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ABSTRACT
Energy usage in buildings has become a major topic of research in the past decade,
driven by the increased cost of energy. Designing buildings to use less energy has become
more important, and the ability to analyze buildings before construction can save money in
design changes. Computational fluid dynamics (CFD) has been explored as a means of
analyzing energy usage and thermal comfort in buildings.

Existing research has been

focused on simple buildings without much application to real buildings. The current study
attempts to expand the research to entire buildings by modeling two existing buildings
designed for energy efficient heating and cooling. The first is the Viipuri Municipal Library
(Russia) and the second is the Margaret Esherick House (PA).

The commercial code

FLUENT is used to perform simulations to study the effect of varying atmospheric
conditions and configurations of openings. Three heating simulations for the library showed
only small difference in results with atmospheric condition or configuration changes. A
colder atmospheric temperature led to colder temperatures in parts of the building. Moving
the inlet only slightly changed the temperatures in parts of the building.

The cooling

simulations for the library had more drastic changes in the openings. All three cases showed
the building cooled quickly, but the velocity in the building was above recommended ranges
given by ASHRAE Standard 55. Two cooling simulations on the Esherick house differed
only by the addition of a solar heat load. The case with the solar heat load showed slightly
higher temperatures and less mixing within the house. The final simulation modeled a fire in
two fireplaces in the house and showed stratified air with large temperature gradients.
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Chapter 1: Introduction
Since 1949, energy consumption in the United States has risen from 32 quadrillion BTU
to 102 quadrillion BTU in 2007 [1]. The combination of increased energy cost and increased
energy usage has caused energy spending in the U.S. to increase from $83 billion to $1
trillion between 1970 and 2005. After adjusting for inflation, this is still an increase of
250%. With these economic factors in mind, it is important for the U.S. to conserve energy
whenever possible.
1.1 Motivation
A large portion of energy consumption is used to condition buildings, i.e. heating and
cooling. In residential buildings, about 51% of all energy consumption is used for this
purpose [1]. There is a potential for large energy and cost savings by conditioning the air in
buildings more efficiently.

One method of conserving energy in the conditioning of

buildings is the use of natural ventilation, which takes advantage of (natural) air flow through
a building to moderate thermal comfort. The natural air flow can be due to wind around the
building or natural convection caused by thermal gradients within the building or between
the building and the atmosphere. When exploiting natural ventilation in a building, two
factors must be considered: air velocity and thermal comfort. Both of these factors can be
judged based on ASHRAE Standard 55-2004, which is used to judge thermal comfort in
buildings [2]. A summary of the ASHRAE guidelines are given in Table 1.1.
In buildings designed to exploit natural ventilation, air must be able to flow freely
through the building. Spatial layout, the idea of how different areas of a building connect, is
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Table 1.1: Summary of ASHRAE Guidelines [2]
Recommended
Acceptable
min
max
min
max
T (°C)
20
25
18
28
v (m/s)
0.2
0.8

very important when considering flow through a building. Architects describe free flow open
spaces as volumes of horizontal and vertical spatial continuity. Thus, the regions (i.e.,
volumes) within a building are connected by wall apertures, passageways, stairways, split
levels, interior windows, or double height spaces. How exactly the shape and location of
these connections affect airflow in three dimensions is the broader research question.
The governing equations to describe the physical phenomena of fluid dynamics and heat
transfer are broadly acknowledged in building science literature [3] and the basic concepts
are shown with diagrams and two-dimensional arrows [4].

However, predicting the

interrelationship of the connecting spaces and airflow patterns, for example the Venturieffect, buoyancy effects, and cross ventilation in relationship to thermal patterns, are
integrated intuitively into most designs [5].

As Chen [6] points out, airflow patterns

predicted by the architect often vary greatly from the actual airflow through the building.
Thus far, architectural research addresses the energy use of heating and cooling only
through optimization of mechanical systems and the building envelope. The use of spatial
design to reduce energy consumption by exploiting convection is not quantified in the
architectural design of buildings. The energy needs relative to spatial construction have not
been sufficiently examined or considered.

Usually building spaces are equipped with

heating, ventilating and air-conditioning (HVAC) systems after design decisions have been
made.

More appropriately, energy requirements for these HVAC systems should be

integrated into the design process. With the knowledge of volumetric composition, both
2

architects and engineers need to change their approach and work as a synergistic team to
produce buildings that are both aesthetic and energy efficient.
From an engineering standpoint, energy efficiency is established through the building
envelope and HVAC equipment performance ratings. However, engineers seldom consider
natural means to heat and cool buildings using spatial layout, such as connected rooms,
windows or vents.

Energy usage is predicted with simple user-friendly software (e.g.,

Energy 10), yet these tools can neither examine nor integrate the influence of airflow
patterns. A novel approach would be to use computational fluid dynamics (CFD) to simulate
and predict energy utilization by modeling a three-dimensional building, including windows,
vents, etc., which would provide a true interpretation of how building design and spatial
layout affect energy requirements.
1.2 Previous Work
There has been significant research conducted using numerical techniques to model air
flow in and around a single room building [7-12] but few detailed studies of whole buildings.
A primitive computational analysis method for building energy usage is the zonal or network
model, which has been widely used to simulate airflow and thermal comfort through multiroom buildings. The network model of simulating airflow considers each room as a control
volume and it is assumed that the temperature and pressure within a room are uniform [13].
Mass and energy balance calculations are performed on the control volume to find
temperature and pressure within the zone as well as the mass flow rate at the boundary. The
omission of pressure variations within a zone has been shown to provide erroneous results
and more recent approaches to zonal modeling have divided zones in multiple subzones
allowing multiple pressures and temperatures to be calculated within a zone [13].

3

The advantage of CFD modeling is that instead of examining the average temperature in
a room, a CFD investigation can identify parts of a room or building that are not cooled or
heated sufficiently. While CFD is the more obvious choice for accurate predictions, there are
many problems when simulating natural ventilation. Thermally driven flows are usually
characterized by low Reynolds numbers with large levels of turbulence caused by buoyant
plumes that can create problems with numerical convergence in the simulation [14]. In
buoyant flows, the ratio of buoyancy forces to viscous forces is defined by the Grashof
number (Gr):

GrL 

g TS  T0 L3

1.1

2

where g is gravity, β is the coefficient of thermal expansion, Ts-T∞ is a characteristic
temperature difference, L is a characteristic length, and ν is the kinematic viscosity [15]. The
flow regime is determined by the Rayleigh number (Ra):

Ra  GrL Pr 

g TS  T0 L3

1.2



where α is the thermal diffusivity and Pr is the Prandtl given by:

Pr 




1.3

According to Incropera, et al. [15], flow transitions from laminar to turbulent at Ra ≈ 109.
In a flow that is driven by both buoyancy and pressure gradients, the choice of boundary
type becomes important. Heiselberg [11] showed the solution of such flows is dependent on
the relative magnitude of the forces due to buoyancy and pressure. Without knowing which
force is dominant, the boundary conditions in such combined flows must allow fluid to enter
or exit the boundary.

4

Another issue to be considered when performing CFD simulations for natural ventilation
in buildings is the availability of computing resources. In 1992, Schaelin, et al. [9] used
39000 cells for simulations of a domain of approximately 16000 m3. Asfour and Gadi [7]
recently found that using a mesh of 2.25 million cells for a domain of 18000 m3 was beyond
the capabilities of the computing resources available to the authors. It should be noted that
neither study specified the type and number of processors or amount of memory available to
the researchers. Therefore, discretizing whole buildings is constrained by the available
machine memory and processor speed causing grid resolution to often be too coarse to
capture the physics of the flow and necessitating the use of a turbulence model.
Turbulence models have been developed to calculate the effect of turbulence on a flow
and eliminate the need for the grid to resolve the turbulence itself. Existing research on
turbulence models in natural ventilation flow has shown mixed results and most has focused
on two-equation turbulence models such as the k-ε and k-ω models. In these models k is the
turbulent kinetic energy, ε is the turbulent dissipation rate and ω is specific dissipation rate.
Three k-ε models are examined: standard k-ε, renormalization group theory (RNG) and
realizable. The standard k-ε model is considered the simplest of the two-equation turbulence
models. The RNG k-ε model includes additional terms in the transport equation for ε that
improve accuracy in highly strained and swirling flows. The realizable k-ε is a new approach
to the standard k-ε model with a new derivation of the ε transport equation [16].
Evola and Popov [17] compared the standard k-ε model and the RNG k-ε model for
simulations of natural ventilation in a single room. Both the standard k-ε model and the
RNG k-ε model performed well, but the RNG k-ε model performed better near walls,
however a slight decrease in computational performance was noted.

5

Kuznik, et al. [18] performed the most thorough examination of turbulence models in
natural ventilation examining the standard k-ε, realizable k-ε, RNG k-ε and k-ω models. The
simulations were for a room with an isothermal jet, a hot jet, and a cold jet. A comparison
was made of the velocity and temperature of the jet and the authors found that all turbulence
models agreed well with experimental data for the isothermal and hot jet cases, but none
agreed well for the cold jet case. The authors mentioned that for the cold jet that the k-ω
model agreed the best. Stavrakakis, et al. [19] examined the three k-ε models for natural
ventilation in a livestock building and a greenhouse. The authors found the standard k-ε
model and the RNG k-ε model agreed with experimental results best. The standard k-ε
models, however, converged in fewer iterations than the RNG k-ε model.
Liu, et al. [20] examined natural ventilation using a laminar model, a zero-equation
turbulence model, the standard k-ε model the RNG k-ε model and Large Eddy Simulations
(LES). Two simulations were performed, the first was a single heated zone and the second
added a multi-story atrium to the single zone. The authors found that the LES model was too
computationally intensive for the domain size necessary for natural ventilation. The two
different situations examined showed different suitable turbulence models. The single zone
simulation showed the RNG k-ε and zero-equation models agreed with experimental data
best.

The second simulation showed the zero-equation and laminar models had better

agreement with experiments. The authors stated for the two cases the laminar and zeroequation model may be better because the flow is turbulent only in parts of the domain.
Based on the aforementioned research findings, the k-ε model performed well and the
standard model is more efficient, therefore the current study will use the standard k-ε model.

6

1.3 Objective
In this study, CFD will be used to model airflow and temperature fields in existing
buildings, and to examine the effectiveness of natural ventilation to control thermal comfort
within the buildings. Both passive heating and passive cooling will be examined using
multiple environmental conditions. Thermal comfort and air velocities will be examined
following ASHRAE Standard 55. Air quality will be examined on the principle of air
changes per hour (ACH).
Two existing buildings designed to implement natural ventilation will be examined. The
first is the Margaret Esherick House in Chestnut Hills, PA, a two story residential building
designed by Louis I. Kahn. The house features openings on opposite sides of the house with
no walls extending the length of the house. This layout allows air to flow freely across the
building. A double height room on the south end of the house connects two floors, allowing
air to move freely between them.
The second building is the Viipuri Library in Vyborg, Russia, a municipal library
designed by Alvar Aalto. The building consists of two large sections: a long, narrow lower
section on the north side and a larger taller section on the south side. The north section
contains the main door and a large lecture hall on the main level. The south section is open
vertically and horizontally, with tall ceilings and large openings between levels. The two
sections are connected by multiple large openings allowing air to flow freely.
CFD simulations will examine spatial layout effects on the ability of natural ventilation
to maintain a comfortable thermal environment and acceptable rates of ventilation to
maintain fresh air throughout the building during different atmospheric conditions. The use
of CFD in this study is to demonstrate its potential application as a design tool. Changes can
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be relatively inexpensive during the design stage using CFD as compared to making
renovations in an existing building.
The remainder of the thesis will start with a discussion of the numerical models and
solution methods in Chapter 2.

Chapters 3 and 4 will examine the two buildings

individually, starting with the Viipuri Library and then the Esherick house. A brief history of
each building will be given, followed by a description of the layout. The cases for each
building will be discussed, and results for each case given.

Chapter 5 will discuss

conclusions of the current work and will provide a brief recommendation work to be done in
the future.
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Chapter 2: Numerical Approach
In this chapter, an overview of the physical model used in this study will be given. The
commercial software FLUENT 6.3 [16] is used to perform all simulations. The following
presents the equations and models employed to simulate passive cooling and heating within a
building.
2.1 Governing Equations
The velocity and temperature fields in buildings are governed by the three-dimensional
Navier-Stokes equations and the energy transport equation. The standard k-ε turbulence
equation is also used to model free stream wind, which is inherently turbulent [7].
The compressible form for conservation of mass and is given by:



   v   0
t

2.1


where  is the fluid density, and v is the velocity vector.

Conservation of momentum is given by:

 
v     ( vv)  p       g
t

2.2


where p is pressure,  is the stress tensor, and g is the gravitational body force vector. The
stress tensor,  , for a Newtonian fluid is given by:

   v  v T     v I 
3








2

 

2.3
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where  is the dynamic viscosity of the fluid and I is the identity tensor. For the current
study, the flow is considered incompressible because low velocities and small pressure
differences are present in the domain.
The Boussinesq approximation is used for buoyancy-driven flows, such as natural
convection. The approximation assumes that density differences are small except for the
buoyancy force, which is due to vertical density gradients and the gravitational force. Thus,
if density changes are considered to be only a result of temperature changes:

1   
   
  T  p

2.4

where  is the thermal expansion coefficient [21]. The Boussinesq approximation can then
be used assuming density as a linear function of temperature, and therefore is only valid
when the range of temperatures is small. The Boussinesq approximation is given by:

0     0  T  T0 

2.5

where  0 and T0 are reference values. Equation 2.5 can be solved for density  and
substituted into the term g of Equation 2.2. In all other terms, ρ is replaced with ρ0.
The general form of the energy equation is given by:


E     vE  p     keff T     eff  v   S h
t

2.6

where E is total energy. The first term on the right hand side is the effective conductivity,
keff, which is the sum of the fluid thermal conductivity and the turbulent thermal conductivity.
The second term on the right hand side represents viscous heating present in the flow;
however, this value is neglected for most incompressible flows. The final term on the right
hand side, Sh, represents an energy source term, which will be discussed on a case by case
basis. The total internal energy of the fluid is defined as:
10

E  h

p





v2
2

2.7

where h is the sensible enthalpy of the fluid:
T

h   c p dT

2.8

Tref

and Tref is a reference temperature (usually standard temperature) and cp is the constant
pressure specific heat of the fluid. In this study the fluid thermal conductivity and cp will be
considered constant for the small temperature changes present.
Using the simplifications given above, the final forms of the incompressible
conservation equations are:

v  0

2.9


 

v  
1

 v   v   p   2 v  g   (T  T0 ) g
t
0
0

2.10

T 
 v  T   2T
t

2.11

2.2 Non-Dimensional Equations
Non-dimensionalization of the equations is used to evaluate the importance of each term
of the governing equations. To do this, L, u0 and  will be used to non-dimensionalize all of
the variables, and a superscript * will represent the non-dimensional quantity, where:
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Equations 2.12-2.17 are substituted into Eqs 2.9-2.11 to produce the non-dimensional set of
equations:
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where Re is the Reynolds number, defined as the ratio of momentum forces to viscous forces,
which is given by:

Re 

u 0 L
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The Grashof number is given by:

Gr 


g TS  T0 L3

2.22

2

and the Prandtl number is defined as ν/α [22].
2.3 Turbulence Models
The standard k-ε turbulence model is used in this study, which uses two additional
transport equations to model the effects of turbulence on the entire flow field. The additional
transport equations are used to calculate the turbulent kinetic energy, k, and the turbulent
dissipation rate, ε. In the standard k- ε model, the transport equations for k and ε are given
by:
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In these equations, Gk represents turbulent kinetic energy production due to mean velocity
gradients; Gb represents turbulent kinetic energy production due to buoyancy; Sk and Sε are
source terms for k and ε respectively; C1ε, C2ε, and C3ε are constants; σk and σε are turbulent
Prandtl numbers for k and ε respectively; and μt is the turbulent viscosity. The expressions of
these parameters are given by:
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The values of the constants used by FLUENT are: C1ε = 1.44, C2ε = 1.92, Cμ = 0.09, σk = 1.0,
σε = 1.3. Because the effects of the buoyancy generation term on ε are not well understood
and considered negligible in the turbulent dissipation rate transport equation, C3ε is not
needed.
The final forms of the k-ε transport equations for incompressible flow are:
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2.4 Discretization
FLUENT uses a control volume approach (also referred to as a finite volume approach)

to calculate the dependent variables (e.g. v , T) at the center of each cell; however, these

variables are needed at cell faces to compute fluxes. In this study, a second-order upwind
discretization scheme is employed to compute variables at the face using the cell-centered
data. The second order upwind scheme uses a Taylor series expansion of the variable about
the cell face to compute flux values.
2.5 Solver
The current study uses the segregated pressure-based Navier-Stokes (PBNS) [23] solver
in FLUENT. The PBNS solver is applied to incompressible flows, where conservation of
mass is rewritten in terms of pressure and pressure becomes the primitive variable. Within
the broader class of PBNS solvers, the SIMPLE algorithm [24] is used for pressure-velocity
coupling. The SIMPLE algorithm initially solves for a velocity field using a given pressure


field, p*, and velocity field, v * . This will give an intermediate velocity field, v * . The final


solution for the velocity field, v , must satisfy the continuity equation. The final velocity
field can be defined as:
  
v  v * v '

2.30

and a final pressure field can be defined as:
p  p *  p'

2.31

where p′ is a pressure correction.

The SIMPLE algorithm then approximates a solution for v ' as:

v' 

1
1
Al vl 
 p' P

AP l
AP

2.32
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The coefficients Ap and Al are derived from the discretized momentum equation.

The

subscript P represents the cell that is being solved and the subscript l represents all other cells
used in the discretized equation. Equations 2.15 and 2.17 are substituted into Eq. 2.1 to
formulate the pressure equation.

The first term on the right hand side of Eq. 2.17 is

unknown, the SIMPLE algorithm approximates it as zero in the pressure equation. Once the
pressure correction is found, a velocity correction is calculated using Equation 2.17. The
pressure and velocity fields are then updated using Eqs. 2.15 and 2.16. Finally, all other
equations are solved using the updated pressure and velocity fields [25].
2.6 Boundary Conditions
There are three boundary types used in the study: surfaces, inlets, and outlets. Inlets and
outlets represent building openings. At inlets, a uniform velocity profile, with both speed
and direction, and the temperature of the incoming air are specified. At outlets, the ambient
air pressure and temperature are specified. Turbulent kinetic energy and turbulent dissipation
rate at the inlets and outlets are set to zero because the parameters are hard to estimate. All
surfaces that represent a wall boundary assume the no-slip condition. The thermal boundary
condition at the wall is set to either adiabatic, uniform temperature or uniform heat flux. The
specific boundary conditions will be discussed for each case.
2.7 Grid Resolution
A grid independence study was performed to determine an acceptable grid resolution to
use for natural ventilation simulations. The study of Schaelin, et al. [9] was used to validate
the grid resolution. Schaelin, et al. performed simulations based on the experimental work of
Mahajan [26]. The domain used in the simulations is presented in Figure 2.1 for a single
room building open to the atmosphere on the left side by a door located at x=0 and extends
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vertically for 2.2 m. Heat is provided to the room by a heater opposite to the door. The
exterior boundaries of the atmosphere are set to zero gage pressure and atmospheric
temperature (Tamb = 20 °C).

Figure 2.1: Domain for grid independence study

Figure 2.2: Velocity profile at door for grid independence study
Three grid spacings (5, 10, and 15 cm) were tested with uniform grid spacing in both
directions. The velocity through the door in the horizontal direction for the three grids is
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compared to results given by Schaelin, et al. and shown in Figure 2.2. Increasing the grid
resolution by reducing the cell size improved the results overall, as compared with the data of
Schaelin, et al. The grid resolution study will be used as a guide for determining the grid
resolution for the full-scaled buildings of the library and house.
2.8 Mesh Generation for Buildings
The geometry of the buildings was drawn by Blake Fisher, an architecture student at
Iowa State University, in the AutoCAD program Inventor. The files were received in IGES
format and imported into the grid generation software GAMBIT. Within GAMBIT the
building had to be refined to correct errors that occurred during the conversion process. The
corrected geometry was meshed using one of two methods (structured or unstructured)
depending on the complexity and will be discussed later. Based on the results of Section 2.7,
a grid spacing of 10 cm was selected; however, the domain for the Viipuri library was too
large and a mesh with 10 cm spacing exceeded the computer memory. A summary of the
grid resolution is found in Table 2.1 and will be discussed further in Chapters 3 and 4.
2.9 Time Dependent Simulations
All simulations in the current study are time dependent and time is discretized using a
first order implicit method. Stability is governed by the Courant-Friedrichs-Levy (CFL)
number:

CFL 

u0t
x

2.33

where Δx is the grid spacing and u0 is the velocity specified at an inlet [23]. An initial time
step for all cases is calculated to maintain the CFL number near unity. For some cases, the
time step had to be lowered to achieve convergence. For most simulations this required
around 20-30 pseudo-iterations per time step. A pseudo-iteration is the iterative process
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within a time step to ensure all variables have converged to a criterion. A summary of the
time step, CFL, grid size, pseudo-iterations and CPU requirements used for the simulations is
given in Table 2.1.

Table 2.1: Summary of time steps

total # cells
min cell size (cm)
max cell size (cm)
Δt (s)
CFL
tmax (min)
# pseudo-iterations
CPU time (h)

Viipuri Library
Heating
Cooling
0.25
0.1
20
20
50
50
0.25
0.1
1
0.5
60
20
127000
62500
151
110
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Esherick House
Heating
Cooling
0.1
0.01
10
10
10
10
0.01
0.1
0.02
1
10
10
47000
12000
94
26

Chapter 3:

Viipuri Library

The first building considered in this study is the Viipuri Municipal Library in Vyborg,
Russia. The library was designed by Finnish architect Alvar Aalto after he won a design
competition held by the Viipuri city council in 1927. It took five years to construct the
building. After World War II the city and surrounding province were annexed by the Soviet
Union and very little was known about the fate of the library to the Western world. Many
believed that it had been completely destroyed when hit by a bomb during World War II.
After the fall of the Soviet Union, the library was found to still be standing but in a state of
disrepair. Since then, efforts to renovate the library to its original condition have been
initiated, a process that continues today.
3.1 Building Layout
Figure 3.1 shows the layout of the library. The library consists of two large sections: a
shorter section of offices on the north side and a larger section to the south. A major feature
of the library is a circular staircase within the lending desk in the southern section, allowing
only the librarians to travel between and observe all three levels easily. The northeast section
includes the main entrance of the building. To the right of the main entrance is a large
lecture hall with an undulating wood ceiling. There is a stairwell on the left of the entrance
that leads to office space on the second level and a storage area in the basement. From the
basement, there is access to the children‟s library below the reading room.
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Figure 3.1: Views of the Viipuri Library
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As a patron walks through the main entrance, there are 8 stairs that lead into the stacks
of the library. At the top of the stairs the reading room is to the left. To the right is a
staircase connecting the split levels of the stacks and the lending desk. All of the spaces in
the larger part of the library are connected and open, allowing air to flow easily between the
sections.
Heating in the building is provided by hot pipes in the three sections of the ceiling,
shown as red surfaces in Figure 3.1. Normally the front and rear doors are kept open to
increase airflow through the building, as well as regulate temperature during the summer.
The two doors are colored yellow. In the present study, a third door in the Children‟s library
is opened and is also shown in yellow. Windows are located in the office space on the
second level of the shorter section, can be opened to allow more airflow through the building
and are shown in blue. The lecture hall is lined with windows that cannot be opened, but
provide ample light to the room. Additional windows located in the children‟s library allow
that area to be lit using natural light. Lighting in the lending and reading areas is provided by
an array of skylights.
3.2 Meshing the model
Because the Viipuri Library has a complex geometry, the entire building uses an
unstructured mesh. The node spacing varies throughout the building, with the smallest
spacing around the spiral staircase of approximately 20 cm and the largest spacing of 50 cm
through a majority of the lending area. The total number of cells used to discretize the
Viipuri Library is about 750,000. To maintain a CFL number near unity, the time step was
set to 0.25 s for the heating cases. The cooling cases used a CFL near 0.25, time step of
0.1 s, to aid convergence. Simulations were considered converged when residuals dropped at
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least three orders of magnitude.

A summary of simulation parameters is presented in

Table 2.1.
3.3 Passive Heating
The focus of the restoration in the Viipuri library is within the large reading room and
lending area where the hot water pipes provide heating. Recently, radiators under the lecture
hall windows have been restored, but will not be modeled for these studies. A total of three
passive heating simulations were performed.

The ceiling was modeled at a constant

temperature of 50 °C and the front entrance allowed air to enter the building. A small slit
with air entering at an angle of 45° is used to model a single door being propped open
slightly. The rear door is also modeled as a small slit to replicate the door being propped
open to allow cross ventilation in the building. A summary of the boundary conditions used
in the passive heating simulations is given in Table 3.1. For all cases, Pr is 0.7, Ra and Gr
are near 1012.
3.3.1 Reference Heating Case
The reference heating case has an initial temperature in the building of 15 °C and no air
movement. Atmospheric air is allowed to enter through the center door of the main entrance
at 4 m/s with a temperature of 5 °C. The atmospheric conditions were selected to imitate a
typical October or April day in Vyborg.
Table 3.1: Summary of Viipuri Library Heating Cases
Tatm (°C)
Open Door
vatm (m/s)
Tceiling (°C)
T0 (°C)

Reference
5
Center
4
50
15

Atmospheric
-5
Center
4
50
15
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Main Entrance
5
Left
4
50
15

Figure 3.2 (a-c) presents the temperature contours of the heating case at three different
instances in time. A small insert in the upper frames shows the entire building with three
black lines to identify the x-z planes shown. The top plane shows a section of the reading
room and basement. The middle plane bisects the front door and the lending area. The
bottom plane shows a section of the lending area near the back door and includes the lecture
hall. Figure 3.3 shows contours of velocity magnitude at the same locations and times.
Figure 3.2 shows that the air temperature is horizontally stratified throughout all rooms of the
building. At t = 20 min, the air temperature is very warm near the heated ceilings of the
reading room (upper frame) and lending area (middle and lower frames). As time progresses,
the overall temperature of the air in the lending area and reading room increases. Air in the
lecture hall cools significantly during the hour of simulation time.

The temperature

throughout the remainder of the building remains basically constant over time. Air velocities
throughout the building are low as shown in Figure 3.3. The highest velocities occur near the
inlet at the front door and near the exit at the rear door. For this set of conditions, the low
velocities and stratified air temperatures imply that heat transfers primarily through diffusion.
Figure 3.4 (a) and (b) show the temperature contours of the reference heating case for yz planes at t = 20 min and 40 min, respectively. The insert shows the entire building with
three black y-z planes identified. The top plane bisects the reading room and the lending
area. The middle plane shows a section of the reading room and lending area near the back
door. The bottom plane bisects the lecture hall and office spaces. Figure 3.5 shows contours
of velocity magnitude at the same locations and times. The upper and middle frames of
Figure 3.5 show an increased velocity near the heated ceilings in the reading room and
lending area.
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Figure 3.6 (a) and (b) show a three dimensional model of the Viipuri Library with
streamlines superimposed with contours of temperature and velocity magnitude, respectively.
After 60 min, the air temperature is completely stratified (Figure 3.6 (a)) with very little
mixing because the airflow is very low. The periodic nature of high and low velocities near
the heated ceiling in the reading room (Figure 3.6 (b)) shows evidence of a buoyancy driven
flow.
Figure 3.7 (a) and (b) shows the progression of average temperature and velocity
magnitude values, respectively, in time for selected locations in the library for the reference
heating case. The data is spatially averaged over planes that are at 1 m and 1.8 m above the
floor in the reading room and lending area. ASHRAE Standard 55-2004 [2] states as a
general guideline that the temperature within a building should be around 20 °C to 28 °C
with an air velocity below 0.2 m/s. The velocities in Figure 3.7 (b) quickly reach steady state
around 10 min and do not rise above the 0.2 m/s threshold. Figure 3.7 (a) however shows
that the temperature in these areas do not fall within the suggested range. The temperature
within the reading room slowly decreases during the one hour of simulation time to reach
around 14 °C. The temperature in the lending area is shown to stay near constant during the
first 20 min, but then increases to about 32 °C during the next 20 min. After 40 min, the
temperature in the lending area reaches steady state at about 32 °C at 1.8 m above the floor
and 29 °C at 1 m above the floor.
3.3.2 Effects of Atmospheric Changes
An additional simulation was performed to study the effects that atmospheric changes
have on the heating of the library. The case decreases the temperature of the atmospheric air
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(a) 20 min

(b) 40 min

(c) 60 min

Figure 3.2: Temperature contours of the reference passive heating case at selected x-z planes for (a) t = 20 min, (b) t = 40 min,
(c) t = 60 min. Upper frame shows the reading room, middle frame shows the lending and entrance areas, and lower frame
shows the lending area and lecture hall.
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(a) 20 min

(b) 40 min

(c) 60 min

Figure 3.3: Contours of velocity magnitude of the reference passive heating case at selected x-z planes for (a) t = 20 min, (b) t
= 40 min, (c) t = 60 min. Inlet velocity is 4 m/s. Upper frame shows the reading room, middle frame shows the lending and
entrance areas, and lower frame shows the lending area and lecture hall.
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(a) 20 min

(b) 40 min

Figure 3.4: Temperature contours of the reference passive heating case at selected y-z planes for (a) t = 20 min, (b) t = 40 min.
Upper frame shows the reading room and lending area, middle frame shows the reading room, lending area and the rear door,
and lower frame shows the entrance area, lecture hall and office space.
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(a) 20 min

(b) 40 min

Figure 3.5: Contours of velocity magnitude of the reference passive heating case at selected y-z planes for (a) t = 20 min and
(b) t = 40 min. Inlet velocity is 4 m/s. Upper frame shows the reading room and lending area, middle frame shows the
reading room, lending area and the rear door, and lower frame shows the entrance area, lecture hall and office space.
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(a)

(b)

Figure 3.6: Three dimensional model of Viipuri Library reference case after 60 min with streamlines superimposed with
contours of (a) temperature and (b) velocity magnitude.
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(a)
(b)
Figure 3.7: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for the reference heating case of the Viipuri Library.

from Tatm = 5 °C to Tatm = -5 °C. All other parameters remain the same as the reference
heating case. Figure 3.8 shows a comparison of the temperature contours in the y-z plane for
the two cases after 60 min. The case with the colder outdoor temperature (Figure 3.8 (b)) is
very similar to the reference case. The main difference is the presence of colder temperatures
in the lecture hall and basement, as is expected with the colder air entering the building
Figure 3.9 (a) and (b) shows the progression of average temperature and velocity
magnitude values, respectively, in time for selected locations in the library for the case with
Tatm = -5 °C. The average temperature in the lending area in Figure 3.9 (a) is about 4 °C
cooler 1 m from the floor and 2 °C cooler 1.8 m from the floor after 60 min when compared
to the reference heating case in Figure 3.7 (a). Temperatures within the reading room in
Figure 3.9 (a) are about 10 °C, which is 4 °C cooler than the reference case. The velocity in
the lending room is higher for the case with Tatm = -5 °C (Figure 3.7 (b)), but the rest of the
velocity trends compare well with the reference heating case (Figure 3.9 (b)).
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(a) Reference Heating Case (Tatm = 5 °C)

(b) Lower Atmospheric Temperature (Tatm = -5 °C)

Figure 3.8: Temperature contours in y-z planes after 60 min for (a) Tatm = 5 °C with the center door open (reference case) and
(b) Tatm = -5 °C with the center door open. Upper frame shows section including reading room, lending area and stacks,
middle frame shows section including reading room, lending area and back door, and lower frame shows section including
entrance area, lecture hall and offices space.
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(a)
(b)
Figure 3.9: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for heating case with Tatm = -5 °C.
3.3.3 Effects of Main Entrance Configuration
An additional simulation was performed to study the effects of changing the orientation
of the open entrance door. For this simulation, the door modeled as open is changed from the
center door to the left door as viewed from outside the building. All other parameters remain
the same as the reference heating case. Figure 3.10 (a) and (b) show temperature contours
for the reference heating case and the modified entrance configuration case, respectively,
after 30 min. The lower frame of Figure 3.10 (b) shows cooler air is present in the entrance
area and stairwell in the case with the left door ajar than is seen in the reference case.
Beyond this difference, the temperature contours of the two cases are very similar.
Figure 3.11 (a) and (b) show spatially averaged values of temperature and velocity
magnitude, respectively, in the lending are and reading room for the simulation with the left
door ajar. The values on each plot are very similar to the values seen in Figure 3.7.
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(a) Reference Heating Case

(b) Left Door Open

Figure 3.10: Temperature contours in y-z planes after 60 min for (a) Tatm = 5 °C with the center door ajar (reference case) and
(b) Tatm = 5 °C with the left door ajar. Upper frame shows section including reading room, lending area and stacks, middle
frame shows section including reading room, lending area and back door, and lower frame shows section including entrance
area, lecture hall and offices space.
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(a)
(b)
Figure 3.11: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for heating case with left door open.
3.4 Passive Cooling
During the summer months, the library is cooled using natural airflow through the
building. Air is allowed to enter through the front door of the library and exit through the
back door. A total of three simulations were performed on passive cooling scenarios. All
front doors are modeled as completely open with a wind entering at a velocity of 2.2 m/s.
The back door is modeled as being completely open to allow for cross ventilation within the
building. Air enters the building with a temperature of 20 °C. The atmospheric conditions
are representative of a July day in Vyborg in the mid-morning. A summary of boundary
conditions for the passive cooling cases is given in Table 3.2.
3.4.1 Reference Cooling Case
The reference case for the passive cooling simulations uses the scenario above with the
front and back doors open. The initial air temperature in the building is 27 °C. No heat
sources are present in the library during the passive cooling simulations.
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Table 3.2: Summary of Viipuri Library Cooling Cases
Doors Only

Doors and
Windows
Main Entrance
Office Windows

Inlets

Main Entrance

Outlets

Rear Door

Rear Door

vatm (m/s)
Tatm (°C)
T0 (°C)

2.2
20
27

2.2
20
27

Doors, Windows and
Children’s Library Door
Main Entrance
Office Windows
Rear Door and Children‟s
Library Door
2.2
20
27

Figure 3.12 shows temperature contours at three instances in time for the reference
passive cooling case. Figure 3.13 shows contours of velocity at the same instances in time.
The three frames in Figure 3.12 (a-c) show that the reading room and lending area cool very
quickly. The middle frame of Figure 3.12 shows the lecture hall cools slower than the two
main rooms, but after 20 min the air temperature is near 21 °C. The middle and lower frames
show the office space on the second floor cools slowly and after 20 min the air temperature is
still near 26 °C. In Figure 3.13, the middle frame shows high velocities near the front doors
and the lower frame shows even higher air velocities near the back door. All three frames
show that elsewhere in the building, the air velocities remain low.
Figure 3.14 is the three-dimensional model of the library with streamlines superimposed
with temperature contours at 20 min. The streamlines in the reading room and lending area
rotate, showing the air is well mixed by convection, providing almost uniform temperatures
throughout the rooms. The lack of air movement between the lecture hall and the upstairs
offices prevents the air in the offices from cooling significantly.
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(a) 10 min

(b) 15 min

(c) 20 min

Figure 3.12: Temperature contours of the reference cooling case at selected x-z planes for (a) t = 10 min, (b) t = 20 min,
(c) t = 30 min. Upper frame shows the reading room, middle frame shows the lending and entrance areas, and lower frame
shows the lending area and lecture hall.
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(a) 10 min

(b) 15 min

(c) 20 min

Figure 3.13: Contours of velocity magnitude of the reference cooling case at selected x-z planes for (a) t = 10 min,
(b) t = 20 min, (c) t = 30 min. Inlet velocity is 2.2 m/s. Upper frame shows the reading room, middle frame shows the lending
and entrance areas, and lower frame shows the lending area and lecture hall.
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Figure 3.14: Three dimensional model of library reference cooling case with
streamlines superimposed with temperature contours.
Figure 3.15 (a) and (b) show spatially averaged temperatures and velocity magnitudes,
respectively, at planes 1 m and 1.8 m above the floor in the lecture hall, the reading room and
the lending area. Figure 3.15 (a) shows the temperatures in the lending area and reading
room cool quickly, dropping almost 7 °C during the first 5 min and reaching steady state
after about 15 min. The lecture hall does not cool as quickly, but after 20 min the average
temperature in the lecture hall is below 21 °C. Figure 3.15 (b) shows the average velocity in
all three rooms is above the recommended value of 0.2 m/s but the velocities do stay under
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(a)
(b)
Figure 3.15: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for reference cooling case of the Viipuri Library.
the maximum value of 1 m/s. Similar to the heating case, the velocity in the cooling case
reaches steady state values during the first 5 min of the simulation.
3.4.2 Effect of Door and Window Configuration
An additional simulation was performed to examine the effect on airflow and
temperatures in the building when every other window in the row of offices on the second
floor is opened. Figure 3.16 shows a comparison of temperature contours between the
reference cooling case and the case with the office windows open. The lower frame shows
opening the windows on the second floor aids in cooling the air in the offices as well as in
the lecture hall on the first floor. All three frames show the temperature in the basement of
the library is much cooler when the office windows are open.
Figure 3.17 shows a comparison of velocity magnitude between the reference cooling
case and the case with office windows open. The velocities throughout the building are
higher when the windows are open. The higher velocities are most noticeable in the lower
frame in the lecture hall and in the middle frame in the hallway next to the lecture hall.
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Higher velocities are also noticeable in the upper frame in the stairway between the two
levels of the stacks and near the back door. The higher velocities throughout the building are
expected because a larger volume of air is entering the building with the windows open.
Figure 3.18 (a) and (b) shows the spatially averaged values of temperature and velocity
magnitude, which can be compared to the reference cooling case. Figure 3.18 (a) shows the
temperatures throughout the building cool very quickly, decreasing to just above 20 °C
during the first 5 min. This rate of cooling is much quicker than is seen in Figure 3.15 (a) for
the reference cooling case, especially in the lecture hall.
The velocity magnitude in all three rooms, as seen in Figure 3.18 (b), is much higher in
all three rooms when compared with the reference case in Figure 3.15 (b). The velocity
throughout the building exceeds the acceptable range recommended by ASHRAE. Because
the velocities for the case with the office windows open are unacceptably high, a third
passive cooling simulation was performed. The third case models air entering the front door
and the windows in the office and exiting not only the back door, but also the door in the
children‟s library. Figure 3.19 shows a comparison of temperature contours between the
reference case and the case with the children‟s library door open. Much like the case with
just the front and rear doors and the office windows, Figure 3.19 (b) shows temperatures
throughout the building are lower for the third case than for the reference cooling case. The
most evident area of lower temperatures is shown in the lower frame of Figure 3.19 (b) in the
office area above the lecture hall. After 20 min, the temperature throughout the building is
about 20 °C; similar to what was predicted for the case with the office windows open
(Figure 3.16 (b)).
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(a) Reference Cooling Case

(b) Office Windows Open

Figure 3.16: Temperature contours in y-z planes after 20 min for (a) front and rear doors open (reference cooling case) and
(b) front and rear doors and office windows open. Upper frame shows section including reading room, lending area and
stacks, middle frame shows section including reading room, lending area and back door, and lower frame shows section
including the entrance area, lecture hall and offices space.
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(a) Reference Cooling Case

(b) Office Windows Open

Figure 3.17: Contours of velocity magnitude in y-z planes after 20 min for (a) front and rear doors open (reference cooling
case) and (b) front and rear doors and office windows open. Inlet velocity is 2.2 m/s. Upper frame shows section including
reading room, lending area and stacks, middle frame shows section including reading room, lending area and back door, and
lower frame shows section including the entrance area, lecture hall and offices space.
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(a)
(b)
Figure 3.18: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for case with front and rear doors and office windows
open.
Figure 3.20 shows a comparison of contours of velocity magnitude between the case
with just the front and back doors and office windows open and the case with the children‟s
library door open as well. The objective of opening the door in the children‟s library is to
reduce the velocity of the air in certain areas of the library (i.e. near the rear door, between
the two levels of the stacks, etc.). The middle frame of Figure 3.20 shows that the air
velocity near the rear door has been reduced significantly and a slight reduction in velocity in
the stairs leading from the entrance area to the stacks. The upper and middle frames of
Figure 3.20 shows that the air velocity throughout the reading room and lending area has
been reduced, partially achieving the goal of opening the children‟s library door.
Figure 3.21 (a) and (b) shows the spatially averaged values of temperature and velocity
magnitude for the case with the children‟s library door open at the same locations shown for
the reference case. Similar to the case with the front and rear doors and the office windows
open, Figure 3.21 (a) shows the average temperatures throughout the building decrease
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(a) Reference Cooling Case

(b) Children‟s Library Door Open

Figure 3.19: Temperature contours in y-z planes after 20 min for (a) front and rear doors open (reference cooling case) and
(b) case with front, rear and children’s library doors and office windows open. Upper frame shows section including reading
room, lending area and stacks, middle frame shows section including reading room, lending area and back door, and lower
frame shows section including the entrance area, lecture hall and offices space.
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(a) Front and rear doors and office windows open

(b) Children‟s Library Door Open

Figure 3.20: Contours of velocity magnitude in y-z planes after 20 min for (a) front and rear doors and office windows open
and (b) case with front, rear and children’s library doors and office windows open. Inlet velocity is 2.2 m/s. Upper frame
shows section including reading room, lending area and stacks, middle frame shows section including reading room, lending
area and back door, and lower frame shows section including the entrance area, lecture hall and offices space.
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(a)
(b)
Figure 3.21: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervals for case with front, rear and children’s library doors and
office windows open.
quickly, with a value just about 20 °C after 5 min and decreasing to 20 °C during the next
5 min. Figure 3.21 (b) shows the air velocity throughout the building decreased from almost
2 m/s to 1.5 m/s (Figure 3.18 (b)) but are still higher than the standard set by ASHRAE. The
additional exit area provided when the children‟s library door is open decreases the air
velocity throughout the building, especially near the rear door in the lending area.
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Chapter 4: Esherick House
The second building considered in the present study is the Margaret Esherick House
designed by Louis I. Kahn. The building is a single family residence in the Philadelphia, PA
suburb of Chestnut Hills. The house was designed and built between 1959 and 1961 [27].
The average high temperature in Philadelphia ranges between 4 °C in January and 30 °C in
July [28]. The climate is such that heating is needed during the fall, winter and early spring.
Cooling is needed during the late spring and summer months. The average temperature
during the spring makes the use of natural ventilation to cool the building possible.
4.1 Building Layout
A photograph of the Esherick house as seen from the street is shown in Figure 4.1. This
view shows two sets of windows in a “T” configuration. The horizontal part of the “T” has a
wide window with shutters on either side and the vertical part of the “T” has only shutters.
Kahn used this configuration to allow ample light to enter through the windows near the
ceiling, while providing privacy using the narrower opening beneath the wider windows.
The shutters can be opened to allow air to flow in the house or closed to allow privacy within
the house. The front door is located perpendicular to the path leading to the entrance at the
center of the house.
The rear of the house overlooks the backyard and an adjacent nature park. Kahn
considered this while designing the house. The rear of the house contains many windows
such that the wall almost disappears when all the shutters are open. Figure 4.2 is a view of
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Figure 4.1: Street view of Esherick house1

Figure 4.2: Rear view of Esherick house1

1

© 2008 Todd Eberle, Photo courtesy of Wright
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the house from the backyard when the shutters are completely open. On the left is a great
room with windows from the floor to the ceiling. There is also a rear door on the lower level
and a patio on the second floor. The right half of the house has two levels, each with
windows from the floor to the ceiling. The lower level is a dining room and the upper level
is a bedroom.
A plan drawing of the Esherick house is depicted in Figure 4.3 and is labeled with
features used in the simulations. Doors are marked with a „D‟, shutters are marked with an
„S‟, windows are marked with a „W‟, and fireplaces are marked with an „F‟. The numbers on
the features will be used to detail boundary conditions for the remainder of the chapter.
Figure 4.4 shows the three-dimensional layout of the house for the model as viewed from the
north side of the house. As previously mentioned, the south end of the house is a great room
with a fireplace and the north end has two levels. The larger room on the lower level is the
dining room and on the upper level is the bedroom. The smaller rooms on the lower level
include a closet, a utility room and the kitchen. The smaller rooms on upper level include
two closets and a bathroom. In the middle of the house is a stairwell that connects the two
levels.
Two exterior views of the house are presented in Figure 4.5 and identify important
features (windows, doors, etc.) that will be modeled. On either end of the house there is a
fireplace and a chimney. Doors are shown as yellow surfaces, windows as blue surfaces and
the shutters around the windows, which are the main source of ventilation for the house, are
shown as red surfaces. The tall shutter on the front of the house is split into two vertical
sections, each of which can be opened individually. The remaining shutters have two vertical
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Figure 4.3: Plan drawing of Esherick house with features labeled. Upper figure is
upper level and lower figure lower level of the house. ‘D’ is door, ‘W’ is window, ‘S’ is
shutter, ‘P’ is patio and ‘F’ is fireplace. Courtesy of GreatBuildings.com.
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Figure 4.4: Interior view of the Esherick house.

(a)

(b)

Figure 4.5: Exterior views of Esherick house as seen from the (a) front and (b) rear.
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sections, and are also split into two horizontal sections. The flexibility in the shutters
provides the ability to regulate air flow through the house.
4.2 Meshing the model
The drawing shown in Figure 4.4 is meshed using the software GAMBIT. The majority
of the Esherick house was divided into cuboids and meshed using a structured mesh with a
node spacing of 10 cm. A small area around the stairs was discretized using an unstructured
mesh due to the complexity of the geometry, but the node spacing remained at 10 cm. The
total number of cells used to discretize the Esherick house is about 580,000. Simulations
were considered to converge when residuals dropped at least three orders of magnitude. For
most simulations this required around 30-50 pseudo-iterations per time step. A summary of
simulation parameters is presented in Table 2.1
4.3 Passive Cooling
The climate in the Philadelphia area allows the Esherick house to be cooled using
passive cooling techniques during the summer months. The shutters on either side of the
house provide ample area for cross ventilation to occur in the house. The interior of the
house also contains very few obstructions, allowing air to flow freely across the main rooms.
A summary of boundary conditions for the passive cooling cases is given in Table 4.1.
Table 4.1: Summary of Esherick House Cooling Cases
Inlets
Outlets
Heated Surface
vatm (m/s)
Tatm (°C)
T0 (°C)

Reference
S6, S9, S10
S2, S7, S8

1
18
24
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Solar Heating
S6, S9, S10
S2, S7, S8
W1, W2, W4
1
18
24

4.3.1 Reference cooling case
The first cooling case models a spring day around dusk with the house at an elevated
initial temperature, cool air entering through the shutters and no heat load. The initial air
temperature in the building is 24 °C. Wind enters uniformly through shutters S6, S9 and S10
on the west side of the house with a velocity of 1 m/s and a temperature Tatm = 18 °C. On the
east side of the house, shutters S2, S7 and S8 are open to allow air to exit.
Figure 4.6 is the three-dimensional view of the Esherick house reference cooling case
with streamlines superimposed with temperature contours at 2 min, 4 min, 6 min and 8 min.
The first frame shows that at t=2 min, the lower part of the great room and the bedroom
reached temperatures less than 20 °C, whereas the rooms on the north side of the house have
the highest temperatures near 23 °C. Using streamlines, buoyancy effects are evident in the
great room, showing that the cool air entering shutter S9 sinks to the floor in the warm room.
At t=4 min, the great room is almost completely cooled. The air entering in the bedroom
through shutter S6 creates a vortex within the room that helps mix the air and cool the room
more quickly. By 6 min the majority of house is cooled, except the smaller rooms on the
north end of the house and the flow within the bedroom does not show any circular motion.
An interesting flow feature present in all four frames in the behavior of the air entering
shutter S10 in the dining room. The air enters the house and turns toward the great room.
Temperature contours for the Esherick house after 10 min are shown in Figure 4.7 (a).
The upper frame shows a plane 1.5 m above the floor on the upper level, the middle frame
show a plane 1.5 m above the floor on the lower level and the bottom frame shows a plane
bisecting the length of the house. The upper and middle frames show that the smaller rooms
on the north end of the house do not cool as quickly as the rest of the house. The bottom
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frame shows stratification of the air with slightly higher temperatures near the ceiling.
Beyond these areas of warmer temperature, the air within the house appears to be well mixed
with a uniform temperature of 18 °C.
Figure 4.7 (b) shows contours of velocity magnitude for the reference cooling case after
10 min. The upper frame shows a distinct jet of air with velocity higher than the inlet
velocity near the open shutters. This is caused by the no slip condition being enforced along
the wall, to satisfy conservation of mass the higher velocity develops. The air entering
shutter S6 crosses the bedroom and exits through shutter S2. The middle frame shows that
the jet of air entering shutter S10 turns right toward the great room. The flow is split
between the two passageways connecting the great room and the dining room. The lower
frame indicates that there are large horizontal gradients of velocity in the house; however the
vertical gradients are small.
The progression of average temperature and velocity magnitude values are show in
Figure 4.8 (a) and (b), respectively, for selected locations in the house for the reference
cooling case. The data is spatially averaged over planes 1 m and 1.5 m above the lower and
upper floors. As seen in Figure 4.8 (a), the average temperature on the two levels is about
the same and decreases rapidly. The final temperature at all locations is slightly above 18 °C,
about 2 °C below the values recommended by ASHRAE [2]. The velocity magnitude
(Figure 4.8 (b)) reaches steady state quickly. The steady state average velocity is between
0.2 m/s and 0.25 m/s, very close to the values recommended by ASHRAE.
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(a)

(b)

(c)

(d)

Figure 4.6: Three-dimensional model of Esherick house reference cooling case with
streamlines superimposed with temperature contours at (a) 2 min, (b) 4 min, (c) 6 min,
and (d) 8 min.
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(a)

(b)

Figure 4.7: Selected planes for Esherick house reference cooling case after 10 min
showing contours of (a) temperature and (b) velocity. Upper frame shows a plane 1.5 m
from the upper floor, middle frame shows a plane 1.5 m from the lower floor, lower
frame shows a plane bisecting the length of the house. Black lines show the location of
the planes shown.
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(a)
(b)
Figure 4.8: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 1 minute intervals for the Esherick house reference cooling case.

4.3.2 Cooling Case with Solar Heating
A second cooling case was performed for the Esherick house. The second case models
solar heating along the east side of the house and is applied with a heat flux on windows W1,
W2 and W4. A heat flux of 200 W/m2 is specified to represent a partly cloudy day. All other
conditions are the same as the reference cooling case.
Temperature contours for the cooling case with solar heating after 10 min are shown in
Figure 4.9 (a). In the upper and middle frame, the temperatures in the dining room and
bedroom are warmer than and not as uniform as in the reference cooling case (Figure 4.7 (a)).
The air in the dining room in the middle frame ranges from around 18 °C to above 20 °C.
Warmer temperatures are found near the heated windows as seen in the upper and middle
frames. The lower frame shows a layer of air at about 21 °C near the ceiling due to the warm
air rising from the windows.
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(a)

(b)

Figure 4.9: Selected planes for Esherick house cooling case with solar heating after 10
min showing contours of (a) temperature and (b) velocity. Upper frame shows a plane
1.5 m from the upper floor, middle frame shows a plane 1.5 m from the lower floor,
lower frame shows a plane bisecting the length of the house. Black lines show the
location of the planes shown.
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(a)
(b)
Figure 4.10: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 1 minute intervals for the Esherick house cooling case with solar heating.

In Figure 4.9 (b), the contours of velocity magnitude for the cooling case with a heat
load are similar to those in Figure 4.7 (b) for the reference case. A comparison of Figure 4.9
(a) and (b) shows a correlation between cooler temperatures and higher velocities, suggesting
that very little mixing is occurring within the house and the main method of energy transfer is
advection.
The progression of average temperature and velocity magnitude are shown in Figure
4.10 (a) and (b), respectively, for selected locations in the Esherick house for the cooling case
with solar heating. Compared to the reference cooling case (Figure 4.8 (a)), the temperatures
in Figure 4.10 (a) are approximately 1 °C higher after 10 min. The velocities in Figure 4.10
(b) are almost exactly like those for the reference cooling case in Figure 4.8 (b), which can be
expected with the same flow boundary conditions at shutters S2, S6, S7, S8, S9, and S10.
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4.4 Passive Heating
The Esherick house is equipped with a fireplace on each end of the house to supply
heating. One fireplace is in the great room on the first level, the second is off of the bedroom
on the second level. The passive heating case models a cloudy winter day with little wind.
The house is initialized to a constant temperature of 15 °C; both fireplaces are heated at a
constant temperature, Tfire=127 °C. Infiltration at 5 °C is allowed from all shutters through a
slit at the middle of the shutter. The Rayleigh number for the passive heating case is about
1012.
Three-dimensional views of the Esherick house with streamlines superimposed with
temperature contours for the heating case for t = 2 min, 4 min, 6 min, and 8 min are shown in
Figure 4.11. At all instances in time, a thermal plume from each fireplace is shown by the
streamlines. The thermal plume also indicates that the majority of the heat transfer into the
house is in the plume, causing the air near the ceiling to warm first, and the layer of warm air
becomes thicker as time progresses. After 8 min the temperature near the ceiling in the great
room is around 35 °C. Colder temperatures near the lower level floor also indicate that the
cold infiltration air sinks as it enters the house. After 8 min the temperature in the dining
room has a temperature around 10 °C.
Temperature contours at 1.5 m above the upper level floor, 1.5 m above the lower level
floor, and a mid plane along the length of the house are shown in Figure 4.12 (a). The upper
frame shows the temperature throughout the upper level is above 30°C, higher than the
temperatures recommended by ASHRAE. The temperatures on the lower level, shown in the
middle frame, range from 10 °C to 15 °C. The lowest temperatures are present in the dining
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(a)

(b)

(c)

(d)

Figure 4.11: Three-dimensional model of Esherick house heating case with streamlines
superimposed with temperature contours at (a) 2 min, (b) 4 min, (c) 6 min, and (d) 8
min.
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room, which is expected because there is no heat source in the dining room area, and most of
the heat from the fireplace in the great room appears to be transported to the ceiling.
Thermally stratified air can be seen in the lower frame of Figure 4.12 (a), and a noticeable
vertical temperature gradient is present.
Contours of velocity magnitude at the same locations are presented in Figure 4.12 (b).
Incoming air can be seen at the infiltration openings in the upper and middle frames. In the
great room in the upper frame there is an area of high velocity magnitude near the wall above
the fireplace where the air is rising from the fireplace to the ceiling. An area of high velocity
is not seen near the fireplace on the upper level, most likely because of the warmer
temperatures around the fireplace, and a lower buoyancy effect. The high velocity plume
from the fireplace in the great room can also be seen on the right side of the lower frame.
Slightly elevated velocities are seen near the inlet of the fireplace on the upper level on the
left side of the lower frame.
The progression of spatially averaged temperature and velocity magnitude in time is
presented in Figure 4.13 (a) and (b), respectively. The temperature progression shows that
the steady state temperature is reached within the first 10 min. Both the upper and lower
levels have a large vertical temperature gradient of more than 5 °C within a .5 m range. The
ASHRAE standard suggests no more than a 3 °C temperature difference between the head
and the ankles. The velocity magnitude in Figure 4.13 (b) is below the values recommended
by ASHRAE, which agrees with the trend seen in the Viipuri library heating cases shown in
Figure 3.7 (b), Figure 3.9 (b) and Figure 3.11 (b) when very little forced natural ventilation is
present.
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(a)

(b)

Figure 4.12: Selected planes for Esherick house heating case after 10 min showing
contours of (a) temperature and (b) velocity. Upper frame shows a plane 1.5 m from
the upper floor, middle frame shows a plane 1.5 m from the lower floor, lower frame
shows a plane bisecting the length of the house. Black lines show the location of the
planes shown.
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(a)
(b)
Figure 4.13: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 1 minute intervals for the Esherick house heating case.
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Chapter 5: Conclusions and Recommendations
5.1 Summary
The increases in energy consumption and costs over the past 30 years have caused a
movement towards designing more energy efficient buildings. Since the majority of energy
used in buildings is for heating and cooling, the exploitation of natural ventilation systems is
being explored. Much of the previous research using CFD to study natural ventilation in
buildings modeled simple buildings, often a single room with openings to the atmosphere and
no interior obstructions. The objective of this model was to study entire buildings and focus
on two existing buildings designed to exploit natural ventilation: the Viipuri Municipal
Library (Russia) and the Margaret Esherick House (PA).
The CFD simulations in this work used the commercial package FLUENT to solve the
three-dimensional Navier-Stokes equations.

The simulations employed the Boussinesq

approximation for density and assumed all other properties to be constant with temperature
and pressure. The standard k-ε turbulence model was chosen based on a review of previous
literature. The geometry of each building was modeled using Autodesk Inventor and then
imported into GAMBIT for discretization. The discretized were solved using the SIMPLE
algorithm for a collocated grid. All walls assumed a no slip boundary condition, inlets were
specified with a uniform velocity and outlets were specified as a pressure boundary condition
at atmospheric conditions.
The first building examined was the Viipuri Municipal Library. The library is heated
using steam pipes in the ceiling of the lending area, reading room, and near the main
entrance. The front and rear doors are held ajar to allow airflow through the building and
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assist with circulation of the warm air.
velocities within the building.

Three simulations examined temperatures and

The first simulation used at reference atmospheric

temperature of Tatm = 5 °C with the center door ajar. A second case changed the atmospheric
temperature to Tatm = -5 °C. The third case used the reference atmospheric temperature, but
modeled the left door ajar. All three cases were found to approach steady state within 1 hr.
The two cases with the reference atmospheric temperature showed similar steady state
temperature values in the lending area and reading room, but the air near the entrance was
colder when the left door open. The case with colder atmospheric temperature had about the
same temperature in the lending area, but the reading room was colder by about 5 °C. All
three cases showed a similar steady state velocity around 0.2 m/s.
The library is currently cooled during the summer months using natural ventilation. The
front and rear doors of the library are propped open to create crossflow within the building.
Three simulations examined the temperature and velocity within the building using different
configurations of open doors and windows. The reference case used the current setup used
within the building with just the front and rear doors open. The reference case showed the
building cooling non-uniformly, with the office space remaining at elevated temperatures.
The second case addressed the higher temperatures in the offices by opening half of the
windows on the second floor. The entire building cooled more uniformly, but excessively
high velocities were found throughout the building. It was decided that the high velocities
were caused by the presence of only one exit from the building, forcing the air entering the
front door and office windows to exit the rear door. An attempt to lower the velocities in
building was made by opening the door in the children‟s library. This allowed the air to exit
at two different locations in the building. The final simulation with the children‟s library
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door open cooled as well as the case with the front and rear doors and office windows open,
and had slightly lower velocities within the building. Unfortunately the velocities were still
higher than recommended by ASHRAE standards.
The second building examined was the Margaret Esherick house.

The house was

designed with shutters on both sides of the house to allow air to flow through the house.
Two cooling simulations were performed on the Esherick house. The reference simulation
modeled wind into three open shutters on the west side of the house, which could then exit
through three open shutters on the east side of the house. The reference simulation found
that the majority of the house cooled within 10 minutes and just the small rooms on the north
end of the house remained warm.

The average velocity in the house was within the

acceptable range suggested by ASHRAE. A second simulation added solar heating to the
east side of the house and showed slightly higher temperatures in the bedroom and dining
room, and near the ceiling in the great room. Overall the average temperature and velocity
on each level was acceptable. A single heating case was performed where the house was
heated by maintaining the two fireplaces at a constant temperature. Infiltration was allowed
to occur through a slit in the shutters. The heating case for the Esherick house showed the
least acceptable conditions for the ASHRAE standards. Temperatures on the upper level are
above the acceptable temperature range and temperatures on the lower level are below the
acceptable temperature range.
5.2 Future Work and Recommendations
Much work is still needed for using CFD to model natural ventilation.

A time

consuming portion of the project and a source of inaccuracies is the importation of Inventor
drawings into GAMBIT. The drawings were imported with errors that had to be found and
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fixed manually. A simpler method of discretizing the building would make the process much
more attractive.
The Viipury library contains an array of skylights in the reading room and lending area
to provide natural light to the building, whereas the current model of the building excludes
the skylights. In the same area, the modeling of the steam pipes should be refined. The
current model assumes the entire ceiling is at a constant temperature but more accurate
predictions could be made with a more realistic model of the heat source.
A difficulty found in modeling the Esherick house was the inability to control infiltration
in the heating simulation.

Future work should focus on modeling the chimney more

realistically by including flow obstructions to decrease the air flow through the chimney
stack.

More types of heat transfer should also be included in calculations. Radiation

transfers a large percentage of the heat from the fire present in the Esherick house heating
simulations; however, current radiation models are computationally intensive and beyond the
capability of the machines used for this study. Before CFD can be used to predict airflow in
the design stage of buildings, more data needs to be collected on the airflow through existing
buildings to help validate the results found using CFD.
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