NUMERICAL SIMULATIONS OF AIRFLOW AND HEAT TRANSFER
INAROOM WITH A LARGE OPENING

David Park

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of

Master of Science
In
Mechanical Engineering

Francine Battaglia, Chair
Bahareh Behkam
Scott T. Huxtable

10/9/2013
Blacksburg, VA

Keywords: Natural ventilation, single-sided ventilation, buoyancy-driven flows



Numerical simulations of airflow and heat transfer in a room with a large opening
David Park
ABSTRACT

Natural ventilation is an effective method to save energy required to condition buildings
and to improve indoor air quality. Computational fluid dynamics (CFD) was used to model
single-sided buoyancy-driven natural ventilation in a single room with a heater and door. The
velocity and temperature profiles at the doorway agreed fairly well with published literature
that includes Mahajan’s experimental [2] and Schaelin et al’s numerical studies [1]. The 2D
and 3D models predicted the neutral level with a difference of 5.6 % and 0.08 % compared to
the experimental results, respectively. Using solutions at the doorway, heat transfer rates were
calculated. More realistic situations were studied considering conduction, various ambient
conditions, wind speeds, and additional heat sources and furniture in the room. The heat loss
through the wall was modeled and the airflow and temperature within the room showed no
significant changes despite modeling conduction through the walls. Various ambient
temperatures and wind speeds were tested, and the neutral level height and total heat transfer
rate through the doorway increased with decreasing ambient temperatures. However, the
neutral level did not significantly change as wind speeds varied. Total heat transfer rate at the
doorway became positive, that is heat transferred into the room, with wind speed. Lastly, the
effect of additional heat sources (mini-refrigerator, monitor and computer) and furniture
(bookshelf, desk, chair and box) on airflow and heat transfer in the room was analyzed by
comparing with a simple case of a room with a heater. Large velocities and high temperatures
were predicted in the vicinity of the heat sources. However, the spatially averaged velocity

and temperature did not change significantly despite additional heat sources. The room with



furniture was modeled at lower ambient temperature, where the spatially averaged velocities
were larger and temperatures were lower than the simple case. The room heated up and
reached its thermal comfort level, but the velocities exceeded the maximum acceptable level
set by ASHRAE guidelines [8]. Wind was considered simultaneously with the lower
temperature, and the room was cooled faster with wind. However, the room was never able to

achieve the comfortable level both in velocity and temperature.
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Chapter 1: Introduction

1.1 Motivation

Energy consumption is an important issue and has become a great concern during the last
few decades. The energy demand has increased at a rate of 2 % per year for the past 25 years
and it will continue to rise at the same rate if current energy patterns persist, according to the
International Energy Agency (IEA) [3, 4]. Building energy utilization accounts for a large
portion of overall energy consumption. Most building energy is used for space heating and
cooling purposes, and approximately 51% of energy consumption in residential buildings [5].
One method of saving energy costs required for mechanical ventilation of buildings is the use
of natural ventilation, which supplies and removes air to the building without using
mechanical systems. Natural ventilation has significant potential to reduce operating costs to
condition buildings while maintaining acceptable indoor air quality [6].

When implementing a natural ventilation system, the indoor air quality must be
considered. The average person in the U.S. spends more than 90 % of their time in buildings
[7]. Thus, it is important to maintain comfortable indoor conditions. The ASHRAE standard
55-2010 [8] recommends the maximum air velocity and temperature to be 0.2 m/s and 25 °C,
respectively.

There are two types of natural ventilation: wind-driven ventilation and buoyancy-driven
ventilation, and occur by wind and buoyancy forces, respectively. The buoyancy forces are
induced from density gradients occurring due to temperature gradients. The airflow and
thermal conditions in the building can be altered by heat sources such as fires, electronic
components, electrical heaters, and even from people. There are two main ventilation

principles: cross and single-sided ventilation. Cross ventilation is usually used for cooling



purposes, which relies on wind to transport the cool air into an inlet (window, door, etc.) and
to transport the warm interior air through an outlet. Single-sided ventilation involves a room
with one opening. The temperature difference between the indoor and the outdoor
environment creates a pressure difference, and the air is ventilated through an opening.

Designing a naturally ventilated building is a greater challenge than designing a
mechanically ventilated building because natural ventilation depends on weather, which
changes continuously. For a mechanically ventilated building, ambient conditions outside the
building are not as important. Without any openings, the room can be maintained at
comfortable thermal conditions. However for a naturally ventilated building, fluctuating
ambient temperature, humidity, wind speed, and wind direction must be considered. How the
changes in weather affect the airflow in the building is the broader research question. The
spatial layout of the building also must be considered when designing a naturally ventilated
building. The position and geometry of opening, heat sources, or objects (furniture) are
important factors that affect the airflow in the building.

There are several approaches to study the principles of natural ventilation, commonly
experimental investigation and numerical analysis. Experiments are suited to study realistic
airflow patterns, but it is expensive and time consuming. In addition, it is difficult to study
the details of the airflow patterns in a building. Another method to model natural ventilation
in a building is computational fluid dynamics (CFD), which is a numerical analysis to solve
the Navier-Stokes equations and predict the airflow within the building. In contrast to
experimental methods, CFD is cost-effective and easy to investigate the effect of changes in
geometry on the flow. In addition, CFD provides spatial information giving values for

variables throughout the entire flow domain. CFD has great potential to become a powerful



tool to model natural ventilation in buildings with careful and correct modeling of the
problem.
1.2 Previous Work

Studies have been performed to understand the physics of natural ventilation systems.
Mahajan [2] experimentally measured the heat and mass transfer through an opening, placed
between two different thermally-conditioned rooms. The velocity and temperature
measurements at the doorway (opening) were compared with values predicted by an
algorithm based on the application of Bernoulli’s equation. However, the analyses showed
that the values from an algorithm did not agree well with the experimental results. Schaelin et
al. [1] utilized CFD and validated a model to predict a free plume and single-sided ventilation,
modeling the work of Mahajan.

Several studies have been pursued using CFD for natural ventilation through buildings, in
addition to Schaelin et al. Gan [9] evaluated the effective depth of fresh air in rooms for
single-sided buoyancy-driven ventilation. Cho and Awbi [9] studied the effect of heater
locations in a ventilated room and predicted the mean velocity for different locations of the
heater. Stoakes et al. [10, 11] modeled natural ventilation flows in large, multistory buildings
using the commercial software Fluent 6.0. They performed passive cooling and heating cases
in whole buildings, and showed the potential of CFD to model natural ventilation in
buildings.

The challenge of CFD is modeling realistic flows, particularly in the area of turbulence
modeling and buoyancy driven flow. The most common turbulence model is the k-¢ model in
which the turbulent kinetic energy, 4, and turbulent dissipation rate, ¢, are modeled. There are

three types of k-¢ turbulence models: standard k-¢, renormalization group theory (RNG), and



realizable k-e. The standard k-¢ model is considered as the simplest two-equation turbulence
model that solves two transport equations. The RNG model includes an additional term to
improve the accuracy in the ¢ transport equation for rapidly strained flows and for swirling
flows. The transport equation for ¢ is also modified for the realizable k-¢ model to satisty
certain mathematical constraints on the Reynolds stresses [12].

Several studies have focused on turbulence models appropriate for natural ventilation.
Chow and Li [13] tested four turbulence models to study fire-induced thermal plumes: the
standard k-¢, low-Reynolds number (LRN) k-¢, Chen-Kim modified k-¢ (CK model) and
RNG model. The authors found good agreement with experiments using the standard A-¢
model while the other models did not give better agreements. Stavrakakis et al. [14]
experimentally and numerically investigated natural cross-ventilation in buildings. Three
different turbulence models (standard, RNG, and realizable k-¢ models) were tested. All
turbulence models showed acceptable agreement with the experimental measurements, but
overall differences were smallest for the standard k-¢ model. Awbi [15] mentioned that the
standard k-¢ model is the most used and developed turbulence model, and predicts airflow in
buildings fairly well.

1.3 Objectives

In the current study, the commercial software FLUENT 12.1 is employed to model and
study air stratification in a room with a large opening (single-sided ventilation) and a heater
using the standard k-¢ turbulence model. The results of Schaelin et al. [1] are validated using
two-dimensional (2D) and three-dimensional (3D) simulations in FLUENT. Appropriate
boundary conditions are studied and carefully chosen for a realistic representation. Grid

resolution and domain size studies are conducted to determine effective modeling of the



problem. The heat transfer rates are calculated using velocity and temperature profiles at the
opening. Furthermore, conduction through the wall is modeled. The intention is to study
airflow through a large opening in a more realistic situation. The effect of heat loss through
the wall on the solutions at the opening is studied. Multiple heat transfer coefficients are
tested as boundary conditions at the outer wall of the room and heat losses through the wall
are compared.

As mentioned in section 1.1, the natural ventilation system highly depends on ambient
conditions and spatial layout in the buildings. Various ambient temperatures and wind speeds
are tested and the changes of airflow patterns, temperature and pressure distributions in the
room are analyzed. A more complex situation is modeled, where additional heat sources
(computer, monitor and refrigerator) and objects (furniture) are considered.

In Chapter 2, numerical models, solution methods, and boundary conditions are
presented. Chapter 3 includes grid resolution study and validation of FLUENT for modeling
airflow through a large opening. Chapter 4 examines more realistic situations 2D:
consideration of conduction, the effect of ambient conditions and winds, and then different
spatial layout. In chapter 5, the conclusions of the current work and recommendations for the

future work are discussed.



Chapter 2: Numerical Approach
2.1 Governing Equations
The Navier-Stokes equations represent the fundamental governing equations for fluid
flow. The conservation of momentum is commonly referred as the Navier-Stokes equation.
Additionally, conservation of mass and energy are used to solve the velocity and temperature
fields in buildings.

The conservation of mass equation, also called the continuity equation, is:

dp o
§+V-(pv)—0 (1)

where p is the density, t is time and ¥ is the velocity vector. Conservation of momentum is

given by:

J L _ .
T (pv) + V- (pvv) = —Vp + V(T) + pg 2)

Where p is pressure, T is the fluid stress tensor, and g is the gravitational vector. The fluid

stress tensor for a Newtonian fluid is given by:

T= u[(vﬁ+vﬁ)—§v-ﬁl] 3)
where [ is the dynamic viscosity of the fluid and | is the identity tensor. The last term on the
right hand side of Equation (2) represents the buoyancy force. The Boussinesq model is
employed to solve buoyancy-driven flows and assumes that density can be treated as a
constant except in the buoyancy force term [16]. The approximation is only valid when

temperature differences are small so that density variations are very small. Relating changes

of density and temperature, the thermal expansion coefficient, £, is defined as:

3=_l(a_p)pz_lp0_p &)

p \oT pTo—T



Subscript 0 represents the reference value. Rearranging Eg. (4), the Boussinesq

approximation can be represented as:

(po — p) = pB(T —Tp) (5)

The conservation of energy is given by:
a - = -
a(pE) + V- [B(pE + P)] = V-KetVT + V- (Tofr - ¥) + Sp (6)

where E is total energy and k.., represents the effective conductivity, which considers the
turbulent thermal conductivity in addition to fluid thermal conductivity. Viscous heating is
also included in the conservation of energy, which is the second term on the right hand side
of the equation.
2.2 Turbulence Modeling

The standard k-¢ turbulence model was used in this study, which assumes that the flow is
fully turbulent and the effects of molecular viscosity are negligible. The turbulent Kkinetic
energy, k, and its rate of dissipation, ¢, in the flow field are calculated from two additional

transport equations. The k-¢ transport equations are [17]:

a(k)+V(k)—v(+“t)ak +G —v(+“t)ak G+ G 7
PTG plu) =VI+5 ) ox =Vt e kt G —pe (1)
0 Up\ O€ £ g2
&(Pf) + V(peu;) =V I(M + a_:>6_x]l + Cie % (Gi + C3:Gp) — CZSP? 3

In these equations, Gk and Gy, are the production of turbulent Kinetic energy due to mean
velocity gradients and buoyancy respectively. g is the turbulent viscosity. The turbulent
kinetic energy productions and turbulent viscosity parameters are expressed as:

Gy = 1:S? )



_ _apte
G, = gﬁpPrVT (10)

k2
U = pCﬂ? (1D

where C, is a constant with a value of 0.09; C,,, C.,, and Cs. are also constants; oy and o, are
turbulent Prandtl (Pr) numbers for k and ¢ respectively. The values of these parameters used
by FLUENT are: C,, = 1.44, C,. = 1.92, o« = 1.0, and o, = 1.3. C;, determines the degree to
which ¢ is affected by the buoyancy. It is not specified in FLUENT, but is calculated using a
relationship between the velocity vector parallel and perpendicular to gravitational vector.
2.3 Discretization Methods
The segregated pressure-based Navier-Stokes (PBNS) solver is used. The pressure-based
solver employs the projection method, an effective method to numerically solve
incompressible fluid-flow problems [18]. In the projection method, conservation of mass is
rewritten as pressure that becomes the primitive variable. One of the segregated algorithms,
the semi-implicit method for pressure-linked equations (SIMPLE) is chosen to solve
pressure-velocity coupling. In the SIMPLE algorithm, the momentum equations are initially
solved with guessed pressure field p*, where p* is used to solve the velocity field * . The
corrections to velocity field and pressure are proposed so that the final velocity field satisfies
continuity. The final velocity field and pressure can be expressed as:
v=v"+7 (12)
p=p"+p (13)
where ¥’ and p' are velocity field correction and pressure correction, respectively. The

relationship between the velocity and pressure corrections can be expressed as:



1 1
V== LA = (14)
where Ap and A; are coefficients included in the momentum equations. The subscripts P and
| represent an arbitrary velocity node and the neighbor points that appear in the discretized
momentum equation. Combining the discretized continuity equation to corrected velocities

and Eq.(12) produces the pressure-correction equation:

V[A%Vp']p = [V(p5)]p + [V(pP")]» (15)

At this point, the velocity corrections v’ are unknown so the second term on the right hand
side of EQ.(15) is neglected. The pressure correction is found using Eq. (15), which is then
substituted into Eq. (14) to obtain the velocity correction. Once the velocity and pressure
correction has been solved, the velocity fields and pressure are updated using Egs. (12) and
(13), respectively [19].

FLUENT uses a finite volume approach for discretization. The transport equations are
integrated over a finite volume defined by a grid element and calculates the dependent
variables (e.g. 7,T) at the center of each cell. From these cell centered solutions, values at
each face are interpolated using an upwind scheme. In the current study, momentum, energy
and turbulent kinetic energy and dissipation rates are discretized using second-order upwind,
which uses Taylor series expansions of the upstream cell centered-solution about the cell
centroid to calculate the solutions at the faces of each cell. For the gradient and pressure
spatial discretization, least squares cell based (LSCB) and PRESTO! are applied, respectively.
Time is discretized using a first-order implicit method. The Courant-Friedrichs-Levy (CFL)

number of 1 is chosen to determine time step size, where the CFL can be expressed as:



_Jat 16
CFL = (16)

where U is the maximum fluid velocity. The time step size and smallest cell size are
expressed as At and Ax respectively. The absolute convergence criteria are set as 10™ except
for the energy, which is set as 10™.
2.4 Boundary Conditions

Figure 2. 1 shows the computational domain and interior features including the heater for
the 2D representation of the room investigated in Mahajan [2] and Schaelin et al. [1]. Figure
2.2 shows the 3D representation of the room and the size of the computational domain used
for the current study. The room is 4.2 m long, 3 m high and 4 m wide. The door is 0.12 m
thick, 2.2 m high and 1 m wide. The heater (wall mounted radiator) is placed along the wall
opposite the door, and is 0.12 m thick, 0.6 m high and 3 m wide. The thickness of the walls is
also 0.12 m. The ambient conditions at the domain boundary are represented by specifying
ambient pressure of 1 atm and temperature of 22 °C (additional cases will be discussed for
different temperatures). For all cases, the heater radiates 50 °C of heat to the room. Standard
wall functions were used and the no-slip velocity boundary condition is applied for the fluid-
wall interaction. First, the wall is modeled as adiabatic and later conduction is considered.
For the wall material, the density is 2320 kg/m’, specific heat is 1138 J/kg'K, and thermal
conductivity is 0.5 W/m-K. For the conduction considerations, the heat transfer coefficient at
the outer wall is specified, varying from 5 to 25 W/m*K. The thermal expansion coefficient

of the air is based on the mean temperature of the heater and the ambient temperature.
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Figure 2. 1 2D view of geometry and conditions for Domain A

Figure 2.2 3D view of geometry for Domain A
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Chapter 3: Airflow and Heat Transfer Through a Large Opening

3.1 Problem Description

Single-sided ventilation is studied and representative velocity and temperature profiles at
the doorway are shown in Figure 3.1 (a) and (b), respectively [20]. The neutral level is
defined as the point where gage pressure and velocity are zero, and separates the inflow and

outflow of the air. Three different sections are visible for the temperature profile at the

Neutral level

(a) Velocity profile

T-T,= AT

:

Mixed layer

(b) Temperature profile
Figure 3.1 Representative profiles for (a) velocity and (b) temperature in the doorway
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doorway: the constant temperature profile (7=T.), the mixed layer temperature profile, and
the constant temperature profile (7= T,,+AT). The constant temperature profile below the
mixed layer has a value equal to the ambient condition. The mixed layer profile is the section
that shows a smooth transition of temperature from ambient temperature to heated air
temperature (from the heater); however, the mixed layer does not necessary start at the
neutral level.

For the validation studies, the solutions at the doorway for the current modeling are
compared to experimental and numerical studies performed by Mahajan [2] and Schaelin et
al. [1], respectively. Mahajan performed the experimental work on single-sided ventilation,
and measured velocity and temperature at the doorway. Schaelin et al. obtained 2D and 3D
simulation results for the single-sided ventilation.

3.2 Grid Resolution Study

The discretization error is studied using the grid convergence index (GCI). The GCI is
proposed by Roache [21] for uniform reporting of grid convergence studies. The GCI is
based on the Richardson extrapolation [22], where the discrete solutions are assumed to have
a series representation of the discretization error. The GCI converts the Richardson
extrapolation error estimate into an uncertainty by using absolute values to provide an

uncertainty bounds and using a factor of safety Fs. The GCI can be represented as:

fL-h
f

F
GCI =
re—1

(17)

where 7 is the grid refinement factor, p is the order of accuracy. Solutions for fine, medium,
and coarse grids are subscripted with 1, 2, and 3, respectively. The grid refinement factor »

for two-dimensional study is:
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where N is the number of cells or elements. The order of accuracy is then estimated by using

the following equation:

fr—F
I (fz —fi) (19)
P="Thn

Two factor of safety values are recommended by Roache for GCI, 3 and 1.25. For grid
studies using two grid solutions to determine the observed order of convergence p, Fs= 3 is
recommended. For three or more grid solutions, Fs= 1.25 is adequately conservative.

In the current study, three grid resolutions were compared for uniform grid spacing of 3
cm, 6 cm and 12 cm for fine, medium and coarse grids, respectively. In Figure 3.2, velocity
profiles at the doorway are compared with the experimental results from Mahajan [2]. Two

adjoining rooms were prepared under two different conditions, one room was cooled to an

. Mahajan
3cm
— — —-6cm
——————— 12cm

Height (m)

0.5

wluuuuo_-'-

Velocity (m/s)

Figure 3.2 Velocity profiles at the doorway for three different grid spacings and compared
to Mahajan [2]: Fine (solid), Medium (dashed), and Coarse (dot and dash). Used under fair
use, 2013
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Table 3.1 Height and velocity predictions for fine, medium and coarse grid

Fine Medium Coarse
Neutral level
Height (m) 1.29 1.29 1.30
Peak velocity (m/s)
(Above neutral level) 0.33 0.32 0.30
Peak velocity (m/s)
(Below neutral level) -0.53 -0.52 -0.48

average temperature of 19 °C and the other room was heated to an average temperature of
32 °C. The uncertainty of Mahajan’s experiment was 0.025 m/s and 0.5 °C in the air speed
and temperature measurements, respectively. The magnitude of the peak velocity below the
neutral level increased slightly with increasing grid spacing, and is in very good agreement
with Mahajan’s data. However, the peak velocity above the neutral level deviates from the
experimental data due to the uncertainty of the experiment and also difference in
representation of ambient condition between the experiment and the simulation. The room
temperature was averaged to 19 °C to represent the ambient condition in the experiment,
whereas ambient temperature was constant as 22 °C. What is most interesting is that the
height of the neutral level remained constant, independent of grid resolution. The predicted
peak velocities and the neutral level height are summarized in Table 3.1.

The GCI is calculated using the solutions in Table 3.2 for the neutral level and peak
velocities and applying Fs= 1.25 and » = 2. The GCI for the finer grid, GCI; was relatively
low compared to that for the coarser grid, GCl3,, showing that the grid refinement was
successful. Low values of GCI also indicate that the dependency of the numerical simulation
on the cell size has been reduced. The largest GCI,; was 3.5% from solutions for peak
velocity above the neutral level. The GCI,; was less than 0.76% for the two other variables,

namely, the neutral level height and peak velocity below the neutral level. As shown in
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Figure 3.2 and Table 3.2, the difference between solutions from the fine grid and medium
grid was minor.
Dimensionless wall distance for the medium grid was investigated. The law of the wall is

based on dimensionless wall distance, y" [17]:

b W

Yy =7 (20)

where u, is the friction velocity and v is the kinematic viscosity of the fluid. The near wall
node is subscripted with * and y, is the distance from the wall to the node *. It is
recommended by FLUENT [17] that the adjacent wall cell centroid is placed within the log-
law layer, 30 <y* < 300. A uniform cell size was used even in the near-wall region and 5
cells are inside the boundary layer near the vertical and horizontal walls. The adjacent wall
cell centroid is located between 40 < y* < 153. For the purpose of saving CPU time as well
as obtaining accurate numerical solutions, the medium grid resolution is used for the
remainder of the study.
3.3 Part 1: 2D modeling

The size of the domain is an important matter, especially for modeling airflow in
buildings, because realistic representation of ambient and external airflow is essential. In
addition, the size of the domain is another important factor that determines the CPU time.
Thus, the study begins with a comparison of the predictions using three different two-
dimensional domains. Schaelin et al. [1] used a 2D domain of 34 m X% 72.2 m to
computationally model the experiments of Mahajan [2]. However, the grid was not very fine
having 46 x 46 cells for 2 D.

It is optimal to use small domains that result in accurate numerical solutions and correctly

model natural ventilation through buildings. Three domain sizes are modeled using 2D
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simulations: Domain A (2&! &X I8 32 = YS&L L), and Domain B and C

(Figure 3.3). Domain A has the size of 12.44 m x 7.12 m with a grid resolution of 415 x 238

cells. Domain B has the size of 5.44 m x 3.12 m with a grid resolution of 91 x 53 cells.

:lilllll]II|IIIIIIILI|IIIII
0-1 0 1 2 3 4

X (m)

(a) Domain B

.§, 2k
> r
15
1F
0.5:-
:l. L S~ ey
0% E 2 3 r
X (m)
(b) Domain C

Figure 3.3 Domains used for 2D modeling of airflow through a large opening: (a) Domain B
and (b) Domain C
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Domain C has the size of 4.44 m x 3.12 m with a grid resolution of 74 x 53 cells. The
solution becomes quasi-steady (major transient effects have subsided) after 60 s and all data
is time averaged from 7 = 60 — 180 using 3000 time steps.

Non-dimensional velocity and temperature profiles at the doorway are compared by using

non-dimensional parameters for height, velocity and temperature:

2 (v - g) @1)

¥ =R 22)

T

VR 23
=TT, (23)

where H is the height of the doorway, u is x-velocity, and 7 is temperature. The condition of
wall and ambient conditions are subscripted with w and o, respectively.
Figure 3.4 (a) and (b) shows non-dimensional velocity and temperature profiles,

respectively. The solutions at the doorway from the 2D cases are compared with Mahajan [2]

1 1
I * Mahajan
———=—— Schaelin et al. (2D) - ,-‘
Domain A (2D) L ra
| — — — - Domain B (2D) i o=
B —— - Domain C (2D) N === -
051 0.5p e =,
/,’-" - .
T ot T of I
ift
it ™
L i il
05f -05F *
| i L]
_1_. w SN S LNTRTIT SV STE EATRTI BRI R
-0.2 0.2 -0.2 0 0.2 0.4 0.6 0.8 1
T
(&) Non-dimensional velocity profile (b) Non-dimensional temperature profile

Figure 3.4 Non-dimensional (a) velocity and (b) temperature profiles at the doorway:
Mahajan [2], Schaelin et al. [1] 2D, Domain A, B and C (2D). ). Used under fair use, 2013
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and Schaelin et al. [1] for their 2D simulation. Neutral level is identified where 4~ equals
zero. Examining the non-dimensional velocity profiles in Figure 3.4 (a), Schaelin et al. (2D)
over-predicted the velocity below the neutral level as compared to Mahajan. Schaelin et al.
predicted the neutral level to be approximately 1.21 m, which agrees well with experimental
result of Mahajan. The velocity profiles for Domain A (2D) and B (2D) are similar, however,
the neutral level is over-predicted by 27 % and 24 % for Domain A and Domain B,
respectively. In contrast, the velocity profile for Domain C agrees well with Mahajan’s
experimental results, and predicts the neutral level with an error of 5.6 %.

In Figure 3.4 (b), the constant temperature profiles are identical below the non-
dimensional height of -0.5. The temperature profile for Schaelin et al. (2D) is similar to the
data of Mahajan. The temperature profiles for Domains A, B, and C are also similar to each
other. However, the current 2D simulations are not consistent with Mahajan or Schaelin et al.
(2D), where the starting height of the mixed layer occurs near H = 0.

The temperature and pressure distributions in the room for Schaelin et al. (2D) and
Domain C (2D) are compared in Figure 3.5. The temperature contourlines for the current
study are presented in the same fashion as Schaelin et al., where the lines are plotted from
23 °C to 38 °C with an interval of 3 °C and an additional line of 22.5 °C is shown. Pressure
lines are plotted from 0 to 1 Pa with an interval of 0.2 Pa and an additional line of -0.5 Pa.
The temperature and pressure distributions for Domain C are similar to that for Schaelin et al.
(2D). There is evidence of high pressure at both top corners. The zero-pressure line is visible,
which separates the inflow and outflow of the air. While the zero-pressure line for Schaelin et
al. (2D) remains at the same height across the room from doorway to heater, the height of

zero-pressure line slightly decreases for Domain C (2D). The average temperature in the
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Figure 3.5 Temperature (left) and pressure (right) distributions in the room comparing
Schaelin et al. [1] (2D) and Domain C (2D). ). Used under fair use, 2013

room is computed to be 26 °C for Domain C, which is the recommended temperature for a
building according to ASHRAE guidelines [8].

Velocity vectors and streamlines for Domain C (2D) are shown in Figure 3.6. The
velocity is relatively large where the heated air rises from the heater and moves along the
right wall and then the ceiling. Looking at streamlines, a circulation zone is present at the top

section of the room, between y =2 m and 2.5 m.

20



y (m)
y (m)

2
x (m)

Velocity vectors Streamlines

Figure 3.6 Velocity vector (left) and streamlines (right) for Domain C (2D)

3.4 Part 2: 3D modeling

Schaelin et al. [1] used a 3D domain of 34 m x 25 m x 18.7 m, and the grid had 41 x 31 x
31 cells. Two domains are tested for 3D modeling: Domain B (3D) and Domain C (3D). The
size of the domain in the x - and y - directions is the same as the 2D domains (refer to Figure
3.3). The width (z direction) of the domain is 4.24 m. The medium grid (6 cm) cell size is
used where Domain B has a grid resolution of 91 x 53 x 71 and Domain C has a grid
resolution of 72 x 52 x 71. Domain A is not used for 3D modeling due to grid resolution and
CPU constraints. To be consistent with the 2D data, 3D time-averaged data will be presented

for t = 60 — 180 s using 2400 time steps.
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Figure 3.7 Non-dimensional (a) velocity and (b) temperature profiles at the doorway:
Mahajan [2], Schaelin et al. [1] 3D, Domain B (3D) and Domain C (3D). ). Used under fair
use, 2013

Non-dimensional velocity and temperature profiles from the 3D cases are compared with
Mahajan [2] and Schaelin et al. [1] (3D) in Figure 3.7 (a) and (b). Non-dimensional variables
are defined the same as in the previous section. The neutral level is better predicted modeling
in 3D compared to 2D, where the difference with Mahajan is 2.4 % and 1.5 % for Domain B
(3D) and Domain C (3D), respectively. Larger u-velocity magnitudes are predicted at the
doorway for the current 3D simulations compared to Mahajan. Table 3.2 summaraizes the

neutral level predictions for the 2D and 3D simulations.

Table 3.2 Neutral level predictions

Neutral level(m)

Mahajan 1.21
Schaelin et al. 2D 1.17
Schaelin et al. 3D 1.20
Domain A (2D) 1.54
Domain B (2D) 1.50
Domain C (2D) 1.28
Domain B (3D) 1.24
Domain C (3D) 1.19
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T(C): 11141720232629323538

Figure 3.8 Temperature contours with streamlines superimposed in 3D at ¢t = 2 minutes for
Domain B (3D)

Examining Figure 3.7 (b), the constant temperature profiles before the mixed layer are
very similar for the simulations using Domain B and C. The temperature profiles for Domain
B (3D) and Domain C (3D) show good consistency with Schaelin et al. (3D), and agree fairly
well with the experiment above the non-dimensional height of 0.

Figure 3.8 shows a 3D view of temperature contours with streamlines superimposed for
Domain B (3D) after the heater is turned on for 2 minutes. Ambient air enters the room
through the bottom of the dooway, which is heated by the heater at the opposite side. Then,

the heated air rises and exits through the doorway.
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Figure 3.9 Temperature (left) and pressure (right) distributions in the x-y plane atz=0m
for Domain B (3D)

The results are exmined more closely by observing contourlines, vectors and streamlines
in the x-y plane at z = 0 m, which is located at the middle of the door opening. The
temperature and pressure distributions for Domain B (3D) at z = 0 m are shown in Figure 3.9
and can be compared to the 2D results of Schaelin et al. [1] shown in Figure 3.5. Similar to
the results from Domain C (2D), temperature is high above the heater and at the ceiling.
Compared to the 2D simulation (Domain C), 3D simulation (Domain B) predicted higher
temperatures in the room, and the pressure contourlines for Domain B (3D) are more evenly
distributed, which is consistent with Schaelin et al. (2D). The zero-pressure line also remains
at approximately a height of 1 m across the room.

At the same plane, velocity vectors and streamlines are plotted for Domain B (3D) in
Figure 3.10. Large velocity is visible along the right wall and the ceiling. Similar to Domain
C (2D), one circulation zone develops between x = 2 m and 4 m for Domain B (3D). The

circulation zone is smaller in width, but is bigger in height for Domain B (3D) compared to
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Figure 3.10 Velocity vectors (left) and streamlines (right) in the x—y plane at z=0 m for
Domain B (3D)

Domain C (2D) (refer to Figure 3.6). Airflow in the room is not evenly stratified for the 3D
simulation as it is for the 2D simulation. In the next section, heat transfer rates through the
opening for all 2D and 3D simulations are presented and compared to heat transfer rates for
Mahajan [2] and Schaelin et al. [1].
3.5 Heat transfer through a large opening

Heat transfer rates in a room with a large opening are studied, where for these studies, the
opening is a doorway. With an adiabatic wall, the heat transfer only occurs at the door
opening. The heat transfer rate at the opening can be calculated by integrating the product of
velocity and temperature profiles over the height of the opening. The heat transfer rate per

width of the opening (W/m) from ambient conditions to the room can be solved using [23]:
Yn

q'in = CaCp jo po(u)T(y)dy (24)
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where vy, is the neutral level, and Cg is the coefficient of discharge. In the same fashion, heat
transfer rate out of the room can be calculated integrating from the neutral level to the height

of the opening. Then, the total heat transfer rate is:

total = Jin — Jout (25)
Using the Boussinesq model in FLUENT, density only varies in the buoyancy force, and its
value in the domain remains constant. Therefore, the constant value of 1.13 kg/m? is used for
density. A value of 0.7 is used for discharge coefficient as recommended by Schaelin et al [1].

Heat transfer rates are shown in Table 3.3. Different heat transfer rates are calculated for
Schaelin et al. 2D and 3D due to difference in magnitude of the velocity and temperature
profiles. The gj, and g/, for Schaelin et al. (2D) are much higher compared to Mahajan [2].
The gj,, for Schaelin et al. (3D) is consistent with Mahajan, but the g/ is lower.

The heat transfer rates for Domain A (2D) are similar to Schaelin et al. (3D), but the
Qiotal 1S POSitive meaning heat is transferring into the room. Thus, Domain A (2D) predicts a
relatively bigger qi, compared to g4, The g, and qg, for Domain B (2D) are relatively
bigger than those for Domain A (2D) and are between the values for Schaelin et al. 2D and
3D. The lower neutral level predicted using Domain B (2D) results in negative q{y, With a
magnitude of 0.5 kW/m. The g}, for Domain C (2D) is in very good agreement with
Mahajan, but the g, is slightly higher. With better prediction for the neutral level, g{y,; is
negative. The q{y, for Domain C (2D) is -3.8 kW/m, which is in good agreement with
Schaelin et al. (3D). The heat transfer rates are much higher for the 3D cases compared to the
2D cases because the velocity magnitudes at the doorway are larger (refer to Figure 3.4 (a)
and Figure 3.7 (a)). Both 3D cases result in negative g, With better prediction in neutral

level. Comparing the 3D cases, {4, for Domain C (3D) is bigger than gy, for Domain B
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Table 3.3 Heat transfer rates per width of the opening

qin (kW/m) Gour (kW/m) Qiora (KW/m)
Mahajan 55.2 66.2 -11.0
Schaelin et al. 2D 81.4 83.3 -1.9
Schaelin et al. 3D 50.3 53.4 -3.0
Domain A (2D) 54.0 53.6 04
Domain B (2D) 71.8 72.3 -0.5
Domain C (2D) 62.1 66.5 -3.8
Domain B (3D) 103.7 115.6 -8.3
Domain C (3D) 108.8 122.9 -14.0

(3D). The neutral level is under-predicted by 1.5 % for Domain C (3D), and thus Domain C
(3D) predicts a relatively bigger g, compared to gj,,.

In summary, 2D and 3D simulations were performed using various domain sizes to
determine a reasonable geometry for further detailed studies. The neutral level for Domain C
(2D) was most consistent with Mahajan among the 2D simulations, having an error of 5.6. In
addition, the velocity profile for Domain C (2D) was most consistent with the experiment
(Figure 3.4 (a)). The neutral level was better predicted modeling in 3D compared to 2D,
where the difference with Mahajan was less than 2.4 % for 3D simulations. Velocity
magnitudes were larger compared to the experiment, but temperature profiles for 3D
simulations showed good agreement with Schaelin et al. (3D). For the remaining studies,
Domain C (2D) will be used for conduction and ambient temperature studies to save CPU
time. Domain B (2D) will be considered for simple wind studies to include the effect of
doorway for wind and also to have relatively small CPU time compared to Domain A (2D).
In addition, Domain B (3D) will be used to model additional heat sources and furniture in the

room since Domain B (3D) includes an additional ambient environment.
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Chapter 4: Consideration of More Realistic Situations

4.1 Problem Descriptions

The airflow and heat transfer through a large opening were modeled in Chapter 3 using
an adiabatic wall boundary condition. In this chapter, more realistic situations are considered
and begin with modeling conduction through walls. The effect of conduction through a wall
is studied using Domain C (2D) to reduce CPU time. Then, the effect of ambient conditions
for representation of cooler days and the effect of wind for representation of windy days are
studied. Domain C (2D) is again utilized for the studies. Lastly, more complex spatial layout
of the room is considered using Domain B (3D). The details of various boundary conditions
and geometry are specified in each section.

4.2 Non-Adiabatic Walls in 2D

In reality, there is always heat transfer occurring through walls of a building. In this
section, the main interest is how airflow in the room alters when conduction is considered.
The ambient temperature for the convective boundary condition at the outer wall is set as
22 °C. Convective heat transfer coefficients ranging from 4 = 5 to 25 W/m*>K in increments
of 5 are tested.

The overall solutions did not significantly change as conduction was considered. The sum
of the heat transfer rates through the doorway and the walls are equal to Gioey for the
adiabatic wall. The heat loss through the wall is approximately 4.2% of the total heat transfer
rate for A = 5 W/m>K, and increases up to 5.6% of the total heat loss with # = 25 W/m*K.
Figure 4.1 shows the heat loss through walls with respect to /. As expected, heat loss through
the walls increase with increasing /4. In addition, it shows that the change in heat loss through

the walls becomes trivial for higher values of 4, representative of very windy days.
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Figure 4.1 Changes in heat losses through wall with respect to convective heat transfer
coefficients

The temperature contours for an adiabatic and a non-adiabatic wall with 4 = 5 W/m*K
are shown in Figure 4.2. Only the results from the case with # = 5 W/m’K are presented
because changing 4 did not significantly affect the results. The temperature gradients occur in
the wall (Figure 4.2 (b)); however, the overall temperature distribution within the room has
not changed much considering conduction through wall. The velocity and temperature
profiles at the doorway (x = 0 m) and at the center of the room (x = 2 m) are compared in
Figure 4.3 (a) and (b), respectively. The velocity profiles for both adiabatic and non-adiabatic
wall conditions are identical (Figure 4.3 (a)). At the top of the doorway (y = 2.2 m), the peak
temperature reduced by 1 °C due to heat loss through the wall. The temperature profile at the
center of the room shows minor differences when comparing the adiabatic and non-adiabatic
wall conditions. Temperature gradients are linear at the height between 3 to 3.12 m for the
non-adiabatic wall, where the section represents conduction through the wall, and
demonstrates that conduction was correctly modeled. Overall, it can be stated that the flow
field in the room is not affected significantly by the heat loss through the wall.
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Figure 4.2 Temperature contours for (a) adiabatic wall and (b) non-adiabatic wall
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Figure 4.3 (a) Velocity and (b) temperature profiles at x =0 m (opening) and at x=2 m
(center of the room) for cases with adiabatic and non-adiabatic wall
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4.3 The effect of ambient temperature

The effect of ambient temperature is studied for the non-adiabatic wall using # = 5
W/m*K, and T, = 22 °C, 18 °C and 14 °C. The non-dimensional velocity and temperature
profiles at the doorway are compared in Figure 4.4 (a) and (b). The peak velocity flowing out
of the room decreases as the ambient temperature decreases, while the neutral level height
increases. The peak velocity flowing into the room is largest for 7., = 22 °C. Interestingly for
T, = 14 °C, the velocity profile indicates that air is moving out of the room near the floor.
The non-dimensional temperature profiles are very similar for various ambient temperatures

(Figure 4.4 (b)). The constant temperature section is captured for each case, and the starting

height of the mixed layer is approximately the same.
Using the velocity and temperature profiles, the heat transfer rates at the doorway are

calculated and summarized in Table 4.1. As the ambient temperature decreases from 22 °C to

I
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(a) Non-dimensional velocity profile (b) Non-dimensional temperature profile

Figure 4.4 (a) Velocity and (b) temperature profiles at x = 0 m (opening) for different
ambient temperature: 22 °C (solid), 18 °C (dashed) and 14 °C (dash and a dot)
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Table 4.1 Heat transfer rates at the doorway calculated for three ambient temperatures (T,
=22,18, and 14 °C)

To qin (kKW/m) Qou (kW/m) Grorar (KW/m)
22 °C 61.6 65.3 -3.6
18 °C 415 40.3 +1.2
14 °C 40.2 37.8 +2.4

18 °C, gj, and qgy; reduces by 32% and 38% respectively. As ambient temperature changes
from 18 to 14 °C, the change in gj, and qg,; is not as significant relative to T, = 22 °C. The
total heat transfer rate at the doorway is 1.2 and 2.4 kW/m for the ambient temperatures of
14 °C and 18 °C, respectively. The gy, is positive due to a larger reduction in g4, when T,
is reduced from 22 °C to 14 °C .

Figure 4.5 shows the temperature contours with velocity vectors. For higher ambient
temperature, the temperature in the room is more evenly distributed. The average temperature
in the room is 26 °C, 25 °C and 23.7 °C, for T, = 22 °C, 18 °C, and 14 °C, respectively.
Heated air rises along the right wall, and moves toward the doorway along the ceiling.

Pressure contours with streamlines are shown in Figure 4.6. The highest pressure occurs
at the top corner above the heater, and then at the opposite top corner. As ambient
temperature decreases, the negative pressure zone moves to the middle section of the room,
and the lowest pressure is visible at x = 1 m and middle of the opening for ambient
temperature of 14 °C. The circulation zone develops at a height of 2 m, where it increases in
size with decreasing ambient temperature. The velocity profile at the doorway in Figure 4.4
shows negative velocity at the bottom section of the opening for ambient temperature of
14 °C. At the bottom section of the doorway for 14 °C, the ambient air enters the room to x =

0.5 m and then circulates out of the room.
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Figure 4.6 Pressure contours with streamlines for various ambient temperatures: (a) 22 °C, (b) 18 °C and (c) 14 °C
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4.4 The effect of wind speed

In this section, wind-driven ventilation is studied in addition to buoyancy-driven
ventilation. The study focuses on how air conditions in the room alter with wind spped.
Three different velocities are tested: 1 m/s, 5 m/s and 10 m/s. Domain B (2D) is shown in
Figure 3.3 (a), where the left surface of the domain is set as velocity-inlet for wind boundary
conditions. The walls are adiabatic and specified as no-slip surfaces. The ambient
temperature is 22 °C and the heater is 50 °C.

Dimensional and non-dimensional velocity profiles at the doorway for three wind speeds
and the no wind case are shown in Figure 4.7 (a) and (b), respectively. Dimensional and non-
dimensional temperature profiles are shown in Figure 4.7 (c) and (d), respectively. A
superscript + represents the non-dimensional quantity based on wind speed, and the new non-

dimensional velocity is defined as:

u
ut = (26)

Uyind

where u is the x-velocity and u,,;,4 1S wind speed. The result from the no-wind case is not
shown in Figure 4.7 (b) since u,,;,q = 0. As expected, peak velocity both above and below
the neutral level increases as wind speed increases, however, the non-dimensional velocity
profiles collapse for the three wind cases. The height of the constant temperature profiles,
when T = T, increases as wind speed increases. In addition, the peak temperatures at the

doorway decrease with increasing wind speed.
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The maximum and minimum velocity and pressure in the room are summarized in Table

4.2. The heat transfer rates at the doorway are calculated for each case as well. As expected,

the absolute values of maximum and minimum velocity increase as wind speed increases.

The pressure also increases significantly as wind speed changes from 1 m/s to 10 m/s. For the

no wind case, q{,, IS Negative meaning that heat is transferring out of the room. In contrast,
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Figure 4.7 Solutions at the doorway for no wind, 1m/s, 5 m/s and 10 m/s: (a) velocity profile,
(b) non-dimensional velocity profile, (c) temperature profile and (d) non-dimensional
temperature profile
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Table 4.2 Maximum and minimum velocity and pressure in the room, and heat transfer
rates at the doorway for No wind, 1 m/s, 5 m/s, and 10 m/s

No wind 1m/s 5mis 10 m/s
Maximum velocity (m/s) 1.2 4.3 21.3 43.3
Minimum velocity (m/s) -1.0 -2.5 -13.7 -28.2
Maximum pressure (Pa) 1.2 15.9 319.2 1263.4
Minimum pressure (Pa) -0.8 -1.9 -114.1 -509.5
qin (kW/m) 71.8 228.6 1119.0 2204.0
Qouc (KW/m) 72.3 214.6 1038.9 2037.4
Qrotal (KW/m) -0.50 14.0 80.1 166.6

Grota; TOr the wind cases are positive and increases in magnitude as wind speed increases. It
can be concluded that the heat transfer into the room increases at a faster rate than heat
transfer from the room with increasing wind speed.

Non-dimensional pressure, X-velocity and y-velocity contours for the wind cases are
compared in Figure 4.8 (), (b), and (c), respectively. Non-dimensional pressure is obtained
by dividing pressure by dynamic pressure based on wind speed and y-velocity is non-

dimensionalized dividing by wind speed:

b P

P=1 (27)
fpuwind

= — (28)
Uywind

where p is density of air and v is velocity vector (u, v). The p* contours show that p*
decreases with increasing wind speed, where p* is highest for the wind speed of 1 m/s. In
other words, dynamic pressure becomes relatively bigger compared to static pressure with
increasing wind speeds.

The ut* contours are similar at the doorway, where the ambient air enters the room

through the bottom section of the doorway (positive u* ), and the heated air exits the room
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through the top section of the doorway (negative u™*). The maximum u* increases for the
faster wind speeds meaning that the ratio of air flowing out to air flowing into the room
increases with increasing wind speeds. A region of negative horizontal flow (u*) near the
ceiling is visible for 1 m/s, which diminishes for 5 m/s and 10 m/s.

Examining Figure 4.8 (c), similar v* contours are noticeable for 5 m/s and 10 m/s. At the
middle of the room, approximately at x = 2.5 m, negative vertical flow occurs from ceiling to
floor for 5 m/s and 10 m/s. Negative v* occurs at the top of the doorway, where its
magnitude decreases with increasing wind speed.

Temperature contours with streamlines superimposed for the no wind case and three wind
cases are shown in Figure 4.9. A circulation zone develops at the top of the room for the no
wind case. As 1 m/s of wind blows into the room, the circulation zone shrinks in size. Three
circulation zones are formed for 5 m/s at the right upper corner, the center bottom and the top
left corner of the room. Similarly for 10 m/s, three circulation zones develop. Two
circulation zones occupy approximately the whole room from x = 1 m to the heater.
Temperature contours for no wind and 1 m/s are similar, where heated air rises above the
heater and moves toward the doorway along the ceiling. Interestingly, heated air is more

distributed around the room for u,,;,,4 =5 m/s and 10 m/s due to large circulation zones.

37



(a) Non-dimensional pressure

(b) Non-dimensional x-velocity

(c) Non-dimensional y-velocity

p: -8-40 4 8 1216 20 24 28

© 28 22 16 A1

+

v:-101234
E E E
> > >
1mls
03 0 1 2 3 4
X (m)
4
— —_— 3 : —
E E E
S > 2 H >
5m/s
;
0 |I|\|\I\\|\I\...I{.
-1 0 1 2 3 4
X (m)
4
E E E
> > H >
10 m/s

- M B
3 4 -1 0 1

E 1

-1 0 1

2 3 4 - 0 1
x (m)

2
x (m)

2
x (m)
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4.5 Additional Furniture in a room

In a realistic room, there is more than just a heater. In this section, additional furniture
and heat sources are modeled, where the layout in the room is shown in Figure 4.10. A desk
is placed in front of the heater, which has dimensions 0.7 m X 0.65 m X 1.6 m in x, y, and z,
respectively. The desk legs are 0.05 m thick in x- and z- directions. The chair has dimensions
0.5 m x 0.95 m x 0.6 m and the legs are 0.05 m thick in x- and z- directions. A computer hard
drive is placed under the desk and has dimensions of 0.4 m X 0.5 m X 0.2 m. A monitor is
placed on the middle of the desk and is 0.15 m X 0.4 m X 0.4 m. A storage box and a mini-
refrigerator are placed at the middle of the side wall. The storage box is 0.6 m X 0.8 m X 0.6
m and the mini-refrigerator is represented as a cube with a length of 4 m in each direction. A
bookshelf is placed along the opposite wall and has dimensions 0of 0.22 m X 1.6 m X 0.75 m.

The computer hard drive and monitor have heat dissipation of 70 W and 35 W,
respectively [24]. The heat that dissipates from the mini-refrigerator is estimated using the
coefficient of performance (COP) and the energy balance equation for the refrigeration
system:

Qused
COP = —— 2
W (29)

Quaissipatea = Win + Qused (30)

The estimated energy consumption for a compact refrigerator by Kenmore is 348 kWh/yr,

or approximately 40 W [25]. The COP varies from 2.5 to 5. In this study, a COP of 3 is
chosen and thus the mini-refrigerator approximately dissipates heat of 120 W. For each
device, the heat dissipation normally occurs at the back of the device; thus, the heat flux is

applied at the back of each device. No-slip and adiabatic boundary conditions are applied to
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Figure 4.10 Layout of furniture and heat sources in the room

the walls. The heater is also turned on to produce warm air at 50 °C. Domain B (3D) is used,
and the simulation with furniture is compared to the case with only a heater (original).

First, the effects of additional heat sources and objects in the room at ambient
temperature of 22 °C are discussed. Then using only the furniture case, the effect of ambient
condition is studied comparing two ambient temperatures, 22 °C and 10 °C. Lastly, a
constant wind of 5 m/s is considered at the left boundary of the domain to study the effect of

wind. The units for velocity and pressure in the results are in m/s and Pa, respectively.
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45.1 Indoor air quality (IAQ) guidelines

Thermal comfort is determined by various factors. For the current study, only two factors
are considered: air temperature and velocity. Two ambient temperatures are tested for the
following 3D simulations, 22 °C and 10 °C. The recommended indoor temperatures by
ASHRAE guidelines [8] changes according to ambient temperature. For T, = 22 °C, the
maximum recommended temperature is 25 °C, and the maximum acceptable temperature is
28 °C. For T, = 10 °C, the maximum recommended and acceptable temperatures are 23 and
25 °C, respectively. The minimum indoor temperature for 7, = 10 °C is 17 °C.

Air velocity is also an important factor that determines level of indoor thermal comfort.
According to ASHRAE guidelines, the maximum acceptable velocity is 0.8 m/s when T, >
25.5 °C and the maximum acceptable velocity is 0.15 m/s when T, < 22 °C. For ambient
conditions between 22 °C and 25.5 °C, the maximum velocity allowed is determined by:

Vimaximum = 50.45 — 4.4047 T., + 0.096425 T2 (31)

The recommended conditions by ASHRAE guidelines for two ambient conditions, 22 °C

and 10 °C, are summarized in Table 4.3.

Table 4.3 Recommended thermal conditions by ASHRAE guidelines [8]. ). Used under fair use,

2013
T,=22°C | T,=10°C
Recommended temperature (°C) 22~25 19~23
Acceptable temperature (°C) 21~28 17~25
Maximum acceptable velocity (m/s) 0.21 0.15
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4.5.2 The effects of additional furniture and heat sources in a room

The effects of additional heat sources and objects in the room are studied in this section.
Two cases are compared using an ambient temperature of 22 °C: A room with a heater only
(original case) and with additional heat sources and furniture.

Temperature contour with streamlines superimposed at ¢ = 2 minutes for the furniture
case is shown in Figure 4.11 and compared to the original case in Figure 3.8. Similarly, the
ambient air enters the room through the bottom section of the doorway, and then is heated.
The heated air rises and then exits through the doorway. The effect of additional heat sources

is difficult to observe in the 3D view (Figure 4.11). Therefore, contours at various planes are

t=2min T(°C): 111417 202326293235 38

Figure 4.11 Temperature contour with streamline superimposed in 3D at t = 2 minutes for
the furniture case with T.=22 °C
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shown in Figure 4.12 to Figure 4.15.

Figure 4.12 (a), (b), and (c) compare y-velocity, x-velocity, and temperature contours in
the y-z plane at the doorway (x = 0 m) for the original case (top figures) and for the furniture
case (bottom figures), respectively. Solutions are symmetric for the original case due to the
symmetric layout in the room, whereas the solutions with furniture are not symmetric. The
largest y-velocity occurs approximately at y = 1.7 m for each case at the doorway. Examining
the x-velocity contours, the ambient air enters the room faster for original case than furniture
case despite additional heat sources for the furniture case. Temperatures are more uniformly
stratified for the original case at the doorway.

Figure 4.13 shows y-velocity and temperature contours in the y-z plane at x = 1.8 m,
which cuts through the mini-refrigerator and the box. Positive y-velocity is visible at the
bottom corners for the original case. Similarly, positive velocities occur in front of the
storage box since that region protrudes from the wall. At y = 2.5 m near the walls, negative y-
velocity occurs for each case, where the magnitude is larger for the furniture case.
Temperature contours for the original and furniture cases are similar, except high temperature
is noticeable at the back of the mini-refrigerator due to heat dissipation.

The contours in the x-y plane at z = 0 m and z = 0.65 m are plotted in Figure 4.14 and
Figure 4.15, respectively. The former and latter planes cut through the computer monitor and
computer hard drive, respectively. The pressure contours are shown in the left figures and
temperature contours with streamlines superimposed are shown in the right figures.

Examining the plane at z = 0 m (Figure 4.14), pressure is high at the top corners of the
room for each case, especially above the heater. The original case has larger negative

pressure, which occurs at the top of the doorway. Airflow patterns (streamlines) are presented
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in Figure 4.14 (b). For both cases, the ambient air enters the room, is heated (mostly by the
heater), rises and exits through the doorway. As mentioned in section 0, there is one
circulation zone for the original case in the plane at z = 0 m. In contrast, there are two
circulation zones for the furniture case; one between y = 2 m and 2.5 m, similar to the 2D
results (refer to streamlines in Figure 3.6) and the other behind the chair. Additional furniture
in the room affected the airflow patterns, which caused another circulation zone before the
chair. The effect of heat transfer from the monitor is insignificant on temperature distribution
since only 35 W of heat is dissipated.

Examining the results at z = 0.65 m, high pressure is again noticeable at the top corners in
Figure 4.15 (a). In addition, negative pressure is bigger for the original case. A big circulation
zone occurs from y = 1.5 m to 2.5 m for both cases (see Figure 4.15 (b)). Three small
circulations occur below the big circulation zone for the original case whereas two
circulation zones develop below the big circulation zone for the furniture case. High
temperatures are noticeable behind the computer and under the desk in Figure 4.15 (b) due to

70 W of heat transfer from the computer.
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Figure 4.12 Contours in y-z plane at the doorway for original (top) and furniture (bottom) cases for T.. =22 °C and u.. = 0 m/s: (a) y-
velocity and (b) temperature
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(a) y-velocity (b) Temperature
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Figure 4.13 Contours in y-z plane at x = 1.8 m for original (top) and furniture (bottom) cases for T.. =22 °C and u.. = 0 m/s: (a) y-
velocity and (b) temperature
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(a) Pressure (b) Temperature with streamlines

. )
Pressure (pa): -0.2 0 02040608 1

T(C): 11141720232629323538

y (m)
y (m)

Original (22 °C)

y (m)
y (m)

Furniture (22 °C)

-1 0 1 2 3 4
X (m)

Figure 4.14 Contours in x-y plane at z = 0 m for original (top) and furniture (bottom) cases for T.. = 22 °C and u.. = 0 m/s: (a) pressure
and (b) temperature with streamlines
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(a) Pressure (b) Temperature with streamlines
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Figure 4.15 Contours in x-y plane at z = 0.65 m for original (top) and furniture (bottom) cases for T.. = 22 °C and u. = 0 m/s: (a)
pressure and (b) temperature with streamlines
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Figure 4.16 shows spatially averaged velocity and temperature along the planesaty = 1
m and 1.5 m for the original and the furniture cases for 3 minutes. Average velocity at each
height is larger for the original case than for the furniture case because furniture impedes the
motion of the air, slowing down the fluid velocity. Average velocity at y = 1.5 m is larger
compared to that at y = 1 m since density of air is lighter due to higher temperature. Average
velocity for both cases at each height does not exceed 0.21 m/s, the maximum acceptable
velocity by ASHRAE guidelines [8]. Examining Figure 4.16 (b), average temperature at 1 m
is higher for the original case than for the furniture case. Similarly, average temperature for
the original case is higher than for the furniture case at y = 1.5 m until t = 120 s, but the
average temperature for the furniture case becomes higher than for the original case after t =
120 s. The average temperature plot shows that the room at both y = 1 m and 1.5 m reaches
25 °C, the maximum recommended temperature by ASHRAE guidelines, after the heater is
turned on approximately for 15 s. The temperature at y = 1 m and 1.5 m reaches the
maximum acceptable value after the heater is turned on approximately for 90 s and 45 s,

respectively.
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Figure 4.16 (a) Spatially averaged velocity and (b) temperature over the planes at y =1 m
and 1.5 m for the original and the furniture cases with T. =22 °C and u. =0 m/s
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4.5.3 Furniture case: different ambient conditions
4.5.3.1 Ambient temperature of 10 °C

Schaelin et al. [1] modeled a room with a heater for a warm ambient temperature of 22 °C,
which was considered in Sections 3.3 and O (the original case). Realistically however, a
heater is not usually turned on for such warm air temperatures. In section 4.3, three different
ambient temperatures, 22 °C, 18 °C, and 14 °C, were considered in 2D to study the effect of
ambient temperatures. In the current section, the 3D room is modeled with furniture at an
ambient condition of 10 °C, which is a more realistic condition for the heater to be turned on.

Figure 4.17 shows temperature contours with streamlines superimposed in 3D for T, =
10 °C. The room is much cooler compared to the case with T, = 22 °C (refer to Figure 4.11).

The streamlines show that the heated air exiting through the doorway does not significantly

t=2min T(°C): 111417 202326 293235 38

Figure 4.17 Temperature contour with streamline superimposed in 3D at t = 2 minutes for
the furniture case with T. =10 °C and u.. =0 m/s
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rise at T.,= 10 °C as it did for the case with T, = 22 °C.

The following figures present 2D contours for the furniture case with ambient
temperature of 10 °C, which are compared to results for the furniture case at ambient
temperature of 22 °C presented in the previous section (refer to the right column of Figure
4.12, Figure 4.13, Figure 4.14, and Figure 4.15). Figure 4.18 (a), (b), and (c) show y-velocity,
x-velocity and temperature contours in the y-z plane at the doorway, respectively. Similar to

the results for the furniture case at 7o, = 22 °C (refer to Figure 4.12), the solutions are non-

v(mis): 02 0 02 04 06 u(misy -02 0 02 04 06

y (m)
y (m)

z (m) - z (m)
(a) y-velocity (b) x-velocity
N 'E

T(C): 11141720 232629 32 35 38

y (m)

z (m)

(c) Temperature

Figure 4.18 Contours in y-z plane at the doorway for furniture case with T.=10 °C and u.. =
0 m/s: (a) y-velocity (b) x-velocity and (c) temperature

52



symmetric. Examining Figure 4.18 (a), the largest y-velocity occurs approximately at y = 0.5
m, whereas it occurs at 1.7 m for 7, = 22 °C (refer to Figure 4.12 (a)). Peak velocities are
much larger for 7,,= 10 °C at the doorway compared to 75, = 22 °C. Comparing Figure 4.18
(b) to Figure 4.12 (b), the ambient air enters the room faster, and the heated air exits the room
slower when T, = 10 °C. The air enters and exits the room evenly throughout the width of the
door for 7, = 22 °C, while inflow air is concentrated at the middle of the doorway for 7.,=

10 °C. Due to low ambient temperature, the temperature at the doorway in Figure 4.18 (c) is

lower.
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z (m) Figure 4.19 Contours in y-z plane at x =1.8
m for furniture case with T..=10 °C and u..
(b) Temperature =0 m/s: (a) y-velocity and (b) temperature
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Figure 4.19 shows y-velocity and temperature contours in the y-z plane that cuts through
the mini-refrigerator and the box for T,,= 10 °C (compared to right column of Figure 4.13).
Large velocities and temperatures are noticeable behind the mini-refrigerator due to heat
dissipation. There are negative y-velocity zones at both side walls, and also in the middle of
the plane.

The temperature contours with streamlines superimposed in the x-y plane atz=0m and z
= 0.65 m are plotted in Figure 4.20 (a) and (b), respectively. As discussed, the heated air exits
through the doorway, but does not significantly rise at T,, = 10 °C (Figure 4.20 (a)) as it did at
T, =22 °C (refer to right column of Figure 4.14 (b)). The effect of the computer is noticeable

below the desk shown in Figure 4.20 (b) while the effect of the monitor is insignificant

0

T(°C): 1114172023 2629323538

y (m)

y (m)

Figure 4.20 Temperature contours with
streamlines superimposed in x-y plane at
(a) z=0 m and (b) z = 0.65 m for furniture

case with T.=10 °C and u. =0 m/s

(b) z=0.65m
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shown in Figure 4.20 (a). At the plane z = 0 m in Figure 4.20 (a), one additional circulation
zone develops in front of the monitor at T, = 10 °C compared to the case at T, = 22 °C
(Figure 4.14). At the plane z = 0.65 m in Figure 4.20 (b), two big circulation zones develop
whereas there were multiple circulation zones below the big circulation zone for the furniture
case at T,, = 22 °C (refer to Figure 4.15).

Figure 4.21 shows spatially-averaged velocity and temperature along the planes aty = 1
m and 1.5 m for the furniture case at T, = 10 °C and 22 °C for 3 minutes. The overall
average velocity for T, = 10 °C is about twice as large as that for T, = 22 °C, and
approximately 0.1 m/s faster than the recommended air velocity by ASHRAE when T, <
22 °C (0.15 m/s). Average velocities for T, = 10 °C at y =1 m and 1.5 m are approximately
0.2 m/s and 0.25 m/s, respectively. The average temperature at y =1 m and 1.5 m for T, =
10 °C reaches the recommended temperature (23 °C) by ASHRAE after 90 s and 60 s,
respectively. The maximum acceptable temperature (25 °C) is reached after 110 s and 90 s at

height of 1 m and 1.5 m, respectively, which is not desirable for comfortable conditions.
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Figure 4.21 (a) Spatially averaged velocity and (b) temperature over the planes aty =1 m
and 1.5 m for the furniture case at T. =10 °C and 22 °C
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4.5.3.2 Ambient conditions of 10 °C and 5 m/s

The effect of wind speeds was modeled using 2D simulations in section 4.4. In the
current section, wind is modeled in 3D. In addition to the ambient condition of 7., = 10 °C,
constant wind speed of u, = 5 m/s is applied at the left boundary, parallel to the doorway.
The furniture case is modeled and the results are compared to the case without wind at the
same ambient condition of 7., = 10 °C.

Temperature contours with streamlines superimposed at ¢ = 2 minutes are presented in
Figure 4.22. Compared to the case without wind (refer to Figure 4.17), the room is much
cooler. Streamlines show that the ambient air enters the room, smoothly circulates out

through the doorway, and rises. To better understand airflow patterns and temperature in the

T(°C): 111417202326 29323538

t=2min

Figure 4.22 Temperature contour with streamline superimposed in 3D at t = 2 minutes for
the furniture case with T..=10 °C and u.=5 m/s
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room, 2D contours are studied in the following figures.

Figure 4.23 shows y-velocity, x-velocity, temperature contours at the doorway for the
furniture case with 7, = 10 °C and u,, = 5 m/s. The scales for x- and y-velocity are different
from previous cases (without wind) since the magnitudes are incomparable with velocities
from cases without wind. It is noticeable that the magnitude of the x- and y-velocity is much
larger compared to the case without the wind (refer to Figure 4.18). The maximum y-velocity

occurs approximately at y = 2 m, where the magnitude is close to 2.8 m/s. An almost
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z (m)
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Figure 4.23 Contours in y-z plane at the doorway for furniture case for T.=10 °C and u.=5
m/s: (a) y-velocity and (b) x-velocity (c) temperature
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symmetric solution is visible in Figure 4.23 (b). The heated air exiting the room has a larger
velocity compared to the ambient air entering the room. Temperature at the doorway is
mostly at ambient condition.

Figure 4.24 shows y-velocity and temperature contours at the plane that cuts through the
mini-refrigerator. The effect of mini-refrigerator is shown, where large y-velocity and high
temperature are noticeable at the back of mini-refrigerator. Large positive y-velocity is also

visible at the center of the plane in Figure 4.24 (a). Large negative y-velocity zones are

v(mis): 04-02 0 02 04

y (m)

2 -1 0 1 2
z (m)
(a) y-velocity

T(EC) 11141720232629323538

y (m)

Figure 4.24 Contours in y-z plane at x=1.8 m
for furniture case for T.=10°C and u.=5

-2 -1 0 1 2 . 2 i
z (m) m/s: (a) y-velocity and (b) temperature

(b) Temperature
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noticeable surrounding the positive velocity zone at the center. Examining temperature
contour, overall temperature at the plane is lower compared to the case without wind (refer to
Figure 4.19 (b)).

Figure 4.25 (a) and (b) show temperature contours with streamlines superimposed in x-y
plane at z = 0 m and z = 0.65 m, respectively. The overall temperature in the room is lower
compared to the case without wind (refer to Figure 4.20). At both planes, one big circulation
zone develops above the desk near the ceiling. Re-examining streamlines in Figure 4.20,
multiple circulation zones were observed at z = 0 m, and two big circulation zones at z = 0.65

m. For the wind case, an additional circulation zone develops above the monitor at z =0 m in

T M

T(°C): 1114172023 2629323538

y (m)

y (m)

Figure 4.25 Temperature contours with
streamline superimposed in x-y plane at (a) z
=0 m and (b) z=0.65 m for furniture case
with T.=10°C and u.=5m/s

(b) z=0.65m

59



15 ) o i I i
25 y

Maximum acceptable by ASHRAE at 10 °C = 0.156 m/s

Average velocity (m/s)
T
Average temperature (°C)

05F L S
i TP e L seBe s o d

T = = — — = — = — o _ _ o _ | Maximum acceptable by ASHRAE at 10 °C =25°C
Minimum acceptable by ASHRAE at 10 °C =17 °C

0 7. e L MR R 10 7' — L — L
0 30 60 90 120 150 180 0 30 60 80 120 150 180
time (s) time (s)
(a) Spatially averaged velocity (b) Spatially averaged temperature

Figure 4.26 (a) Spatially averaged velocity and (b) temperature over the planes at y=1m
and 1.5 m for the furniture case at T.. = 10 °C without and with wind of 5 m/s

Figure 4.25 (a), and one small circulation zone above the desk at z = 0.65 m in Figure 4.25
(b). High temperature occurs behind each source (monitor and computer) due to heat
dissipation.

Spatially averaged velocity and temperature for 3 minutes at heights of 1 m and 1.5 m are
shown in Figure 4.26 (a) and (b), respectively. The furniture cases at 7., = 10 °C with and
without wind are compared. In Figure 4.26 (a), it is noticeable that average velocity for the
case with wind is much larger compared to without wind. The velocity is well over the
maximum acceptable velocity by ASHRAE guidelines, and is constant with a magnitude of
1.4 m/s. The average temperature at each height is as low as 14 °C, not able to achieve even
the minimum temperature recommended (17 °C) by ASHRAE. With 7., = 10 °C and u,, = 5

m/s, the room is at uncomfortable conditions considering both velocity and temperature.

60



Chapter 5: Conclusions and Recommendations

5.1 Conclusions

Natural ventilation is a useful method to save energy consumed in buildings mostly for
heating and cooling purposes. Since natural ventilation does not depend on a mechanical
ventilating system, the ambient conditions (temperature, wind, etc.) and interior spatial
layouts are important factors to consider for designing natural ventilating buildings.

A single room with a door was analyzed using computational fluid dynamics. The
predictions for velocity and temperature profiles at the doorway were initially validated with
the experiments and numerical solutions presented by Mahajan [2] and Schaelin et al. [1],
respectively. The current study used 2D and 3D simulations to model three different domains:
Domain A, B and C. Domain A included the room and a large ambient environment
surrounding the room. Domain B reduced the ambient environment to a small region adjacent
to the door opening. Domain C did not include the ambient environment except through
boundary condition applied at the door opening. Domain A was not used for 3D simulations
due to excessive CPU requirements.

The neutral level and velocity magnitudes at the doorway were best predicted using the
smallest domain (Domain C) for 2D modeling, having an error of 5.6 % compared to
Mahajan. Larger velocity magnitudes were predicted modeling single-sided ventilation in 3D
compared to the experiment. However, the neutral level was very well predicted, where the
error was under 2.4 %. In addition, temperature profiles at the doorway for the 3D (Domain
B) simulations agreed well with Schaelin et al. Using the velocity and temperature profiles,

the heat transfer rates were calculated at the doorway. It was found that the position of the
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neutral level was an important factor that affected the total heat transfer rate through the
doorway.

The effects of heat loss through the wall were investigated next using 2D simulations.
The heat transfer rate through the wall was calculated, where it was 5.6% of the total heat
loss in the room with h = 25 W/m?-K. However, the airflow and temperature within the room
showed no significant changes despite modeling conduction through walls.

The effects of decreasing the ambient temperature from 22 °C to 14 °C were studied in
2D in an effort to represent cooler days. Similar temperature profiles were predicted and only
differed in magnitude. It was found that the neutral level height increased as the ambient
temperature decreased, and two neutral levels were found at the doorway at 14 °C. The heat
transfer rates at the doorway were calculated for each ambient temperature and it was found
that total heat transfer rate through the doorway increased with decreasing ambient
temperatures. The velocity vectors and streamlines in the room showed prominent circulation
zones, which increased in size with decreasing ambient temperature.

Three different wind speeds were modeled in 2D: 1m/s, 5 m/s and 10 m/s. Non-
dimensional velocity profiles for each case were similar. Non-dimensional temperature
profiles showed decreasing peak temperature as wind speed increased. Heat transfer rates at
the doorway were calculated. For the case where the wind velocity was 1 m/s, total heat
transfer rate was positive, that is, heat transferred into the room. Total heat transfer rate
increased with increasing wind speeds. While one circulation zone developed for the no-wind
case, two more circulation zones were created for wind speed of 5 m/s and 10 m/s. The
heated air was more distributed due to big circulation zones for high wind speeds, but there

was not a significant air exchange into and out of the room.

62



Lastly, the room with furniture was modeled using various ambient conditions in 3D. The
effects of additional heat sources and furniture were studied by comparing to the case with
only a heater (original) and another with furniture at T, = 22 °C. High temperatures and large
velocities were predicted in the vicinity of the heat sources; however the effect of the monitor
was relatively small because it dissipated heat at 35 W. Spatially averaged velocity and
temperature at various heights were compared between the original and furniture cases over 3
minutes. For both cases, the average velocity never exceeded the maximum recommended
velocity by ASHRAE guidelines [8]. The maximum recommended temperature was very
quickly reached because the ambient temperature was 22 °C. Overall, the solutions did not
change significantly despite additional heat sources because the effect of the heater was
much greater than other heat sources.

The room with furniture was modeled at a cooler condition, T, = 10 °C, to study the
effect of ambient conditions. Larger velocities and lower temperatures occurred due to the
cooler ambient temperature. In addition, the heated air exiting through the doorway did not
rise as significantly as that for T,, = 22 °C. Spatially averaged velocity for T,, = 10 °C was
approximately twice as large for T, = 22 °C. At T, = 10 °C, the average velocity was higher
than the maximum acceptable velocity by ASHRAE guidelines [8]. The room at y = 1 m and
1.5 m was able to achieve the maximum recommended temperature within 3 minutes.

A scenario for wind at 5 m/s was considered simultaneously with the low ambient
temperature (T, = 10 °C) for the furniture case, and was compared to the case without wind
at the same ambient temperature. The streamlines showed that the ambient air entered

through the doorway more smoothly, and cooled the room faster. The spatially averaged
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velocity exceeded the maximum acceptable velocity by ASHRAE guidelines, and average
temperature in the room was never able to achieve comfortable conditions.
5.2 Recommendations

CFD is a useful tool to model natural ventilation and has great potential in the building
energy industry to conveniently analyze the airflow and heat transfer in buildings. However,
much work is needed for better modeling and prediction of realistic flows, especially for
turbulent buoyancy flows. Natural ventilating buildings highly depend on weather, which is
often unpredictable. Further studies concerning the effects of ambient temperature, wind
speed, wind directions, and even moisture are recommended.

Building layouts are also an important factor that influences the air flow. The current
study only considered a room with a door, where the door was opened all times even during
cool conditions. Realistically, it is unlikely to open the door when the heater is turned on. It is
recommended to carefully choose the case that can represent realistic situations, and consider
multiple openings to study how each opening affects the airflow in the building. Also
additional openings (doors or windows) can be considered to study the cross ventilation in
the building.

The current study considered additional heat sources and furniture in the room, and
changes only in overall solutions were analyzed, where the difference in overall solutions
was insignificant. It is recommended to analyze the local changes due to additional heat
sources and furniture in the room.

In addition, solar radiation is an important factor for natural ventilation system, which

varies during the day and each season. The current study has not considered solar radiation,
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but it is recommended to model naturally ventilating buildings considering solar radiation for

the future work.
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