19.00 .83 0 19.25 0.02
4.45 18.90 19.19 1.55 19.44 2.86 19.41 2.73 19.02 .63 0 19.35 0.02
4.90 18.90 19.21 1.65 19.42 2.72 19.43 2.79 19.04 0.75 19.35 0.02
Line 7 0.10 19.49 19.86 1.89 20.01 2.67 19.89 2.07 20.02 2.74 19.85 0.02
1.13 20.31 21.05 3.66 21.32 4.97 20.91 2.98 21.42 49 5 20.85 0.03
1.80 20.82 22.17 6.47 22.61 8.58 21.76 4.50 21.87 .06 5 21.48 0.03
2.25 21.24 22.43 5.61 22.71 6.91 22.41 5.51 22.60 41 6 22.41 0.06
2.75 18.71 18.79 0.45 18.87 0.86 18.82 0.61 18.25 46 2 19.19 0.03
3.78 18.36 19.29 5.07 19.27 4.97 19.27 4.96 18.88 .84 2 19.04 0.04
4.45 18.99 19.14 0.79 19.40 2.17 19.41 2.23 19.12 710 19.34 0.02
4.90 18.98 19.40 2.21 19.44 2.40 19.43 2.34 19.17 0.97 19.41 0.02
Line 8 2.26 20.44 21.27 4.06 20.16 1.37 22.32 9.22 2229 9.06 22.03 0.08
2.54 19.80 20.19 1.96 20.29 2.49 20.46 3.31 18.48 .67 6 20.11 0.02
2.93 19.63 18.60 5.23 18.70 4.75 18.95 3.48 18.74 54 4 18.57 0.05
3.39 19.50 18.82 3.47 19.01 2.50 19.10 2.04 18.93 92 2 19.05 0.02
491 19.59 19.35 1.25 19.79 1.03 18.98 3.14 19.02 2091 19.60 0.00
Line 9 1.13 20.73 21.42 3.34 21.06 1.59 21.36 3.08 21.18 2.17 21.02 0.01
1.80 21.50 21.53 0.18 21.86 1.70 21.34 0.74 21.70 970 21.33 0.01
2.26 21.66 20.25 6.48 20.30 6.25 20.78 4.06 22.16 .34 2 21.80 0.01
3.78 19.35 19.13 1.13 19.29 0.30 18.91 2.25 19.29 300 19.29 0.00
4.45 19.42 19.11 1.57 19.31 0.57 18.99 2.18 19.26 790 19.40 0.00
491 19.45 19.20 1.30 19.50 0.24 18.97 2.47 19.26 0.97 19.42 0.00
Average 2.80 3.40 3.24 3.18 0.08

18



Table 10: Percentage error of measured and sindulad@or data for air speed in case 2-3.

Velocity
Location z (m) Measured ke Standard % error ke RNG % error k- ¢ Realizable % error ks Standard % error ks SST % error
Line € 1.8 0.0¢ 0.0t 21.9¢ 0.0t 24.7: 0.0z 67.9¢ 0.0¢ 5.1¢ 0.0z 55.6¢
2.2¢ 0.1¢4 0.0¢ 36.21 0.07 52.7: 0.11 21.4¢ 0.1C 29.4( 0.0¢ 54.0%
2.5¢ 0.11 0.0t 51.5¢ 0.11 3.8¢ 0.0¢ 47.27 0.12 8.5( 0.0¢ 48.8¢
2.92¢ 0.11 0.0¢ 61.0% 0.0: 69.9¢ 0.1¢€ 60.5:2 0.0t 58.7¢ 0.0z 74.11
3.387 0.1z 0.0z 83.91 0.07 45,08 0.1¢ 15.3¢ 0.01 95.6( 0.11 17.0¢
4.91 0.1¢4 0.2C 39.2% 0.2z 57.3¢ 0.3¢ 175.2¢ 0.5C 250.6¢ 0.51 258.5:
Line € 1.1z 0.0t 0.01 81.1: 0.0t 4.22 0.0¢ 101.7¢ 0.0t 9.5¢ 0.0t 3.7¢
1.8 0.0¢4 0.1¢4 227.2% 0.1¢ 300.9: 0.12 177.0¢ 0.0¢4 13.1¢ 0.0¢ 33.1¢
2.2¢ 0.0¢ 0.1 64.1¢ 0.12 40.4¢ 0.1z 36.0¢ 0.1¢€ 88.2¢ 0.0¢ 34.2¢
3.7¢ 0.0¢ 0.07 28.7¢ 0.11 90.0( 0.0¢ 49.27 0.0z 42.3¢t 0.1C 76.61
4.4t 0.07 0.0¢ 45.2¢ 0.0t 22.71 0.0¢4 41.8¢ 0.2 258.1¢ 0.07 2.1
4.91 0.3¢ 0.17 50.57 0.1F 55.5] 0.31 8.3¢ 0.12 64.0¢ 0.17 50.6(
Average 65.93 63.96 66.86 76.98 59.07
Table 11: RMSE index for natural convection cases.
Temperature RMSE Velocity RMSE
k- k-¢ k-¢ k-0 k- ® k-¢ k-¢ k-¢ k- ® k- ®
Case . Case .
standard RNG realizable standard SST standard RNG realizable standard SST
1-2 0.031 0.034 0.035 0.032 0.033 1-2 0.221 0.319 0.407 0.292 0.234
1-3 0.006 0.005 0.008 0.010 0.006 1-3 0.047 0.320 0.193 0.241 0.277
Average 0.019 0.0200 0.022 0.021 0.020 Average 0.134 0.319 0.30 0.267 0.256
Table 12: RMSE index for mixed convection cases
Temperature RMSE Velocity RMSE
Case k-¢ k-¢ k_- € k-o k- Case k- ¢ k- ¢ k_- € k- k- o
standar RNG realizablt standar SS1 standar RNG realizablt standar SST
2-2 0.021 0.01¢ 0.01( 0.01¢ 0.02( 2-2 0.51¢ 0.28: 0.501 0.42: 0.631
2-3 0.01¢ 0.021 0.01¢ 0.02¢ 0.01¢ 2-3 0.52( 0.52¢ 0.38: 0.67¢ 0.651
4-1 0.00¢ 0.01¢ 0.011 0.01¢ 0.00¢ 4-1 0.52( 0.52¢ 0.38: 0.67¢ 0.651
4-2 0.022 0.02¢ 0.01¢ 0.01% 0.01¢ 4-2 0.43: 0.38¢ 0.44¢ 0.33i 0.251
Average 0.017 0.020 0.014 0.019 0.016 Average 0.497 0.430 0.429 0.528 0.540

8
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4.5.2. Evaluation of turbulence models to predict the mas airflow through

the horizontal opening.

This study is not only focused on evaluate the quarénce of turbulence models to
predict indoor conditions in a scenario with intaral heat and mass exchange across an
horizontal opening connecting two floors, but galims to evaluate the capability of
the turbulence models to predict the mass exchaugess the horizontal opening.
Therefore, this section evaluates the ability @kk standard model for cases 1-2 and
1-3 and thek-¢ realizable for cases 2-2 to 4-2 to predict the aglvmass airflows
through the horizontal opening. The experimentadhdaf Vera, 2009 are used to

perform this evaluation.

The total upward mass airflowna,, through the opening can be calculated from
simulated results as the sum of the mass airflogach cellma;, in the middle plane of

the opening (z = 2.54m) as follows:

ma;(kg/s) = A; * p; * Vy; (29)
may,(kg/s) = XY ma; ; If ma; >0 (30)
Magown(kg/s) = YV ma; ; If ma; <0 (31)

whereA; = A/N. A is the horizontal opening areaqnand N is the number of cells in
the middle plane. Since the mesh grid into the oge(plane XY) is uniform, the area
of cells is equal to AiV,, is the vertical component of the air velocity ach cell ang

is the air density defined as Eq. 32. Ti is thepgerature in each cell of the opening in

Kelvin.

101.325
pitkg/m®) = e (32)
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Table 13 and Figure 38 show the measured and dimaulgpward mass airflow rates for
all the cases studied. It is observed that kherealizable model predicts the mass
airflow through the opening in a good agreemenhwiteasured data for all mixed
convection cases. The predicted upward mass asflare very close to the
measurements. The highest difference is found $se da2 where the percentage error is

8.5%, while the lowest difference is for case 2ithwan error of 1.31%.

Results ok-¢ standard model for natural convection cases arasigood as the results
found for mixed convection cases. In particulae pnedicted mass airflow rate for case
1-2 (37.08 x 10-3 kg/s) is much lower than the meed value (61.00 x 10+ 16.5 x
102 kg/s). This result might evidences the difficutty predict mass airflow through
horizontal openings when buoyancy forces domingitesnass exchange. Although the
airflow through a horizontal opening has not be&tersively studied, the available
literature shows that the airflow pattern is highipstable for natural convection.

Therefore, it is expected this phenomenon wouldiffieult to be predicted.

Table 13: Comparison of measured and simulated tgpmass airflow through the opening.

Measured Uncertainty Predicted Upward mass % error between
Cases upward mass (relative) in upward mass airflow predicted and
airflows (kg/s)  upward airflow  airflows (kg/s) difference (kg/s) measured values
(x 10%) (%) (x 10°%) (x 10°%) (%)

NC
Case 1-2 61 16.5 37.08 23.9 39.21
Case 1-3 24.1 5.1 29.40 5.3 21.99
MC
Case 2-2 53.5 3.6 54.20 0.7 1.31
Case 2-3 48.2 3.3 44.70 35 7.26
Case 4-1 41.7 5.2 38.24 3.4 8.3

Case 4-2 20.5 3.1 18.76 1.7 8.49
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Figure 38: Measured and simulated upward mas®wairihtes for all the cases studied

4.6.Conclusions

Interior building openings such as stairwells ampartant paths for exchange of heat,
air, moisture, and pollutants. Interzonal airflolaraugh horizontal openings has not

been profoundly studied due its highly transiert anstable nature.

Few authors have used CFD technique to study tievaiexchange through horizontal
opening. However, there is a scarcity of studiesewaluating turbulence models to
predict, first, indoor air conditions in rooms cewcted by an horizontal opening, and

secondly, the heat and mass exchange through dpeséngs.

This paper focused on the evaluation of five twdyediscosity turbulence modelkse
standardk-¢ RNG, k-¢ realizable k-w standard an&-w SST, in terms of predicting: i)
the indoor air conditions in a full-scale two-stdegt-hut with heat and mass exchange
through an horizontal opening connecting two flpasd ii) the mass exchange rate
across the horizontal opening for cases of naamrdlmixed convection. Simulated CFD
results for each turbulence model were comparel @perimental results (Vera et al.,

2010a) at different locations. From the study it ba concluded:
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e Visualization of warm convective currents into tiwo-story test-hut for
temperature and velocity distributions indicatet tha flow pattern is dominated
by vortices and a complex two way airflows exigbtigh the horizontal opening
for all cases with a warmer lower room.

e The low value of RMSE index indicates that all taebulence models predicted
temperature distribution in a good agreement witkpeeimental data.
Considering all turbulence models, the RMSE indes between 0.019 and
0.022 for natural convection while for mixed contveic cases the RMSE lies
between 0.014 and 0.02.

» For air velocity, all turbulence models can predicsimilar profile of air speed
distribution; however the models present deviatiith experimental data at the
horizontal opening. For natural convection RMSE exdfor air speed
considering predictions from all turbulence modéts between 0.13 and 0.3
while for mixed convection it lies between 0.42 &84.

* Based on RMSE index, thee standard model is the most accurate model in
predict temperature and air speed distribution iiulbscale two-story test-hut
and the interzonal mass airflows through horizondglening for natural
convection

* Based on RMSE indexk-¢ realizable model is the most accurate model in
predict temperature and air speed distribution ifallascale two-story test-hut
and the interzonal mass airflows through horizontglening for mixed

convection cases

CFD technique is able to predict the indoor envinent and mass airflows through a
horizontal opening for a full-scale two-story tésit. The turbulences models found
contribute to the knowledge about interzonal mass leeat airflow through horizontal
openings and improves the building design focuseathieve a comfortable and healthy
indoor environment for occupants and energy efficye
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5. Heat transfer correlations to predict upward heat fux through a horizontal

opening for natural and mixed convection.

5.1. Abstract

Interior building horizontal opening such as sta&ili& are important paths for exchange
of heat, air, moisture and pollutants through défe zone of a building. This exchange
will affect the healthy and comfortable indoor eoviment for the occupants and the
energy efficiency of buildings. Unlike vertical apegs, only few authors have found
empirical correlations to describe the heat transf@ugh horizontal opening in natural
convection regime and mixed convection regime. Téuk of studies is mainly caused
by the highly transient and unstable nature of #irlow at horizontal openings,
therefore there are limited available informatidooat the interzonal heat exchange
through horizontal opening in buildings. This pagéudies the upward heat transfer
through a horizontal opening in a full-scale tworgttest-hut using CFD technique. The
main results are two empirical correlation to ddscrthe heat exchange through a
horizontal opening for natural and mixed convectiegimes. Theses correlations are
based on dimensionless fluid numbers (Nu, Gr, ReaRd are applicable for different
air conditions such as; temperature difference éetwthe lower and upper room,
ventilation strategies (natural and mixed conveqgtend opening aspect ratios.

5.2.Introduction

Consideration of interzonal airflow is an importasipect in building design because it
allows the mass and energy transport inside bygldmterzonal airflow exchange could
have important effect on building energy consummptimdoor air quality, comfort of

occupants, and ventilations effectiveness amongroth

An important way in which airflow transport can ¢aglace in a multizone building is
through large vertical and horizontal openings. réhare different investigations
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describing the airflow exchange through verticalermpg for natural and mixed
convection flows, however airflow through horizdrii@ening have not been profoundly
studied and the lack of experimental data and ittwesient and unstable flow pattern

found at the opening for natural convection casegltee main reasons.

Only few authors have found empirical correlatidos the heat transfer in natural
convection regime and mixed convection regime. €hesrrelations are based on
dimensionless numbers as Grashof and Nusselt tarataonvection, and Nusselt and

Reynolds for mixed convection.

The first study in considered airflow transport oiingh horizontal opening was
introduced by Brown (1962). He presented an expartal investigation about natural
convection flow across square horizontal partitiarsheavier fluid above the partition
using air as the fluid medium. In this situationwarstable condition in the opening and
an exchange of lighter and heavier fluid is obsgérnAdso, Brown determined that the
heat and mass transfer rate increased with incrgamrtition thickness and defined a

mean curve from the experimental data as follow
Nuy = 0.0546Gp>*°Pr(L/H)/3 (33)

Where L is the length of the square partition,;Na the Nusselt number based on
partition thickness, Gris Grashof number based on partition thicknessRand Prandtl

number.

In an extended study, Vera et al.,, (2010) carrietl an experimental study about
interzonal air and moisture transport through hartal opening in a full scale two-story
test-hut. The study extended the cases with bugyanwen flows to cases with

combined buoyancy airflows and mechanical ventitatand cases with warmer upper
room than the lower room. The results show tharatnal air and moisture exchange
through the horizontal opening are strongly linkedhe temperature difference between
the two rooms. In a subsequent study, Vera et2@llq) investigated the heat transfer
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through a horizontal opening connecting two roomasel on simulated cases using
CFD. Results demonstrated that upward heat fluxesigh the opening are proportional
to the temperature difference between the lower #wedupper room. Heat transfer
through the opening is mainly caused by buoyandyedr flows with significant

contribution from forced flows. Thus, mixed conveetheat transfer occurs through the

opening and the combined effect can be predictetidjollowing correlation

Nu/Re"2 = 3686(Gr/Re?)" (34)
There is a lack of studies and validated empirocaitelations of mixed convective and
natural convective heat transfer through horizoof@ning. Only one study has been
carried out for natural convection and mixed comeecand they only studied fixed
opening surfaces. It is necessary to study airflough horizontal opening for variable
opening sizes. In addition, there are not evaluatiof the capabilities of different
turbulence models to predict; i) indoor conditianszones connected by horizontal

opening, ii) mass airflow through the horizontakomg.

Thus, in this chapter the CFD technique will be dude extend the available
experimental data (Vera et al., 2010) of air dmttion in a full- scale two-story test-hut
with a horizontal opening connecting two rooms. Tim-story test-hut will be

simulated with the same dimensions of the origomadfiguration but with new sizes of
the opening. A range of temperature differences/éen the upper and lower room will
be considered and two ventilation strategies welltbsted to study air distribution for

natural convection and mixed convection regimes.

The objective is to obtain enough simulated datdetvelop an empirical correlation for
the heat flux through a horizontal opening appliedbr different opening dimensions

and convective regimes.
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5.3. Methodology

5.3.1. CFD simulations

In the previous chapter 4 it was concluded that G&Ehnique is able to predict the
indoor environment for a two-story test-hut and #r and heat exchange through the
horizontal opening. The indoor air in the studiedes was under natural convection or

mixed convection regimes depending on the ventitestrategy used.

The study determined that the most accurate tunbalenodel to predict both indoor air
distribution and mass airflow exchange throughdpening was th&-¢ standard for a
natural convection state ake realizable for a mixed convection state. In thiglg, the
turbulence models found will be used to extendaWelable experimental data (Vera et
al., 2010) of the indoor air distribution in a twatory test-hut and the airflow exchange

through the horizontal opening.

Thirty two cases will be modeled with combinati@idour opening aspect ratios “AR".
The opening aspect ratio AR = side (S)/length (L), with S=1m for all cases and L is

0.8 m, 1 m, 1.35 m and 2 m depending on the case.

Figure 39 shows the opening geometry variatiorhefdases tested and a plan view of
the opening aspect ratios "AR" used. A smaller oppAR means a larger superficies
area of the opening. The rooms temperature difeeraanged between 1°C and 4.8°.
This is considered as the difference of averageéeature in the lower room less the

average temperature in the upper room.

Two ventilation strategies were analyzed: Ventiatl ("no ventilation") that respect a
case with pure natural convection; and ventilatigtisingle ventilation with downward
net flow through the opening ") where mixed conwettdominates de airflow. Table 14

summarizes the main conditions of the cases tested.
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Figure 39: Full-scale two-story test-hut with drfat opening ratios (dimensions are in
mm).

Table 14: Description of cases tested.

Case Ventilation Area(m AR AT | Case Ventilaton Area(fm AR AT
1 | 0.80 1.25 4.8 17 Il 0.80 1.25 4.6
2 | 1.00 1 4.3 18 I 1.00 1 3.7
3 | 1.35 0.74 4.1 19 Il 1.35 0.74 4.0
4 | 2.00 0.5 3.6 20 Il 2.00 05 27
5 | 0.80 1.25 3.6 21 1l 0.80 1.25 3.8
6 | 1.00 1 3.2 22 Il 1.00 1 3.6
7 | 1.35 0.74 3.3 23 Il 1.35 0.74 3.2
8 | 2.00 05 29 24 Il 2.00 05 25
9 | 0.80 1.25 2.8 25 Il 0.80 1.25 3.6
10 | 1.00 1 2.4 26 1l 1.00 1 3.0
11 | 1.35 0.74 2.5 27 I 1.35 0.74 2.8
12 | 2.00 0.5 2.4 28 1l 2.00 05 23
13 | 0.80 1.25 1.3 29 Il 0.80 1.25 2.1
14 | 1.00 1 1.4 30 1l 1.00 1 2.0
15 | 1.35 0.74 1.0 31 1 1.35 0.74 1.6
16 | 2.00 0.5 1.5 32 Il 2.00 0.5 15
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5.3.2. Derivation of heat flux exchange through the opemig.

The upward heat flow through the openigg is a useful quantity to be analyses and
represent the heat exchange between the lower@et woom. The upward heat flux is
calculated based on mean temperatures of the tarmgoln this wayg,, is obtained
from upward mass airflows through the opening)(Ealculated from CFD simulations

for each case.
Fip i(kg/s) = Ay * p; * Vy, (39
Fi,(kg/s) = XY Fipo ;1 Fp ;>0 (36)

Where A = A/N. A is the horizontal opening areaqnand N is the number of cells in
the middle plane. Since the mesh grid into the mge(plane XY) is uniform, the area

of the cells are equal to Ai.,Vis the vertical component of the air velocity ack cell

101325

andp is the density of the air defined an@(kg/ms) = Sa70meT.

with T, the temperature

of each cell.
Then, the upward heat fluy, is obtained as follow
Qup = Cp * F12 * AT (37)

Wherec, is the air specific heat (J/kg-K) and is the temperature difference between

lower and upper room considering the mean temperatu

Depending on the phenomenon studied, there arereliff dimensionless numbers which
describe a fluid. If the flow is driven by buoyanfoyrces the fluid is under a natural

convection regime and the heat transfer can besepted by
Nu = ¢,Gr' (38)

where Nu is Nusselt number and Gr is Grashof numbe
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__ QupLc
Nu =~ (39)
3
Gr = 9PATL (40)

V2

whereq is the heat flux (J/s)g is the acceleration due to gravity (A)/< is the air
thermal conductivity (W/m-K)v,is the kinematic viscosity (ffs), A is the opening area
where heat flux occurs @ AT is the temperature difference between the lowner a
upper room (K) and.; is the characteristic length which depends ongi@metry by
which fluid is transported. Since the convectivathidux of interest corresponds to the
vertical flow through the opening, the characterigtngth is the thickness (H) of the
opening (Brown, 1962 and Vera et al., 2012).

Brown (1962) found that the exponénh eq. 38 was equal to 0.55 for a square opening

with different thickness.

If the flow is driven by pressure differences thed is under forced convection regime.
If natural and forced convection are comparablenagnitude the flow is under mixed
convection regime. The parameter that typically hasn used to characterize mixed

convection isGr/Re? and the heat transfer can be represented by

Mo (2" (41)
Rel/z €2 Re?

where Reis the Reynolds number.

_ UL
v

Re (42)

U is the characteristic velocity of the fluid (m/sh this case, the characteristic length
Lc used for Reynolds number is the hydraulic diam@édg) of the horizontal opening
which for a closed channel corresponditb = 2LS/(L + S) whereL andS are the

length dimensions of each side of the opening. Sdme characteristic length was used
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for Zohrabian et al. (1989) who studied a similanfaguration in a study of buoyancy

driven flow in a half-scale stairwell model.

Vera et. al (2012) found that the consténtin eq. 41 was equal to 0.083 for a specific
opening.

5.4. Results
5.4.1. Heat flux through the opening

Figure 40 shows the linear correlation betweenupward heat transfeqy,, and the
temperature differenc&T for ventilation | and ventilation Il. A greatepward flow is
produced when the temperature difference betweenldiwer and upper room is
increased. In addition, it is observable thgtis significantly influenced by the aspect
ratio of the opening and at the sakiE the upward heat flux is greater if opening area
increased. This is expected since there is a Igvgdr for heat flow exchange if the

opening has more surface area.
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Figure 40: Variation of the upward heat transtgp)(through the opening versad

Figure 41 compares the upward heat flux throughofiening for ventilation | and Il at
different opening AR. A greater opening AR mearsraller opening superficies area
(Table 14). It is observable that for greater AR tipward heat transfer through the
opening is greater for "no ventilation" strategye(¥ _I) than for "single ventilation with
downward net flow through the opening" strategy iivél). In contrast, for smaller
opening AR the upward heat transfer through thenioggefor Vent Il is larger than for
Vent_|.

This means that the pressure difference forcestaube jet flow introduced into the
room may affect the upward airflow in a more sigraht than the buoyancy forces
when a larger opening area is used. While if a emapening area is used, the effect of
pressure difference forces is not significant emouy the upward air movement in

comparison with the buoyant effect.

In addition, a larger upward heat flux is obserealsthen a smaller opening AR is used.



0.16

AR_1.25
0.14

o
e
N

o
o
S

o
o
o

q_upl[ki/s]

o
o
&

0.04 -

0.02

0.00 T T T T T T

15 2 25
delta_T

m Vent_| = Vent_ll

3 35 4 45 5

AR_0.75

0.00 T T T T T T

15 2 25 3
delta_T

= Vent_| = Vent_ll

35 4 45 5

96

0.20
0.18 AR_1
0.16 /.
-/
0.14 /
2012
= l/ _a
= 0.10 / / u
3
°_0.08 /
0.06 7
0.04 =
0.02
0.00 T T T T T T T T T 1
0 05 1 15 2 25 3 35 4 45 5
delta_T
m Vent_| m Vent_ll
0.30
|
AR_0.5
0.25 /-/
0.20 = A
=
3
o
0.10 /.
0.05 i
0.00

T
0 05 1 15 2 25 3 35 4 45 5
delta_T

= Vent_| = Vent_ll

Figure 41: Variation of the upward heat transfeotigh the opening versus’

depending of the opening area.

5.4.2. Analysis for natural convection cases: Ventilatior

In this section the cases 1 to 16 (Table 14) wellsbudied with the objective to obtain

correlation between dimensionless numbers of thal fand the dimensions of the

opening. These cases correspond to “no ventilatistnategy, therefore a natural

convection regime is present into the test-hut tredanalysis is based on the Nusselt

and Grashof number. For these cases, the Nu nuiabged from 379 to 1010 while Gr
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number ranged from 2.81XA0o 6.93x16, both numbers based on the opening

thickness.

Figure 42 shows the relationship between the Gfaahd the Nusselt number. It show
that when the Grashof number increases then Nussgiber increases, which means
that an increases on temperature difference pro@ucdancrease on heat flux, similar to
previous studies have noted (Vera et al., 2010 ratwhn et al., 1989 and Peppes et
al.,2001). Moreover, it is observed that the aspatb of the opening influences the
heat flow. In consequence, it is necessary to ftatawa correlation which includes the
opening dimensions such as the opening thicknegsurftl the hydraulic diameter (D
This adaption allows the formulation of a uniquiatienship applicable to any opening

dimensions.
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Figure 42: Variation of the Grashof number versus3$¢lt number for ventilation |

Figure 43 shows the relationship between Nusseltyan and Grashof number when the
dimensions of the opening are included by mearthebpening thickness (H) and the
hydraulic diameter (Dh). From this relationshippgssible to define a correlation to

predict heat transfer through the horizontal opgsinith aR? = 0.4
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H
NUu = 36.9 % Pr+ Gr°-31(D—) (43)
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Figure 43: Heat transfer correlation for a horizbmpening under non ventilation
strategy.

Figure 44 shows the heat transfer predicted byetadrons found by Brown (1962) for

natural convection and the correlation developethis study, using experimental data
of (Vera, 2009). The correlation found in this stud close to the experimental data,
whereas the correlation found by Brown underpredibe heat transfer through the

horizontal opening.
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Figure 44: Heat transfer correlations for nateaivection for experimental data.
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5.4.3. Analysis for mixed convection cases: Ventilation Il

In this section the cases 17 to 32 (Table 14) malkstudied with the objective to obtain a
correlation that represents the heat flow through ¢pening for mixed convection.
These cases correspond to “single ventilation wiittvnward net flow through the
opening”. This strategy make that airflow exchattfy@ugh the opening is affected by

natural and forced convection at the same time.

If the flow is driven by both pressure differengeléuoyancy forces at the same time,
the fluid is under a mixed convection regime. Tleameter that typical has been used
to characterize mixed convectionGs/Ré, also called Richardson number. In the two
extreme cases heat transfer can occurs driven tgyfptced convection ankli —» 0 or
driven by pure natural convection ami — c. The mixed convection is believed
to occur between these two limit whefr/Re? =1 but is not completely clear.
Kitamura and Mitsuishi (2010) reported that thegefor mixed convection is between
1.5 and 11. Siebers (1983) reporte®iabetween 0.7 and 10 for mixed heat transfer
from a vertical plane with horizontal flow. Saha &t (2006) reported a forced
convection forRi between 0 and 0.1, a mixed convection Rémear to 1 and natural

convection forRi larger than 10.

To determinate the fluid regime, tlRé number was calculated using Reynolds number
based on the hydraulic diameter of the upward fagdtion. This is because the area of
the upward fluid is less than the opening area.sThiie Ri number for cases with
ventilation Il are between 0.1 and 1.72 which cancbnsidering as a mixed regime

based on the studies presented above.

To obtain correlations that describe the upward flea, the Reynolds number was
calculated based on the hydraulic diameter of penmg. This characteristic length is
chosen because is a known variable for any studiedfiguration, unlike the

characteristic length of the upward flow area.
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The Grashof number based on the opening thickreesged from 2.21x10to 6.69x16,
while the Reynolds number based on the hydrauliméier of the opening ranged from
2827 to 8448.

For a mixed regime, the negative slope between MuUGI/R€ in Figure 45indicates
that the heat transfer decrease when the pressiiezedce forces decrease. This
negative relationship was detected in a previoudysof turbulent mixed convection in a
horizontal tube (Grassi and Testi, 2006).

At the same time, it is observed that aspect mitithe opening strongly influences the
heat transfer through the opening. When the opesisgaller the heat transfer tends to
be less governed by pressure difference effectjewlor higher openings, the heat
transfer is mainly governed by forced convection.this way, it is necessary to

formulate a correlation which includes the opendigensions such as the opening
thickness i) and the hydraulic diametedg). This adaption allows the formulation of a

unique relationship applicable to any opening alSpio.
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Figure 45: Range of Richardson number for casds wehntilation 1l and different AR.

Figure 46shows the upward heat transfer flux through thenoyge The opening is
represented by the opening thickneBy énd the hydraulic diameteDy) thus the
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dimensions of the opening can vary. It is possibldefine a correlation with B?=0.86

as follow

Nu = 3581« Re"/? « (%)_0'2 (Dih)2 (44)

¢ n
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Figure 46: Heat transfer correlation for a horizbmipening under single ventilation

with downward net flow through the opening strategy
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Figure 47: Heat transfer correlations for mixedwartion applied to experimental data.
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Figure 47 represents the heat transfer predictedhbypreviously correlation found
together with the empirical correlation found byr&et al., (2013) for mixed convection
cases applied to experimental data (Vera, 2009 Tarrelation found by Vera
overpredicts the heat transfer through the horeampening while the correlation found

in this study is very close to experimental data.
5.5. Conclusions of analysis

In this chapter the CFD technique was used to prége indoor air conditions of a two-
story test-hut with a horizontal opening connectiwg rooms. A range of temperature
differences between the upper and lower room, rdiffeopening aspect ratio (AR) and
two ventilation strategies were tested to studyainelistribution for natural convection
and mixed convection regimes. The objective washitain enough simulated data to
develop an empirical correlation for the heat flinxough a horizontal opening for

different opening dimensions and convective regimes
From the results of this study the following corsetuns can be drawn:

» Upward heat transfer through the horizontal openggtrongly linked to the
temperature difference between the lower and theupom. A larger upward
heat flux is observed when the upper room was noadther. This agrees with
the studied developed by Peppes (2002) and Ved®}20

* Upward heat transfer through the horizontal opemgngignificantly influenced
by the opening aspect ratio. Larger upward heat #uobserved if a larger
opening is used. This shows that the upward heat through a horizontal
opening is affected by both; the aspect ratio asvahin this study and the
opening thickness as was indicated before (Bro®w62)1 (Epstein M. , 1998).

* Inertia forces significantly contribute to upwarceah transfer through the
opening in a mixed convection regime.

« For larger opening sizes (>~1.8nthe upward heat flux through the opening is
greater for a mixed regime than for natural coneectOn the other hand, for
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smaller opening sizes (<~1.Bmthe upward heat flux through the opening
generated for natural convection regime is gretdtan for mixed convection

regime.

A correlation to describe the upward heat flux faatural convective heat

transfer was found as follows:

Nu = 36.9 * Pr  Gr*32 (Di)

h

A correlation to describe the upward heat fluxrfoked convective heat transfer

was found as follows:

Nu = 3581 * Rel/z . (%)—0.2 (Dih)z

Correlations for natural convection and mixed catiem predict the indoor air
distribution for a two-story hut with a horizontapening in a good agreement

with the experimental data (Vera et al., 2010).
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6. Conclusions

Building design has the objective to achieve a awtable and healthy building
environment for the occupants with high energycedficy. Both, indoor environment
conditions and energy consumption could be sigmifily influenced by heat and mass

exchange through building zones.

Multizone heat and mass flows mainly occurs throlaylge vertical and horizontal

openings.

For the past 50 years, a wide variety of buildimgrgy simulation tools have been
developed, which provide users with key buildingfpenance indicators such as
heating and cooling energy demand, temperaturejditynand costs, with the objective
to achieve building's designs more comfortable docupants considering energy
efficiency; the problem is that they consider irbasic manner the airflow exchange
through horizontal openings in general. This issemuence of limited studies related
with airflow through large horizontal openings alatk of validated correlations to

describe heat flow.

One way to enhance the study of airflow throughizomtal openings has been the
incorporation of CFD technique in building desiggFD can be used to model
temperature distribution and air movement withiacgs that allows designers to know
building performance under different options beftrey are built and select the most

effective solutions.

Consequently, the main objective of this thesis twadevelop correlations that represent
the heat transfer through a horizontal opening sashstaircases opening. This
correlation associates fluid dimensionless number the dimensions of a horizontal

opening through the use of CFD technique.

The main conclusions that can be obtained fromGR® simulations and numerical

analysis developed are presented below accorditigettopic covered.
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6.1. Evaluation of two-eddy viscosity turbulence for ba& convective uses as

training CFD exercise.

Modeling of three basics natural, forced and mixahvection flows in enclosed

environments evidences that CFD modeling is notinamitive process and requires
taking decisions about several parameters suclkemesentative geometry, mesh size
and topology, convergence criteria, under-relaxafaxctors, turbulence model, among

others. The main conclusions are:

* Reliable and robust CFD results require userdiss&h CFD modeling, even for
basics indoor airflows.

* The five evaluated two-eddy viscosity turbulencedeis k-¢ standardk-c RNG
k-e, k-¢ realizable k-w standard andk-w SST) perform well predicting air
velocity and temperature. However, their accuraepgethds on the convection
type, quantity predicted and regions of the air dwmm Predicted indoor
conditions for temperature and air velocity mightysignificantly especially in
the boundary layer region where the heat and massfer between walls and air
ocCurs.

* For natural convection case, the five evaluatedulence models predict well
the temperature and velocity in the core’s cawithile k-o standard predicts
better the temperature variation close to the railk, whek-¢ RNG and realizable
show excellent performance predicting the air viejodose to the hot and cold
walls.

* For mixed convection, the five evaluatkd and k- model predict well the
clockwise airflow pattern across the cavity. White k- realizable shows a
better performance predicting the temperatureilligion close to the boundary
layer and along the core of the cavity, the stashd@&rsions of thé&-¢ andk-w

models predict better the air velocities in thaaag far from the walls.
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« Convergence cannot be given for granted, especfalynatural convection
cases. Several authors agree that convergenc#igsiltito reach for NC when
they are modeled as steady-state, thus it is needetbdel them as transient.
This means the setting up of time step and undaxagon factors is needed,
which involves advanced knowledge and expertisa@{CFD modeler even for

basic indoor environmental problems.

6.2. Evaluation of two eddy-viscosity turbulence modeldo predict indoor air
conditions and interzonal air transport through a horizontal opening in a
full-scale two-story test-hut under natural and mided convection using CFD

technique.

This section was focused on the evaluation of five-eddy viscosity turbulence models
(k- standardk-e¢ RNG k-¢, k-¢ realizable k-o standard ané-« SST) to predict indoor
environment (airflow pattern and temperature dsiiion) and the mass airflow through
the opening for a two-story test-hut with a horiabropening. The predicted data was
validated with extensive experimental data froma/etr al. (2010). The objective was to
determinate the most accurate model to predictanamvironment and the airflow

through a horizontal opening for natural and migedvection.

* Visualization of warm convective currents for temgiare and velocity
distributions indicates that the flow pattern isrdoated by vortices. A complex
two way airflows exist through the horizontal opepifor all cases with a
warmer lower room.

* The temperature distribution is well predicted WBytarbulence models for all
cases so the model used for a further analysidoeaselected under the criteria
needed for the specific studied case. However isthe same for velocity

distribution, where the simulated result presemtexnte discrepancies depending
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on the turbulence model used and it is necessprgwaous analysis before select
one.

The RMSE index is a good tool to evaluate how li@r pprediction deviates from
the experimental data when a large number of datged. The low RMSE index
value and the low variation between models indith& all turbulence models
can predict indoor conditions in a good agreemeith vexperimental data
although some model may be more accurate than.other

Based on RMSE index, thee standard model is the most accurate model in
predicting indoor temperature and air speed digtidin in cases with natural
convection, while-¢ realizable model is the most accurate model feesavith
mixed convection in a two-story test-hut with aikhontal opening.

The previously selected turbulence models pretlietrhass airflow through the

horizontal opening presenting a good agreementexgerimental data.

6.3. Heat transfer correlations to predict upward heat fux through a horizontal

opening for natural and mixed convection.

Thek-¢ standard model arde realizable model were used to determinate corogiatto

describe the airflow and heat flow through horizbmpening. These correlations can be

applied for any initial air condition and openirgpact ratio.

Thirty two new cases of a two-story test-hut weredeied with combinations of four

opening aspect raticAR” and temperature difference between the upper andrlo

room. The main conclusions are:

Heat transfer through the opening is affected hypierature difference between
the lower and the upper room, thus for a largjEra larger upward heat flux is

observed.
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» Heat transfer through the opening is affected snapy aspect ratio, where if a
larger opening is used, a greater upward heatiglobserved.

* Inertia forces significantly contribute to the mikeonvective heat transfer
through the opening.

« For larger opening sizes (>~1.8nthe upward heat flux through the opening is
greater for a mixed convection regime, while for afler opening sizes
(<~1.5nf) the upward heat flux through the opening is gredbr a natural
convection regime.

* A correlation for natural convective heat transfeis constructed as follow:

Nu = 36.9Pr * Gr%3! (:—h)

* A correlation for mixed convective heat transfeisweanstructed as follow:

Nu = 35.81 * Rel/? « (%)—0-2 (DH_h)z

7. Contributions and future work

7.1.Contributions

The work developed in this thesis allows contribgtto the understanding of the heat
exchange through horizontal opening found in bodgi as staircases opening, attic

hatch, chimneys and fireplace penetrations amamey ot

This thesis has developed correlations that desthid heat transfer through a horizontal
opening for cases with buoyancy driven flows ansesawith combined buoyancy and
forced drive flows. These correlations associageflilnd dimensionless numbers and the

dimensions of a horizontal opening.

The correlations developed were obtained from Cillukaitions of a two-story test-hut
which allow studying cases with variations in thpeping sizes and ventilation

strategies. That allows extends the existing nwakstudies of heat flow exchanging
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through the horizontal openings developed onlybiowyancy driven flows and specifics

opening geometries without variations tested.

Moreover the use of CFD technique in this thesiskvadlows extending the information
about the difficulties of using this technique ahd required modeler skill to achieve
good results. Basic cases found in literature weoeeled as a training exercise for new
CFD users. Also, the introduction of CFD techniguéuildings design contributes to
obtain detailed information of the building behaviefore it is built.

7.2. Future work

Based on the performed research, new questiongraposed in order to increase
knowledge of airflow through horizontal openings.

e« The two-story test-hut used for this study has azbatal opening like a
staircase opening. It is proposed to incorporatta into the two-story test-hut
and evaluate the correlation found for heat transfieough the horizontal
opening considering the new geometry.

» Studies of scenarios considering warmer upper rammeeded to evaluate the
impact of the heat sources and their locationshm \tertical heat and mass
exchange.

* The mixed convection regime was studied for a $igegentilation rate. It is
propose to extend the cases considering variatiorise ventilation rates and
evaluate its influence in the upward heat trangfeyugh the opening.

e It is recommended to extend the experimental and G&ta to a three —story
building model. Thus it is possible to evaluate tbarelations found in
predicting airflow through different zones for agar range of cases.

* It is recommended to evaluate the impact of an rateuprediction of the
interzonal mass and heat flow on the performancehef building energy

simulation tools.
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