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ABSTRACT
The world is undergoing fast urbanization, and recently over fifty percent of the world’s
population is reported to live in urban areas. Urban areas bring denser living conditions for both
people and buildings. Growing global energy use has brought interest in the study of energy use
in these rapidly growing urban areas. Common building materials absorb sunlight at a much
higher rate than naturally occurring ecology. On the large scale, this results in the urban heat
island effect, which refers to the higher temperatures present in dense urban areas compared to
surrounding rural and suburban regions. The coefficient of performance of some common
building HVAC systems is highly sensitive to local outdoor temperatures. Quantification of the
degradation of COP in dense urban areas due to local temperatures is an important area of study
as the world’s population continues to urbanize.
The goal of this master’s thesis is to use computational fluid dynamics modeling
combined with building energy/thermal modeling to predict local temperatures in urban
environments consisting of both low dense suburban/rural regions and dense city centers. Open
source software packages OpenFOAM and EnergyPlus are used in tandem to calculate local air
temperatures. The study offers insight on the use of these packages for calculating urban thermal
environments. The ability of the software to predict local temperatures in urban environments is
validated by comparing simulation results to temperatures collected in an actual urban
environment. Following this validation, the same procedure is used to estimate local air
temperatures in uniform neighborhoods of varying density. The findings indicate that rooftop air
conditioners in urban areas can have a reduction in COP of up to twenty percent, compared to a
corresponding rural area. Window air conditioners can have reductions in COP of over twelve
percent, depending on placement.
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Chapter 1
Introduction
The prediction of local flow quantities using computational fluid dynamics (CFD)
is increasingly being applied to outdoor urban areas. In both developed and developing
nations, urban areas are growing rapidly, and planners are making use of every available
tool to ensure this population transition is as much of a benefit as possible for both
individuals and society as a whole. Recent concerns for growing global energy use has
drawn interest to the effect of this urbanization trend on energy use. Dense urban areas
can impact the outdoor temperatures, which is often referred to on the larger scale as the
urban heat island effect. There is an interest in seeing the effect of urban density on
energy use. This thesis will examine the effect of urban density on local temperatures
using computational fluid dynamics. These local temperatures are presumed to affect the
efficiency of mechanical HVAC equipment, affecting the areas energy use.

1.1 Energy Use and the Urban Heat Island
The demographics of the world are rapidly changing. The developing world,
which was largely rural in the 20th century, will be nearly 60 percent urbanized by 2030
(Cohen, 2006). A commonly quoted statistic states that 50 percent of the world’s

population currently lives in urban areas. This urbanization shows a remarkable trend,
considering that Cohen states that at the beginning of the 20th century, only 13 percent of
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the world’s population was urban. In addition to this, 75 percent of people in developed
nations are currently living in urban areas. The UN has graphed the population trend,
shown below in Figure 1-1.

Figure 1-1. Trend of Urban and Rural Populations.
The figure clearly shows an increase in world urban population while the rural
population is beginning to show a negative slope. This year, 2014, is just past the
crossover point where the urban population overtakes the rural.
This drastic demographic change will surely affect energy use patterns globally.
A change in energy use patterns is worthy of concern for many reasons. The world is
currently heavily reliant on non-renewable fossil fuel energy sources, with greatly
varying predictions as to the remaining supply. In addition to this, increasing concerns of
climate change draw caution to the use of fossil fuels for energy. The EIA (Future world
energy demand driven by trends in developing countries, 2013) projects that developing
countries’ energy use will grow at a rate of 2.2 percent compared to 0.5 percent per year
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for developed countries (defined by the EIA as belonging to the Organization for
Economic Cooperation and Development). This showcases a need to study how rapid
urbanization affects the energy use in these countries.
In the U.S., buildings collectively make up 41 percent of primary energy use,
according to the DOE (Buildings Energy Data Book, 2012). This is an indication of an
urbanized countries energy use pattern which further shows the importance in
investigating the effects of urbanization on energy use, specifically building energy use.
One area of research that has seen lots of study related to urbanization and energy
use is the urban heat island phenomena. The urban heat island phenomena refers to the
elevated temperatures in urban areas compared to adjacent rural areas. There are many
contributing factors for this temperature difference, as outlined by the EPA (Urban Heat
Island Basics). Commonly used building materials have a much larger absorption
coefficient for visible light than green space. This causes building surfaces to get very hot
on sunny days, and this heat is then convected into the surrounding air. While many
studies focus on energy balances of large areas from urban heat islands, few examine the
local causes of this heat island effect.
The DOE reports that space heating and cooling account for 45 percent and 9
percent of residential building energy use, respectively. It is worth noting that in the U.S.,
the largest concentration of population is in the northeast corridor, where cold winters
drive up heating energy use. Results from the 2000 census show that the hot climate
“Sunbelt” states grew at a rate of 24% through the 1990’s, compared to 13% for the
entire U.S. (Frey, 2002). The hot, humid summers experienced in these states should
result in a higher percentage of cooling load compared to heating. Fast urbanizing

4

countries such as Brazil and India are located in largely tropical climates, emphasizing
the need for the study of local temperature influence on cooling systems.
This thesis will examine the effects of urbanization on cooling system efficiency.
Urbanization can be represented by urban plan-area density, which is calculated by the
ratio of built area to total area. Local temperatures affect the efficiency of cooling
systems for buildings, based on the air temperature at the outdoor inlet for the cooling
system. The hypothesis is then as follows: Urban density has a non-negligible effect on
building HVAC performance, due to the local thermal conditions resulting from
convective and radiative heat flux.

1.2 Current Modeling Methods
In most engineering problems, there exist three schools of thought on the solution
to systems governed by partial differential equations. Analytical modeling involves the
direct solution by mathematical techniques, using reasonable assumptions to reduce the
equations to a form where a solution exists. Since this is only possible on the simplest of
geometries, it is not a useful technique for solving the temperature distribution in urban
neighborhoods. Experimental studies and numerical modeling make up the other two
techniques.

5

1.2.1 Experimental Modeling
Experimental testing for urban environments is a useful way to gain insight on
local temperatures in urban environments. The most straightforward method is to place
sensors in the urban environment to measure air temperature, wind velocity, solar
intensity, etc. These can give a very accurate description of local temperature and wind
speed, but are obviously limited to areas where sensors can be placed. Also, sensors with
low uncertainty can be expensive. This method also doesn’t provide an opportunity to
study the effects of future construction on the local microclimate.
The other experimental method commonly used to study local temperatures in
urban areas is the wind tunnel experiment. This involves creating a scaled model which
can fit inside a wind tunnel. To obey the law of similarity between the urban area model
and the prototype can prove difficult due to the large size differences between wind
tunnels and urban areas. In addition, achieving similarity for thermal conditions is quite
challenging (Mirzaei, 2010). Experiments can be useful for validating numerical models
and tuning empirical equations however.

1.2.2 Numerical Modeling
There are a variety of methods and tools available to numerically model thermal
conditions in urban areas. Different scales of modeling are appropriated, as examined by
(Mirzaei, 2010). The most general, and simplest method used is the energy balance. The
first law of thermodynamics is the basis for the method. The results of this method use
analytical and empirical equations to estimate the flux between control volumes of
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various sizes. The model has the fastest performance and is easy to implement, however
it suffers from a lack of accuracy. Fluid motion and the transfer of heat are highly
interlinked, and fluid motion is highly dependent on geometry. Empirical equations
cannot properly describe the fluid motion for urban geometries, so temperatures at the
microscale cannot be accurately calculated.
Computational Fluid Dynamics is the numerical simulation of fluid flow using the
Navier-Stokes equations (and a few others). CFD is a valid technique for resolving the
temperature and velocity fields in urban areas (Mirzaei, 2010) (Ashie, 1999). Since the
entire flow field is resolved, CFD can be useful for finding local temperatures at very
small scales. This makes CFD the obvious choice for conducting the study estimating
HVAC inlet temperatures. CFD can be combined with the other techniques as well, since
energy balance methods can be useful for finding the boundary conditions in CFD, and
measured field data can help validate the CFD simulations. CFD is very complex
however. Obtaining solutions can be a challenge in itself, and the computational time is
very great for large urban scale models. Great care must be taken in balancing
computational time with solution accuracy.

1.3 Thesis Objectives
This study involves the use of CFD to study the effect of urban density on
building HVAC performance. Local thermal conditions resulting from convective and
radiative heat flux affect the efficiency of HVAC systems (Chow T. T., 2000). To
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achieve this study, a method must be researched and developed to enable a realistic
calculation of urban environments in a CFD domain. A secondary goal for this method is
to progress the calculation of urban thermal environments for designers in industry. CFD
software licenses are very costly, which is a large barrier for industrial use in the planning
of urban environments as well as building design. Software packages such as Phoenics
and Fluent can provide accurate results, but aside from their high cost, they have a
lengthy and complicated case setup. OpenFOAM is a free and open source CFD software
toolbox acting as an alternative to commercial CFD packages. Initial validation shows
that OpenFOAM features similar accuracy compared to other solvers for flow in urban
areas (Franke, Validation of OpenFOAM 1.6.x with the German VDI guideline for
obstacle resolving micro-scale models, 2012). An advantage of OpenFOAM is the use of
text files for case setup, which simplifies the task of automation. An open source CFD
package that streamlines case setup for urban areas and easily communicates with
commonly used industrial tools would be very valuable to both building designers and
urban planners. The effect of solar radiation must be included in the simulation. This
feature isn’t native to OpenFOAM but many open source packages exist which can
perform the calculation. This study will discuss methods for doing so, and choose a
package which best meets the criteria.
To strengthen the study, the method used for predicting urban thermal
environments must be validated against data from an actual urban environment.
Measured data from the urban environment at the University Park campus of the
Pennsylvania State University is used to compare with data collected from a CFD
simulation.

8

Finally, the CFD model and method for thermal conditions is used to study
different neighborhood grids of buildings. The study will focus on a hot summer day with
high solar radiation. The urban plan area density for the study ranges from 0.04 to 0.44,
as suggested in a similar urban density study (Liu, Srebric, & Yu, Numerical simulation
of convective heat transfer coefficients at the external surfaces of building arrays
immersed in a turbulent boundary layer, 2013).

Once the CFD simulations are

completed, the air temperatures near the central building can be analyzed. The efficiency
of air conditioners is defined as the coefficient of performance (COP). The COP of
HVAC systems can be written as a function of outdoor temperature, and linear
correlations exist for such analysis (Chow 2000).
The main benefits of this study will be quantifying the reduction in HVAC
efficiency due to urban density. This information could be useful for countries
undergoing fast urbanization. Older buildings in fast developing areas can predict how
planned construction occurring nearby may affect their energy use. The new data can also
provide new construction designers with a more accurate idea of how their building’s
HVAC systems will perform in dense urban areas. Since the method developed to run the
CFD simulations is based on open source software, some additional development on
automation can result in the release of a tool to offer to existing building designers. An
open source tool that can model airflow and temperatures in urban environments will be
highly useful for the industry, and will help planners design more efficient and livable
cities. Figure 1-2 illustrates the problem domains of interest for the thesis objectives.
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Figure 1-2. Visualization of Thesis Objectives

1.4 Thesis Outline
The thesis is divided into 6 chapters and an appendix. Chapter 1 serves as the
background information showing the need for the thesis topic, samples of modeling
methods used in related research, list of thesis objectives, and the thesis outline. Chapter
2 provides a more in depth literature review about the use of CFD and other models for
prediction of thermal environment, the definition of HVAC Coefficient of performance.
Chapter 3 provides a detailed explanation and reasoning for the CFD and energy analysis
software selected, as case setup using OpenFOAM is nontrivial. Chapter 4 will present
the validation analysis for CFD compared to measured environment data from the Penn
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State campus. Chapter 5 presents the CFD and Energy simulations for the urban
neighborhoods of different densities, along with an analysis of the relationship between
COP and urban density. Finally, Chapter 6 acts as the conclusion for the studies in the
thesis as well as recommendations for improvements and future work. The appendices
will provide extra graphs to support the studies, as well as examples of case setup files
used in OpenFOAM.
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Chapter 2
Literature Review
A more in depth literature review is important to understand the many types of
different methods for studying the urban environment. The problem domain in urban
environments greatly varies in scale and feature many interacting physical systems. It is
conceivable that certain methods may be better applied to certain systems for a variety of
reasons, such as the computational effort, model complexity, effort needed for
implementation, and accuracy. This literature review will delve deeper into the methods
of thermal environment prediction first mentioned in Chapter 1. It will also provide the
thermodynamic background to the definition of the coefficient of performance commonly
applied to HVAC systems. The third section will examine CFD studies for urban
environments, and discuss the many details involved. Also, the gaps of currently
available CFD studies will be analyzed, creating the need for a new study in this thesis.
The last section will discuss the many possibilities for thermal boundary condition
implementation in CFD.

2.1 Prediction of Urban Thermal Environment
The urban thermal environment has many facets in which energy is transferred.
Suitable modeling methods greatly vary with each case, depending on the scale and scope
of the problem. Chapter 1 introduced three techniques for predicting the solutions to these
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types of systems, analytical, experimental, and numerical. Analytical solutions cannot be
used to solve for flow fields in dense urban areas, outside of some comparison for flow
over flat plains. Analytical solutions have been implemented however for the calculation
of temperature distribution in the building envelope, in the form of conduction transfer
functions (Giaconia & Orioli, 2000), and the result of separation of variable analysis for
partial differential equations (Monte, 2000).
Downsized experimental models are likely the most commonly used for urban
environment prediction. These commonly consist of scaled models of cities placed inside
a wind tunnel. Similarity between the prototype and the (often hypothetical) full sized
model is very important, and as was mentioned in Chapter 1, can be very hard to achieve,
especially for simulations considering thermal effects. Some studies examine flow over
cubes (analogous to blocks of buildings) in isothermal environments (Cheng, Hayden,
Robins, & Castro, 2007) (Jia & Sill, 1998). These are mainly focused on finding
experimental values for pressure and drag coefficients.
Other wind tunnel studies include a thermal component (Liu, Srebric, & Yu,
Numerical simulation of convective heat transfer coefficients at the external surfaces of
building arrays immersed in a turbulent boundary layer, 2013) (Defraeye, Blocken, &
Carmeliet, 2010). These two studies both examine the convective heat transfer coefficient
(CHTC) on cube geometry in wind tunnels. The cases set a fixed temperature for the cube
geometry that is 54 °C greater than the incoming air temperature. This highlights an issue
with using experimental modeling to analyze urban environments, since there are
complex interactions taking place due to solar radiation and thermal mass of building
materials. This makes analyzing a real urban climate very difficult since the building
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surface temperature will vary due to many different interactions, and the issue of
controlling these many interactions in a wind tunnel environment makes for a very costly
study. These wind tunnel experiments however can be very valuable in validating results
from a numerical model, which is how they are used in both the listed studies.
Full scale models, as discussed in Chapter 1, can be very useful to get real
measurements from urban areas. The usefulness for full scale models is greatly decreased
for predicting future climate, or the effect of future construction on local fluid/thermal
conditions. Full scale models can be used in special cases however. A large advantage is
that there is no need for using similarity laws for scaling. While constructing full scale
urban models is obviously an inefficient use of resources, simple geometries of isolated
buildings can be much cheaper and can provide a better understanding of the interaction
between the flow field and building. One study (Richards, Hoxey, & Short, 2001) was
able to construct a 6 m cube equipped with pressure sensors on the leeward and
windward walls, as well as the roof. The results of the study were used to compare to
previous measurements done in a wind tunnel (Hölscher & Niemann, 1998).
Thanks to advancements in computer processing power, numerical models for
prediction of urban thermal environments have become increasingly robust and useful.
Aside from CFD, there are many energy balance based models, which have become
increasingly complex, and can provide many useful results for estimating building energy
use. While an energy balance model alone cannot provide precise enough results to
estimate local temperatures at the microscale, it can aid in simplifying parts of the CFD
model, particularly the boundary conditions.
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In urban environments, solar heat gain is a large component of the overall heat
fluxes into buildings. In the most simplified model, the first law of thermodynamics
implies that at steady state, the solar heat flux absorbed into the building would be
released into the atmosphere by convection, assuming the building is hotter than the
atmosphere. Constantly changing atmospheric and solar conditions, coupled with the high
thermal mass component of common building materials ensures that the steady state
solution is not often a viable description of the system. Some energy balance models
attempt to account for the effect of thermal mass in materials. The objective hysteresis
model (Grimmond, Cleugh, & Oke, 1991) (Arnfield & Grimmond, 1998) combines the
net incident radiation with a time derivative and empirically derived coefficients to
attempt to account for the thermal mass for several different urban landscapes.
Several simple heat balance software packages are available, such as EnergyPlus.
These are mostly used for predicting the energy use of single buildings, but offer some
functionality useful to urban environment simulations. Typically these energy simulation
programs will calculate the wall surface temperatures for the buildings of interest, using
empirical formulas to estimate the heat transfer to the atmosphere by convection. A study
(Stupka & Kennedy, 2010) uses the energy-modeling tool DesignBuilder to model
buildings consisting of two different urban densities (detached single-family homes and
attached townhomes). The solar radiation model in DesignBuilder is robust enough to
account for the difference in solar radiation for the two building styles. In addition, the
shared walls for the townhomes can be modeled as adiabatic, rather than atmosphere
exposed. The results of the study show that the detached homes energy consumption can
be 15% higher than the townhome. These studies help bring insight into the topic at hand,

15

but alone they cannot account for the detailed microclimate information needed for the
analysis of COP.

2.2 CFD Studies of Urban Environments
CFD shares similarities to other numerical energy models, but the system of
partial differential equations being solved can fully represent the flow of fluid, as long as
the topic of interest is of sufficient scale to treat the fluid as continuous (ignoring
molecular effects). For CFD, the processing power and computer memory requirements
are at least an order of magnitude larger than for simpler energy balance numerical
models (Mirzaei, 2010). Recent advancements in computing power however have made
CFD a useful tool in many industrial engineering problems (Ferziger & Peric, 2002).
CFD for studying urban climate is used in two ways depending on the scope of the
problem. Mesoscale models are concerned with domain heights varying between 200m
and 2 km. These models resolve large parts of the planetary boundary layer and treat the
urban area as a roughness layer. Micro scale models remain inside the planetary surface
layer (Mirzaei, 2010) and focus on smaller portions of the city.
To discuss models of these sizes, some background in the structure of
atmospheric boundary layers is helpful. The atmospheric boundary layer consists of inner
and outer regions (Martinez, 2011). Studies that model the outer region feature very
complex flow phenomena with large turbulent eddies reaching 1 km in diameter. The
inner layer is much more simplified and can be approximated in many cases as a simple
logarithmic profile flowing over a rough surface. Outer layer models must account for the
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Coriolis force and atmospheric mixing. Inner layer models can neglect these normally,
depending on the Rossby number.
Due to the very large domain size for mesoscale models, it is not feasible to
include the detailed building geometries in the computational mesh. Some urban
computational studies predicting dispersion of air pollution however require very detailed
inlet conditions. Data from weather stations only provides the weather conditions for one
measured location, and the frequency of reporting is unsatisfactory. Some recent studies
(Cox, 2000) (Baik, Park, & Kim, 2009) used mesoscale models to find the velocity near
the areas of interest, creating the boundary conditions for the microscale model. The large
urban areas investigated in these models (Washington D.C., and Seoul, South Korea
respectively) have complex urban geometries which necessitated the use of mesoscale
models to provide improved boundary conditions for the microscale CFD simulations.
This thesis is investing flat, uniform urban areas, so such advanced boundary conditions
are unnecessary. Future studies extending to find the effect of large urban areas on the
COP of air conditioners may benefit from such a mesoscale study to provide more
accurate boundary conditions.
CFD studies at the microscale have been conducted to analyze a number of
quantities in the urban environment. CFD has been used to examine outdoor thermal
comfort (Huang, Ooka, & Kato, 2005) (Mochida & Lun, 2008), pollutant dispersion
(Baik, Park, & Kim, 2009) (Xie, Huang, Wang, & Xie, 2005), greenspace effect on urban
heat islands (Ashie, 1999) (Takahashi, Yoshida, Tanaka, Aotake, & Wang, 2004), local
temperature effect on COP (Chow T. T., 2000), and effect of urban density on outdoor
CHTC (Liu, Srebric, & Yu, Numerical simulation of convective heat transfer coefficients
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at the external surfaces of building arrays immersed in a turbulent boundary layer, 2013).
The present study has similarities to several of the topics mentioned.
Many microscale studies adhere to similar simulation setup standards, and several
institutions have compiled their own set of standards, such as the Architectural Institute
of Japan (Tominaga, Kataoka, Nozu, Yoshikawa, & Shirasawa, 2008) which heavily
references COST (Franke, Hellsten, Schlünzen, & Carissimo, 2007). These references
detail many aspects of CFD simulations of urban environments, including important
topics such as convergence criteria and domain size suggestions. Two methods are
common in simulating flow field turbulence: RANS and LES. RANS is the more
common method, in which the equations of motion are time averaged. There are many
specific models built around this basic premise. The computational time is reasonable and
the models are widely used in industry. RANS models have some inherent inaccuracies
however. Simulations of recirculating zones behind bluff bodies cannot be accurately
modeled in most circumstances which is a common flow phenomena in urban
environments. LES can provide time dependent results of the large turbulent eddies,
resulting in much more accurate results. The downside of LES is the large computational
time required. This is due to finer mesh requirements, as well as the need to obtain timeaveraged quantities for the variables of interest.
From the literature review on microscale CFD studies, there are simulations that
compare different urban plan area densities that can serve as a grounding for the present
study (Liu, Srebric, & Yu, Numerical simulation of convective heat transfer coefficients
at the external surfaces of building arrays immersed in a turbulent boundary layer, 2013).
There are also studies which calculate the effect of local temperatures on the COP of a
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buildings HVAC system (Chow T. T., 2000). The effect of building plan area density on
HVAC systems is similar to these studies, but remains a gap in the current breadth of
urban microscale CFD studies. The present study will attempt to fill this gap.

2.3 COP Definition, Calculation, and Relationship to Temperature
Air conditioning in most residential and commercial buildings is achieved through
the vapor-compression thermodynamic cycle. These devices provide cooling to buildings
by removing heat from a refrigerated area (the interior of the building) and rejecting it to
a warm environment (outside in the summertime) (Cengel & Boles, 2010). An idealized
and slightly modified version of this cycle is called the reversed Carnot cycle. While the
Carnot cycle is difficult to recreate in practice, the thermodynamic cycle can be used to
compare the efficiencies of real world HVAC systems to the ideal cycle. Figure 2-1
illustrates the reversed Carnot cycle on a temperature entropy diagram.

Figure 2-1. Temperature-Entropy diagram of the reversed Carnot cycle (htt).
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The cycle involves four processes; two adiabatic expansion/compressions, and
two isothermal expansion/compressions. The coefficient of performance for reversed
Carnot refrigerators is defined as

⁄

, where QH is the heat transfer to the

hot reservoir, and QL is the heat transfer from the cold reservoir (the cooling power). For
comparison, the COP of an HVAC system (vapor compression cycle) is

,

where QL is the cooling power and wnet,in is the electrical power supplied to the system.
Since the reversed Carnot cycle has two isothermal processes occurring for the heat
absorption/rejection, the COP can be rewritten as

⁄

, where TH is the

temperature of the high temperature reservoir and TL is the temperature of the low
temperature reservoir.
While no HVAC systems exist that use the reversed Carnot cycle, some insight
can be gained from the theoretical COP equation for it. The COP decreases as the
difference between thermal reservoirs becomes greater. In a building’s HVAC system,
the low temperature represents the indoor temperature (the temperature of the refrigerated
space), and the high temperature represents the adjacent outdoor temperature (where heat
is rejected to). Climate control systems in buildings keep the indoor air temperature
constant. Approximating the HVAC system as a reverse Carnot cycle shows that the COP
of the system will decrease as the outdoor temperature increases. A CFD microclimate
study can be used to estimate the temperature adjacent to HVAC systems for
neighborhoods of different plan area densities
While the Carnot refrigeration cycle can be used as an approximation for COP of
HVAC systems, some studies have developed equations for the COP of particular air
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conditioning systems with respect to outdoor temperature (Chow T. T., 2000) (Chow,
Lin, & Yang, 2002). These studies in particular focused on split-type air conditioners,
which have outdoor air inlets in the windows of the building. Other studies conduct
experiments to estimate the COP of an HVAC system under certain thermal conditions
(New Buildings Institute, 2013). The New Buildings Institute study tested a packaged
Rooftop Unit (RTU) to find the COP vs Temperature curve.

2.4 Thermal Boundary Conditions for Urban Environments
When conducting simulations of urban thermal environment, the boundary
conditions specified are of utmost importance. Calculating the surface temperatures of the
building, or the heat flux from the building surface to the atmosphere, is not a trivial task.
As the thermal conditions in urban environments are constantly changing, there is no
simple steady state solution available. A large factor in determining the heat flux from the
building is the thermal mass of the building material. Previous urban studies encompass a
wide variety of boundary conditions.
A simple method of calculating the heat flux from buildings in urban areas is to
multiply the net incoming radiation by an empirically derived coefficient. The result is a
linear relationship between incoming solar radiation and storage heat flux (the resultant
flux into the atmosphere) (Oke, Kalanda, & Steyn, 1981). Despite being simplistic, the
model produced acceptable results for day long time scales. The results were poor when
applied to hourly time steps however.
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An improvement on the linear model is called the Objective Hysteresis Model
(Grimmond, Cleugh, & Oke, 1991). This model is similar in that the input is the net
incident radiation on the surface of interest. The model features three coefficients
however, and also takes into account the time derivative of solar radiation (hour time
step) in an attempt to account for some effect of thermal storage. The coefficients in this
model were derived empirically for different surface materials. Further studies (Arnfield
& Grimmond, 1998) introduced new coefficients for use in urban canyon type
geometries. While this model was much improved, it was still intended for use at the
local scale, which is around the size of a city block. These models have not been
implemented for finding temperatures at the microscale, although they can be useful for
estimating heat flux from the ground.
Empirical models for thermal boundary conditions were extended closer to
microscale once building canopy models were developed. These use solar radiation
calculations combined with empirically derived equations to estimate the sensible and
latent heat flux from the building and the ground into the atmosphere. Some studies
(Ashie, 1999) also add in the effect of waste heat from the air conditioning system. More
recent building canopy models include the effects of indoor energy into the model to
increase accuracy (Yaghoobian & Kleissl, 2012).
An additional level of complexity can be added to thermal boundary conditions by
simulating the full conduction heat transfer in the walls. This is achieved by coupling a
one dimensional heat conduction model for the building walls with outdoor solar
radiation calculations and CFD (Takahashi, Yoshida, Tanaka, Aotake, & Wang, 2004).
The methodology here is to use the CFD to calculate the outdoor convective heat transfer
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coefficient to supply the boundary conditions for the conduction simulation. Once the
building envelope temperatures are calculated, the outdoor building surface temperature
can be supplied to the CFD model. The indoor convection can be assumed constant,
especially for dilution ventilation, although additional accuracy could be gained by using
an indoor CFD model as well (likely more effective for displacement ventilation). This
model requires more computing power than the others presented, due to the coupling
between conduction and CFD.
The last thermal boundary condition method covered in this review is whole
building energy modeling. Building energy modeling programs are used to predict whole
building energy use using weather data. Since thermal loading has a large impact on
building energy use, these programs have implemented algorithms to predict the thermal
conditions in the building envelope. An advantage of these programs is the number of
variables accounted for, such as humidity, ground heat transfer, and indoor convection.
The models are made for rapid prediction however, so the accuracy isn’t always of
utmost importance. Empirical equations are used to predict the convective heat transfer
coefficients both indoor and outdoor; however some studies have used CFD to provide
more accurate outdoor coefficients (Pitman & Watts, 2011).
In summary, this chapter reviewed studies in the literature pertaining to the
prediction of the urban thermal environment, the use of CFD to study the urban
environment, how COP of air conditioners can be affected by the urban environment, as
well as thermal boundary conditions used when studying the urban environment.
Subsequent chapters in this study will use the findings of the literature review to make
recommendations regarding the study of COP using CFD in urban areas.
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Chapter 3
CFD and Energy Modeling Assumptions in Prediction of Thermal
Environment
Urban thermal environments are complicated systems with many physical
phenomena occurring simultaneously. Computation times for computer models vary
greatly depending on the resolution and complexity of the model. Tradeoffs must be
made in order to obtain a balance between computational time and accuracy. The
previous chapter described several methods for handling thermal boundary conditions in
urban environments, all of which varied in implementation difficulty, and model
complexity. Choices for CFD models were presented as well, especially turbulence
modeling.
For this study, OpenFOAM has been selected as the software library for running
CFD simulations. OpenFOAM is an attractive choice since it is an open source and free
software license (Open Source Licensing, 2014). The source code is readily available and
easily modifiable. The simulations in this thesis can be used as a guide for developing a
specialized urban thermal environment simulator that communicates with OpenFOAM.
OpenFOAM is beginning to receive more attention in the study of urban environments as
well, due to the advantages of the open source model and accuracy similar to expensive
commercial codes (Franke, Hellsten, Schlünzen, & Carissimo, 2007) (Pitman & Watts,
2011). The simulations use RANS turbulence modeling, and a study of the effects of
different models is included in a later chapter.
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For the thermal boundary conditions, an energy modeling approach, as outlined in
Chapter 2, is chosen. The energy modeling software package selected is EnergyPlus.
Energy modeling programs are widely used in the building design industry to estimate
building energy use. The work in this study can present a greater impact to the design
industry if it uses software familiar to it. EnergyPlus, like OpenFOAM has a free and
open source software license (EnergyPlus Licensing, 2013). In a later chapter, an analysis
comparing the solar radiation model of OpenFOAM
This chapter reviews the assumptions and simplifications used in both EnergyPlus
and OpenFOAM to conduct the urban thermal environment simulations. As both
EnergyPlus and OpenFOAM are nontrivial in case setup, a contribution of this thesis is in
explaining the methodology used to create urban thermal environment simulations. Since
two separate software packages are being used, the process for applying the boundary
conditions from EnergyPlus to OpenFOAM is documented as well.

3.1 EnergyPlus Simulation Overview
EnergyPlus has many studies comparing and validating against other common
simulation programs (Marsh, 2003) (Witte, Henninger, Glazer, & Crawley, 2001).
Developed by the U.S. Department of Energy and written in FORTRAN, EnergyPlus is a
whole building energy modeling engine which can be used as a standalone program or as
the underpinnings for a separate GUI. EnergyPlus itself has a limited GUI for assistance
in modifying .idf files, which is the file that contains all the information for the energy
study. The studies in this thesis use OpenStudio (OpenStudio) which is a plugin for the
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computer aided drafting software SketchUp to assist in creating the EnergyPlus models.
While EnergyPlus features a wide range of modeling capabilities, including daylighting
and complex HVAC systems, this thesis is primarily focused on the heat balance
algorithm implemented.

3.1.1 Heat Balance Algorithm
There are several factors in determining the thermal energy balance on a building.
A diagram of the building energy balance is shown in Figure 3-1

Figure 3-1. Thermal Energy Balance for a typical building (Riemer)
Solar radiation is mainly absorbed by the building walls, heating the surface.
Visible light is transparent to windows, directly heating the building interior. Convection
exchanges heat between the building surface, and the wind. Heat passes through the
building envelope by conduction. The interior wall then exchanges heat with the indoor
air through convection. Additional heat transfer occurs due to exchange of air with the
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outdoors in the ventilation system. Finally, internal heat sources, such as people and
electronics, contribute to internal heat gain. This section will examine the methods in
which EnergyPlus is used to calculate these quantities.
One dimensional transient heat conduction is represented by the following
equation:
(3-1)
Where

is the thermal diffusivity, a material property containing the thermal

conductivity, density, and specific heat capacity (Poulikakos, 1994). EnergyPlus solves
the conduction equation using a time series solution known as the conduction transfer
function. The equations of the conduction transfer function are as follows: for flux into
the element (EnergyPlus Engineering Reference, 2013)
( )

∑

∑

∑

(3-2)

∑

∑

(3-3)

And flux out of the element
( )

∑

The coefficients listed are determined for each construction type in the building
geometry. The conduction transfer function is solved for each layer of material in the
building, no interior temperatures are needed for this method.
The outside wall surface heat balance equation is important as this is the space in
which the building exchanges heat with the urban environment. The balance equation is
as follow:
(3-4)
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The first two terms represent radiative flux, shortwave from the sun and longwave from
the surrounding respectively. The third term is convective exchange with the outside air,
and the fourth term is the conductive flux from the wall. The radiation terms use several
variables to calculate the fluxes, accounting for location, angle, material properties,
weather conditions, and shading of surroundings. Convection is calculated from the
equation:
(

)

(3-5)

The air temperature is sourced through local weather data (usually measured at 10 m
above the ground), and EnergyPlus also has an algorithm which accounts for a slight
increase in temperature closer to the ground, and a decrease in velocity. The convection
coefficient h can be calculated using a number of algorithms which all give fairly similar
results (LiuInPreparation). This study made use of the DOE-2 algorithm for calculating
outdoor CHTCs.
The DOE-2 convection model employs the following equation to calculate the
natural convection coefficient (EnergyPlus Engineering Reference, 2013):
⁄

(3-6)
Where A and B are constants depending on if the body is upward or downward facing,
and if the surface temperature is greater than or less than the surroundings. The equation
for forced convection on smooth surfaces (such as glass) is given as:
√

[

]

(3-7)
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Where a and b are constants depending on whether the side being calculated is located on
the windward or leeward direction. For rough surfaces an additional equation is solved
for the convection coefficient:
(

)

(3-8)

Where Rf is a roughness multiplier varying from 1.0 (smooth) to 2.17 (very rough).
EnergyPlus features a fairly robust solar radiation calculator with algorithms
implemented to calculate both direct solar radiation and diffuse radiation. Diffuse
radiation can come from the sky, or reflected off of nearby objects. Shading objects can
be placed next to the building model. EnergyPlus calculates the shadowing from these
objects. The objects may cast shadows directly onto the model, or just onto the ground,
reducing the amount of radiation reflected from the ground to the building of interest.

3.1.2 Solar Radiation Sensitivity Analysis
EnergyPlus radiation sky model is similar to the popular solar radiation simulators
Radiance and Daysim. All base the calculation on certain sky properties, such as the solar
zenith angle, air humidity content, and radiation data measured from weather stations
(split into diffuse and direct radiation) (Ramos & Ghisi, 2010). EnergyPlus used a much
more simplified calculation method however, resulting in far faster simulation times than
compared to Daysim and especially Radiance, which utilizes a full ray tracing algorithm.
It is important to quantify the amount of error existent in an EnergyPlus simulation using
Radiance as the baseline. It is desirable to use EnergyPlus for solar radiation modeling
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since the algorithm is already implemented in the heat balance method, and the process of
implementing Radiance would be a nontrivial task.
The study used OpenStudio to create a simple one zone energy model with 12
surfaces of interest. This model is shown in Figure 3-2

Figure 3-2. Energy Model for EnergyPlus Sensitivity Test
The energy model is a 10x10x10 m3 building, three stories tall. The walls are
divided into 12 surfaces, three on each side organized vertically. OpenStudio generates
the .idf file to simulate the model in EnergyPlus. Shading surfaces are added as identical
buildings spaced in an ordered grid in order to test the effects of urban density on the
accuracy of simulations. The range of urban plan area densities studied is equivalent to
the plan area densities used in later chapters.
Ladybug (Roudsari & Pak, 2013), a popular plugin for the architectural drafting
software Rhinoceros/Grasshopper was used to perform Daysim and Radiance simulations
for the same geometry. The Ladybug study was performed using Radiation grid sizes of 1
m and 2 m. All three studies used Chicago TMY3 weather data for direct and diffuse
solar radiation data. The radiation study focused on the Summer and Winter solstices, to
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capture the sun at the highest and lowest point. Additionally, September 21st was
included to capture the midpoint between the solstices.
Figure 3-3 shows the results of the study
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Figure 3-3. EnergyPlus and Daysim local averaged Radiative fluxes compared to
Radiance
To generate Figure 3-3, each of the 12 surface radiative heat flux values was
compared to the value calculated with Radiance. The absolute value of the percent
differences were then averaged for all surfaces. This provides an averaged value of the
local percent differences. EnergyPlus shows a larger discrepancy with Daysim, with
almost a 13% maximum percent difference at the highest urban density. Both simulation
tools show a larger discrepancy with urban density.
Figure 3-4 gives another example of the results of the study.
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Figure 3-4. Average solar radiative flux on the building for different urban densities

Figure 3-4 takes the average radiation value of all surface radiation fluxes for
each simulation. The difference between this case and Figure 3-3 is that the absolute
value of the percent difference was taken in 3-3. This ensured that surfaces that were
overestimated and underestimated didn’t cancel out the error between themselves. This
case is the global average, and it shows that EnergyPlus tends to overestimate some
surfaces while underestimating others. This results in a total incident radiation much
closer to Radiance, while Daysim appears to consistently under predict the flux. The
results of this analysis show that EnergyPlus can offer good estimates of total building
radiation flux, however Daysim approximates the fluxes more reliably on the local scale,
for the building geometry used here. EnergyPlus seems to offer reasonable accuracy. The
much faster computational time and heat balance algorithm make it the preferred
algorithm for the studies in this thesis.
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3.2 OpenFOAM CFD Background and Methods

The governing equations as implemented by OpenFOAM are shown below:
Continuity:
( ⃗)

(3-9)

This is the equation derived by conservation of mass for a fluid, where the S m term is
considered to be a source of mass injection. In this study, the steady solution is of
concern, and the fluid is assumed to be incompressible due to low speeds and pressures.
Also there is no mass injection in the problem. Switching to Einstein summation notation,
continuity is reduced to:
Reduced Continuity:
(3-10)
Momentum (in Reynolds Averaged Form):
(

)

(

)

[ (

)

̅̅̅̅̅̅̅]

(3-11)

This equation is derived from conservation of momentum. To incorporate the
random three dimensional fluctuations of turbulence, the equation was time averaged to
find the mean values for velocities. The very last term is the Reynolds Stress term which
contains the fluctuating velocities.
Although the fluid is considered to be incompressible, meaning constant density,
there can be small density variations in the flow field due to temperature gradients. While
these pressure variances may not be large enough to necessitate compressible flow
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behavior, they can act as a body force. The Boussinesq approximation for buoyancy
allows the momentum equation to account for this buoyant effect while still allowing the
simplification of constant density. OpenFOAM (OpenFOAM C++ Documentation, 2014)
defines the Boussinesq Approximation as valid when:
(

)

(3-12)

β is defined as the thermal expansion coefficient, and rhoref is the reference density of the
fluid. The Boussinesq approximation adds a body force term to the momentum equation,
which simulates the buoyant flow (Ferziger & Peric, 2002). The full momentum equation
is shown below, modified to account for steady flow, small density perturbations, and a
buoyant force. This is the equation used by the buoyantBoussinsqSimpleFoam solver in
OpenFOAM.
(

)

[ (

)

̅̅̅̅̅̅̅]

(

)

(3-13)

OpenFOAM uses p_rgh in the momentum equation, which formulated by:
(3-14)
Where z is the vertical position of the fluid element in the direction of the gravity field.
This simplifies the pressure field by removing the hydrostatic component.
Temperature is similar to momentum, behaving as a mixture of advection and
diffusion. The time averaged energy equation is shown.
Energy Equation (Reynolds Average Form):
(4)

(

̅̅̅̅̅)

(3-15)
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α is the temperature diffusivity coefficient, calculated using the thermal conductivity,
specific heat capacity, and density. The above equations consist of a convective and
diffusive part, similar to the momentum equation.
The random fluctuations in turbulent flow represented by the time averaged terms
can act as a sort of mixing, or an enhanced diffusivity. A detailed explanation can be
found in (Kays & Crawford, 1993). Essentially, this enhanced diffusivity can be written
as an extra viscous term, so the Reynolds Stress is replaced by:
̅̅̅̅̅̅̅
Where

(3-16)

represents the viscosity (diffusion) caused by turbulent fluctuations. In

OpenFOAM, a turbulent thermal diffusion term αt exists as well, which represents the
enhanced mixing of temperature in the flow field. αt is calculated by the following
equation:
(3-17)
The turbulent Prandtl number, Prr is simply defined as the ratio between turbulent
viscosity and turbulent thermal diffusivity. While Prt is shown to vary between 0.7 and
0.9, it is often approximated as a constant 0.85 (Kays & Crawford, 1993). Often CFD
software packages assume
OpenFOAM takes the sum of

, so the laminar viscosity term is neglected.
and , resulting in an effective total viscosity. The same

approach is repeated for thermal diffusivity.
The turbulent viscosity varies throughout the flow field, and must be modeled.
For this study, both the realizable k-ε model and the RNG k-ε turbulence models are
chosen due to prior success, relative maturity, and ease of implementation. Chapter 4
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includes a comparison of the two models which aided in the decision. The models are
based on the theories of turbulent kinetic energy k, and turbulent dissipation ε. Turbulent
kinetic energy represents the intensity of the turbulent fluctuations in the flow field, and
is produced in regions of high velocity gradient. Turbulent dissipation represents
turbulence that is “destroyed”. Turbulence is constructed of many swirling “eddy” flows,
which become smaller and smaller as time passes. As the eddies shrink, their kinetic
energy is reduced, and eventually becomes negligible. The rate of this occurrence is
represented by ε.
OpenFOAM solves transport equations for k and ε which are as follows:
(

)

(

)

(
(

)
)

[(
[(

)
)

]

]

(3-18)
(

)

(3-19)

The RNG k-ε and Realizable k-ε model make slight variations to these equations. Once k
and ε are found, the turbulent viscosity is calculated via the following equation:
(3-20)
The assumptions/approximations used in these equations include: Constant properties,
incompressible, low speed, and ideal gas. The k-ε assumes fully developed turbulent
flow, and while the wind is a highly turbulent phenomenon, there are some questions as
to whether the low speed separated regions can be defined as such.
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3.2.1 Case Setup
Unlike most CFD software packages, OpenFOAM has no graphics user interface
for preprocessing or running jobs. Users must create each cases file tree manually. This
section briefly overviews the setup of OpenFOAM cases to aid in understanding of the
program.
Each OpenFOAM case folder contains three sections: constant, system, and the
time folders (OpenFOAM: The Open Source CFD Toolbox User Guide, 2014). Constant
contains the simulation geometry and the mesh information, as well as relevant transport
properties and turbulence modeling options. System contains controls for certain
simulation parameters, such as time step and number of iterations. In addition,
discretization schemes and residual controls can be modified here as well. In the time
folders, all of the variable values are stored for the corresponding time step. The first time
folder (0) contains the initial conditions for the simulation (or initial guess for steady
simulations). It is common practice to specify the boundary conditions in this folder,
although they can be modified in later time steps.
Simulations in subsequent chapters make use of the GAMG (Geometric-algebraic
multi-grid) solver for pressure. This solver is selected due to good performance on large
domains of many cells (Martinez, 2011). The solver speeds up simulations by initially
solving the pressure equation on a very coarse grid, and iteratively solving while
increasing the number of cells, providing initialization from the previous coarser solution.
For all other variables, the smooth solver is used, which tended to improve simulation
convergence time.
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3.2.2 Domain
The

domain

for

urban

simulations

implemented

OpenFOAM

follows

recommendations suggested by previous public guidelines and urban thermal
environment studies (Franke, Hellsten, Schlünzen, & Carissimo, 2007) (Liu, Srebric, &
Yu, 2013). Figure 3-3 presents an example CFD domain for flow over a building.

Figure 3-5. Example CFD domain for flow over a building

For a building with height H, the domain is set to a height of 10H. The sides of the
building are a minimum of 5H from the sides of the domain. The domain inlet is placed
5H from the windward edge of the building, and the outlet is 15H from the leeward edge,
to allow for a fully formed wake.
Regarding boundary conditions, for all variables, the top and sides are treated as
slip conditions. For scalars, this is equivalent to a zeroGradient condition, indicating that
far from the building, the fields are uniform and undisturbed. For velocity (a vector) the
normal component is zero (no outflow on the top and sides) and the tangential component
is zeroGradient (keeps the flow uniform).
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At the inlet, all variables except velocity and temperature are set to zeroGradient.
Temperature and Velocity are special cases, with either specified values or profiles,
which will be discussed later in this section. The outlet sets all variables to zeroGradient,
except pressure. Here pressure is set to a reference of 0. This allows all pressures in the
domain to be referenced to the value of 0, which can be convenient for quantifying
pressure drops.
Appropriate wall functions are specified for the ground and building surfaces,
discussed later in this chapter.

3.2.3 Meshing
The CFD simulations in this thesis use unstructured meshes generated by
SnappyHexMesh for the computational grid. SnappyHexMesh uses an innovative cell
splitting method to essentially merge a background mesh with a STereoLithography
(STL) file. The result is a capable meshing software which nearly automates the process
of meshing.
Before SnappyHexMesh can generate the mesh, both a background mesh and a
geometry file are required. The background mesh can be created with OpenFOAM’s built
in blockMesh tool. The background mesh is essentially the fluid domain, so blockMesh
should be used to choose the domain size, as well as the inlet, outlet and ground patches.
Note that best results from meshing occur when the background mesh cells are near
square. Also the cells must be small enough to intersect with the STL geometry at least
once.
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Once the background mesh is obtained, and the STL file is created, it must be
ensured that the STL file coordinates are aligned correctly with the background mesh.
SnappyHexMesh then uses three steps to create the mesh. The first step, the castellated
mesh, SnappyHexMesh finds the intersection between the STL file and the background
mesh. From here, the cells at the intersection are split in each direction, dividing the cell
into eighths. The cells are split again, depending on how many divisions the user
specified. The group of cells surrounding the intersection cells are split as well, but one
division less than the group closest to the geometry. Farther back from the geometry,
these groups of cells are divided as well, but one division less yet. This process continues
until sufficiently far away from the geometry that the cells are the original size of those
created in the background mesh. At this point, the cells contained inside the geometry are
removed, and the cells at the intersection are the new wall boundary. Figure 3-4
illustrates the castellated mesh step in SnappyHexMesh.

Figure 3-6. SnappyHexMesh cell snap procedure (OpenFOAM: The Open Source CFD
Toolbox User Guide, 2014)

The second step is the surface snap. The mesh created in step one is completely
defined by cubic cells. If the geometry represented is completely rectangular, then the
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mesh can approximate its shape very closely. Otherwise, any angles will be represented
by jagged cell edges. The snap step will translate and cut the intersection cells to attempt
to approximate the geometry shape. In this thesis, all of the geometry has been simplified
to rectangles, so the snap step isn’t necessary. An optional “addLayers” step can add thin
layers of cells against the boundary, which can help resolve the thin boundary layer
without increasing the global cell count significantly.
SnappyHexMesh will assign a boundary condition label based on the solid name
inside the STL file. If an STL file has multiple solid labels, than each one will be
imported by SnappyHexMesh as a separate boundary patch. This can be useful if
different boundary conditions are required for different sections of a geometry. Different
walls of a building may have different temperatures applied, for example.

3.2.4 Wall Functions
The turbulence models chosen for the study facilitate standard wall functions as
boundary conditions. While standard wall functions may reduce accuracy for certain flow
conditions, they greatly reduce computational time. The studies in this thesis make use of
standard smooth wall functions across building surfaces. On the ground surface,
atmospheric wall functions are used to approximate the νt and velocity profiles occurring
in urban atmospheric boundary layers.
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3.3 Method of Combining CFD and Energy Simulations
In this thesis, EnergyPlus is used to calculate the surface temperatures of
buildings in urban neighborhoods independently of the CFD simulation. While there are
examples of studies which use CFD to calculate the CHTC for EnergyPlus, the accuracy
of CHTC’s from CFD can be highly questionable. CHTC’s are highly dependent on near
wall modeling, so using standard wall functions does not provide high enough resolution
to accurately calculate the CHTC. The CHTC correlations in EnergyPlus are the result of
significant research (EnergyPlus Engineering Reference, 2013). Using these correlations
allows EnergyPlus to run a full year energy study for a building very quickly. All of the
surface temperatures are calculated every hour for the whole year, allowing one energy
model to source the temperature boundary conditions for many CFD simulations.
The energy models are drawn in SketchUp with the OpenStudio plugin. Each
outer surface gets a calculated surface temperature from EnergyPlus, therefore each outer
surface should have its own specified boundary condition in CFD. A surface in the
energy model consists of the exterior walls of a room. Therefore, a building three stories
tall with four rooms per floor will have twelve vertical surface plus the roof. Windows
are treated as their own surface as well. Since SnappyHexMesh in OpenFOAM requires
STL files for meshing, the exterior building surface must be exported from SketchUp as
STL files.
The section on meshing describes how SnappyHexMesh reads the individual solid
labels to establish separate boundary patches. One way to facilitate this is to export each
exterior surface in SketchUp individually and edit the STL text file to change the solid

42

label into an identifier (perhaps the assigned surface name given in EnergyPlus). All of
the separate text files can then be copied into one large STL file, with all of the surface
labels preserved. When this file is used for meshing, the label names will be imported as
boundary patches, and the temperatures calculated by EnergyPlus can be applied to each
corresponding OpenFOAM patch.
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Chapter 4
East Halls Case Study for CFD Validation
This chapter is concerned with using OpenFOAM CFD to model actual urban
areas in order to validate the use of OpenFOAM for use in predicting local temperatures
in urban areas. OpenFOAM is gaining popularity as a simulation tool for studying urban
environments. Researchers are beginning to publish papers using the tool for urban
prediction of pollutant dispersion (Rakai & Kristóf, 2010) (Miao, et al., 2013), and urban
microclimate study (Jackson, et al., 2011). Nevertheless, the implementation of
OpenFOAM and EnergyPlus in this thesis is for the most part unique. More validation
can strengthen the results. This chapter focuses on a case study of real buildings at the
Penn State University Park campus. The goal of the study is to validate local temperature
results found from OpenFOAM/EnergyPlus with measured data obtained in the actual
urban environment.

4.1 Background
Measured temperature data was previously obtained (Liu, Srebric, & Yu, A Rapid
and Reliable Numerical Method for Predictions of Outdoor Thermal Environment in
Actual Urban Areas, 2013) for the thermal environment around four Penn State campus
dormitories, specifically the East Halls. Satellite and bird’s eye views are provided in
Figure 4-1.
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Figure 4-1. Satellite and Bird’s Eye View of East Hall Dormitories (Liu, Srebric, & Yu,
A Rapid and Reliable Numerical Method for Predictions of Outdoor Thermal
Environment in Actual Urban Areas, 2013)
The figure shows the relative size of the buildings as well as the environment near
them. There is a semi dense urban environment directly southeast of the buildings but
northwest there is a grass plain. The wind was blowing at an angle nearly 34 degrees
from the north direction, which fortunately aligned the flow with the building. The area
upwind from the building consists of a mix between grass plains and semi-dense college
campus buildings.

4.2 Data Measurement Procedure
The temperature was collected on June 11th, 2012 from 11:00 to 15:00. The
outdoor temperature measurements were taken using iButton sensors. Due to safety
regulations, the iButton sensors could only be mounted on nearby telephone poles. Figure
4-2 shows the iButton sensors relative size and mounting location.
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Figure 4-2. Size and Mounting Structure of iButton sensors (Liu, Srebric, & Yu, A Rapid
and Reliable Numerical Method for Predictions of Outdoor Thermal Environment in
Actual Urban Areas, 2013).

The figure shows that the iButton sensor is slightly smaller in diameter to a
quarter. The iButton sensor is convenient due to the small size and wireless connectivity.
While conventional thermocouples offer faster response time and higher accuracy, the
expense and difficulty of using wired sensors necessitated the use of the iButton. The
reported accuracy of the sensor is ±0.5°C from -10°C to + 65°C, and the precision is
0.0625. Aluminum foil was used to shield the sensor from direct solar radiation. The
location of the four measurement locations for the East Halls is shown in Figure 4-3.
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Figure 4-3. Mounting locations for iButton sensors

The measurements were made at heights of 2, 4 and 6 m. Higher measurements were not
possible due to safety regulations. The CFD study will focus on thesis locations to
determine the accuracy of CFD simulations using OpenFOAM.

4.3 Energy Model and CFD Case
The thermal boundary conditions for the building are applied as described in
Chapter 3. EnergyPlus calculates the heat balance equation to find the building surface
temperatures. These surface temperatures are then transferred to OpenFOAM as
boundary conditions.
The energy model for the East Hall dormitories consists of a building with
dimensions 20 m x 30 m x 28 m. The building is 10 stories high. The Commercial
Buildings Energy Consumption Survey (CBECS) creates construction standards for
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certain types of buildings, based off of several classifications. The buildings are classified
as pre-1980s mid-rise apartment buildings, located in the Ashrae Climate zones 4-8. The
building floor plan is simplified to a central corridor with apartments wrapping
completely around. Each building floor is assigned a unique thermal zone. Two of the
buildings long faces are perpendicular to the 34 degree angle made with the wind, while
the other two are rotated 90 degrees, making the short face perpendicular with the wind.
The short faces of the building have a 0.15 window to wall ratio and the long faces have a
0.2 window to wall ratio. Two energy models are created with OpenStudio, with
orientations matching both cases. Figure 4-4

Figure 4-4. Energy model for the East Hall Dormitories
EnergyPlus revealed that the temperature varied minimally with building story.
Rather, the orientation of the surface had the greatest effect on surface temperature. The
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results of this allowed the building surface temperatures to be averaged across each wall
which simplified the process of setting up boundary conditions in OpenFOAM.
Urban environments feature boundary layers for both temperature and velocity.
Velocity can often be described by a simple equation based on roughness; however
temperature is much more difficult to model due to many factors, including solar
radiation, surface absorption, thermal mass, etc. The inlet velocity profile for the CFD
simulation used the following equation, implemented in OpenFOAM as the
atmBoundaryLayerInletVelocity boundary condition (Hargreaves & Wright, 2007):
(4-1)
Where U* is the friction velocity, z is the elevation above the ground, zg is the elevation
of the ground, and z0 is the roughness length of the ground. Z0 was defined as 0.3 m in
this case, due to the mostly small obstacles preceding the buildings of interest.
The temperature boundary layer implemented at the inlet was generated by Liu
(Liu, Srebric, & Yu, A Rapid and Reliable Numerical Method for Predictions of Outdoor
Thermal Environment in Actual Urban Areas, 2013). To develop a thermal boundary
layer for an urban area, a common technique is to perform a simulation with a uniform
temperature inlet on a large domain encompassing many buildings leading up to the
building of interest (Takahashi, Yoshida, Tanaka, Aotake, & Wang, 2004). With access
to measured temperature data of building surface temperatures, Liu performed the CFD
simulation on the domain shown in Figure 4-5, for 13:00 June 11th, 2012.

49

Figure 4-5. Urban geometry leading to East Halls and resulting temperature profile (Liu,
Srebric, & Yu, A Rapid and Reliable Numerical Method for Predictions of Outdoor
Thermal Environment in Actual Urban Areas, 2013)

This temperature profile was implemented in OpenFOAM at the domain inlet. To
define a profile boundary condition using tabulated data, a special plugin is required. The
study here used the Swiss Army Knife for FOAM (Contrib/swak4Foam) plugin.
Figure 4-6 shows the domain and building geometry used in the East Halls CFD
study.

Figure 4-6. CFD domain and building geometry for the East Halls CFD study
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The study used two commonly used turbulence models for urban areas: RNG k-ε
and Realizable k-ε in order to compare the performance and effect on the results.

4.4 Grid Refinement Study
A grid refinement study of the CFD case is performed to ensure the grid
independence of the solution. The Grid Convergence Index (Roache, 1994) is used as the
basis for the study. The mesh is refined by changing the size of the cells in the
background mesh, created in blockMesh, as described in Chapter 3. The background
mesh (and correspondingly, all of the cells in the mesh) is reduced by nearly 20 percent
for the finer case. Figure 4-7 shows the background mesh of both the baseline case and
the refined case.

Figure 4-7. Successive refinement of the mesh for the Grid Convergence study
The Grid Convergence Index is found by the following equation:
(4-2)
Fs is the safety factor, for which 1.25 can be applied for two successive refinements
according to Roache. ε represents the relative error between a calculated value for
successive grid refinement. r is the ratio of larger grid size to small, and p is the order of
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accuracy of the computation. The drag coefficient of the buildings in the x direction was
calculated, resulting in relative error of 1.71%. The calculated grid cell ratio is 1.25. The
GCI calculated for the case is 4.52%. The calculation is shown in Appendix C
Plots of the fine computational mesh for the East Halls are shown in Figure 4-8.

Figure 4-8. Visualization of the East Halls fine mesh, showing the relative cell surface
size for the building, near wall layers, and the surroundings, respectively.
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4.4 Comparison with Measured Results
Table 4-1 shows the measured results for the urban thermal environment compared to the
results from the CFD study for three different turbulence models.
Table 4-1. Temperature data from CFD compared to measurement.

Location 1 (oC)
2m
4m
6m
Location 2 (oC)
2m
4m
6m
Location 3 (oC)
2m
4m
6m
Location 4 (oC)
2m
4m
6m

Realizable k-ε
28.9
28.8
28.7

RNG k-ε
29.3
29.2
29.2

iButton ±0.5°C
29.1
29.6
29.2

29.1
29.0
28.9

29.5
29.4
29.4

29.7
29.8
30.2

28.8
28.8
28.8

29.3
29.2
29.2

30.2
29.8
29.3

29.0
29.0
28.9

29.4
29.4
29.4

29.9
29.2
29.9

The results from the table show that the RNG k-ε model tends to have the best
performance in simulating the temperature in the urban thermal environment, with 8/12
temperature readings within the sensor margin of error, whereas Realizable k-ε has only
3/12 readings within the sensor margin of error. Two of the values outside of the margin
of error for RNG k-ε were only slightly outside of the 0.5 oC margin. The RNG k-ε had
averaged absolute error of 0.4 while the Realizable k-ε averaged absolute error was 0.76.
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The CFD simulation overall seems to slightly under predict the temperature compared to
the field measurements, with the Realizable k-ε model predicting even lower
temperatures
To understand the reason for the discrepancies in temperature data from the
different turbulence models, the turbulent thermal diffusivity (alphat) for the two
simulations was plotted in Figure 4-8.

Figure 4-9. Alphat plot for RNG k-ε, and Realizable k-ε simulations respectively.
It is clear from Figure 4-8 that the amount of turbulent thermal diffusivity in the
RNG k-ε simulation is less than in the Realizable k-ε simulation. To further clarify, the
incoming temperature profile preceding the buildings is plotted in Figure 4-10.
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Figure 4-10. The temperature profile directly preceding the buildings in the East Hall
CFD study.

From Figure 4-10, it is clear that the temperatures in the RNG k-ε case are higher
until around 50 m elevation, at which they crossover and Realizable becomes larger. Both
cases apply the same temperature boundary layer at the inlet of the simulation, therefore
something in the Realizable k-ε model is causing the temperatures in the domain to
diffuse faster from the original specified boundary layer. Figure 4-9 illustrates that the
turbulent thermal diffusivity is larger in the Realizable k-ε case near the buildings. Figure
4-11 plots the turbulent thermal diffusivity (alphat) in the line leading up to the buildings.
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Freestream Decay of alphat, z = 10 m
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Figure 4-11. Freestream decay of alphat from the inlet to the buildings.

The alphat at 10 m elevation is plotted, starting at the inlet and measuring up to
before the buildings. The Realizable k-ε model predicts a larger alphat at the inlet, and
the alphat also decays slightly less as it travels through the domain. This plot indicates
Realizable k-ε may be over predicting the turbulent kinetic energy from which the
turbulent viscosity and turbulent thermal diffusivity are derived from.
The results of this study show that OpenFOAM combined with EnergyPlus and
accurate weather data for boundary conditions can be a reasonable accurate method to
calculate the local temperatures and microclimate in urban areas. The study also revealed
some insight on turbulence modeling, with the RNG k-ε model showing closer agreement
with the measured temperature data from the actual urban environment than the
Realizable k-ε model.
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Chapter 5
CFD and Energy Studies for Density Varying Urban Neighborhoods
This chapter builds upon the methodology and findings from the previous
chapters in order to design a set of CFD simulations to predict and quantify the effect of
urban density on a building’s HVAC system efficiency. Similar to Chapter 4, energy
models are used to source surface temperatures for buildings, and OpenFOAM is used to
estimate local temperatures, using the energy model surface temperatures as boundary
conditions. These local temperatures estimate the performance of adjacent HVAC
systems
This chapter begins with introducing the method for which COP is calculated
based on temperature. Section 5.2 will introduce the concepts of urban plan area density
and a sensitivity analysis tests different simulation program’s performance calculating
solar heat flux values for large and small values of urban density. Section 5.3 presents the
energy model used for the simulations, and uses the energy model results to select a day
of study for the CFD simulations. Section 5.4 explains how the thermal boundary layer is
calculated for different neighborhood densities, which is then used as an inlet in the CFD
simulations. Section 5.5 consists of the CFD simulation setup and methodology, and
Section 5.6 presents the results of the COP calculated for the simulations.
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5.1 COP as a Function of Inlet Temperature
Chapter 2 described the thermodynamics behind the dependence of Coefficient of
Performance on thermal reservoir temperature. A linear equation is useful to evaluate the
effect of local temperature on the Coefficient of Performance. In the literature, at least
one such study exists (Chow T. T., 2000). Chow devised the follow equation.
(5-1)
The equation was derived by surveying catalogue data for several HVAC systems. Linear
regression analysis was performed based on the survey, resulting in the equation. The r2
value is reported as 0.996, representing a very good correlation with catalogue data.
Equation 5-1 is derived for split-type air conditioning systems, specifically systems on
mid and high rise apartment buildings with inlets located in windows. This equation is
then most effective at calculating the COP of buildings using the temperature along the
walls, where window inlets would be located.
There is an interest in seeing the effect of urban density on rooftop HVAC units
(RTU’s) as well. One study (New Buildings Institute, 2013) measured the COP of an
RTU while it was running. To obtain realistic COP values, the COP was measured for
twenty four hour periods, and the average outdoor temperature during that time was also
recorded. The data was presented on a graph with a linear trend line. The equation
reported is approximately:
(5-2)
Note that equation (5-1) is derived for temperatures in oC and (5-2) for oF.
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5.2 Urban Densities

5.2.1 Explanation of Ranges Studied
Urban plan area density is the ratio of the top view of a building’s area and the
total area. Figure 5-1 illustrates the concept.

Figure 5-1. Urban plan area density calculation example.

The total area around a building is calculated by (
building is

. The urban plan area density is then given by

) and the area of a
⁄(

) . After

manipulation, if plan area density is given, the distance 2h between uniformly spaced
square buildings can be found by the following equation.
√
√

(5-3)
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Six densities overall are selected, however the study focuses mainly on the largest
and smallest. The densities considered are: λp = 0.04, 0.063, 0.11, 0.16, 0.25, 0.44. The
spacing between the buildings ranges from 5 m to 40 m, representing a sparse
rural/suburb area up to a dense city center. Previous roughness studies (Cheng, Hayden,
Robins, & Castro, 2007) have established that flow fields over cube densities experience
three different classifications. In the lowest densities, each cube is mostly isolated from
the effects of the other cubes. In the middle, the wake created by a cube begins to
interfere with the flow over cubes downwind from it. For the highest densities, the flow
begins to skim across the tops of the cubes, minimizing the mixing of the fluid in
between the cubes with the free stream.

5.3 Energy Model for Neighborhoods
The energy model was created in similar fashion to previous chapters.
OpenStudio and SketchUp created the geometry, which is then exported to EnergyPlus to
run the calculation. Figure 5-2 presents the energy model geometry
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Figure 5-2. Energy model used in urban density studies
The model consists of a 10 x 10 x 10 m building, three stories high. Five thermal
zones consist of the four outside rooms, and the center corridor. Construction defaults for
CBECS pre-1980s construction are selected to match the East Halls energy model from
Chapter 4. The window to wall ratio is 0.25. To approximate the range of urban densities
under consideration, shading blocks are added. Figure 5-3 gives an example of the
highest and lowest density energy models.

Figure 5-3. Shading surfaces for the 0.44 and 0.04 urban density energy models.
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Running the energy models provides the building surface temperatures for the full
year at hourly intervals. The weather data for the study is the University Park TMY3. The
building geometry is exported to an STL file, preserving the individual patches for all the
wall surfaces and windows. The STL file is shown in Figure 5-4.

Figure 5-4. STL file exported from the energy model.
Building designers often select July 21st as the day to base summertime building
designs to. It is hypothesized that the earth has sufficient thermal mass to delay the
hottest time of the year one month from the date of the summer solstice. Since the day is
often used, it is selected as the day for the urban density study.
An additional day is chosen to give further insight to the study. It was established
in previous chapters that the urban heat island effect reaches maximum intensity on days
of high solar radiation. To maximize the increase in local temperatures due to urban
density, weather conditions from a hot day with a high amount of solar radiation should
be selected. University Park, Pa weather data provides direct and diffuse solar radiation
data, as well as air temperature. To find the day with the highest solar radiation, the direct
and diffuse radiation are summed and averaged over 24 hour periods. The air temperature
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is averaged as well, and the product of air temperature and solar radiation is taken. The
day with the maximum average temperature*solar radiation is selected as the second day
of study. Days in June often have high solar radiation but the thermal lag of the earth
keeps air temperatures cool. The average air temperature was included in this analysis to
bias the findings of the highest radiation day with a high air temperature. The day with
the highest average solar radiation multiplied with air temperature is July 19th. Figure 5-5
plots the day averaged solar radiation for both July 19th and 21st.
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Figure 5-5. Hourly solar radiation for the chosen days of study.

July 21st seems to have clouds blocking most of the solar radiation right around
the solar maximum (noon). July 19th is more consistently sunny. This allows an
opportunity to witness the effect of sudden shading on the neighborhood local
temperatures.

63

5.4 Thermal Profile Development
Unlike in Chapter 4 where a thermal profile based on CFD simulations containing
measured temperature data was available, the urban density simulations have no
measured data from which to calculate a thermal profile. Following suggestions from
Takahashi (Takahashi, Yoshida, Tanaka, Aotake, & Wang, 2004), the thermal profile can
be calculated by running a CFD simulation over a very long domain. Takahashi’s method
is shown in Figure 5-5.

Figure 5-5. Thermal profile development strategy (Takahashi, Yoshida, Tanaka, Aotake,
& Wang, 2004).

The inlet has a constant temperature, and log law velocity profile. These
conditions are simulated over a log domain, which in this case contain the urban grids at
the spacing calculated from the urban plan area density. Eventually, the temperature and
velocity profile should become fully developed, at which point, they can be extracted and
used as an inlet for a smaller domain focusing on one block of buildings. Takahashi
recommends a 1000 m long domain to obtain fully developed profile. For 10 m buildings,
it was found that the temperature profile nears a fully developed profile at lower
elevations around 500 m.
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EnergyPlus calculated surface temperatures are implemented for the temperature
boundary conditions on the building surfaces. For this case study, all of the buildings are
the same size, and the neighborhood grid of buildings is assumed to extend very far, so
only one energy model is required to provide temperature data. In addition to the
temperature and velocity profiles, the k and ε profiles are extracted and applied to the
inlet of the CFD simulation as well.
Ground temperature/heat flux can have a significant effect on the development of
the thermal boundary layer. Unfortunately predicting the surface temperature of the
ground is a challenging task. This study applied a simplification to calculate a reasonable
heat flux value at the ground based on the solar radiation flux value. The Objective
Hysteresis Model (Grimmond, Cleugh, & Oke, 1991) provides an estimation of the heat
flux for ground surfaces, based on observations from Vancouver, BC. The equation for
heat flux is shown below:
(5-4)
is the outgoing heat flux, Q* is the incoming radiative heat flux, and a1, a2,
and a3 are experimentally derived coefficients (0.33, 0.03, -11.0 for grass, respectively).
Larger ratios of ground surfaces are concrete in denser urban areas, but to avoid choosing
an arbitrary ratio, the ground is assumed to be grass for all case studies. Figure 5-6 shows
an example of the difference in developed temperature profiles for the most and least
dense urban neighborhoods.
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Figure 5-6. Thermal profile for the highest and lowest density studies.

The plot of the thermal profiles shows evidence of the different flow fields. For
example the 0.04 density is of isolated roughness, and the mixing between the free stream
and the air between the buildings results in a smooth temperature profile. The 0.4 density
case is of skimming flow, where the free stream skims along the roofs of the buildings
limiting mixing. The result is a temperature profile which retains lots of heat just above
the roof elevation (10 m) and slightly less of a gradient in temperature to the sub-canopy
layer. To conserve computational time, the thermal profiles were developed along
domains with only one row of buildings, spaced appropriately, running down the center.
Symmetry boundary conditions were brought to a distance of half the building spacing
for the sides of the domain, to simulate an identical row of buildings properly spaced to
the left and right.
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5.5 CFD Studies of Neighborhoods
This section covers the CFD simulations performed for the different sets of urban
plan area densities. The case setup follows the same procedures as previously outlined in
Chapters 3 and 4, however the sides of the domain apply a symmetry condition up close
to the building, simulating the effect of neighboring buildings evenly spaced and
extending indefinitely, similar to a large urban area. Figure 5-7 shows the domain for
urban plan area densities 0.44 and 0.04.

Figure 5-7. CFD domain for 0.04 and 0.44 plan area density studies.

The study arranges the buildings into 3 x 3 x 3 grids. The central building serves
as the building of interest. Profiles for k, ε, velocity, and temperature are applied at the
inlet. The study takes place over a ten-hour period with simulations taking place every
two hours, from 8:00 to 18:00. The wind speed is approximately 5 m/s at an elevation of
10 m, but the actual speeds vary slightly for the different densities, giving an approximate
Reynolds number of

. To reduce the number of variables between

different hours, the same wind profile is used for each hour. The wind flows from west to
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east. Figure 5-9 displays the example of the domain with the wind direction and position
of the sun.

Figure 5-9. Measuring points for local temperatures of building (red lines).

Figure 5-9 shows the measuring points for estimating the local temperatures near
the building. The plotted points are along the centerline of the building and are set back
0.5 m from the surface. In the morning, the sun shines directly onto the leeward side of
the building. By the evening, the windward side receives the direct radiation.
The grid refinement study was carried out in similar fashion to the East Halls case
study in Chapter 4. Figure 5-10 displays the computational mesh used for the 0.44 density
case.
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Figure 5-10. Medium computational mesh for 0.44 case study.

The medium mesh was refined by a ratio of 1.25. to get the fine mesh. The
relative error was calculated as 0.671 percent. For a second order level of convergence,
the grid convergence index is calculated at 1.79. The medium sized mesh is deemed
sufficiently refined. The calculation is shown in Appendix C

5.6 Calculation of Coefficient of Performance
The centerline temperatures were extracted and plotted from the CFD simulations.
Equation (5-1) describes the COP of window inlet air conditioners, which is useful for
the air temperatures along the windward and leeward walls. Equation (5-2) describes the
COP of a rooftop unit, so the equation will be applied to air temperatures near the roof
surface. Figure 5-11 plots the temperature of the windward and leeward surfaces for the
0.04 and 0.4 plan area density case studies on July19th.

69

July 19th Temperatures
40

Temperature (C)

35
0.44 Windward

30

0.04 Windward

25

0.44 Leeward
0.04 Leeward

20
8

10

12

14

16

18

Hour

Figure 5-11. Average windward and leeward air temperatures for the smallest and largest
density neighborhoods measured at each simulated hour, July 19.

Figure 5-11 shows that the windward temperatures in the 0.44 study are
consistently higher than all of the other measurement points. The 0.44 leeward is near the
temperature of the 0.04 leeward, and the 0.04 windward is the lowest. The temperatures
also follow a parabolic path, with a peak at about 14:00. Figure 5-3 showed that
maximum solar radiation occurs at 12:00. There appears to be around a two hour lag
between maximum solar radiation and maximum air temperature. The windward and
leeward profiles for July 21st are plotted in Figure 5-12.
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Figure 5-12. Average windward and leeward air temperatures for the smallest and largest
density neighborhoods measured at each simulated hour, July 21.

The temperature pattern for July 21st differs greatly compared to the plot for the
19th. There is a lot less temperature variation throughout the day. The 0.44 windward case
is still consistently the largest temperature, albeit by a smaller margin. The overall
ranking of temperatures is similar to the July 19th. Figure 5-3 shows that solar radiation
dropped greatly around noon, which is in agreement with Figure 5-10, since the
temperature stagnates and drops slightly at noon. Again, the air temperatures seems to
represent a damped version of the incoming solar radiation, with a near two hour thermal
lag between changes in solar radiation and air temperature.
The 0.44 case showing the consistently largest temperature makes sense
physically. Figure 5-13 displays the temperature contours for both 0.44 and 0.4 to aid in
explanation.
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Figure 5-13. Temperature contours for highest and lowest density cases, July 19, 14:00.

The leeward sides of the buildings are the first to experience sunlight, since they
face east. This helps accentuate the building temperature wake from the beginning of the
day. In the 0.44 case study, a building chosen at random is oriented close to the next
upwind building, putting it much closer to that building’s wake and the elevated
temperatures flowing from it. This also explains how the leeward side in the 0.04 case is
consistently warmer than its windward side, since the leeward side is in the building’s
own temperature wake.
Figure 5-14 shows the rooftop temperatures for July 19th and 21st.
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Figure 5-14. Rooftop air temperatures for July 19 and 21st.
Similar to the windward and leeward temperatures, the rooftop temperatures
follow the solar radiation intensity with about a two-hour lag. The 0.44 case has higher
temperatures for both days. This is due to the inlet temperature profile, which had much
higher temperatures above 10 m elevation due to the skimming flow, which hinders the
air above the roof from mixing with the air below.
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The COP equations for both window and rooftop units calculate the COP based
on the temperatures previously plotted. This allows COP to be plotted on an hourly basis
for July 19th and 21st, in Figure 5-15.
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Figure 5-15. COP variation each hour for July 19 and 21.
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Temperature and COP have an inverse relationship, so the COP of each hour
drops as the temperature rises. The drop in solar radiation around noon on July 21st
causes the rise in COP around 14:00. The COP on July 19th varies from 3.5 to 2.3
throughout the day. On July 21st the variation is smaller, 3.1 to 2.6.
The COP for the rooftop is based on a different air conditioner, which has a larger
sensitivity to temperature. The hourly COP of the rooftop air conditioners is plotted in
Figure 5-16.

COP

COP of Rooftop Air Conditioners, July 19
5
4.5
4
3.5
3
2.5
2
1.5

0.44 Roof
0.04 Roof
8

10

12

14

16

18

Hour

COP

COP of Rooftop Air Conditioners, July 21st
5
4.5
4
3.5
3
2.5
2
1.5

Roof 0.44
Roof 0.04

8

10

12

14

16

18

Hour

Figure 5-16. COP variation each hour for July 19 and 21, rooftop HVAC systems.
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The basic pattern of COP throughout the day is similar to what is seen for the
window air conditioners. The range of COP is greater however, with a maximum of 4.6
and a minimum of nearly 1.5. For RTU’s, COP varies by 0.118 for every oF (or 0.2124
o

C), while the window air conditioners only vary by 0.0738 for every oC. The sensitivity

of COP for air conditioner units is a very important element of the study. For reference,
COP graphs using Carnot efficiency can be found in Appendix A.
For almost all of the hourly test points, the higher urban density results in an
increase in local temperature, and a corresponding decrease in COP. To quantify the
effect of urban density on COP, the percent decrease in COP due to the higher density is
plotted in Figure 5-17 for July 19 and 21.
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Figure 5-17. Percent decrease in COP due to urban density, July 19 and 21.

The rooftop air conditioners experience the maximum decrease in COP due to
urban density, with up to 20 percent decrease on July 19th. This is the result of the higher
sensitivity to temperature. On July 21st, interestingly the roof and windward side see
similar decreases in COP around 12:00 and 14:00. The decrease in solar radiation around
this time is the likely cause of this. The sun is at the highest point during this time, which
is when the roof would normally be exposed to the most direct solar radiation. For both
test days, the windward side of the building results in larger decreases of COP, with a
peak of 12 percent on July 19th and 8 percent on July 21st. The leeward side is the only
area where COP can actually see an increase due to urban density, although the increase
never increases past 1.3 percent. Of the 12 hours studies, only three resulted in a minor
increase in COP on the leeward side.
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Chapter 6
Conclusions and Future Work
This thesis explored the effect of urban density on the performance of building
HVAC systems. The study was performed by calculating the local air temperatures in
urban environments using CFD simulations. The method of temperature calculation
accurately predicted temperatures measured in a real urban environment as well. In
addition, the thesis investigated different methods of calculating temperature in local
environments, and provided a modeling method, which relies exclusively on free and
open source software.
The three objectives in the research study were to (1) research and devise a
method of calculating local temperatures in urban environments taking into account local
thermal properties, (2) validate that the method can provide accurate temperature results
by performing a simulation on an actual urban environment with measured temperature
data, and (3) use the local temperature calculation method to estimate the effect of urban
density on local temperatures, and the corresponding effect on HVAC COP. The study
researched several macro, local, and microscale methods to calculating local
temperatures. While several studies predict local temperatures in urban areas using a
variety of methods, and others predict the COP of HVAC systems based on local
temperatures, no research exists which directly compares the COP of HVAC systems to
the building density of the urban neighborhood.
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6.1 Thesis Conclusions
Chapters 1 and 2 provided the background and literature review to the thesis
study. Also, modeling methods were discussed and the best method of modeling was
introduced. Chapter 3 brought a detailed discussion of the selected modeling methods,
including the governing equations used. Simulation parameters and case setup
suggestions were discussed as well. Chapter 4 consisted of the first case study, in which
temperatures predicted using CFD and energy modeling were compared to real
temperature data from the urban area making up the Penn State University Park campus.
Conclusions from the present work are as follows:
1) Consideration of thermal boundary conditions on building surfaces is
important, and the method of calculating should take into account real weather
data, since effects of thermal mass/lag can have a great influence on
temperature results, and as seen here, peak temperature occur two hours after
peak incident solar radiation.
2) The development of the thermal boundary can impact the results of the study,
as shown in Chapter 4. Consequently, thermal boundary layers should be
developed in a consistent and realistic manner, and properly implemented into
the study’s inlet. Turbulence modeling can also have an impact on the thermal
boundary layer, with Realizable k-ε decreasing calculated temperatures by 0.4
°C compared to RNG k-ε due to over prediction of turbulent thermal
diffusivity
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3) CFD combined with energy simulation with access to real weather data can
predict local temperatures in urban areas with close agreement to measured
data, with a resulting average absolute error of 0.4 °C, within the sensor
margin of error of 0.5 °C.
4) The COP of rooftop and windward/window HVAC systems can be decreased
up to 20 or 12 percent respectively. This is based on a study calculating local
temperatures, in two areas experiencing the exact same weather conditions,
with the only difference being the density of the built environment.

6.2 Recommendations for Future Work
The studies in this thesis consist of numerical simulations employed to predict
local temperatures in urban environments. From the local temperatures, the COP of
HVAC systems is predicted. With infinite computational power, any numerical study can
be improved by applying finer resolution. While the computing power available at Penn
State is far from infinite, computing power in general is continuously becoming faster
and cheaper. This fact bodes well for the prospect of future studies to expand upon the
current study. In addition, time constraints resulted in simplification to the modeling. The
following is a list of suggestions for improving the body of work.
1) Unfortunately, the energy-modeling portion of the work did not take into
account the effects of surrounding building for the outdoor convective heat
transfer coefficient. This creates a disconnect between the CFD simulation,
which uses wall functions to estimate temperature differences near the walls,
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and the energy model, which used the DOE-2 correlation. Possible
improvements to this issue may be to implement a new boundary condition in
OpenFOAM, which forces the use of DOE-2 calculated CHTC’s in the CFD
model. This solution could also be applied using a different CHTC model in
EnergyPlus, since studies exist calculating the CHTC correlation with urban
density (Liu, Srebric, & Yu, Numerical simulation of convective heat transfer
coefficients at the external surfaces of building arrays immersed in a turbulent
boundary layer, 2013). A final resolution for the issue is to implement a
coupled energy model and CFD simulation, in which the CFD program
calculates the CHTC for the energy model. To ensure accuracy, the CFD
model should fully calculate the surface layer near the building wall instead of
relying on wall functions. This is the most computationally demanding
solution, but would give the most realistic results. Additionally, EnergyPlus
prescribes a predicted temperature variation with height for the heat balance
method. CFD could be used to obtain a more accurate temperature variation
with height, taking into account surrounding buildings.
2) The method used to calculate ground temperature/heat flux is a large
approximation and potentially a significant source of error at the local scale.
Future studies would benefit from a complete heat conduction analysis of the
ground in order to calculate the surface temperatures/fluxes based on incident
solar radiation, and perhaps rough flat plate correlations for convection.
3) The study was validated against measured temperature data in an urban
environment. The validation could be strengthened with measured velocity
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data to compare with as well. Velocity data can be more difficult to capture
due to the complexity of pitot tubes compared to the simple iButton used in
this study for temperature, especially for measurements at higher elevations.
4) In this research study, only the effect of outdoor temperature was accounted
for when estimating COP. While COP is primarily a function of outdoor
temperature (New Buildings Institute, 2013), it is also a function of total
cooling load, humidity, and perhaps other quantities. Future studies should
expand the calculated variables to account for other COP modifications.
Additionally, the amount of HVAC systems studied should be increased to
gain a more thorough understanding on HVAC sensitivity to temperature.
Finally, these new COP’s could be used to estimate the impact of urban
density on total building energy consumption.
5) In this study, only the average windward, leeward, and rooftop temperatures
were considered, but for the windward side at least, there was some degree of
spatial fluctuation. Additional study could provide further analysis on the
spatial fluctuation of temperature and how this would likely impact COP.
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Appendix A: Carnot Efficency

Carnot Efficiency for July 19th HVAC systems
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Figure A-1. Carnot COP for July 19th.
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Figure A-2. Percent difference in Carnot COP due to density, July 19th
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Carnot Efficiency for July 21st
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Figure A-3. Carnot COP for July 21st
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Figure A-4. Percent difference in Carnot COP due to density, July 21st
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Appendix B: OpenFOAM Case files

ControlDict

libs (
"libOpenFOAM.so"
"libsimpleSwakFunctionObjects.so"
"libswakFunctionObjects.so"
"libgroovyBC.so"
);
application

buoyantBoussinesqSimpleFoam;

startFrom

latestTime;

startTime

0;

stopAt

endTime;

endTime

30000;

deltaT

1;

writeControl

timeStep;

writeInterval

150;

purgeWrite

0;

writeFormat

ascii;

writePrecision

6;

writeCompression off;
timeFormat

general;

timePrecision

6;

runTimeModifiable true;
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fvSchemes
ddtSchemes
{
default
}
gradSchemes
{
default
}

steadyState;

cellLimited leastSquares 1.0;

divSchemes
{
default
none;
div(phi,U)
bounded Gauss upwind cellLimited leastSquares 1.0;
div(phi,T)
bounded Gauss upwind cellLimited leastSquares 1.0;
div(phi,k)
bounded Gauss upwind cellLimited leastSquares 1.0;
div(phi,epsilon) bounded Gauss upwind cellLimited leastSquares 1.0;
div((nuEff*dev(T(grad(U))))) Gauss linear;
}
laplacianSchemes
{
default
none;
laplacian(nuEff,U) Gauss linear corrected;
laplacian((1|A(U)),p_rgh) Gauss linear corrected;
laplacian((1|A(U)),p) Gauss linear corrected;
laplacian(1,p) Gauss linear corrected;
laplacian(alphaEff,T) Gauss linear corrected;
laplacian(DkEff,k) Gauss linear corrected;
laplacian(DepsilonEff,epsilon) Gauss linear corrected;
laplacian(DREff,R) Gauss linear corrected;
laplacian(Dp,p_rgh) Gauss linear corrected;
}
interpolationSchemes
{
default
linear;
}
snGradSchemes
{
default
}
fluxRequired
{
default
p_rgh
p;
}

corrected;

no;
;
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fvSolution
solvers
{
“(p_rgh|p)”
{
solver
GAMG;
tolerance
1e-7;
relTol
0.1;
smoother
GaussSeidel;
nPreSweeps
0;
nPostSweeps
2;
cacheAgglomeration on;
agglomerator
faceAreaPair;
nCellsInCoarsestLevel 10;
mergeLevels
1;
}
"(U|T|k|epsilon|R)"
{
solver
smoother
tolerance
relTol
nSweeps
}

smoothSolver;
GaussSeidel;
1e-8;
0.1;
1;

}
potentialFlow
{ nNonOrthogonalCorrectors 8;}
SIMPLE
{
nNonOrthogonalCorrectors 0;
pRefCell
0;
pRefValue
0;
residualControl
{
p_rgh
U
T

1e-4;
1e-5;
1e-5;

// possibly check turbulence fields
"(k|epsilon|omega)" 1e-4;
}
}
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Appendix C: Grid Convergence Index Study
Table A-1. Grid Convergence Index for East Halls Study
Coarse
ε
GCI
P = 1.74

R = 1.25

Medium
2.59
6.84
Fs = 1.25

Fine
1.71
4.52

Table A-2. Grid Convergence Index for Density Study
Coarse
ε
GCI
P = 1.74

R = 1.25

Medium
7.08
2.05
Fs = 3

Fine
0.67
0.194
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