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ABSTRACT

Bi-directional airflow in natural ventilation is an essential but not-well-understood scenario
due to the complexity of airflow patterns as well as the strong coupling effect between temperature
and ventilation. Neglecting bi-directional natural ventilation will result in problematic solutions
and inaccuracy in estimation of ventilation performance. This work is focused on filling the
knowledge gap by understanding the bi-directional airflow using computational fluid dynamics
(CFD). Two important scenarios are simulated and analyzed: 1. Two-zone model with pure
buoyancy forces, 2. Multi-zone model with combined wind and buoyancy forces. In the 1* model,
a new concept of “local discharge coefficient” is proposed for its consistency under different
boundary conditions. The influence of radiative heat transfer on simulation accuracy and
ventilation performance is also investigated. In the 2! model, the transient behaviors of airflow

and the dynamics of wind and buoyant forces are analyzed and characterized.

A new physical model is proposed based on simplified assumptions and nondimensionalization.
This model is able to predicting the transient behavior of multi-zonal ventilation that involves bi-
directional airflow patterns. The result of this study is to be integrated in CoolVent, the software

designed by Building Technology Lab.
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1. INTRODUCTION
1.1 Why natural ventilation?

More than 40% of energy consumption in the U.S [1] is due to buildings, as is shown in Figure
1-1. As an important component of building energy usage, heating, ventilating and air-
conditioning (HVAC) comprises more than 1/3 of total energy consumption in buildings in the
U.S and Europe (2], shown in Figure 1-2 and Figure 1-3. Such heavy energy consumption is
undesirable due to the dwindling fossil fuel supply as well as the environmental impact, in terms
of pollution and climate change, of burning fossil fuels. These concerns have promoted serious

consideration of clean and high efficiency strategies in buildings.

WORLD ENERGY U.S. ENERGY U.S. BUILDINGS
CONSUMPTION CONSUMPTION SECTOR
TRANSPORTATION PETROLEUM ]
29%_| 594 |

RENEWABLES
9%

Figure 1-1. US building energy consumption composition

Besides economic and environmental considerations, the predominance of HVAC systems in
modern buildings has resulted in serious health issues. Studies have shown that the use of HVAC
systems does not necessarily create a healthy and comfortable environment: Stuart and Harriet
reviewed literature on HVAC systems as contaminant emission source that affect indoor air quality
and concluded that moisture can introduce bio-aerosol and VOC (volatile organic compounds) [3];

at the same time, the lack of fresh outdoor air leads to questionable air quality [4]. Hence, the
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trend of 217 century building technology is to adapt and utilize the outdoor environment to create

a healthy, productive, and thermally comfortable indoor environment.

OTHERS19.9% o | LIGHTING 20.2%

UTILITIES 13.7%
SPACE HEATING 16%

REFRIGERATION6.6%

SPACECOOLING

VENTILATION 9.1% 14.5%

Figure 1-2. 2010 Commercial energy end-use splits (Primary energy).

OTHERS 9.4%

PACE HEATING 27.8%

REFRIGERATION 6.4%

JATER HEATING 12.9%

LIGHTING 9.7%

SPACECOOLING 15.1%

Figure 1-3. 2010 Residential energy end-use splits (Primary energy).
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One of the most promising sustainable technologies for buildings is natural ventilation. It is
not a novel technology since almost all historic building were ventilated naturally when there were
no mechanical systems. Studies have shown that natural ventilated buildings have the great
potential to be used reliably in most climates when combined with a mechanical system using the
hybrid (mixed-mode) ventilation principle [5], even in cold climate such as Russia [6]. In favorable
climates and building types, it is reported that né,tural ventilation can completely eliminate the
air-conditioning plants, saving up to 40% less than that of an air conditioned building [7]. An
additional benefit of natural ventilation is that it could be used to access higher levels of daylight

since it encourages the buildings to have more openings.

Moreover, natural ventilation is highly praised because it is environmental friendly and
economicly beneficial because it utilizes free natural forces for cooling and ventilating. Using
natural ventilation also contributes to improving indoor air quality by introducing more fresh air
into the buildings, if the outdoor environment is clean enough. It’s reported by studies that natural
ventilated buildings have higher rates of indoor air quality [8], thermal comfort [9] and thus
working productivity [10]. Therefore, natural ventilation is becoming a more and more popular
sustainable building technology thanks to its non-trivial energy-saving, environmental-friendly

and productivity-increasing potentials.

The potential barriers, challenges and problems for understanding natural ventilation is
fundamentally different from mechanical ventilating systems. It is rather difficult to design or
control natural ventilated buildings due to the complexity of real buildings, lack of reference data
and because natural ventilation relies largely on the ambient environment which is constantly
changing. To predict and control natural ventilation accurately, it is essential to understand the
fundamentals of the physical process. Emphasis should be put on understanding, the physics of

natural ventilation for better utilization and control of natural ventilation.

1.2 Why bi-directional natural ventilation?

‘Bi-directional natural ventilation is one of the most common but not well understood

phenomenon because the ventilation is strongly related with thermodynamic conditions and
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geometric factors. The variation in thermal conditions results in the ventilation forming a density
stratified pattern such that buoyancy forces drive the flow to exchange in a bi-directional form at
the same opening. The fact that the opening is both the inlet and outlet of ventilation
simultaneously makes it rather difficult to characterize and understand the heat and mass transfer

process.

Understaﬁding and predicting the bi-directional natural ventilation is challenging due to the
complex and time-dependent airflow pattern as well as the strong coupling effect between
ventilation and temperature. For cross ventilation, theories for calculating ventilation performance
have been well developed and validated by experiments [11]. Nevertheless, for bi-directional
ventilation, a few investigations have been successfully launched, yet sufficient understanding is

still lacking due to the multi-factor dependent nature of the process.

The simplest and most common scenario of bi-directional airflow is single-sided buoyancy-
driven natural ventilation. It happens at a single opening where there is variation of thermal
condition in each side of the opening. A non-dimensional discharge coefficient is a crucial
parameter for estimating the ideal mass flowrates. Conventionally, the coefficient is assumed to
be a constant of 0.62 [4], which has been proved to be problematic. Simulations and experiments
have shown that the coefficient is largely dependent of zonal temperature difference [12,13] and
geometrical factors [14]. However, consensus and knowledge are still lacking about the discharge

coefficient.

The ventilation mode becomes more complicated in the presence of multi-zone and combined
wind and buoyancy forces. The air flow pattern can change from bi-directional ventilation to
unidirectional ventilation depending on the dynamics of wind and buoyancy forces, and the

interaction of zonal pressure difference and thermal conditions.

The ventilation process might become even more complicated where heat sources exist. The
thermal stratifications in buildings is largely affected by the type and number of heat sources.
Paul Linden [15] pointed out that the transient effect is especially notable when the heat sources

are not constant, which is often related with occupant behaviors. The typical time need for simple
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room set-ups, such as an empty rectangular space, to reach a steady state is a few minutes,
but the amount of time increases sharply when we consider complex interior geometry and thermal
mass. Linden [16] also suggested from the calculations for a theatre of 500 people that the

establishment for a complex real building environment can be an hour or so.

In conclusion, bi-directional ventilation is an essential natural ventilation mode for cases
involving large buoyancy forces. It is critical to clarify and understand the ventilation behaviors
of bi-directional airflow from global and transient points of view in order to accurately predict the

natural ventilation performance to satisfy the air quality and thermal comfort requirements.

1.3 State of Art: single-sided buoyancy-driven ventilation

Single-sided buoyancy-driven natural ventilation is an important scenario in bi-directional
natural ventilation where two spaces with different thermal conditions are connected through a
single opening. The buoyancy forces drive the hot air to flow through the opening at the top half
of the opening and the cold air to flow through the bottom half. Another example for single-sided
buoyancy ventilation can be the air exchange through an interior opening that bridges a space
and the ambient at different thermal conditions. This is often considered as the worst scenario in

buildings where there is no wind in the environment and the openings are all at one side.

Theories and models have been established for single-sided buoyancy-driven ventilation.
Emswiler [17] first applied Bernoulli’s equation to obtain the heat and mass transfer through
multiple openings in a wall. Brown and Solvason [14] then developed Emswiler’s method to two-
way flow through a single opening and established the analytical “natural convection” model
(Equation 1-1) basing on the assumptions such that the flow is steady, non-viscous, fully developed,

and that the neutral plane is located in the middle of the opening.

Equation 1-1: Q=pC, ?
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In the equation, Q is the mass flow rate of the upper/bottom half of the opening, kg/s; W is
the opening width and H is the height of the opening, m; £ is the density of the air, and Apis
the density difference of the two zones; g is the gravitational acceleration, m/s* C,, is the discharge
coefficient, defined in this model as the ratio of actual mass flowrate and ideal mass flowrate
obtained from Bernoulli’s theory; and Gr is the Grashof number, defined as a dimensionless
number in fluid dynamics and heat transfer which approximates the ratio of the buoyancy to
viscous force acting on a fluid; Pr is the Prandtl number, a dimensionless number defined as the

ratio of momentum diffusivity to thermal diffusivity..

(]

Zone 2, T2

Zone 1,Th %
[(Er]

Figure 1-4. Schematics of bi-directional airflow through a single opening, T2>T1.

The original geometry they considered is shown in Figure 1-4, where two sealed spaces of
different temperatures, T1 and T2, are separated by a single rectangular opening. Thus using

ideal gas law, Equation 1-1 can be written using the temperatures of each zone as Equation 1-2,

| 1 5 -73]
Equation 1-2: Q=-?—, a,'p-Aef),r ZgWH

The natural convection model is considered to be the most classical analytical model for single-

sided buoyancy-driven ventilation given that it characterizes how buoyant forces affects
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ventilation performance. Brown and Solvason [14] then conducted a series of experiments where
two chambers containing air of constant but different temperatures were connected by a single
rectangular opening whose height ranged from 3 to 12 inches. The discharge coefficient for
difference cases were found to range from 0.6 to 1.0. The test results also suggested that the
exponent on the Grashof number in Equation 1-1 was slightly greater than 0.5, which was
attributed to the heat transfer mechanism by the authors. In their continuing work [18], they

provided more specific correlations for different ranges of Grashof number.

Later in 1970"™, more attention was paid to contaminant exchange and control. Shaw [19,20]
conducted experiments in a hospital and measured air exchange between an isolation room and a
vestibule to measure the density-driven air exchange, which in part reflected the spread of gaseous
contaminants. The rooms were ventilated by a central system with air supply and extraction
openings in each room with balanced air supply and extract volumes. Shaw found that the
discharge coefficient was a function of the temperature difference, and it had a value of 0.66 when
temperature difference ranged from 4K to 10K. In 1987, Barakat [21] wrote a comprehensive
review on natural convection through a single opening regarding models obtained from different
experiments. The recommended model was exactly the same form Equation 1-1 with a minor
modification of the discharge coefficient to the range of 0.66 to 1.0. He also indicated that opening

width had little effect on the discharge coefficient.

S. B. Riffat [22] examined the situation where ventilation was driven by temperature difference
between the lower and upper floors in a residential house via an interior doorway. It was found
by him that the discharge coefficient has a negative correlation with the temperature difference.
In a later research followed by Wilson and Kiel [23], the heat and mass transfer between the
ambient and a test house were measured on the exterior doorway for a very big range of
temperature difference (0.5K — 45K). However, a positive correlation was observed in this

experiment, which is contradictory to Riffat’s findings.

In the recent 20 years, CFD simulation has been adopted to analyzing single-sided natural
ventilation. Yi Jiang and Qingyan Chen [24] used two different turbulent models (RANS and LES)

to simulate the buoyancy-driven single-sided natural ventilation between a test chamber and
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laboratory environment. He validated the simulation with experimental measurements and found
that LES model is more accurate than RANS model. However, in terms of understanding the
discharge coefficient physically, this work is not that useful. In 2005, Favarolo and Manz [13] used
CFD simulation to analyze the impact of geometrical configurations (dimensions and positions)
and temperature difference on the air flow rate of single-sided ventilation between a room and the
ambient. Six aspects were investigated, they are: temperature difference, distance from wall,
opening width and aspect ratio, wall thickness, vertical position of the opening, and room depth
and width. They also addressed the necessity and importance of extending available studies for

rectangular opening to more complex commercial windows.

On the other hand, attentions were also paid to the single-sided buoyancy-driven natural
ventilation through commercial window openings with complex geometries rather than plain
rectangular openings. For openings with more practical relevance, the stratification is also affected
by window characteristics. Jérn von Grabe [25] measured and compared the ventilation
performance of almost 6 commercial types of windows (double vertical slide window, turn window,
tilt window, awning window, and horizontal and vertical pivot windows) under pure buoyancy
ventilation in a test chamber in controlled laboratory environments to control boundary conditions
and eliminate wind impact. It was found that the horizontal pivot window had the best
performance with the same initial set-up and opening area. He also proposed a method in a later
paper [26] for estimating the ventilation performances for complex geometry windows. But the
method seems to be problematic and difficult to implement in real engineering calculations and

predictions.

To conclude, the major problems about single-sided buoyancy-driven natural ventilation lies
in the value of the discharge coefficient, as well as how to apply the “natural convection model”

to more complex but more practical commercial window geometries.
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1.4 State of Art: combined wind and buoyancy ventilation

Mathematically, it was proved that the governing equations for the natural ventilation process
sometimes contains two or more stable solutions [27-29] assuming unidirectional airflow pattern.
Helselberg et al. [30] presented both experimeﬁtal and computational evidence of the existence of
multiple solutions in simple buildings. It was also found that initial conditions might play an

important role in determining the steady state solution [31] for multi-zone building configurations.

However, these findings were challenged because they neglected the existence of bi-directional
flow pattern. Shuangping Duan and Yuguo Li [32] used computational methods that took bi-
directional airflow pattern into account and observed that the assumption of unidirectional airflow

was in fact invalid and led to the existence of multi stable solutions.

An easy-to-understand example is a heated room with two opposite openings, one connecting
with a cold chimney and one facing a cold ambient at the same temperature with the chimney.
Initially, there is single-sided buoyancy ventilation with bi-directional flow due to the temperature
difference between the room and the other two zones. As the chimney gradually heats up, there
establishes a pressure difference between the ambient and the chimney is established such that it
overwhelms the local buoyancy forces and drives the air to flow in a unidirectional pattern.
However, if we neglect the initial bi-directional ventilation, the ventilation will not happen in

theory since there is essentially no pressure difference between the ambient and the chimney.

Therefore, one of the most challenging unsolved problems is to understand the dynamics of bi-
directional airflow and allow bi-directional patterns in natural ventilation estimation so as to
derive at accurate solutions. On the other hand, in Shuangping Duan and Yuguo Li’s work [32],
they validated that initial conditions would largely impact the final steady state solution. However,
they did not consider cases with unsteady heat sources. It is reasonable to assume that a change
in the boundary condition or heat source might also contribute to the steady state solutions since

buildings are dynamic and interactive environments, especially for multi zone buildings.
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1.5 Thesis objectives

The aim of this work is to simulate the bi-directional flow pattern under pure buoyancy force
or combined wind and buoyancy forces through computational fluid dynamics simulation, and to
grasp some physical insight of the process while taking all the influencing factors into consideration,
especially discharge coefficient as well as the dynamics of the bi-directional natural ventilation.

To elaborate, this work aims to:

e To use computational fluid dynamics (CFD) simulation to visualize and understand how

bi-directional airflow establishes and develops under two important scenarios:
o Single-sided ventilation for two zones connected with a single rectangular opening.

o Bi-directional flow through multi-zonal ventilation under combined buoyancy and

wind forces for a heated room connecting with an atrium.

e To understand and explain the contradictory conclusion in the available literature on the
discharge coefficient for single-sided natural ventilation, and to generate useful knowledge

about the discharge coefficient regardless of its multi-factor dependent nature.

e To characterize the features of bi-directional natural ventilation for both multi-zone and

two-zone model under different driving forces.

e To build a simplified model with acceptable accuracy for predicting the bi-directional flow,

and to integrate the results into the fast natural ventilation design tool “CoolVent”.

1.6 Structure of thesis

The current chapter (Chapter 1) is the introduction about the state of art for bi-directional

natural ventilation with a highlight on single-sided buoyancy-driven natural ventilation. It covers
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the existing methodologies, analytical models and experimental results for natural ventilation, bi-

directional airflow in particular. It also discusses the unsolved problems in previous literatures.

Chapter 2 explains the fundamentals of bi-directional natural ventilation including driving
forces, mechanisms for single-sided buoyancy-driven natural ventilation, combined wind and
buoyancy ventilation, as well as unsolved problems of multi-zonal natural ventilation. Chapter 3
presents the methodology and simulation results for single-sided buoyancy-driven natural
ventilation. The discharge coefficient (Cd) is studied intensively under various boundary
conditions. A new concept called “local discharge coefficient” is proposed and compared with the
traditional discharge coefficient. As an extension of Chapter 3, Chapter 4 explores the effect of
radiation on the ventilation performance and thermal stratifications of single-sided buoyancy-
driven natural ventilation. Thus, ignoring the effect of radiation was found to be associated with

inaccurate thermal stratification profiles, air mass flowrates and surface temperatures in the room.

Chapter 5 gives the simulation results of a heated room connected with the ambient and a cold
atrium. There are two opposite openings, one is connected with the ambient and another is
connected with the atrium. Ambient wind can be applied such that there are combined wind and
buoyancy forces. The transition from bi-directional airflow to one-directional airflow is observed
and presented. The dynamics of thermal and wind pressure is investigated. Based on the
simulation results, Chapter 6 proposed a simplified modelling framework that captures the features
of both models to predict the transient thermal and ventilation behaviors of both models that is
to be implemented to the natural ventilation tool “CoolVent”. Assumptions (lumped

approximation, discharge coefficient, etc.) are made so as to simplify and approximate this process.

Chapter 7 presents conclusions from the previous-mentioned work on bi-directional natural
ventilation and addresses the limitations of this work. Further work needed is also identified in

this chapter.
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2. FUNDAMENTALS OF BI-DIRECTIONAL NATURAL VENTILATION

2.1 Driving Forces of Natural Ventilation

Natural ventilation is the process of utilizing natural forces to remove excess heat and gaseous
pollutants from an indoor space without using mechanical ventilating systems. The natural forces

give rise to the zonal pressure difference that causes air to exchange and ventilate.

Conventionally, there are two major driving forces for natural ventilation: wind forces and
buoyancy forces. The wind forces induce a positive pressure on the windward face and negative
pressure on the leeward face so that it drives air to flow through the windward openings into the
buildings at a lower pressure. The buoyancy forces are generated from the thermal variations
between one zone and another. The variation causes a different vertical pressure gradient that

drives air to ventilate.

To accurately predict natural ventilation, these forces should be quantified through simple but
well-defined equations. Heiselberg [1] gives a general equation for wind pressure that takes wind

velocity, wind direction and incidence angle into consideration.

Equation 2-1: AP, , =_§.f(,3)2 ’|Cp|’UR2

where f(f) is a function depending on the incidence angle, C p is the pressure coefficient and U R

is the wind velocity (m/s).

To be noted, the above equation is hard to use for cases where the directional of wind is not
orthogonal to the opening. The angles between the wind direction and the opening will influence
the wind pressure coefficient. Since this work is mainly focused on not the driving forces but the
bi-directional airflow, we only considered scenarios where the wind direction is orthogonal to the

opening thus the wind pressure is simply a function of velocity and air density,
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Equation 2-2: AP, , =____/’am2wem i

On the other hand, Warren and Parkins [2] gives an expression for buoyancy-driven pressure

based on the Bernoulli equation,

. Tzone _Tzonel
Equation 2-3: ALy, = 2~T—1T~pg-AH

zonel zone2

where ];onel and Tzo,,ez are the reference temperatures of two spaces, and AH is the vertical

difference of the centerline height of the spaces.

In the presence of combined wind and buoyancy forces, the contribution of both wind and
thermal buoyancy should be taken into consideration. Thus, the total mass flowrate (one-

directional only) can be calculated from the orifice equation,

Equation 2-4: m=pC, -4, -\/2p “(AP,,; + AL, )

In the above equation, Aeﬁ is the effective opening area, the rest of the parameters have been
explained previously. Similar equations can be derived for cases involving only wind or thermal
pressure. However, this equation (Equation 2-4) uses the averaged pressure difference rather than
integrating the pressure difference across the height between the inlet and outlet to calculate the
mass flow rate. It neglects the fact that the profiles of wind pressure and stack pressure are
different: the wind pressure generally results in a constant pressure difference across the opening
while the stack pressure results in a linear pressure difference. This is most obvious in single-sided
buoyancy-driven natural ventilation where the integration of the stack pressure across half of the
opening height results in a 1/3 coefficient. That is to say, the definition of discharge coefficient

for single-sided buoyancy ventilation and combined wind and buoyancy ventilation is different.
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2.2 Mechanisms of Single-sided Buoyancy-driven Ventilation

As previously mentioned, the most classic model for single-sided buoyancy-driven ventilation
is the “natural convection model”. The driving force of single-sided buoyancy-driven ventilation
is the buoyancy forces induced by the temperature differences between zones at a different

temperature.

The “natural convection model” is based on the assumption that the ventilation is fully
turbulent. However, in favorable climate or ventilation inside buildings, the temperature difference
between zones is usually less than 10 K. The momentum of air generated by the buoyant plume
is quite small compared to the buoyancy forces, yielding a mild and slow ventilation process
compared to mechanical ventilating or wind-driven natural ventilation. In that case, the mass
flow rate is correlated with the pressure difference with an exponent in between 0.5 to 1.0, 0.5
being fully turbulent and 1.0 being laminar. This results in the discharge coefficient to be

dependent on pressure difference rather than being a constant.

On the other hand, from the perspective of fluid morphology, two most important features of
single-sided buoyancy-driven natural ventilation are that the flow pattern is bi-directional and
that the mass flowrate at each direction should be equal due to mass conservation. The simplest
case is the ventilation through a plain rectangular opening. However, for commercial window
openings with complex geometries, using plain rectangular opening is not an ideal approximation
because the flow pattern becomes highly 3-dimensional and the flow resistance is a function

dependent on opening geometries and angles rather than merely a constant.

Mathematically, nondimensionalization can be applied to characterize the relationships
between the buoyancy forces, inertia and viscous forces. Two non-dimensional groups are
commonly used for single-sided buoyancy ventilation: Grashof number (Gr) and Archimedes

number (Ar). Their definitions are as follows:

T -T )D' B
Equation 2-5: Gr = 8P > 2one2) = uf)y ancy
Y Viscous
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Equation 2-6: Ar = 8B e :TZ"""z D _ Grz _ Buoyancy
14 Re Inertia

where A is the coefficient of thermal expansion (equal to approximately 1/T, for indoor air),
1/K; D is the hydraulic diameter of the opening; V is the external flow velocity, m/s%* V is the
kinematic viscosity, m?/s. For single-sided buoyancy-driven ventilation, we expect the Grahof

number to be large and the Archimedes number to be a small value.

2.3 Mechanisms of Bi-directional Airflow for Multi-zonal Ventilation

Predicting natural ventilation for a multi-zone system has always been challenging due to the
complexity of multiple driving forces, building geometries, and inter-zonal interactions. The most
important criteria of bi-directional multi-zonal ventilation are mass and energy conservations. For
multi-zone natural ventilation, unidirectional flow assumption is usually made for simplicity for
conventional flow network model. This is based on considerations that bi-directional flows only

happens in limited cases such as single-sided ventilation and around the neutral plane of a building.

However, Nitta [3] modified the numerical network model of bi-directional flows in a building
by assuming the neutral plane height is located near the middle height of the building. This model
successfully characterized the bi-directional flow of a building at the steady state. However, this
model is only focused on steady state solutions and fails to model the transient flow behaviors of

bi-directional flows.
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3. LOCAL DISCHARGE COEFFCIENT: A NEW CONCEPT FOR
SINGLE-SIDED BI-DIRECTIONAL NATURAL VENTILATION

Abstract: The discharge coefficient for the bi-directional single-sided buoyancy-driven natural
ventilation is a critical but not-well-understood number due to its widely varying nature under
different conditions. To understand the discharge coefficient, we use computational fluid dynamics
to simulate two typical scenarios (room-room/room-ambient) under different boundary conditions
(heated wall/heater). We find that thermal stratification causes zonal thermal conditions to
deviate from local thermal conditions at the opening, whereas the discharge coefficient is
traditionally defined by zonal temperature difference. A new concept—the local discharge
coefficient—is put forward that shows better consistency under various boundary conditions than

the traditional discharge coefficient.

3.1 Introduction

Natural ventilation is a promising sustainable design strategy thanks to its significant potential
in saving energy [1], improving indoor air quality [2] and boosting working productivity [3]. Single-
sided buoyancy-driven natural ventilation is an important scenario where two spaces with different
thermal conditions are connected through a single opening [4-6]. Two important cases are: 1) air

exchange between two indoor spaces; 2) air exchange between a windless environment and a room.

The natural convection model [7] is the most well established analytical model for the single-
sided bi-directional buoyancy-driven natural ventilation. It is based on Bernoulli’s principle by
assuming that the flow is steady, non-viscous, fully developed, and that the neutral plane is located
at the middle height of the opening. A critical number, the discharge coefficient, is introduced to

characterize the ratio between the real and ideal mass flow rates:
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/4 AT
Equation 3-1: Q=pCd? g'—TmH3 ,

where Q is the mass flow rate, kg/s; Cd is the discharge coefficient; W is the width, m; 0 is the
density of air, kg/m? AT is temperature difference between the two zones, K; Tis the average

temperature of the two zones, K; H is the height, m; & is the gravitational acceleration, m /st

Brown and Solvason [8] conducted a series of experiments where two chambers containing air
of constant but different temperatures were connected by a rectangular opening with a height
ranging from 3 to 12 inches. The discharge coefficient for different cases was found to vary from
0.60 to 1.00. Field measurements also suggested that the discharge coefficient is very case-
dependent: Shaw [9] measured the buoyancy-driven air exchange between an isolation room and
a vestibule in a hospital to study the spread of gaseous contaminants. He found that the discharge
coefficient was dependent on the temperature difference. Later in 1987, Barakat [10] suggested a
range of discharge coefficients of 0.66 to 1.00 in his comprehensive review on the natural convection

through a single opening.

It is also unclear how temperature difference affects the discharge coefficient within the same
configuration. S. B. Riffat [11] examined the ventilation between the lower and upper floors in a
residential house via an interior doorway and found that the discharge coefficient was inversely
correlated to temperature difference. However, Wilson and Kiel [12] measured the air exchange
between the ambient and a test house through an exterior doorway and observed a positive

correlation.

Therefore, this chapter is designed to develop an understanding of how the discharge coefficient
of single-sided buoyancy-driven natural ventilation reacts to various factors such as temperature
difference, boundary conditions and geometric factors so as to derive at an understanding for the
above-mentioned confusion and contradictions. We suggest an explanation for the widely varying
nature of the discharge coefficient from CFD results, and propose a new concept of the local
discharge coefficient that has better consistency under different boundary conditions than the

traditional discharge coefficient.
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3.2 Methodology
3.2.1 Room-room model

A room-room computational model is built by connecting two spaces of the same size with a

rectangular opening, shown in Figure 3-1a.
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Figure 3-1. Domains of the room-room model with a door opening (a) and the room-ambient
model with a window opening (b). The measuring planes are indicated in the figures.

Each room is 3.57 m deep, 5.16 m long and 2.28 m high. A surface heater is implemented as a

cuboid (0.16 m high, 0.74 m wide and 0.18 m high) near the corner in the warm zone. A single
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plain rectangular opening is created in the wall that connects the warm and cold zones. Two types
of openings are modeled: a door (1.98 m high, 0.90 m wide and 0.18 m thick) and a window (0.90
m high and 0.90 m wide). Three vertical measuring planes are created to measure the thermal
stratification patterns at different spatial locations. Two of the measuring planes (plane 2 and
plane 3) are located in the middle of each zone, parallel to the opening and 10 cm from the
sidewalls on each side to avoid the inference of the side walls. The other plane (plane 1) is
orthogonal to the opening across the entire domain, as is shown in the figure. The geometry of

each room is adapted from a previous experimental work by Yi Jiang and Qingyan Chen [13].

The influence of thermal factors is explored by controlling the boundary conditions of all the
simulated cases. Two sets of boundary conditions are considered: 1) heated sidewalls with constant
temperatures, and 2) a heater with constant heat flux. For the first set of boundary conditions,
the sidewall temperature of the cold zone is set at a reference temperature (T,) of 20.0 °C, and
that of the warm zone is set at a higher temperature ranging from 21.0 °C to 30.0 °C. The ceiling
and floor in each zone are modeled as adiabatic. For the second set of boundary conditions, the
heater is turned on with a constant power ranging from 100 W to 500 W. The steady state heat
fluxes from the sidewalls in each zone with fixed wall temperatures of 30.0 °C for the warm zone
and 20.0 °C for the cold zone are approximately 500 W so that the ranges of heat intensity for
the two sets of boundary conditions are comparable. The cold zone sidewalls are set at 20.00 °C.
The other surfaces are modeled as adiabatic. By applying proper surface temperatures/heater
powers, a small zonal temperature difference of less than 7.0 °C between the warm and cold zone

is created.

Each case is simulated using FLUENT (part of ANSYS 14.5) in steady-state mode until the
ventilation rate and thermal stratification stabilize. The turbulence model used is RNG k-€. This
turbulence model has been shown to accurately simulate room airflow dynamics [14]. The radiation
model is the S2S model. All surfaces are modeled with an emissivity of 1.0. This simplification is
justified given that typical materials in a room, excluding polished metals, have emissivity above
0.9 [15]. The ideal model was used for air. The closest node to all surfaces is at distance of 2 cm,

with y* < 5in accordance with the enhanced wall function. The above-mentioned numerical
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method is validated through reproducing the experimental results obtained by Yi Jiang and
Qingyan Chen [13]. Thermal stratification patterns are shown as contour plots of excess
temperature relative to the reference temperature (T,;) of the side walls in the cold zone, which
is 20.0 °C. The temperature contours are plotted for each of the three measuring planes in each
case. Bulk temperature is calculated as a volume averaged temperature of each zone and is used

to define the discharge coefficient, as in Equation 3-1.

3.2.2 Room-ambient model

A room-ambient model to study the flow dynamics between the ambient and a heated room is
built by enlarging the cold zone to a considerably larger size (10 m wide, 10 m long and 10 m
high), and is shown in Figure 3-1b. The room geometry as well as the boundary conditions are
maintained the same as in the room-room model. In the ambient zone, the three surrounding
sidewalls are set as pressure inlets and the ceiling is set as a pressure outlet. All the mentioned
surfaces in the ambient zone are set at 20.0 °C and the floor is modeled as an adiabatic no-slip
boundary. The connection wall between the ambient and the room is modeled as adiabatic. The
same window and door openings are modeled. The same meshing methods and radiation model as
the room-room model are adopted for the simulation. Bousinesq approximation is used for the air.
Two vertical measuring planes are inserted: plane 2 is located in the middle of the room in parallel
to the opening with a 10 cm distance from the side walls on each side, and plane 1 is orthogonal

to the opening, shown in Figure 3-1b.

Pressure interpolation is achieved using the “PRESTO!” (PREssure STaggering Option)
scheme, while the velocity--pressure coupling is performed using the “SIMPLE” (Semi-Implicit
Method for Pressure-Linked Equations) algorithm. Spatial discretization of the governing
equations is achieved using a second order upwind scheme; the steady state formulation used is
first order implicit. Similarly, the numerical method is applied to reproduce the work mentioned

before [13] and shows good agreement with the experiment.
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3.3 Results
3.3.1 Room-room model

3.3.1.1 Thermal stratification

As previously mentioned, two boundary conditions are considered: fixed sidewall temperatures
of both zones (fixed wall temperature, FWT), and a heater with constant powers in the warm
zone (fixed heat flux, FHF). Figure 3-2 shows contour plots of the excess temperatures for both
boundary conditions from the middle measuring plane (plane 1) for the room-room scenario. The
zonal temperature differences are similar between the different heat sources (door: dTgywy = 3.0 K,
dTpgr = 2.5 K; window: dTpywr = 5.0 K, dTrgr = 5.3 K) and thus we can neglect the influence
from temperature difference and the type of heat source is the main factor influencing the

ventilation performance.

T—Tref [°C]
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Room—mom FWT (30/20°C) w:ﬂ'lwndm opening along plane 1 Room-room: heater on (500W) forvwndcm opening along plane 1

Figure 3-2. Contour plots of excess temperature for door (top) and window openings (bottom) in
the room-room model, when the sidewalls are fixed at 20. 0 °C/30. 0 °C (right), and when there is
a heater (500 W) in the warm zone and the cold zone sidewall temperature is fixed at Trr = 20.
0 °C (right). Excess temperatures above 10.0 °C are shown in red.

As is shown in Figure 3-2, single-sided buoyancy-driven natural ventilation is established for

both FWT and FHF cases, yet by different mechanisms: 1) for the FWT cases, thermal plumes
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are generated due to the convective heat exchange with the sidewalls in the warm zone, whereas 2)
for the FHF cases, the ventilation is dominated by a high-momentum high-temperature plume from
the heater surfaces. Therefore, the buoyant plumes are uniformly generated by the heated walls in
the FWT cases but concentrated from the heater region in the FHF cases. We thus name the two
flow types “bulk flow” and “plume jet flow” for simplicity. It should also be noted that single-sided
buoyancy-driven natural ventilation with a large opening is less influenced by the non-uniformity
of the heat source than with a smaller opening, shown in the Figure 3-2. For the door opening,
the thermal stratification patterns are essentially the same between FWT and FHF boundary
conditions. However, for the window opening, the thermal stratifications exhibit different features
under different types of heat sources: 1) a linear thermal stratification is still observed with the
FWT boundary condition, however, 2) with the FHF boundary condition a considerably thick hot

air layer starts to accumulate near the ceiling and there are skewed temperature contours.
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Figure 3-3. Vertical distribution of excess temperature above the reference temperature in the
four cases in Figure 3-2, along two planes 2 and 3 in the room-room model, for the door opening
(left) and window opening (right).

Figure 3-3 presents the vertical temperature distributions in measuring planes 2 and 3 in the
room-room model for “bulk flow” and “plume jet flow” for both opening geometries (door/window).

At each height, the temperature is plotted for all of the nodes in the CFD simulation across the
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width of each room. The temperature distributions of the sampling nodes in each plane are located
tightly in thin lines, indicating that there is little temperature variation along the y-axis within
the same measuring plane. It is also observed that the window case presents a substantially larger
temperature difference between the cold and warm zones than the door under the same boundary
conditions. For the door opening, the larger mass flow rate causes more heat exchange between

the two zones such that the zonal temperature difference is dampened.

It is also noted that the ceiling and floor temperatures of each zone approach each other because
of the radiative heat transfer between surfaces, regardless of thermal stratification patterns.
Therefore, the cold zone ceilings are of low temperatures and the warm zone floors are of high
temperatures and there are temperature drops at these places. To illustrate this, Table 3-1 shows

the area-averaged temperatures of the surfaces in each case.

Table 3-1. Surface temperatures of the floor, ceiling, connecting wall and sidewalls for the room-
room cases in Figure 3-2.

Boundary conditions FWT FHF
Opening types Window Door Window Door
Ceiling 29.1 28.9 29.4 27.1
Floor 28.0 27.8 28.5 26.5
Warm zone surface
Sidewall 1 : 28.3 25.8
temperatures
Sidewall 2 30.0 30.7 28.2
[°C]
Sidewall 3 28.8 26.4
Connecting wall 28.3 28.2 28.2 26.1
Ceiling 22.1 22.6 22.8 22.1
Cold zone surface
Floor 21.0 21.3 21.2 21.1
temperatures
Sidewalls 20.0
[°c]
Connecting wall 21.8 22.3 22.3 21.9
Local temperature difference [°C] 4.5 2.4 4.8 1.9
Zonal temperature difference [°C] 5.0 3.0 5.3 2.5
Mass flowrate [kg/s] 0.067 0.124 0.070 0.116

The opening size seems to have a larger influence on surface temperatures for the FHF

boundary conditions than the FWT boundary conditions: as we enlarge the size of the opening
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from a window to a door, the temperature of each of the surfaces in the heated zone does not vary
much (less than 0.5 °C) for the FWT cases, but changes substantially (more than 2.0 °C) for the
FHF cases. Thermal non-uniformity is also observed in the three sidewalls in the FHF cases —
sidewall 2 exhibits the highest temperature because it has a larger view factor to the heater than
the other two sidewalls do and the thermal plumes rise along the sidewall 2. Meanwhile, the spatial
distribution of heat source also largely affects the radiative heat transfer, surface temperatures
and spatial temperature distributions. In the FWT cases, the large surface areas and view factors
between surfaces contribute to more uniformly distributed surface temperatures, whereas in the
FHF cases, the end wall in the warm zone has a larger view factor than the other surfaces in the

heater cases, resulting in notable thermal non-uniformity along the x-axis in Figure 3-1.

3.3.1.2 Local temperature difference

The basic assumption for the natural convection model is that the temperature profile in each
zone is uniform such that there is a constant temperature difference between the two zones.
Conventionally, the discharge coefficient is defined by the zonal temperature difference. However,
it is questionable whether the zonal temperature difference is appropriate to define the discharge
coefficient due to the above-mentioned spatial thermal non-uniformity. Local thermal conditions
near the opening might be more important. To investigate this, a local temperature difference is
defined between the spatially averaged temperatures of the air in the cuboid regions within 1.0 m
from the opening and across the entire opening height and width on either side of the opening,
shown in Figure 3-1, to reflect the local thermal conditions. Figure 3-4 gives the zonal temperéture

difference and the local temperature difference in the room-room model.

The results suggest that the local temperature difference is generally smaller than the zonal
temperature difference for all of the cases. This can be explained by the mixing of warm and cold
air at the opening that homogenizes the temperature distribution across the opening region and

results in a smaller local temperature difference than zonal temperature difference. Meanwhile,
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the difference between the local and zonal temperature differences increase with the temperature
difference for both door and window openings. Again, this is contributed to by the increased heat
intensity which introduces thermal non-uniformity, i.e. when the heater power increases, the
surface temperatures near the heater will be much higher than the rest of the surfaces, resulting

in a larger deviation between the local and zonal temperature differences.
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Figure 3-4. Zonal temperature difference and local temperature difference for room-room cases
for door (left) and window (right) openings with FWT (blue) and FHF (red) boundary
conditions. In the five different FWT cases, the warm zone sidewall temperatures are 22.0°C,
24.0°C, 26.0°C, 28.0°C, 30.0°C, and the cold zone sidewall temperature is 20.0°C. The heat fluxes
for the five FHF cases are: 100 W, 200 W, 300 W, 400 W, and 500 W. The dashed lines are the
fittings of the simulation results.

Another observation is that the deviation between zonal temperature difference and local
temperature difference is larger for the door opening than for the window opening, suggesting that
geometric factors can affect the correlation between the two temperature differences. One of the
reasons for this observation is that increased opening area causes more mixing of cold and warm
air at the opening, resulting in a larger difference between the local thermal conditions and the

zonal averaged thermal conditions.
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To conclude, the thermal stratification patterns are affected by the combination of heat source,
heat intensity, opening sizes and other geometric factors, and the local thermal conditions is

different from the zonal averaged temperature difference due to thermal non-uniformity.

3.3.2 Room-ambient model

3.3.2.1 Thermal stratification

Similar to the room-room model, the excess temperature contours of the FWT and FHF
boundary conditions with both door and window openings are presented in Figure 3-5. The zonal
temperature differences’ are also close for the same opening (door: dTeywr = 2.2 K, dTgyp = 2.7 K;
window: dTpwr = 4.3 K, dTgr = 3.6 K) so that the influence of temperature difference can be

neglected.

Same ventilation mechanisms—“bulk flow” and “plume jet flow”—can be observed in the
room-ambient case. Different from the room-room model, the thermal stratification in the room-
ambient model is no longer horizontally layered but exhibits a wavy pattern. A bulk stream of
ambient air penetrates deeply into the warm zone and is gradually heated up by the internal heat
gains. As the opening size decreases from a door to a window, the bulk stream of cold air diminishes
to a small stream. To understand how the thermal stratification in the room-ambient model is
different from the room-room model, we plot the vertical temperature distributions in measuring
plane 2 in Figure 3-6 for the four cases described in Figure 3-5. More horizontal thermal variations
are observed than the room-room scenario and the temperatures of the sampling points are

sparsely distributed in broader strands rather than thin lines, as is shown in Figure 3-6.

Similarly, a temperature drop near the floor in the room zone in each case is observed. Table
3-2 gives the area averaged surface temperatures in each of the four cases shown in Figure 3-5.
Similar to the room-room model, the size of opening also has more influence on the surface

temperatures for the FHF boundary condition than for the FWT boundary condition, and sidewall
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2 exhibits the highest temperature compared to the other two sidewalls because of a larger view

factor to the heater as well as the thermal plumes from the heater that heat sidewall 2.

SOInPPr00 I

o

N

Room-ambient: heater on (500W) for door opening along plane 1

N NN

Room-ambient: FWT (26/20 °C ) for window opening along plane 1 Room-ambient: heater on (300W) for window opening along plane 1

Figure 3-5. Contour plots of excess temperature for door (top) and window openings (bottom) in
the room-ambient model along measuring plane 1, when the sidewalls are fixed at 20. 0 °C,
26.0 °C (left), and when there is a heater in the warm zone and the cold zone side wall
temperature is fixed at Teer = 20. 0 °C (right). Excess temperatures above 10.0 °C are shown in
red. The size of the ambient zone is smaller than the real geometry for demonstration purposes.
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Figure 3-6. Vertical distribution of excess temperature along measuring plane 2 in the room-
ambient models shown in Figure 3-5 (FWT (blue) and FHF (red) cases with door (left) and
window (right) openings).

Table 3-2. Surface temperatures of the floor, ceiling, connecting wall and side walls for the

room-ambient cases in Figure 3-5.

Boundary conditions FWT FHF

Opening types Window Door Window Door

Ceiling 28.7 28.1 24.9 24.4

Floor 27.2 26.3 24.5 24.0

SSRGS Sidewall 1 24.8 2.1

temperatures

] Sidewall 2 30.0 26.1 26.0
Sidewall 3 24.6 23.7

Connecting wall 27.6 26.8 22.1 23.3

Ambient temperature [°C] 20.00

Local temperature difference [°C] 3.7 1.9 3.7 1.9
Zonal temperature difference [°C] 4.3 2.2 3.6 2.7
Mass flowrate [kg/s] 0.092 0.202 0.073 0.162
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3.3.2.2 Local temperature difference

Figure 3-7 gives the zonal temperature difference and the local temperature difference in the
room-ambient model. Similar to what is observed in the room-room model in Figure 3-4, the larger
opening (door opening) exhibits a larger deviation between the zonal and local temper;ature
differences in the room-ambient model. For the door opening, the deviation increases as the
temperature difference enlarges, whereas for the window opening the temperature difference has
less impact on the deviation. In summary, the correlations between the two temperature
differences are influenced by the types of heat source and size of the opening; the local temperature
difference has more deviations from the zonal temperature difference for the large opening (door)

than the small opening (window).
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Figure 3-7. Zonal temperature difference and local temperature difference for room-ambient
cases for door (left) and window (right) openings with FWT (blue) and FHF (red) boundary
conditions. In the FWT cases, the warm zone sidewall temperatures are 22.0 °C, 24.0 °C, 26.0 °C,
28.0 °C, 30.0 °C, and the cold zone sidewall temperature is 20.0 °C. The heat fluxes for the FHF
cases are 100, 200, 300, 400, 500W. The dashed lines fittings of the simulation results.

In general, it is safe to conclude that the zonal averaged thermal conditions are different from
the local thermal conditions at the opening region for both the room-room model and the room-

ambient model, especially under non-uniform heat source and large heat intensity.
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3.4 Discussions
3.4.1 Local discharge coefficient

As previously mentioned, deviations between the zonal temperature difference and the local
temperature difference arise due to different thermal stratification patterns. Hence, a possible
explanation for the widely varying nature of the discharge coefficient in the previous work is that
the traditional definition of the discharge coefficient neglects spatial thermal variations. For cases
with non-uniform thermal conditions, the local temperature difference might be a better indicator
of the buoyancy forces that drive the single-sided ventilation. To investigate this, we compared
the local discharge coefficient, defined by the local temperature difference, and the traditional
discharge coefficient for both openings under a small temperature difference (< 7.0 °C), as is

presented in Figure 3-8.

Room-room Model with Door Opening Room-room Model with Window Opening

e e O  Tradiational discharge coefficeint, FWT & 0'8
k] +  Tradiational dicharge coefficient, FHF K]
o O  Local discharge coefficient, FWT X
£ o6t T Local discharge coefficient, FHF £ orst
o o
o Q. Iv] e} ‘h‘_
[ Ql- Bt Q o
Soss5} #2 2 o7t °%+
= o] i +
% o o 3 o 7 B
8 ost + 4+ 3.© 8 g5t o o o
g + 4+ g
L © 3 +
045 . L : : = 06 . : . . : :
0 1 2 3 4 5 0 1 2 3 4 5 6
(Local)Temperature difference, K (Local)Temperature difference, K
Room-ambient Model with Door Openin| Room-ambient Model with Window Openin
0.8 9 09 P 9
e 0 — : : T 0 - - T T :
s et 0 g
[ fe) e o (v}
€ orst o € 085|
S o o S ) o
o o @ + o + + o
2 o7t 1o 2 o8t o * i o
g 2 ° & © ' +
So6st S Sorst t oo
g IV
3 o s
06 . - - L 07 L s 1 L N
0 1 2 3 4 S 1 2 3 4 5 6
(Local)Temperature difference, K (Local)Temperature difference, K

Figure 3-8. Comparison of the traditional discharge coefficient (blue) and the local discharge
coefficients (red) for FWT cases (dot) and FHF cases (cross) for both room-room model (left)
and room-ambient model (right).
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The results suggest that the traditional discharge coefficient is dependent on both boundary
conditions and temperature differences. This could be explained by the spatial thermal non-
uniformity caused by different boundary conditions which gives rise to the difference between the
local and zonal thermal conditions, as previously mentioned. However, the local discharge
coefficient shows much better consistency than the traditional discharge coefficient under various
thermal stratification patterns for both room-room and room-ambient scenarios. A direct
implication is that the local temperature difference is less sensitive to the types of heat sources.
Thus it is possible to eliminate the influence of thermal non-uniformity by using the local discharge
coefficient. This is to say, for a given geometry, e.g. room-room with a window, the traditional
discharge coefficient varies considerably (0.66 to 0.73) with the kind of heat source for the same

temperature difference, whereas the local discharge coefficient eliminates most of this variation.

However, the local discharge coefficient still is a function of the geometry of the opening as
well as the buildings. Under the same zonal/local temperature difference, the traditional/local
discharge coefficient is of a higher value for the room-ambient scenario than the room-room
scenario. Moreover, the local discharge coefficient in the room-ambient model seems to be more
stable than the room-room scenario because the local discharge coefficient stays around the value
of 0.80 under changing temperature differences as well as opening sizes (from door to window).
This might result from the difference in the temperature distributions of the ambient zone in the
room-ambient scenario and of the cold zones in the room-room scenario: the ambient zone is
uniformly at 20.0 °C in the room-ambient scenario while there is thermal stratifications in the cold
zone in the room-room scenario. In general, the local discharge coefficient is a function of thermal
stratification patterns, opening geometries and temperature difference; the room-ambient scenario

seems to have a more stable and lager local discharge coefficient than the room-room scenario.
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3.4.2 Mass flow rate

Figure 3-9 shows the mass flow rate versus local temperature difference as well as their
logarithmic values for the four sets of cases mentioned above. Linear correlations are observed
between the logarithmic mass flow rates and logarithmic local temperature differences. It is noticed
that the exponents in the correlations between the logarithmic mass flow rate and local
temperature difference are between 0.435 and 0.480, while the natural convection model predicts
the exponent to be 0.50. This could be explained by the fact that the local discharge coefficient is

non-constant with different temperature difference and geometric factors.

It is noticed that the big opening (door) has substantially larger ventilation rates than the
small opening (window) under the same local temperature difference. This is attributed to the
fact that the increased opening area also reduces frictional loss, further improving the ventilation
performance. It is also observed that the door case has a larger difference between the ventilation
performances of the room-room and room-ambient écenarios than the window case has. Meanwhile,
with the same opening, the room-ambient scenario exhibits a larger ventilation rate than the
room-room model under same local temperature difference, which reflects the previous finding
that the room-ambient cases have larger local discharge coefficients than the room-room cases
under the same conditions. On the other hand, the correlation between the mass flow rate and
the local temperature difference seems .to be independent from the types of heat source because
the cases with FWT and FHF boundary conditions are located in the same lines. This validates
the point that local temperature difference is a better and more consistent indicator of buoyancy

forces under different types of heat sources.

In conclusion, the mass flow rate is approximately square root of the local temperature
difference regardless of the boundary conditions (FWT or FHF) since local temperature difference
rules out the interference from boundary conditions. This relationship is essentially a reflection of

the natural convection model which is stemmed from the Bernoulli’s equation.
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Figure 3-9. Comparison of the FWT (blue) and the FHF (red) for room-room (left) and room-
ambient (right) models with door and window openings. R-A: room-ambient model; R-R: room-
room model.

3.4 Conclusions

In general, this work investigated the role of thermal stratifications on the discharge coefficient
and proposed a reasonable explanation for the controversy in the coefficient for single-sided
buoyancy ventilation through extensive CFD simulations. We found that the single-sided
buoyancy-driven ventilation is mainly dominated by local thermal and geometric conditions, and
that different thermal stratification patterns will result in deviations between the local
temperature difference and the zonal temperature difference. Therefore, the traditional discharge
coefficient as defined by the zonal temperature difference is unable to accurately reflect the local
thermal conditions, leading to its widely varying nature. Hence, we propose a new concept of the
local discharge coefficient that is defined by the local temperature difference near the opening

region. It is shown by CFD simulations that the local discharge coefficient shows better consistency
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under various thermal stratification patterns for both room-room and room-ambient scenarios. It
is considered to be a better gauge for estimating single-sided ventilation because it is able to rule

out the influence of thermal stratifications, especially for buildings with localized heat sources.

However, the local discharge coefficient is still a function of temperature difference as well as
geometric factors; more investigation is needed for thorough understanding. This suggests that
using the typical value of 0.62 for the discharge coefficient might result in large errors in estimating
the ventilation performance in single-sided ventilation. It is also observed that the discharge
coefficients for FWT and FHF cases in the room-ambient model are relatively more stable than
in the room-room scenario regardless of the change of opening geometry and temperature
difference. This might be attributed to the fact that the ambient zone is at a uniform temperature,

as well as the fact that there is less geometric restriction in the ambient zone.
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4. EFFECT OF RADIATIVE HEAT TRANSFER ON SINGLE-SIDED BI-
DIRECTIONAL NATURAL VENTILATION

Abstract: Scale models [1,2] and related theories [3,4] that ignore radiative heat transfer have been
applied to studying airflow and thermal conditions in building. However, studies have shown that
neglecting radiative heat transfer can lead to inaccurate temperature predictions [5,6]. As an
extension of the previous work, we think neglecting radiative heat transfer could lead to inaccurate
air flow rate in natural ventilation since buoyancy force is one of the driving forces of natural
ventilation. To assess the effect of radiative heat transfer on single-sided buoyancy ventilation,
computational fluid dynamics simulations of spaces are performed with and without radiative
effects. It is found that ignoring radiative heat transfer will lead to inaccurate thermal
stratifications, mass flow rate and surface temperatures in the room, which validates the concerns

about the accuracy of the results obtained from the scale models.

4.1 Methodology

The geometry of the two-room space is remained the same as that in Chapter 3, shown in
Figure 3-1. Five different cases are considered, dealing with scenarios commonly found in single-
sided buoyancy-driven ventilation studies, and are summarized in Table 4-1. The same opening
geometries are considered as Chapter 3: a door and a window. The height of the window from the
floor is not fixed in this chapter. In case 1, a constant surface heat flux of 904.2W /m?” (400 W in
total) is generated by the heater, while the side walls of this room are modeled to be adiabatic.
In the remaining cases, the heater is defined as adiabatic, while the side walls in the warm room
are set at a fixed temperature of 30.0 °C. The amount of heat transferred from the walls to the
air was approximately 420 W, similar (within 5%) to the heat gains due to the space heater in

case 1. The temperature of the walls in the other room are kept at a low temperature of 20.0 °C
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for all the cases, thereby acting as a heat sink. All other surfaces, the ceilings, floors and connecting

walls, are modeled as adiabatic for all five cases.

Each case is simulated tWice, with and without radiation. The air in the space is modeled using
the ideal gas model and the Boussinesq approximation, giving similar results. Only the ideal gas
results are included in this paper. Contour plots of temperature are shown at the location of the
middle measurement plane. Plots of temperature against height are shown at the locations of the
other measurement planes, one in the warm room and one in the cold one. Temperatures are
’expressed as excess temperatures above 20.0 °C, the lowest temperature in the space. Thus a
temperature of 21.0 °C is expressed as 1.0 °C. Bulk temperature in each room is calculated by
averaging, spatially, the temperature of the air in the room. In addition, the air mass flowrate is
measured at the opening connecting both rooms, the flowrate given is for the air that entered one
of the rooms. Mass conservation requires the amount of air that leaved the room to be the same,

so the net airflow rate through the opening is zero.

Table 4-1. Summary of cases considered for the two-room space.

Case Heat source Opening type Opening centerline height
1 Heater Door 0.99 m
2 Heated walls Door 0.99 m
3 Heated walls Low window 0.45 m
4 Heated walls Middle window 1.14 m
5 Heated walls High window 1.83 m
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4.2 Results
4.2.1 Effect of heat source. Cases 1: space heater, and case 2: heated walls

Figure 4-1 shows the contour plots of excess temperature for case 1 and case 2, while Figure
4-2 shows plots of excess temperature against dimensionless height (normalized by the height of
the room), including and neglecting radiation. For the case with the space heater on, the
temperature profile of the air is colder, by approximately 1 to 2 °C, in the lower part of the room
when radiation is ignored than when including it. The excess temperature of the air near the floor
is practically 0 °C in both the warm and cold room with no radiation. However, when radiation
is accounted for, the excess temperature of the air near the floor was roughly 1 to 4 °C. This can

also be seen as a thicker cold (blue) layer above the floor in Figure 4-1.

T-Tinlet [°C]
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Radiation on and heater on along plane

1
i e

Racliatic-m off and heater off along plane 1

Radiation off and heater on along plane 1

Figure 4-1. Contour plots of excess temperature for case 1 and case 2, when accounting for
radiation (top) and when neglecting radiation (bottom), casel (right) and case2 (left). Excess
temperatures above 10 °C are shown in red.

For case 1 with no radiation, the excess temperature near and at the ceiling in the cold room
varies from a value of 5 °C to a value of 1 °C. This variation is found to be a consequence of
radiation heat transfer from the ceiling to the cold walls. The warmer temperatures seen near this
area are related to the warm air from the room with the heater, while the colder temperatures are

due to radiative transfer to the cold walls, thereby accounting for the greater variability in
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temperatures observed here. This variability is absent in the simulation that did not include
radiation, because there is no efficient way to exchange heat between the ceiling and the walls. In
the warm room a similar variability in the temperature of the air is seen near and at the floor
when including radiation. The floor of the warm room receive cold air from the other room, but
it is also heated via radiation, either from the other walls and the ceiling, or directly from the
space heater. With no radiation, the temperature near the floor stays close to the temperature of
the walls of the cold room, even near the space heater. Similar temperature variability is seen near
the ceiling of the cold room and near the floor of the warm room in case 2, when accounting for
radiation. Except for these areas, the temperature profiles of the simulations with and without

radiation are very similar in case 2, as shown in Figure 4-2.

Table 4-1 gives the bulk temperatures, Teo1q and Ty qrm, bulk temperature differences, AT, and
mass flowrates, m, for both cases. For each case, the bulk temperatures are not considerably
different when comparing the simulations with and without radiation. Neglecting radiation results
in a deviation between 0.8% (case 2, cold room) and 5.6% (case 1, warm zone) in the bulk
temperatures in each zone. Furthermore, ignoring radiation results in an underestimation of the

air mass flowrate exchange through the opening of 31.2% for both cases.

It should also be noted that for Case 2 the mass flow rate is smaller for the case with radiation
although its zonal temperature is smaller than that without radiation. This is attributed to the
fact that the local temperature difference is different from the zonal temperature difference, as is
introduced in Chapter 3. Although the zonal temperature difference is smaller for the case with

radiation, the local temperature difference is higher, which result in larger ventilation rate.
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Figure 4-2. Vertical distribution of excess temperature along two measuring planes in cold (left)
and warm (right) zones in cases 1 and 2.

Table 4-1. Simulation results for cases 1 and 2 with and without radiation.

Case Radiation Teoid [°C]  Twarm [°C] AT = Tyurm — Teata [°C] 1 [ke/s]
1 With radiation 22.9 25.1 2.2 0.109
(Heater) Without radiation 22.7 23.7 1.0 0.075
2 With radiation 24.6 25.5 0.9 0.125
(Heated wall)  Without radiation 24.4 26.0 1.6 0.086
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4.3.2 Effect of the vertical location of the opening. Case 3: 0.45 m, case 4: 1.14 m, and case 5:
1.83 m from the floor.

The effect of the vertical location of the opening is analyzed by moving the window vertically
from floor to ceiling, whil_e maintaining the same opening geometry and horizontal location. Three
cases (case 3—b5) are compared: low, middle and high window. Figure 4-3 shows the contour plots
of excess temperature for these three cases, both with and without radiation. For all these cases,

the heat gains are incorporated by setting the temperature of the walls in the warm room.
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Figure 4-3. Contour plots of excess temperature for case 4 (low window), case 5 (middle
window) and case 6 (high window), when accounting for radiation (left) and when neglecting
radiation (right). Excess temperatures above 10 °C are shown in red.

Figure 4-4 demonstrates how vertical height of the opening affects thermal stratification
patterns in the two rooms. When the opening is located near the floor, a thick layer of hot air
forms near the ceiling in the warm room. When the opening is located near the ceiling, though, a
thick cold layer forms near the floor of the cold room instead. In the cold room (Figure 4-4a) the
temperature of the air near the ceiling increased as the height of the opening increased, because

the air from the warm room is in contact with cold air in the other room for a smaller amount of
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time as it makes its way from the opening to the ceiling of the cold room. Analogously, the
temperature of the floor in the warm room increases with increasing height. In the cold room, the
temperature of the ceiling is always lower when including radiation than when neglecting it, by
approximately more than 5 °C. The temperature of the floor is, however, within 1 °C for all cases,
with and without radiation. Similarly, the temperature of the floor in the warm zone is higher

when including radiation, but the temperature of the ceiling is approximately the same.
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Figure 4-4. Vertical distribution of excess temperature above the cold zone temperature along
two planes in a) the cold and b) the warm rooms in cases 3 — 5.

Table 4-2 gives the bulk temperatures, bulk temperature differences and mass flowrates for
both cases. As in the previous two cases, 1 and 2, the simulation results with radiation consistently
give higher mass flowrates. The simulation of case 4, with the opening in the middle of the height
of the room, has a mass flowrate of 0.056 kg/s without radiation and 0.067 kg/s with radiation,
with a relative difference of 15.8%. However, as the vertical height is changed so the opening was
closer to the ceiling or the floor, this difference in the mass flowrates increases to around 26.0%.
Indeed, the middle opening case shows the closest temperature contours and ventilation

performance between the simulations with and without radiation.
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Table 4-2. Simulation results for case 3—5 with and without radiation.

Case Radiation  Tewa (O] Tarm 0] AT = Tygpm = Teoia €]

(ke/s]

With radiation 22.6 28.0 54 0.063

] Without radiation 23.1 274 4.3 0.047
With radiation 22.8 27.8 5.0 0.067

* Without radiation . 23.5 27.2 3.7 0.056
With radiation 22.3 27.9 5.6 0.057

° Without radiation 22.9 27.4 4.5 0.042

4.3.3 Effect of the opening size.

Figure 4-5 shows the excess temperature profile across the middle measuring plane parallel to
the opening in both cold zone and warm zone for large (door, case 2) and small (window, case 4)
openings. Contour plots of excess temperatures of both cases can be found in Figure 4-1 and
Figure 4-3. These two openings have similar middle-plane heights around 1.0 m, thus the vertical
height of the opening can be considered to be the same. As is mentioned, including radiation leads
the ceiling and floor to establish closer temperatures that flattens the temperature profiles across
the entire height of each zone. It seems that by decreasing the size of the opening, the average
temperature of the cold zone will become smaller while that of the warm zone will become larger.
The window case has a larger integrated temperature difference between the two measuring plane
in each zone than the door case. This is mainly contributed by a smaller mass flowrate which is

responsible for less mixing and more zonal temperature variation.

The surface temperatures for case 4 also differ between the two radiation modes. Similar to
the case 2, all surfaces vary within 2.0 °C from side wall temperatures when radiation is turned
on. Nevertheless, a difference of more than 7.0 °C is developed for both cold and warm zone when

radiation is neglected. Case 4 gives a mass flowrate of 0.067 kg/s for with radiation and 0.056
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kg/s for without radiation, corresponding to zonal (bulk) temperature differences of 5.0 °C and
3.7 °C respectively. The mass flowrate decreases at a rate of less than a factor of 2 when the size

of the opening is halved.
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Figure 4-5. Vertical distribution of excess temperature above the cold zone temperature along
two planes warm zone, and cold zone located at the middle of each zone in case 1 (a. cold zone,
b. warm zone). when radiation is accounted for (blue) and neglected (red). The excess
temperature of the floor and the ceiling at these locations are also indicated in the figure.

4.4 Discussions

For all the cases explored, the simulations including radiation result in larger mass flowrates
through the opening than when neglecting its effects, shown in Figure 4-5. For both opening
geometries, door and window, there is a significant difference of around 31% between the results
that included radiation and those that did not. Differences also exist between the mass flowrates
obtained with and without radiation for cases 3 to 5, where the opening height is changed.

Nevertheless, the mass flowrate in case 4, with the opening at the middle of the height of the room
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is similar for both simulations with and without radiation, with a difference of approximately 16%.
Therefore, water scale models for two way flow, as the one considered in this work, should be used

with care, taking into consideration the flowrate underestimation observed here.
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Figure 4-6. Comparison of the mass flowrates for all the different cases in the two-room space,
when accounting for radiation (blue) and when neglecting it (red).

Models that neglect radiation, however, can be useful when estimating the air temperature
profile in situations where the temperature of the walls is controlled, as opposed to the other
situation considered here of an space heater. In this situation, the results between the simulations
that included and neglected radiation are found to be similar, especially in the cold zone. The
difference is small because the heat gains are distributed among some of the surfaces of the room.
However, when the heat gains are concentrated, as in the space heater case, the error associated
with ignoring radiation increases. Therefore, scale water models might result in an inaccurate

prediction of both fluid field and mass flowrate when heat sources are concentrated spatially.
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4.5 Conclusions

Accounting for radiation exchange is found to be of critical importance when studying the air
flow and thermal dynamics of a space ventilated using buoyancy-driven flow. Ignoring the effects
of radiation was found to cause a consistent underestimation of the mass flowrate for the two-way
flow model. It is found that neglecting radiation results in unrealistic thermal stratification profiles,
especially when the heat source is concentrated in a small region. Scale water models might be
useful when analyzing cases with distributed heat sources or with an opening in the middle of the
height of the room. Nevertheless, even in these situation, it should be considered that in the real-
sized space, the temperature of the air surrounding the occupants might be approximately 2 °C
higher and the mass flowrate 16% higher than predicted by the scale water model. Consequently,
temperature profiles, mass flowrates, surface temperatures and any other results that depend on
these variables are of limited usefulness in realistic spaces, when obtained using computational or

experimental methods that ignored the effects of radiation.
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5. FLOW CHARACTERIZATION OF BI-DIRECTIONAL VENTIALTION
IN MULTI-ZONE WITH ASSITING WIND AND BUOYANCY FORCES

Abstract: Unidirectional and bi-directional flows are the essential patterns in natural ventilation.
While unidirectional and single-sided ventilations are extensively explored, multi-zone bi-
directional natural ventilation is still quite poorly understood. To investigate it, we consider the
natural ventilation of a heated room connected to the cold ambient and to an atrium at the
ambient temperature with fixed sidewall temperature and fixed heat flux boundary conditions,
with and without wind. The transient flow behaviors are studied by computational fluid dynamics.
For the windy cases the wind force overwhelms the thermal buoyancy and only unidirectional
flow is observed; whereas for the windless case, the initial bi-directional flow is shown to warm up
the atrium and promote the establishment of the final unidirectional pattern in the CFD
simulation, whereas no ventilation occurs in the flow network model. These results confirm that
neglecting bi-directional flow pattern can result in problematic steady-state solutions and

unreliable estimation.

Keywords: bi-directional, single-sided, wind, natural ventilation, CFD, flow network, modeling.

5.1 Introduction

Prediction and control of natural ventilation is rather difficult due to the unsteadiness of
driving forces [1,2], complexities in building geometries [3] and coupling between thermal mass
and natural ventilation [4], especially for multi-zone ventilation. For simplicity, a unidirectional
flow pattern in openings is typically assumed for multi-zone ventilation [5]. This is mainly because
unidirectional flow is the prevailing flow mode in natural ventilation while bi-directional flow only
appears in a limited number of cases such as single-sided ventilation [6] and openings neighboring

the neutral plane of a building [7]; simplified models [7,8] have been established for these cases.
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Studies have reported that multiple solutions can exist in unidirectional systems when the wind
opposes thermal buoyancy [9,10]. Shuang Duan and Yuguo Li [11] investigated the natural
ventilation through a two-opening building connected with the ambient and found that the
unidirectional flow assumption led to the existence of two stable solutions for the buildings
considered. Moreover, they proved that bi-directional flow could also exhibit multiple solutions
under opposed wind and buoyancy forces based on their multi-zone macroscopic simulations.
However, it is unclear how the flow patterns affect the natural ventilation solutions in multi-zone

systems, especially when the wind assist buoyancy forces.

Meanwhile, not only the steady state solution but also the transient process is important for
natural ventilation estimation. Paul Linden pointed out that the establishment for a complex real
building environment can take hours [12]; instantaneous ventilation performances are of
importance. Therefore, the flow behaviors of bi-directional ventilation in buildings should be

carefully investigated and understood.

Therefore, this work is designed to investigate the role of bi-directional flows on the natural
ventilation in a multi-zone system, where a heated room is connected with the cold ambient and
an atrium at the ambient temperature with different wind velocities, using computational fluid
dynamic. This geometry is a common natural ventilation scenario in buildings with a side chimney.
Meanwhile, we analyze the transient flow behaviors and patterns with a goal of understanding

the mechanisms of bi-directional flow under assisting wind and buoyancy forces.

5.2 Methodology

The geometry in this study contains a heated room, a cold atrium and the ambient environment.
The room dimensions is based on the geometry of an experimental chamber at Massachusetts
Institute of Technology [13]. The room space is 2.28 m high, 5.16 m long and 3.57 m wide. The

heated room is connected with both the atrium and the ambient through two opposite openings,
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shown in Figure 5-1. The openings are located in the middle of two opposite walls, each opening
is a 0.90 m by 0.90 m square, locating in the center of each side wall. The atrium is 10.00 m high,
2.00 m long, and 3.57 m wide. The thickness for all of the walls in the room and the ambient
zones is 0.18 m. The ambient zone is designed to be substantially larger (15.00 m high, 20.00 m
long and 20.00 m wide) than the room/atrium so that it can be considered as an infinite zone.
Both the room and atrium spaces are contained in the ambient zone. Two measuring planes are
inserted in the model to show thermal and ventilation performances: measuring plane 1 is located

in the middle of the entire domain across the room and the atrium and measuring plane 2 is

located in the middle of the room parallel to the openings, shown in Figure 5-1.

Ambient

| . Measuring plane! SE _\_
s
Y i
Opening 3 1B S
Velocity/P:ressure Inlet '
9

Opening 1 —— 2 |
T i | % Columit A

Column B

Column C

Measuring Plane Il

Figure 5-1. Domain of the CFD model. Four measurement planes are indicated in the figure.
Two of them are parallel to the symmetry planes, and two are parallel to the inlet and outlet
walls. The colored lines at each opening are the measuring lines that are named columns A, B
and C. The distance between the columns is 0.30 m; the distance from Column A or C to the
inner boundary of the opening is 0.15 m.
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Initially, the air in the atrium and the ambient is uniformly at 20.00 °C, while that in the room
is at 30.00 °C. The atrium walls (including the floor) are modeled to be adiabatic, no-slip walls.
Two sets of boundary conditions are considered for the room surfaces: i) no heat source, all room
surfaces are adiabatic; ii) all of the sidewalls, ceiling and floor have a constant heat flux. The first
set of boundary condition approximates the condition where a warm space without a heat source
is cooled down by the cold ambient air; the second sets represent a room with constant internal
heat gains. A pressure-based solver is ‘used together with the Boussinesq approximation. The
ambient surface facing the room opening is modeled to be the velocity inlet with a velocity of 1.00
m/s when there is ambient wind and the pressure inlet when the ambient is windless (zero gauge
pressure). The ambient floor is set to be adiabatic, no-slip boundary. The remaining surfaces are
modeled to be pressure outlets at zero gauge pressure. A fixed temperature of 20.00 °C is applied
to all surfaces of the environment zone so as to maintain a constant ambient temperature.
Therefore, a total of four cases are simulated with computational fluid dynamics, as is summarized

in Table 5-1.

Table 5-1. Summary of boundary conditions for all four cases modelled by computational fluid
dynamics simulations.

Initial conditions Ambient Room
Case [°C] Sidewalls/ Sidewalls/ Connecting | Atrium
Velocity inlet ’
T ybient/ T room/ T atrivm ceiling Floor/Ceiling wall
A Wind velocity at 1.00 Adiabatic
Zero gauge

B m/s; 20.00 °C gaus 30:0 W/mr

20.00/30.00/20.00 pressure, Adiabatic
C o Adiabatic

Windless, 20.00 °C 20.00 °C

D 41.1 W/mr

All of the cases are simulated using Fluent (part of the ANSYS 14.5 suite). The turbulence
model used is the RNG k—€. This turbulence model has been shown to accurately simulate room
airflow dynamics [14]. The near-wall regions are meshed using very fine elements (y* < 5), as
required by the “enhanced wall treatment” used in this study [15]. The surface-to-surface model

is used as the radiation model. This radiation model treats the air as being perfectly transparent
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to radiation, which is a valid approximation for air with low humidity content and in spaces of
relatively small dimensions [16]. The emissivity of all of the surfaces is defined to be 1. This
simplification is justified given that typical materials in an office, except for polished metals, have
emissivities above 0.9 [17]. The cases are run as transient simulations and stopped until a real
time of 500 seconds due to limited computational ability. The thermal stratification and
ventilation performance at 500 seconds are very close to the steady state simulation so that they
are treated as steady state solutions. For each of the four cases, the relative errors of energy and
mass conservations at each time step in the simulations are controlled within 5.0 %. The results
of the CFD model used here have been validated by comparison with the experiments in the works

by Nansteel and Greif [18] and Olson et al. [19].

5.3 Results and Discussion
5.3.1 Steady state solutions

As previously mentioned, each of the cases (with/without wind; with/without heat source) is
modelled using computational fluid dynamics transiently until a real time of 500 seconds. Table
5-2 shows the steady state ventilation rates and thermal conditions for each case. The results at
500 seconds in the CFD simulations are. used as steady state solutions due to limited
computational ability; this is an approximation because the room/atrium temperatures of Case C

have not reached 20.0 °C at 500 second. However, we assume this is close enough to steady state.

Since the thermal buoyancy is aséisting the wind, the mass flow rate for cases with heat source
is larger for the cases without heat source given the same wind velocity. In the presence of ambient
wind, the case with heat source (Case B) gives a 34.1 % higher mass flow rate than that without
heat source (Case A); when the ambient is windless, with heat source (Case D) gives a 66.7%

higher mass flow rate than without heat source (Case C). Meanwhile, thermal stratification
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between the room and the atrium for the cases with heater is observed as the room temperature

is higher than the atrium temperature at steady state.

These results are unexpected because conventional network model assuming unidirectional flow
gives completely different steady state solutions for some of the above-mentioned cases. For
instance, there will not be any ventilation because the ambient and the atrium are initially at the
same temperature in a windless environment and there is no pressure gradient between the atrium
and the ambient. That is to say, the air in the room will be stationary and constantly being heated
by the indoor heat source. Therefore, over certain period of time, the room temperature will be
extremely high yet the atrium is still remained at the initial temperature due to the lack of
ventilation. The steady state solutions from CFD suggest that the flow patterns are by no means

unidirectional throughout the 500 seconds of simulation.

Table 5-2. Simulation results of the solutions at 500 seconds of the all of models from CFD
models.

Numerical | Ventilation rate (net

Case . Toon °C] | T [°C]
methods flow rate) [m’/s]
Windy, without
A CFD 0.44 20.0 20.0
heat source
Windy, with heat
B CFD 0.59 23.6 21.2
source
Windless, without
C CFD 0.15 21.0 20.5
heat source
Windless, with heat
D CFD 0.25 25.2 21.1
source
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5.3.2 Transient flow behaviors

5.3.2.1 Windy cases

To understand the flow development, Figure 5-2 gives the contour plots of the excess
temperatures and velocity stratifications in the CFD cases with a wind velocity of 1.00 m/s with
and without internal heat gains (cases A and B) at different times (t = 10, 25, 100, 250 and 500
s) along measuring planes 1 and 2. From the simulation results, no two-way flow pattern is

observed for the windy cases throughout the entire flow development processes.

Initially (t = 10 s), the wind pressure in the ambient causes a pressure gradient between tl.le
ambient and the room; a downward cold jet occurs at opening 1 and enters the room, mixing with
the warm air in the room. As the room is gradually cooled down by ambient air (t = 25 s), the
buoyancy resistance decreases and the downward jet pattern starts to redirection. Meanwhile, as
the temperature of the room decreases, the buoyant resistance decreases and the velocity of the
jet increases. As the flow develops (t = 250 s), a high momentum mainstream air flow though
passes through opening 1 and 2, which is very similar to pipe flow, shown in measuring plane 2
temperature contours. A vertically symmetric thermal stratification forms and the fingering
pattern becomes almost horizontal. The atrium temperature gradually reaches the air temperature
from opening 2. At final simulation stage (t = 500 s), the temperatures of each zone reach relative

stable values and thermal stratification in each zone start to establish.

It should be noted that although the wind force and the buoyant force are assisting each other
for the ventilation through opening 2 to opening 3, the high room air temperature tends to resist
the ambient air from entering through opening 1 due to thermal plumes. This local thermal

resistance will affect the velocity profiles at the openings; this will be discussed in Section 5.3.4.
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Figure 5-2. Contour plots of velocity profiles (a) and excess temperatures (b) of the CFD
simulations of cases A and B with a velocity of 1.00 m/s at t = 10, 25, 100, 250 and 500 s. The
flow pattern at the top of the chimney is not of interest and thus not shown in the figures.
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5.3.3.2 Windless cases

Similar to the windy cases, Figure 5-3 gives the contour plots of the excess temperatures and
velocity stratifications in the CFD cases of the windless cases with and without internal heat gains
(cases C and D) at different times (t = 10, 25, 100, 250 and 500 s) along the two measuring planes.

A transition from bi-directional airflow to unidirectional airflow is observed in the windless cases.

As is mentioned in 5.3.3.1, the local thermal resistance due to the plume effect tends to resist
ambient air from entering the room, resulting in bi-directional flow at opening 1. Initially the
atrium and the ambient is at the same pressure and no unidirectional flow is observed. Pure bi-
directional single-sided buoyancy-driven ventilation (at a low velocity) is established at both sides
due to the temperature difference between room/ambient and room/atrium at the initial stage (t
< 10 s). As the atrium is gradually heated by air from the warm zone (t < 25 s), a horizontal
pressure gradient starts to establish. Bi-directional pattern still remains its form, however the net
flow rate into the room from the ambient at opening 1 as well as that into the atrium from the
room at opening 2 starts to increase. Between t = 100 s and 250 s, the flow evolves into

unidirectional.

It should also be noted that the time that the bi-directional pattern disappear at each openings
is different: the bi-directional airflow pattern first disappears at opening 2 and then opening 1.
This is due to the dynamic changes in zonal temperature as well as zonal pressure, which will be
discussed in Chapter 6. A long plume jet is observed at opening 2. However, as the room
temperature decreases and stabilizes, the jet becomes a short local thermal dissipation at the
opening. At final simulation stage (t = 500 s), the thermal stratification pattern is more similar
to single-sided buoyancy ventilation in the presence of layered stratification because the

ventilation is still buoyancy-induced despite of the unidirectional air flow pattern.
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Figure 5-3. Contour plots of velocity profiles (a) and excess temperatures (b) of the CFD
simulations of windless cases C and D att= 10, 25, 100, 250 and 500 s.
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5.3.3 Velocity profile at the openings

5.3.3.1 Windy cases

Figure 5-4 plots the velocity profiles across columns A, B and C in Figure 5-1 for cases with
ambient wind (cases A and B). As previously mentioned, the flow pattern remains unidirectional
throughout the whole ventilation process (0 s < t <500 s). The velocity profiles at the openings
are not uniform: the air at the core of the stream exhibits higher velocities while that near the

boundaries exhibits lower velocities.

For the case without heat source (Case A), the maximum air velocity in the 500 seconds is
roughly at 1.0 m/s, which is the ambient wind velocity. In the initial ventilation stage (t = 10 s),
the air velocity at opening 1 is small (about 0.6 m/s) due to the large buoyant resistance. As the
ventilation cools the air in the room, the buoyancy resistance becomes smaller and the velocity of
the jet at opening 1 increases to almost 1.0 m/s. This increase is caused by the combination of
the ambient wind as well as the stack effect. However, when the room air temperature decreases
to a certain value, the stack effect diminishes and the wind force is dominating. The jet velocity

will eventually stabilize at a constant value when the room air reaches the ambient temperature.

For the case with heat source (Case B), the air velocity is relatively higher than the adiabatic
case and the maximum air velocity can be as high as 1.5 m/s. This is contributed to by the
increased stack effect from the heat supply. Even at the steady state, the room will still remain

at a higher temperature than the ambient thanks to the internal heat gains.
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Figure 5-4. Velocity profiles of the CFD simulations of cases A and B with a velocity of 1.00

height (0.90 m).
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5.3.3.2 Windless cases

Similarly, Figure 5-5 plots the velocity profiles across columns A, B and C in Figure 5-1 for
the windless cases (cases C and D). The transition from bi-directional airflow to unidirectional

airflow is observed at both openings 1 and 2.

It is interesting to notice that the bi-directional flow patterns at the two openings (1 & 2) are
symmetric, as is shown in Figure 5-5. Initially, the room is of a higher temperature such that the
room air exits from the upper parts of both openings 1 and 2. As the flow develops, the atrium is
slightly warmed up and it forms a pressure gradient between the ambient and the atrium; the
velocity profiles at both openings moves in the direction of x-axis in Figure 5-5. More ambient air
enters the room and less room air escapes to the ambient. Due to mass balance, the excess air
from the ambient forces more room air into the atrium. The pressure gradient becomes larger as

the atrium is further warmed up by the room air and the flow becomes completely unidirectional.

Meanwhile, the atrium temperature will eventually be the same as the room temperature as
the room is gradually cooled down by ambient air. For the case without heat source (Case C), the
room and atrium temperatures will eventually become the ambient temperature. When it reaches
steady state, no ventilating will occur due to the lack of thermal buoyancy. On the other hand,
for the case with heat source (Case D), the atrium temperature will stabilize at a relatively
constant value, so does the pressure gradient. Therefore, the mass flow rate will remain constant
at steady state. This is observed as the velocity profiles in Case D at t = 250 s are almost the
same as those at t = 500 s. The instantaneous thermal and ventilation performances will be

discussed in the following section.
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Figure 5-5. Velocity profiles of the CFD simulations of windless cases C and D at openings 1
and 2 att = 10, 25, 100, 250 and 500 s. H* is the non-dimensional height, which is defined by
the ratio of actual height above the bottom of window and the opening height (0.90 m).
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5.4 Thermal and ventilation performance

Figure 5-6 gives the instant mass flow rate and zonal temperatures for the room and the atrium
over 500 seconds for cases A, B, C, and D. The mass flow rate is measured as the net flow rate
through any of the three openings (the net mass flow rates are the same because of mass
conservation). The zonal temperatures are calculated as the averages of the temperatures of all

the nodes in the room and the atrium in the CFD simulations.

As is shown in the figure, the ventilation performances for the windy cases is substantially
better than the windless cases. The mass flow rates for the windy cases at t = 500 s are around
0.60 kg/s while those for the windless cases are only around 0.25 kg/s. It is also noted that it is
faster for the windy cases to reach steady state than the windless cases. In Figure 5-6a, the mass
flow rates for the windy cases increase steadily in the first 100 seconds and start to stabilize at
relatively constant values; the zonal temperatures stabilize at around 200 seconds after the
ventilation starts. However, the trend without wind in the mass flow rate is non-steady throughout
the whole 500 seconds and the zonal temperatures are still decreasing at t = 500 s. This disparity
between the windy and windless cases might be stemmed from the fact that the flow patterns in
the two scenarios are essentially different: the flow pattern is always unidirectional in the windy

cases, whereas the flow transits from bi-directional to unidirectional in the windless cases.

Meanwhile, the results also suggest that heat source has more impact on the zonal temperatures
than the mass flow rate. For example, the zonal temperature difference between the room and the
atrium in Case D at 500 s is approximately 4.2 °C, whereas that in Case C is about 0.5 °C; the
mass flow rate for Case D is 0.3 kg/s and that of Case C is 0.2 kg/s. The temperature difference
between the ambient and the atrium is an indicator of the mass flow rate because the “natural
convection” model (Equation 3-1) gives a correlation between the mass flow rate and the square
root of the temperature difference between the atrium and the ambient. This is validated by the
simulation as at 500 s, the temperature difference is around 1.0 °C for Case D and 0.5 °C for Case

C, and the ratio of their mass flow rate is roughly 1.45.
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Figure 5-6. Change of mass flow rate and spatially averaged room/atrium temperature over 500 s
for windy cases (upper, cases A and B) and windless cases (bottom, cases C and D) with
(yellow) and without (blue) heat source.
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5.5 Conclusions

In this chapter, we study the transient behaviors of air flow in a geometry where a heated
room is connected with the ambient and a cold atrium through two opposite openings, with and
without ambient wind, using computational fluid dynamics. Analysis of the transient flow

behaviors as well as the steady state solutions are performed to both the windy and windless cases.

In the windless cases, the CFD simulations suggest that bi-directional flow occurs during the
initial stage at both openings 1 and 2 that warms up the atrium and causes a pressure difference
between the ambient and the atrium, resulting in unidirectional flow at steady states. In the windy
cases, the flow pattern in the CFD simulations throughout the whole process was unidirectional
because the initial net flow is non-zero in the presence of wind pressure. The results suggest that
initial bi-directional flow pattern will affect the steady state solutions; neglecting bi-directional
flow in natural ventilation will result in inaccurate estimations and problematic solutions of
natural ventilation, casting doubt to the unidirectional flow assumption that is often made in

conventional flow network models.
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6. PREDICTION OF TRANSIENT BI-DIRECTIONAL NATURAL
VENTILATION

Abstract: Bi-directional flow is an essential but poorly understood scenario in natural ventilation
because it is strongly related with instantaneous thermodynamics conditions [1]. Neglecting the
bi-directional airflow will result in multiple or problematic solutions [2]. However, understanding
and predicting the bi-directional natural ventilation is challenging due to the complexities in the
changing airflow pattern and the strong coupling between ventilation and temperature. In this
work, we characterize the flow features and develop a physical model for predicting the bi-
directional airflow under combined wind and buoyancy forces and validate it through CFD
simulation. This model is shown to be able to simulate the thermal and ventilation performances,
the time-dependent neutral plane height as well as the transitional airflow patterns. This work
provides insights into the role of bi-directional flow in determining the steady state solutions of

ventilation and thermal performances and offers important fast prediction tools for design purposes.

Keywords: bi-directional airflow, buoyancy, wind, discharge coefficient, neutral plane height,

natural ventilation.

6.1 Introduction

The concerns about energy consumption in buildings due to the dwindling fossil fuel supply
[3,4] as well as the environmental impact, in terms of pollution [4] and climate change [5], have
promoted serious consideration of natural ventilation. It is critical to understand the flow pattern
to improve the reliability of natural ventilation to satisfy indoor air quality [6,7] and thermal
comfort [8,9] in buildings. Bi-directional airflow is one of the essential but poorly understood
scenarios in natural ventilation where the temperature gradients drive the air to exchange in bi-

directional or multi-directional form.
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Single-sided buoyancy-driven natural ventilation, where two zones of different thermal
conditions are connected with a single opening, is the simplest bi-directional airflow with an
established physical model — the “natural convection” model [10]. This model relates ventilation
rate with stack pressure for plain rectangular openings by using Bernoulli’s principle and the
discharge coefficient, a non-dimensional parameter characterizing the ratio of real mass flowrate
and ideal mass flowrate. However, this model only couples temperature with ventilation at a
certain time but fails to predict the transitional flow development. In fact, the establishment of
steady state for a complex real building environment can take hours [11] and instantaneous

ventilation performances are of importance.

As for buildings with multiple openings, existing models simplify the flow network by assuming
unidirectional airflow for buildings, for mathematical simplicity. Shuangping Duan and Yuguo Li
[2] pointed out that the assumption of unidirectional flow has indeed led to the existence of
multiple or problematic solutions for some testing buildings. For example, for a warm room with
two openings, a high one for the ambient and a low one for an unheated atrium that started at
ambient temperature, unidirectional flow assumption can indicate that warm air from the room
never enters the atrium. Therefore, a multi-physics model, which associates the flow pattern with
instantaneous thermodynamics conditions, is needed to accurately predict and contrél natural

ventilation, especially for openings with relative large heights.

In this chapter, we develop a numerical model for predicting the thermal and ventilation
performance, as well as neutral plane height for both single-opening and multi-opening systems
based on the CFD simulation results in the previous chapters. The nondimensional model is shown
to be able to accurately predict the instantaneous zonal averaged temperature, ventilation rate,
neutral plane height and transition of airflow patterns by conservation of momentum, mass, and

energy.
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6.2 Model generalization

In this chapter, four cases are considered from the two geometries based on the models
considered in the previous chapters i). Case 1 (Figure 6-1a): room-room model; ii). Case b (Figure
6-1b): room-ambient model; iii).Case 3 (Figure 6-1c): three-zone model with windy ambient; iv).
Case 4 (Figure 6-1c): three-zone model with windless ambient. Only fixed temperature conditions
are considered for side walls for cases 1 and 2, while two different boundary conditions (adiabatic,
and fixed heat flux) are considered for the side walls for cases 3 & 4. Figure 6-2 shows the transient
thermal and velocity stratification for each of the four cases. Part of the results has been
demonstrated in previous chapters. All the cases are run transiently in CFD simulations. The

detailed information of each case is listed in Table 6-1.

Ambient )
—— fAtﬂum
‘Measu'i"? placie] 2 Y_>
3 Opening 3
Vclocity!i’:rawnirﬂﬂ
Wi
Openhg 1

Measuring Plane Il

| A

(b) (¢)

Figure 6-1. Schematic of models analyzed in this paper (a. room-room model; b. room-ambient
model; c. multi-zone model with an atrium)
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Table 6-1. Summary of boundary and initial conditions for the four cases. a)

b). Three zone model.

. Two zone model,

@
Boundary conditions Initial conditions
Two zone model Warm zone Cold zone T warm Tcald
Side walls [°C' ] Others Side walls [°C ] Others [‘C1 I°'C1
Case 1: room-room 20 Adiabatic
30 Adiabatic ) X 30 20
Case 2: room-ambient 20°C air temperature

)
Boundary conditions Initial conditions
Three .
zone Room (warm) Ambient (cold) r r A
model P ; Atrium :oom :m-mm :mblent
Side walls Others re.ssu.r e Floor Others ['cr|rci|rel
velocity inlet
Adiabatic o
Case 3 Velocity inlet,
Fixed heat 1.0 m/s
flux . . Zero- :
(13016 W) | Adiabatic Adiabatic gauge Adiabatic 30 20 20
Adiabatic Pressure inlet, pressiire
Case 4 - zero-gauge
Fixed heat pressure
flux
(950.1 W)

79




(a) Model I: two-zone model

t=10s t=25s
Case 1: room-room model

Measuring plane | Measuring plane |

T—Tambient

Case 2: room-ambient model

-

(b) Model Il: three-zone model
t=10s t=25s t=100s t=250s t=500s

*cl

Case 3: fixed side wall temperaturem, wind 1.0 m/s

=

T - Tambient

A [} '. e, T

Case 4: fixed side wall temperaturem, windless

€l

[

Figure 6-2. Temperature contours of Case 1, 2,3 and 4 att=10s, 25 s, 100 s, 250 s and
500 s from transient CFD simulation over 500 seconds. (a) cases 1 & 2; (b) cases 3 &4 .

6.3 Model development
6.3.1 Mass conservation
6.3.1.1 Flow network

We first satisfy the mass conservation criterion by understanding the flow network for the four
cases from a global perspective, demonstrated in Figure 6-3. The arrows show the appfoximate

flow directions observed in the CFD solutions.
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Case 1: room-room model Case 2: room-ambient model
Cold Warm Cold Waer Cold Warm

Symmetric thermal stratification in the entire space. Room: vertical thermal stratification; ambient: uniform temperature.

Bipening 3 Case 4: windless model n———

Initial stage Velocity ik
R T ST = TN

Case 3: windy model
Initial stage

Figure 6-3. Schematic of the flow network in each of the four cases. For cases 3 and 4, the vector
plots of the air velocity at entire opening 3 are extracted from the transient CFD simulations to
present the backflow that we observed. The velocity plots at opening 3 are measured from cases
3(2) and 4(2).

For Case 1 & 2, it is assumed that the neutral plane is located at the middle height of the
opening. For Case 3, the flow patterns at openings 1 and 2 are unidirectional yet there is bi-
directional airflow at opening 3. This is mainly caused by flow oscillation and air entrainment
from the ambient into thé atrium at an unsteady flow rate. For Case 4, the flow network becomes
more complicated in the presence of bi-directional airflow at all of the three openings including
the atrium outlet. We thus satisfy mass conservation based on the flow network. For cases 1 & 2,

the “natural convection model” relates mass flow rate to the stack pressure by assuming the
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neutral plane is located right at the middle of the opening and introducing a discharge coefficient

(Cd ), as follows:

: 1 T, —T
Equation 6-1: m=—C,-4..-p- warm “deod . pr
’ 3 ‘ 7 p \/ IZVarm +1:'old g

where Aeﬂ (m?) is the effective opening area, which is the actual opening area (0.81 m?) in the
model; I, and T,,; (K) are the zonal averaged temperatures of the warm and cold zones; H (m)

is the opening height.

For Case 3, mass conservation requires the net mass flow rate at each of the three openings to

be the same, thus we have

Equation 6-2: m,,e, = ml = ”72 = m3+ - m3_

where ml and ﬂ12 (kg/s) are the net mass flow rate at opening 1 and opening 2 (the flows are

unidirectional), respectively; and m3+ and ﬁ13_ (kg/s) are the mass flow rate leaving and entering

the atrium at opening 3.

For Case 4, bi-directional airflow is observed in all of the three openings, thus the mass

conservation should be written as,

Equation 6-3: M, =, —H_=H,, —Mm, = n,, —1;_

where the signs indicate the flow directions at each opening: “+” means counterclockwise

[T3NS

directions in the flow network while means clockwise directions. Similarly, the mass flow rate
can be calculated by total pressure difference by introducing a discharge coefficient for opening 1

in cases 3 and 4, for example.
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Equation 6-4: m, =C, pw ey gz Loarm = Teoua +U? -dz

069 T warm + ]-{'.'Old
. 159 T T
and rig_ = CdPWLNP \/Zg(z —Zyp)- Twarm—_'_Tmu_Uz -dz
warm cold

where z,, (m) is the neutral plane height, and U (m/s) is the freestream wind velocity, which is
at 1.0 m/s in Case 3 and 0 in Case 4. The limits in the integral are the bottom height of the
opening (0.69), neutral plane height Zyp, and upper height of the opening (1.59). T, and T4

are the warm and cold local temperatures.

6.3.1.2 Discharge coefficient

The discharge coefficient is an essential component in calculating the mass flow rate for each
case. It is found to be largely dependent on the thermal conditions and geometric factors rather
than being a constant, as is mentioned in chapter 2. However, for model simplicity, we assumes
the discharge coefficient to be a constant although it is a function of temperature difference. This

may cause some error and should be checked with caution for different situations.

6.3.1.3 Back flow rate

As previously mentioned, back flow pattern is observed at opening 3 for both cases 3 and 4

due to flow oscillation and air entrainment from the ambient into the atrium at an unsteady flow
rate. A backflow rate, Cb , is defined as the mass ratio of the back flow from the ambient and the

net flow through opening 3 that relates l’i’l3+ with ""13_ )

Equation 6-5: C, =
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For example, Cb =0 means there is no ambient air flowing back into the atrium, while Cb =]
means the back flow from the ambient is the same as the net flow. Figure 6-4 gives the calculated
backflow rate for Cases 3 and 4 over 500 seconds from the CFD simulations. The results show
that Case 3 have more fluctuations in the backflow rate than Case 4: in Case 3, the value of
backflow rate vary drastically from 0 to 0.8; in Case 4, the coefficient increases quickly in the first
25 seconds and stabilizes at a high value (around 0.90). In general, the backflow rate is
fluctuational owing to the thermal instability introduced by natural convection. The average

backflow rate for each case

The back flow from the ambient cannot be neglected because the average backflow rate for
each case is considerable (from 0.127 to 0.803), resulting in a large heat and mass transfer at
opening 3. For Case 3, the presence of heat source plays a positive role in determining the backflow
rate; the average backflow rate for with heat source is 0.370 whereas that for without heat source
is 0.127. However, for Case 4, reach stable values quickly in the initial 50 seconds and the average
values of the back flow rates are very close (roughly 0.80) regardless of the existence of heat
sources. This disparity might be caused by the relatively high momentum of plumes in the windy

cases that affects the entrainment from the ambient.

Case 3: three-zone model, windy ; Case 4: three-zone model, windless
— e Case c(1): simulation : ' "R '
— — —Case c(1): average (= 0.127)
—e— Case ¢(2): simulation
08t — — — Case c(2): average (=0.370) { 0.8
£ L0
U U
g 06} g 06
o o
2 2
= &
% 04 % 04
3] 1°]
@ @
02} of 02+F —e— Case d(1): simulation
— — —Case d(1): average (= 0.802)
—e— Case d(2): simulation
ok . " 0 1l . — — — Case d(2): average (= 0.803)
0 100 200 300 400 500 0 100 200 300 400 500
Time, s Time, s
(a) (b)

Figure 6-4. Back flow rate at opening 3 for cases 3 and 4 over 500 seconds.
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6.3.2 Neutral plane

A key challenge is how to predict the neutral plane height so as to calculate the instantaneous
bi-directional airflows in Case 4. We adopt the criteria of vertical pressure distributions using the
well-mixed assumption (assumption 1). The vertical pressure gradient of each zone is simply —pg ,
where 0 is the density corresponding to the zonal averaged temperature. Therefore, we can plot
the pressure distributions of each zone at different stages assuming no pressure drop at opening
3, as is shown in Figure 6-5. As previously mentioned, an interesting observation from the CFD
is the transition from bi-directional airflow to unidirectional airflow. Initially, the ventilation is
purely driven by local buoyancy forces and there is symmetric bi-directional flow pattern at both
openings (Figure 6-5a). As the atrium gradually warms up, there establishes a pressure difference
between the ambient and the atrium and the airflow pattern becomes unidirectional (Figure 6-
5c). However, there is a phase where there is still bi-directional airflow pattern at opening 1, yet

the airflow pattern at opening 2 has already become unidirectional (Figure 6-5b).

Stage 1: . . Stage 2: . ) Stage 3: . .
M3, out Mg,in M3, 00t M3, M3, o0t My -
Pressure distribution T Pressure distribution ol | Pressure distribution T 1
" Pambumt i ~—— Pambient T3 Ju— S LI "
= Patiam | Purriven ——— Patriun
g L FPoom | | L Preom | —
~ np1 | Znp1
v
3 | zop2 \ ‘ H % e \an
£ ‘ 2 ~
; Atrium Atrium \ Atrium
P ‘ P Ru
0 HI Hc Hh Hr Ha | 0 H Hc Hh Hr Ha 0 H Hc Hh Hr Ha
Height ‘ Height Height
0w 20—/ o oy . iy clfl
. i . m; m, m; .
My jn—> RoGii /E-w- My, in m1.m—ﬂ Room —) - Room —

(a) (b) (c)

Figure 6-5. Schematic of the three ventilation stages in Case 4. The Z, and Z ,are the neutral plane

np?

heights at openings 1 and 2, respectively.

In Figure 6-5, the Hl, He, and Hh are the bottom height, middle height, the upper height of

the opening; 7, and r1_ are the mass flow rates into and out of the next zone at the i opening.

iin i,out
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We assume constant discharge coefficient for the openings so that the net mass flow rate at

opening 1 can be calculated for demonstrative purposes:

Zypl P : - P om anl
iy, = depjzbm 2Mpm-dz =C,w jzm {280 pg(Z,, —2)+(pU) dz

Equation 6-6:

J‘ 1op oom amb,emdz dej' top \/ZAp pg(z npl) (pU) dz

To be noted, Equation 6-6 assumes that the wind pressure is not large enough to overwhelm
the buoyancy forces so that there is still bi-directional flow. Nondimensionalization is then applied

to the equations by introducing two non-dimensional groups:

z—z — m - m
—_"bt and m= or m=

C \/ 3 m= 3
w\2Ap- pgH C,wp\2gH® - AT

Equation 6-7: z =

Thus the non—d1mens1ona1m m and m,,e, between two zones of different thermal conditions

(from warm zone to cold zone, or from cold zone to warm zone) can be calculated as follows:

= 2 2
Fle,-n+2 e[ le-z)--L &
0 2Ap . gH Znp 2Ap . gH

Equation 6-8:

2 3 2 3
A L YA A Ll )]2
3" 2np-gH  T2Mp-gH 20p
2 3 2 3
7, =2, + 2 -2y
3'" 2Ap-gH 2Ap-gH
“Cold to warm”:

~ 2 pU? 2
m_—3|[1 (Zp+3 Ap TAp ol
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2 3
m, = 2 -z, +—'(£—)]2
3 2Ap-gH
or “warm to cold”: s 3 > 3
,7;_:3(7” Y )2 =2( oy )?
37" 2Ap-gH 2Ap-gH

The above equation contains the term of density difference and cannot be solved independently.
However, if the ambient velocity is 0, then the dimensionless mass flow rates are purely functions

of dimensionless neutral plane height. The equations can be written as,

- 7 1 3 3
Equation 6-0: 11, = ‘joz"" @, -2z -[_ JE-7,)d&|=<, -(1-F,)
“mp
- 2 - 2 2
w, = 5 EnpS/z i, _3 (l_znp)z‘
“Cold to warm”: 5 ;1 or “warm to cold”: 1 ,
m_==|(1-%,)? = _2l5 2
- 3 ( znp) m_ = 3 (an)2

Therefore, the above two equations relate the calculation of ventilation performance in each
direction with the neutral plane height so that the coupling between ventilation and temperatures
will be solved. It should also be noted that the above equations are universally applicable for the
combined wind and buoyancy-driven natural ventilation since the above equations are based on
nondimensionalization. Figure 6-6 gives the correlation between the dimensionless mass flow rate
and the neutral plane height. It is interesting to notice that the net mass flow rate is approximately
linearly correlated to nondimensional neutral plane height. The correlation between the

dimensionless neutral plane height and the dimensionless mass flow rate is,

Equation 6-10: m,,, =1.36-%,, —0.68

- Therefore, for one opening, we are able to use this correlation to linearly solve the coupling

between the neutral plane height and the mass flow rate. That is to say, we automatically know
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the nondimensional mass flow rate into and out of the each zone as soon as we know the neutral

plane height location.

Z\p versus m

o
(0]

1
o
(%3]

Non-dimensional mass flow rate
o

— M (=1.36*Z,-0.68, R £ 0.9996)
= = = m.(from “cold” to "warm”)
= = = = _(from “warm" to “cold”)

-1 . . - :
0 0.2 0.4 0.6 0.8 1

Z\p

Figure 6-6. Implementation of the nondimensionalization for the neutral plane height and mass
flow rate for the three zone model.

More importantly, the mass conservation requires the matching of flow rate between any of
the three openings. We first satisfy the mass balance at openings 1 and 2. As is previously defined

in the nondimensionalization, the mass flow rate of opening 1 and opening 2 can be calculated as,

Equation 6-11: 1, =, -C,wy\2Ap, - pgH’ and 1, = m,,,-C,w\2Ap, - pgH’

Mass conservation requires: m,,, =m,,, , therefore we have,
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Equation 6-12: rm r -T m

netl room ambient ~

T

net2 room atrium *

This equation is derived at by assuming the height, width and discharge coefficient of the two

T,

ambient

and T

wrium are the local temperature of

openings are the same. In the equation, the 7

room >
- -~

each zone, m,, and m,,, are the net mass flow rates at openings 1 and 2. Using the linear

net net

correlation between the dimensionless neutral plane height and the net mass flow rate, shown in

Figure 6-6, we can obtain:

Equation 6-13: (1.36-Z,, —0.68)\[T,, —T,,  =(0.68—=1.36-Zy,)\[Toon = Luum -

Therefore, we can easily match the mass flow rates at openings 1 and 2 by setting the neutral

plane height Z,,, at opening 2 at,

1 2 1 = 1 T;'oom — I:zm ien
Equation 6-14: Z,,, =5_(ZNP1 _E) T bient
room atrium

As to opening 3, we only need to use the average value of the backflow rate measured from
CFD simulations, shown in Figure 6-4, to calculate the inflow and outflow at opening 3. The

inflow and out flow are:

Equation 6-15: m,, =(1+C,)-m,, and m,_ =C, -m,,

net

6.3.3 Energy conservation

The previous section solves the coupling between the neutral plane height and mass flow rate,

however, the location of the neutral plane height is changing over time and is coupled with the
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energy conservation. Therefore, we make simplified assumptions to derive at the energy

conservation for each case, they are:

e Assumption 1: the air in each zone is well-mixed such that each zone is a lumped body that

contains homogeneous physical parameters (temperature, viscosity, density, etc.);

e Assumption 2: At each opening, for bi-directional flow between zone 1 and zone 2, the air
flowing from zone 1 to zone 2 is of the temperature of zone 1, whereas the air flowing from

zone 2 to zone 1 is of the temperature of zone 2; for unidirectional flow from zone 1 to zone 2,

the air is of the zone 1 temperature;

e Assumption 3: The internal heat gain in each case is a constant throughout the entire process.

Case 1: room-room model

Case 2: room-ambient model

600 0 600 T T - v !

500 | & 500 -

400 400 + 1
= =
@ 5 ]
2 300 g 300
<] <]
a a

200 R W -400 200 1

—o— Case 1: warm zone heat gain (positive)
100 — — — Case 1: warme zone average (positive) |1-500 100 ¢ —e— Case 2: warme zone heat gain |
Case 1: cold zone heat gain (negative) — — —Case 2: avergae
0 ——o— Case 1: cold zone avergae (negative 0 ) - - ;
0 100 200 300 400 500 0 100 200 300 400 500
Time, s Time, s

(a) (b)
Figure 6-7. Internal heat gains of two types of boundary conditions of cases 1 and 2 over 500

seconds.

Assumption 3 is an automatic assumption for the cases with constant heat flux in this chapter,
but not true for the two zone model with fixed sidewall temperatures. To examine assumption 3
on internal heat gains, we measured the heat gains from the side walls for cases with fixed wall

temperature for cases 1 and 2, as is shown in Figure 6-7.
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The growth of heat flux in cases with fixed wall temperature boundary conditions increases
within the first 200~300 seconds and then stabilizes at a relatively constant value. We use the
averaged values (shown in Figure 6-7) of internai heat gains in our modeling framework for
simplicity. However, when the internal heat gains vary drastically over the 500 seconds, this
simplification might introduce important errofs. Further investigations might be needed on

approximating internal heat gains for different boundary conditions.

6.4 Numerical scheme

The internal heat gains, backflow rate and discharge coefficient are non-constant over time,
however with limited information as well as for numerical simplicity, we might as well assume
that those coefficients are constants. Therefore, we are able to arrive energy conservation for the

four cases, shown in the control volume (C.V.) analysis below:
Equation 6-16:

T
Warm room:m,, C. %z mC (L,u =T, 0m) + HF,

warm v warm
Case 1:

Cold room:m_,,C, g% =mC (T,,., —T...u)+ HF, .,

p \"warm

a]-;‘00”1 — 2
Case 2: Room : mroomcv 7 - mcp (Embient ]—;oom) + HF‘room
Ambient : T, , . =293.15K
oT,

Room:m,,, C, #"’" =1,C (L piens — Looom) + HF,

room warm
Case 3:

Atrium:m,,,,C %=m2C Toom—1,CT, . +m, C]T,

atrium v room atrium p” ambient
a p P

room —v p~ ambient p~atrium oom room

Room:m,,,,C room =m,C.T +1, C. T,y — (i +m, )C T+ HF,
Case 4: ot

atrium v 2+ p~ room ambient — mZ-CpT:ztrium - m3+Cp]:nrium

—_— N ——

Atrium:m,,, C 6—%‘;—‘”—=;h c,T,,,+m, C,T,
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where ~?™is the zonal averaged temperature in each case, K; C. and % are the specific heat

J/(kgK)’ mzone

capacities of the air, and #F is the internal heat gains through side walls, W;

is the total mass of air in each zone, kg; and M is the mass flow rate at the opening, kg/s.

The model is based on the assumptions that the discharge coefficient, internal heat gains as
well as the back flow rate can be approximated as constant. Therefore, the only challenge is to
couple the temperature with mass flow rate. With the nondimensionalization we introduce in 6.3.2,
it is possible to numerically solve the instantaneous neutral plane height, mass flow rate and
temperatures by coupling the mass conservation and energy conservation simultaneously based

on the assumptions made before. More precisely, the numerical scheme will contain three steps:

1) Calculate the 1* time step neutral plane height at both openings, Z,,(t;) and Z,,(t,), as
well as zonal temperature of each zone T,u(t1), Tamum(t:) and Toppienc(t;). The initial
neutral plane height at opening 1 is defined by initial condition, Z,(t;) can be calculated
using nondimensionalization introduced in Equation 6-14. The 1* time step mass flow rate

at each opening can be calculated by Equations 6-10 and 6-7.

2) Use the control volume analysis and the 1* time step parameters including the mass
flowrate (inflows and outflows), temperature of each zone to calculate the 2™ time step

temperatures of the room and atrium, T,,,(t;) and T,um(ts).

3) As the atrium temperature warms up, the neutral plane height is also moving. We make

a critical assumption that

Troom (t2 ) - T;Jtrium (t2) + _1_

1
E t. 6—17: E t = ——E t °
quation e (82) (2 w2 (8)) \/Tmom () =T e (1) 2

And then the neutral plane height at opening 2 can be calculated using Equation 6-14.

Then repeat steps 2 and 3 for the following time steps.
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6.5 Conclusions

We demonstrate a multi—physicé modelling framework for fast prediction of bi-directional
natural ventilation, which still needs validation with CFD and experimental results. The model
couples the instantaneous thermal and ventilation performances as well as neutral plane height
by mass, energy and momentum conservations. It provides insights into the role of bi-directional
flow in determining the final stéxte ventilation and thermal performances and offers important fast
prediction tools for design purposes. This model may provide a deep understanding of the unsolved
questions on the neutral plane height for buoyancy-driven flows in buildings with multiple
openings. The approximation derived from nondimensionalization can be extended to more
universal building settings but the complexity of the flow network can result in multiple solutions
and system instability, which needs further considerations and investigations. Considerations
might also be needed to investigate whether the assumptions are valid that the discharge

coefficient, heat gains, and backflow rate can be treated as constants.
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7. CONCLUSIONS AND OUTLOOK

7.1 Conclusions

In general, this thesis can be divided into two parts. Part 1 is about single-sided bi-directional
buoyancy-driven natural ventilation; part 2 is about multi-zone bi-directional natural ventilation

under assisting wind and buoyancy forces.

For single-sided buoyancy ventilation, this thesis investigate the role of thermal stratifications
on the discharge coefficient and propose a reasonable explanation for the controversy in the
coefficient through extensive CFD simulations. We propose that the single-sided buoyancy-driven
ventilation is mainly dominated by local thermal and geometric conditions, and that different
thermal stratification patterns will result in deviations between the local temperature difference
and the zonal temperature difference. Therefore, the traditional discharge coefficient as defined
by the zonal temperature difference is unable to accurately reflect the local thermal conditions,
leading to its widely varying nature. A new concept of the local discharge coefficient that is defined
by the local temperature difference near the opening region. It is shown by CFD that the local
discharge coefficient shows better consistency under various thermal stratification patterns for
both room-room and room-ambient scenarios. It is considered to be a better gauge for estimating
single-sided ventilation because it is able to rule out the influence of thermal stratifications,

especially for buildings with localized heat sources.

Moreover, we investigate the influence of accounting for radiative heat exchange and neglecting
it on the air flow and thermal dynamics of a space ventilated using buoyancy-driven flow. It is
found that ignoring the effects of radiation can cause a consistent underestimation of the mass
flowrate for the two-way flow model. Neglecting radiation results in an unrealistic thermal
stratification profiles, especially when the heat source is concentrated in a small region. Scale
water models might be useful when analyzing cases with distributed heat sources or with an
opening in the middle of the height of the room. Nevertheless, even in these situation, it should

be considered that in the real-sized space, the temperature of the air surrounding the occupants
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might be approximately 2 °C higher and the mass flowrate 16% higher than in the scale water
model. Consequently, temperature profiles, mass flowrates, surface temperatures and any other
results that depend on these variables are of limited usefulness in realistic spaces, when obtained

using computational or experimental methods that ignore the effects of radiation.

For the multi-zone model, we visualize the flow development for the cases with and without
wind. In the windless cases with a moderate to high wind velocity, the CFD simulations suggest
that bi-directional flow occurs during the initial stage at both openings 1 and 2 that warms up
the atrium and causes a pressure difference between the ambient and the atrium, resulting in
unidirectional flow at steady states. In the windy cases, the flow pattern in the CFD simulations
throughout the whole process was unidirectional because the initial net flow is non-zero in the
presence of wind pressure. The results suggest that initial bi-directional ﬂow' pattern will affect
the steady state solutions; neglecting bi-directional flow in natural ventilation will result in
inaccurate estimations and problematic solutions of natural ventilation, casting doubt to the

unidirectional flow assumption that is often made in conventional flow network models.

A multi-physics modelling framework is developed for fast prediction of bi-directional natural
ventilation, which still needs validation with CFD and experimental results. The model is able to
predict the instantaneous thermal and ventilation performances as well as neutral plane height
and capture the transitional airflow pattern by mass, energy and momentum conservations. It
provides insights int‘o the role of bi-directional flow in determining the final state ventilation and

thermal performances and offers important fast prediction tools for design purposes.
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7.2 Limitations and outlook

There are a few limitations in this work, listed as follows:

)

2)

3)

The local discharge coefficient is still a function of temperature difference as well as
geometric factors; more investigation is needed for thorough understanding. This suggests
that using the typical value of 0.62 for the discharge coefficient might result in large errors
in estimating the ventilation performance in single-sided ventilation. It is also observed
that the discharge coefficients for FWT and FHF cases in the room-ambient model are
relatively more stable than in the room-room scenario regardless of the change of opening
geometry and temperature difference. This might be attributed to the fact that the ambient
zone is at a uniform temperature, as well as the fact that there is less geometric restriction

in the ambient zone.

Although the concept of local discharge coefficient is shown to be able to rule out the
influence of thermal stratifications, it is difficult to be implemented. It is easier to use the
zonal averaged temperature difference because it reflects the bulk property. The challenge
is how to relate the zonal temperature difference to local temperature difference. The
correlation should be different for different thermal stratifications/boundary conditions.
Meanwhile, we define the local temperature difference as the temperature difference
between the cuboid regions that are within 1.0 m distant across the opening height. This

definition may need to be re-considered when the heater is located near the opening.

The model for predicting the transient flow behaviors as well as thermal conditions may
provide a deep understanding of the unsolved questions on the neutral plane height for
buoyancy-driven flows in buildings with multiple openings. The approximation derived
from nondimensionalization can be extended to more universal building settings but the
complexity of the flow network can result in multiple solutions and system instability,
which needs further considerations and investigations. Considerations might also be needed
to investigate whether the assumptions are valid that the discharge coefficient, heat gains,

and backflow rate can be treated as constants.
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4) The geometry that we consider for the multi-zone natural ventilation is a simple scenario.
There are more cases where bi-directional flow is important in determining the steady state

solutions. Those cases need to be fully generalized and taken into consideration as well.

Therefore, more effort should be put into understanding the bi-directional natural ventilation
and developing useful tools for fast predicting the bi-directional natural ventilation. Simplified
methods can be developed to reduce the calculation complexity. The bi-directional flow pattern
might be able to answer many unsolved questions on multiple as well as inaccurate solution,

leading to more accurate and faster simulation tools for natural ventilation design and assessment.

On the other hand, more attention should be paid to the bi-directional flow as well as natural
ventilation in general through openings with complex geometries such as commercial windows and
doors. It is more common in real buildings than ventilation through plain rectangular openings
yet very limited investigations have been made on the flow through complex openings. As the
opening geometry becomes more complex, the ventilation through openings can be three

dimensional and new challenges may come out for understanding the flow characteristics.
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