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ABSTRACT

Designing buildings to use energy more efficiently can lead to lower energy costs, while
maintaining comfort for occupants. Computational fluid dynamics (CFD) can be utilized to
visualize and simulate expected flows in buildings and structures. CFD gives architects and
designers the ability to calculate the velocity, pressure, and heat transfer within a building.
Previous research has not modeled natural ventilation situations that challenge common design
rules of thumb used for cross-ventilation and single-sided ventilation. The current study uses a
commercial code (FLUENT) to simulate cross-ventilation in simple structures and analyzes the
flow patterns and heat transfer in the rooms. In the Casa Giuliana apartment and the Affleck house,
this study simulates passive cooling in spaces well-designed for natural ventilation. Heat loads,
human models, and electronics are included in the apartment to expand on prior research into
natural ventilation in a full-scale building. Two different cases were simulated. The first had a
volume flow rate similar to the ambient conditions, while the second had a much lower flow rate
that had an ACH of 5, near the minimum recommended value Passive cooling in the Affleck house
is simulated and has an unorthodox wventilation method; a window in the floor that opens to an
exterior basement is opened along with windows and doors of the main floor to create a pressure
difference. In the Affleck house, two different combinations of window and door openings are
simulated to model different scenarios. Temperature contours, flow patterns, and the air changes

per hour (ACH) are explored to analyze the ventilation of these structures.
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Chapter 1 Introduction

The energy to cool and ventilate buildings is expected to grow, and with the energy increase
comes a rise in costs and a buildings carbon footprint. As more of the world develops into
economically strong regions, the amount of energy needed to ventilate buildings will increase
worldwide, as economically strong regions use 25 times more energy than impoverished regions.
With the increases in energy use and cost, it is important to design buildings to have ventilation

systems that are energy eflicient, cost effective, and mamtain occupants’ comfort.

1.1 Motivation

Energy usage in buildings for space cooling and heating has been increasing over time and
consequently, there is an additional cost increase. The cost to cool and ventilate buildings is
expected to increase more as the population of developing countries increases, and people in
economically strong regions of the world use 25 times more energy than the impoverished regions
[1]. The total energy consumption for space cooling is expected to increase in the United States
during the next three decades due to an increased migration to the warmer southern climates [2].
Natural ventilation can be utilized to decrease the amount of energy needed to heat and cool
buildings. Naturally ventilated buildings use 40% less energy than a mechanically air-conditioned
building [3]. It is most effective when the outdoor temperature is within thermal comfort levels.

While there are caveats to implementing natural ventilation, the principles can also be
applied to buildings that utilize mechanical ventilation. Surveys have shown that occupants have
a preference for open windows and natural light [4]. Natural ventilation has lower maintenance
costs and installation costs, and buildings that are designed for natural ventilation have a reduced

need for electrical and mechanical complexity and a reduced environmental impact. There is also



a connection to outdoor temperatures, which conforms to the occupant’s expectations of thermal
comfort. Natural ventilation is driven by wind around a building, which causes pressure
differences, temperature differences between the indoor and outdoor environments, and a
combination of both.

The projects in this study were conceived by Ulrike Passe, Associate Professor of
Architecture at lowa State University as an effort to study the flow patterns resulting from natural
ventilation. The rooms are designed for cross-ventilation and single-sided ventilation and match
common rules of thumb and are used to view the ventilation and flow through common structures.
The extension of this idea to simulate cross-ventilation in a real building that employs natural
ventilation principles, specifically the Casa Giuliana apartment, can be attributed to Prof. Passe.
The situation that will be simulated is a common scenario of a hot summer day where an apartment
is closed off from the outside until a person returns from work. A similar scenario will be simulated
in the Affleck House, a Frank Lloyd Wright home in the Midwest. The models and scenarios in
this study came about through collaboration with Prof. Passe and her graduate student, Suncica

Jasarovic, who provided the architectural CAD files.
1.2 Background

Natural ventilation is effective in improving air quality, thermal comfort, and reducing
energy consumption when utilized properly. It is most effective in climates where there is low
noise, low pollution, and where the outdoor temperature is within comfort levels. Appropriate air
velocities and thermal comfort levels can be found in ASHRAE standard 55 [5]. Air flow into
buildings can be driven by wind velocities, buoyancy, mixing, and temperature differences.

In the design of buildings that utilize natural ventilation, architects employ certain rules of

thumb. These rules originated in the Chartered Institution of Buildings Services Engineers



(CIBSE) in the UK BRE Digest [4]. The rules of thumb include recommendations for cross-
ventilation and single-sided ventilation. Cross-ventilation is expected to be effective with a depth-
to-height ratio (DH) of 5:1 and with an unrestricted flow path. For single-sided ventilation with
only one opening, the rule of thumb is a DH of 2. If there are two openings, this ratio is 2.5. While
it is unclear, it appears the rules of thumb are for moderate to high heat gains of 20-50 W/mé?. It is
expected that with lower heat gains, the buildings can be naturally ventilated irrespective of size.

Two principles that are important when designing buildings for natural ventilation are
thermal comfort and air quality. Recommendations for thermal comfort and maximum air
velocities are prescribed in the ASHRAE standard 55 [5]. Thermal comfort is determined from
conditions where 80% of the occupants find the environment acceptable. Moving air leads to an
increase in the acceptable temperature. The thermal conditions and corresponding temperatures
increase with air speed, and are summarized in Table 1.1 and Table 1.2 [5]. The upper limit of air

speed for light activity is approximately 0.9 mys.

Table 1.1. Thermal comfort conditions from ASHRAE Standard 55.

Lower Limit Upper Limit Lower Limit Upper Limit
90% acceptable 17.5°C 23.5°C 23°C 30.5°C
80% acceptable 18.5°C 24.5°C 26°C 31°C

Table 1.2. Increase in acceptable temperature due to moving air.

Temperature Increase

Air Speed (m/s) (°C)
0.6 1.2
0.9 1.8
1.2 2.2




Designing buildings using different methods to analyze thermal comfort and air flow
patterns can increase building efficiency and reduce ventilation costs. Approaches to model air
flow in and around buildings include experimental methods such as wind tunnel measureme nts
and field measurements; empirical and analytical methods; multi-zone and zonal methods; and
computational fluid dynamics (CFD). CFD can be utilized to help design and analyze cooling and
heating of buildings. For the purposes of this paper, the focus will be on CFD methods. CFD
methods allow for a low cost alternative analysis that can model the entire building and the velocity
and temperature fields within the building. A major advantage of CFD is the ability to visualize
the movement of air and the heat transfer patterns in the entire structure.

Several studies have used CFD to predict natural ventilation flows. Using single-sided
ventilation with one large opening, Park [6] measured heat transfer in a single room with a heater.
Other studies such as Asfour etal. [7] have investigated cross-ventilation within a small structure
using different sized rooms and wind angles. In Ayad, [8] cross-ventilation was studied and it was
found that upstream turbulence and the placement of openings have an effect on the interior room
velocity. Allocca et al. [3] simulated flow in a single-sided ventilated room and a building with
heat sources, and they found that the effects of buoyancy were higher at lower wind speeds around
the building and the effect decreased with higher wind speeds. The computational model used a
large domain, and Allocca et al. [3] found that convergence was difficult when buoyancy effects
were great.

There are few CFD investigations of full scale buildings, as large amounts of memory and
computation time are needed to complete the studies. In Stoakes et al. [9,10], passive cooling and

heating were investigated in the Viipuri Library and Esherick House. Stoakes et al. used windows



and doors as designated inlets and outlets to simulate the environment and the flow into the

building.

1.3 Objectives

The objectives of this study are to explore and simulate the ventilation of multiple
structures and to give recommendations to architects and engineers based on the results. Ansys
Fluent will be employed to model and simulate air flow patterns and heat transfer in structures that
utilize cross-ventilation and single-sided ventilation. Ventilation in simple structures will be
modeled using different sized rooms and different sized window openings and locations. A full-
scale apartment and house will also be modeled.

There are two simple structures that will be investigated in this study: a long room with
two openings representing windows on each side for cross-ventilation, and a short room with two
openings on one side for single-sided ventilation. The structures for cross-ventilation are designed
to have a DH of 5 to match the rule of thumb. Another structure will be modeled with a DH of 7,
to challenge the rule of thumb.

A combination of opening sizes will be used to investigate the effect of inlet and outlet
sizes on cross-ventilation. Three rooms will be used: Room 1.1, which has a small inlet and a large
outlet; Room 2.1, which has a large inlet and a small outlet; Room 1.3, which has a small inlet and
asmall outlet. Using these three rooms, passive cooling and passive heating will be modeled. The
effects of boundary conditions will be explored to find the differing flow patterns and heat transfer
in the rooms. The investigation will be done to find potential regions of stagnant or stale air,
examine the overall air quality, and to make recommendations in the design of rooms that utilize

cross-ventilation.



Single-sided ventilation will be investigated with two rooms: Room 2.1, which has
openings on one side of the room near the lower and upper walls, and Room 2.2, which has
openings on one side near center of the wall. The structures are designed to match a DH of 2.5 to
match the rule of thumb and a DH of 3 to challenge the rule. The air flow patterns and overall air
quality will be explored to make recommendations in the overall design utilizing single-sided
ventilation. A rectangular model for a human figure is included in Room 2.1 to examine the effects
on thermal stratification, air flow patterns, and air quality.

Full scale buildings will also be included in the study to model natural ventilation in real
buildings designed with natural ventilation potential. The first structure is an apartment from the
Casa Giuliana building in Italy. The apartment has a deck that is wind-facing and outlet windows
that are mostly unaffected by the outside, a very open interior layout, and is well designed for
cross-ventilation. The building is located near a lake, which drives a cool breeze into the town.
Passive cooling with and without furniture, human models, and heat loads will be modeled. The
overall climate and conditions of the region where the apartment is located, combined with the
layout of the apartment, match a situation where natural ventilation is expected to be effective.
Conditions late on a hot summer day, late at night after the exterior temperature has dropped, is
simulated to examine the efficacy of natural ventilation in a real building and in a situation that
challenges the effectiveness of natural ventilation.

A second building, the Affleck house, is a structure where passive cooling will be modeled.
The Affleck house’s main section is cooled with a window located in the floor that is above an
exterior basement that is shaded by the house. The air flow into the home will be analyzed to

determine the overall air quality in the house. The home is complicated and has many windows



and doors, and will be modeled with two different scenarios that are used to simulate normal
cooling situations.

The current study looks to expand upon previous studies of a full scale building by
modeling air flow into buildings using false surfaces to model areas where air flow is expected,
while not prescribing flow rate directly into the buildings. The false surface represents a location
in space where a physical boundary does not exist. An inlet is prescribed at a location where air
flow from wind is expected to exist. Also, heat loads are included in the Casa Giuliana apartment

to simulate a more realistic situation.



Chapter 2 Fundamental Principles

An overview of the principles of natural ventilation, the effect of a human heat load, and a

measure of air quality will discussed in this chapter.
2.1 Driving Forces behind Natural Ventilation

A major force behind natural ventilation is buoyancy. Buoyancy is driven by a temperature
difference between the indoor and outdoor density difference. When buoyancy is the dominant
force, the flows will have an upward flow, as hot air moves upward and cold air replaces it
underneath. When the temperature difference is smaller, leading to a reduced buoyancy force, the
flow is downward, as air moves from top to bottom [11]. Once there is a negligible temperature
difference, the stack pressure is reduced to near zero and buoyancy effects are less pronounced.

Buoyancy effects are determined by the ratio of buoyancy forces to viscous forces, known

as the Grashof (Gr) number:

ATI®
or = 98 :
14

(2.1)
where g is gravity, S is the thermal expansion coefficient, AT is a temperature difference, |is a
length scale, and v is the kinematic viscosity. Transition to turbulent flow approximately occurs
when the Rayleigh (Ra) number is Ra = 10° [12]:
Ra = GrPr
2.2)

where Pris the Prandtl (Pr) number:

Pr =

RIS

(2.3)



and o is the thermal diffusivity.

Wind-driven flow is due to a pressure difference between the openings. In cross-
ventilation, the pressure difference is often created by wind on the windward side. The flow creates
a higher pressure on the windward side of the building and a lower pressure on the leeward side,
driving flow from windward to leeward [13]. Other driving forces in wind-driven flow are
turbulence effects and the opening size. The effect of wind-driven flow is measured using the
Reynolds (Re) number:

Vi
Re =P7*
m

(2.4)

where p is the density, V is a velocity, and p is the fluid dynamic viscosity.
Most flows have a combination of buoyant forces and wind driven forces. The relationship
Gr/Re? is used to determine the dominant effect. If Gr/Re? <<1 buoyancy effects are negligible,
Gr/Re? >>1 buoyancy effects are dominant, and Gr/Re? ~ 1, the effects can be determined as mixed

conditions.
2.2 Human Heat Load

An important aspect of designing for natural ventilation is whether the design can handle
heat loads and specifically human heat loads. Analysis of human heat loads has been done
previously for HVAC purposes and for natural ventilation. Craven and Settles [14] used
experiments to obtain images and temperature stratification in a room and compared the data to
CFD results. While the human thermal plume is due to radiation, convection, evaporation, and
respiration, Craven and Settles [14] modeled the human using only a heat flux. The results were
comparable between experimental and CFD results, and both showed a thermal plume above the
head and thermal stratification throughout the room. Using only a heat flux in the thermal model
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is more efficient than including a radiation model. Also, Stamou and Katsins [15] showed that in
experimental and computational studies of a human in mechanically-ventilated and naturally-
ventilated rooms, there exists a thermal plume and air flow impinges on the ceiling above the
human.

An overview of heating and cooling for buildings can be found in [16]. Various metabolic
rates for different human activities can be found. A standing average sized male, corresponds to a

metabolic rate of approximately 160 W total, with 75 W from sensible heat.
2.3 Rules of Thumb

Architectural design for natural ventilation is determined using rules of thumb from CIBSE
BRE [4]. These rules are used for moderate to high heat gains of 20-50 W/m? and are used to avoid
summertime overheating and to make sure the structure has reasonable air distribution. While there
is little explanation or research connected to the rules of thumb, Edwards [17] investigated their
origins and found that the conditions and assumptions made for the rules of thumb are not well
defined. In a study of single-sided ventilation, Walker and White [18] found that air speeds and
unmixed air from the exterior of the building can penetrate deeper than the generally accepted
depth of 6 meters, and that the fresh air was distributed throughout the structure.

The general rules of thumb are for cross-ventilation and single-sided ventilation. For cross-
ventilation the rule is a depth-to-height ratio (DH) of 5:1. For single-sided ventilation with one
opening the ratio is 2:1 and with two openings it is 2.5:1. The rules have a depth-to-height ratio
because it is expected that with increased floor to ceiling height, the temperature is more stratified

and pollutants are lifted above the occupied space.
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2.4 Air Quality

A measure of air quality in aroom or space and an often used rule of thumb for ventilation
design is the air change rate (ACH). The ACH is the volumetric flow rate into a room divided by
its volume and is most commonly used as air changes per hour with units of 1/hr. The ACH can
be used to determine the overall air quality of a room and whether it meets the expectations of
ASHRAE with a minimum of 0.35.

Effective heat removal from a space is a requirement to ensure ventilation. In [19], the
ACH to remove heat is approximately 2-15. A minimum of 2 air changes per hour is used as a

general rule to ensure a room or space does not overheat due to the heat loads.
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Chapter 3 Numerical Methodologies

The numerical approach that the physical solution will use is explained in this chapter.
Fluent 14.5 [20] is used for all simulations. The governing equations, a non-dimensional approach,

and a grid resolution study will be presented in the following chapter.

3.1 Governing Equations

Computational fluid dynamics solves partial differential equations that describe the
movement of a fluid. The velocity and temperature are solved with the three-dimensional Navier-
Stokes equations and the energy transport equation. The equations use a finite volume of fluid and
apply basic laws for mass, momentum, and energy. The partial differential equation for

conservation of mass is:

ap _
E‘FV([)V)— 0

(3.2)
where t represents time, p is density, and ¥ is the velocity vector:
V=ui+ vi+ wk
(3.2)
where V in a Cartesian coordinate system is:
d 0 d .
V= it 3y j+o-k
3.3)
The conservation of momentum is:
0 L, -
a(p7)+v- (pVV)=-Vp+V-T+pg
(3.4)
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where p is static pressure, T is the stress tensor, and g is the gravitational body force vector. The

first term on the left side is the unsteady term and the second is the momentum convection term.

For a Newtonian fluid 7 is:
T= p[(VV+VPT)]
(3.5)
The buoyancy effects are solved using the Boussinesq model. This approximation is valid
because temperature and velocity differences are small, so the density differences are small. The

thermal expansion coefficient, f, is:

1(0_p) _1po—p
14

b==\ar), ® ot =T
(3.6)
The Boussinesq approximation can be represented as:
(po =p) = poB(To—T)
3.7)

where p, and To are reference values. Using these equations, density is solved and substituted into
(3.4). Other density terms are constant and equal to p,.

Conservation of energy equation is:
a — — —3 — — - —>
5% (PE)+ V- [VWE+D)| =V ko VT+ V- (T, V) + S,

(3.8)
where E is the total energy and Kest is the effective conductivity, which is the sum of the fluid
thermal conductivity and the turbulent thermal conductivity. The second term from the right is
included as the viscous heating term and S, is for volumetric heat sources. The total internal energy

of the fluid is:
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E=h——+—

(3.9)

where h is the sensible enthalpy:

T

h = fcpdT

TO
(3.10)
and To is the reference temperature and cp is the constant specific heat. The final forms of the

incompressible conservation equations are:

V-V=0
(3.11)
W 797 = — 0+ 02 4§ - p(r — T3
- PR g 0
(3.12)
aT
—+V VT = aV?T
Jt
(3.13)

3.2 Non-Dimensional Equations

The equations are non-dimensionalized to assess the importance of each term in the
governing equations. This is done using |, uo, and p with all the variable and a superscript * will

indicate the non-dimensional quantity:

(3.14)
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Equations 14-19 are substituted into 11-13 to produce a non-dimensional set of equations.

VeV =0
W 7 T = —Tp s o7 1 g — e
at* B p Re Re?
ot* " RePr
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(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)



3.3 Turbulence Models

Most indoor airflow has been found to be turbulent [3] and therefore must be modeled in
CFD. The standard k-¢ model has been found to be sufficient for natural ventilation flow fields
[21], while the realizable k-& model is recommended in Fluent. The realizable k- satisfies
mathematical constraints on the Reynolds stresses that the standard k-e model does not. The
transport equations are:

a — — —1 —3
a(pk)+v-(pkv)= V-[(,u+%)VK]+Gk+Gb—p€—YM+Sk

&

(3.23)

and

2

€

500 +7- (pe7) = V- [(s+ 2 Be] + pesi+ o,

(3.24)
where Gk is the production of turbulent kinetic energy due to mean velocity gradients, Gy is the
generation of turbulent kinetic energy due to buoyancy, Ym is the contribution of of the fluctuating
dilation in compressible turbulence, and S is the source terms. The constants and source terms are

defined as:

Ui
Cl = max [043,m:|

(3.25)
n=5<
(3.26)
S= [25;8,
(3.27)
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and the constant are summarized in Table 3.1.

Table 3.1. Constants for the Turbulence Models used in Fluent

Cie 1.44
C, 1.9
Oy 1.0
O 12

3.4 Discretization Methods

The pressure-based Navier Stokes (PBNS) solver is used in this study. Fluent uses a finite
control volume approach and the dependent variables are solved at the center of each cell. The
variables at the center are used at the cell faces to compute fluxes. The semi-implicit method
SIMPLE is used to couple pressure and wvelocity. In the current study, a second-order upwind
scheme is used to solve momentum, energy, and turbulent Kinetic and dissipation rate. The second-
order upwind scheme uses a Taylor expansion of the upstream cell about the cell-centered data.
The least squares cell based (LSCB) and PRESTO! spatial discretization are used for the gradient
and pressure, respectively. Time is discretized using a first-order implicit method.

The SIMPLE algorithm is the PBNS solver used in the current study to couple pressure

and velocity. The SIMPLE algorithm uses agiven pressure field, p*, to solve the velocity field ¥7*.
The final solution for the velocity field must satisfy the continuity equation. The final velocity

field and pressure are:

(3.28)
p=p+p

(3.29)
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where V' and p’ are the velocity field and pressure correction, respectively. The solution for the

velocity field is:

7=y AT -

- T4, l T pPlp
(3.30)
where Ap and A are coefficient from the discretized momentum equation. The subscript P
represents the cell being solved and | represents the neighbor points. The velocity fields and

pressure are updated using Egs. (3.28) and (3.29) once the velocity and pressure have been

corrected [22].
3.5 Grid Resolution

A grid resolution study was used to determine the appropriate grid for natural ventilation
purposes. Previous natural ventilation studies using large and small scale models [6,9,10] were
used to get an appropriate range of cell sizes. The room used in this study is shown in Figure 3.1.
The room is approximately 3 m x 3.25 mx 3 m. Initially, the room is at 36.85° C. The two openings
in the room represent a door and window, where the door is specified as a velocity inlet and the
window as a pressure outlet. The conditions at the inlet are a velocity of 2 m/s and a temperature
at 16.85° C. The outlet is specified as zero gauge pressure. To achieve a temperature distribution
through the room at steady state, the ceiling is held at a temperature equal to the initial temperature

of 36.85° C. All other walls are designated as non-slip walls and are adiabatic.

18



Wall

Figure 3.1. Geometry used to simulate natural-ventilation to define the proper grid.

The proper grid resolution was determined using multiple uniform grids of different cell
volumes and the results are shown in Figure 3.2. The uniform grid distributions used were 3 cm,
4 cm, 5cm, 6 cm, and 10 cm. The temperature profile and the u-velocity and v-velocity profiles
are shown in Figure 3.2a, b, and c respectively. To compare temperature and velocity profiles, a
vertical line 0.3 m from the center of the window was used. While the overall profiles were
captured throughout the middle portion of the room for all cell sizes, the recirculation zone at the
bottom (near y=0 on Figure 3.2b and c) was not captured with the coarse grids (10 cmand 6 cm).
The medium grid (5 cm) did capture this zone, but did not match the solutions of the fine (4 cm

and 3 cm) grids. The fine grids converged to a similar solution.
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Figure 3.2. Profiles at 0.3 meters from the center of the window for (a) temperature (b) u-velocity and (c)
v-velocity

In an effort to minimize the computation time while maintaining the integrity of the results,
a hybrid grid was utilized and can be seen in Figure 3.3. The region where the coarse grid did not
provide accurate results was in a region 1 m from the wall. At the wall, a grid resolution of 3 cm
was used. There was a uniform increase from the wall to 1 m from the wall. At one meter from the
wall and throughout the middle region of the interior, a uniform 10 cm grid distribution was used.

The compression added along the walls allow a coarse grid to be used in the regions where it was
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appropriate while using refined cells near the walls to capture the recirculation zones near the wall.

The physical walls are meshed and are about 0.2 m thick, but are designated as adiabatic.

T BT BT R S e
0 0.5 1 1.5 2 25 3

Figure 3.3. Side view of the hybrid mesh showing the compression near the walls. The walls surrounding
the interior zone have a cell size of 10 cm, unless affected by the compression within the room.

The results for the hybrid grid were very similar to the results for the fine grids and are
compared in Figure 3.4. The middle region, where the uniform coarse mesh was used, has
approximately the same profile as the fine grids. The hybrid grid is adequate for regions farther
from the wall, even with coarse cells. The regions near the wall where the recirculation zones occur
are also well represented by the hybrid mesh thus the hybrid mesh resolves the wall regions using

arefined mesh that uniformly increases to a coarse distribution throughout the middle region. As
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the structures used to simulate ventilation in simple structures are large, this will dramatically

decrease computation time while providing accurate results over the flow field.
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Figure 3.4. Results comparing the profiles for (a) temperature (b) u-velocity (c) v-velocity

The absolute error of u and v velocities for each grid was used to quantify the error with
the chosen mesh. The absolute errors can be seen in Table 3.2. The solution was determined from
the fine mesh, 3 cm. As the cell sizes decreased, from 10 cm to 4 cm, the absolute error decreased
as well. The coarse mesh had an absolute error of 18% and 17% for the u and v welocity
components, while a mesh with cell sizes of 4 cm had absolute errors of 7% and 5% for the velocity
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components. Using the hybrid grid, which has a near wall cell size of 3 cm and a cell size of 10

cm a meter away from the walls, the u and v velocity error was 5% and 3%, respectively.

Table 3.2. Absolute error for the u and v velocity components.

Grid mesh Absolute Error %
u component v component
10 (cm) 18 20
6 (cm) 17 18
5 (cm) 15 15
4 (cm) 7 5
Hybrid 5 3

The law of the wall for the hybrid grid was used to ensure accurate solutions. The

dimensionless wall distance, y* [20] is:

(3.31)
where u, is the friction velocity, y, is the distance from the wall to the node, and v is the kinematic
viscosity. Fluent [20] recommends the first cell is located within the log-log layer, 30 < y*< 300.
At the wall, there is a cell size of 3 cm. At this location the majority of cells are within a range of

40 < y* <120, while a very small range of 0.2 mis between 20 < y* < 30.

3.6 Mesh Generation

The geometries used in the simulations were provided by colleagues at lowa State
University. The files were received as SAT format and imported into Ansys ICEM. The meshes
were built in ICEM and then exported to Fluent. They were built by using blocking to get a
reasonable imprint of the fluid interior of the structures. The small structures used the hybrid grid,

with all walls receiving compression. The mesh for the larger buildings were built to have an
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average cell length of 10 cm, which was appropriate for the flow profiles. A more complex grid

for the full-scale buildings was not possible due to the size and complexity of the buildings.
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Chapter 4 Cross-Ventilation

In this chapter, cross-ventilation is predicted in a simple structure with openings on
opposing faces. Cross-ventilation is predicted for passive cooling and passive heating using three
different combinations of opening sizes. Two different combinations of boundary conditions are
modeled: a velocity inlet and pressure outlet and both pressure boundaries. The velocity inlet
simulates wind-driven flow, where ventilation is driven by a combination of forced air and a
temperature difference between ambient and internal air. Pressure boundaries simulate a condition
with quiescent ambient air and ventilation is driven by the temperature difference. The
effectiveness of cross-ventilation is determined by comparing flow patterns, temperature contours,

and the ACH for each case.

4.1 Geometry and Conditions

Cross-ventilation is modeled using three different base rooms shown in Figure 4.1. These
rooms have different combinations of opening sizes that represent windows at opposite walls. The
room configurations and dimensions were recommended by Prof. Passe to demonstrate the
importance of the rules of thumb. Room 1.1 has a small inlet and a large outlet, Room 1.2 has a
large inlet and a small outlet, and Room 1.3 has a small inlet and outlet. The rooms are
approximately 3 m tall by 3 mwide by 15 m long, corresponding to the 5:1 depth-to-height ratio
(DH) from the rules of thumb for cross-ventilation and to test the effectiveness of the rule, a room
with a DH of 7 is modeled for rooms 1.2 and 1.3. The windows are placed in the middle of the
walls. The smaller opening is 1.05 m by 0.9 m and the larger opening is 2.1 m by 1.8 m. The

conditions are similar to a set of case studies from Ghass and Allard [1].
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(@ Room 1.1 (b) Room 1.2 (c) Room 1.3

Figure 4.1. Base rooms used for cross-ventilation. Dimensions in m.

Velocity inlets and pressure outlets are used to model wind-driven cross-ventilation flow
for both passive cooling and passive heating. There is an initial 4 °C temperature difference
between the interior and ambient conditions for cooling and heating cases. All wind-driven cases
with a velocity inlet are simulated as transient until steady-state is reached. The time step is

determined from the stability criterion using the Courant-Friedrichs-Levy (CFL) number:

CFL = VAt
T AX

(4.1)
where V is a velocity, usually assumed to be the inlet velocity, Ax is the minimum cell size, and
At is the appropriate time step. To maintain stability, the CFL number should be near or below
unity. Convergence is determined when a majority of time steps reached residuals of 10-6.

When using pressure boundaries for all openings, convergence and stability are more
difficult to determine. The convergence criterion is decreased to 10-° for the continuity equation.
An adaptive time step is used to decrease simulation time, increase convergence, and allow for the

time step to be larger when possible.
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A steady-state solution was difficult to achieve using pressure boundaries from a fully
transient simulation, so different strategies were utilized to reach steady-state. When possible, a
fully steady-state simulation was run to convergence criteria of 10-6. If the steady simulation did
not converge to the appropriate criteria, the steady simulation was continued for a number of
iterations, and then changed to run as a transient case. The transient time steps converge to 106,
and steady-state was determined by either a steady volume flow rate or a quasi-steady volume flow
rate where the solution was time-averaged over a period.

Results from simulations show symmetry across the mid-plane in the z-axis. A comparison
between the results using a full geometry and a half geometry indicated a symmetric boundary was
appropriate. These results can be seen in Appendix A. The half geometry is used to reduce
computation time as the number of cells is decreased by 50%. Adiabatic walls are also used to
decrease computation time and the meshed wall zones are not included in the simulation.

The simulation for Room 1.1 did not converge to the criteria as the other two rooms did.
Convergence is difficult to achieve due to backflow, presented in Figure 4.2, at the pressure outlet
and was greatly increasing simulation time preventing the desired computational accuracy. The
backflow does not allow the solution to converge to the same criteria as the other simulations and
leads to a less accurate result. To remedy the problem, a “false room” is added to the end of the
room with an exit equal to the size of the inlet. A comparison of the geometries is shown in Figure
4.3. The added false room alleviates the convergence problem and the simulation subsequently

successfully reaches steady state.
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Figure 4.2. Velocity profile at the outlet of Room 1.1

(@) Room 1.1 (b) Room 1.1 (false room)

Figure 4.3. Geometry for (a) Room 1.1 and (b) Room 1.1 with a false room

The results for Room 1.1 and Room 1.1 with a false room are shown in Figure 4.4,
represented with temperature contours and streamlines, at 300 seconds. The major flow features
in the two geometries are similar, with a minor difference atthe outlet. The simulation for Room
1.1 did not converge and contributes to an inaccurate solution. For future reference, the geometry

with the false room is used for Room 1.1.
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(b) Room 1.1 with False Room

Figure 4.4. Temperature contour with overlaying streamlines for Room 1.1.

The results for Room 1.1 and Room 1.3 are extremely similar. The results at 300 seconds
for Room 1.3 can be seen in Figure 4.5 and the results for Room 1.1 are shown in Figure 4.4a. The
flow patterns and temperature stratification throughout the rooms were nearly identical. The
similarity of the results showed that the flow patterns and thermal stratification are dominated by
the inlet size and not the outlet. This allowed further simulations to only be run on Room 1.3. This

reduces the amount of cases to run and subsequently the total computational time for the study.

Figure 4.5. Passive heating temperature contours and overlaying streamlines for Rom 1.3.

4.2 Results for Passive Heating and Cooling in Cross-Ventilation

Passive heating and cooling are simulated using a velocity inlet and a pressure outlet. Two
different velocities are specified: 0.5 m/s and 5 m/s. The relationship between buoyancy effects
and viscous forces is presented in Table 4.1. Ventilation for the low velocity cases was mixed,

with both buoyancy forces and forced air effects influencing the flow patterns. The relationship
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Gr/Re? is near unity, which is an indication of mixed flow. The medium velocity cases are forced

air dominated, with Gr/Re? much less than unity, indicating that buoyancy effects are negligible.

Table 4.1. Cross-ventilation Reynolds and Grashof numbers and the relationship between buoyancy and

forced flow
Room Velocity Re Gr Gr/Re?
0.5m/s 5.77x10* 3.17x10° 0.95
Room 1.2
5m/s 5.77x10° 3.17x10° 0.0095
Cooling
0.5m/s 2.89x10* 4.00x108 0.48
Room 1.3
5m/s 2.89x10° 4.00x108 0.0048
Room 1.2 0.5 m/s 5.62x10* 3.00x10° 0.94
Heating
Room 1.3 0.5m/s 2.81x10* 3.70x108 0.47

The buoyancy effects can be seen when the warm, less dense air rises above the cold,
denser air. The time-sequences of temperature with overlaying streamlines at the mid-plane in
the z-axis are shown in Figure 4.6. When low speed flow is modeled, the effect of buoyancy can
be easily viewed over time, as the warm ambient air moves into the room (t1). The warm air
moves through the upper region of the room towards the outlet (t2). The larger opening in Room
1.2 warms the air significantly faster and fills the entire room with warm air, while the smaller

opening in Room 1.3 has a smaller warm air field and is not as effective in filling the room (ts).
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Figure 4.6. Buoyancy-driven flow for passive-heating in cross-ventilation comparing temperature and
streamlines: t; = 10s, t, = 60s, t; = 600s

The comparison of Grashof and Reynolds number using Gr/Re? for Room 1.2 and Room
1.3 are 0.95 and 0.475 respectively. The steady-state results in Figure 4.7 show this small
difference very well with velocity wvectors and streamlines. While both rooms have mixed
conditions, the effects due to buoyancy in Room 1.2 are greater. Over time, shown previously in
Figure 4.6, the warm air moving into the room impinges on the ceiling closer to the inlet. This
effect remains throughout time and is apparent in the steady-state results. Both rooms have
recirculation zones above and below the incoming flow, but the location and size of the
recirculation zones are different. In Room 1.3, the upper zone is much larger than the lower, and
the zones are a distance about one-third of the room length downstream of the inlet. In Room 1.2,
the recirculation zones are near the inlet and are much smaller than those of Room 1.3. The warm
ambient air moves into the room and impinges on the ceiling earlier in the flow, as the contribution
of the forced air effects are lower. This effect remains even when the room is at a constant
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temperature. As the recirculation zones are close the inlet, the ambient air appears to “fill” the
entire room. The flow patterns presumably allow for better ventilation of the entire space than with

the smaller opening in Room 1.3.
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Figure 4.7. Steady-state flow fields for passive heating represented by streamlines and vectors in cross-
ventilation with a low inlet velocity.

Passive heating and passive cooling have extremely similar results. Passive cooling is
shown in Figure 4.8 and Figure 4.7a for passive heating (Room 1.2). The resulting streamlines are
the same but they are flipped about the midplane of the y-axis. The cooling effect has a larger eddy
at the lower portion of the room, while passive heating has the same size eddy at the upper half of

the room. Opposing the larger eddy is a smaller eddy on the other side of the inflow.
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Figure 4.8. Steady-state flow fields for passive cooling for a low inlet velocity. Room 1.2

The difference between mixed flow and flow dominated by forced air are most visible
when comparing inlet velocities. A velocity of 0.5 m/s corresponds to a Gr/Re? = 0.951, which is
a mixed condition (Room 1.2). A velocity of 5 m/s corresponds to Gr/Re? of 0.00951, which has
very weak buoyancy effects and is dominated by the air velocity (Room 1.2). The results are shown
in Figure 4.9 for Room 1.2 represented with velocity vectors and streamlines. As previously

explained for Figure 4.7a, a flow that has mixed effects has a very large eddy near the upper wall
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of the room during passive heating and a smaller eddy near the lower wall. When the flow is
dominated by forced air, eddies above and below the incoming flow appear to be very equal in

size and are generally equally distributed.
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Figure 4.9. Steady-state flow fields for passive heating represented by streamlines and vectors for medium
velocity inlet conditions for Room 1.2.

Air quality can be determined by the air change rate (ACH), which measures the amount
of volume changes the room has per hour. A minimum of 0.35 ACH is recommended [23] to
maintain air quality of a room. To remove heat, a minimum of 2 ACH is needed [19]. Using
velocity inlets with a 0.5 m/s and 5 m/s velocity, cross-ventilation is very effective at removing
heat and maintaining air quality in a room. The velocity of the ambient external air is difficult to
model as the real conditions change over time and would not have a constant velocity over the
entire surface for an extended period of time, but 0.5 nVs is a velocity within comfort standards
and is a reasonable air velocity in a room. However, 5 m/s leads to an uncomfortable environment,
and the ACH corresponding with 5 nvVs is unreasonable to achieve while keeping the room

comfortable for the occupants. The ACH is presented in Table 4.2.

Table 4.2. ACH for forced air conditions in cross-ventilation

Room Room 1.2 Room 1.3
Inlet Velocity (m/s) 0.5 5 0.5 5
Volumetric Flow Rate (m?/hr) 6804 68040 1701 | 17010
ACH (1/hr) 48 480 12 120
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4.3 Investigation of the Effect of Different Boundary Conditions

The previous results modeled flow with a velocity inlet and a pressure outlet. It is difficult
to equate the velocity modeled with a meteorological wind speed outside the room as the current
models that equate the two are derived empirically and are for specific circumstances. The
velocities chosen were compared to an analysis in [1] for an ACH study as a reference. Cross-
ventilation will be simulated with both openings as ambient pressure boundaries, which effectively
models cross-ventilation when the ambient air is stationary. The corresponding airflow represents
the minimum air velocity when temperature differences exist between the exterior and interior air.

The air flow using a velocity wversus pressure boundary conditions produce different
patterns and effects, shown with instantaneous temperature contours and streamlines in Figure
4.10. While forced air has a large and well defined flow field moving from the inlet to the outlet,
the openings with pressure boundaries induce air flow patterns that are less organized. A specified
velocity inlet forces air from one opening to the other. Pressure boundaries allow the flow to
develop based on the temperature differences and other pressure differences, based on opening
size. The eddies and recirculation zones with forced air appear at locations along the inflow and
where large temperature gradients exist. With pressure boundaries, shown in Figure 4.10b, the
recirculation zones appear throughout the flow field, not necessarily corresponding to the inflow

or the temperature gradients in the room.
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(@) Velocity inlet (b) Ambient pressure inlet

Figure 4.10. Time sequence of passive cooling represented with temperature contours and streamlines for
Room 1.2.

In Room 1.2 at steady state, shown in Figure 4.11a, the flow moves from the larger to the
smaller opening. There is inflow and outflow at both openings, but the dominate flow is inflow
from the large opening into the space, with mixing downstream. A large eddy reaches
approximately halfway into the space from the larger opening. The maximum velocity is
approximately 0.35 mys and occurs at the inlet. The second half of the space, near the small
opening, has very low moving air and air exchange in this region is predominately due to mixing.

Room 1.3, which has equal sized openings, is effectively split into two different sections
at the mid-plane in the x-direction by vertical streamlines, shown in Figure 4.11b. The flow
patterns are the same in each half. Each opening has equal inflow and outflow and there is no

exchange between the windows or the two halves of the room. A large recirculation zone exists in
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each half, with air moving in from the top of the opening towards the lower portion of the room.
The inflow mowves up the center of the room and recirculates throughout one-half. The room has
no pressure difference between the two openings, leading to no exchange between the two sides
in the x-axis. Without the pressure difference between the openings, each half of the room is
effectively ventilated with single-sided ventilation and only one opening. The case with no
pressure difference assumes stagnant air on both sides, no temperature difference between
openings, and no pressure difference due to turbulence effects or any other effects. The case can

be referred to as the limiting case.

.25 mis

(b) Room 1.3

Figure 4.11. Steady-state flow fields represented with streamlines and vectors.

4.4 Investigation of the Rules of thumb

The rules of thumb were investigated by comparing the results of two rooms with depth-
to-height ratios (DH) of 5 and of 7. The 7:1 ratio is larger than the recommended size of a room
where cross-ventilation is reported to be effective. Comparing the two cases for Room 1.2 (refer
to Figure 4.11a for DH =5), the flow patterns for a DH = 7 are very similar and can be viewed in
Figure 4.12. The main difference is in the extended region, where the area is dominated by a low
velocity field and ventilation is due mostly to mixing. The extended section includes a larger region
where the air exchange between the ambient air and the interior air is low. The larger low velocity
region has the potential to have air that is less fresh than the rest of the room, but does not show

any other major difference when the rule of thumb is broken.
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Figure 4.12. Steady-state flow fields represented by streamlines and vectors in Room 1.2.

The resulting flow patterns in Room 1.3 in the two rooms with a DH =5 (Figure 4.11b)
and 7, shown Figure 4.13, are very similar as well. In these cases, the difference between the flow
patterns is the eddy that forms on either side of the room is extended in the larger room. The focus
of the eddy is at approximately the same location. The flow extends towards the center of the room,
but does not cross that location. The air velocity within the room is the same in both sized rooms.
The region in the middle section of the room has very low speed air in the larger structure and

leads to a larger area where mixing is dominate.

Figure 4.13. Steady-state flow fields represented by streamlines and vectors in Room 1.3.

The ACH is used to compare the overall air exchange rates in the rooms. As previously
discussed, air quality is acceptable if the room has an ACH above 0.35, while heat removal is
predicted to be sufficient with an ACH above 2. Both Room 1.2 (DH =5 and 7) and Room 1.3
(DH =5) have inflow and outflow at both openings, presented in Figure 4.14 Figure 4.15. The
volumetric flow rate was determined using the inflow at both openings, where the sum of the
inflow corresponds to the volumetric flow rate into the structure. The velocity was assumed to
have a constant profile across the opening. The integral of the velocity profile into the room was

multiplied by the area where the inflow occurs. Room 1.3 had equal inflow at both openings and
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the total volume flow rate is twice one opening. The velocity profile is shown in Figure 4.15 for

Room 1.3.
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Figure 4.14. Flow patterns at the inlet and outlet for Room 1.2.
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Figure 4.15. Flow patterns at the inlet for Room 1.3. DH =5

The calculated ACH is shown in Table 4.3. In Room 1.2, both room sizes have adequate

air exchange. The room experiences cross-ventilation even without forced air at either opening.
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The flow is due to the pressure difference between openings and the temperature difference. The
flow rate for both size structures is nearly equal and the difference between the ACH is due to the
larger volume. The ACH for the room with a DH = 5 and 7 for Room 1.2 are 9.7 and 8.0,
respectively. The air exchange in these rooms is high enough to adequately remove heat and to
have fresh air. In Room 1.3, there is no pressure difference between the openings and the exchange
is due to the initial temperature difference. Without a pressure difference between the openings,
the air flow does not exchange between halves of the room. The overall ACH for DH of 5 and 7
are 1.8 and 1 respectively. While these values are high enough to maintain air quality, they are not
high enough to remove heat adequately. Heat from any heat loads in the room would be expected

to remain in the occupied space and would lower thermal comfort conditions in the room.

Table 4.3. ACH for cross-ventilation with pressure boundaries

Room Room 1.2 Room 1.3

Room ratio, DH 51 71 51 71
Volumetric Flow Rate (m3/hr) 1368 1368 252 | 208
Volume (m?) 141 171 141 171

ACH 9.7 8 18 1
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Chapter 5 Single-Sided Ventilation

Single-sided ventilation is one method that is used to ventilate a space. In this chapter, a
simple room with two windows on one wall will be used to simulate single-sided ventilation. Two
configurations will be used. The first has windows near the ceiling and the floor and the second
has windows in the middle of the wall vertically. A representation of human in the form of a
rectangular cuboid with a heat flux on its surface will be used to observe the effects a human heat
load has on single-sided ventilation. The simulations for single-sided ventilation show the flow

patterns and the heat transfer in a room that uses single-sided ventilation.

5.1 Geometry and Conditions

Air flow patterns and heat transfer in a room that is expected to be naturally ventilated
using single-sided ventilation (SSV) with two openings is modeled in the rooms shown in Figure
5.1. The two geometries are 3 m x 3 m x 7.5 m, which matches the depth and height corresponding
to the rule of thumb, which is a DH =2.5. The window placements are h1=0.3 m, h,=1.85m, h3=0.3
m, and h3=1.075 m. Two rooms are modeled; the first has windows near the top and bottom walls
(Room 2.1), and the second has both windows near the center of the wall (Room 2.2).

Passive cooling was modeled using the lower opening as a velocity inlet at 1 m/s and an
initial temperature difference of 4 °C. The velocity was chosen as an upper limit of comfort. The
lower opening was used as the inlet initially to model cool air entering the lower opening when
the exterior air is cooler than the internal temperature so that hot air moves out the top opening.

Pressure boundaries are also modeled to simulate air flow patterns without specifying an inlet.
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Figure 5.1. Rooms modeled with single-sided ventilation.

5.2 Results for Passive Cooling Simulations

Instantaneous passive cooling results are shown in Figure 5.2 with temperature contours
and streamlines for Room 2.1. In Figure 5.2a, the flow moves in and along the bottom wall and
recirculates through the entire room. As the incoming flow reaches the far wall presented in Figure
5.2b, a large eddy forms in the lower region of the room, with a smaller eddy above the incoming
flow. The lower eddy continues to grow over time and remains at steady state as a large
recirculation zone (Figure 5.2d), while the incoming flow moves from the inlet to the outlet. The
smaller eddy near the outlet persists over time (Figure 5.2b, Figure 5.2c) but diminishes at steady
state (Figure 5.2d) and flow is able to move smoothly from one opening to the other. The room
cools fairly quickly and is at a nearly uniform temperature after only 5 minutes. The flow patterns
are steady after 7.5 minutes and there is a uniform temperature and a large recirculation zone in

the room.
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Figure 5.2. Instantaneous temperature contours for passive cooling with overlaying streamlines for Room
2.1

Passive cooling over time is represented with contours and streamlines for Room 2.2, shown in
Figure 5.3. The cool air moves through the center of the room and initially cools the middle and far region
of the lower half of the room (Figure 5.3a), while a pocket of warm air remains near the inlet. Over time
the flow is represented by three recirculation zones (Figure 5.3b), two small ones near the inflow and a
large eddy at the far wall. The large eddy reduces over time and the lower recirculation zone becomes the

dominant flow in the room. The flow is represented by two small eddies above and below the incoming
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flow (Figure 5.3c). As the temperature gradient in the room reduces, the cool inflow no longer attaches to
the lower region of the room, but moves from the lower opening up and into the larger recirculation zone
(Figure 5.3d). At steady state a small eddy persists near the outlet. When comparing the flow patterns of
Room 2.1 (Figure 5.2) and Room 2.2 (Figure 5.3), this small eddy near the outlet appears to reduce the

effectiveness of natural ventilation in the room.
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Figure 5.3. Instantaneous temperature contours and streamlines for passive cooling in Room 2.2.

The steady state flow is shown in Figure 5.4 for Room 2.1 and Room 2.2, represented with

velocity vectors and streamlines. In Room 2.1, with the openings that are farther away, the flow is
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characterized by a large eddy above the incoming flow. The incoming flow moves from inlet to
outlet, and recirculates through the entire room. The majority of the flow is characterized by
smooth low speed flow from inlet to outlet. In Room 2.2, where the openings are close together,
the incoming flow moves toward the upper part of the room and is entrained into the large eddy.
The majority of the room has low speed flow moving into the large eddy except for a small eddy
that forms above the main flow. The room with windows farther apart has smoother flow form the
lower opening to the upper opening, which presumably leads to more fresh air and less regions

where stale will exist.

PR

(b) Room 2.2

Figure 5.4. Steady state flow represented by velocity vectors and streamlines.

5.3 Investigation of the Effect of Different Boundary Conditions

The time sequence can be viewed in Figure 5.5 for Room 2.1 with ambient pressure
specified at both openings to allow the flow to naturally develop without a prescribed inflow
velocity. Initially, the cool air moves in to the lower opening and begins to fill the lower region of
the room with cool air (Figure 5.5a). The temperature in the room is stratified throughout in Figure
5.5b, with low temperatures near the lower region of the room, medium temperatures in the center,
and high temperatures at the upper region. As the cool region increases, the openings both have
inflow and outflow and it becomes difficult to differentiate the inlet and outlet. As the temperature

gradient reduces, and the hot air is confined to the upper region of the room, the inflow is from the
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upper opening, as cold air moves in and towards the lower region of the room (Figure 5.5c). A
large eddy forms and as the temperature in the room becomes uniform, and the flow patterns match
that of the previous case (Figure 5.4a), with one large eddy. The flow pattern is essentially flipped

from the velocity inlet case, and flow moves from the upper to the lower opening shown in Figure

5.5d.
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Figure 5.5. Instantaneous passive cooling modeled with ambient pressure at the openings represented with
streamlines overlaying temperature contours in Room 2.1.
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The cooling sequence is also shown in Figure 5.6 for Room 2.2. Cool air moves in
through the lower opening initially and begins to fill the room from the bottom to the top (Figure
5.6a). The temperature stratification is less pronounced than in Room 2.1, as cooling is more
reliant on mixing than forced air. The hot regions of air disappear more quickly, but the overall
average temperature in the room is still higher and the flow into the room is lower (Figure 5.6Db).
Once the room has reached an effectively uniform temperature shown in Figure 5.6c, the flow
pattern is represented by a large eddy from the inflow, and a small eddy that leads to the outflow.
The inflow is from the upper opening and the outflow is at the lower opening. The flow patterns

are effectively flipped from the velocity inlet conditions (refer to Figure 5.2).
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Figure 5.6. Instantaneous passive cooling modeled with ambient pressure at the openings represented with
streamlines overlaying temperature contours in Room 2.2.
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The steady state flow patterns for Room 2.1 and Room 2.2 are compared in Figure 5.7. The flow
patterns are opposite of those in Figure 5.4 when a velocity inlet was specified. The flow in Room 2.1
appears to be more effective in cooling the room and also maintaining air overall quality. In Room 2.2, the
inflow reaches near the center of the room and is entrained into a large eddy, but is accompanied by another
small eddy near the outlet. The air speedin Room 2.2 is also about 50% of the air speed in Room 2.1, which

leads to less inflow and a lower ACH. The lower air flow results in a longer time to remove heat and implies

lower air quality.

The ACH for each case is shown in Table 5.1. A velocity of 1 m/s corresponds to an
ACH of 30.59, much higher than the recommended comfort level. Using pressure boundaries,
the ACH for both Room 2.1 and 2.2 is within a sufficient level, at 10 and 5 respectively. These
values represent the lowest expected flow into the structure, as the driving force is the
temperature difference and the pressure difference due to the distance between openings. An
increase in pressure due to wind or turbulence at the openings would lead to a higher ACH and

more effective cooling.
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Figure 5.7. Steady state flow patterns represented by streamlines overlaying velocity.
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Table 5.1. ACH for cases of single-sided ventilation.

Vfrl]?gtity Pressure Inlet
Room 21,22 2.1 2.2
Volumetric Flow Rate (m”3/hr) 2160 725.1 349.5
Volume (m"3) 70.60 70.60 70.60
ACH 30 10 5

The relationship Gr/Re? for SSV indicates the dominant effects between buoyancy and
forced air, shown in Table 5.2. With a specified velocity, the conditions of the room are dominated
by the forced air at the opening and buoyancy forces are very weak, which is evident in the flow
patterns when comparing the cases with the specified velocity (Figure 5.4) and the cases with
pressure boundaries (Figure 5.7), as the flow patterns are opposite. When pressure boundaries are
specified, Gr/Re? = 0.32 and 1.76 for Room 2.1 and Room 2.2, respectively. The velocity at the
openings is much lower with pressure boundaries, leading to a weaker effect due to the forced air,

and a larger buoyancy contribution to the flow patterns.

Table 5.2. Reynolds number, Grashof Number, and the relationship Gr/Re? for 4 different cases

Room Re Gr Gr/Re?
2.1 1.9x10* 1.5x107 0.04
Specified
Velocity
2.2 1.9x10* 1.5x107 0.04
2.1 6.7x10° 1.5x107 0.32
Pressure
Boundaries
2.2 2.9x10° 1.5x107 1.76
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The difference in Reynolds number between Room 2.1 and Room 2.2 with pressure
boundaries is due to the lower velocity at the opening for Room 2.2. As the temperature difference
is equal in both cases, the velocity difference is due to the pressure difference created by the
distance between the openings. A larger height between openings creates a larger pressure
difference and in turn a higher volume flow rate, leading to a higher ACH, and presumably the
room is ventilated better by removing heat quicker and raising the expected air quality in the
overall room.

5.4 Analytical Results vs. Simulation Results

The volume flow rate determined from the simulations was compared to the analytical
volume flow rate. The equation is derived from Bernoulli’s theory for a buoyancy-driven flow
[24]. The volume flow rate is calculated for single-side ventilation with two openings asa function
of temperature and the height between openings:

V= C,AJghAT/T,,

(5.1)
where AT is the temperature between the interior and ambient temperature (T,), A is the opening
area (assuming equal area), h is the height between openings, and C, is the discharge coefficient
(0.6) [24].

The analytical volume flow rates and simulated volume flow rates for Room 2.1 and Room
2.2 are shown in Table 5.3. The error between the results is approximately 5% and can be attributed
to the discharge coefficient, where Cq = 0.6 is the value used when modeling flow through a

doorway. The analytical and simulated results are in good agreement and validate the use of
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pressure boundaries. The flow in these cases are driven by the initial temperature difference
between the ambient and internal temperatures.

Table 5.3. Analytical and Simulated volume flow rate (m?/s)

Analytical Simulation
Room 2.1 0.192 0.201
Room 2.2 0.102 0.097

5.5 Investigation into the Rules of Thumb for Single-Sided Ventilation

The rule of thumb for single-sided ventilation with two openings is DH=2.5. A room with
aratio of 3:1 is modeled for both far and close window configurations to predict the flow patterns
that develop in the larger room and the corresponding ACH. The flow patterns for DH = 3 are
shown in Figure 5.8 and refer to Figure 5.7 for DH = 2.5. In Room 2.1, the large eddy in the center
of the room encompasses the entire room for both room sizes. The flow moves from the top to the
lower opening with a large eddy forming towards the room center. The velocity in both room sizes
are very similar and the volume flow rates are nearly equal. The only major difference is the
increased volume in the larger room, which leads to a lower ACH shown in Table 5.4.

In Room 2.2, both rooms (DH=2.5 and 3) have a large eddy near the lower section of the
room about 4 meters into the room. This eddy originates from the inflow and is elongated in the
larger room and circulates through the entire room. Other than the elongation of the eddy, the flow

patterns and velocities are very similar.
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Figure 5.8. Steady state flow patterns represented with streamlines and vectors for a DH = 3.

The volume flow rate for the different sized rooms have a difference under 2%. The flow
into the room is very similar, independent of the room length. The change in the ACH and
subsequent air quality in the rooms, shown in Table 5.4, is due to the larger volume of the bigger
room. Even though the ACH is decreased in the larger room, the ACH is still adequate to remove
heat and to maintain proper air quality. An increase above DH = 2.5 did not lead to any discernible

flow pattern differences or an unacceptable ACH value.

Table 5.4. ACH for single-sided ventilation with a DH = 3.

Room Room 2.1 Room 2.2
Volumetric Flow
Rate (m¥/hr) 712.7 352.08
Volume (m?) 84.95 84.95
ACH 8.39 414
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5.6 Effects of a Human Heat Load in Single-Sided Ventilation

The effect of a human heat load is simulated using the same geometry, room setup, and
conditions for single-sided ventilation using pressure boundaries and a DH = 2.5 (Section 5.1) with
a rectangular cuboid included to represent an average sized person. The geometry is shown in
Figure 5.9. The model has a height of 1.7 m, a shoulder to shoulder width of 0.3 m, and a depth of
0.25 m. The total surface area is 1.92 m3. The heat gain from the model is approximated to be 75
W, which is similar to the heat gain from people in conditioned spaces found in [16]. The activity
modeled is standing, light work, and the sensible heat is modeled. In Fluent, a heat flux of 38.5

W/m? was applied at the surfaces representing the skin of the rectangular figure.

Figure 5.9. Geometry for single-sided ventilation with a rectangular cuboid representing a person

A steady state solution is reached to simulate the effect the human heat load has on
ventilation in the room. Initially a steady state solution was simulated. If the residuals did not
converge, the simulation is switched to a transient solution. A steady state is reached when the
volume flow rate is constant or periodic, in which case atime-averaged solution is used. Symmetry

was used in the z-plane and adiabatic walls are modeled to decrease computation time.
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Temperature contours and velocity vectors are shown in Figure 5.10 at a plane through the center
of the room in the z-axis, which is also the center of the rectangular figure. The region directly surrounding
the figure is at an elevated temperature than the ambient temperature, but the temperature is only increased
by approximately only 0.5 to 1 °C, a reasonable increase in temperature and within the thermal comfort
range. The maximum air velocity in the room is comparable to the simulations for single-sided ventilation
(refer to Figure 5.7a) 0.4 m/s, also in the comfort range. The cool ambient air circulates in the front half of
the room near the openings and the opposite half is represented by low speed flow. The entire plane is
characterized by vectors of significant size, as air is flowing through the entire room. The air flow

throughout the room presumably keeps areas of stale or stagnant air to a minimum.

Figure 5.10. Temperature contour and velocity vectors for passive cooling with a room ventilated using
single-sided ventilation with a human model inside

The thermal stratification in the room can be clearly seen in Figure 5.10. The contour has
very few levels between the minimum and maximum temperatures, so that each 0.5 °C level can
clearly be seen. Aside from the region of air directly above the human model, the temperature in
the occupied region is between 22 and 22.5 °C, a deviation of 0to 0.5 °C from the external air. The
occupied region of the room is at a temperature comparable to the external temperature, whereas
the added heat due to the model in the room is contained to the upper region, allowing the space

to be within the comfort zone of the occupant.
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The flow patterns in the room have changed from the original case (Section 5.2) due to the
obstruction in the center of the room and the thermal plume above the figure. The flow patterns
are shown in Figure 5.11with streamlines overlaying a temperature contour. The ambient air flows
in the top opening and towards the floor. As it reaches the lower section, it branches off into two
separate flows. The lower half moves towards the outlet and leaves the room. The upper half flows
towards the model and up and into the plume that is created by the heat load. The flow reaches the
ceiling and recirculates through the front half of the room. Above the model, the air mixes with
the air from the second half of the room. In the upper portion of the room on the half that is farther
away from the openings, the air from the inflow, above the model, and the far half is entrained into

a recirculation zone out of the occupied space.

Figure 5.11. Flow patterns and thermal stratification in Room 2.1 represented with temperature contours
with overlaying streamlines

A second plane, shown in Figure 5.12, which is 1.15 m from the wall and midway between
the model and the wall, shows the effect of the heat load on aregion of the room where the occupant
is not currently in. The air flow patterns are similar to that of the mid-plane through the occupant,
but a larger amount of air from the inflow reaches farther into the room and is entrained into a
recirculation zone. The air flows from other regions of the room, including the upper region and
the far half of the room, into the recirculation zone. The outflow is mainly from the air trapped

underneath the inflow in a region that is at a slightly higher temperature than the inflow and the
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majority of the room. It can also be seen that the warmer air, which in this case is closer to 23 to
23.5 °C, is contained to the upper portion of the room and out of the occupied space. The air flow
patterns, combined with the slow moving air and temperature in the occupied zone, represent a
space that is within comfort levels. The presence of a heat load does not lead to a room that is

overheated or filled with zones of stagnant air.

S

Figure 5.12. Temperature contour and overlaying streamlines at a plane 1.15 m from the wall

A plane through the center of the x-axis, which is also through the center of the rectangular
mode, shows the overall thermal stratification in the entire z plane in the center of the room and is
shown in Figure 5.13. The plane shows the effect the heat load has in the region closest to the
rectangular figure. The zone directly adjacent to the rectangular figure is atan elevated temperature
at about 24 °C, which is about 2 °C above the ambient air. The thermal plume begins at the bottom
of the figure and increases in size as it moves up the boundary of the rectangular model. The
vectors show that the air is moving away from the body and towards the ceiling. Besides the
adjacent region to the model, the overall air temperature in the room is near the ambient
temperature. The hot air is contained to the uppermost region of the room, keeping it above the
occupied zone. The air flow moves up and along the boundary of the model and when it reaches
the ceiling, the flow moves towards the corners and is entrained in the corners. Overall, there is
presumably good airflow throughout the room, as air circulates from the lower portion into the
upper region of the room.
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Figure 5.13. Temperature contour and velocity vectors through the center of the x-axis through the
rectangular model

Figure 5.14 shows the air flow patterns in a room with a DH = 3. When comparing the
overall flow patterns to the room with a DH =2.5, the flow patterns are extremely similar. A large
eddy is located in the upper region where the flow from the region far from the window meets the
flow above the rectangular figure. Inflow moves into the room and is split into two parts. The
upper part moves along the ground and up towards the rectangular model and the second part flows
out the lower opening. The overall patterns and thermal stratification is very similar to the smaller
room, and the size does not appear to have negatively influenced the flow patterns or the

temperature of the occupied space.

Figure 5.14. Temperature contour with overlaying streamline in Room 2.1 witha DH =3
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The ACH is shown in Table 5.5 for a DH =2.5 and 3. The volume flow rate is comparable
for both size rooms, with a difference of only 2 mé/hr. The ACH is 8.4 and 7.0 for a DH = 2.5 and
3, respectively. The difference in ACH is due to the increased volume in the larger room, and while
it is lower, it indicates that the room is adequately ventilated according to the recommended

minimum ACH to remove heat. Overall, both rooms are expected to be adequately ventilated.

Table 5.5. ACH and volume flow rate for single-sided ventilation with a human model

DH 2.5 3
Volumetric Flow Rate (m?/hr) 590.6 592.78
Volume (m?) 70.60 84.95

ACH 8.4 7.0
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Chapter 6 Casa Giuliana

The Casa Giuliana apartment in Como, ltaly, which was built in 1939-1940 [25], is the first
full-scale building modeled. Passive cooling is modeled in one apartment in the building. The
apartment has an open layout and is located in a region with a mild climate. It utilizes a cross-
ventilation with large deck doors and small windows on the walls opposing. The air exits the small
windows and moves through an interior space that is in between hallways that serve the complex.
Two different scenarios are simulated. The first has a volume flow rate based on the ambient
conditions during the summer season, while the second has a flow rate that leads to an ACH close
to the minimum recommended value. The apartment building represents a design that allows cross-

ventilation to be utilized.
6.1 Apartment Background and Simulation Setup

Casa Giuliana is abuilding located near the southern tip of a lake in the valley of the Lago
di Como. The model of an apartment in the building is shown in Figure 6.1. The CAD drawing
was provided by Prof. Ulrike Passe and Suncica Jasarovic of lowa State University. The apartment
is well designed for natural ventilation, with an open layout in the apartment and deck openings
that are wind facing with smaller openings on the opposing side. The apartment has two large
rooms at the deck openings: a bedroom and living room. In the center of the back section of the
apartment is a small room that can be used as a den or dining room and a larger bathroom. On
either side of the small room is a bathroom and a kitchen. The kitchen and the small bathroom

have windows that are used as outlets for cross ventilation.
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Figure 6.1. Geometry representing Casa Giuliana. Windows are outlined in red.

A closer look at the outlet windows is shown in Figure 6.2 as the red regions. There is one
larger window to the left in the kitchen and a smaller window in the small bathroom. These
windows are adjacent to a narrow region, similar to an air duct, between the floor and ceiling of
the hallway corridors of the apartment complex. This small region between the windows and the
exterior air is more isolated from the ambient conditions, which keeps the leeward pressure at the
outlet windows lower, allowing the ambient conditions on the deck side of the apartment to drive

the flow [25].
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Hallway

Figure 6.2. Enlarged view of the outlet windows

The section outside of the apartment, but interior to the building and adjacent to the
apartment windows is shown in Figure 6.3. This region acts similarly to an air duct, as the air
exiting the apartment moves through the windows (outlined in red), through this space, and out
the exterior windows (outlined in black). This keeps the air immediately adjacent to the apartment
isolated from the outside and insulated from ambient conditions with the hallways, which are

located above and below this section.

60



T

\ \
| / /”,
|

I

Figure 6.3. View of the region between the apartment windows and exterior windows

The mesh is shown in Figure 6.4, displayed with a front view in Figure 6.4aand arear view
in Figure 6.4b. The apartment is 16 m long from the deck to the apartment’s outlet windows, 3.4
m from the floor to the ceiling, and 6.7 m wide. The high ceilings and long apartment contributes
to a volume more than 350 mé, which makes adding compression to the mesh computationally
expensive. Due to the large interior volume, the intent of building a mesh was to have an average
cell size of 10 cm. 10 cm was found to be sufficient to accurately depict the overall profile of the
flows and the temperature profiles. Due to the complexity of the blocking and the large volume of
the interior fluid, an average cell length of 12 cm was obtained when the mesh was built. The

interior fluid volume has a total of 300000 cells. Computation time is reduced by modeling

61



adiabatic walls. A side view of the mesh is shown in Figure 6.5, which shows a good representation

of the average cell size.

(@) (@)

Figure 6.4. Overall mesh for Casa Giuliana. (a) Front View (b) Rear View

Figure 6.5. Side view of the mesh for Casa Giuliana

Physical obstructions and heat loads are added to the apartment to simulate their effects on
ventilation, and the geometry with these objects is shown in Figure 6.6. In the bedroom, a bed and
a cabinet are added. In the living room, a couch with a person sitting on it and a television on a
stand are added. A high level of heat loads are added to the kitchen. A refrigerator and stovetop

are located along the far wall with cabinets on the opposing wall. A person is included in the
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middle of the room. A desk, computer chair, computer, monitor, and a person are included in the
den. The furniture and heat loads are included to represent a normal apartment at a time in the day
when the heat load is presumably at its highest, when food is being cooked and electronics are also
being used. The heat loads and corresponding heat fluxes that are simulated at the surfaces of the
furniture and people are shown in Table 6.1. Small surfaces that represent the approximate location
of heat loss for the electronics and fridge are used as a portion of the overall geometry and not the
entire surface. The people are modeled similarly to the model in Chapter 5 for single-sided
ventilation are designed as a rectangular cuboid. The standing person is 1.7 m tall, which is also
used as the height of the occupied zone in this study. For the stovetop, two separate square sections

representing a “hot” stovetop are used as hot surfaces.
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Figure 6.6. Geometry representing Casa Giuliana including furniture and models representing people

Table 6.1. Furniture/Person and its accompanying heat flux and heat load

Furniture/Person Heat Flux (W/m?) Heat Load (W)
People (3) 38.5 75
Fridge [26] 4000 725

TV [27] 60 35

Monitor [27] 390 35

Computer 600 70
Range (2) [28] 25000 1125
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The conditions simulated represent a cool breeze after a hot day, with an initial interior
temperature of 28.5 °C and an ambient temperature of 24 °C at the windows. The wind direction
and speed are 45 degrees from the north at 2.23 m/s (5 mph). The direction of the wind is flowing
atan angle of 45 degrees into the apartment in the positive x and z direction [25]. A schematic of
the expected flow is shown in Figure 6.7 as a reference.

The blue surface in Figure 6.4 is specified as a velocity inlet and the red surfaces are
ambient pressure. The blue surface is not a physical boundary, such as a wall or window, but is a
representation of a location in space that is affected by the ambient conditions. Two different
conditions are simulated in the apartment. The first scenario has a velocity specified at the inlet
that is estimated to be 10% of the external wind speed. The decrease is used to better estimate the
actual air speed at the deck opening. The conditions correspond to an ACH of 32, well above the
minimum recommended value to remove heat. Inthe second scenario, the velocity specified at the
inlet is designed to have an ACH of 5, a value much closer to the minimum recommended value

to remove heat (2).

Figure 6.7. Representation of the expected flow through the apartment. Used with kind permission of
Ulrike Passe, 2014.

6.2 Results Based on Ambient Conditions

The Casa Giuliana apartment is used to compare passive cooling without and with heat

loads. The results from the first scenario described in section 6.1 are shown in Figure 6.8, using

65



temperature contours. In the empty apartment, the entire apartment is cooled very quickly. At one
minute, the rooms near the deck have begun to cool substantially, with the initial high temperature
air moving up and out of the occupied space, into the duct between the hallway corridors. The
same conditions are shown in the apartment that includes furniture and people. At one minute,
there is little difference between the empty apartment and the apartment with furniture and people.
At 3 minutes, there are noticeably higher temperatures in the upper region of the kitchen near the
rear windows. The kitchen experiences high heat loads when furniture and people are included and
remains warmer than the empty apartment. The kitchen is also adjacent to the open windows, and
receives a substantial amount of the inflow, as cross-ventilation from the large deck doors to the
small rear windows drives flow. As a point of reference, the DH for the apartment is below 5,
within the size constraints of the rule of thumb for cross-ventilation. The two rear rooms that do
not have windows remain noticeably warmer in both simulations over time due to the lack of cross-
flow in these sections, as they are isolated from any type of cross-flow and do not have a high
driving pressure difference. The two rooms remain at a higher temperature than the rest of the

apartment even as the overall temperature decreases towards the ambient temperature.
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Figure 6.8. Temperature contours for passive cooling in Casa Giuliana over time.
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Temperature contours with overlaying streamlines show passive cooling and the flow
patterns in the apartment in Figure 6.9. The cross ventilation from the inflow at the deck doors
through the kitchen and the outflow through the windows is visible in the far plane at each time
step. Even with the obstructions in the apartment, there is a visible cross-flow through the entire
apartment, which ventilates the left side of the apartment very well. The second plane, through the
middle of the apartment, has a large eddy at the wall opposite of the inflow. The cool inflow
reaches the back wall and cools the region, but is less effective than the section with cross-flow.
Although it stays warmer than the other plane, the hot air is contained to the upper region of the
apartment. When the heat loads are included, the cross-flow through the kitchen is unable to cool
the entire Kkitchen to the ambient temperature, but the hot air is contained to a zone above the
occupied zone. The room with the computer and person has higher temperatures within the
occupied space, as the hot initial air and the generated heat from the electronics and the person are
trapped in the room and do not flow out of the room as well as in the kitchen, where there is an
opening. The room would presumably be better ventilated if the far wall had a window, as cross-
flow would force the hot air directly out of the room without recirculating through the room before

it flows out one of the other doors.
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Figure 6.9. Temperature contours with overlaying streamlines at two different planes through the entire
domain
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Temperature contours and streamlines at two additional planes are shown in Figure 6.10.
The cooling rate in both the empty apartment and the apartment with furniture and people are
similar. Neither of the two planes in Figure 6.10 intersect a room at the far end of the apartment
with a window. The plane closest to the side wall of the apartment shows the temperature contour
in a room with only a door and no other opening to induce cross-flow. The upper region of that
room is hotter than the average domain temperature at later time steps, indicating that heat is not
being removed efficiently from that room. Overall, the two planes show that passive cooling has
adequately removed heat from the majority of the apartment aside from the upper region of the far
bathroom. Adequate air flow at the deck doors has removed heat from the majority of the occupied
space after only 5 minutes. The cooling patterns in the planes of Figure 6.10 have similar patterns
from the previous planes in Figure 6.9. The rooms that receive cross-flow have cooled significantly
faster than the rooms that do not have a window, where heat is trapped in the upper portion or

along the wall opposite of any inlet.
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Figure 6.10. Temperature contours with overlaying streamlines at two additional planes through the entire
domain.
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Figure 6.11 shows temperature contours at planes through two of the human figures
modeled as rectangular cuboids. The view through the models shows the location of the higher
temperature region of air relative to the people. The temperature contours in the empty apartment
at 5 minutes are in the second row and the bottom row shows the apartment with people and
furniture. The kitchen is at the left room. Without furniture, the kitchen has nearly completely
cooled to the ambient temperature, as it receives a significant cross-flow and the hot air moves out
the rear windows. The middle room and far room are at elevated temperatures, but the hot region
of air is above the occupied zone despite the low amount of flow into and out of those rooms. The
apartment with people and furniture is at a higher overall temperature than the empty apartment.
While this is the case, the higher temperature region is mainly isolated to aregion above the person
in the kitchen. The heat is isolated to the upper region even with a very high heat load in the
kitchen: the refrigerator, the person, and the stovetop. The heat load in the Kitchen is representative
of a time when the heat load would be at its peak and is combined with an initially high
temperature. However, passive cooling efficiently removes heat from the occupied region of the
kitchen and the rooms that receive inflow. In the middle room, the empty apartment has reached a
temperature near the average of the initial temperature and the ambient temperature. It is not
ventilated as well as the kitchen. The higher temperatures are made worse when heat loads are
added due to minimal ventilation. With the person, a computer, and a computer monitor in the
room, the heated air remains throughout the majority of the room. It has not completely been
removed from the occupied space and would presumably be at an uncomfortable temperature for
occupants, while it is still within the ASHRAE standards for thermal comfort. This occurs even
though the average temperature of the apartment is within 0.5 °C of the ambient temperature. It is

very likely that this room would remain at an elevated temperature due to the heat loads because
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the heat becomes trapped in the room and does not flow as well from the deck doors to the

windows.

Location

Empty
Apartment

Apartment
with
Furniture
and People

Figure 6.11. Temperature contours at planes through human models at 5 minutes.

The average temperature of the entire apartment and the average temperature at a height
of 1.7 m is shown over time in Figure 6.12 and Figure 6.13, respectively. Both the average
temperature overall and at 1.7 m follow the same overall path. After a steady decrease, they
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begin to approach an asymptote. The empty apartment is approaching the ambient temperature at
steady state. There is an increase of 0.5 °C in the apartment with heat loads as the temperatures
approach their steady state. Based on the high heat loads, this is a very small increase in
temperature over time. Using the external wind conditions as a basis for inlet conditions leads to
an exaggeration of the actual ventilation of the space.
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Figure 6.12. Average temperature versus time for the simulation of an empty apartment and the
simulation for an apartment with heat loads
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Figure 6.13. Average temperature at y = 1.7 m versus time for the simulation of an empty apartment and
an apartment with heat loads

74



6.3 Results Based on a Low ACH

Inlet conditions are specified to achieve an ACH of 5, much lower than the ambient
conditions discussed in Section 6.2, but much closer to the minimum ACH that is recommended
to remove heat adequately. The conditions within the apartment have not changed and are
displayed in Table 6.1 and described in Section 6.1.

The temperature contours at the center of the plane through the three human figures are
shown in Figure 6.14. Initially, the high temperature air becomes confined to the upper portion of
the apartment and above of the height of the human figures, which remains over time. At 5 minutes,
the occupied zone has decreased in temperature in all three planes. In plane 1, the closest to the
deck and in the living room, which has the lowest heat load of the rooms with included heat loads,
the room initially begins to cool and the cool ambient temperature begins to appear in the lower
region of the plane. The cool ambient air is reduced at 45 minutes, as the effect of the thermal
plume above the human figure begins to emerge as the temperature begins to steady in the
apartment. The heat loads in the living room hold the temperature noticeably above the ambient
conditions. While the occupied zone remains at an elevated temperature above the ambient
conditions, the high temperature air remains above and outside of the occupied zone. A steady
state temperature near the ambient conditions, similar to the profile in Figure 6.12, is not possible.
The low ACH is unable to remove heat due to the person and the television.

In plane 2 (Figure 6.14) which intersects a standing person in the kitchen, similar
conditions from plane 1 exist. The high heat zone remains above the occupied zone througho ut
time, from five minutes to 45 minutes. At 10 minutes and 20 minutes, the lower region begins to
cool to temperatures near the ambient conditions, but at 45 minutes the air temperature rises again.

The thermal plume in plane 2 is not visible, as the top of the human model is at the lower portion
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of the high temperature zone. A taller person ( >1.7 m), who would stand above the expected
occupied zone, would be in the high heat zone. These conditions would presumably exceed the
occupants’ comfort zone. At 45 minutes, the overall temperature has reached a steady temperature,
and the temperature around the human model has persisted at a temperature noticeably above
ambient conditions. The high heat load in the apartment has begun affected the room on the far
right in the plane, which does not have any type of heat load in it. The far room was initially cooled
to a comparable temperature to the ambient conditions, but at the latest time step it has begun to
increase in temperature. As there are only two windows in the kitchen and the rest of the rooms do
not have access to windows, the warm air has begun to circulate throughout the apartment, and
through mixing has increased the temperature in regions without heat loads.

The third plane (Figure 6.14) shows similar conditions as the previous two planes. The
human model is sitting in a zone that is at an elevated temperature from the ambient conditions,
but is below the high temperature region. The computer contributes to a high temperature zone
close to the wall that remains hot throughout time. The height at which the high temperature region
begins is constant through the three planes. As noted previously, the high temperatures in this
region would exceed an average person’s comfort level. In this simulation, the warmest air begins
at a height just above 1.7 m, which is a low height for such high temperatures, and with an ACH
of 5, the ventilation of the apartment would be inadequate to remove heat and maintain thermal

comfort for 80% of occupants.
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Figure 6.14. Temperature contours through the center plane of the human models.

The average temperature for the entire apartment and the average temperature at 1.7 m for
the simulation with a low ACH of 5 are shown in Figure 6.15 and Figure 6.16, respectively.
Without heat loads, the temperature in the apartment decreases towards the ambient temperature
as expected, similar to the previous case with the higher ACH based on the ambient wind

conditions. The time it takes for the temperature to begin to reach the ambient temperature is
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longer, as expected, but the trend is similar. With heat loads added, the temperature of the overall
apartment is increased above the ambient temperature. The average temperature in the apartment
is increased above 27.75 °C, which is only a decrease of 0.75 °C from the initial conditions. The
temperature stratification from Figure 6.14 in all three planes at later time steps shows the upper
portion of the apartment is at or above 28.5 °C, increasing the average. The temperature at the
upper portion of the occupied zone, shown in Figure 6.16 gives arepresentation of presumably the
hottest portion where people would reside. The temperature at 1.7 m is also above the ambient
temperature, at approximately 27.5 °C, adecrease of only 1°C from the initial conditions. From 0-
20 min, it appears that the overall temperature decreases toward a slightly elevated temperature
from the ambient conditions, but the high heat load of the apartment begins to increase the overall
temperature until a steady state at about 35 min. At 45 min, the temperature had not changed for
over 10 min, and presumably the apartment will stay at the elevated temperature without any
decrease in the heat loads or increase in flow rate. The conditions of the apartment are not ideal
for living spaces. According to ASHRAE standard 55, shown in Chapter 1 Table 1.1, when
included into entire paper, the elevated temperature of the entire apartment would not be acceptable
to more than 90% of the occupants but it would be acceptable to more than 80%, based on an
external temperature of 24 °C. Passive cooling in this case would be narrowly acceptable for the
occupants, but a reduction in the flow rate, potentially due to low wind conditions outside the
apartment, would presumably lead to a living space where the thermal conditions create an

uncomfortable environment.
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Figure 6.15. Average temperature versus time for the simulation of an empty apartment and the
simulation for an apartment with heat loads and a low ACH
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Figure 6.16. Average temperature at 1.7 m versus time for the simulation of an empty apartment and the
simulation for an apartment with heat loads and a low ACH
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Chapter 7 Affleck House

The Affleck house was designed by Frank Lloyd Wright and is located in Michigan. The
home took advantage of its surroundings in its design for cooling, heating, and ventilation. The
main living space has an open layout and multiple skylights that are used for solar heating. An
unorthodox method to cool the house uses a window in the floor to entrain the cool wind under the
home in an exterior basement into the home. Passive cooling will be simulated in this chapter,
modeling flow under the house and using windows and doors in the house to create a pressure
difference, drawing the cool air underneath the house into the home. The conditions for the

simulation are from the summer month of August, when overheating is likely to occur.
7.1 Home Background and Simulation Setup

The Affleck house, shown in Figure 7.1, was designed to take advantage of its location and
the terrain where it is located. The CAD drawing was provided by Prof. Ulrike Passe and Suncica
Jasarovic of lowa State University. The ground slopes from the northwest, allowing for an exterior
basement below the house. The exterior basement is utilized to ventilate the home using a window
in the floor above the main living area. The house was designed by Frank Lloyd Wright as an
usonian home, which was designed to be located in places where the lot is uniqgue where normal
homes of the time would not belocated. Usonian homes were designed be cost-efficient and had
open living spaces and were made with natural material [29]. Contrary to the customary homes of
the era, the usonian homes were usually one floor and utilized solar heating with skylights and
natural cooling. The Affleck house uses multiple skylights above the main living section for solar

heating and the window in the floor for cooling [25].
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Figure 7.1. Geometry representing the Affleck House

The mesh for the Affleck house was built by “blocking™ the interior of the structure to best
represent the interior fluid domain and where average cell size is approximately 10 cm due to the
complexity of the geometry and the large domain size. An overview of the mesh can be viewed in
Figure 7.2 and a side view that shows the individual cells is shown in Figure 7.1. A cell size of 10
cm was appropriate to represent the overall flow patterns and temperature profile in the domain.
A smaller cell size or compression along the walls, which was used for the smaller domains in
Chapters 4 and 5, increases computation time and is not an efficient way to simulate conditions in

a large building such as the Affleck house.

81



Figure 7.2. Overview of the mesh for the Affleck house. Doors are shown in blue, windows in red, “false
surface inlet" in purple, and stairs in green
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Figure 7.3. Partial side view of the meshed domain. Doors are shown in blue, windows in red, "false
surface inlet" in purple, and stairs in green

A schematic of the home viewed from above is in Figure 7.4. The wind moves in from the
southwest at an average velocity of 3.5 nvs. The average exterior temperature is 27 °C. These

conditions are for the summer month of August, when overheating is most likely to occur. The
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conditions simulated are shown in Table 7.1 [30]. A high initial temperature of 32 °C is used to

model a high heat load during the day and a cool ambient temperature at night.
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Figure 7.4. Overview of the Affleck house viewed from above.

Table 7.1. Ambient conditions at the Affleck house location for the month of August

Metric

Initial Temperature 32C
Ambient Temperature 27C
Wind Speed 3.5m/s
Wind Direction WSW

As discussed in Chapter 6 for the Casa Giuliana modeling, a more realistic way to model
ambient conditions associated with wind was to define a false surface. The surface creates a
“boundary” that can have a prescribed velocity, which allows flow to move naturally into an

opening and move through the house. The same approach is employed in the Affleck House, where
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the exterior conditions below the home are simulated using a false surface. The false surface is
located under the home in the exterior basement positioned in a small nook under the window in
the floor. The false surfaces and house walls within the exterior basement are represented in Figure
7.5. The domain under the home has physical walls and two false surfaces representing locations
under the home.

The first false surface, shown in blue in Figure 7.5, is perpendicular to the wind direction
and is specified as an inlet. The ambient conditions are designated at the false surface, with 10%
of the average wind speed specified in Table 7.1. The decrease in wind speed is used to model
more realistic conditions under the home, as a constant wind speed of 3.5 m/s is unlikely to occur
constantly over the entire surface over a long period of time. The second false surface is a pressure
boundary. The pressure boundary is used so that the entire flow at the inlet is not directly forced
up and into the home. The use of afalse surface under the home gives the ACH value a meaningful
number that is not directly controlled by the conditions specified at the inlet, allowing for an

analysis of the overall air quality of the home.

84



Figure 7.5. Surfaces underneath the home in the exterior basement. Blue represent the inlet (false
surface), red represents a pressure boundary (false surface), and black represent the walls underneath the
structure.

Two different cases were simulated. The first simulation modeled all windows and doors
open that are located at the southeast side of. The corresponding boundary condition for the
openings specified ambient pressure. The second simulation modeled the doors closed and the
windows open at the southeast side. The open doors and windows create a pressure difference to
the window in the floor, allowing the interior air to be ventilated through a majority of the living
section. The living section has an open layout with high ceiling and many glass windows and doors

to regulate air flow.
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7.2 Passive Cooling Results

Passive cooling was simulated using the conditions from Section 7.1. The air flow moves
up and through the window in the floor and circulates throughout the main living section. It cools
the home evenly and forces the hot air above the cool inflow and out of the occupied space. While
the hall and the area with the high ceiling do not receive significant air flow, the lower and mid -
section of those two areas are still cooled. The majority of the incoming air through the floor-
window moves upward to the southeast doors and windows.

Instantaneous temperature contours with streamlines at one minute, five minutes, and ten
minutes are shown in Figure 7.6 for both cases. At each time step, streamlines clearly show that
ambient air moves from below the house into the main living section. The cool air circulates
throughout most of the house. At one minute, the region above floor-window and near the open
windows and doors has begun to cool, with the lower region ata temperature ator near the ambient
temperature. The streamlines show most of the incoming air circulates in the area near the floor-
window and towards the open windows and doors. At five minutes, the main living section has
cooled significantly and the ambient air is circulating throughout. The hallway at the northwest
end, which does not have any openings, is beginning to cool due to the inflow from the floor-
window. The cooling occurs primarily at low air speeds as inflow is mostly entrained towards the
open windows and doors. At ten minutes, the majority of the house has significantly cooled, and
the hot air is mostly contained to the region above the height of the doors, out of the occupied

space.
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Figure 7.6. Passive cooling results represented with temperature contours and streamlines. (a) Windows
and doors open (b) Windows open
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The results for the case with only the southeast windows open are shown in Figure 7.6b
represented with temperature contours and streamlines. The cooling patterns and air flow patterns
are similar to the case with doors and windows open (Figure 7.6a), but the cooling is slower overall.

The cooling trends can be viewed in Figure 7.7 at a plane near the center of the main living
section. The temperature contours show the cool air filling the lower region of the house at one
minute. With both the windows and doors open, the middle of the room is significantly cooler than
with only the windows open. Overall, both cases cool significantly over time.

In a plane through the main living section, shown in Figure 7.7a, the cool ambient air can
clearly be seen at the lower region of the room. In Figure 7.7b, the room modeled with just the
windows open, does not cool at the same rate. This trend continues over time, as cooling in the
room with only the windows open lags behind the room with both the doors and windows open.
At five minutes, the temperature in the room has begun to stratify, with cool air in the lower region,
warm air in the middle region, and the hot air above. At ten minutes, the temperature in both rooms
is mostly stratified, and the temperature comparable is to the ambient temperature. The hot air is
contained close to the ceiling and does not directly impact occupants in the house. In the room
with both windows and doors open, the upper region has begun to cool as well, and the hot air

region has begun to decrease in temperature.
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Figure 7.7. Temperature contours at a plane through the center of the main living section. (a) Windows
and doors open (b) Windows open

The average temperature in the Affleck house for both cases is plotted in Figure 7.8 shown
over time. Initially, there is a steep decline from the high initial room temperature. After one
minute, the steep decline changes to a gradual decrease towards the ambient temperature. With
only the windows open, the slope decreases at a slightly slower rate than with both the windows
and doors open. Both cases do not have any heat sources, and it is expected that the steady state
temperature is equal to the ambient temperature. The case with both windows and doors open has
an average temperature approximately 0.5 °C lower than the case with only the windows open.
The drop in temperature appears to originate at the beginning of the simulation, where the steep

drop in temperature occurs. After the steep drop, the two slopes are similar besides an inflection
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point at about five minutes. The slopes after the inflection point are nearly equivalent, and the

temperature of the house begins to decrease at a similar pace up until ten minutes.
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Figure 7.8. Average temperature in the Affleck house over time.
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Chapter 8 Conclusions and Recommendations

8.1 Summary Conclusions

Designing buildings to be more ventilated more efficiently can help reduce the overall cost of
energy. As the developed populations continue to grow, energy usage in buildings is expected to
increase, as economically strong regions use 25 times more energy than impoverished regions. In
the United States, energy usage to cool buildings is expected to increase during the next three
decades due to migration to warmer southern climates [2]. Natural ventilation can be utilized to
decrease the energy needed to cool and heat buildings. Even in cases when natural ventilation may
not be the best option to maintain comfort for occupants, the principles can be applied to
mechanically ventilated buildings to reduce energy usage.

CFD can be utilized during the building design phase by architects and designers to
visualize the flow patterns and temperatures throughout a building. CFD gives full pictures of fluid
volumes pressure, velocity, and heat transfer within a building. In this study, CFD was utilized to
simulate natural ventilation in two small structures, an apartment, and a house. Ansys FLUENT
14.5 was used to model the flow using the three-dimensional Navier-Stokes equations. The
Boussinesq approximation was used to include buoyancy effects for the incompressible flow field.
Turbulence was modeled using the realizable k-¢ model. The geometries were provided by
colleagues at lowa State University as.Sat files and imported into Ansys geometry tools. The mesh
was created in Ansys ICEM and was built by blocking the interior volume and generating a mesh.
The SIMPLE algorithm was used to couple pressure and velocity. Walls were modeled as adiabatic
to reduce computation time.

The two small structures were used to simulate natural ventilation in rooms designed to

utilize cross-ventilation and single-sided ventilation. The original models were designed to have a

91



depth-to-height (DH) ratio of 5:1 and 2.5:1 for cross-ventilation and single-sided ventilation,
respectively. These ratios were used as they are the recommended maximum sizes the rooms
should be to use cross-ventilation and single-sided ventilation. Passive cooling and heating were
modeled with a 4 °C temperature difference between the initial internal temperature and the
outdoor temperature. The air flow patterns, the air changes per hour (ACH), and the temperatures
in the room are were used to analyze the overall ventilation of the rooms.

Cross-ventilation was modeled using two combinations of windows: two small openings
and a large and small opening. A wvelocity inlet was used and two different velocities were
specified, 0.5 m/s and 5 nvs. Both velocities corresponded to ACH values that were above the
minimum recommended values to remove heat and maintain air quality. 5 m/s corresponds to
interior velocities far outside of occupants’ comfort levels, while 0.5 m/s is less than the maximum
recommended air velocity for occupants. Results using a DH of 5and all combinations of window
sizes for a velocity of 0.5 m/s specified at the inlet and ambient pressure at the outlet are well
ventilated and have flow patterns that presumably would keep regions of stagnant air at a
minimum.

Simulations with a small inlet and large outlet matched the flow patterns and thermal
stratification of simulations with a small inlet and small outlet. This similarity indicates that flow
patterns are dominated by the size of the inlet and less so by the size of the outlet. As previously
stated, the room with a larger opening at the inlet appeared to ventilate the room better. The better
ventilation was again evident when both openings were specified as ambient pressure, a
representation of motionless air around the building. In the room with a large opening and a small
opening, flow patterns showed that air moves from one opening to the other, ventilating the entire

room at an ACH above the recommendations. With equal size openings, both openings were
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accompanied by regions where there was no air exchange between the halves of the room. With
no pressure difference between the openings, the inflow was not high enough to adequately remove
heat based on the recommendations. A pressure difference, in this case due to the opening size
difference, drives cross-flow and was able to adequately ventilate a room in situation where the
flow outside of the windows is still and there is a low amount of forced air into the building.

Passive cooling in single-sided ventilation was simulated in rooms that were equal to a DH
of 2.5, the rule of thumb. Two window combinations were simulated, windows that were near the
floor and ceiling on one wall and windows near the center of one wall above and below each other.
With a velocity specified at the lower opening, air flow patterns and the ACH indicated a
presumably well ventilated room. When ambient pressure was specified at both openings, the
inflow comes from the top opening at later time steps and steady state. At steady state, the flow
patterns were remarkably similar to results with a velocity inlet, but they are flipped. The overall
indicator of ACH was above the minimum recommended value and the flow patterns did not
indicate regions of stale or stagnant air and ventilation without any forced in the rooms is
presumably adequate. The room with windows farther apart had a higher flow rate, leading to a
higher ACH, due to the larger pressure difference between openings. Single-sided ventilation
becomes more effective when there is a larger pressure difference between openings. In this case,
as the openings both have the same specified conditions, the pressure difference is due to the
increased height difference between windows. The pressure difference due to the height drives the
flow at steady state.

The Casa Giuliana apartment is well-designed for natural ventilation. It is in amild climate
and receives a cool lake breeze. It utilizes cross ventilation, with awindward facing deck and large

deck doors on one side, and isolated windows on the far side. The inflow into the apartment was
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modeled with a false surface specifying a velocity in a space between the walls and the porch
barriers, where the wind from the lake breeze would move into the apartment. A specified velocity
based on 1/10t" of the exterior wind speed at the inlet led to conditions in the apartment where heat
was removed quickly and the apartment was well-ventilated. The regions of the apartment that
have windows (the kitchen and small bathroom) receive a higher amount of the inflow from the
deck and the cross-flow removes heat in those sections quicker than in rooms, such as the den and
large bathroom, which do not have windows and are ventilated with single-sided ventilation. In
the Casa Giuliana simulations, heat loads due to people and electronics were included. In
simulations with a specified velocity at the inlet based on the exterior conditions, there was only a
0.5 °C temperature difference between the average temperature of the apartment without heat loads
and with. The low temperature difference was accompanied with velocities in the room that are
below the maximum recommended wvelocities in ASHRAE standard 55 [5]. These simulation
conditions would presumably be within occupants’ comfort levels.

A low velocity case was simulated in the apartment to ensure that thermal conditions were
adequate when the air flow into the apartment is low. The average temperature after a long period
of time stabilized at an increased temperature above the ambient conditions but below the initial
conditions. The interior temperature would not be decreased to the ambient conditions. The heat
transfer from the people and electronics led to a high temperature region in the uppermost portion
of the apartment. While most of the hot air was outside the occupied region (1.7 m and below),
there are areas of high temperature regions within the occupied space such as the den, which does
not have adequate cross-flow. The human model in the den was surrounded by a warm region of
air. According to ASHRAE standard 55 [5], the conditions in the apartment would narrowly be

within comfort standards. An increase in the apartments total heat load or a decrease in the flow
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mto the apartment would likely lead to conditions that are not within occupants’ comfort levels.
When designing buildings to utilize natural ventilation it is important to simulate conditions where
natural ventilation may be inadequate and locate regions where ventilation can be improved, such
asthe denand large bathroom. Areas that receive cross-flow also receive a higher amount of inflow
and heat is removed better.

Passive cooling was also simulated in the Affleck house. The Affleck house receives inflow
from a window in the floor into the main section. Windows and doors are opened to create a
pressure difference for the outflow. The setup was able to ventilate the main living section with
the cool air under the house in the exterior basement. The flow was modeled with a false surface
under the home, which allowed the simulation to better model the inflow into the house. A false
surface not located at an opening allowed the flow into the house to be less controlled by the setup
of the simulation and moves more naturally into the house. Using this setup, the flow from the
false surface moved up and into the house and out of the open doors and windows. The actual
inflow into the opening was difficult to model directly, but using this method a more natural inflow
occurs. While the exterior conditions cannot be perfectly replicated, averages for each month can
used to model a temperature and flow welocity. A false surface can be placed in strategically
located positions and the inflow into the house does not have to be specified by the simulation.
This is a more accurate representation of the conditions than using a velocity inlet at an opening.
8.2 Future Recommendations

The rule of thumb for cross-ventilation (DH=5) was challenged using a room with a DH=7.
With ambient pressure boundaries, the flow patterns did not show any significant changes when
increasing the room length. There were two minor differences in the ventilation of the room. First,

there was a larger region where velocity vectors are very small, which indicates low velocity air
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and ventilation is due predominately to mixing. Second, due to the larger volume, the ACH was
decreased. Neither difference indicates that going beyond the rule of thumb leads to a decrease in
the effectiveness of ventilation for the rooms. A designer and architect would have to be aware of
the expected flow rate into the room and the volume of the room when cross-ventilation is the
main tool to for ventilation. Although more work needs to be done to include heat loads and
furniture into a room that uses cross-ventilation to model a more realistic situation, this study
simulated cross-ventilation in asituation where low flow was expected. With a pressure differe nce
between openings, the inflow was sufficient to remove heat and maintain air quality.

Using the results of the previous study, recommendations can be made for modeling
structures for natural ventilation. For cross ventilation, the important design feature of the structure
Is that a pressure difference exists. The pressure difference can be due to opening size or height
and/or wind around the building and temperature differences between openings. Without a
pressure difference, cross-ventilation will not be achieved. When designing the structure, the
building size (height, width, length) and its corresponding wvolume is more important to
maintaining air quality than the rule of thumb (DH). The volume of the structure and the expected
inflow into the structure should be used to determine the limiting case. In single-sided ventilation,
higher amounts of air flow that leads to higher air quality are achieved when the openings are
farther away from each other. The designer should use the maximum amount of practical space
between openings when designing for single-sided ventilation. In the work for large structures,
spaces that had larger amounts of cross-flow were better ventilated. In Casa Giuliana, the back two
rooms without windows would be ventilated better if they did have windows, which allows for
excess heat to be expelled better. In the Affleck house, openings in other regions of the house

would allow for better flow into those sections and subsequently a higher amount of heat expelled.
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Appendix A: Symmetry in Small Structures

The small structures for cross ventilation and single-sided ventilation were designed to
have symmetry in the z-axis. The symmetry of the results are best viewed by viewing flow patterns
from above, shown in Figure A.1. A geometry was designed to have symmetry at the center of the
z-axis and passive cooling was simulated using this geometry. The results are compared in Figure
A.2 and Figure A.3. The flow patterns and temperature contours are similar in Figure A.2. The

velocity profile at locations along the plane are shown in Figure A.3

| | P

Temperature: 26 26.5 27 27.5 28 285 29 29.5 30 N Temperature: 26 26.5 27 27.5 28 285 29 29.5 30

Room 1.2

B T

Temperature: 26 26.5 27 27.5 28 28.5 29 29.5 30 .

Room 1.3

Figure A.1. Symmetry in the z-axis viewed with streamlines and temperature contours for each room
setup in cross-ventilation.

Full Geometry Half Geometry

Temperature: 26 26.5 27 27.5 28 285 29 28.5 30 Temperature: 26 26.5 27 27.5 28 285 29 205 30

Figure A.2. Results shown with temperature contours and streamlines for the full geometry and a
geometry with symmetry at the center of the z-axis.
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Figure A.3. Velocity profile at 5, 7.5, and 10 m along the midplane of the z-axis. The full geometry and
half geometry profiles overlap.
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Appendix B: Views of the Casa Giuliana Building

Accompanying the views of the Casa Giuliana apartment are views of the building. In
Figure B.1. The front view, rear view, and a view of the corridors of the apartment building can
be viewed. The deck doors are highlighted in blue, the rear wall and windows are highlighted in
red, and the windows outside the space are shown in a bold black. The apartment modeled was the

middle unit.

Front View Rear View

Enlarged view of the corridors

Figure B.1. Views of the Casa Giuliana apartment building.
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