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Abstract
Buoyancy driven flow between two finite zones containing fluid of slightly

different density is investigated. Two zones separated by (i) a single common
doorway, and, (ii) top and bottom vents.

In the former case, a twlayer exchange flow develops @ndhe barrier is
removed. In the zone that initially contained dense fluid, a buoyant plume of light
fluid mixes with the dense fluid leading, over time, to the development of non
trivial ambient density stratification. Meanwhile, dense fluid flows asaaityr
current into the zone that initially contained light fluid. This gravity current
reflects from the end wall and propagates back toward the opening in the form of
an internal bore. When the bore reaches the opening the dynamics of the exchange
flow are substantially altered. Such coupled dynamics of the two zones are
modeled using elements of gravity current, internal bore and plume theory.
Depending on the geometric parameters two scenarios are possible. Either the
terminal position of the first frorltes above the bottom of the barrier, or it lies
below. In the latter case, the associated complications are (i) the nature of the
exchange flow changes once the downwanapagating first front surpasses the
bottom of the barrier, and, (ii) the termirsdtatification in the zone that initially
contains the light fluid now includes an intermediate layer. We also present a
model that presumes that both zones remain-mvidéd.

When the two zones are separated by top and bottom vents, two oppositely
directad exchange flows are generated. The transient evolution of the interface,
stratification and buoyancy in each zone are estimated both for the case where the

light zone does and does not contain a source of buoyancy. Attention is focused



on the influence othe effective area, source buoyancy flux and the time during
which the source is switched on.

Similitude experiments help to identify the limitations of the analytical models for
each scenario. The implications of our results on the design of-zouk

buildings that exploit passive heat gains are also discussed.
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Chapter 1

Introduction

1.1 Background and motivation

The built environment is a primary consumer of energy and contributor of
greenhouse gas (GHG) emissions in North America. In Canada, abethtirone
of GHG emissions and about ehalf of electricity cosumption are attributed to
buildings[1]. The environmental demands and limited sources of energy urge us
to find new strategies for energy savings bnoildings. Thus exceptions to
Santamouri s' observation that fenergy <cons
I i f E2¥need to be found and exploiteds though to underscore the point, the
Canada Mortgage and Housing Corporati8hcarried out a survey in 2004 to
assess the benefits of ventitatisystems in new Ontario houses. They found that
"In mid-summer, almost 10% do not open windows at all, which may indicate
continuous use of air conditioning systems. These houses would benefit from

mid-summer ventilation to provide fresh air".



We spend bout 90% ofour lives indoors. Poor indoor air quality (IAQ)
has been linked to lung diseases and affects other parts of the[#jody
Improvement of indoor environmental quality and comfort increases the
productivity of occupants and provides an inviting healthy environment.
Moreover, it is a common phenomenon that people find it necessary to dress more
warmly in airconditioned builthgs in the summer than they would if they were
outside. In such cases, mechanical ventilation systems produce an uncomfortable
environment for occupants in some circumstances. Aside from concerns about
building energy efficiency and climate change, enlmanindoor air quality is
also an important task to be addressed by architectural fluid dyn§Bhists

In this spirit, he building industry must aceonodate three interrelated
objectives: (i) reduce and optimize the energy required for heating, cooling,
ventilation; (ii) increase IAQ and comfort for building occupants; (iii) promote
sustainable design through the use of environmentally friendly arevadte
energy sources.

In light of the above objectives, there are many strategies for improving
architectural design and practice, among which the importance of passive solar
design is welrecognized 6]. Passive solar design encourages the adaptation of
architectural strategies such as using wide stading windows and attached
solaria[7, 8]. However, making efficient use of the heat collected by solaria by
redistributing this heat to other zones within the building requires a detailed
understanding of architectural exchange flow.

Buoyancydriven flows arise due to inevitable temperature disparities
between building zones which in turn result from a difference of zone orientation
relative to the sun or because of hgaherating electrical devices in one zone but
not another. The dynamics of lyamcydriven flows between two interior zones
are, as we shall demonstrate, tightly linked to thermal pluK®eswledge of the
mixing processes associatadth plumes is therefore important for the proper
design of ahconditioning systems or for increagirthe efficiency of natural
ventilation (Linden9]; Liu et al.[10Q]; Linden et al[11]).



Moreover, as indicated by Fang et [dl2, 13], people perceive the same
air as being of poor quality in a warm condition but of better quality at lower
temperature. Hence, knowledge of the time evolution of the temperature profiles
within a given building zone has an impact both on IAQ and also energy
performancg14].

Caulfield and Wood$15] identify a pair of other industrial examples of
flows due to buoyancy forces within (industrial) buildings, namely the storage of
liquid natural gas or of liquid chlorine, which is used taify water; both are
volatile fluids stored under pressure. If a rupture occurs in the storage network,
the liquid vaporizes and the gwoduced gas then represents a threat to workers.
Knowledge of mixing in such process is vital for (i) evaluating tnewnt of the
contaminated air which may escape through the vents located in the building and
(ii) informing decisions concerning gas detector placement. Another example for
architectural interest includes the ventilation of smoke from a fire (Merci and
Maede [16]). Fires generate hot gases and other combustion products, usually at
temperatures above 10@) The low denity of the hot gases produstrong
buoyancy forces, whichkarry particles and smoke far away from the fire itself.
After reaching the ceiling, the smoke plume spreadsa ggvity current and
afterwards fills the room as a filling box floM7]. For purposes of adequate fire
safety planning it is important to estimate how quickly the smoke fills the space
and also how the concentration of smoke in the occupied zone changes with tim
(Rooney and Lindefi8]).

Motivated by such applications, there has been substantial interest in
understanding the details of buoyant convectiomfrisolated or distributed
sources. In their classical work, Morton et[49] proposed a gquantitative model
for the dynamicof a Boussinesq buoyantirbulent plume and tested it against
laboratory experimental data. In contrast to our focus here, they assumed that the
ambient density remains constant in time, i.e. the environment is effectively
infinite compared to the scale of the plume flowing thtoutg However, if the
ambient is not infinite, this assumption cannot be applied. Fluid which has been in

the plume soon spreads out along the ceiling and modifies the ambient, and due to



re-entrainment, it changes the behavior of the plume. Thus, adependent
solution which takes into account the interaction between the buoyant plume and
the evolving ambient is required. Baines and Tufta& proposed & f i {bloixm g
model in which the details of such an interaction are outlimey solved the
governing equations asymptotically and described the late time stratification
assuming that the buoyancy inside the control volume increases lineartyein ti
Worster and Huppeif0] further developed the moddle toBaines and Turner

[17] and presented an approximate analytical expression for the density profile in
a filling box as it evolves with time.

In both the works of Worster and Hupptf] and Baines and Turngt 7]
however, the source is assumed to be idealthe source volume flux is zero. In
many real problems, the source of buoyancy may also involve a source of mass.
Germeleg2]] introduced a numerat scheme to solve the governing equations
for both the plume and the ambient, in the cassuzhnorrideal plume. His
approach gives the ambient density profile as a function of depth and time.
Caulfield and Wood$15] using Germel esb6bs numeri cal S C
the flow within an enclosed space with a single vent and a localized continuous
source of buoyant fluid which is modeled as a plumgedters and Wood22]
examined an enclosed volume of buoyant fluid connected to the exterior through
two openings at the top of enclosure. An exchange flow is established, with the
outflow through one opening g matched by an equal and opposite inflow
through the other. They proposed a mathematical modgliantify these effects
and validated their modailith laboratoryexperimental results.

In all of the above studies, the interior consists of a siagtee In the
architectural case, however, buildings rarely are single interior spaces. On the
contrary, buildings are typically characterized by multiple rooms and corridors.
Therefore, it is of interest to investigate the exchange flow betweebuilkbng
zones connectedhrough an opening=xtending the work of Linden et 4ll1] on
the ventilation in a single space, Lin and Lindg8] developed a model for the
ventilation of two chambers of equal height connected by two openings, one

located at the bottom of the space and the other at the top. Thapastigated



the effect of a heat source, modeled as a turbulent plume, on the mixing process
and presented experimental results to compare with their theoretical model.
When, as with Lin and Lindef23], building zones are connected by two (or
more) openings the flow through any individual opening cdgpically be
modeled as unidirectional. If, however, there is only a single opening, then a bi
directional exchange flow must result. This case is more complicated because the
exchange flow is a twtayer flow and onethereforeneeds to determine the
velocity and depth of each layer. Moreover, Lin and Lind@sh did not explicitly
consider the horizontal flows in their study. Finally, Lin and Lin{28 assume

that both zones have the same density airtiti@l instant In practice, the two
zones may havdifferent initial temperatures which, as we shall argue below, can
contribute signiftantly to the exchange flow.

In light of the gaps of knowledge identified above, our principal objective
is to model the exchange flow between two interior building zones. These are
separated by a doorway or a number of top and bottom vents. Due to the
conplexity of the flow, we decompose the problem into various elemental pieces
such asaturbulent plume, internal bore, gravity current and volumetric exchange
flow. In this spirit, we construct a composite model consisting of various elements
studied by othrs e.g.Baines and Turnefl7] who developed the theory for
describing evolution of density in a confined regiGermeleg21] who devised a
an efficientnumerical scheme to solve tfiling box equations Benjamin[24]
who proposed an analytical model fibve propagation of the gravity currésj
and Klemp et al[25] who studied thenotion of the internal boreNe modify the
associated governing equations as necessasnsure that thegre consistent
with the physics obur particularcircumstancewhich entails a dynamic coupling
between the adjacent zones.the &#sence of a composite approach of the type
studiedin this thesisit is unlikely that the predictions of thewer-ordermodel(s)
would accurately describe the transfer of buoyancy from one zone to the other
The specificresearch gap our work aims td f8 to analyzebetterthe flow rates,
stratification and buoyancy distribution for a twone buildingseparated by a

doorway or a pair of top and bottovents. As independent parameters, we shall



focus much attention on those related to geometry e.gddbevay height, the
relative length of the two zones, the number of top and bottom vents, and the
height of the building.

1.2 Methodologies for nodelingair flow in confined zones

If the goal of ventilation is to create a thermally comfortadsieironment
with suitable 1AQ, it is essential to have the appropriate tools to be able to predict
ventilation performance and the associated energy costs. This section provides an
overview of those methods for predicting ventilation performanceanaytical
models smaltscale (similitude) expements, fullscale experimentsand
Computational Fluid Dynamics (CFD26].

Before outlining the methodologies, it inecessaryto define some
terminology fora ventilationproblem.For simplicity, and consistent with Linden
et al.[11], we shall here consider a single zone building, however, the underlying
ideas and terminology may easily be applied to more complicated geometries as
we demonstrate lateRepending on thegsition and number of vents, two types
of ventilation flow ketween an interior and exterigray arise, namely mixing and
displacement ventilation see Figure 4L [9]. If the outside temperature is colder
(warmer) than that of the interior, by opening a single opening at the top (bottom)
of the building zone the buoyancy forceausecold (warm) exterior air to
descend (rise) within the interior. This air mass wiltwmoulate in the lower
(upper) part of the space. This type of ventilation, which is characterized by
nearly uniform temperature stratification and a4ayer exchange flowhrough
the vent, is referred to as mixing ventilation. In contrast, if the imaso
connected to the cold (warm) environment by means of upper and lower vents,
there will develop two opposite unidirectional flows; the warm (cold) air of the
interior leaves the space through the upper (lower) vent while it is replaced by
exterior cold (warm) air that flows through the lower (upper) vent. A stable
density interface forms between the warm, upper layer and the cooler, incoming

air. This type of ventilation is referred to as displacement ventilation.



Figure 1. Schematics of mixing ventilation (a) and displacement ventilatiorB@gmed
on Figure 1 ofLinden[9. I n panel (a) a fan is ad
emphasize that the zone remains waiked during the exchange of interior with t
outside.

1.2.1 Analytical models

Analytical models are derivefiom the fundamental equations of fluid
mechanis and heat transfer, such h® mass, momentum, energy, and chemical
species conservation equatiohtowever, to make the equations mathematically
tractable, these models ofteise simplificationsof both building geometry and
flow propertiesn order toobtain aclosedform solution.

In case of displacement ventilation with no internal source of buoyancy
the room aiiis, after a finite time, fullydrained ands replaced with thexterior
ambientair. Linden et al[9] derived ananalyticalequationto calculatesuch an
ending timefor a single building zone, which depends on top and bottom vent
areas, cross sectional area and depth of the building zone

Conversely, byincluding a single source of buoyancy, a steady state
interface developsSandberg and Lindstrorf27, 28] and Linden et al[l1]]
showed that, pressure differences between the exterior and interior produce a
natural flow that leads to a simple stratification comprising two layers separated
by a horizontal interface.



Quialitatively similar ventilation states are realized if the single source is
replaced by sources of equal strendi®, 11]. However, if there aré sources of
buoyancy of unequal strength, p well mixed layers will develop in the room
at steady stateith each plume terminating its correspondindayer[29]. Thus,
the source with the largest valuetbé buoyancy flux ascends to the highkster
while the source witlthe smallest valugor the buoyancy fluxascends to the
lowest layer

There are many situations, especially involving solar gains, where the
sources of buoyancy are distributed over a surfdffeen the surface is horizontal
certain key details of stratificatiodue to single source of buoyancy cdre
adoptedwith only minor modifications[30].

The models described abowaly focuson theproperties of the terminal
state and therefore ignotiee transient evolution of the interface in #ome This
is a nontrivial simplification: if one wishes to compute the steady state interface
height, it can be shown that this parameter dependsaonthie areas ahe top
and bottom vent and therosssectional areand the height of the building. The
source parameters do not come into play

Kaye and Hun{31] studied the initial transient thaissociated withan
6rapt yi ng fwhicH consigts ob ooxtdl volume wititop and bottom
vents and a source of buoyanalpng the floor They identified two important
time scales: the filling box time, representative of the time tdkedischarged
plumefluid to fill the control volume and thedraining box timerepresentative of
the timerequiredfor a ventilated box to draithhe buoyant fluid.They showed that
the steadystate elevation of theinterface depends othe ratio ofthese two
timescales, which arthemseles functions of geometrical parameters, dhp
room height, crossectional aresand number of open vents, as well as the
strength, number and distribution of the soaebuoyancy.

In the above models, it is assumed that these separate layers neaflain
mixed. Stratification in realistic cases does not generally exhibltaspchange in
density between two internally wettixed layers apresumed abovédnstead, a
more graduaVariationof stratification is observed from the bottota,the top of



the control volumg32-34]. Thus there is a benefit to employing models that can
account for sucka continuous stratification of fluid densityarticularly if one is
interested in the early time evolutip3g].

Regarding the exchange flawat develops between interior and exterior,
a seminakheoretical ad experimentaivork is that ofBrown and Solvasofi36,

39]. They considereda rectangular opening in a vertical wald introduced a
discharge coefficient to accoufiorr thedeviation of the actual exchange flow rate
from its maximum (ideal) valueSuch a deviation is due, say, ¢dmssstream
mixing in the counterflowing shear layer or viscosity effeSimilar results were
obtained by others, e.§haw and Whyt§38] and Linden and SimpsdB9], most

of which are applicable toan openingwith symmetrical geometryDalziel and
LaneSerff[40] showed that the flow at the opening is critical (and maximal).

Although most of thgpapersdescribed above fall under the category of
Acl assi cal studi es 0 ,contime na Ilba rappliedeinhodol ogi
contemporaneous investigatioris particular, the anglical approach continues
to offer simplicity, rich physical meaning, andnodest computational
requirements To highlight morerecentadvances, a brief literature review is
provided below that deliberately samples different aspects of buocyhiven
ventiation flows.

Chenvidyakarna and Wood41] studied the natural ventilation between
an occupied interior witthe ambienthrough top and bottom vent®ccupants
are modeled as heatources eackvith constant buoyancy flux. They posiuo
important questions regarding thssociatethuoyancydriven exchange flow with
the exterior: (i) what flow regimeare possibledependingon the geometrical
parameters, e.g. the plan amarelativepositionand areaof the vent8 (ii) In
each regime, what is the rate o¥entilation and how can one estimate the
temperature profilesat steady state”Regarding the former questionhely
identified three regimes of exchange flow at steady .dtateeach regimé& was
possible to predidhe temperaturprofile in the space.

Fitzgerald and Woodp42] investigated the steady state ventilation of an

enclosed spaceontainingtwo ventsthat are above the floor level. One vent is



connected tahe (infinite) exterior via a stack of a finite length while the other is
connected directly to the outside. To account for the impact of the heat source
within the building,Fitzgerald and Woodp42] considered both distributed and
point source of buoyancy at the floor. In case of a distributed source, they
characterized three regimes of exchange flow dependirigeorlative height of

the two vents anthe length of the stack. They found that if the vent connected to
the stack is above the other vent then there is a unique exchange flow while for
the opposite caséwo further regimes of exchange flow are possiBlegarding

the point source of buoyancy, howewise problem is more complicated athey
identified sevendifferent exchange flow regimedén eachcase exchange flow

rates and stratification profiles aodtained Moreover, Fitzgerald and Woods
[42] developed closetbrm expressiongn terms ofbuilding heightand the vent

and stack aresto predict the transitions between these flow regimes.

Coffey and Hunt [43] developed different analytical models for
calculatingthe ventilation effectiveness, which is defined as the ability of a flow
to flush buoyancy from a ventilatespace be it well mixed or stratified. They
extended their research @nfollow up studyf44] and identified four flow patterns
(one or twolayer flow through the agmings with weak or string interfacial
mixing) for the case where buoyant fluid drains from a confined zone into a
quiescent ambient. They found th#te three most importangeometrical
parameters arthe ratio of initial layer depths (in case the intariis initially
stratified with cold fluid underlying hotter fluig the effective vent area and the
horizontal length scale of the top opening relative to the initial dense layer depth.
They considered the transient evolution of the interfaci# it reaches steady
state. Coffey and Hunt[43] showed that their predictions of interface height
converges to the predictions of Linden et[all] provided that the interior is
initially well-mixed.

Aside from the stack flowproblem analytical models are also developed
to address questions concernotgerrealms ofventilation. For mstance, Holford
and Woodg45] used analytical models to study the thermal buffering of naturally

ventilated buildings containing internal thermal maés. a weltinsulated
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building, the function of thermal massttseven out temperature variations due to
solar gains, which have a more intense and variable pattehermal masshus
actsasa heat sink duringhe day. Stored heat is released to the interior dfeer t
sun has seto regulateinterior conditions They solvedthe conduction problem
through the thermal mass impodeyl a harmonic variation in thenvironmental
temperature They further characterizedthe important time scales caused by
various heat transfer processes in the spacelmscdverechow each parameter
impactsthe fluctuations in the interior temperatuBuch information is usefurh
guiding the application othermal buffering materiain orde to minimize the
temperature fluctuationserceived by the occupants.

The solar chimney desigentails absorbing solar gains and thereby
producing anair breeze inside the spac®y analyzing chimneyassisted
ventilation Bassiouny and Kourf46] obtained a simple relationship between
solar intensity and room air temperatuBassiouny and Kourpd6] investigated
the influence othe chimney inlet size and width on the space ventilation. They
found that chimney width hasgreater influencen flow rate compared to the
inlet area size.

Because of the importance of understagdthe details of the indoor
environmentvis-a-vis indoor air quality, Bolster and Linden studied the steady
state [47] and transient[48 transport of particulate contaminants in a
displacemententilated space. Analytical models were developed to compare the
average efficiency of contaminant removal between traditional and manlern |
energy systems. It was found thetereaghe spatiallyaveraged concentration of
particles for traditional mixing systems (with one vent for the ventilation) and low
energy displacement systems (with multiple vents for ventilation) are similar,
local mncentrations vary significantly.

To conclude this subection, we now focus othe relevance of the
research to analysis and modeling of sunspaSégarerand Porteouq49
provided field evidence that attached sunspaces can be net energy contributors in
moderate climatesuch as Scotlanaven in winter season with low solar gains

Mottard and Fissorg¢50] providel reports of models of sunspaces validated with
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full-scale field data. In particulaMottard and Fissor¢50] consideredadiation
exchanges in the long infrared and the distribution of solar radiation in the
sunspaceThey also included the conduction through the widliey showed that

the view factor weighted approach notadequate for modeling building zones
for which a large fraction of the incident sotadiationeventually is lost, e.g. in
spaces thatavehighly-glazed windows.

Oliveti et al. [5]1] calculated the solar gains of the sunspace and the
adjacentair-conditionedzonesfor some lItalian localitiesThe parameters they
considered arthe exposure, the optical properties andtblieemal capacity of the
opaque surfaces, thmpacityof ventilation and the shadingquipment.Using
their numerical solution to the optical problem of incident solar radiation
absorption through the windows, the operative temperature of the sunspace was
determined considering the thermal comfort of occupants at the adjacent spaces.

However, the above works did not consider the air flow patterns with the
level of details that are achieved by using filinmgpp x t ypeds sol uti on:e
instance,Mottard, and Ksore[5S0 used the Newtonds | aw of C
depends only on the convective heat coefficient and the average temperature
differences of the two zones. Such ralddg is equivalent to approaches that
assume both zones remain wmlixed and does not take into account the zonal
stratification. Therefore, as we see in Chapters 2 affdrhe exchange flow
with bottom doorway between the tvealjacentzones) many inportant features
such as the sudden change in the exchange flow once the internal bore reaches the
doorway or as we see in Chapter 4 (for the exchange flow with top and bottom
vents between the two adjacent zones and in the presence of a source of
buoyang), the stratification induced in the dense zone after a finite time cannot
be described by their analysis. Likewise, the dynamics of horizontal currents (the
bottom and top gravity currents or the internal bore) have not been considered in
any of the work cited above. Nonetheless, their analysis can be incorporated with
filling-box type modelingo give a more realistic description of the problem

insofar as the radiation is considered
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1.2.2 Experimental models

At full scale, high quality measured data candifécult to obtain due to
the complexity of airflowpatterns associated withuilding ventilation.This is
more pronounced for iBitu measurements where experimentalists may not even
know the boundary coiitébns in their test§26]. (In-situ experiments arthose
carried out in largendoor environments such as theatres or athletic hatigsh
are heavily instrumentetb measure the quantities of inter¢Sg]). Moreover,
full-scale experiments can be vepensiveandtime consuming to construct and
may not even bpractical.

Small-scaleexperimentsare much more economicahd can, if conducted
carefully, still offer meaningful quantitative data for fsltale design. An
appropriate caution was, however, added by Lin@nHe noted thatarrying
out benchtop experiments fonaturally ventilated buildings is more difficult than
for mechanically forced buildingsecause othe increased effects of viscositt
small scaleln order tosolvethis problemagroup atthe University of Cambridge
developed the methodology of smadlale modeling using water as the working
fluid [11, 53]. Density differences are then creategladjusting the salt content
rather than the temperatuséthe waterThe rationality behind thiapproacthis as
follows: the buoyancy force can be expressed in ternteexfeduced gravity,Q,
defined asQ "Qu' I with "Qas gravity and as density9]. If we assumehat
compressibility is weak so th#te density is only a function of temperaturbet

density variations linearly proportional to the temperatutisparityin the flow

field. The reduced gravity can then be expresse@asQ— "Q— where’Yis

measured in KelvinThe relevant dimensionless parametars the Reynolds
number2 A — and the Peclet numb8rA —, wheregand| are the kinematic

viscosity andthermaldiffusivity, respectively, andYis the (buoyancy) velocity

which scales as "Q0and"Ois the height of buildingHence,2 A and

0 A ——. If both Re ad Pe have valuekrger than 18 the flow can be

considered to bendependent ofiscous and diffusive effects. Provided reduced
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scale experiments are run in this parametric regime, they are therefore
dynamically similar to real architectural flow®, 57]. Water is used as the
working fluid because the corresponding value$ @ind| are smaller than for

the associated air flow; in addition, it is easy to achieve relatively large values of
‘@eMoreover,flow visualization iseasierin case of watersay,by adding dye or

food coloring In addition to saline and fresh watselect reearchers have used

hot and coldiquids [61, 37], or ga®s[63] as the workindluid. In the latter case

in particular, howevematching the relevant nesimensional numbers is always

a challenging tasg26, 37].

Mott and Woodg65] investigated the natural displacement ventilation of
a space connected to a body of warm fluid through-tagld lowlevel vents. The
space waslso exposed to periodic gusts of wind entering at high level from a
cold exterior.Due to temperature difference between the cold wind and the air in
the building zone, they simulated gusts of wind with identical turbulent buoyant
thermals that were added at regular intervals in their numerous water bath
laboratory experiment&s an impementation of their study, they discussed how
the resultxould beusedfor the ventilation of a shopping mall subject to gusts of
wind. Their experimental results confirmed that the steady state interface height
depends on th&equency andiverage buoyzy flux of wind gusts, and the top
and bottom vent area.

Fitzgerald and Wood®6] focused on a ventilated room with a distributed
heat source and accounted for #féect of penetrative entrainment across two
layers. They illustrated that three different ventilation modes may develop
depending on the initial temperature of the room relative to the final equilibrium
temperature and the exterior temperatimarder b simulate the impact of a heat
source they added a heater to their experimental setup. Hencsufmemented
their salt bath experiments with thermocouple measurements to record the
temperature of wateas a function of timeThe shadowgraph techniquas used
as the visualization method.

Chenvidyakarn and Woodg61] investigated the transient natural

ventilation of a warm room connectema cool exterior throughraupper stack on
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the ceiling, and into which air is drawn through a lower vent connected to a
cooling unit beneath the room. They carried out analogue experiments to observe
the transient draining of a room with preoling using the sabath technique.
The results from their proposed analytical model and the sovalk model were
in close agreement.

Livermore and Wood52] useda similar experimentdkechnique to study
the natural ventilation of a building with heating at multiple elevations. The
experimental prototype consisted of a small acrylic tank ofithéty cm with two
floors connected to a common space, which may resembial atrium. A
shadowgraph technique enhanced by tracer dyesused to measure the flow
direction and magnitude through the openings and within the tank.

With several 1:10 scaleadels, Morsing et a[63] determined the effects
of internal airflowand floor design on gaseous emissions from animal holmses.
their paper, and using ammonia as d&acer gas emissions, the results of
experiments withdifferent floor layouts were presentexhd their impact on the
resulting bulk airflow patterns discussed

Phillips and Woodq64] analyzed the exchange flow between an interior
space and the external ambient through a single doorway. They carried out
similitude experiments that characterized the room filling timefas@aion ofthe
doorway and room geometry. They concluded that in typical building8®Gmin
is required for the exchange flow to fill a room once a door has been opened.
They also examined the impact of the buoyancy source on the interface height.
Accordng to Philips and Woodgs4], the depth of this interface depends on the
ratio of the width to lengthof the doorway, but may typically extend overeo

half of the dorway height

1.2.3 CFD models

Computational Fluid Dynamics (CFQlgorithms numerically solvéhe
Navieii Stokes equations, i.e. conservation of mamementum and energy.
Advanced numerical techniques also include conservation of chespeaks in
case of air pollutiornvestigations Many important parameters related to internal

and external flows within and around buildings are resolved by CFD analysis,
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including air presure, air velocity, air temperature, the concentrations of water
vapor (relative humidity) and contaminants, and turbulence param@fedd].

Commercial softwareuxsh as FLUENT68] or CFX[69], as well as open
source package such as OpenFOAM are also popular among researchers and
practitioners. For instance, Abantoa et[@0] numerically studied air flow and
predicted comfort properties the visualization room of a research centre using
FLUENT. They solvedthe aforementioned conservation equations along with
equations that parameterized the influenceslothing insulation and metabolic
activity measures to obtain standard indoor air quality indices such as the mean
age of air, the predicted mean vdéés a recognized thermal comfort mocdstd
the predicted percentage of dissatisfied room occupants. Using commercial
software allowed therto considerelativelyfine details, which, in turn, resulted
in greater simulation accuracy.

Turbulent flows areassociatedwith fluctuations in the key flow
parameters such as velocity, temperature, density, etc. Turbulent fluctuations
occur over a wideange of length and time scales. The large scales can be of the
order of length scale of the problem, which in the case of flow within buildings
can be quitesignificant. On the other hand, fluctuations may be as smalieas
Kolmogorov scale (with highréquency), whichs submillimetric. This variation
of length scalesignifies that finelyresolved numerical simulations will be
expensive to determine in terms of the required computational resdqudies
Correspondingly the equations areftentimes time-averaged (or otherwise
manipulated) to remove the small scales, leading to a modified set of equations
that are computationally ledsxing to solve. As a result ofuch averaging
however,additionalunknownsemerge in the modified equations andoulence
closure schemeare needed to determine these variables in terrothef known
guantities In the context of ventilation modelling, the two most widely applied
two equationclosure schemeare the standar® j model[70] and the RNG
Q T modek[72].

Choosing the appropriate closure equations typically necessitates a
systematic parametric study to be comple€@fcourse, various efforts have been
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made in this direction such as buoyamsgdified RANS models, Algebraic
Reynolds Stress Model (ASM), ASM af@d | hybrids, and th&) | turbulence

model 6eeChungand Devaud[77]). Others have also attempted to apply Large
Eddy Simulations (LES) to model turbulenc&, 46]. Zhai et al.[76] reviewed
popular turbulence models that could be used for indoor environment modeling.
However, an overarching conclusion to be drawn from ChamggDe v aud 6 s
discussion is that different tegiques yield different degrees of physical realism
and so special care needs to be applied in the choice of both closure scheme and
associated parametric valu€mmercialor homemadecodes may also become
unstableand the solutionare notunlikely to convergeor they produce unreliable
output for flows that are very strongly stratified (Versteeg and Malalasgkélya

This is mainly because the impact of buoyanaythe dissipationrate,T , is not

fully understood yet(see ANSYS FLUENT Theory Guide, Release 14.0,
November 2011, P. 59)n addition, threedimensional numerical simulations,
even those which model therbulenttime and length scales instead of resolving
subgrid eddiesand so employ a coarse numerical grebuire significant
computational resources and therefore renmwhibitively time-consuming in

many cases. The computational cosbficoursemore probleratic when a time

critical simulation or a fast edemand prediction is desir¢b, 57].

1.3ThesisOutline and Scope
In Chapter 2, thehydraulics ofa Boussinesq twdayer exchange flow
between two finite regions is considered both theoretically and experimentally.
The key highlightgollow.
1 The exchange flow between building zones of different temperature is
modeled.
1 We study the transient, coupledoltion of the zonal density profiles.
T The density jump across the first front decreases abruptly after a certain
point.
1 Similitude laboratory experiments are conducted for validating model

predictions.
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T Good agreement with experiments is noted for a wadge of

geometrical parameters.

In Chapter 3this previous analysis extended to cover a significantly

broader range of geometric parameters, focusing especially on the common

doorway height)Q and relative length of one zone to the othiée key hghlights

follow.

We study stratification due to exchange flow between zones of different
temperature.

Different exchange flow regimes are reported dependiirog the
architectural parameters.

The merits and demerits of models of weliked and fillingboxtype are
explored.

Similitudelaboratory experiments are agawnducted for validating the
model predictions.

The application to attached solaria design is discussed.

The analysis of Chapter 4 represents a further extensi@habter 3in

which case theoorway is replaced with a series of top and bottom vé@iies key

highlightsfollow.

il

An analytical model is derived to analyze the ventilation process in the
absence anh the presence of a sourcEbuoyancy

Different exchange flow regimes avbservediepending orthe source
strength.

The spatietemporal golution ofthe stratification and buoyandg

reported

Similitudelaboratory experiments are agaonducted for validating the

model predictions.

In Chapter 5 the key conclusions arising from the present study are

summarized andleas for future research aoetlined. Moreoverkey analytical

and experimental details are presented inafy@endices. In particular, Appendix
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A gives the relationship betwa the heat flux and the buoyancy flé&ppendix B
briefly presents the derivation of the esided line plume fillingbox equations,
which areused extensively irChapters 2. A discussion of the associated
numerical algorithm is also givebincertaintyanalysis, the raw experimental data
for Chapters 2 and 3 and the raw experimental data for Chapter 4 are presented
respectively in Appendices C, D andEnally, AppendixF shows the technical
drawings of the nozzle designed as a part of the experinsitg) described in
Chapter 4

Chaptes 2 and 3 of the thesibave already appeared Building and
Environment[81, 82], an international journal that publishedginal research
papers and review articles related to building scitrMeanwhile the material of
Chapter 4 will soon likewise be submitted for publicatiBarthercontributions

and outcomestemming from this thesis are givenTiable 1.

Table 1. Scientific contribution arising from the present thesis.

Journal/ Conference

Chapter Proceeding Status Co-author
) Building Environ. Published (35 pages M. R. Flynn
65th APS-DFD meeting Presented M. R. Flynn

Building Environ. Published (37 pages

: th M. R. Flynn
3 Jtohlntll R_EHVAand Published Extended
8" International b M. R. Flynn
Conference ohAQVEC abstract 10 pages)
4 ) To besubmitted (40 M.R. Flynn

pages)

Moreover, Ihadthe opportunity to present my woak theAnnual General
Meetings associated with tiNSERC Smart Netero Energy Buildings Research
Network (SNEBRN), helth May 2012 inHalifax, Nova Scotia angh May 2013
in Ottawa, Ontario. As an active member of SNEBRN s har e the organi z;

visionit o perform the research that wi || fac

! http://Iwww.journals.elsevier.com/buildirgnd-environment/

19



regions of Canada, by 2030, of optimized NZietzero energy building]

energydesignah oper ati on concepts suited to
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Chapter 2

The hydraulics of exchange flow
between adjacent confined building

Z0Nes

2.1 Introduction

The exchange of a buoyant fluid of finite volume through one or more
openings with an adjacent volume of ambient fluid is a common problem in fluid
mechanics with numerous examples in natural, indlstand architectural
settings[1]. Important examples in the latter circumstance include the exchange
of hot and cold air between the inside and outside of a buildiybetween
different zones within the same building. The temperature difference between

such zones produces buoyancy forces that drive the flow. Knowledge of the
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mixing process associated with such an exchange flow is important for the design
of HVAC (heating, ventilation, and air conditioning) systems or for increasing the
efficiency of natural ventilation [B].

Consider two zones with different temperatures in astoeey building.
The temperature difference can be a consequence of a differenzenef
orientation relative to the sun or because in one zone high load (i.e. heat
generating) electrical devices are used. If the temperature difference is small, the
Boussinesq assumption implies that

rY Y — (2-1)

wherel is the coefficient of volumetric expansion (for ideal gdsept’Y, Y
and"Y are the temperatures in the dense and light zones respectively, with the
densities” and” similarly defined, and’ is a reference density, e.g. the
dersity of the dense zone. In the simple model suggestdeddoye 21, the cold

zone dimensions af® J/b w with ‘Oas height/bas length andy as width.

The total length of both hot and cold zones.is

(@) -0

f

’ Light Zone P¢
i

h

Light Gravity Current  (h) y<¢;

L
(c) t<t, (d) r>1,

Figure 21. Schematic of the exchange flow at (g) 1, the instant when buoyanc
driven motion begins, () 0, before the dense gravity current reaches the right
wall, (c)0 0 0, after reflection of the dense gravity current as an internal bore,
(d)o o, after the bore has reached the horizontal position of the opening,
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Loosely mimicking lhe sudden opening of a doorway between the building
zone$, let us suppose that the vertical barrietat dis partially removed at time
0 T. As indicated schematically iRigure 21, for 0 Tt the barrier spans a
distanceéO "Omeasured from the ceiling. F& 'O two qualitatively different
kinds of flow are observed: a gravity current of dense fluid traveling at constant
speed from left to right at the base of the hot zone and a buoyant plume rising
through the cold zone. In the latter case, ambient (dense)dlentrained into the
plume, which forms a (light) gravity current of its own when it reaches the
ceiling. Over time and as the buoyant convection and entrainment continues there
will develop a stable stratification of density in the ambient in a matesaribed
by thebdédkolthegry of [7BAcordiagly densedluidfolir ner
density” is separated from fluid originating from the plume by a horiont

Afirst fr ondttdatdedcendsloventiamd. Meamvhile to the other side

of the vertical barrier, and after some elapsed time,sayg , the (dense) gravity
current will reflect from the right end wall whereupon a rigghteft traveling
internal bore will be generated. The bore has a total Héfitavels at constant
speetld hand reaches the openingcat & atd 0, say. Foo 0, the source
conditions of the buoyant plume will be different from those dor 6 and
slowly varying in time in a manner to be described below. Phillips and W@&pds
analyzed the exchange flow between an interior space and the external ambient
through a singledoorway. They carried out similitude experiments that
characterized the room filling time as a function of doorway and room geometry.
They also examined the impact of the source buoyancy on the interface height. In
their analysis, however, Phillips and Wds [8] considered an exchange flow that
remained critical (i.e. fully controlled) for all time. Moreover, Phillips and Woods
[8] did not consider the details of tHevolving) interior stratification in the
context of a filling box analysis. This latter simplification was relaxed in the
follow-up investigation by Caulfield and Wood8], who investigated the

2 To reiterate, and for simplicity, we herein restrict attention to cases where the opening
spans the widthp , of the building zones. Based on the analysis of Dadmiel LaneSerff [16],

we expect qualitatively similar flow behavior whéi¥w  p in which 0 is the opening width.
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transient evolution of an interior space forced by a thermal source of fixed, but
nonzero, volume flux. The interior and exterior spaces were able to exchange
mass and buoyancy through a single-lewel ventlocated at the same elevation
as the source, i.e. at 0 in the coordinate system Bfgure 21. This analysis
was extended by Keusters and Wo@tl3] who added a second vent connecting
interior to exterior. In both cases, and because of the finite source volume flux,
the first front reached thsource elevatio® O in finite time. Moreover, the
exchange flows of interest occurred between the interior and (infinite) exterior
spaces. Here, we take a different approach and examine the exchange flows that
arise between two interior zones of finiileeswhere the dynamics to one side of
the vertical barrier influence the time evolution of buoyancy stratification to the
other side. In the zone that initially contains dense fluid, flow dynamics are
modeled by adopting the fillingox model of Baines andurner [7] and
Germeled11]. In the zoneHhat initially contains light fluid, concepts from gravity
current and bore theory are employed-#]. The hydraulic exchange flow at
@ 3§ connects the two halves of the problem and determines the source
conditions for the plume and dense gravity cutrent

Therefore, our principal objective is to construct a composite model that
combines various elemental (though nontrivial) pieces studied by others e.g. [7,
11-14]. Doing so gives us new insights into the flow physics associated with, say,
a sudden change the source conditions in the context of the fillimgx flow
shown schematically ifigure 21. As we shall demonstrate, the dynamics of the
two zones illustrated irFigure 21 are highly coupled. Therefore, in the absence
of a composite approach of the type described above, it is unlikelyth@at
predictions of the associated (lowader) model(s) would accurately describe the
transfer of buoyancy from one zone to the other.

Throughoutdis considered to be similar in magnitudeito /tso that the
gravity current and bore speeds remain cartstatime. Cases whe@L 0 Jb
oral 0 aare of less architectural relevance and will be explored in a follow
up investigation. Moreover, we restrict our attention to instances where the first

front illustrated inFigure 21c does not reach the top of the opening, which occurs
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when"(XOand JBU are respectively large and small (§&égure 26b below). If

the first front were to reach to the top of the opening at'Q there would be a
further abrupt change to the source buoyancy flux of the plume; we defer this
scenario to a follovwup investigation.

In Section 2.2 aspects of the theory are discussed. Whenever necessary,
we derive the equations applicable to our study. In Section 2.3 the experimental
procedure is outlined. The experimental data is compared with theory in Section
2.4. The significanceral application of this investigation is considered in Section

2.5, which also includes a summary of our most important results.

2.2 Theory

The flows described above are, for purposes of analytical efficacy, divided
into three components: (i) a twayer exchange flow at the opening, (i) a
buoyant plume that rises through the dense fluid and yields, through filling box
dynamics to be explained below, a rorial ambient density stratification, and,

(iii) the gravity current and resulting internal bafedense fluid which ultimately
affects the exchange flow and plume behavior.

The large value of Reynolds number allows us to assume that the flow is
fully turbulent. The associated critical value of Re is discussed in the following
section. Because of thelatively low speeds associated with architectural flows,
we assume the flow to be incompressible. Even in exceptional circumstances
where this approximation is questionable, Baines and T{eargue that the
guantitative details of the analysis can be preserved by replacing density with the
potential density. Moreover, because we mimic flows in which the temperature
difference is relatively smalthe Boussinesq approximation can be applied by
which (i) density variations are neglected except where they multiply gravitational
acceleration’Q and (i) temperature variations are assumed to be linearly
proportional to density variations (equatiosl)2 Consequently, the conservation
of internal energy equation can be straightforwardly reduced to an equation for
the conservation of buoyancy.

In the following subsections, we describe the governing equations for each

flow in turn.
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2.2.1 Exchange flow atloorway

The density difference between the two zones results in datweo
exchange flow ato  ain which dense fluid flows from left to right and occupies
the lower portion of the opening to a depth®@f (Figure 21). Light fluid flows
with equal volume flux in the opposite direction and occupies the upper portion of
the opening to a depth 6 "Q "Q . By ignoring the effects of mixing
between thewto-layers, the exchange volume flux per unit width is given as

0 60 061 (2-2)
with & and6 as the vertically averaged fluid velocities in the lower and upper
layers ato 3, respectively.

Many theoretical and experimental studies of exchange flow through a
rectangular opening in a vertical wall have been carried out, e.gl8]J150f
these, the most relevant to our case is DaJiig]l who showed that for a steady,
Boussinesq, inviscid, and incompressible d4ayer exchange flow through a
doorway, theflow regime is critical such that the composite Froude number,

defined asQ —~— ~m— IS equal to unity withd "Q —— the reduced

gravity (" and” are dense and light zone density, respectivélgjng Dalziel
and LaneSer {166 sappr oac h, which is itself
the flow is assumed to be fulgontrolled foro 0, with 0 is the time at which

the internal bore reaches the doorpayd therefore a maximal exchange flow is
realized. One can then shovattihe interface between the upper and lower layers
is not located at the midpoint of the openingwat & Rather for a channel of

constant width’Q satisfies the asymptotic equation

T T

v

alhe

p O O

T !D p "Q p
(N4 0]

tr W
Dalziel and LaneSerf [16] argued that for small values &X¥O (— () the

o C

0 E o o (2-3)
0

Q

€10

Q
Q

interface at the doorway does not vary significantly and always stand above the

mid-point.
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The associated exchange flow rate reads
0 QoQdh o o (2-4)
whereQQ is defined a$15]

QQ

;0
== (25
Q9
P =g Q
Equation(2-4) is used to describe the maximal exchange flowoforo ;
after the boe reaches the opening, the exchange flow rate becomesasdimal
and monotonically decreasing in time. In this case, we instead apply a modified

weir equatior{17] of the form

5 S5 Wow koo o (2:6)

where0 is a discharge coefficienin deriving (26), using Bernoulli's equation,

the dissipationless velocity profile of ¢"Q& is achievedwith & as the distance

above or below the midpoint. This gives a flux Xop¥o'Q T 7
through the doorwayHolford and Hun{18] show that buoyancy forces can result
in a nontrivial reduction of the discharge coefficient from the canonical value of
0.6. For such cases, is a function of the discharge paramatedefined ag19]

p Q Q N
g 0

with| a plume entrainment coefficient to be discussed in more detail in Section

® (2-7)

2.3. Holford and Hun{18] chose the smallety of the line and axisymmetric
plume as a means of interpolating between the two limits. For vertical rectangular

openings buoyancy effects are important focall 1T, andd varies ag18]
6 ™o ¢ ° (2-8)

Wheno 0 the interface height @ ais fixed atd  "Q , however, for
0 0, the interface height must increase with timesquation(2-6) is therefore

solved by combining it with an evolution equationfr of the form
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aQ 0 :
Qo 0 Jb

o 0 (2-9)

It should be emphasized that for all times, including o , the mass conservation
is satisfied.

We integratg2-9) using the fact that ai the depth of the lower layer is
equal to the depth;Q, of the internal bre (Figure 21c). After some
straightforward algebra, it can be shown that

0 T ; L
o) p N 0O O
6 C (2-10)

qQlo

Q

Clearly'Q © "Qas0© Bb. Combining(2-6) and(2-10) gives the exchange

flow rate ford 6. In summary, and for arbitraty 0 is given by

" QB o o
'y v m=
. "IN N
5o _"D ’ oo o (2-11)
SRy oy c
oy < 0O 0 —_—
0 Tb Q Q
U

In order to solvg2-11), we require estimates for the bore heigt, and
0 where
0O /b0 /b | 6 o
; ; VU Jb——
0 0 00

(2-12)

in whichd andd are, respectively, the (tiriadependent) speed of the dense
gravity current and internal bore. Hence, first we must derive the appropriate
equations for the dense gravity current and internal bore, and afterwards we will
be able to employ2-11) as the transient boundary condition for the plume

equations, which are discussed in Section 2.3.
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2.2.2 Light zone: Gravity current and internal bore

By vertically withdrawing the barrier a aby a distanc&) a horizontal
gravity current flows from left to right into the light zone i.e. the zone that
initially contained light fluid of density . At the leading edge of the gravity
current a relatively sharp dividing curve is maintained between the current and the
ambient. The gravity current, being after a brief time long and thin, has a
hydrostatic pressure gradient in the verticalgodirection. Vertical accelerations
are ignored away from the gravity current front. As discussed by Shin[&8]al.

it is reasonable to ignore the effects of viscosity and assume an inviscid flow

when'Y'Q 10°, where the Reynolds number is definedRas —Nj, with ’ a

reference kinematic viscagi For nominally inviscid gravity currents, the
pressure gradient in the horizontal direction is balanced by inertial forces. The
gravity current head is followed by shear instabilities which cause the gravity
current to mix with the (light) ambient. Natheless, consistent with many
previous studies, we assume that this mixing is of limited dynamical importance
at least insofar as influencing the bulk motion i.e. the front speed.

Benjamin[12] obtained the following equation for the front speéd, in

terms of the front heightQ:

o & © % <9 (2-13)
) 0 0 0

Here"@ is the Froude number of the dense gravity current. For the non
dissipative case, it can be shown tf@¥O 1/2 and'® 1/2. Benjamin[12]
argued that currents ageying less than half the channel depth are dissipative and
that external energy is required for gravity currents W{RO 1/2.

Benj ami n 6(813Espnoeaetuatiomwith two unknowidsand™Q.

To close theproblem, we argue that the volume flux associated with the gravity

current is given by

0 67 (2-14)
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where we consider entrainment and detrainment effects due to shear flow
instabilities to be of second order importance.

When the gravity current encounters the right end wakigfire 21, an
internal bore is reflectef0]. We needto relate the bore amplitudé&, to the
bore velocity,6 . The latter quantity is required when estimatingthe time at
which the bore reaches the opening, and the former needed when evaluating

from (2-11). As we demonstrate in Append®A, the relevant equation is

) 5 Q0 Q O Q0
0 Te Tmoae ea =~ (215
GO '0 0 '0Q Q  dQ0

which establishes the connection between the bore speeahd the bore height,
Q. If we assume the mass flux carried by the bore is equal to the gravity current

front mass flux, we can write

0 o010 1 (2-16)

Now by using(2-4), (2-15) and (2-16), the velocity and depth of the
internal bore can be determined.

Once we solve for the dense gravity current and internal bore velocities
and depthsp can be found fron2-12). As the next step, the transient exchange
flow rate can be estimated fro(8-11). Before presenting theoretical results for
"0 ,"0, 0, and0 , we examine the flow dynamics to the left of trestical

barrier, i.e. those associated with the rising plume.

2.2.3 Dense zone: Plume and ambient interaction

A schematic of a plume ascending into a confined region, whose density
profile is initially uniform and denser than the plume fluid, is giveRrigure 21.
When the plume fluid reaches the top of the channelgi.e/Q it spreads out
horizontally and produces a layer with a density discontinuity separating it from
the more dense ambient below. The ambiemévipusly homogenous, now
consists of a deep layer of dense fluid and a thin layer of lighter fluid with density
between” and” . At the next time instant, the plume entrains fluid from both

layers and therefore arrives at the top of the space yligisd dense than before.
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Consequently, the first front is pushed downwards with a layer of lighter fluid
appearing above. This process continues for still longer time leadingiwiviah
density stratification in the ambient as described by Baine3 amebr[7].

The plume ofFigure 21 has a finite volume and ementum flux. Below,
the governing equations for a esieled line plume are provided assuming a

Gaussian model for velocity and density, i.e.

0 00 o (2-17a)

Q— o0 (2-17b)
wherev and” are the velocity and density of the plume, respectiy@iL7)
assumeshat the presence of the wall reduces the entramrny a factor of 2 as
compared to a free plume. Howevegnsistent with Linden et al6], the left
hand side of the profile of the velocity remains unchangésh U is the vertical
velocity of the plume evaluated on the plume axis,the efective halfwidth of
the plumeis the radius at which 0 ¥Qand_ is an empirical factor. We use

1.16 as suggested by Germe]@d]. w is the characteristicelative density

within plume.
Following the classical work by Morton et R3] the timeaveraged
volume flux, 0, specific momentum flux{) , and specific buoyancy fluxQ

within plumeare defined as:

5 N wu (2-18a)
Y oA X
) (2-18hb)
C
M Q0
qu (2-180)

By using equations of mass, momentum and buoyancy conservation, these

averaged fluxes must satisfy:
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'Q_' vic v (2-19a)
Qa 0
- 2-1%
Qu p _ "Ov ( )
Qa ¢ O
Q0 .10 (2-19)
-, U —
Qa a

with @  "Q—— In (2-19) Taylor hypothesis for entrainment is applied,

which states that the entrainment velocity at each elevation is proportional to the
centerline velocity within the pluméhe associategroportionality constantis
called theentrainment coefficientin determining the appropriate value|ofto
apply in solving (219ac), we compared all available experimental data with the
predictions of our model equations, generated using a range of reasonable values
for the entrainment cdficient. A particular optimum value of was selected by
minimizing the aggregate total distance between theoretical and experimental
curves in figures such asigure 213 below. Therefore, we select the plume
entrainment coefficient 0.14. This result is broadly consistent with other
measurements for line plumes (e.g.-g=]). Whereas the choice pfhas a mild
impact on the particulars of the dgty stratification in the zone that initially
contained dense fluid, its numerical value is immaterial insofar as the total
buoyancy exchanged between the two zones, which is a function dnly of
Following Baines and Turndi’], w evolves according to the advection

equation
(2-1d)

in the region above the first front. Below the first front, the ambient density is
equal to’ andw 0. Baines and Turné7] proposed2-19) in the limit® L &

so that the ambient fluid evolves on a much longer time scale than does the plume
fluid. This is consistent with psent study in particular our assumption that

not too much smaller than
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The motion of the descending first front is directly proportional to the

plume volume flux and inversely proportional to the breadth of the dense zone,

ie.
, . (2-20)
i 5
Qo b
whered corresponds to the elevation of the first frartte boundary conditions
read
0 0 (2-21a)
o v
b 5o (2-21b)
RORN¢'S] (2-21c)

The governing equations are thereby subjected to transient boundary
conditions that asymptotically tend to zero. To our knowledge, this is the first
time that such an approach has beersiclaned. Note that the vanishing boundary
conditions make it impossible to nalimensionalize the governing equations in
the manner of Germel¢$1].

For simplicity the source is assumed to be at the top of the opening, i.e. we
apply the boundary conditiorfg-21) atd "QWe considered other elevations as
the position of the plume source, but determined that these gave an inferior
comparison between theory and experiment insofar as the front speed of the light
gravity current and also the terminal stratification in the dense hotiee present
investigation, and as noted above, we restrict attention to cases where the first
front does not reach the source so that at and below the source the ambient density
is always described by 18

As noted by Killworth and Turndg26] and Bolster and Caulfiell27], for
time-varying boundary conditions it is possible that the buoyancy flQx,
becomes negative at some particular elevation. Wi tiva integration o{2-19)
to the domain below that particular elevation; above that elevation we assume that
there is no plume i.e. the fluxes are undefined. Equivalently, we neglect the rate of

penetrative entrainant.
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When the rising plume first reaches the top of the dense zone, its density is
less than” , the ambient density. Plume fluid therefore spreads as a gravity
current travelling from right to left ifigure 21. The dynamical details of such a
gravity current ar e i g[ddnvestiation.nhsteBda i nes anc
Baines and Turnef7] assume (foro 0 ando ) that the discharged plume
fluid spreads to the side walls instantaneously. However, by solving the plume
equatons and thereby considering entrainment into the plume, one can study
more carefully the gravity current that materializes along the top of the channel at

early times. By mass balance
ba 0 670 (2-22

where6 and’Q are defined irFigure 21b.

We also have a relationship between the velocity and the depth of the light
gravity <current f r(218). Heee,nof eounsentdesdensity uat i on
difference is not " has in the case of dense gravity current, but is equal to

s { . Hence, instead o} "O0—— we now write ¥ s ;
‘O——= " Therefore, the Benjamiri2] equation for the light gravity current

is written as

o cO Q 0 Q (2-23)
Ys ; Q 00 Q

Solving(2-22) and(2-23) together yields estimates for andQ. Here we

assumed the fluid at the top has uniform density.

2.2.4 Theoretical predictions

In this sulsection, we combine the previous equations and present model

predictions for both building zones Bigure 21.
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Figure 22. Dimensionless exchange flow rate with respect to dimensionless tin

& 0.5 and various (b) — 0.2 and variousg0.

The dimensionless exchange flow rate with respect to dimensionless time
is given inFigure 22. By increasingdXQ, the rate of exchange flow increases. It
can be seen from panel b that changi# has essentially no impact on the
exchange flow rate. This is expectd@:11a) makes no reference &0 and,
from (2-11b), 0 is only a weak function of0 for 6 ¢ . On the other hand
is strongly dependent d&fOwhetherd 0 oro 0 (Figure 22a).

Figure 23a showsQ® ,"@ &6 T "Q0and"@ with respect t6¥Q "0
increases wWitikY'Q, reaching a maximum of 0.53 wh&fO 0.87. Similar to the
dense gravity currenf® also exhibits a maximum fo€¥O p, i.e. of 0.51
when¥O 0.95.The observed global maxima fboth"@ and™@ is a result
that mimics the solutions determined by Benjarfiid] who plotted the non
dimensional front speed as a functiori®@¥'Q To be clear, important differences
exist between our analysis and his e.g. he did not make reference to boundary
conditions and therefore omi ts reference
Nonetteless, as the derivation of Section 2.2 makes clear, we can, and do, still
make use of Benjamin's front condition and thereby inherit certain features of his
solution including the global maximum @i The maxima fof® and™@ occur
for different (XOreflecting the influence of the ambient fluid entrained into the

rising plume which renders3 s | less or much less tha@e
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Figure 23. (a) Froude number and (b) dimensionless depth for the dense guavént

('@ and—), light gravity current’@® and—) , and reflected boré@ and—).

As shown inFigure 23a, inlimit of QYO 1, (2-15) yields"™@  1/2, the
familiar gravity current result, which is consistent with Figure 2b of Klemp et al.

[14]. Moreover,"@ (andQ7Q both monotonically inease witHGr'o. A similar

trend is observed in Figure 3 of Klemp et[dH], although they plot ¥ "QQ
versus'QFQ. As in Benjamin's study, K€mp et al.[14] do not examine the
influence of a doorway i.e. their solution does not make reference to lateral
boundary conditions.

Shown inFigure 23b are the dimensionless depths with respet@.

"Q¥'Q which increases by about a factor 2 fréfiO 1to X0 1, has a mean
value of 0.33 suggesting that the dense gravity current height is @tailyer
thanthe height,Q, of the building zone. However, the depth of the light gravity
current decreases f&@@O 0.89 with a minimum value of 0.45; this depth is set
by "O rather thanQ It should be recalled that the velocity and depth of light
gravity currentare coupled to the dynamics of the ascending plume and cannot be
trivially determined from the initial conditions.

Figure 24 shows the variation of dimensionless with X0 By
increasing@Q the velocities of th dense gravity current and reflected bore
increase and therefo® decreases. In addition, by increasifif) the distance
travelled by the gravity current and internal bore decreases, which likewise

decreases .
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Figure 25. Dimensionless fluxes of volume, momentum, and buoyancy anc

stratification profiles at different dimensionless times — for w T 0.25 wheno 0

andwt 1wheno 0.Here— 0.2, and 0.5,

In Figure 25a and 5b, the nedimensional plume volume fluxy &fo ¥

0 , and momentum flux) a7 O 8Q, are shown versu$r'Ofor various non
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dimensionaltimes.0 is defined as the initial exchange flow rate i.e.dor o

from (2-4). Here" YO 0.2 and so the fluxes are defined over a range of 0.2
OFf'O 1.0. Figure 25a and 5b have similar features to Figure$22and 211,
respectively, of Germelgd 1]. Due to the entrainment of ambient flui,is an
increasing function of height. The momentum flix, likewise increases witl

due to the impact of buoyancy forces. However, in contea§termeles's results,

we consider transient source conditions and thus observe a dramatic decbease in
andd wheno 0.

In Figures 25c and 25d, respectively, we present the rdimensional

buoyancy flux,”0dfd ¥ "Q0 , and the ambient density,* h__ After

Nj
0, whose density profile is highlighted by the dashed curvéignre 25d, the
velocity and density jump acreghefirst front decrease substantially. This is in
contrast to Figure 13 of Germelddl] or Figure 7 of Kuesters and Wood9] in
which the density jump across the first front is constant at all times. Inféact
0 0 we find that'Obecomes negative at the first front i.e. we predict that the
plume does not rea the top of the control volume. Of course below the first
front, "Oremains equal to its source value (which is notably less than the source
buoyancy flux foro 0). If the velocity of the first front becomes vanishingly
small before reaching the soardhe front halts at distan¢é(defined inFigure
2-6a) above the source, i.e.
: 0 ]
Y O(_O 5 Mo b (2-24)

"Yis shown as a function dB0 and"Q@’Oin the phase plane diagram of
Figure 26b. We can rationalize these results with reference to equgia):
for smaller /B0 and larger@@Q, the descending velocity of the first front is

relatively large and the front is therefore able to reach the source in finite time.
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Figure 26. (a) Schematic showiny, the asymptotic position of the vanishing front.

Phase plane of parameters showing for what rang®ofandaf0 the first front reache:

the source.

Regarding the dense zone stratification, we are especially interested in the
effects of the height of the openirifp and the lock length. Figure 27a shows

the terminal dimensionless density profiless & F'GQdor various of XQ It

can be seen that by increasifl)y —s  increases: for large€¥'Q the plume is

comparatively short and therefore there is less entrainment which leads to a larger
density contrast between the fluids above and belowirstefront. Figure 27b

shows the analogous dimensionless density profiles for vari@ils By
decreasingB0, the first front, whose velocity is given lyf/b descends more

rapidly.
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Figure 27. Comparison of ambient stratification; (%9 0.5 and various, (b) —=0.2

and variougBu.
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The nondimensional buoyancyb of the dense zone dfigure 21 is
defined as

v p
wo prymrreary
PO

In Figure 28, the total buoyancy is shown as a functio@fif for various

P ad Qi Qw (2-25)

geometriesThis figure is comparable to Figure 2 of Caulfield and Woods [9] or
Figure 4b of Kuesters and Woof$)] where buoyancy is depicted as a function
of dimensionless time. In the former study, for example, the buoyancy increases
linearly before the first front reaches the source. The same trend can be perceived
in Figure 28, at least up untib 0 whereupond andthe associated source
buoyancy flux drop abruptly. Thus in contrast to both Caulfield and W[8}ds
and Kuesters and Wood40], the mean density of the zone that initially
contained the dense fluid does not asymptotically tend to that of the source,
reflecting the finite size of each zone.

The buowncy is an increasing function &Q by increasing(¥'O the
depth of the gravity current and the mass carried by its head increases and
therefore more dense fluid flows from left to right ligure 21. By mass
continuity, this dense fluid is of course replaced by light fluid from the zone to the
right of the internal partition. Moreover, the buoyancy is a decreasing function of

JB0.
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Figure 28. Total buoyancy variation with time for (g)z 0.5 and various, (b) —=0.2

and varioudgo.
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2.3 Experimental apparatus and procedure

To verify the analytical results, a series of similitude laboratory
experiments was performed. Experimental measurements were carried out for the
purpose of (i) measuring the speed of the dense and light gravity currents and the
reflected bore, and, (ii) easuring the ambient stratification profiles resulting
from the ascending plume and its subsequent lateral spreading a0
Following a long line of earlier studies (as summarized in e.g. Lip2iEgh we
used water as the working fluid in our similitude experiments, which makes it
possible to achieve much larger Reynolds numbers than would be possible using
air.

If the Reynolds numbers of the model and the room imthien the results,
in terms of turbulent phenomena, are expected to be the same at both scales. In
practice, Reynolds number matching can be quite challenging between the model

and the real building zone, particularly for smaller scale ratios. The obastct

velocity scales as "Q'Oand, therefore, the Reynolds number of the model is

"B 0 (2-26-a)
YQ ,
C
and for the room it can be defined as
w3Y .,
Gy 'O (2-26-b)
YQ c

For our experimental model the density differences are such-that

mdt T and therefore 10°<Renoee<3 10°. Conversely, a typical maximum
temperature difference between adjadmritding zones is approximately 5[R].
Therefore, for our 145:1 scale model (the exact ratio depends on the height of
the room) the Reynolds number of the model is betv@@e30% that of the room.
However, Thatcher et dl29] showed that if Re is large enough so that turbulent
structures appear in the similitude experiments then the laboratory results can
generally be scaledp with confidence. In our experiments, such large scale

structures (i.e. turbulent eddies) were phkamwisible. Thatcher et al. [29] provide
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more quantitative guidance when they make the following assertiaé if is

about 20% oRA | but still large enough to have an inertial subrange of eddy
sizes, the relative difference expected-asgs turbdent kinetic energy and
turbulent mass diffusivity is only 5%. Based on Thatcher et al.'s calculations, we
estimate that our similitude experiments admit flows that are quantitatively
similar to those that would be observed in a real building.

Experimentswere run in a plexiglas tank of length 227.5 cm, width
@ 25.0 cm, and height of 35.0cm with amydic barrier mounted on vertical
sliders atw a for subdividing the tank into two zones. The position of this
barrier and the height of opening wereustiable. Experiments are carried out for
various/B0 and" ¥ Oi.e. 0.125 X0 1and 0.25 /B0 0.75.

The tank was filled with tap water of density 0.9984 g/cri up to a
depth of O 20.0+0.1 cm. Then we added salt and a small quantity of dye (food
coloring) to the lock region. The typical density of saline water Wwas1.04
g/cnt. In select experiments, dye was added to the opposite side of the tank. In
order to measure fluid denigi$, an Antor Paar densitometer DMA 4500 with an
accuracy of £0.0001 g/chwas used. Experiments beganwgytically extracting
the gateto a height’Q Given the need to avoid very large accelerations or
decelerations, the speed of removal depend§¥@» Thus wheriX¥Ois large, the
speed of removal was also relatively large. More quantitatively, in the limit as
"X'Oapproaches 1, the removal speed was approximately 15 cm/s whereas when
"XOwas only 0.125, speeds as low as approximately 3 cm/s were neckaEhe
average removal speed of approximately 8 cm/s obviously falls between these two
extremes. Among other considerations, standardizing the removal speed could
only be achieved at the expense of having a less tight seal between the two zones
prior toremoving the gate and so was not deemed to be worthwhile.

For purposes of flow visualization, either one or two exterraligered
1280%1064, 12 bit cameras (LaVision GmbH, Imager 3) were employed with
frame rates of between 8Hz and 17 ke capturedmages were pogirocessed
using MATLAB. Images werecropped then thresholded, the latter step being

applied so that the intensity contrast between the gravity current head and ambient
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fluid was sharp. By measuring the location of a sudden change ofiqtiesity,

it was therefore straightforward to estimate the front position and, by extension,
the front speed. Similar comments applied when determining the speed,the

bore.

After a large time, say 20, no flow was evident i.e. the system was
guiescent. At this moment, we used a conductivity probe (Precision and
Measurement Engineering, MSCTI) which was mounted on a vertical traverse
(Velmex, X-Slide) to measure the terminal ambient stratification in the dense
zone. For calibration of the probee gathered five samples from the ambient
medium and used these to find the linear relationship between the voltage

measured by the probe and the fluid density.

2.4 Results and discussion

Representative experimental snapshots of the light zone arilgutown
Figure 29, which shows time series images of a gravity current (LHS) and bore
(RHS). Figure 29 also shows the corresponding front position of the dense
gravity current and the internal bore as functions of time.

Representative experimental snapshots of the dense zone are provided in
Figure 210 where, in contrast to the experimental imagéd-igiure 29, dye has
now been added to the fluid of density. At 60 =0.25 the front of the light
gravity current is clearly distinguishable. It is apparent that the first front travels
towards thesource with increasing time. At larger times (0 =5.2) it can be
seen from the gradient of color intensity in the upper layer that the ambient is
nontrivially stratified above the sourcélote that a bore is evident in panels c
and d of Figure 20. However, we do not examine the dynamics of such bore in
the analytical model. Rather, we follow fillidgpx approach of Baines and Turner

[7] by which such horizontal flows are ignored.
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Figure 29. Time evolution and front position of the dense gravity current (LHS)

associated reflected bore (RHS) with 0.25,Y'Q 4520,5‘: 0.50, and~ 0.1, 0.17,

0.23, and 0.33 for LHS and  0.67, 0.79, 0.91, and 1.00 fBHS. The field of view

measures 20 cm tall by 68 cm long.
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Figure 210. Time evolution of a stratification with 0.25,'Y8Q 1600§= 0.50 and-

0.25, 0.50, 0.75, 1.00, and 5.20. The field of view measures 20 cm tall by 68 cm loi

Model results showind® 6 ¥ "QOvs. FOare given irFigure 211a
where we now also include experimental data for vari@is Error bars are
based on the results of repsditexperimentgonducted for seleetl '(X'O. More
specifically, measurement uncertainties are based on the standard deviation of an
ensemke of measurements with a confidence limit of 68% [BOk nj ami nds fr ont
condition neglects internal flows i.e. the current is treated as if it were a cavity
with no raised head. However, Lowe et[8ll] showed by laboratory experiments
that there is a larger flux of gravity current fluid at the back of the gravity current
as compared to near the front with the difference being due to detrainment. Note

also thatBenjamin's front condition has been found moderatelgverpredict
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experimental measurements in related laboratory investigations e.g. that of
Huppert and Simpsori32]. Although we have neglected such effects, the

agreement is reasonable.
(2) (b)
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Figure 211 Comparison between theory and experiment: (a) dense gravity curre
internal bore, (c) light gravity current, (the theory curves for Figutd& b, c are th

same as the curves of Figur82), (d)o .

Figure 211b shows'®@ &6 ¥ "QOas a function of(¥O where again
experimental data are included. Compareéigure 211a, the error bars for the
experimental data points are larger reflecting greater difficulty of measuring the
front position of the internal bore. Because the bore dynamics are highly
dependenton those of the gravity current, any errors associated with the

assumptions applied in calculatifi@i are manifest also ifd . Moreover, we
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applied Bernoullids equation inOthe | ower
Consistent with the disca®n of Rottman and LindefB83], this approximation
becomes less accurate for larffefFObecause it i s thenidindeter
layertherequie di ssi pati on occur so.
Figure 211c shows the variation 66 6 ¥ "QOwith "F'Q Here the
agreement is moderately better for smal#O for which the flow of light fluid
through the dense zone most closely resembles the vertically ascending plume
envisioned by Baines and Turnéfl whose theory is reflecteih (2-25) and, by
extension,(2-22). On the other hand, although the validity of the Baines and
Turner6s equations b@0 wemdinuesto seegand f or | a
agreement with measured data in this regime. The theoretical model, comparing
to the overprediction oFigure 211a, underpredicts the experimental data. This
has important implications iRigure 211d, which show® as a function of¥Q
Due to the overand wnder prediction, there is a fortuitous cancellation of errors
that renders quite positive agreementFigure 211d. In particular, all of the
associted data sets predict a monotone decreasing variationwith "(X'Q by
increasing the opening height, the dense gravity current and bore velocities
likewise increase.
Summarizing the results dfigure 211, the average relative error is
15.6%, 20.2%, 7.8%, and 9.5% far ,"@ , @ , ando respectively.
Figures 212 and 213 show for two differenfB0 and various(X'Q the
terminal strafication that develops as a result of the filing box dynamics
described in Section 2.2.3. Because the buoyancy flux at the source is decreasing
for 0 0, the density jump across the first front vanishes as the source is
approached. Such a phenomenosdsn in the experimental data too, whereas it
is not observed when the plume is supplied from a time invariant source. A point
by-point comparison reveals better agreement for sm&li€and largedB0. In
practice the motion of the plume follows anlined trajectory whereas our model
assumes that the plume motion is purely vertical, which becomes less reasonable
as'¥Oincreases. For the extreme cas&BO 1, there is no plume, only a light

gravity current. In addition, there is better agreemeniafger/B0. The reason is
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Figure 212. Comparison between theory (dotted line) and experiment (solid line

- 0.50. The terminal stratification of the dense zone is considered.

that for larger lock lengths the assumptionf & which is the basis of Baines

and

Turnerdés theory,

i's better

justified.

descends more slowly suggesting a reduced sensitivity to transient flow features
suchas the irregular first front exhibited Figure 210 (60 =0.75), which is due
to inertial effects.
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By integrating the area to the left of the curves in Figures 12 and 13, for
both theoretical and experimental data, the terminal buoyancy,i Eol @0,

can be calculated fronf2-25). Results are presented irigure 214. The
promising result is that, despite the fact that pbypoint agreemat is less
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robust for highef¥Oand smalledBV, the predictedo shows good agreement

with measurements over a broad region of parameter space.

02

0.15¢

0.051

0 0‘.1 0‘.2 0:3 0:4 0‘.5 0‘.6
Figure 214. Experimental (points) and theoretical (lines) terminal buoyault:§'ID f0.50
andZ 0.73 for various@ra we only present the data for Tt where'Yis defined by

(2-24). For® 0.5 at— 0.38 and fo> 0.73 at— 0.63, the first front reaches to tt

source and the model is not applied.

2.5 Conclusions

In this Chapterthe hydraulics of Boussinesq tvayer exchange flow
between two finite regions is considered both theoretically and experimentally. A
major application is in the architectural context. By opening the doorway
separating a building zone containing cold air from an adjacent zone containing
hot air, a vertically ascending plume and a dense gravity current are respectively
observed in eithezone. The exchange flow model proposed by Da[4i§], and
extended by Dalziel and Las&erff [16] to problems of architectural fluid
mechanics, connects two halves of the problem. Because each of the connected
regions is confined (i.e. has finite volume) the dynamics of each zone is highly
coupled to the other. Thus the gravityrrent is reflected from the end wall and
propagates back towards the opening in the form of an internal bore. When the
bore reaches the opening, the details of the (previously-itidependent)

exchange flow are significantly altered; this in turn chantje source volume,
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momentum and buoyancy flux of the plume that ascends through the dense zone.
A model describing these dynamics is assembled by judiciously combining the
previous analyses of Benjamji2], Klemp et al.[14], Baines and Turnef7],
Germeleq11], Dalziel [15] and others. An important prediction of this model is
that the velocity and density jump across the first front steadily decrease once the
exchange flow becomes transient. We thereby considgralitatively different
scenario from that examined in related studies (©,910]) in which case the
source conditions are constant for all time and likewise #he density jump
across the first front.

In this preliminary study, we focus specifically on instances where the first
front stops its downward descent above the level,”Q of the plume source, if
only by a vanishingly small amount. In the contexFaure 21, our analysis is
therefore most applicable for larg@b and small"(¥Q Further quantitative
details are given by the phase plane diagpdfigure 26b. With reference to this
figure, we intend to report in a followp study upon the flow dynamics in the
region above the thick solid ote where the first front is predicted to reach, and
possibly exceed, the level Q

By increasing the doorway heigf) for a certain lengthlthe exchange
flow rate increases. Thus the dense gravity current travels faster, the reflected
bore arrives more rapidly at the opening and the transition to a transient flow
regime occurs sooner. Similarly, the gravity current that forms along the upper
boundary of the dense zone and that is comprised of fluid discharged from the
ascending plume also travels more quickly. The plume meanwhile does not rise
strictly vertically as is assumed by our model equations but rather becomes
inclined [34]. When (X Ois relatively large, we typically see a less favorable
comparison between the measured and predicted density stratification in the dense
zone (see in particuldfigure 212 where by virtue of the previous assumptions,
our model equations cannot be applied®iOlarger than approximately 0.4; see
alsoFigure 213). On the other hand, when considering the terminal buoyancy in
the dense zone, which is obtained by integrating the aforementioned density

profile, generally positive agreement is noted even for [&HO (Figure 214).
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Likewise, we find that our predictions for the gravity current speeds mwath

with laboratory experiments in a broad region of the parameter spaged 2

11). So although accurately predicting the details of the dedgessiatification
remains challenging when the opening is made to be a significant fraction of the
zone height, our model equations are otherwise encouragingly robust in their
predictive capabilities.

Notwithstanding this generally positive agreement ketw theory and
experiment, it should be emphasized that there are, in the context of real
architectural flows, a number of simplifying assumptions that have been applied
whose relaxation provides a fruitful area for further inquiry. Firstly, in contrast to
our theoretical model and analogue laboratory experiments, the doorway width,
0, is, in real buildings, almost always less than the width,of the building
zone. Whenb fw  p, the plume source conditions will be slightly different
from those studieddre. Also, the top and bottom gravity currents will initially
propagate both along and across the width of the zone. Moreover, in real
buildings, whether mechanicallyr naturallyventilated, localized mixing may
occur e.g. due to fans and related HVAGnhgmnents or the thermal plumes that
rise from computer hardware, building occupants or a patch of sunlisibame.

Other extensions of the present investigation include examining
circumstances where the first front reaches the sokigarg 26). In these cases,
the fluid density in the dense zone at the level of the source will experience an
abrupt decrease when the first front reaches or croedsvelad "Q Thus, in
addition to the change of flow behavior that occurs wheno, the plume
buoyancy flux will experience another sudden change. We believe that the
composite model outlined in Section 2.2 should be sufficient for elucidating the
pettinent flow details; however, no such calculations have yet been attempted. In
future we also plan to consider instances whei® either much larger or much
smaller tharD, mimicking, for example, a small shop connected to a much larger
atrium. In thesenstances of geometric asymmetry between the adjacent zones, it
is likely that either the dense or light gravity currentFajure 21 will begin to
decelerate before it reaches its associated end wall. Thus in the circumstance
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where/BU is small, equations such é12), which predicts the magnitude of

assunmng constant front speeds, will have to be suitably modified.

Appendix 2-A

In Appendix2-A we relate the bore amplitud®), to the bore velocity,
0 . In this regard, the flow of interest is sketched in a stationary reference frame
in Figure 2A-1a. This schematic shows a gravity current with constant depth that
is reflected from an end wall resulting in an internal bore that propagates from
right-to-left with height"Q and speed . If we follow Klemp et al.[14] and
change the reference frame to one in which the frame moves with the bore speed,
then the upstream lower and upper layer flow speed$ are6 andd 6V

respectively Figure 2A-1Db).

(a) (b)

p 1 u=0 t |LX j u— Bl

e (H }[b C u ll b b | H
h U,=0 hb o U— hb' M

P, m 2 u+1%7% $ h {:

2

Figure 2A-1. Schematic illustration of flow reflection from a vertical wall, showing
internal bore propagatingpatream away from the wall. (a) Stationary reference fr.

and (b) translating reference frame.

With reference td-igure 2A-1b, we apply mass conseation in the upper

and lower layers and find that

é é& ! 2 A 1
"O !IQ ( Ean )

5 . > 2 2

O O ,Q ( 'A' )

Considering a control volume consisting of two vertical planes
downstream af and upstream at B and the top and bottom boundaries of the
building zone, the integral form of the horizontal felbmdance equation can be

written as
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Q
.Q.
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o

Qa (2-A-3)

In the aboveequation the pressure difference between A and B is given by
Yy m a Q
w7 o 4 Q (2-A-4)
yWQ & O

C
Ca

where¥n is the pressure difference between A and B along the upper boundary.

By substitution of2-A-4) into (2-A-3), the momentum equation reduces to

0 "0 0 . ¥n O
Q" A N
9 "o’ ? ? ¢ Mo Q0 —— n (2-A-5)

Equations (2-A-1), (2-A-2) and (2-A-5) are three equations with four
unknownso€'Q, 6 , and¥Yn . In order to close the system, some description of
energy dissipation is needed. In this vein, three different approaches have been
suggested by Yih and Guhal], Wood and Simpsof22] (in both of each the
energy is dissipated in the bottom layeajd Klemp et al.[14] (in which the
energy is dissipated at the top layeBach of these approaches, and their
respective underlying assumptions, hasnerits and demerits. Here, we favor the
model of Klemp etalfl4 (i) because of its consistency
in the limit of large amlitude bores, and, (ii) because of the close connection in

our study between the bore and the gravit

approach, i . e. applying Bernoullids equat.
yields:
o Q (2-A-6)
y'}] E” (') p "_ ” ” "Q"Q "Q
C Q

Substituting this result into the momentum equatf@sA-5) gives the

desired result, namely {15).
Appendix 2-B

We have modified Germeles' numerical scheme to account for a transient

exchange flow after the reflected internal bore reaches the gpé&nd 0, it
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is important, for reasons of numerical stability, to ensure that the CFL condition is

satisfied. Stated differently, the Germeles [7] algorithm applies an explicit time

discretization and it is necessary to verify that the local Coutanbar remains

less than unity in order to avoid possible numerical instabilities. Given that the

ambient stratification evolves in time according(2e19d), the layers are rebuilt

at every time step. We have therefaiefined a layespecific Courant number,

01, as

% o (2-A-7)
Yo

whereYois the time step) ¥/bs the velocity of a given layer al its depth. If

0

0i  p anywhere on the domain, then we adaptively define a new time step as

s 8Y

Yo ———. The maximum value odi is then determined and further
h

adjustments to the numerical valueutif  are made as necessary.
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Chapter 3

Influence of geometric parameters on
the eventual buoyancy stratification
that develops due to architectural

exchange flow

3.1 Introduction
Buildingsd contribution to overall ener
is approximately 40%, 45% of which is attributed to space heating and 25% of
which is attributed to space coolifd]. Approximately 30% of the energy
consumed within the built environment is used inefficiently or unnecesgayily

Moreover, 17% of greenhouse gas (GHG) emissions are attributed to commercial
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buildings [2]. This necessitates a fundamental reconsideratiothenway we
operate buildings today. HVAC systems consume significant energy whereas
designs that favor passive heating/cooling offer potentially lucrative sg@irgs

It should be emphasized that using passive design is favored in certain climates
and in select regior{$].

Many buildings include equatdacing windows or attached solaria. The
associated solar gains create temperature differences between building zones,
which results in interior exchange flow#/laking efficient use of the heat
collected by solaria requires a detailed understanding of the fluid dynamics due to
such flowg5-8].

In this spirt, Nabi and Flynr§9] and otherg11-19], analyzed the dooray
exchange flow between two confined zones. They showed that this exchange flow
is characterized by a buoyant plume that ascends in the zone initially containing
the cold dense air (i.e. the dense zone). The process by which the plume interacts
with the cense zone ambient fluithrough entrainment and boundary discharge,
i.e. the lateral flow of discharged plume fluid along the ceiling, is referred to as
the filling-box model[20]. Accordingly discharged plume fluid is, over time,
advected downwards towards the plume source. An appreciable fraction of this
discharged plume fluids is #entrained into the ascending plume, rendering the
fluid that is disbarged at a subsequent time step less dense than that from before.
In this way, a nontrivial stratification is realized. The horizontal boundary
between the buoyant upper layer and the layer of dense fluid below is called the
first front, whose timalepenént elevation is denoted gy .

Nabi and Flynn's studj®] was not restricted to the dense zone. They also
considered the adjacent zone, initially containing the warm light air (i.e. the light
zone) wherein a dense gravity current propagated away from the opening, was
reflected from an end wall then reflected as internal bore back towards the
doorway opening. When the internal bore reached the doorway, say at
whereo denotes time, a marked drop in the exchange flow rate was predicted. In
Figure 31, panels b, c, f, and g show the horizontal gravity current and reflected

internal bore flow and also the vertically ascending plufngure 31 also shows
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the geometric parameters used in this study 8¢0 /0. ” and” are the
initial densities of the dense and light zones, respectively.

Panels d and h ifigure 31 indicate the longime stratification in the
adjacent zonesY represents, the nesimensional distance between the first front
and the top of the doorway, i.e.

v 1ef 2 S
° (O]

(a) =0 (€) =0

Dense zone Light zone P, Dense zone L E Light zone P,

Zx ¥ h

(b) 1<t L

Light gravity current

Entrainment

Dense gravity current

() L=I=t,

g) [ <I=1;<t
=2 32

Up Internal borg

Figure 31. The evolution of stratification in adjacent building zones for two diffe
doorway heights. The dimensioQVH) are as defined. Panelsiaand eh show case:
in which’'Y mand’Y 1 respectively. IfFigure 31g 0 0 ; however, depending o
geometric parameters it is possible that 0 . Here,0 is defined by(3-6) ando is the

time required for the first front to reach the top of the doorway.

Two regimes can be identified. For lar§) and for smallQXQ, the first front

descends slowly and its terminal elevation is likely to lie above the plume source
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ata Q thus’Y 1 Conversely for smallBb and for largeQX'Q, the first front
is likely to reach and surpass the top of the doorway in a finite dins® that
Y T

Although Nabi and Flynn's investigatig@hapter 2)confirmed the highly
interrelated evolution of the density stratification within the adjacent zones, this
previous study was limited to¥ 1T regime. Therefore, the terminal density
stratfication in the light zone consisted of a uniform layer of dense fluid
underlying a uniform layer of light fluid as shownkigure 31d. Having devote
chapterto the former scenario, we now concern ourselves witfiythert regime
and its associated complications. For instamsewe outline more carefully in
Section 3.2when the first front descends below the top of the doorway at a finite
time, 0 , some fraction of this stratifiedense zone ambiefitid will flow as an
intrusive gravity current into the adjacent zoMoreover, foro 0 there is a
noticeabledrop in the buoyancy flux associated with the plume. Heheenature
of the exchange flo is nontrivially different fod 0 versusd 0©.

The rest of th&€haptelis organized as follows: We develop our analytical
model in Section 3.2. The similitude experimental setup is explained in Section
3.3 along with preliminary observations. In Sec 3.4, the comparison between
the present model and measurements is given. The application of our results to
attached solaria design is also discussed. Conclusions and ideas for future work

are presented in Section 3.5.

3.2 Analytical model
In this ®ction a model that describes the exchange flow between two
confined zones is developed. After articulating the underlying assumptions, the

governing equations and predictions are then presented.

3.2.1 Preliminaries
Consistent with our previous stud9], the model is predicateon the
following assumptions.

1. The flow is Boussinesq, i.e” 7" MO.1.
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2. The fabric of the building is assumed to be perfectly insulating, so that
there are no fabric heat losses or gains through ceiling or floor. Such heat
transfer is significant only when the aforementioned assumptions do not
apply and is modeled elsewh¢i®)].

3. The plume is everywhere fully turbulent. In the stably stratified dense
zone ambient fluid, whose stratification details evolve in time, mixing by
anything other than plume entrainment is ignored.

4. The entrainment velocity is proportional to the local centerline vertical
velocity of the plumg21]. For a onesided line plume, Nabi and Flynj8]
reported as the numerical value of the entrainment parametér.14.

The plume density and verticaélocity are assumed to satisfy Gaussian
distributions.

5. The plume origin is located at the top of the doorway with az®wo
volume flux and the plume rises vertically from this sourddis
assumption in particular is rather delicate; its validity Wil discussed
later in Section 3.4.

6. Both zones ofigure 31 are rectangular. The governing equations can be
extended to other geometries in a straightforward ma2@gr However,
so that the flow conforms to filing -box type rather than a convective
overturning type flow, we limit our model to cases where the length of the
dense zone is at least as large as its depth. Also, we restrict attention to
cases where the doorway spans the width of the building zBassd on
the analysis of Dalziel and Latg8erff[22], we expect qualitatively similar
flow behavior for cases where the doorway width is smaller thanof
the building zone.

The bottom propagating gravity current [Bigure 31 is taken to travel
with constant speed from left to right. The analysf Benjamin[23] relates the
gravity current speed, , to its depth’Q, i.e.

0 Q0 Q ¢O0 10 (3-2
Q0 O 0 Q
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Here'Q "Q —— s the initial reduced gravity whef@and” are

respectively gravitational acceleration and a reference density. In W{&igp
we sa@led the velocity withiOinstead ofQ as originally presented by Benjamin
Having applied mass and momentum continuity, Benjamin did not close the
problem definitively; indeed, he claimed that a solution supplemented by
conservation o f ifécolte if giot impossible,| ta produee d
e x per i m23h Hae, weyse Benjamin's equation but supplement it with an
expression that relates theagity current volume flux and the exchange flow rate.
This assumes a balance between entrainment and detrainment, which we believe
to be reasonable in the present circumstances.
Thevolume flux carried by the gravity current is thus given by
6Q O (3-3)
where0 is the volumetric exchange flow rate and is specifie@éation 3.2.2
Equation(3-3) provides a second relationship betwéermndQ in terms of0 .
The internal bore dynamics are resolved by applying conservation of mass
and momentum pl us Ber aundldye{®dds Thasqthbeat i o n
following equation relating the internal bore speéd, and depth,;Q, can be
derived:
0 Q0O Q ¢O Q 1 (3-4)
Q0 "0 0Q CQ Q  dQQ

Ignoring, as before, any entrainment and detrainment of light zone ttheidlux

associated with the internal bore volume is equal to the exchange volume flux i.e.
6 Q 0 (3-5)
The timerequired for the internal bore to reach the horizontal position of the

opening is

5 fbéé éé (3-6)

In deriving (3-6) it is assumed that the velocity of propagation for both
upper and lower gravity currents is constant and likewise with the reflected
internal bore. ForB0 not too large or too small this assumption is reasonable

[25]. Once the front has travelled approximately ten lock lengths, there is a
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transition thattakes place whereby the front speed drops abruptigrefore,
throughout we restrict our attention to the architecturally realistic scenario
whereby 0.10880<0.90

3.2.2 Model equations
The equations describing the evolution of the flux of volume,

momentumi , and buoyanciOwithin the ascending plume refil]

Q0 .— D (3-7-a)
— |/| -
Q4 dl v
. 3-7-b
Qu p _ Ovu ( )
Qa ¢ 0
Qa " T a

wherel , asturbulentSchmidt numbe is an empirical constant equal to 1[26].
Conversely, dense zone ambient stratification evolves according to an advection
equation that read20]
Twhp TJ W h (3-8)
T o T o
in which "Yis the velocity at which individual layers within the upper stratified

layer are advectedownwardsHere, by individual layers, we have in mind plume
fluid discharged over a particular time interval; note that the density of a
particular layer does notange with time though its thickness steadily decreases
due to entrainment.

These layers have a density (or reduced gravity) that is characterized by

or 0 - (3-9)

n IS the dense zone ambient density. We asstihaew ; 1T as the initial

condition, which means that ;; foralldatd T Likewise, in light zone
" n 7 ,where’ j isthe density of the light zone.

Figure 32 indicates thaty ttadmits two further possibilities. For large
"XYO (and also smallBb), the first front descends below the top of the doorway

before the internal bore reaches the doorwayp 70  p (whereo is the time

70



requiredfor the first front to reach théop of the doorway) Conversely for

moderate’ Y'O (and moderatdB0), 0 70  p. In the following paragraphs, we
will develop model equations for both scenarios. Differermetsveen the two

cases are largely (though not exclusively) confined to stratificais®) and(3-

4) are not directly influenced by the relationship betwizeando .

t=t, t = t3 <t,
t=t; >t, (f) t = t; + At,before redistribution

““

(c)t = t; + At,before redistribution (g) t = t; + At after redistribution

““

(d)t = t3 + At after redistribution  (h)

m——

Figure 32. Two possible scenarios whereby the first front reaches the top of the do

after (ad) and before (&) the internal bore reaches the doorway. Panels (b) an
illustrate the density stratification far 0. At the next time instanthy 30, a nev
layer of stratified fluid is advected below the top of the doorway as in (¢) and (f) wh

thereafter redistributed as in (d) and (g).

Whend falls below™Qthe stratifieddense zone ambient fluiwbntinues

to evolve in time. However, there is ptume (and no entrainment) below the top
of the doorway and therefore layers in the stratiiedse zone ambient fluate

advected at a speéd T/bConsequently, the advection speaflis defined as
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(3-10)

where0 is given by the solutiofB-7).

As these layers are advected below the top of the doorway, some fraction
of the fluid thereinflows into the adjacent zond-igure 32c-d, f-g). In the
absence of a universal theory for intrusive gravity currents, the raawled
layer atd "Qis assumed to spread instantaneously along the interface between
the dense lower layer and buoyant upper layer in the light Adne.picture is
consistent with Baines and Turng0] who likewise assume that discharged
plume fluid spreads instantaneously after the plume reaches the ceiling. (Note that
a similar assumption is applied by Germe]@8], who by introducing discrete
layers provided a numerical procedure by which the equations derived by Baines
and Tuner [20] could be solved efficiently.Clearly, the redistribution must
respect mass conservation i.e. we assume that each aforementioned newly arrived
layer is partitioned between the dense and light zones according to the ratio of
JB O Jb. A schematic description of the redistribution process is shown in
Figure 32.

Linking the two halves of the exchange flo{8;7) and (3-8) are solved
subject to boundary conditions

O U (3-11-a)

5 0 (3-11-b)
G

"0 O (3-11-¢)

atad "Q Here'Oand™Q are respectivelythe sourcebuoyancy flux andhe
depth of the lower layer (consisting of the dense lower layer and the intermediate
stratified layer above it at the doorway. Boundary conditions are all related as we
demonstrate belowlhe buoyancy flux is governed by the difference between
and” ;s i.e.

0 Q) . (3-12)
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Insofar as the exchange flow, , is concerned, it is inappropriate, as with
(3-12), to compare the fluid densities@t "Qbecause the exchange flow occurs
across the entire doorway. Rather, we supposelthi dictated by the density
difference given below:
7 (3-13

q Qb
Here” [}, is thespatiallyaveraged density in the dense zone ambient fluid over
the vertical expanse of the doorwayg. overmt @ "Q Due to the evolution of
the stratification profile’®és constant and equal 1 up till 0, but time variable
(and less thafQQ ) thereafteras explained in Chapter. Zhe exchange flow is

respectively critical and subcritical for 0 ando 0 so thaf9, 22|

0 000 Ge o 0 (3-14-a)
3 W Qe (3-14-b)
] 0O O
Pé "ae
(0] o o C
v Jb Q Q

where the discharge coefficient is taken to be that associated with aeslgagb

orifice or weir and is expressed|[a@s, 29|

5 p (3-15)
o pa» p,,Q 0 "0 38
4% L
and the formula folQ"Q readg22]
. 0 Q (3-16)
00 Q Q
Q Q
P q o)
Finally, 'Q , is given by[9]
0O ',PE E P P ! E P p 7 P C (3‘17‘3.)
fnnlll ¢ 1.Q g Q O
Q v v O h oo
o m 0 S
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(3-17-b)

Q
Q p

Q

Foro 0,Q is a function only of(Q¥Q The lower dense layer is compromised
solely of fluid of density’ for 6 0 whereas folo 0 it also consists of the
intermediate layerdg-or further details on equations-13) to (317) the reader

may refer to Chapter 2.

3.2.3 Numerical scheme

The algorithm used for the numerical solution(®f7) and(3-8) is based
on a scheme originally devised by Germeles who developed the layered modeling
approach[30]. Germeles's algorithm employs Rurgatta and Euler schemes,
respectively, for the spatial and temporal discretizaffdve boundary conditions
are updated once the first front falls below the top of the dogoowahe internal
bore reaches the doorway. In either event, they become transient and it is possible
that the plume buoyancy flux becomes vanishingly smi@®, 1, before the
plume reaches the ceiling (for simplicity, we did not consider this possibility i
Figure 32). We thenlimit the spatial domain of integration t@ & &
wherea is the height wheréO° 1. No plume is defined fodr & . The
evolution of the stratification continues, as before, with the difference that now

the uppemost layer appears at .

3.2.4 Model predictions
Figure 33 shows a regime diagram obtained by solVigg) and (3-8).
For'Y O (i.e. to the left of the solid curve &igure 33) 0 was computed; the

dashed curve shows the locus of points for wiich o .
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Figure 33. Regime diagram of admissible solutions(8f7) and(3-8). The solid and

dashed lines denoté Tmando 0, respectively. Pointd-F correspond to particule

experimental combinations &Oand/B0 (seeSection 3.4).

Figure 34 shows 0 70 as a function of XO for various JB0. By
increasing/B0, 0 70 likewise increases. The reason is twofold: the horizontal
distance traveled by the gravity current and irdetyore increases whereas the

first front descends more rapidly.

Figure 34. Variation of 0 70 with respect t6(¥'Ofor various/B0. The dashed vertice

line shows the transition froiM 1t (right) to’Y Tt (left) regime for/B0=0.5.

When JB0=0.50 and(¥’O 0.38, the first front never reaches the source
and thereforeéyY 1t By increasing(¥'Q, the speed of the bottom gravity current
and internal bore both increase amddecreases. However, the first front also
descends moreapidly and, of course, the vertical distance between the ceiling
and the top of the doorway is diminished. On balance therefore, incré@sig
results in a decrease %0 . For fixed/BU, there is a unique value &&¥O for

whicho 0 i.e. thefirst front reaches the top of the doorway at the exact instant
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that the internal bore reaches the doorway. /BO=0.50,Figure 34 shows that
this value is 0.45, which is consistent willigure 33 and indicates a transition
from theo 70  p regime to thed 70  p regime. Similar comments can be
made for other values di0. Therefore, n the following figures we consider
only the JBOU 0.50 case because this scenario is representative: for/B.10<
0<0.90, qualitatively similar results are obtained. Both smalllargk "(X"O are

considered so tha70 1 ando 70 1, respectively.
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Figure 35. Nondimensional (a) reduced gravity, (b) volume ﬂux,2 (c) exchange are
unit depth, and (d) buoyancy flux at the doorway with resped¥aofor various @Q
The axes labels for the inset figures are the same as those of the larger Kgur
‘YO 04070 1 andfor'¥0O 0.6 and 0.8 70 <1. For'(YO 0.2,'Y 0Oando is

not defined.

Figure 35 shows various exchange flow parameters versiis for
different '¥OQ. When (X0 0.20, the first front never reaches the top of the
doorway. By contrast, whe@¥O 0.40, 0.60, and 0.80y 0 ando 76  3.48,

76



0.62, and 0.25, respectively. For all cases, as indicate#iduyyre 35b, the
volumetric exchange flow) 70 11, drops abrupyi whend o after which the
formerly critical exchange flow becomes transient andraakimal decaying to
zero in the long time limit. Similar comments apply féigure 35c-d which
show, respectively,Q "Q 0 ¥'Q "Q 1 as a surrogate for the area of the
exchange flow, an@OrO 1t .

Foro O and consistent with the analysis of Dal4i&f], the composite
Froude number at the doorway, i"@. 0 FQQ o 7TQQ equals 1,
where6 (60 ) and™Q (Q ) are the velocity and depth of the lower (upper)
layer at the dorway. For such a critical flowQQ 7'Q is given by(3-14b) - see
Nabi and Flynn[9]. Figure 35c clearly shows thatQ Q@ "Q "Q Tt for
0 O which signifies that the exchange flow is critical whiledor 6, Q Q
drops abruptly implying a subcritical flow.

For '(@0=0.40(0 76  p), as shown by the dashed curve in the inset to
Figures 35a and d'@and Orespectively experience a gradand sudden, albeit
small, decrease at@ 0. Clearly, the change following is so much less
pronounced than that aftér that there is little difference between tGEC=0.20
(Y 0) and™@'0C=0.40 {Y 0) cases, at least insofar as the variablesidered
here.

For "@'0=0.60 andX¥'0=0.80 6 70  p), however,the difference is
much more strikingFigure 35a shows that as soon as the first front falls below
the top of the doorway (i.& 0) "Q steadily decreases from its initial value of
"Q. Therefore, as shown iffigure 35b, the exchange flow ratd) , though
critical, becomes transient foo 0 0. A still more dramatic change is
observed irFigure 35d, which exhibits a sharp decreasé@whend 0. The
reason ighatboth” ;s and0 decrease ai, as isevidentby (3-12). Both 0
and"Odecrease again whéen o and the flow becomes subcritical.

Figure 36 shows, as a function of height and time, the evolution of the
densezone ambienstratification in the dense zone. Aftérthe fluxes decrease

abruptly, and the plume is therefore unable to reach the ceiling. As illustrated by
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Figure 36a and predicted by the moddigtadvection velocity becomes so small
that the first front does not descend significantly below the top of the doorway.
In Figure 36b, we considefXO 0.60 0 70  p). In contrast tdrigure

3-6a, we see a much more pronounced stratification in the region below the top of
the doorway. The reason is thatiof0 pato 0 there is a small decrease in

0 compared to the more Isstantial change at 0 (Figure 3-5b). Therefore,

the vertical advection speed remains relatively large wntiind the stratified
upper layer inthe dense zone is able to penetrate further below the top of the

doorway as compared to thefo  p case.

(a) h/H = 0.40 (b) h/H = 0.60

1
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Figure 36. Dimensionless stratification profiles at different dimensionless times, v
the arrow indicates the diction of increasing ofo6 whereforw T 0.25 wherd 0

andwt 1wheno 0. (a)@O 0.40,0 %0 3.48 and (bJXO 0.60,0 70 =0.62.
The dashed curves corresponato 6 and the dotted curves corresponato 0 . The
dashed horizontal lingndicates to the position of the plume source, i.e. the top o

doorway.

We denote the terminal reduced gravity profiles in the dense and light
zones as j, andw j, respectively. Here ; is defined as

- "k (3-18)

W F T
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Figure 37 (a) Lightzone terminal stratificationw ;, and (b) denseone terminal

stratification, w , versus¢fO for /BO = 0.50 and various ‘F'Q Each numbel

corresponds to a layer whose definition is giearpager9.

Figure 37 showsw j; and w ;; nondimensionalized by "Q versus¢fQ In
principle, for'Y 0, w represents a superpositioh three layers; a uniform
layer of light fluid abovel "Qwith w; p (layer 1 inFigure 37a) a layer of
dense fluid withw ;  1Talong the bottom (layer 3) and some intermediate layer
of spatiallyvarable w ; in between these two layers (layer. Rote that the
intermediate layer thickness is small (appreciable) whdd 1 070 p).
Similarly, 3y for the 'Y 1 regime encompasses four layers; Layer 1
corresponds tod F¥O oFfO p where for ‘@0=0.60, & 7O 0.86. For

0 0 the stratification remains frozen in this layer because the plume is unable
to ascend beyond . The second layer spai@O ofO & TQ Here the
interaction between the plume and the dense zone ambient fluid continues for
0 0. The third layer, which we call the intermediate layer, Sg&S SYS

0f0O "QXO and describes the stratification beneath the plume sourceheln
070 p regime the thickness of this intermediate layer is larger. Referring to
Figure 37,Y -0.0020 and0.0778for ‘X0 0.40 and 0.60respectively. The
important feature of the terminal stratification profiles is pag =w , just below

the top of the doorway (i.e. layer 2f6igure 37a matches her 3 ofFigure 37b).
Therefore, for thed 70  p regime, there is a relatively broad rangedpbver

which® f, is the same a® .
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An impetus for examining the details of the vertical stratification is that

this allows us to find the heat content or buoyancy in one or the other zone. Thus

we define
5 p e N A . (3_19'a)
w 000 Wi QaQw
" 3-19-b
o — Wi Q& QW (3-19:0)

Q00
The total buoyancy®  ® @, is timeindependent for a closed

system. For the initial conditions ef ; mand3 ; 1,® mand® p
JBO, hence at any instagt  p JBU. Figure 38 shows® ¥ versus time
for @O 0.20, 0.40 and 0.60t can be shown that light zone buoyanyis the
mirror image ofc. There is an abrupt change of slope that is realized when
0 0 and the flow becomes subcritical. Furthermore WH&®O is relatively
large is about half of thé» which implies thatw © @ in the long time limit

whereas these parameters remain distinct i@¥édis small.
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;oemT
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L — WH=0.20
01 ir - - ~W/H=0.40]
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Figure 38. Dense zone buoyancy, versusofo for JBO = 0.50 and variou€Y'Q For

‘YO 0.60, the vertical arrows dicated 0 whereupon small changes of slope

Seen

3.2.5 Wellmixed model

If one sought to omit the complicating dynamical influence of the interior
flows, he or she might instead employ a welked model in which each zone
exhibits a spatialhuniform, timevarying density. In this case, the exchange flow

is again driven by the difference of density between the two zones, i.e.
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- 0 — (3-20)
U MO — "% "7 Q ™M wyg wpQ
wherew ; mandw ;  Tare now independent afand solve
Ob-wp 0 @i 0wy Tm[dense zone] (3-21-a)
00 /b—wp 0 wp 0 wp 1 [light zone] (3-21-b)

respectively.
Starting from the aforementioned initial conditions yields

WR T =Wj T Q. Thus w and @y solve the following respective
equations
(VS 0 b (3-22-a)
o) p n PP 3
W p 0 0 /b Jb (3-22-b)
@ P T s b
wheret s a characteristic draining time defined by
¢Qb 0 Jb (3-23
™M a0
Thus, an aebraic equation fab can be derived. Moreover, it can be shown that
P 0 b /b (3-24-a)
" Pt PP T B
P 0 0 /b J/b b (3-24-b)
" P T m o P 0

~

@ { and® are the buoyancy in dense and light zone given by themiréd
model, respectivelyConsistent with the previous discussibn p JBU. An
explicit comparisorbetween the buoyancy of the wealixed model given by (3
24) with the buoyancy of stratified model given byl®) is deferred to Sectior 3
4, where the experimental data is also included.

81



3.3 Experimental setup and observations

3.3.1 Apparatus and pocedure

Similitude laboratory experiments were conducted in a glass tank
measuring 25.034.5 227.5 cm. A vertical barrier served as the lock gate. The
fluid depth, @ was 20.0+0.2 cm. The barrier location and the hei@htof
removal were adjustable sloat variousB0 and¥Q, i.e. 0.12 'O 1.00 and
0.25 /B0 0.75, could be achieved. By employing an electric vinyl tgjet,
the majority of the tank was uniformly backlit. The experimental images were
recorded using a LaVision ImagerliEe camerawith 35 mm Nikon AF Nikkor
lens.

Density differences were produced by addition of sodium chloride and
were measured using an Antor Paar DMA 4500 densitometer with a precision of
+0.0001 g/cml Saline { & 1.0400 g/cr) and fresh water’( & 0.9984 g/cn),
respectively, served as the dense and light fluid. In a typical experiment,
"Q  0.40+0.02 m/5 The Reynolds number

W0 (329
C d
was large enough, i.e. 10°<Re<3 10%, so that our experiments admitted flows

2 A

that were quantitatively similar, insofar as turbulent transport, to those observed
in real buildingq9, 31].

We first filled the tank with fresh tap water to a depth of 20.0 + 0.2 cm.
Thereatfter, the lock gate was lowered into the tank and salt was added to the lock
region. Dye (food coloring) was also added to one or the other side of the gate to
aid flow visualzation. The gate was then partially removed to a d€pietailed
gravity current and internal bore speed measurements appear in Nabi and Flynn
[9], where the experimental data was (favorably) compared with theory. Herein,
we focus our attention on density measurements and stratification details. Thus
we used a conductivity probe (Precision and Measurement Engineering, MSCTI)
mounted on a vertical tvarse (Velmex, XSlide), whose translational speed was
5 mm/s. The relationship between voltage and density was approximately linear

and was calibrated using five samples of known density, which were collected at
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the conclusion of a particular experiment $electively withdrawing fluid at a

series of prescribed elevations using a 32.0 cm needle and syringe.
® oo ™Y
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Figure 39. Time evolution of the density stratification where, in contrast to Figur
and 2, the clear and dark fluid have respective densitiesd” . (ae) @O 0.13 and
(f-)) @O 0.38. In either caséB0 0.27. Only part of the field of view (measuring .
cm tall by 98 cm long) is shown. Although the consecutive figures correspo
differento10 , they show the same dimensional timesd.e13.5, 28.6, 65.9, and 133

S.

Density measurements were madeng time after partially removing the
gate. We found that the measured stratifications ceased to vary with time when

omp m.
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3.3.2 Preliminary observations

Figure 39 shows the time evolution of the density stratification in both
zones. The left and righthand side panels correspond, respectively, to the
00 pando 0 1 regime, where in both cas& 0. Figures ®e and |
indicate the asxiated terminal stratification profiles. As shownHRigure 39d,
for the 070 1 case the terminal elevation of the first front approximately
coincides withad  "Q Two distinct layers are evident in the light zone and a sharp
gradient is observed close to the top of the doorway, whose position is indicated
by the horizontal arrow iffigure 39e. Conversely, whea 70 1, the first front
falls an appreciable distance below the top of the doorway, and thus a nontrivial
stratification develops in both zondsgure 39j demonstrates thab  andw
are approximately equal below "Q Here and elsewhere, slight deviations
betweenw ; and w ; may be due to the fact that there is oftentimes a sharp
gradient of density in the vicinity of the doorway rendering the collection of
calibration samples there difficult.

Error bars, shown ifrigures 29e and j,are based on the results of repeat
experments, conducted for sele€®Q Uncertainty analyses are based on the
standard deviation of an ensemble of measurements with a confidence limit of
68%][32].

3.4 Results and discussions

3.4.1 Comparison between theory and experiment

Regardingw  andw j, there exists an extensive volume of experimental
data, therefore only select experiments are analyzed in detail whereas in other
cases the interrogation of the detéess intensive.

In Figure 33, a series of points labeled-A are highlighted. The
coordinates of each point are listedTiable 31, which also provides predictions
for 0 ¥0 and'Y based on the model equations. Working down the table, tieel spe

of the first front decrease3hereforeboth Y and 6 70 increase. For point F,
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Y 1 0 is undefinedTable 31 shows that 70 increases with decreasifig’O
for fixed JBO and increasingBb for fixed "(F'O(seeFigure 34).

Table 31. Coordinate details for the points labeled=An Figure 3-3. Note that'(¥Y’O
and/B0 values are considered accurate to within 0.01.

point ‘JO JB0 0fos Ys
A 0.50 0.27 0.32 -0.158
B 0.51 0.40 0.38 -0.110
C 0.25 0.27 0.65 -0.088
D 0.63 0.61 0.89 -0.045
E 0.26 0.40 3.24 -0.007
F 0.14 0.61 N/A 0.034

In Figure 310 experimental and model values far; and w j, which
respectively correspond to the terminal stratification in the dense and light zone,
are compared for each pointBéble 31; panel (a) corresponds to point A and so
forth. Thus the influence of botb¥'O and JBU is examined. AlsoFigure 3-11
shows the same parameterdg-ggure 310 but with a more specific emphasis on
the variation of ('O Here/BU is fixed at 0.27 and 70 is predicted to be 0.95,
0.46, 0.26, 0.16, and 0.10 in panels, aespectively.

As shown inFigures 310 and 311, the model of Section 3.2.2 describes
the terminal stratification in the light me with generally satisfactory accuracy.
Thus w j and o p typically coincide belowd "Qwhose position is
indicated by the horizontal arrow; a notable exceptioRigsire 310f for which
we believe that the previous discussion of the conductivity probe accuracy in the
vicinity of a sharp density interface is relevant (see Section 3.3). By decreasing
0 ¥0, the thckness of the intermediate layer below "Qincreasess expected
Consequently, w j and wp overlap to a much greater extent in, say,

panel 10a than 10f
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Figure 310. Experimental and theoretical stratification profiles for the points éf Figure 33

andTable 31. Representative error bars are as shown in panel a.
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Figure 311 As inFigure 310but with/B0 0.27.

Figures 310 and 311 also highlight another difference betweentheO
andY 0 regimes. In the formefF{gure 310f), the density belovet "Qis, in
dense zone, essentially constant. By contrast, wkerD, the stratification
evolves further below the top of the doorway in the dense &weh behavior is
more pronounced for larger values fs and is evident in both the analytical

solutions and their experimental counterparts.
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Figure 312. Comparison of the terminal buoyancy profiles between experiment (ci
squares, and diamonds for, respectivély, ,®r ,and® ), the stratified mode
of Section 3.2.2 of thick lineg and the wellmixed model of Seatn 3.2.5 (of thin

lines).
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Clearly, however, superlative agreement between theory and measurement
is not observed everywhere: considering the assumptions outlin&eation
3.2.1, we may expect a level of discrepancy between observation and prediction.
For fixed "X'Q, generally better agreement is observed for laFger (see e.g.
Figures 310f and 311a). One reason is thatshould be much larger than the
half-width of the plume, . This cannot be justified wherB0 is too small.
Moreover, for smih "F'O better agreement is observed than for large values of
"XQ A likely explanation is that the source horizontal momentum flux is ignored
in Section 3.2.2For a doorway with a height comparable to that of the building
zone, the flow is less like aextically rising plume and more like a buoyant
gravity current.

Figure 3-12 shows the experimental and theoretical terminal buoyancy as
predicted by bth the stratified and wethixed models. As regards the former a
promising agreement is observed for a wide range of geometric parameters.
Consistent with model predictions in Section 3.2.4, experimental valués of
and® increase and decrease WiH'Q, respectively. For all but the largest of
JBU, there is a saturation behavior for laf@eeading to a plateauing of the thick
curves and the associated data points. WH#&=0.50, for instance, an increase
of "XO from 0.60 to 0.80, yields a buoyan variation of less than 1%.
Nonetheless, the terminal stratification profile is notably different beti@en
'O 0.6 and 0.8. The impact on occupant comfort is discussed in Section 3.4.2.

As shown inFigure3-12 and explained in Appendi®-A, for small"X'Q,
the terminal buoyancy predicted by the wmiked model for the dense (light)
zone significantly over(under) predicts measurement. So whereas for 1&Ke
"0 a wellmixed model may serve as a reasonable approximation, its predictions
are generally eaneous for smalk¥'Q especially for largeBb. When/B0=0.50,
for instance, the relative difference betweenof the stratified model and that of
the welkmixed model is 279% foi¥'0=0.13 but less than 1% f&€¥'0=0.63.
Conversely, whedB0 is inaeased to 0.73, the differences are 486% and 18%,
respectively, for the same values ©¥Q Moreover, in Appendix3-A we

analytically compareo and® for various/B0 and"(¥Oand different regimes.
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There, we demonstrate that: in tNe 1 regime fo ‘YO 0.50 andQ¥'C>0.50
we have, respectivelypy @® and® @ . Conversely, in th& T regime
and even fof(¥O 0.50 we always havd@ o .

This result is supported Wyigure 312 and demonstrates that our filling
box model can not only anticipate the values of the terminal buoyancies but also
provides guidance regarding the trend of the buoyancy transferred between the
adjacent zonedn Figures 312d, e we have® @ for ‘@O 0.50 because
'Y mwhile in panels a, b, ¢ we always hawe @ , even for "FO 0.50
becauséy T

As a further assessment of our model, if we had changed the position of
the plume source in assumption 4 of Section 3.2.1, we would have seen a
divergence of the measured and predicted results, e.g. in terms of terminal
buoyancies shown ifrigure 312, particularly for large ¥ Q, a deviation that

becomes more severe for largBb such a deviation is more pronounced.

3.4.2 Applications to attached@arium design

A major application of this study is to the design of attached solaria.
should be noted that the heat accumulates at solarium in the course of the day. At
this point we are interested in how heat is distributed to the adjacent zone. But
how the heat continues to be added to solarium is not consideredbpending
on the geometric parameters, different regimes of exchange flow are expected
which, dictates the terminal temperature profile in each zone and the rate of

convective heat trafer. Here, we briefly examine four case studies.

As a first design consideration, we assume tham. Two scenarios are
considerediO 6.67m with a plan area of 18mi8m andO 2.86m with a plan
area of 5mb5m. Respectively, these mimic a theater and a laegu
office/residential zone. We assume tfi@ 0.70 and 0.85 anfB0 0.50 and
0.70, respectively, for the former and latter geometries. An initial temperature
difference of 8°C is assumed between the building zone and the attached solarium,

the temperatre of the former being 17°C (air properties are calculated at 17°C).
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Table 32. Comparison of select design parameters; a. Percent relative temp
difference between the celling and floor (building zone), b. Percent rellativgase of

the terminal average temperature in the occupied portion (building zone).

Heat
YO /B oF0 —(%)P Q 'Y'Q@m) (%)°  transfer
(kJ/nt)
0.70 - 42.9 2.63 0.0 0.88

0.30
0.85 - 36.6 4.29 0.0 0.44
0.30 0.18  100.0 0.77 59.4 2.09

0.70
050 0.42 99.9 1.37 28.8 2.44

Table 32 summarizes the results for the cases described above. Previously
it was shown that the temperature stratification in the dense zone may become
appreciable. Therefore, the temperature atlthe fmay be significantly less than
at the ceiling.Table 32 shows that fofQ¥O 0.70 such temperature differences
may be as large as the initial teengture difference between the adjacent zones.
Conversely, wheffYO 0.30 and/B0 0.70 the temperature variation ovéxis
less than half of this initial difference.

A person may feel thermally neutral as a whole but still uncomfortable if
one or more parts of his or her body are too warm or too [@dd Designs
associated withminimizing Q Y Q with 'Y measured from the top of the
doorway, are generally favored if the goal is to achieve a temperature profile
wherein building occupants do not experience an extreme variation of
temperatureTable 32 shows that forQ@O 0.70 and/B0 0.30 the terminal
position of the first front is 0.77m. In practice, due to mixing associated with the
movement of building occupants, the sfration is likely to be gradually eroded
in time, which in turn, brings the first front closer to the floor. Conversely, for
YO 0.30 and/BO 0.85, no stratification is observed below 4.29m. From the
point of view of thermal energy utilization, theightfar larger than acceptable.

Also examined inTable 32, is the relative change of the average

temperature of the air in the occupied portion @& bhuilding zone- the spatial
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averaging is confined to the lower 2m of the building zémehe  1tregime,

this average temperature is unaltered. On the other han&¥for 0.70 and

JBO 0.30where’Y T, a 59.4% relative increase is realized, i.e. the temperature
is projected to increase from 17°C to 21.8°C.

In addition to the vertical temperature distribution, the total amount of heat
transferred between the solarium and the building zone is, of ¢caamsther
important parameteilable 32 shows the amount of heat transferred in the long
time limit normalized by the building zone volume. Thus adtw to our model
predictions and with reference to Figure8 and 312, the following general rule
of thumb may be applied: f&f'O JBO 0.1 diminishing returns are expected.

Considering the above discussion, our model results suggest that the
applicdion of attached solaria is particularly favored for a regular office or room
where the size of attached solarium can be comparatively large. However, even in
case of a theatre with smd@@'Q, the amount of heat exchange may still be
significant so thathe attached solarium can act as an effective heat source to

reduce the energy consumption.

3.5 Conclusions

The hydraulics of the exchange flow between two adjacent building zones,
first developed by Nabi and Flyijf], is extended to cover a significantly broader
range of geometric parameters, focusing especially on the common doorway
height,"Q and relative length of one zone to the other. In pdaticit is shown
that two distinct regimes may be identified depending on the terminal elevation of
the first front: anY 1tregime where this terminal elevation lies ab&@nd an
Y mtregime for which the first front is advected below this point. Reit 1t
regime, there is a competition between the speed of descent of the first front and
the horizontal speed of the internal bore. Consequently, twesrarios are
admitted:0 70 p, for which the internal bore reaches the doorway before the
first front, ando 70 1, in which the opposite occurs. Whérifo  p the
exchange flow characteristics are more like te 1T regime while significant

differences arise whew 70  p. Also for the'Y 1T regime a nottrivial
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stratification evolves in the liglzone, which alters the reduced gravity and nature
of the exchange flow. The results are compared with similitude experimental data
in Section 3.4Many predictions, such as a stark change in the stratification below
the top of the doorway, the near edtyabf w  andw j for large values of¥'Q

the presence of nontrivial stratification in the intermediate layer of the light,zone
etc.are all reproduced experimentally.

In Figure 3-12 we explore, the effect 6f¥'O and JBO on the (terminal)
depthintegrated buoyancy in both zones. A saturation behavior arises for large
"(FOwhereasoth® and® vary roughlylinearly for small'¥Oespecially for
largeJB0.

Stratification profiles and the total buoyancy exchanged between the two
zones are also predicted using a vmeiked model. WherQis large, both well
mixed and stratified models predict comparable terminal buoyancies; foesmall
"Qthere is up to an order of magnitude difference. In the context of real buildings,
where exchange flows and filliFigox processes are combined with supplemental
mixing e.g. due to noestationary occupants, the observad ando should lie
betwea the predictions of our stratified and welixed models. For larg€¥Q,
the stratified and welnixed model predict similar results, however, this is not the
case for smallQ¥O in which case the properties of the observed state should
depend sensitivglon the details of the aforementioned mixing.

Although our results are derived for rectangular geometries, they can be
extended to other geometries as welD]. More realistic cases may include
doorways having a different geometry, especially one where the doorway width is
less than that of the building zone. Moreover, the choice of allowing the layers to
be redistributed when they coincide with tlog f the doorwayersus at some
later time e.g. when they reach the interface has been carefully examined. Firstly,
we should note that such a choice is entirely academic insofar as the terminal state
is concerned. In other words) ;, 7, @ and® f, which represent arguably
the most important independent variables predicted by our model, are the same
whether one redistributes when the layers reach (i) the top of the doorway, (ii) the

interface, or, (iii) some other point below the tipthe doorway. Regarding the
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transient approach towards the terminal state we find that such differences arise

only wheno 0 and then only during the time intenc@al 0 0.

Appendix 3-A
Here, we derive analytical expressions to describe the tertoiroyancy
in either building zone. That of the light zone typically consists of three layers

(Figure 37a). If "‘Orepresents the buoyancy of the intermediate layer, we may

define
(3-A-1)

=P
OlOE:}ln_C)C)fb (VY QGQ(JO

(a) (b)

0.4
0.5

- 0.7 /L E 0.7 /L
WH WH

Figure 3A-1 [Color online] (a) Denseone, @ , and (b) lightzone, ® , terminal

buoyancy versu§¥'Oand JB&0 .

Therefore the terminal buoyancy of the light zone can be written as

~ b O (3-A-2)
w p 5 p B O
The total buoyancy being conserved, the terminal buoyancy of the dense zone is
- b Q | (3-A-3)

The influence of/B0 on @ and is investigated in Figure A; ®
decreases withB0 whereasb exhibits a local maximum whem0  0.50.
In quantitatively comparing and® , note that whefy 11, "0 0, and

therefore
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) p (3-A-4)

& S of

P o
From (3-A-4) it can be deduced that there is an equipartion of/éncy

ie.® @ when @O 0.50. However, this result only holds true only when

JBO 0.59 Figure 33). More generallyyY 0 and® T is proportional tdOfor

smalldo 70 , "Gand® T are relatively largeRigure 312d,e).

The terminal buoyancy given by the waelixed modé @  and®

can be found fron(3-24), i.e.
. b (3-A-5-a)
W j P 5
- (3-A-5-b)
W p p

c1's ST

When'Y T, the ratio of the terminal buoyancy predicted by the stratified model

to that of the welimixed model is

P (3-A-6-3)
O o« s~ g

T b AATWOAT A

U
. Q (3-A-6-b)
© 20 egEpA
W § Jb

p P s

U

When'Y T JBO “QXO (Figure 33). It follows thate @ and
@ ® f. The terminal buoyancy predicted by the walked model is not a
function of '¥'Q, but this is inconsistent with measured data accordirigjgore
3-12

When'Y 1 (3-A-6-a) and(3-A-6-b) must be modified to include the
parameteiQlefined by . The analysis now becomes more complicated, however it
can still be shownthab © @ { and® © @  for large @O When'(FOis
small or moderate, there is an imbalance between the pairs of terminal buoyancies

in either zoneKigure3-12).
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Chapter 4

Buoyancy-driven  exchange  flow
between two adjacent building zones

connected with top and bottom vents

4.1 Introduction

Buoyancydriven exchange flow is a common phenomenon in many
different situations, such as environmer{&h. river plumes), architecturg.g.
natural ventilation) and industrial (e.qg. fire protection) sett{dg8]. While much
attention has been given to exchange flow between {gefimite or infinite
regions and finite regions, less is known regarding the exchange flow between
inter-connected fie regions [7-11]. This lack of knowledge limits the
deployment of natural ventilation, which is a potentially viable ventilation

strategy in many geographical regioExpanding the reach of natural ventilation
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is desirable because of the energy savings associated with a reduced reliance on
traditional HVAC equipment. Hence, a better understanding of natural ventilation,
with a potential to balance all or part of theesgyy consumed by mechanical
devices, is an imperative task for engineers and architects.

As we mentioned in Chapters 2 and 3, buoyashtyen exchange flows
between inteconnected confined zones highly depend on the position of the
interior openings. Wexamined the exchange flow between two zones of slightly
different densities separated by a single common doorway which was located at
the bottom of each zone. In order to gain a more complete understanding of
architectural exchange flows, we now extemd investigation to cases where the
bottom openings or vents are matched by an equal or unequal number of vents
adjacent to the ceiling, which we will hereafter refer to as the top vents. The
number of bottom and top vents we denotelbyand0 , respetively. It should
be noted that) O 1 or Hb results in the exchange flow that has been
examined before in Chapters 2 and 3. There aretmoal differences, however
between the two scenarios obnrzero 0 and 0 . Such differences will be
outlined below. The volumetric exchange ratelis and, in order to satisfy
volume conservation, must be equal in magnitude as regards the flow through the
bottom and top vent§he total chamber depth’i§ the diameter of each vent is
O and, consistent with our previous notation, the length of the dense zZ&aads
the total length of both building zoneslis'Q shown inFigure 41, is the verttal
distance between the bottom of the bottom vent and the floas anfixed value.

We assumea symmetrical building so th&Ris also the distance between the top
of the top vent and ceiling.

In the mixing ventilation scenario, by opening the intetioorway, a twe
layer exchange flow is established, which results in two qualitatively different
flows: a buoyant plume that rises through the dense zone and a horizontal gravity
current that propagates through the light zone. Over time, a stratified ambien
develops in the dense zone, and depending on the geometrical parameters
discussed in Chapters 2 and 3 the light zone will include two distinct layers with a

possible intermediate stratified layer. Conversely in the displacement ventilation
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flow that is he topic of the present chapter, by opening the top and bottom vents
simultaneously unidirectional flow of opposite sign is observed through the
bottom and the top vents. This in turn, evolves into horizontal gravity currents
that run along the floor anceiting of the space. As indicated Bygure 41b, the
gravity currents have respective speéds and 0 . Therefore, unlike in the
mixing ventilation scenaridhere is no ascending plunfgrovidedb and0 are
comparable)and, by extension, no fillinRgox process. Instead, we anticipate a
two-layer stratification in each zone with a sharp density jump from one layer to
the other. Upon reflection from end walls, floor and ceiling gravity currents yield
internal bores withrespective speeds , and 6  (Figure 41c). In the present
study, we refer to the gravity currents and resulting internal bores as horizontal
currents.The irfluence of these horizontal currents 0n, will be outlined in
Section 4.2.

As with mixing ventilationy decreases once the internal bores reach the
doorway. However, unlike in mixing ventilatioh, now tends to zero in a finite
time 0 , ratherthanin an infinite time.For times larger thad , (with ' Q @or 6
indicating the bottom or top flow, respectively) a horizontal interface develops in
each zone; in the light zone a layer with dé@hmoves upward and, meanwhile,

a layer with dept "Q travels downward in the dense zomég(re 41d). In this
study the interface refers to the density surface that divides the light zone fluid
above from the dese or stratified fluid beneath. Initially, the variation of the
interface positions with time is nearly uniform; though, later on the respective
layers grow at a slower pace. Kor 0 , the interface elevations do not change as

a function of time. Weinvestigate the influence of pertinent geometrical
parameters, e.ghe number of open venis, and( , the relative size of the two
zones,/tand 0, the building height)Q and theinitial density difference ”

ond ,0,Q andQ.
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Figure 41. Schematic of the displacement exchange flow in the absence of sb\f&)¢
0 T the instant when buoyandyiven motion begins, () 0p ando ;, before the
dense or light gravity currents reach the end wallp(c)o ; ando j, after reflection of
the dense and light gravity currents as internal bore®, (dy ; and 0 j;, after the denst
and light bores reach the horizontal position of the vents@and ()0 © when the

exchange flow is terminated.

Due to numerous differences between the two modes of exchange flow
described above, displacement ventilatioerits its own investigation, all the
more so because, as we shall Seejs now typically larger than for the cases
examined in Chapters 2 and 3. Therefore, if the purpose is to redistribute
buoyancy from an attached solarium as quickly as possilbde atbhitectural
design shown in Figure-2 is inferior to that ofFigure 41. On the other hand, the
scenario described biyigure 41 is relatively straightforward to analyze, given
that it possesses a welkfined end state. Consequently it is of interest to extend
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the analysis in an architecturally meaningful way. We dobg including an

isolated source of buoyancy in the light zone.

(@o o (b)o o

hy

Source

do o

Figure 42. Schematic of the displacement exchange flow with a soard@)d ©

when the stratification due to the source lies strictly above the top of the bottoin \
the light zone, (b 0, (c)0 O O when a plume rises through the lower layel
the dense zone (@ O when the source is turned off. Ha¥eis thetime required for
the first front to reach to the top of the bottom vent ani$ the time during which th

source is switched on.

The geometry of the source may fall between a point or line source of
buoyancy[6] to fully distributed heat sourcgl?]. In case of the former a
stratified building zone is expected and in case of the latter the room air remains
well mixed. Transition between the two cases occurs when the area of the source
exceeds approximately 15% of the room afgd. The point or lineand fully
distributed limitsfor a source withgiven buoyancy flux andor a giventime
provide helpdil upper and lower bound43]. Here we consider a line source of
buoyancy.The source origin is located at the base of thevealt in the light
zone has a buoyandjux "Oandprovides a continuous source of buoyancy in the
form of an ascending plume as indicated schematicallyignre 42. Over the
time,6, that it is active orconfirualyiicredsesd ono,
the thermal energy within the building envelope in addition to the energy that is

transferre as a result of the exchange flow depictedrigure 41. 0 scalesthe
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time during which the building zone is subjected to solar gains and may be non
trivial over the significant fraction of the dayThus, the source introduces
additional dynamics, which are superimposed on top of those associated with a
simple twezone exchange flow. More specifically a Aowial stratification in

the light zone develops-igure 4-2). For sufficiently large’O and 0, the first

front, defined as the horizontal line dividing the stratified ambient above from the
unmodified @&nse ambient below, may reach the top of the bottom vent at,

say. Thereafter, buoyant fluid will spill into the dense zone yielding anmoal
vertical stratification there tofFigure4-2c). In either case, the filling box model

of Chapters 2 and 3 can be adapted to describe the zonal evolution of the
stratification

Combining the displacement and exchange fldhesre are thus a number
of important time scales to be considered @.€.0, 0, 0 . We investigate the
influence of each of these on various parameters related to thermal comfort and
heat transfer, e.g., buoyancy, interface height and exchawgedie.

The mathematical model is developed in Section 4.2. A discussion of
theoretical predictions is also included in therein. In Section 4.3, the experimental
setup and procedure is explained. In Section 4.4, we compare theoretical and
experimental reults to understand the nature of displacement flow and assess the
validity of the model equations from Section 4.2. Conclusions and future

considerations are drawn in Section 4.5.

4.2 Theory
In this section we develop an analytical model for thsplacement

ventilation between two confined zones that are connected with top and bottom
vents. We seek a theoretical framework to describe the evolution of density and
buoyancy in each zone with respect to time and space. Consistent with the
methodologyof Chapters 2 and 3, we derive a composite model through-a non
trivial combination of various constituent components such as two counterpart
exchange flows, gravity currents, internal bores and stratification due to the
plume. As we will see later, the nigmics of each zone are highly coupled to one

another.
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Only vertical stratification is considered in this study. It is assutnad
there are no fabric heat losses or gains through the ceiling orofidbe dense
zoneand that the building is well insated. In fact, the only interaction of the
building with the exterior is through the presence of the source of buoyancy in the
light zone.The system is assumed to be incompressible and Boussinesq and the
pressure distribution hydrostatic. The plume isuassd to be switched on at
0O O0f,noto O, the instant when the bottom and top vents are simultaneously
opened. Such an assumption has only a minor impact on the dynamics of the
displacement exchange flow because duringd 0, the buoyancy addeid
the system from the soure® insignificant compared to that gained (lost) in the
light (dense) zone by the exchange flow. Moreover, any entrainment or
detrainment into or out of horizontal currents is ignoFadally, the two fluids of
different dengies above and below the interface are miscible and the surface
tension is zerd-or a detailed description of assumptions related to the interaction
of the plume and ambient, the reader is referred to Sections 2.2 and 2.3.

4.2.1 Ventilation flow with no source of buoyancy

Here we develop the theory for ventilation by a displacement exchange
flow in the absence of a source of buoyancy,"©e0. For purposes of analytical
efficacy the problem is divided into three complementary parts: i) two counterpart
exchange flows, both of which are unidirectional and which arise due a difference
of hydrostatic pressure between the adjacent building zones, ii) horizontal
currents comprising the bottom and top gravity currents and associated internal
bores and iii) te vertical motion of the interface in each zone.

Four scenarios in terms of the valuesforandQ atd o are possible

depending on the bottom and topeningeffective areas and relative size of the
two zones. Here we only focus on the scenario where botr p and

h

p, which is the most architecturally relevaamong other scenarios

discussed in appendixAl.
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4.2.1.1 Exchange flow ratékand interface height

By simultaneously opening the top and bottom vents, two oppaositely
directed exchange flows are established. By volume balance these two volume
fluxes must beequal in magnitude. Hence, the respective conservation of volume
equations for fhw through the bottom and top vents read as

0 60 0 (4-1)
Hered (0) is the velocity thorough the bottom (top) vent(s) whose respective
total area iz (W). We assume a circular vent geometry so thaand @ are
given by0 -'O and0 -0, respectively.

To determined , some estimate of the pressutiéference across the
upper vents is needddr which purpose we suppose that the pressure along the
ceiling of the dense and light zone iiespectivelyf) andn , whereo andd are
defined at immediate left and right of the upper veAt straightforward

application of Bernoulli's equation shows that

— — (4-2)
3Y 34
LI S AL I

(o]

in which the pressure differencen is given byan=r 1 . Also, by
hydrostatic balance,
3N "0 QQ 3N 4-3)

Substituting(4-2) and(4-3) into (4-1a), we can solve for the velocitiés ando

the former of which is given by

; 00 0 0 (4-9)
p @
¢P o
Then by applyindg4-4) into (4-1), we find that
0 6 Q0 Q 1Q (4-5)

whered” is the effective vent area and is defined by
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. W w (4-6)
This result neglects anyiscousdissipation via entrance and exit effects
and also ignores interfacial mixingVhereas the latter does not influence the
exchange flow rate the former does and we incorporate these losses by
introducing discharge coefficient. In this way-@4 consistent with Kaye and
Hunt[14], is written as
5" ww 4-7)
P Q Q
¢ W W

where® and are, respectively, the discharge coefficients associated with the
bottom and top vents. Consistent wjiiH], we assumé& @ 0.6.

Equation(4-7) shows thad’ is a strong funtion of I E ©t hbd , which,
for the uniform vent diameter case considered here, signifies that it is the smaller
of 0 and0 that largely determines the magnitude of the displacement exchange
flow. More generally, equatiof-5) is similar to (2.4) of Linden et gl6], which
specifies the exchange flow rate between aterior and exterior. A key
difference is that her®é depends on two interface heights i@.and Q. The
time evolution of these can be connected by applying conservation of volume,
according to which

5 0 b % o % 48

Equations (4-5) and (4-8) therefore constitute a coupled pair of ordinary
differential equations, whose solution requires the specification of a pair of

starting conditions i.e.

Q Qjpatd 05 (4-99)
Q Qpatd Of (4-9b)
Note also that conservation of volume gives the relationship betiemmd Q:
0 b (4-10
0 0
b

We employ(4-9), as starting conditions, to sol(#-8). Upon applying4-
5), integrating and simplifying, it can be shown that
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(4-12)

Q 0Qf 0 Op
o P P 0 b ©
U

(4-12

In physical terms}Y is similar tothe draining time defined by (2.8) of Linden et

al. [6]. However, there is a key difference between their approach and ours. They
considered the ventilation between an interior and exterior, while we are
concerned with the flow between two adjatcéuilding zones, neither one of
which exchanges mass with the outside environment. In our case, thefgfore,
does not correspond to the time required to reach steady state. The relevant time

scale is instead , which is defined as

o 0 0Qf (o (@13
Y P wo Y
0]

Note that whed 0,0 , QQ¥Q 6andQQIQ @re all zero.
Moreover, usind4-11) it can be showthatQ7O JB0O wheno 0 .By
increasing/B0 or decreasing the effective aréd, 0 increases and, therefore, it

takes more time for the interfaces to reach their terminal elevations.

4.2.1.2 Theory for horizontal flows
1- Gravity current formulation :
We use the Benjamin equatioar fthe front speed) , in terms of the
front height,Q
0 Q0 Q ¢O0 10 (4-14)
Q0 O 0 Q

along with the equation for mass conservation, which leads to the following

expresion for the initial volumetric exchange rate
0 0 Qw (4-15)
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The pair of equationg4-14) and (4-15) is identical to our previous mixing
ventilation formulation for bottom gravity currentsee equations ¢22) and (2
14).
2- Internal bore formulation :
We use the Klemp et-&ype approach
0 Q0O Q ¢O Q M (4-16)
Q0 0O CQ CQ M cQQ

which establishes the connection between the bore speeahd the bore height,

"Q. Equation(4-16) is coupled to a mass conservation equation, here expressed as

0 600 Qo (4-17)
The set of equation$4-16) and (4-17) is identical to our previous mixing
ventilation formulation for internal boresee equations {25) and (216).

Assuming constant velocity for the horizontal currents, we have
0p 0 /b % % (4-189)

5¢ fb% % (4-18b)
whereo0 is the timerequired for the internal bore to reach the horizontal position
of the vent(s) Equations(4-18) show that fo/B0 1/2 ( 1/2) we haveo j
0f (0  Of). Obviously, when the two zones are equal in size O0p k 0.
Using (414) and (416) implies that the propagation velocity for both gravity

current and internal bore is assumed teewise uniform.

4.2.1.3 Buoyancy
Consistent with the previous a@pters we define the natimensional total
buoyancy as
x P N I (4-19)
- Q Qa Q
Wsgs "GOH - OERORY

The control volume is either dense or light zohg.usual, @elenotes theeduced

gravity, i.e.

L (4-20)
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The total initial buoyancy of the system is
o 0 £I:> (4-21)
0

4.2.2 Ventilation flow with a source of buoyancy

In the previous suBection, we developed a model describing ventilation
in the absece of a source of buoyancy. We now extend our analysis to take into
account the impact of an isolated source, which is turned on at for a time
intervalo | O . The source consists of an ideal line plume distributed uniformly
along the width of théght zone with a buoyancy flux 6D

The process by which the plume interacts with the light zone ambient fluid
through entrainment and boundary discharge, i.e. the lateral flow of discharged
plume fluid along the interface, is referred tatlaes filling-box model[15]. (For a
more detailed description of the fillifgpx process refer to Chapter 2 and 3). By
continual discharge of fluid from the sourcenantrivial stratification develops
over time as shown schematically kigure 42. We assume the stratification is
confined to the region below the interface, ite. & Q. Above this region the
plume density is larger than the light zone fluid and the buoyancy force is
downward. Although the plume momentum flux is larger than O, which may allow
the plume to ascend above the interface, consisten{djfand also the analysis
of Chapters 2 and 3, we ignore such an overshoot.

The vertical expanse of the control volume into which the plume ascends
increases with time, i.e— 71 The plume/ambient interaction therefore

depends on the exchange flow rate and interface height, which is in turn

influenced by the fillingbox process and stratification associated with plume.
Because the bottom vég} is/are above the source origin, the advecting

first front is able to reach the top of the bottom vent(s) in finite time,&ayn

the present circumstance, any layer advected bé&lowQ ‘O will flow into the

dense zone and fornd separate axisymmetric phe(s), as we illustrate

schematically irfFigure 42. We denote the light and dense zone density below the

interface as j and” 5, respectively; both are functions of time and elevation.
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By design, the dynamics of the horizontal cutsesrepend on the initial condition

but not the source properties. This is because the plume is not activdiled

0 0. As explained before, due to the small fraction of buoyancy added by the
source im O O as compared to over the much larger timterval quantified

by 0, we expect very similar resultstife plume weransteadactivated ab 0.
4.2.2.1 Exchange flow ratékand interface height

We now aim to derive a formula far for the case wherd® 1 By
assuming a hydrostatpressure distribution, we have

‘ : o 1 s (4-22)
R YY) " EQQE” Q00

" EQQa N
as the pressure difference between two points immediately to the left and right of
the bottom vent”  and” j are the dense and light zone ambient density,

respectivelyEquation(4-4) is now expressed as

o .. .. .. 0 "R e "R e (4-23)

which, upon applying conservation of volume, reduces to

(4-24)
VO R Q. 3pQ4. 3pQa

p ®
cP @

Here3 j and3 j are the characteristic reduced gravities of the dense and light

zones, respectively, and are defined as
L (4-25a)

* (4-250)
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Now, the exchange flow rate usif41) and(4-24) is given by

. (4-26)
0 6 Q0 QO Q FEQa FpQa
whered® is defined by(4-7).

When the dense and light zone stratification is due to the fitiog
process, it is impossible to soly4-8) and(4-9) along with (426) analytically.
Rather, a numerical solution is sought. Complicating matters is the fact, discussed
in further detail below,lat™Q and"Q depend on the interaction of the vertical

plume(s) and the surrounding ambient.

4.2.2.2 Buoyancy
Due to the source, the total buoyancy is now not consefedit

. b ]
5 o g (4-27)

wherethe first term on the right hand side 0fZ4) is the initial buoyancy and,
thenondimensionabuoyancy added to the system by the source at any instant, is

characterized by thearameter

5 " (4-28)
00
Thedense and light zone buoyancy can be written as
) »:04 Q Jb (4-29%)
() @0 O
, 3 HQa 0 /b (4-29)
@0 P o P 3§
respectively. Applying4-10), it can therefore be shown that
35Qa /b 3L Qa /b (4-30)

& . d

_ TGe0 b "o P §

and, by extension,
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. "Q00, 0 (4-31)

L 0" Q0 Q0 Q T(b b _3~ FQa
Equation(4-31) expresses the exchange flow rate as a function of the buoyancy
added to the system.

The final buoyancy in each zone can be decomposed into two components
at any moment in time: that associated with the displacement ventilation
illustrated schematically ifrigure 41 and that due to the buoyant plume rising
from the source. Note, howevehat the buoyancy increases in the dense zone
only ford 0 after which the first front falls below the top of the bottom vent.

We now defina , the source stretiy, as

l ‘@ o (4-32)
w0 b
Equation(4-27) indicates that is the ratio of the buoyancy added by the source
over timed and the total buoyancy of the systeno atO.
Two flow regimes can be discerned on the basis the magnitude dj a
ventilationdominated regime witht 1 and 2) a souredominated regime
with 1. In this study, particular attention is foedson the former. Note
thath =0 is a special limiting case where there is no buoyancy source in the
system. For 0, one can further divide the ventilation dominated regime into
regions where the influence of the source is weak, moderate and strong.
Somewhat arbitrarily, we assign these regions tovalues in the respective

rangesit 0.1,0.1 t 0.5and 0.5t 1.

4.2.2.3 Plume/ambient interaction
1- Stratification in the light zone:
The interface height in the light zori®, is simultaneously a function of
0 and the stratification in each zone. In order to determine the details of this

stratification, we solve (3) and (38) subject to the following source conditions:

0 T (4-33-a)
0 T (4-33-b)
O O (4-33-c)
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atg 1t Note that here the advection velocity nflividual layers within the light

zone,Y, employed in (38B) to describe the fillingpox processs defined as
x 0 0 (4-34)
Y —
v /b
The physical meaning G remains the same, i.e. it prescribes the rate at which

individual layers within the continuously stratified ambient are advected
downwards.
2- Stratification in the dense zone

The plume(s) that rise through the dense zone issue from circular vents
alongthe bottom of the interior wall. Provided the vent spacing is sufficiently
large, it is reasonable to assume that the rising plumes do not directly interact one

with the other in which case the evolution of the volume flux withgiven by

T (4-39)

0 .
TCII/IU

T
The entrainment coefficient for axisymmetric plumes is 0.082 and this is the value
that we assign to here[19]. Moreover, the layer advection velocify, in case
of multiple plumes is given by 9]:

W 00 (4-36)
Y I
b

Regarding the dense zoneuste conditions, at  "Q O the volume,
momentum and buoyancy fluxes are given by their counterpart quantities
associated with the advecting layers in the light zone.0OFoib (3-7b), (37c)
and (38), along with(4-35) and(4-36) should be solved ovetr ¢ O "Qso
as to describe the ascending plume in the dense zone. For this purpose, the

aforementioned numerical scheme of Germg2dkis used.

4.2.3 Time scales

Based on th previous discussion, the two time scales of most relevance to
the flows illustrated schematically in Figured 4ind 42 are: (i) the ending time
0, a function ofd and 0 , which is defined as the time whan 0 or,
equivalently, wherfQ¥O JB0 and (ii) the timed during which the source is

turned on. As noted earlier, values@fare chosen so thatf0 L 1. This is a
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reasonable assumption in real buildings provided the source is a heat source or
solar gain wher® is measured indurs and is measured in tens of seconds or
possibly minutes.

For reasons that will become clear after we present and disguse 4
10below, 0 is the timescale with which we choose to nrdimenionalize time,
unless otherwise statedFor this purpose a natimensional timescale, T, is
defined ast  6f0 .

4.2.4 Mddel predictions

In this subsection, we combine the previous equations and present model
predictions for both building zones d&figure 41. Because we have already
discussed various features of the horizontal flows and stratification associated
with the plume in Chapters 2 and 3, here attention is restricted to those new
aspects and parameters associated with displacement ventilation. Most notably,
the time evolution bthe stratification and buoyancy in each zone @.g,, 3 f,
@, ®) is presented and discussed.

Figure4-3 shows the spatitemporal evoltion of the density in the light
and dense zones Figure4-3 the ambienstratification is shown only below the
interface. Above the interface, there ismimodified light fluid, i.e. 3 z7¥
" 3 T @el for QFOGF0<1l andp "QI'O<GI'C<l. In Figure 43,
0.10,6°7 -0 1.93 and> 0.5. The top of the bottom vent(s) extend 20% of
the way up the common wall, i.e€Q O F¥O 0.2. Also,0 118 andt
— 1.45. Finallyt — 0.20, which is significantly smaller @& the non

dimensional time the source is activated, f.e. 5.

Figure4-3 confirms that the motion of the first front differs in a nontrivial
way from that considered in Chapters 2 andH8re it follows a nofmonotonic
trend; up untilt 0.787, all the stratifiedayers in the light zone, including the
first front, move upwards. Thereafter, the time rate of chang® at small
enough that the layers, which always move downwards relative to the interface,
now also move downwards relative to a fixed observer. Such behavior is also

reflected by(4-34); initially 0 0 and”Y 1t Due to a progressive drop in the
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hydrostatic pressure difference between the two zones, howeveecreases so

that, eventuallyp v and ¥<0.
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Figure 43. Dimensionless stratification profiles, scaled bizewith respect to elevatior
scaled byQ at different dimensionless timek, The solid and dashed curves corresp
to the stratification in the light and dense zones, respectively. The actual tintes Jr:
10, 20, 50, 70, 100, 150, 250 and 568 sec. 0.10, defined by (82), andd*¥ -'O

1.93.

Concerning the light zone stratification, fat 1.01, when'Y 0, we have
3 pF'Qe 0 for 0<QT'0<0.37 and 3 ;FQ@e m for 0.37 GrO 1.

“®e 0 corresponds to the dense fluid density; therefore, due to entrainment of this

S ¢

dense fluiddensity inthe plume becomes comparable to that of the ambient at an
elevation below the interfacét this elevation and, consistent with the approach
taken in Chapters 2 and 3, we assume that the plume spreads in the lateral
direction.For thepanels withf=1.04,1.47 and 2.31 ifrigure4-3, this elevation is
evident as the kink in the solid curve that appeardf&@=0.37, 0.39 and 0.48,

respectively As the fillingbox process continues, a progressively larger fraction
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of the ambient layer becomes densstlyatified which results in smaller density
within the plume and, as a resuhg kink disappearms the stratification profile
corresponding td =5 in Figure4-3.

Regarding the dense zone stratification, for T =1.45 the first front
reaches the top of the bottom verasd there is a flow of stratified ambient fluid
into the dense zone that is characterizediby 3 vertically rising plumes in
Figure4-3. In contrast to the light zone the layers in the dense zone move in the

downwards direction for aft (>1 ).

1=0.21 7=0.28 1=0.37
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Figure 44. As in Figure 43 but withsource strength af  0.017

Figure4-4 shows the evolution of density in the light and dense zones for
L 0.017 representing a sfeld decrease of the source buoyancy flux as
compared td-igure 4-3. Other parameters including remain as inFigure 4-3.
However, for his set of parameter$, 2.05, which is 2.27 times as large as the
value reported fofFigure 4-3. In fact ¥ depends orkXx ¥Q ¢ the advectin

velocity of the first front in the light zone, which is itself a function of Also,
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the nonrdimensional density jump across the first front with the value ®f; ¥
"@e 0.0199in Figure 4-4 is smaller than that ofigure 43 where 3 ;¥
"¢ 0.0657

Figure4-5 explores the dependenceraindimensional time at which the
first front reaches the top of the bottom vent with source stremgiteffective
area.Ast decreasest increases sharplyof weak sources of buoyancy larger
times are required for the dense zone to feel the influence of the buoyant source in
the adjacent light zone. Note, however, thatlémgervalues oft , ¥ becomes
lessdependent on . Also characterized b¥igure 4-5 is the influence of the
effective area. For larger’ values, the downward motion of the first front in the
light zone begins more rapidlyeading to smaller values fay. However, 0

decreases by an even larger fracgorthatt 0 70 increases

[ " 1
i — A" /m/a*D?)=0.64| |
R A'n/4*D?=0.92

" - = = A" /4*DY)=147| |
T A U [t A'/n/4*D*)=1.93] |

"0 0.1 0.2 0.3 0.4 0.5
II

s

Figure 45. Variation of t 0 70 with respect ta for various! ‘¥ -0 .

By integrating the areaonfined by the vertical axis dfigure 4-3 or
Figure4-4, the buoyancy is obtainddsee(4-19). Figure 46 shows the buoyancy
divided by the initial total buoyancy, i.€d> Tt given by (4-21), versus non
dimensimal time, T, for various values af .

As shown byFigure 46a, the buoyancy in the light zone first decreases
with time and then increases so tHAL¥YQ T 0 at a time close td 1. In
particular, fort ~ 0.015, 0.075, 0.150 and 0.226f% 1 0.5019, 0.5061,
0.5128 and 0.5197 as the local minimumstat 1.01, 1.01, 1.00 and 1.00,
respectively. The minimum occurs because by opening the top and bottom vents,

light fluid is replaced by an equal volume of dense fluid, which results in a
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decrease of buoyancy fokt<t . Att ,0 has decreased the point where
negligible buoyancy is lost due to ventilation. As such, the buoyancy delivered by
the source becomes increasingly more significant, so that it outweighs the
buoyancy lost through the upper ventfshte from the four curves dfigure 4

6a, the slight change of slope that occstsent t 2.06, 1.47, 1.29 and 1.21.
When we have a source of buoyancy in the systers not the mirroimage of

@ (c.f. Chapters 2 and 3fort 1, ® increases because the first front has now
reached the top of the bottom vent, providing a further means by which buoyant
fluid may enter the dense zone.

(a) Light zone (b) Dense zone
0.8 ‘ ‘ ‘ 0.65 ‘ ‘
——I1=0.015 L
073 r[s=0 075| | Sl
T 0.55¢ IR L AR
o7 \ | I1=0.150 s T e e =]
s 0.5 e o
= .\  |a- 1 =0.225 a
8§ 0.65} s 3§ 045}
S A N <_ 04f
a° o N &
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 0.35¢
0.55 e T
i L T 03
0.5 02s]
045 02
0 1 2 3 4 5 1 2 3 4 5
T T
(¢) Total buoyancy
125 ‘ :
L.2r e
Kd
Kd
/’
S 1ist e
L POt e
2 4 Phie
o) L1 "y - -
’ e
K2 - -
K Nd P e
1.05/ ST et
r“; 27 a7
Rt
S -
1 P L
0 1 2 3 4 5

Figure 46. Buoyancy versug Ofo for JBO = 0.5 and various ; (a) light zone

buoyancy, (b) dense zone buoyanay, and (c) total buoyancy)

Note finally that the above analysis presumes the source to be ideal so that
the source volume and mentum fluxes are zer&iven that we have reduced a
distributed areal source to a line a southes assumption is reasonable from the
point of view of modelling solar gains in equator facing zone(s), but it is difficult

to reproduce experimentally usirg saltbath system. For this reason, it is
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necessary to extend the above model to include the case of a (weakpaon
source. In a real building, whose geometry is obviously fixed, adeal source
acts to increase the interior pressure, particulalbng the ceiling. Even so
providedt << 1, one can assume the density deviation of any point from its

initial value is small and that the system remains Boussinesq.

4.3 Laboratory experiments
The experiments were conducted i27.5cm long, 25.0 cm wide and
34.5 cm deepglass tankA 25.0 cm wide by 57.5 cm tall perforated divider 1.5cm
in thickness was used to subdivide the tank. This divider was placed inside the
tank to form a fixed’lb 72.5 cm long space that served as the dense.zbd
second divider was also used to limit the tank length=tk49 cm. In this way, the
entire flow field could easily be captured using a single camera. Dividers were
held in place using putty and silicon glue, which eliminated any leakage of fluid.
Density differences were produced by addition of sodium chloride and
were measured using an Antor Paar DMA 4500 densitometer with a precision of
+0.00005gcm?®. Fresh(” €0.9984 gcrif) and saling” é 1.0400 gcni) water
served as the light and densedkiirespectively, and were replenished after each
experiment. Whereas for most experimégs 0.40:0.02 m&, a limited number
of experiments usind.18<(20.49 m& were also conducted to ensure that
viscous effectsplayed only a secordrder role More formally, a Reynolds

number was defined as
T0 (4-37)

2 A

Experiments wee conducted in the range 10°<Re<3 10" so that, as with the
analogue flow in real buildings, transport is overwhelmingly due to turbulent,
rather than molecular, effedt0]. Red food dye was added to ti¢her the dense
or light fluid for visualization purposes.

The tank was filled with fresh water to a depth@f 21+0.5cm so that
the distance’@1.5 cm) from the top vent to the free surface matched the distance
from the bottom vent to the bottom of the taike experiments were carried out

for the range oft 0 3 and 1 0 3, wherel0 and0 are theinteger
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number of open vents along thettom and top of the dividing wall, respectively.
The vents were circular with diameter 2.54 cm and were closed using rubber
stoppersAt the beginning of a particular experiment, special care was taken to
remove the stoppers simultaneously so as to aaoidolayer exchange flow
through any one vent.

A plume nozzle was placed at the bottom of the tank along the end wall of
the light zone and wasipplied by a constaifiead pumpgonsisting of fresh water
that flowed from a bucket placed on the floor. Tiyx@mp in question is a
Masterflex L/S peristaltic device with an electric drive and an RPM range of 1 to
100. It supplied fresh fluid at a constant rate over the course of each experiment
Values of0 ando in the respective ranges ofll <6 mls® and 6009 <5400 s
were used, which resulted source strength values in the rarfigel 0.28
according to which the flow was always ventilatdominated. Larger values of
L were avoided because they either entail (i) laigeso that the plume is in

actuality a buoyant jgHunt and Kayd?21]), (ii) large” so that the system
is nonBoussinesq and/or (iii) largg over which thee is an appreciable change
of elevation of the free surface.
<3, supporting
brackets
N

Entrance
[ from reservoir

to light zone

Figure 47. Schematic of the nozzle

The plume nozzle was designed using SolidWorks and was manufactured
by rapid prototyping. Using the current dém, asconfirmed by experimental
observationsthe outflow is a uniform horizontal line plumiéigure 47 shows a

schematic of the nozzle (also see Appendix F for the detdildimensions),
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which, as much as possible, was designed so as to produce a flow that was
uniform along its length. Theozzle was fixed to the front and back face of the
tank with special brackets manufactured using a water jet cutter. The plume
nozzlewas always positioned at 0. The plume fluid irnthe experiments exits

from a slot just above this level; howevittre 6 mm nozzle thickness (indicated in
Figure 47) is small compared to the interface heighthich measured
approximately 40 and 105 mm at starting and ending time, respectivelynand,
theory we assumed the plume is originated ab.

By employing a30.5 cmin by 182.9 cmin light-sheet (Electric Vinyl,
PNP1724), the tank was uniformly backlit. Images were recorded using a
LaVision Imager Hite camera with 35 mm Nikon AF Nikon lens. The linear gain
of the CCD camera and direct recording to digital format reduced noise and
simplified subsequent processing MATLAB code was developed and used for
analysis of the experimental data in order to measure the velocity and depth of the
horizontal flows as well as the time rate of change of interface height in both
zones. By identying the location of a sudden change of pixel intensity, we could
straightforwardly estimate the front position and, by extension, the front speeds of
either a gravity current or bore. A similar methodology was used to estimate the
interface elevations the dense and light zon&he ending time measured as the
time the takes for the interface to read¥® of its steady state valudlote,
however, thatthe depths of the horizontal currents varied along thegigth
achieving, in the case of the gravityreent, a maximunat the raised head and a
minimum between the head and the tail. To avoid such complications in the
present analysis we only report interface heightd fort .

We used a conductivity probe (Precision and Measurement Engineering,
MSCTI) mounted on a vertical traverse (Velmex;Skde), whose translational
speed was typically 5 mm/s, which was found to be small enough not to disturb
the dense or light zone ambient fluid. Consistent with Chapters 2 and 3, a linear
relationship between the @&ured voltage and the fluid density was assumed and
five stock samples were used for calibration purpose. Density measurements

using the conductivity probe were made only at the end of a particular
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experiment, i.e. fofr 1 . For times smaller thah, the stratification continuk

to evolve as a function of time. Because the probe had a finite vertical velocity,
the associated measurement did not correspond to an instantaneous snapshot of
the density field, but rather to an evolving field measured auene interval of,

say, ~ 40 s. On the other hand, by using image processing techniques, we were
able to track the time evolution of the interface heights to a temporal resolution

equal to the frame rate of the camera which was 17 Hz.
4.4 Results and disussion

4.4.1 Comparison between theory and experiment
Experimental snapshots of the propagation of the dense gravity current
through the light zone are providedRigure4-8 in which0 =0 =1. Figure4-8
through the light zone are providedRigure4-8 in which 0 0 1 Figure4-
8 also shows in panel f the corresponding front position of the gravity cusrent,
as a function of timeThe reasorrigure4-8 starts at Is on horizontal axigs that
there is a starting phase during which there are both cross and along channel
flows. Hence, we postponed the report of data until the cross chaomel fl
diminishes so that the assumption of spase uniformity becomes reasonable.
Figure 4-9 shows the time evolution of the interface in the lightezdor
the same experiment as figure 4-8. For T 1, the interface height increases
appreciably; however, panel e indicates et © 1, QQTQ arops significantly
A similar trend is observed for the interface height in dense Z@ne,
Error bars, indicated ifigure4-9 and elsewheregre based on the results
of repeat experiments, conducted for select combinatiornis 06 , Oando .
Uncertainty analyses are based on the standard deviation ofisamlde of
measurements with a confidence limit of 68%2).
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(a)T 0.0049 - (b)t 0.0073

(©1 0.0097 T @t 00121

(e)t 0.0145

(f)

© Experimental data | |
Best fit line

2 3 t(:éc) 5 6 7

Figure 48. Time evolution and front position of the bottom gravity current when 0, 1,

'Y'® 4520 andB0= 0.49. The field of view measures 22 cm tall by 77 cm long. As021 cm.

The wires that appear on the lefind side of the experimental images are connected to
rubber stoppers and indicate closed vents. On the-higyid side of the images is thezzle,
which is not activated in this case. Only part of the field of view (measuring 22 cm tall by

long) is shown.
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Figure 49. Time evolutim of the interface height where, in contrast to Figurésathd
4-2, the clear and dark fluid have respective densitieend” . Only part of the field of
view (measuring 22 cm tall by 77 cm long) is shown. These images show the latt

evolution orresponding to the images presenteBigure 48.

Expanding on the resultshown inFigure 49e, Figure 410 shows the
variation of interface height in the light and dense zonesfaaction of time for
various source buoyancy fluxes and effective vent afeagxpected, the rate of
change ofQ and™Q is more substantial for M0.6. Conversely when 0.6 T 1,
the rate of increase is comparatively slow andffet, it is identcally zero. The

eventual time independence™@f and™Q is not only predicted by theory; it is also

strongly suggested by the laboratory measurements where, in general, no

distinguishable variation of interface height is observedtforl. Moreover, for
larger values of the effective area, the depth of the internal batre at is

larger, so thalQ or "Q start off with a larger value.
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(a) Light zone (b) Dense zone
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Figure 410. Interface height in the light70O and dense’@F'0O zones versus ner
dimensional timet. 0°7 -0  0.64 for panels (a) and (@); ¥ -O  1.93 for panels

(c) and (d). Symbols and lines correspond to experimental and analytical
respectively. Data points in (b) and (d) are indicated in thentegd (a) and (c).

respectively.

From the different panels &figure 410, it can be shown that for

and fixed source conditions, the interface height follewsiversal trend for all
values ofo“T —'O , provided time is scaled by . This observation affirms the
physical importance ab , defined by(4-13), in dipplacement ventilation flows of
the type illustrated schematically Figure 42.

Figure 411 shows the variation ad 70 ;  as a function o6°¥ -0
(Similar results are obtained for other values of the source strength). Here,
(o3 361 s is the maximum endingrmie and, for this set of experiments,

corresponds to the minimum value @f. As noted in connection witRigure 4
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10, the vent sizdas a significant effect on theagting value ofQ and™Q. 6° also
determines how quickly the light zone exchanges fluid with the dense zone.

Hence, by increasing’ in Figure 411,60 70 ;  decreases.

—— Equation (4-13)
¢ Experimental data|

018 1 LZ 1.‘4 l.‘6 118 2
A'/(n/4*D?)

Figure 411 Variation of the ending time& 70 ; , as a function of effective areé’,—.

Hereo 361 s.The analytical data, shown by a solid line, is given b3

Regarding 3 g¥@and 3 ;T @ethere exists an extensive volume of
experimental data. Therefore only select experiments are analyzed in detalil,
whereas in other cases the explicit interrogatibthe data is less intensivAs
mentioned in Section 4.3, onlyetiinal stratification is measured. The superscript
"Qdenotes such a final state, which is measured. &igures 412 to 415 show
the comparison between the experimental and theoretical results for both the light
and dense zones. These figures dffergint from Figures 8 and 44 because the
stratification is now shown as a function @f'O over the entire depth of the
control volume. Consistent with Figures3Zand 44, howevert 070 isin 4
13 to 415 set to be large enough so that ¢heéevelops a netrivial stratification

in the light zone as would be expected in most architectural scenarios of interest
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(a) Light zone (b) Dense zone
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Figure 412 Experimentalsolid) and theoretica{dashed)stratification profile in the (a

light ard (b) dense zone as a function @O for t =0 and6°F -0 =1.93. A

representative error barshown in panel a.

In comparing theory and experiment, we must consider the role of Kelvin
Helmholtz instabilitiesand the turbulent mixing that follows there frouch
instabilities result in interfacial mixing which in turn causes a smearing of the
sharp interface predicted, for example Figure 412. Thus even in the absence
of a source of buoyancy there is in the experimental data atrinth
stratification of density in each zone that is attributed tottinbulent mixing
associated simply with the propagation of theizmrtal currents. This mixing is
not accounted for by our equations becausepur knowledge, no analytical
model is able to describe such mixing in a straightforward manner.

Figure 413 makes apparent the influence of the source buoyancy flux, i.e.
"OFom, where'OTt  "Q0 T is the buoyancy flux associated with the
exchange flow atb 1. For larger values of the source buoyancy flux, the
average density in the light and dense zones below the interface increases in both
the theoretical and experimental data. A 0.2, which corresponds to the
top of the bottom vent, is the heightvatich stratified ambient fluid flows from
the dense zone into the light zone. Hence, no further stratification is observed in

the theoretical curveger m o0 0.2 inFigure 413.
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() Light zone (b) Dense zone
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Figure 413. Experimental (solid) and theoretical (dashed) stratification profiles in th

light and (b) dense zones as a functio@BOfor two different values ofOF'O 1t with
on Q0 m. d°F-0 =1.93 andt 5. Theoretical and experimental data

shown by the dashed and solid lines, respectively. A representative error bar is in

in panel a.

The influence off is characterized b¥igure 414. Not surprisingly, if
the source is active over longer times, the stratification evolves to a greater extent
in each zone. Also, for larger values Df there is greater opportunity for the
entranment of ambient fluid by the plume and, as a result, the stratification below
the interface is predicted to be sharper. In both the theoretical and experimental

data, a sharper stratification below the interface is evident for farge

(a) Light zone (b) Dense zone

1 1
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Figure 414. Experimenta(solid) and theoreticaldashed}tratification profiles in the (a
light and (b) dense zones as a functiona®® for two different values of t . 0¥

-0 =193 andOrom 0.0176.
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Finally, Figure 415 shows the impact of the number of open vents on the
stratification profiles in both zones. Clearly, plays a minor role in the final
stratification in &her zone, a feature that is apparent from both the theoretical and

the experimental data.

(a) Light zone (b) Dense zone
1 T T T

=== A" DY)=1.93 |
08l | ~~—A"nia*DH=0.64

0.6

LLLLLLLL.

z'H

z'H

0.4r

021

0:2 0.‘4 0.‘6 0.‘8 i
f . AL
_Aa,c/g Aa,l)/g

Figure 415. Experimentalsolid) and theoreticaldashed}tratification profiles in the (a
light and (b) dense zones as a functiogBOfor two different values a7 —'O and

L =0.28.

As explained previously, the analytical model ignores interfaniaing.
Therefore in all oFigures4-13 to 415 a better agreement between prediction and
measurement is observed in the lower stratified layer. The reason is the
stratification caused by the source is confined tadigeon below the interface, an
assumption that matches well our qualitative experialeabservations. The
process of forming this stratified layer includes entrainment into the plume, which
acts todecrease the volume of the fluid resultant from mixing by Kelvin
Helmholtz billows Better agreement for elevations below the interface is
important because in buildings, the temperature distribution in the occupied

region has the most direct impact on occupants' perceptions of thermal comfort.
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Figure 416. Total, light and dense zone buoyancy, de., @ and®, respectively, as

functions of (a)0°7 -0 for 0.0483 and (b) for 6°F -0  1.93. The lines

and markers correspond to analytical and experimental data, respectively.

By integrating the density profiles over height, one can oeterthe
buoyancy of either zond-igure 416a shows results of this calculation plotted

againsto’T -0 for 0.0483. Clearly, the effective area is not expected to

alter the final buoyancy providetl 1 and this prediction is in very good
agreement with our laboratory measuremehtsanalyze the impact of the source
strength on the final buoyancy and alsweéoify the accuracy of our experimental
measurements in a different way, we carried out a further set of experiments with

0°7T-'0  1.93 and different values of as shown in panel (b) dfigure 416.

By increasing , the buoyancyp, added by the source also increases. Therefore
in Figure 416b, the buoyancyn each zaeincreases as a monotone function of
the independent variable. gimilar trend is expected for other values Gff

-0 . As Figure 416 makes cleardespite the fact that the poiby-point
agreement between the solid and dashed curves of Figut8sto 415 is
sometimes lacking, the predicted final buoyamogy still agreewell with

laboratory measurements

4.4.2 Applications to attached solarium design
Table 41 summarizes the impact of the geometrical paranigtewhose

dependence ob and 0 is given by(4-7), as well as the source strength
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whose dependence 6@ando is given by(4-32) on various design parameters

for displacement exchange flow.

Table 41. Summary of the influence of the source and vent parameters on various
guantities in tk displacement ventilation exchange flow illustrated schematicall
Figures 41 and 42. The quantitative influence in question can be assessed by
reference to the appropriate figure, indicated in parentheses.

3 57‘@ 3 ﬁT‘@

- _ @ QT -
Variable and | jght zone  Dense zone 5 Z[ . 5 - 0:
range of  stratification  stratification Light zone  Dense zone Ending
values (belowthe  (below the pio ooy buoyancy time
interface) interface)
0.01« 0.28 Strong Strong Weak Weak Weak

(Fig. 414a) (Fig. 414b) (Fig. 416¢c) (Fig. 416c) (Fig. 410)

064<i 193 Neutral Neutral Neutral Neutral Strong
e T (Fig. 415a) (Fig. 415b) (Fig. 416a) (Fig. 416a) (Fig.411)

For the case of nemteracting plumes considered hetbe terminal
stratification and buoyancy in either zone are not impacted by the number of open
vents whent 1. However, the ending time, which is indicative of the
evolution timescale forQ and’Q, is strongly influenced by and0 . These
observations are especially important when buoyancy differences are due, not as
we have assumed thus far to temperature differences, but rather to the presence of
some noxious gas or harmful suspended particulate. In this case, knowledge of the
temporal evtution of the interface heights and, equivalently, the variatiot of
is critical in estimating how long an occupant has to vacate a particular building
zone. In terms of an attached solarium and adjacent building zone, it is obviously
advantageous teavet 1 so as to derive the greatest possible benefit from the
solar gains in the zone more likely to be inhabited by building occupants.
Consistent with the results displayed in Figurek34to 416, the impact of the
source on the final buoyancywseak for the range of parameters employed in our
experiments. However, as shown by Figure$34to 415 and consistent with
Figures 43 and 44, the influence of the source parameters can be substantial

even for p in that the details of the densityaification can be notrivially
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altered by changin@or 0 and this may, in turn, netmivially impact the degree
of thermal comfort experienced by those inside the building.

In the context of occupant comfort, energy use and attached solaria, we
briefly examine a simple case study whose results are summariZedlie 42.
As a first design consideration, we assume @at3.6m with a plan area of
10m 10m for each zoneSource strengths af 0.5 and 0.1 are considered
here, which correspond to 3060 and 15300 s, respectively, for 2.0 10°
m’*s>. Such a source of buoyancy mimics the daigraged solar gain for a
typical day in April in a city locted at42.4 latitude in North Americ425, 26).

Consistent with our experiments, it is further assumed fBat 0.50 with
0‘T-0 1.96 and 0.64An initial tenperature difference of 5°C is assumed

between the building zone and the attached soldribiote also thatf 1 so
that there will develop stratification in the dense zone.

For this examplegthe temperature difference between the interface and the
floor, 3"Y , may be one half of the initial temperature difference between the
adjacent zones far =0.5 The corresponding value when=0.1 is only 10%,
affirming that the degree of verticemperature stratification is directly related to
the source conditions as encapsulated hy

Also examined inTable 42, is the relative change of the average
temperature of the air in the occupied portion of the building zone due to the
exchange flow plughe heat added by the sourc@onsistent with Chapter 3,
3Y is computed by spatial averaging the temperatordined to the lower 2m
of the building zonecomparable to the height of a tall occupant. By increasing
the source buoyancy flux, this average temperature increases as much as 50% of
the initial temperature difference.

Finally, Table 42 shows the total amount of heat, as well as the fraction of
heat due to the presence of the source, per unit volume of air space transferred
from one building zone to the other. For a sourdé & larger source strength of

3 Air properties are calculated at 17°C.
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t 0.5 the amount of total heat transferred increases by 36% compared to the
case with 0.1.

Table 42. Comparison of select design parameters; a. Percent relative temp
difference betweenhe interface and the floor (building zone), b. Percent rele

increase of the terminal average temperature in the occupied portion (building zc

Heat transfer

source ) Total heat
0 a p Solely ssociated
buoyancy —_— t 7t (%) (%) _ transfer
T (@] with the source
flux (k3/nT)
(kJ/n?)
0.64 0.14 53.1 52.3 0.61 1.90
L 0.5
1.93 0.07 51.2 52.5 0.61 1.90
0.64 0.70 17.3 15.9 0.10 1.39
L 0.1
193 0.33 17.7 16.2 0.11 1.39

4.5 Conclusions

The exchange flow between two adjacent confined zones of slightly
different initial density, first developed by Nabi and Flyjd0-11], is extended to
cases where thhe are top and bottom vents, which are opened simultaneously.
Two scenarios are considered: the ventilation problem in the absence or presence
of a source of buoyancy, which results in a plume that rises from the floor of the
light zone. An analytical modlés derived and similitude experiments are carried
out to assess the validity of the theoretical results. Attention is focused on the
influence of the effective area, the source buoyancy flux and the time during
which the source is switched on.

In the alsence of a source, it is shown that, by opening the vents, the
pressure difference between the two zones drives the exchange flow, whose
intensity, as measured by the volumetric exchange flux,is a decreasing
function of time. Two counterpart horiziath currents propagate along the bottom

(top) of the light (dense) zone. Upon reflection from the end walls two internal
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bores are generated and propagate back toward the vent(s). In our model, a
horizontal interface in each zone divides the upper layeichwis comprised of
fluid having the initial density of the light zone, from the lower layer, comprised
of fluid whose density is larger than that of the light zone. The time rate of change
of interface height is given as a function of the volumetric axgk ratep , in
(4-8), which itself is a function ate effective area)’. After the ending timed
defined by(4-13), the interface elevations are steady ands zero

We separately consider a more involved problem in which there is an
isolated source of buoyancy located at the floor of the light zmtk which
supplies fluid of density’ over a dimensional time interval with (time
invariant) buoyancy fluXQO The source strength , defined by(4-32), is the ratio
of thebuoyancy added by the source to the total buoyancy of the system at time
0 0. Two distinct flow regimes are defined: a ventilat@mminated regime with
L 1 and a souredominated regime with 1. Particular attention is here
focusel on the former. When a source is present, there remains an exchange of
mass and buoyancy between the two zone® foro . Indeed the flow into the
dense zone is characterized by one or more ascending plumesandhdtivial
stratification of densyt appears in both building zones for sufficiently large time.

As described more thoroughly Trable 41, the terminal stratification and
buoyancy in either zone dependsion which is afunction ofd6 and"Q although
such dependence is weak for small values of source stréndike fashion, the
effective area has a minor impact on the final stratification profilesi#f larger
thano , which is the time required for the first front in the light zone to advect
downward and reach the top of the bottom v@ihie results are comparedth
similitude experimental data isection 4.4 Many predictions, such as the
variation of interface height in the light @70 and dense @f0O zonesas
functions of time, the presence and evolution of a nontrivial stratification below
the interfaes, etc.are # reproduced in the laborataryRegarding the
stratification data, better agreement is observed below the interface where the
stratification associated with the plume, which we do model, has a more long

lived influence than interfacial mix@) which we do notake into accountAlso,
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stratification evolves to a greater extent and becomes sharper for larger values of
the source parametefsand™OFO 1t .

The current model is derived for relatively modest values®@f O YO
where’ QO andOare defined byrigure 41. For largewvalues of Qor O the flow
is not completely horizontal, unidirectional and uniform. This does not necessarily
limit the applicability of our model if one recalls that in systems that exploit
displacement ventilation the vents should be located as near to the floor and
ceiling as possible, so that the exchange of mass and buoyancy may occur over
the broadest possible range of interface heif#s We onlyshowexperimental
results forcases wherdB0 1/2, i.e. the two zones have the same sizaes T
scenario is generally representative, however: for GBi0<0.90, qualitatively
similar results are expected and the model can be applied straightforvzashs
wheredL 0 Jeoral 0 aindicating a significant asymmetry in the size of
adjacent zoneare of less architectural relevanée.these strongly asymmetrical
cases, one zone is thin and tall and overturning may occur, which is associated
with large scale vertical circulation rathiian the fillingbox process, which is at
the core of the analytical model presented in Section 4.2.

The fundamental understanding gained by the current study paves the way
for further novel extensions. For instance, one may examine the exchange flow
between two zones separated by both vents and one or more doorways. Further
investigations are also worthwhile to analyze the impact of the orientation
(vertical versus horizontal), shape (axisymmetric vs. rectilinear) and elevation of

the buoyant source.

Appendix 4-A

Four scenarios of ventilation
As mentioned in Section 4.2.1, depending on the relative valuelof

and—"

, four different scenarios may arise. Figurd-4 depicts the associated

schematics of each see also Table A. In all ases(4-5), (4-8) and(4-10) are

valid. In other words, only the starting conditi¢ft9) is different in the four
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scenarios and we have to integrate each case using the appropriate @lardf

Matd 0.

(@) (b)

(©) (d)

Figure 4A-1. Schematic of the four scenarios of displacement exchange flow i

h

absence of a sourc@) pand—"— p, () —— pand—" p, ()

i pand—-— p, (d)—"— pand—" patd; ando, respectivelyThe

horizontal dashed lines indicate the position of -el&vation of the vent @&t "Q 'OF

C.

As shown by panel (a), in the first scenario we havé— p and

conditions of the form ot4-9) and, therefore, the interface height is given4y

patd 0y andd 0Op, respectively. Such a scenario results in starting

11). This is the most common scenario considering the range of effective areas we

considered in this study (TableA41).

Alternatively, we may have—— patdo 0Oy but—— patdo 05

when the area of the top vent is small. Panel (b) shows such a scenario. The

appropriate equation for the interface height, valid for sodllen reads

~ 11
1 ’Qﬁ

P P o 0 ’%) o o (4-A-1a)
u

Q
. vy O
o 10 T
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Table 4A-1. Summary of the four possible flow scenarios in terms of the bottom ar
vent areas or, equivalently, the interface elevation® atoy and 6 0. Note
thato; O when/BO 1/2.

Flow ’Qﬁ 'Qﬁ W W
scenario Q 0O M 0 ?'O ?'O
) >1 >1 0.5 0.5
)) >1 <1 0.5 0.5
) ) ) <1 >1 0.5 0.5
) 6 <1 <1 0.5 0.5
where
" , (@)
. © Qg ¢O Jbo (4-A-1b)
0] - =3
Q 0

As summarized in Table-A-1, we may have—— pato o but

pato Op when the area ahe bottom vent is smalPanel (c) shows

such a scenario. The appropriate equation for the interface headjitfor small

0, then reads

. (4-A-22)
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Finally, for small values ob* we may have—— p and p at

O Op and 0 Of, respectively. Panel (d) shows such a scenario. The
appropriate equation for the interface heigitid for smallo, then reads

. v L . (4-A-3)
Q ——— s OF
b Jow o Of i

The interface elevations thus vary linearly with time.
In the scenarios described schematically by panels b through d, the
interface height in each zone increases so that, in due course aod for

h h

p and p. Therefore,one may use the analysis of Section 4.2

directly in evaluating the longer time evolution of the teame system.
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Chapter 5

Conclusions

This thesis considers Boussinesq exchange flow between two finite
regions theoretically and experimentally. Such an exchange flow amag
between adjacent building zones that are separated by a doonwgytap and
bottom vents. Our specific motivation is to investigate the physical affects that
influence the exchange flow and to describe the interior stratifications that result
therefrom.

Many researchers have studied the exchange flows between an interior and
exterior that are mostly associated with steady state heat and mass transfer. My
research has revealed that the tgsslied problem involving two strictly interior
building 2ones is much more complicated because the associated dynamics are
highly coupled. As a result, the evolution of stratification evolution istngial
and timevarying plumes arise whose quantitative details depend on the exchange

flow parameters.
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Two s@narios are considered-gepth depending on the divider type; (i)
two zones separated by a single common doorway, and, (ii) two zones separated
by top and bottom vents. The former scenario is studied in Chapters 2 and 3 and is
associated with a twlayerexchange flow at the doorway. The latter is examined
in Chapter 4 and is characterised with two opposiigkgcted singldayer
exchange flows through the top and bottom vents.

In either case, the philosophy is to superpose various flow elements, e.g.
turbulent plume(s), gravity currents, internal bores plus the exchange flow itself
for purposs of deriving a composite model that can describe pertinent dynamical
features such as the timariable stratification in either zone and its connection to
approprate source conditions. For the most part, model results are successfully
corroborated against measurements from similitude experiments.

In Section 5.1, we present a detailed summary of Chapters 2, 3 and 4.
Thereafter in Section 5.2.1, we highlight keynttdbutions stemming fronthe
work as a whole A number of limitations of the model are presented and
discussed in Section 5.2.2. Finally, in Section 5.3 ideas for future research are
identified

5.1 Summary

Our analysis begindy considering two adjaceriones separated by a
common doorway in Chapter 2. By opening the doorway, two qualitatively
different kinds of flow are observed, namely a buoyant plume that rises through
the dense zone and a horizontal gravity current that propagates along the bottom
of the light zone. At early times the model proposed by Dalijeand Dalziel
and LaneSerff [2] connects the two halves of the problem. The dense zone
ambient fluid is entrained into the plume and, accordingedilling -box process
described by Baines and TurngB], a stable ambient stratification results.
Conversely, after a finite tim@,, the gravity current will reflect back toward the
opening inthe form of an internal bore. When this internal bore reaches the
doorway atdo 0O, the rature of exchange flow, which is previously time
invariant and critical, changes and becomes transient andrisichl. This alters

the source conditions for the plume and hence the subsequent evolution of
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stratification in the dense zone for 0. Mostnotably, the velocity and density
jump across the first front steadily decrease once the exchange flow becomes
transient.

We restrict our attention in Chapter 2 to cases where the terminal position
of the first front is above the top of the doorw&mmilitude experiments are
carried out to assess the model validity. The connection of suctbasialt
experiments to the fulicale flows within the real buildings is discussed in
Section 2.3. We find that our predictions for the dense gravity current, interna
bore and light gravity current speeds, match well with laboratory experiments in a
broad region of the parameter space (FigwkELR We also examined the top
gravity current, whose dynamieseignored in many studies. The Froude number
of the top grauy current depends on the entrainment coefficient and elevation of
the plume source.

An extension of the investigation presented in Chapter 2 includes
examining circumstances where,gat 0, the first front reaches then falls below
the plume source, which is assumed to be located at the top of the doorway. Such
a scenario introduces additional complexities compared to the problem studied in
Chapter 2; this allows us to implement our modelrosebroader range of
geometrical parameters, e.g. taller doorway heights (expressed in non
dimensional variables &0 and less voluminous dense zone (expressed i non
dimensional variables a®V). In aggregate, two regimes of exchange flow may
be identified depending on the terminal elevation of the first front:Yan 1t
regime where this terminal elevation lies above the top of the doorway, and an
Y 1t regime for which the first front is advected below this point. As we
document in Chapter 3, there igtx significant differences between the two
regimes. WheflY 11, a twelayer stratification is expected in the light zone with
lower and upper layercomprised of fluid from the dense and light zones,
respectively. WhenY 1, on the other handthere develps a layer of
continuouslyarying density below the top of the doorway implying a-tronal
stratification in both building zones.wb subscenarios therefore are admitted:

076  p, for which the internal bore reaches the doorway before the firdt fron
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ando 0 1, in which the opposite occurs and more dynamic deviations with
'Y 0 scenario arise

The analytical results outlined above are compared with similitude
experimental data iBection 3.4Many predictions, such as a sharp change in the
stratfication below the top of the doorway, the near equalittheterminal dense
and light zone stratificatiofor large values oft¥'Q, the presence of a nontrivial
stratification in the intermediate layer of the light zone, ate.all reproduced in
labaratory experimentsStratification profiles and the total buoyancy exchanged
between the two zones are also predicted using a model that presumes both zones
to be well mixed for alb. When'Qis large, both welmixed and stratified models
predict comparale terminal buoyancies, however, for smallethere is up to an
order of magnitude difference.

In Chapter 4, the exchange flow between two adjacent confined zones is
extended to cases where there are top and bottom vents, which are opened
simultaneously Two scenarios are considered: the ventilation problem in the
absence and in the presence of a source of buoyancy. In the latter case, the source
is modelled as an ideal plume that rises from the floor of the light zone. A notable
difference between thexehange flow of Chapter 4 with those considered in
Chapters 2 and 3, is that the exchange fthscussedn Chapter 4 terminates
after a finite time and there develops a djestate interface in each zanor
early times, the interface in the light (depszone ascends (descends) rapidly.
Thereatfter their rate of growth steadily drops, before becomingitidependent
when 6 0. When a buoyancy source is present, a-mml stratification
develops first in the light zone then in the dense zone.

Of particular importance is to categorize the details of this stratification in
terms of theeffective vent aread”, and the source strength, . The latter
variable isdefined as the ratio of theuoyancy added by the source to the total
buoyancy of the system at 0. Particular attention is given to ventilation
regimes witht 1. The results are compared against similitude experimental
data inSection 4.4 Many predictions, such as the time exmn of the interface

heights the presence and evolution of nontrivial stratifications below the
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interfaces, etcare reproduced in the laboratory. Experiments confirm, moreover,
that for larger values of the source buoyancy flux or the time over whih t

source is activated, the stratification is sharper and develops to a greater extent.
5.2 Thesis contributions and limitations of the model

5.2.1 Major contribution

A major purpose of this researiito make an assessment concerning the
applicability of filling-box-type models compared to more complicated
approaches such as CFD numerical simulations in the context of modelling the
exchange flow between adjacent zones of different density. My results indicate
that the fillingbox models of the type introded in Chapters-2 lead to
guantitatively meaningful results even though they fall far short of resolving all of
the lengthscales associated with a high Reynolds number flow. Through-a non
trivial modification and synthesis of existing models, the ditallyresults proved
to be successful insofar as the prediction of bulk properties, such as the front
speed of the dense or light gravity currents and the time variation of buoyancy in
either zone. Regarding the stratification profiles, the success ofatiel depends
on the geometrical parameters. For instance, in Chapters 2 and 3, and for large
values of (XOthere isonly modest agreement between the composite analytical
model and the results derived from similitude -kath experiments. Also in
Chapte 4, because the model does not account for the interfacial mixing
associated with the propagation of the horizontal currents and because there is no
mechanism for redistributing this mixed fluid in the upper lagi#ferencesagain
arise. However, evenof the cases with more pronounced deviaiofn the
theoretical results from the experimental data, many qualitgateires such as
presence o& light zone intermediate layer the near equality othe dense and
light zone stratificatiowhenY 0, ae faithfully predicted

A further contribution of this thesis was to point out some substantial
limitations associated with wethixed models wherein the details of the interior
stratification in either zone are assumed to be unimportant. It was simown

Chapters 2 and that such welimixed models do not predict the dependence of
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the terminal values of buoyancy and stratification on the doorway height.
Moreover the wetmixed model results are in good agreement with measurements
only for select geometri¢aparameters, e.g. larg&€¥’O values. The critical
assessment of wethixed models to buildings consisting of two (and, by
extension, more) distinct zones is an important feature of this study because these
well-mixed models enjoy widespread use by pramtiers due to their relative
simplicity.

Examples of modern buildings that rely on passive solar heating so as to
minimize energy consumption are Net Zero Energy Buildings (NZB®&EBs
are defined as residential or commercial buildings that, in-igemd, balance
their energy needs (electrical plus thermal) with economical, locally available,
clean, and renewable sources and, therefepresentin efficient and advanced
solution forreducing energy us&ithin buildings[4]. A hallmark of NZEBs is the
exploitation of freelyavailable solar gains. However, making efficient use of the
heat collected in a solarium, say, requires a detailed understanding of cavect
heat transfer and architectural exchange flows.

We endeavoredto identify combinatioa of design and operational
variables for which adjacent building zonéaving a simple geometrare
maximally efficientin terms of distribution of energy and temgkerre For
instance, in Chapter 2 it was shown that after the internal bore reaches the
doorway, there is substantial drop in the exchange flow. Sigsifies that
building zones separated by a single doorway exchange a considerable fraction of
their buoyancy over a timecaleo . On the other hand, if the two zones are
separated by both top and bottom vents the exchange of mass and buoyancy
should be instead scaled by. In this latter circumstance, moreoveandwhen
there exists a source of buoyarnioyone zone, the other zoméll benefit from
thisadded buoyancy only after.

Returning to the flow scenario of Chapters 2 and 3, the terminal position
of the first front is important insofar as thermal comfort or the distribution of
energy betweenhe two zones is considered. This position depends on the

geometrical parameter§¥O and /BO as we indicate in the regime diagram
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displayed in Figure -3. If the height of thelensezone far exceeds that of the
doorway, the terminal position of the fifsont may lie well above the occupied
region suggestingno change to the occupied region temperature in spite of the
addition of buoyancy to the building zone from the adjacent warmer dpabe.
opposite limit wheré(¥'Ois large a saturation behaviowrises in terms of the
terminal buoyancy as indicated graphically in Figure$23and 3A-1. For
prescribed/B0, therefore, increasing the doorway height does not significantly

change the amount of heat that is transferred in the long time limit.

5.2.2 Limitations and discussion

Notwithstanding a generally positive agreement between theory and
experiment in most cases of Chapte#, & should be emphasized that there are,
in the context of real architectural flows, a number of simplifying assumptions
that have been applied whose relaxation provides a fruitful area for further
inquiry.

For the exchange flow considered in Chapters 2 and 3, by increasing the
doorway height, the exchange flow rate increases. Thus the dense gravity current
travels faster, the reflected bore arrives more rapidly at the doorway and the
transition to a transierflow regime occurs sooner. Similarly, the gravity current
that forms along the upper boundary of the dense zone and that is comprised of
fluid discharged from the ascending plume also travels more quickly. The plume
meanwhile does not rise strictly vedily as is assumed by our model equations
but rather becomes inclined, particularly in the neighborhood of the sdsce.
consequence, wheiX O is relatively large, we typically see a less favorable
comparison between the measured and predicted dstrsitification in the dense
zone.

A second limitation is that we restricted attention to the cases watisre
comparable tod Jb cases wheredL 0 Jbor al 0 & being of less
architectural relevance. For extreme valuesifif the gravity current and bore
speeds may not remain constant in time. Moreover, if the building zone in which
the stratification evolves is made to be thin and tall, overturning may be possible

instead of the fillingbox scenario.
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Thirdly, the doorway widt, 0, is, in real buildings, less than the width,

w, of the building zone. Whea fw 1, the plume source conditions will be
slightly different from those studied here. Moreover, the plume itself will be
different, i.e. it will not then be a line (twdimensional rectilinear) in shape.
Also, the top and bottom gravity currents will initially propagate both along and
across the width of the zone. Based on the analysis of Dalziel aneSeaffi§?],

we expect qualitatively similar flow behavibetween thé o 1 and0 ¥ 1

cases, however, this remains to be verified through detailed experimentation,
either at fult or reduceescale.

Regarding the exchange flow congsiel® in Chapter 4, the plume source
density is assumed to match the initial density of the light zone. Alsgptiree
buoyancy flux is assumed to be constant over the ttiaiethe source is activén
actuality the sourcenay have a densigmaller tharthe density of the light zone.
Moreover, werestrict attention to &entilationdominated regime whene 1.

In real buildings, the buoyant plume source conditions may result in large values
of source strength with 1 and, hence, the exchange flow magcome
buoyancydominated.

Finally, and in cases where the plume(s) do not ascend all the way to the
ceiling, it is assumed that the maximum rise height corresponds to the point of
neutral buoyancy, not of zero momentum flux. Whereas this simplificasion i
consistent with the analyses Killworth and Turner[5] or Bolster and Caulfield
[6], other studiese.g. Lin and Lindeffi7], have more deliberately investigated the
influence plumeop entrainment, i.e. the entrainment that occurs between the
points of zero buoyancy and momentum flux. Whether pltopeentrainment is a
significant factor for select combinations of, saf'O and JB0, has not been
investigated here, howevegne can address this question imgorporating
analyses such dsn and Linden[7]. At the very lastthe entrainment of ambient
fluid into the plume between two elevations of zero buoyancy flux and zero
moment flux is associated with increasing of the density within the plume so that
when it spreads out the new layer signis slightly larger than the one expected

if the plume were spread out at the zero buoyancy flux level. Hence, the new
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added layer into the environment spreads out at some height between the zero
buoyancy flux and zero moment flux elevation. The peatiet entrainmenf7]

takes into account the mixing that occurs into the plume between the two
mentioned elevations. Such penetrative entrainment is determined in the light of
experimental dataAt the very last, the entrainment of ambient fluid into the
plume between the elations of zero buoyancy flux and zero moment flux acts to
decrease the density of the discharged fluid so that it then spreads above the
neutral buoyancy level of the plume. Whether this difference of spreading height

is a significant fraction of the intce height remains to be determined.

5.3 Future recommendations and further extensions of the model

As suggested by the discussion of Section 5.2.2, there exist a number of
extensions to the present study whose examination may yield analytical models of
improved physical realism. To reiterate, five direct extensions are

1. To supply some initial horizontal momentum to the plume based on the
speed of the exchange flow. Germeles considered the inclined plume that ensues
when a source of buoyancy is inclingd]. The basic principles of plume
entrainment and fillingbox process of the ambient used in Chapte#sa?e still
valid butthe boundary conditions are altered azal extra equation iseededo
describe the trajectory of the plume.

2. To consider doorwaywith various shapesost immediately one whose
width is lesghan that of the building.

3. To study in the context of the analysis of Chapter 4, bu@yancy
dominated regime with large source strength values. Moredies, analysis
would be especially interesting to conduct for a building that contained one or
more openings to the exterior so that it would be possible to achieve a steady state
solution in thedng time limit

4. In either type of exchange flow considered in Chapters 2, 3 or 4, the
problem can be extended by accounting for a-arying source of buoyancy.
The problem has a practical significance because solar radiation varies as the sun
changs its position in the sky over the course of dag: We might also beable

to considera situation where there is a sudden change in the source buoyancy
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flux, mimicking, say, a piece of electrical equipment that is turned on or off or the
sudden arrival odeparture of a large group of peaple

5. To account for top plume entrainment when the plume reaches the
negative buoyancy level. Approachmsameterizingpenetrative entrainment, e.g.
that one proposed by Lin and Linddi@], can be used tsuitably adjust the
entrainment coefficient according to the Richardson number associated with
interface impingement.

More expansively, it would also be helpful to consider a lmemof
extensions that follow less immediately from the present analysis. These include
exploring the details oentrainment into the plume using either an advanced
experimental methoduch Particle Image Velocimetry (PIV) @ numerical
approactsuch adirect Numerical Solution (DNS).

We mayalso consider a problem havimgultiple sources of buoyancy
with unequal source strengths. In fact, the strength of heat sources within
buildings may vary by at least an order of magnitude and range visaik to
strong Also, the heat sources may rait be activated athe same time. For
instance, the buildingonemay first be exposed to the morning sun after which
one or more occupants enter and active -geatrating equipment like
computers In suchcaseswe know from the work off9] that a multilayer
stratification ispredicted to evolve in each zoméere the precise stratification
details depend othe ratio ¢ source strengths.

The toxic combustion products from accidental fires in buildings are a
major hazard, and efficient removal of smoke from populated sections of a
building is essential for safe evacuation in the event of such a fire. Oms wiea
smoke emoval is naturabentilation.Karlsson and Quintiergl1] showed that at
a certain distance above the fire, a plume develops wileiads arenonttrivially
similar to the buoyant plume dynamics considered in Chapters 2, 3 and 4. Rooney
and Linden[12] proposed a modified entrainment relationship to address
differences that ariseof the case of neBoussingq, as compared to a

Boussinesq, plume. Insofar as small fires are concethedinterface height of

the smoke | ayer fAis little affected by
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many of the dynamical features previouslghiighted including the top gravity
current (known in the fire literature as a ceiling jet) and the downwards advecting
first front, have analogous properties to those features associated with the
propagation of smoke through one or more building zoneswiguge ofthe
smoke temperature and velocity at the ceiling as well as mixing processes within
the building is key for predicting the concentration of the contaminated air which
may vent from the building and also for properly placing smoke detectors and
sprinkler systems and developing sensible evacuation protocols.

Further investigation, whicls also worthwhile to analyze, inclusléhe study
ontheimpact of the thermal storage units when the common wélcadesof either
zonearenot perfectlyinsulated In this case, the conductive heat transfer through the
wall should be also taken into account in addition to the convective heat transfer at

the opening(s).
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Appendix A

Convection due to the heat flux and the buoyancy flux

In buoyancydriven flows the velocity of the fluid is @uto the action of
buoyancy forces arising from variations in the density. This type of flow is
usually produced by a heat source in the environment, but sometimes also by a
finite source which injects a fluid od lesserdensity from the environmental
dersity andso also results in convective motioridenerally speaking, natural or
free convection includes the convection flows induced by heat sources and
buoyancy sources. The other type of convection, which includesgial or
mechanicatriving forces inaddition tothose described previousig, categorized
as forced convection.

At the large scaleheat convection manifests itself agmospheric
circulation near the earth surfad& small scale, one might alternatively consider
the flow driven by a hotmnicrochip inthe CPU of a computeMany researchers,

e.g. Batchelor[1] and Linden[2], use the analogy between heat flux and
buoyancy flux to investigate natural convection phenomenon and its influences on
the environment. If a heat flug is present, the equivalent buoyancy flax
imparted to the surrounding fluid is

6 1 @1 " (A-1)
wheref is the thermal expansion coefficieifdjs the gravitational acceleration,
" is the density of the fluid and is the specific heat capacity at constant
pressure.
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Appendix B

One-sided line plumeequations

Following a long line of earlier studies (Morton et Hl], Baines and
Turner[2], Germeled 3], Caulfield and Wood#4], Kaye and Hun{5] and many
others) the exchange flow analysis of Chapters 2, 3 and 4 employ théemirb
plume equations in parameterizing buoyant convection from internal heat sources.

A rigorous derivation of these relations is given below.

B.1. Assumptions
The main assumptions are:
1) The effective width of the plumey is significantly smaller than
the total area pamit width of the ambient/b
2) No large scale vertical circulationeéstablished so that the ambient
remains stratifiedfrom top to bottom. Baines and Turngz]
indicate that an overturning of the ambientikgly to be avoided
provided that the base of the zone is larger than the height.
3) The buoyancy and velocity profiles of the plume are well
represented by Gaussian distributions
_ (B-1)

O (B-2)

wheres "QO——. Baines and Turnd®] use the same profile for

both velocity and density. However, Germe[&% indicates that
the density and velocity distributions may spreadifferent rats.
Hence,_ defined in (B2) is the Schmidt numbeFrom Laser
Doppler Velocimetry (LDV) measurements by Kotsoving6] to
recent Particle Image Velocimetry (PIV) measurements by
Ezzamelet al.[7], the Gaussiashapefor time-averaged velocity

prdfiles within the plume are reportéathe literature.
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4) The flow in both the plume and ambient is incompressible.

5 Tayl ords hypothesis for entrainment
entrainment,0 , is proportional tothe local axial velocity at the
center ofthe plume, U, at that level. Symbolicallyp | U,
wherg is the entrainment coefficieftypically 0.08 | 0.15).

6) Only timeaveraged velocity and density components are
considered for the flow within the plume.

7) The flow is inviscid and diffusion in the scalar transpagtiation
can beignored. This is valid for large Reynolds and Peclet
numbers, i.€YQ 10 Q 1.

8) The Boussinesq approximation is applicable so that negatively and
positively buoyant plumes are ggrned by the same set of
equationg9]. Also density variations are omitted unless they are
multiplied by gravity. Finally, we can +erite the energy equation
in terms of buoyancy.

9) The flow within the plume is assumed to be -oimaensional, i.e.

6 mifwo ®andd 6 forem @

10) The pressure distribution is hydrostatic.

11)A wall-bounded plume is assumed to be of -Hatth.
Correspondingly, only onbalf of the volume of ambient fluid is
entrained into the plume as compared to a buoyant plume that is

not wall bounded.

B.2. The govening equations
The governing equations for Boussinesq flows for both liquids and gases
can be written aglLQ]:
Tw (B-3q)

=-
—a

P ‘ "Q VAR

06 pT N 0 (B-3b)
00 T TG
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oY | Y

(B-3c)
00 T

where’ andll arerespectivelythe kinematic viscosity and diffusivity ahd

is the volumetric expansion coefficienfAlso w is the velocity, "Y is the
temperature,” is the density and) is the pressure. Finallyp and 0 are
independent spatial and temporal variables. Reference variables are denoted by

subscriptt Tt

For the case of a line plume, we rewrite the equatiBr®) as

rTo 10 - (B-4a)

(B-4b)

o
—a
-
i}
—a
o

— o QOf Y Y ' o
n nh
TO Too 10O (B-4c)
T o T T a
n n
PTA A o L 10U
I - B T o
n h "
0°Y T Y (B-4d)
00 To
n

Note that in writing(B-4), many terms are set to zero by making reference to the

appropriate assumption, whose corresponding number is indicated in parentheses.
Equation(B-4d) can be further simplified as
06 1 6 1 66 T 00 - (B-5)
00 0 T w T a
n

where0 is the buoyancy, which is proportional ttee density deficiency defined
as the density difference between the ambientamderence fluid.
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Equation (B-4) can be integrated with respect ta According to

assumption 11 the boundaries of integration are ftamhs:
0 0 -
T—‘,Q (b T_,,Q (b Tt (B 6)
T I a
By usingthe Leibnitz integral theorem and applying assumption 3, one obtains
Wt oo (B-7)
- - | [¥)
¢ T a
Similarly by integrating B-4c) and(B-5) and also applying assumption 2,
we find that

pr @@ - (B-8)
- ; _ 0w
me T a = 7
and
=[O0 5l (8-9)
mp _ T« a

respectively.
The above equations can be written in terms of the fluxes defined below

_ ) Y (B-10a)
U 0 Quw —wd
C
. o L (B-100)
0 0 Qw —uwd
4q7(e
"0 nWw_ . (B-10c)
O Fa— " "0 Qw \—;QB"D_
¢p  _
Substituting(B-10) into (B-9), we find that
QO - 0O (B-11a)
qa 9T
. B-11b
) p _ "Ov ( )
Qa ¢ 0
Q0 . Tw (B-11c)
—, U ——
Qa a

B.3. Bounded environment
In a confined region, such as a buildizgne of depth’'Oand cross

sectional are® , integrating(B-4a) and(B-4d) provides an expression fdine
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evolution of the ambient stratification. The latter integration ensures that the
downward volume flux in the environment at any elevation matches the upward

volume flux in the plume, which yields

67Y 0 (B-12)
provided assumption (1) is vali&econdly, integration ¢B-4d), gives
T 13 (B-13)
B e Tt
ro Ta

which implies thathe density deficiency in the ambient at any elevation occurs
only because of vertical advection, not because of any mixing or diffusive effects

[2].

B.4. Analytical solution for the first front

Baines and Turndg] exploited the fact that the first front of buoyant fluid
advances through a uniform ambient. Hence, the properties of the plume below
the front can be found analytically by settisg 0 for & & where &
denotes the elevation of the first fromoing so in(B-11c), gives™O "O for
& & with "Oas the source buoyancy flux per unit width of the ambient. In case
of an ideal plume, whose source volurmwed momentum fluxes are zero, the
fluxes within the plume fod & can be expressed in terms of powers ahd

the source buoyancy flux as follows

0 1 r107Ta (B-14a)
O fr O Ta (B-14b)
Ve N B-14c
O O M;cw 3So ( )
chp  _
3 [ 170 7a (B-14d)
withT VMg andf ——. Using (B-14d), the density step at the front

elevation is obtained by putting a

= T 0 7Ta (B-15)
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The advection velocity of the first fronfXx 7Q o is evaluated by
combining (B-12) and (B-14). A further integration gives thdollowing
relationship between tHest frontelevationad and timed:

1 a (B-16)
1’0 7o O

B.5. Analytical solution for the asymptotic state

Baines and Turnegf2] presentsimilarity solutions to(B-11), (B-12) and
(B-13), i.e. the governing equations for filling box flows, in the ldimge limit.
They assume a linear relationship betweenand ¢ in (B-13) when 6© Hb.
Furthermore they choose the following transformations to bring the governing

equations to noxdimensional form:

3 T ro7To Q- t (B-17a)
> | 10O 7T0O Q- (B-17b)
0 QO T 7 (B-17c)
O ¢ T e (B-17d)
Yol O O (B-17d)
o o1 7ot (B-17e)
Here— — andOis the depth of the environment. The mtimersional ODEs
then read
'gTQ (B-18a)
o [
Qr Q B-1
er e ., (B-180)
Q—
0QQ ~QQ_Q (B-18c)
Q- Q-
. QQ -
’QH_ 5 (B-18d)

Baines and Turn€2] solvedthe abovesystem of equations subject to a

known source buoyancy fluxO with 'Q [ 0 at — T by employing
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perturbation techniques. They showed that the series soluti¢Bsl8j are of the

form
0 — P 9 g (B-19a)
W poeTm
o - 9 X g (B-1%)
W poeTm
P PP (B-19c)
Q ™TCd I—C;LIJ e T[8

along with the following two subsidiary algebraic equatio® [ "Q and
"WQ p -. These results, despite their simplifying assumptions, are still

insightful for practical situations.

B.6. Germeles scheme for the numerical solution ¢B-11), (B-12) and (B-13)

In manyinstances related to building ventilatitihre source of buoyancy is
also associated with a finite volume and momentum flux. An alternate (numerical)
method to solve such nadeal sarces was proposed by Germe[8§ whose
approachalso describes the ambient stratification associated with discharged
plume fluid as it is advected towards the seufst the heart of his algorithm is
the assumption that the plume evolution, when marching forward in time, can be
decoupled from the evolution of the ambient stratification. A series of layers with
discrete density steps represent the ambient stratificatience, the Germeles
scheme is sometimes called a Al ayeringo
equations are solved in the vertical direction while the ambient stratification is
assumed frozen. This is equivalent to integraBvg 1) from the source origin till
the top of the control volume to find the volume, momentum and buoyancy fluxes
within the plume. Equation®-12) and(B-13) are then solved so that volume and

buoyancy conservaticaresatisfied.
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Appendix C

Uncertainty analysis

The bound orthe experimental errarith a given confidence interval is defined
asthe uncertainty]1-3]. Here the experimental error is regarded addifference
between the measured value and the true value.

For a measured parametertyo types of uncertainties are defined: bias,
systematic or instrument uncertainty,;, and the precision or random
uncertainty] . The bias uncertainty is sgked to the inability of the equipment
to measure the correct value and it cannot be determined by repeating the
measurement. Usually the bias uncertainty of the equipment is reported in its
specification. The precision uncertainty can be estimated ®&allgt by

duplicatingexperimental runsThe total uncertainfy is given by

i Hon Tk (D
The precision uncertainty for experiments withndependent measurement is
given aq1-3]
‘ Y C-2

Th O 7h E ©2
whereis the confidence limitt & pis the number of degrees of freedom
"Y is the standard deviation of the samples, @rd, is a onetailed tdistribution
value which can be found in literature, é/gheeler and Gan]il] or Beckwith et
al. [3].

Equation (C1) is used to determine the uncertainty of parameters that are
measured directlyFor this purpose, moreoveglsct experiments are repeated at
least thee times. The largesY is used in calculations.

Using propagation of uncertainty methods, one can estimate the
uncertainty in a variable by using the known uncertainties in other measured

variables. The uncertainty /@ "Qw 8 & is given by thedllowing
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) T (C-3)

[

—a

assuming that each uncertainty is small Rjr instance, for the Froude number,

defined as
o 2 (©4)
with 6 as the front speethe propagation of uncertainty can be written as
L el el )
"Oi 0 T Q T O

In our experiments 7 0.007 m&, andi ; 0.5 mm. Weestimate the front
speed as the slope of the measured front position versusitiméias uncertainty

in the velocity is estimated by

i s s o
0 W 0
with @ and 0 as the measured horizontal position of the first front and time,
respectively.From our measured datae assumé p* 0. Regarding the bias
uncertainty of the measured positiothe pixelto-length calibration error is
estimatedsf  0.79 mm.
There is also an error of regression associaiéfdthe curve fit described

above which is computedsing[1]

(C-7)

v tw cHoo o wo
a gq
whered is the number of processed images afdis the standard fit error (also

known as root mean squared err@kpplying (C-7), wefind that"Yy 2.9 mm
for a typical experiment shown in Figure?2

By repeating the experiments and using2jCthe precision error can be
found for each variable and then using5)Cgives the precision error for the
Froude number ds 0.02. By applying (€l), the total uncertainty is

therefore given by] = 0.02. Not surprisingly, the total uncertainty is

164



dominated by the precision error due to $fight irregularities in the advance of
the gravity current fronf{with T ;= 0.003). Moreover, the mean value is
reported as the measured value.

Table C1 lists the estimated uncertainty associated with key measured

parameter#n the present study.

Table G1. Estimated ncertainty in various variables.
Parameter (Maximum) Uncertainty
0 0.02
0 0.02
0 0.04
0
0 =5 6
3 FQorsz 7Q 0.0386
W Or 0.0392
‘QT0 or'QxrO 0.017
0
0 5 9
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Appendix D

Mixing Exchange Flow Experimental Data Summary

Experimentally determined values f@® , @ ,0 — and

are presented in Table-D below. These data are used in Chapters 2 and 3.
Individual stratification profiles are too nemous to present for each entry.
Hence, select casehosenso thatthey spama wide range of the experimental

parameter spacandare presenteth Chapters 2 and. 3
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Table D 1. Experimental data for the exchange flow of Chapters 2 and 3. Colbeis &e described in text.

~ . — where

p " oo 8 .

:ID m_u o . % 0 "0 o 2 (stratification

(@) 0 W T w T O

profiles) located

0.12 0.27 1.0415 | 0.1225 | 0.8475 0.23 0.21 80 Fig. 311a
0.25 0.27 1.0408 | 0.1917 | 0.7994 0.29 0.28 54 Fig. 311b
0.38 0.27 1.0421 | 0.2323 | 0.7627 0.33 0.35 48 Fig. 311c
0.51 0.27 1.0407 0.2555 0.7448 0.43 0.39 43 Fig. 311d
0.63 0.27 1.0404 | 0.2684 | 0.7245 0.48 0.49 41 Fig. 311e

Continued on the next page ¢é.
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_ _ — where

”, ” a 8 o

..ID m_u T . = 0 "0 O 2 (stratification
(@] 0 w T w T O

profiles) located
0.13 0.40 1.0417 | 0.1151 | 0.8801 0.24 0.20 61
0.26 0.40 1.0411 | 0.2264 | 0.7676 0.27 0.23 49 Fig.3-10a
0.38 0.40 1.0399 | 0.3216 | 0.6743 0.37 0.33 40
0.51 0.40 1.0399 | 0.3714 | 0.6235 0.43 0.34 36 Fig. 310b
0.64 0.40 1.0409 | 0.4062 | 0.5918 0.45 0.35 34
Continued on the next page é.
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~ _ — where

”, ” a 8 o

..ID m_u T . = 0 "0 O 2 (stratification
(@] 0 w T w T O

profiles) located
0.13 0.50 1.0426 | 0.1211 | 0.8723 0.31 0.20 46 Fig. 212a
0.25 0.50 1.0420 | 0.2028 | 0.7924 0.34 0.29 39 Fig. 212b
0.38 0.50 1.0429 | 0.3361 | 0.6611 0.38 0.31 34 Fig. 2212c
0.50 0.50 1.0421 | 0.4105 | 0.5823 0.43 0.32 30
0.63 0.50 1.0410 | 0.4959 | 0.4989 0.46 0.35 29
Continued on the next page é.
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~ _ — where

”, ” a 8 o

..ID m_u T . = 0 "0 O 2 (stratification
(@] 0 w T w T O

profiles) located
0.75 0.50 1.0404 | 0.4952 | 0.4948 0.48 0.38 28
0.88 0.50 1.0406 | 0.4945 | 0.5001 0.49 0.41 23
0.14 0.61 1.0388 | 0.1224 | 0.8734 0.24 0.22 37 Fig. 3-10f
0.26 0.61 1.0400 | 0.2474 | 0.7508 0.30 0.28 30
0.38 0.61 1.0397 | 0.3791 | 0.6187 0.33 0.31 27
Continued on the next page é.

170



~ _ — where

”, ” a 8 o

..ID m_u T . = 0 "0 O 2 (stratification
(@] 0 w T w T O

profiles) located
0.50 0.61 1.0398 | 0.5035 | 0.4938 0.37 0.32 24
0.63 0.61 1.0388 | 0.5472 | 0.4498 0.39 0.39 23 Fig. 310d
0.75 0.61 1.0417 | 0.6021 | 0.3949 0.42 0.37 21
0.13 0.73 1.0414 | 0.1203 | 0.8744 0.19 0.17 29 Fig. 213a
0.27 0.73 1.0425 | 0.2609 | 0.7329 0.33 0.28 21 Fig. 213b
Continued on the next page é.
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€

where

. o .

..ID m_u T . = 0 "0 O 2 (stratification
(@] 0 W T w T O

profiles) located

0.37 0.73 1.0434 | 0.3788 | 0.6195 0.37 0.32 20 Fig. 2213c
0.51 0.73 1.0394 | 0.5597 | 0.4398 0.41 0.32 18 Fig. 213d
0.63 0.73 1.0402 | 0.6473 | 0.3516 0.44 0.33 18 Fig. 2213e
0.76 0.73 1.0341 | 0.7581 | 0.2408 0.45 0.41 15
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Appendix E

Displacement Exchange Flow Experimental Data Summary

Experimentally determined values f@ ,0 — 0 — and

are presented imable E-1 below. These data arased in Chapter 4ndividual
stratification profiles are too numerous to present for each entry. Hence, select
caseschosen so that they span a wide range of the experimental parameter space,

and are presented in Chapter 4.
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TableE-1. Experimental dataof the exchange flow of Chaptr Column labels are described in text.

- - — — where

W W " " .
0 0 T . . o Q Q L (stratification

W T W T O O
profiles) located
1 1 1.0405 | 0.5027 | 0.5177 486 47 0.05
1 1 1.0414 | 0.5050 | 0.5259 480 44 0.10 Fig. 414
1 1 1.0414 | 0.5474 | 0.5682 478 43 0.29 Fig. 415
1 2 1.0407 | 0.4992 | 0.5280 398 45 0.05
1 3 1.0403 | 0.4998 | 0.5191 335 45 0.05
Continued on the next page ¢é.
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] . . — — where
() w " "
0 0 . ; v 0 Q2 Q2 L (stratification
W T W T O O
profiles) located
2 1 1.0413 | 0.5035 | 0.5301 384 40 0.05
2 2 1.0409 | 0.4984 | 0.5151 243 33 0.05
2 3 1.0406 | 0.4992 | 0.5301 199 33 0.05
3 1 1.0407 | 0.4998 | 0.5191 364 37 0.05
3 2 1.0421 | 0.5085 | 0.5203 209 35 0.05
Continued on the next page é.
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€

1]

where

0 0 T . . Q0 0 L (stratification
w T W T O O
profiles) located
3 3 1.0397 | 0.4877 | 0.5024 150 29 0.01 Fig. 413
3 3 1.0405 | 0.4921 | 0.5159 155 31 0.05
3 3 1.0408 | 0.5136 | 0.5398 150 35 0.10 Fig. 413
3 3 1.0425 | 0.5590 | 0.5892 146 31 0.29 Fig. 415
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Appendix F

Technical drawings for the nozzle used in the experiments of Chapter 4

The drawing of the linplume nozzle (including dimensions) fabricated

by rapid prototyping is presented in thgppendix.
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Figure F1. Isometric, top, front and side views of the nozzle.
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Figure F2. Isometric, top, front,

separately by rapid prototyping.

Bottom Half Part
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bottom and side views of the nozzle parts fabri
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Tank Assembly
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Figure F3. Isometric, top and front views of the nozzle assembled with the supports
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