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In the United States the peak electrical use occurs during the summer. In addition,
the building sector consumes a major portion of the annual electrical energy
consumption. One of the main energy consuming components in the building sector is the
Heating, Ventilation, and Air-Conditioning (HVAC) systems. This research studies the
feasibility of implementing a solar driven underground cooling system that could
contribute to reducing building cooling loads. The developed system consists of an Earth-
to-Air Heat Exchanger (EAHE) coupled with a solar chimney that provides a natural cool
draft to the test facility building at the Solar Energy Research Test Facility in Omabha,
Nebraska. Two sets of tests have been conducted: a natural passively driven airflow test
and a forced fan assisted airflow test. The resulting data of the tests has been analyzed to
study the thermal performance of the implemented system. Results show that: The
underground soil proved to be a good heat sink at a depth of 9.5ft, where its temperature
fluctuates yearly in the range of (46.5°F-58.2°F). Furthermore, the coupled system during
the natural airflow modes can provide good thermal comfort conditions that comply with
ASHRAE standard 55-2004. It provided 0.63 tons of cooling, which almost covered the
building design cooling load (0.8 tons, extreme condition). On the other hand, although
the coupled system during the forced airflow mode could not comply with ASHRAE
standard 55-2004, it provided 1.27 tons of cooling which is even more than the building
load requirements. Moreover, the underground soil experienced thermal saturation during
the forced airflow mode due to the oversized fan, which extracted much more airflow
than the EAHE ability for heat dissipation and the underground soil for heat absorption.
In conclusion, the coupled system proved to be a feasible cooling system, which could be

further improved with a few design recommendations.
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NOMENCLATURE

American Society of Heating, Refrigerating and Air-Conditioning Engineers
British Thermal Units

Degree Calicoes

Constant-Pressure Specific Heat of Air, Btu/(1bm-°F) [J/(kg-K)]
Cubic Feet per Minute

EAHE Supply Air Mass Flow Rate, ft’/min

Earth-to-Air Heat Exchanger

Error

Uncertainty of a Specific Measuring Instrument

Uncertainty Interval in the n™ Variable

Uncertainty Interval in the Results

Precision Error of the Reference Measuring Instrument

Stable Bias Error Between the Reference and Measuring Instrument
Thermocouple Average Measurement Error

Airflow Transmitter Average Measurement Error

Uncertainty of the Calculated Sensible Cooling Capacity

Degree Fahrenheit

Feet

Cubic Feet

Heating, Ventilation and Air-Conditioning



kJ
Ibm
Max.

Min

mAmps.

Qair
Ql,cooling

Qs,cooling

XVi
Enthalpy of Vaporization, Btu/Ibm (J/kg)
Hour
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Chapter, 1
INTRODUCTION

The energy crisis in the early 70’s increased the whole worlds’ awareness of the
possible depletion of non-renewable energy sources (i.e. fossil fuels) and the inevitability
of finding other alternatives. In the mean time it has been found that using fossil fuels has
a huge impact on the environment, and the human health and well being.

One of those environmental impacts is the emission of greenhouse gases (GHG)
(e.g. carbon dioxide CO;) which is responsible for many other serious environmental
issues (e.g. climate change, global warming, and water and air pollution). These
emissions are consequently affecting human health and the ecosystems.

According to the U.S. Environmental Protection Agency (EPA), fossil fuel
burning is responsible for 64% of the increased amounts of carbon dioxide (CO) in the
atmosphere since 1850. It is worth mentioning that in the United States carbon dioxide
CO, emissions represents 82.7% of the total greenhouse gases (GHG) emissions.
According to the U.S. Energy Information Administration’s (EIA', 2008) annual energy
review report for/of (2008), North America produces almost 24% of the world’s annual
carbon dioxide (CO;) emissions while the Unites States alone produces 20.2%.

In addition to the fact that the fossil fuels will be depleted in the near future and
have negative environmental effects, its prices have been increasing lately. The U.S.
Department of Energy - EIA annual energy review report for (2008) show that the fossil

fuel and the electricity prices have been increasing since 1999.

'The U.S. Energy Information Administration (EIA) is a section of the U.S. Department of Energy (DOE).
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All of these reasons; non-renewable energy sources depletion, the environmental
impact of fossil fuels, and the increase in energy prices with the current global
economical recession that started in the late 2000’s, have stimulated countries around the
world to increase their energy savings by reducing their energy consumption and utilizing
renewable energy sources with a belief that the “renewable energy can play an important
role in meeting the ultimate goal of replacing large parts of fossil fuels (Chel and Tiwari,
2009).

Accordingly, researchers around the world started to investigate the possible
alternative solutions. In doing so, the major energy consuming sectors have been
investigated and it was found that the building sector consumes about 70% of the annual
electrical energy consumption and 41% of the annual primary energy usage. It has also
been found that electricity represents 40% of the total energy consumed by households. It
is worth mentioning that the United States is the number one country in the world in
terms of energy production, while it consumes 33.8% more than what it actually produces
(DOE/EIA annual energy review for 2008).

On the other hand statistics show that renewable energy contributes only by 7% in
the total annual primary energy production in the United States and only by 1.5% of the
annual primary energy production in the whole world. It is also found that only 7% of the
total energy consumed by the building sector comes from renewable energy sources
(DOE/EIA annual energy review for 2008).

It is very clear from the above statistics that the building sector is one of the
biggest non-renewable energy consuming sectors that are not utilizing much of the

renewable energy available in the United States. Accordingly, research is being
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conducted on the building sector to find ways of saving non-renewable energy and
utilizing renewable energy sources.

It should be mentioned that one of the main building sector components that
consumes most of its energy is the conventional Heating Ventilation and Air-
Conditioning (HVAC) systems. The conventional HVAC system consists of a cooling
coil that receives its cooling capacity from a mechanical chiller, and an electrical fan
which drives the air through the system and consequently to the end user. Both the
mechanical chiller and the electrical fan are non-renewable energy consumers as they are
both electrically driven.

For this reason, the research presented in this thesis focuses on utilizing two
means of renewable energy sources (namely geothermal and passive solar energy) to
provide a natural, feasible, alternative for the cooling and ventilation of residential and
commercial buildings. This alternative will help reduce the non-renewable energy
consumption. The developed solar driven underground cooling system aims to eliminate
the electricity usage by replacing the cooling coil with an earth-to-air heat exchanger
(EAHE) and replacing the fan by a solar chimney, thus, reducing the peak summer loads
in buildings using an environmentally friendly system that utilizes renewable energy.

A full scale experimental setup was installed in the early 90’s at the Solar Energy
Research Test Facility utilizing an earth-to-air heat exchanger which was later coupled to
a solar chimney by a long buried 188 foot (57 m) EAHE to create a cool draft into the test
facility. The test results show that the coupled system can provide acceptable indoor
thermal environmental comfort conditions during the natural airflow test, complying with

the American Society of Heating, Refrigerating, and Air-Conditioning Engineers
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(ASHRAE) standard 55-2004 for thermal comfort. Moreover, it provided 0.63 tons of
cooling, which almost covered the building design cooling load (0.8 tons, extreme
condition). On the other hand, although the coupled system during the forced airflow
mode could not comply with ASHRAE standard 55-2004, it provided 1.27 tons of
cooling which is even more than the building load requirements. The underground soil
proved to be a good heat sink at a depth of 9.5ft, where its temperature fluctuates in the
range of (46.5°F-58.2°F), although it experienced thermal saturation during the forced
airflow mode due to the oversized fan. The fan extracted much more airflow than the
EAHE ability for heat dissipation and the underground soil for heat absorption. In
conclusion, the coupled system proved to be a feasible cooling system, which could be

further improved with a few design recommendations.



Chapter, 2
LITERATURE REVIEW
2.1Introduction

The probability of fossil fuels depletion in the near future, as well as increasing
prices during the last decade and negative environmental impacts, created a big trend
among the scientists and researchers to study ways to reduce the usage of the non-
renewable energy sources (i.e. fossil fuels). Therefore, much effort has been put into
investigating the possibility of utilizing the renewable energy sources, which are
believed to play an important potential role in meeting the ultimate goal of replacing
large parts of fossil fuel (Chel and Tiwari, 2009).

Accordingly, much research has been conducted, especially on the building
sector, as it is one of the biggest energy consuming sectors in the United States, to
investigate the capability of utilizing different low cost and environmentally friendly
renewable energy sources to substitute for fossil fuels.

In this research, two of these renewable energy sources have been further
investigated. The first renewable energy source to be investigated in the current
research is the geothermal energy. According to the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), the geothermal energy is
defined as “the thermal energy within the earth’s crust — the thermal energy in rock
and fluid (water, steam or water containing large amounts of dissolved solids) that

fills the pores and fractures within the rock, and sand and gravel” (ASHRAE, 1999).
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This renewable energy source (i.e. geothermal energy) has been a point of
attraction for different generations in different eras. There have been many attempts
since ancient times to utilize the geothermal energy for different purposes. Many
ancient peoples including the Romans, Chinese, and Native Americans, used hot
mineral springs for bathing, cooking and heating. Today, water from hot springs is
used worldwide in spas, for heating buildings, and for agricultural and industrial uses
(BOEMRE, 2004).

One of the main reasons that attracted the researchers today to investigate the
possibility of utilizing the geothermal energy is the relatively stable temperature of
the ground (i.e. soil) at the depth of about 13ft (4m) (Ghosal, et al., 2004; Shukla, et
al., 2006; Zhang and Haghighat, 2009). This relatively stable underground
temperature is related to the high thermal inertia of the underground soil that dampens
the temperature fluctuations at the ground surface exposed to the external climate,
deeper in the ground (De Paepe and Janssens, 2003).

In order to utilize such a renewable energy source with the underground high
thermal inertia, many techniques have been developed in the last few decades such as
Ground Source Heat Pumps (GSHP), Earth-to-Air Heat Exchangers (EAHE), etc.

One of the main goals of this research is studying the performance of an EAHE
for the purpose of cooling residential and commercial buildings.

In order to understand what is an EAHE and how this technique utilizes the
geothermal energy to cool residential buildings, the EAHE system will be illustrated.

The EAHE is simply a pipe that is buried at a certain depth underground (Bojic, et

al., 1997) in which hot ambient air during summer time is drawn through one end of
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the pipe (inlet) and migrates to the other end (outlet) which is connected to the
building to be cooled. While the hot air migrates from the inlet side to the outlet side
of the EAHE, heat is dissipated from the air to the earth due to the low earth
temperature (Bansal, et al., 2009a). It is worth mentioning that the capability of using
the EAHE for heating of buildings during the winter time has been investigated by
different researchers as well (Mihalakakou, et al., 1996a; Mihalakakou, et al., 1996b;
Mihalakakou, 2003; Bansal, et al., 2009b).

Showing a desire to further understand the EAHE system, the contemporary
research work on EAHE will be discussed on the “Earth-to-Air Heat Exchanger”
section of this chapter with more details on the different levels of study (e.g.
mathematical modeling, experimental validation and Performance analysis) that have
been conducted in the last few decades.

The other renewable energy source to be investigated in the current research is
passive solar energy. According to the United States Environmental Protection
Agency (EPA) the solar energy is defined as “Energy from the sun, also known as
solar radiation and short-wave radiation. Solar energy includes ultra-violet radiation,
visible radiation, and infra-red radiation”. Utilizing the solar energy requires a
collector to collect the solar energy, a medium (e.g. air or water) to distributer or
transfer the energy from the collector to the end users. It is worth mentioning that
some systems require converters to convert the solar energy to another form of
energy (e.g. Photovoltaic (PV) that converts the solar energy to electrical energy) and

storage system (e.g. charging batteries or thermal mass walls).



There are two main strategies in utilizing the solar energy for heating and cooling
of buildings called “Active Solar Systems” and “Passive Solar Systems”. According
to ASHRAE an active solar system is one that uses either liquid or air as the collector
fluid and has constant access to non-renewable energy, generally in the form of
electricity, to operate pumps and fans (ASHRAE, 1999). A passive solar system is
defined as a system that works without the use of fans, pumps, or complex collectors
to collect, store, and redistribute solar energy (Lechner, 2001). In other words, it is a
system that functions with little, if any, nonrenewable energy (ASHRAE, 1999).
Many civilizations have attempted to use the solar energy in different ways and for
various purposes. The ancient Greeks used the sun to heat their homes, while the
Romans used glass in their windows sometime around 50 A.D. to make a heat trap
for the solar energy to increase the efficiency of heating their homes and baths. The
seventeenth century in Northern Europe saw a revival for solar heating while the
eighteenth century became known as the “Age of greenhouses™. Aside from these
early examples, utilizing the sun for heating of homes was slowly progressing until
the 1930s when the potential of solar energy started to be explored by a number of
different American architects especially in designing what is called “solar homes”
(Lenchener, 2001). In the recent days, different techniques have been developed to
utilize the active/passive solar energy (e.g. the Photovoltaic (PV) and solar chimney).

Another goal of this research is studying the performance of a solar chimney as

another technique that utilizes a different renewable energy source (i.e. passive solar

2A greenhouse is a building with glass walls and roof; for the cultivation and exhibition of plants under
controlled conditions. (http://wordnetweb.princeton.edu)



energy) for the purpose of reducing the temperature inside the buildings as well as
providing natural ventilation.

In order to understand what is a solar chimney and how this technique utilizes the
passive solar energy to cool and ventilate residential buildings, the solar chimney
system will be illustrated.

The solar chimney is a vertical or inclined air channel where its bottom end is
connected to the building to be cooled and ventilated. This air channel generates air
movement by buoyancy forces and stack ventilation®, drawing cooler air through the
building in a continuous cycle in which hot air rises and exits from the top of the
chimney (Bacharoudis, et al., 2007). In other words, a solar chimney is a natural draft
device which utilizes energy produced by solar radiation to build up stack pressure,
consequently, driving airflow through the chimney (Chen, et al., 2003).

To further understand the solar chimney system; a literature review on the
contemporary research work that have been conducted in the last few decades on the
solar chimney will be discussed on the “Solar Chimney” section of this chapter.

These two techniques (i.e. EAHE and solar chimney) are further investigated in
this research to study the capability of developing an environmentally friendly and
energy saving system that could provide cooling for residential buildings during hot
summer days to reduce the current summer electrical peak loads in the United States.
The following three sections of this chapter provide a literature review for the Earth-

to-Air Heat Exchanger (EAHE) system, the Solar Chimney system as well as the

® Stack ventilation is cause by stack pressure or buoyancy at an opening due to variation in air density as a
result of temperature difference across the opening (Nugroho, et al., 2006).
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Coupled system (i.e. EAHE coupled with Solar Chimney). They are followed by two
sections providing a summary for the literature review as well as the main objective

of this research and how it contributes to the science and the literature.
2.2 Earth-to-Air Heat Exchanger

Many researchers have studied the EAHE from different points of view, some
focused on developing mathematical models to predict the performance on an EAHE,
and others conducted different types of experiments to evaluate the heating/cooling
potential of an EAHE, as well as understanding the main parameters that affects its
design. These different views of studying the EAHE are presented in the following
sub-sections.

2.2.1 Mathematical Modeling
Different mathematical models have been developed to describe the
performance of an EAHE; some of these models are analytical where the
differential equations that describe the system can be solved directly. Other
models are numerical where they use some sort of numerical time-stepping
procedure to obtain the models behavior over time and provide an approximate
solutions for the equations (SERC, 2010). In this section, the different types of
models that have been developed in the last few decades are presented.
2211 Analytical Models
One of the early models presented treated the EAHE as a cylindrical two
dimensional heat transfer problem. In doing so, a single cylindrical tube has

been simulated in this model taking into account different parameters such as
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ambient air temperature, air velocity inside the tube, the tube radius and the
air traveled distance along the length of the tube. Though this model is
considered a very good beginning for EAHE modeling, it only considered the
sensible heat transfer of air to the soil without taking into account the latent
heat transfer (Chen et al., 1983b; Newman, 1983).

Another model treated the inlet air temperature (i.e. ambient temperature)
to the EAHE as a harmonic periodic sinusoidal input. In this model, a
cylindrical EAHE with adiabatic/isothermal boundary conditions submitted to
constant airflow with harmonic temperature signal has been simulated. Based
on that model it has been shown that depending on its thickness, the soil layer
could induce either an amplitude-dampening or phase-shifting regimes. It is
shown that during the summer time for a thin soil layer that submitted to an
adiabatic boundary condition, it is possible to completely phase-shift the
periodic input while barely dampening its amplitude (Hollmuller, 2003).

Though this model is considered a precise analytical model that took into
consideration both the steady state as well as the periodic state heat transfer in
the EAHE, it did not take into consideration the latent heat transfer and the
natural airflow (buoyancy or wind).

A different model that aimed to simplify the EAHE problem and bringing
it out of the academic world to make it easy to use by designers considered the
EAHE problem as a mere heat exchanger. In doing so, some of the model
inputs parameters are considered as known designed requirements (i.e. air

mass flow rate inside the tube and the outlet temperature of the tube T air, out)



12
while other input parameters are considered as given climatic conditions (i.e.
the tube inlet temperature T 4 in and the ground temperature). In this way, the
EAHE problem is reduced to determining the size of the tube (i.e. Tube length
L and diameter D) once the number of tubes to be used is known. Now the
EAHE model became a simple one-dimensional analytical model instead of
the two-/three-dimensional models previously presented by other researchers.
This model can help in evaluating the thermo-hydraulic performance of the
EAHE through using the Number of Transfer Units (NTU) and the heat
exchanger effectiveness method (De Paepe and Janssens, 2003).

In his model, Al-Ajmi (2006) separated the soil temperature model from
the EAHE model. Where the first is used to mathematically model the annual
sub-surface soil temperature based on heat conduction theory applied to a
semi-infinite homogenous solid, the second model wuses the subsoil
temperature (predicted from the first model) as a boundary condition input to
model a circular ground cooling pipe (i.e. EAHE) as a cross—flow heat
exchanger with one fluid unmixed (i.e. air) in order to predict the EAHE
outlet temperature as well as its cooling potential. Using these models several
new parameters have been taken into consideration (e.g. the soil annual
temperature fluctuations) (Al-Ajmi, et al., 2006).

This model is considered as a simple practical model to be used by
designers though it only considered the forced air flow without taking into

consideration the natural airflow (buoyancy or wind).
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In addition to the above mentioned methods used by different researchers
to develop an analytical model to describe the EAHE system, the energy
balance equations have been also used as a way of modeling an EAHE
coupled with a greenhouse. First, the energy balance equations were used to
determine the stored energy within the ground, thereby the earth’s surface and
subsurface temperatures. Here, the solar energy absorbed at the soil surface is
balanced with the heat losses by the outgoing long wave radiations and the
convective heat exchange with the ambient air mass. Second, another set of
energy balance equations were used to predict (determine) the heating and
cooling potential of the EAHE, thereby finding the temperature inside the
greenhouse. In doing so, the energy conducted and radiated from greenhouse
walls, floor and EAHE is balanced with the heat gained/lost from/to the air
inside the greenhouse and the ambient air. Using this detailed analytical model
the heating and cooling potential of an EAHE coupled with a green house was
evaluated. Moreover, studies of the effect of the different EAHE parameters
on the system performance have been conducted. The model has been
validated against experimental data. And the proximity of the measured and
predicted data was verified using the coefficient of correlation (¢;) and root
mean square percent deviation (e;), which showed fair agreement (Ghosal and
Tiwari, 2006).
In another study, a more detailed analytical model that utilizes the energy
balance equations for describing the EAHE system has been used. In this

model, more parameters have been taken into consideration. For example, the
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annual soil temperature variations due depth and time, the soil convective heat
transfer, the solar radiation absorbed by the ground, the long wave radiation
emitted from the ground surface, and finally the latent heat loss due to
evaporation. The energy balance among these parameters was implemented on
an analytical model to determine the soil temperature profile as a function of
time and depth. In the mean time a two dimensional heat transfer equations
were used to describe the heat transfer between ambient air, soil, EAHE and
air inside the pipe. An overall heat transfer coefficient using the thermal
resistance concept was used to facilitate driving the equations of the EAHE
model. Using these two models, investigations on the effect of some
parameter (e.g. EAHE length, radius, depth and airflow) on the EAHE have
been conducted (Lee and Strand, 2006). Though the model has taken into
considerations many parameters, it should be noted, however, that it would
have been better if the model has been validated against experimental data and
included latent heat exchange within the air inside the pipe (Thevenard, 2007).
Numerical Models

Since numerical models are easier to be programmed and sometimes more
powerful than analytical models, many researchers preferred to develop
numerical models to describe the performance of the EAHE system, though
they only provide an approximate solution for the problem.

Different numerical models utilized different numerical methods (e.g.
Finite Difference and Computation Fluid Dynamics (CFD) to simulate an

EAHE system.
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Some of these models utilized the finite difference method to simulate the
performance of an EAHE. One of the early models that used the finite
difference method to simulate the EAHE considered the system as a transient
axi-symmetric system. This model presents an accurate transient model based
on coupled and simultaneous transfer of heat and mass into the soil and
circulating air. In this model, the humidity variations of the circulating air, the
natural thermal stratification of the ground, latent and sensible heat transfer
and ground surface conditions have been taken into consideration. The model
has been validated against experimental data and showed that it could
accurately predict the tube extracted temperature variations along the length
with an error range of (+1.6%) (Kumar, et al., 2003).

Another model that utilized the finite difference method to solve the
EAHE modeling equations treated the heat transfer inside the EAHE system
as fully three-dimensional heat diffusion in soil with a flexible border
conditions. This model has accounted for sensible as well as for latent heat
exchanges (Hollmuller and Lachal, 2005). Though the predicted data showed
a very good agreement with the analytical model (previously presented by:
Hollmuller, 2003), its agreement with the experimental results were not as
good.

In this model a new idea has been presented in which the EAHE has been
divided into “n” sections perpendicular to the exchanger pipe where the heat
conduction problem of each section has been solved using the response factor

method in order to reduce the computational time. Each response factor is



16
calculated using a finite element program that solves 2D conduction problem
(Tittelein, et al., 2009). Though this model would save the computational time
when simulating a single pipe EAHE system, it has been found to be time
consuming when simulating a multi-pipe EAHE system. It could have been
better if it took into consideration the axial conduction transfers in the ground
as well as the probability of the presence of a building near the pipe that could
influence the ground temperature. Moreover, the model has been only
validated against analytical models not against real experimental data.

As some researchers have used the finite difference technique in
simulating the EAHE performance, other has used the Computational Fluid
Dynamics (CFD) technique as well. One of the reasons behind using the CFD
method is that it is well known to be a powerful tool in studying heat and mass
transfer for many years. It is also worth mentioning that CFD codes are
structured around the numerical algorithms that can tackle fluid flow
problems. This provides numerical solutions for partial differential equations
governing airflow and heat transfer in discretized form (Bansal, et al., 2009a).
Accordingly, a transient and implicit numerical model, which is based on the
CFD to predict the thermal performance and cooling/heating capacity of an
EAHE, has been developed. The model has been validated against
experimental data and showed good agreement though it considered air as an
incompressible fluid. (Bansal, et al., 2009a; Bansal, et al., 2009b).

Another model that utilized the CFD in simulating the performance of an

EAHE, considered a square section heat exchanger. In that model, a two layer



17
turbulent method has been used to investigate the airflow and the thermal
behavior in large ducts. Using this model, it has been claimed that large cross-
section area EAHE have been found to be more efficient than conventional
small ones (Zhang and Haghighat, 2009).

As the Artificial Neural Network (ANN) systems have been shown to
present the capacity of modeling complex non-linear processes to arbitrary
degrees of accuracy, newly developed intelligent numerical techniques (i.e.
Artificial Neural Networks and Genetic Algorithms) have been also used to
simulate the EAHE system.

ANNSs imitate the learning process of a biological brain. Through the
learning (training) process, the neural network understands the underlying
functional relationships in the loaded data. The date is stored as inter-neuron
connection strengths or synoptic weights (Kumar, et al., 2006). These
computing systems attempt to simulate the structure and function of biological
neurons. The structure of the network is determined by how the inter-neuron
connections are arranged and the nature of the connections (cited after:
Mihalakakou, 2003). The intelligent techniques do not require as many input
parameters as the ordinary numerical models. A neural network approach was
used for estimating the thermal performance of the system in heating of the
city of Athens. In this model, a back-propagation algorithm has been used to
train the Artificial Neural Network (ANN) model developed. Though the
ANN model showed a convenient agreement with the deterministic numerical

model, this agreement is not considered a sufficient validation as the ANN
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model and has not been validated against experimental data. Moreover, the
model has only considered the heating performance (cited after: Mihalakakou,
2003).

As a way of simplifying the EAHE problem to help the designer to
evaluate any aspect of EAHE and behavior of final configuration, another
model that is based on the ANNs approach has been developed. As it is
believed that neural network models are not programmed but are trained.
Consequently, a deterministic model has been developed first, where the
EAHE modeled as a transient axi-symmetric system and finite difference
technique is used to determine temperature at subsequent nodes. This
deterministic model accounts for humidity variations of circulating air, natural
thermal stratification of the ground, latent and sensible heat transfer, and
ground surface conditions, etc. Second, a neural network model based on a
back-propagation algorithm has been developed to estimate the temperature at
the buried pipe exit. This data driven model used ground temperatures, air
temperature, relative humidity, ground temperature at burial depth, air mass
flow rate, and pipe (tunnel) length as inputs. When the two models (i.e.
deterministic and neural network) were compared, it was found that the ANN
model predicted the outlet air temperature with and accuracy of +2.6% while
the deterministic model showed an error of +£5.3%. The data show that the
ANN model could be helpful in evaluating the aspects related to the passive

heating or cooling of buildings as well as investigating the energy potential of
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heating and cooling of EAHE system even though the model was mode
trained the outlet air temperature of an EAHE (Kumar, et al., 2006).

The genetic algorithms (GAs) are another intelligent technique that has
been introduced to numerically model an EAHE system. It is considered to be
a powerful technique in analyzing natural problems like EAHE and
subsequently the thermal performance of non air-conditioned buildings. Two
models were employed to determine the heating and cooling potential of an
EAHE system, namely deterministic and intelligent (i.e. GA model). The
intelligent model incorporated more accuracy than the deterministic model. It
has been shown that the GA model could be utilized in sizing of an EAHE in a
non air-conditioned residential building as well as calculating the outlet air
temperature and therefore the heating and cooling potential of the EAHE
system (Kumar, et al., 2008). Though, GA models are claimed to be used to
simplify the design problem of an EAHE, it should be noted, however, that
they did not find a wide acceptance among scientists and researchers as they
are believed to have computation complexity (Deb, et al. 2000).

Few other researchers used other numerical techniques to simulate the
EAHE system, evaluate its heating/cooling performance as well as to aid
designers in the design and sizing aspects of the system. For example, one of
the numerical techniques utilized by one of the researchers is using the fourth
order “Runge-Kutta” numerical method which is employed to solve the
energy balance equations that have been used to describe the EAHE system

(Chel and Tiwari, 2009).
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Another numerical technique called “the time marching methodology4”
has been developed at Kragujevac University in Kragujevac, Yugoslavia for
the numerical modeling of an EAHE system. With this technique, the soil has
been numerically divided into elementary layers where the governing relations
for all layers form a set of linear equations that has been solved numerically
using such a technique. Using this technique and model the technical (i.e.
heating and cooling) performance of an EAHE coupled with a building that
uses 100% fresh air as heating or cooling medium during winter and summer
has been evaluated. It has been shown that the EAHE system covers a portion
of the daily building-energy needs, especially during the summer time (Bojic,
etal., 1997).

Different numerical software packages haven been also utilized to
numerically solve the energy balance equations of an EAHE system. For
example, an explicit numerical model which is adapted to TRNSYS’ has been
developed to simulate the EAHE system. This model simultaneously accounts
for both latent and sensible heat exchanges, as well as for frictional losses and
water infiltration and flow along the EAHE tube (Hollmuller and Lachal,

2001).

A building simulation program developed at Kragujevac University in Kragujevac, Yugoslavia.
> TRNSYS is a modular energy system simulation environment, developed by the University of Wisconsin.
(http://sel.me.wisc.edu/trnsys/).
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The Energy-Plus® building performance modeling code program has been
also used to analytically simulate the EAHE system. Using this program a
detailed model that took into account different parameters (e.g. solar
radiation) has been developed. Utilizing the developed model, a study of the
effect of the EAHE system parameters on its performance have been
conducted. Where it was found that the system performance is enhanced by
increasing the pipe length and depth and decreasing the pipe diameter and air
flow. It has been claimed that even though the EAHE could reduce the cooling
loads to a certain degree, it cannot be used as a stand-alone system as it does
not maintain thermally comfortable conditions under hot ambient conditions
(Lee and Strand, 2006). This claim could have been considered as enough
evidence for the poor performance of the system only if the model has been
validated against experimental data.

In summary, various researchers have used different mathematical models
(e.g. analytical and numerical) that utilize distinct techniques (e.g. energy
balance, Finite difference or ANN) to describe the performance of an EAHE
system to help in the design aspects of an EAHE as well as in evaluating the

system performance.

e Energy-Plus is a building energy simulation program developed by the Energy Efficiency & Renewable
Energy (EERE) a section of U.S. Department of Energy (DOE).
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2.2.2 Experimental Investigations

Not only were the researchers concerned about the mathematical modeling and
simulation of the EAHE system but also about the experimental study of the system.
Accordingly, different experiments on the EAHE system, with various materials,
sizes, types, functions, locations, experimental setups and scientific research
objectives have been conducted around the globe. The common major objective of
all the experiments is to further understand the EAHE system, through investigating
its potential for heating and cooling, understanding the main parameters that affects
its performance, and the capability of evaluating its performance using different
techniques (e.g. Mathematical models).

One of the early experiments was conducted on a four open loop EAHEs at the
University of Nebraska, with different diameters, lengths, air velocities and burial
depths to determine the main design parameters that affect the performance of the
system. For this set of experiments results showed that the maximum effect for an
EAHE is heavily dependent on temperature difference between the ambient air and
soil surrounding the tube (i.e. EAHE). It has also been found that for a constant flow
rate, the wider the tube the better the performance, which has been attributed to the
increase of the surface area exposed to the soil. Furthermore, the thermal performance
of the system has been enhanced by increasing the burial depth and length of the
EAHE as well as reducing the airflow rate, which allows for a better heat transfer
(Chen, et al., 1983a). This kind of experimental study is usually called “Parametric
Study” or “Sensitivity Analysis”; more attention will be given to this type of

experiments on the section “Performance Analysis” of this chapter.
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Other sets of experiments have been conducted through applying different
airflows on a two identical open loop EAHESs coupled with a residential building. One
of the pipes were made of mild steel while the other of PVC. The main objective of
these experiments was to understand the effect of different pipe materials on the
performance of an EAHE system during the summer and winter seasons. In these
studies, it has been concluded that the thermal performance of the EAHE system is
not affected by the different materials, thereby, the system installation costs could be
reduced (Bansal, et al., 2009a; Bansal, et al., 2009b).

In conducting the different experiments, some of the researchers built a full-scale
experimental setup to achieve a certain scientific goal as well as to help the future
generations in conducting further research. For example, the Passive Solar Research
Testing Facility located in Omaha, Nebraska, includes a single open loop EAHE
integrated with a testing building. This full-scale experimental setup has been used by
different researchers for different scientific goals. One of these goals was to analyze
and evaluate the performance of the EAHE when forced airflow is drawn through the
pipe. The thermal performance has been investigated through applying various air
flows at several ground saturation levels for a single open loop EAHE system.
Experimental results demonstrated that the system is able to provide up to 1.5 tons of
cooling (18,000 Btu) at a flow rate of 1600 CFM during hot summer days. It is worth
mentioning, that the cooling performance of the system did not drop even though soil
thermal saturation was noticed around the tube over the test period (Henkel, et al.,

2004).
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Experiments have not been only limited to an experimental setup in research
facilities. In fact, some experiments have been conducted on actual occupied
buildings. As an example, an experimental study of three different EAHESs systems
integrated with three different office building located at Hamm, Freiburg and
Weilheim’ in Germany was conducted to characterize the efficiency of each system
as well as to provide a standardized method of evaluating the performance of an
EAHE system. In this study, it has been concluded that designing and evaluating the
performance of the EAHE is a multilayered process that involves a wide range of
criteria and ventilation demands. Therefore, evaluating the efficiency of the EAHE
should be based on project-specific criteria. In addition, the thermal performance (i.e.
temperature performance and energy efficiency) should be evaluated using different
techniques (e.g. COP, energy gain, etc.). Moreover, the thermal efficiency of the
EAHE should be taken into consideration at design decisions, as well as other design
parameters (e.g. EAHE length, diameter, etc.). For example, the surface area for heat
transfer of the system will be different base on whether the EAHE is aimed at a
higher specific energy performance or at a higher temperature ratio at the design
phase. Accordingly, a standardized method for evaluating the thermal performance of
the EAHE based on (R, /mean, ®, and COP) has been developed. (Pfafferott, 2003).
Another example is the multi-pipe EAHE systems coupled with the “Caroubier”
multifamily and commercial building standing in the city of Geneva and the
“Schwerzenbacherhof” commercial and administrative building located near Zurich,

Switzerland. These two systems (i.e. experimental setups) have been utilized as

" Hamm, Freiburg and Weilheim are three different cities in Germany.
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existing experimental setups for the validation of one of the numerical models
developed to describe the EAHE system performance, as well as to examine the
fundamental difference between winter pre-heating and summer cooling potential of
buried pipe (i.e. EAHE) systems under Central European climate, where both the
sensible and latent heat exchanges have been considered. The multi-pipe EAHE
systems integrated with these two buildings is different from the conventional (i.e.
single pipe) EAHE systems. They use more than 40 parallel pipes (i.e. multi-pipes)
connected together in the form of a serpentine, with one end (inlet) of the serpentine
subjected the fresh outdoor air while the other end (outlet) connected to an air blower
which in turn is connected to the building to be conditioned. The mere reason for
using a multi-pipe EAHE system instead of a single straight pipe EAHE is to increase
the heat exchanger exposed surface area to improve the system performance. The
above mentioned systems were used for both summer preheating in conjunction with
a heat recovery system, as well as for summer cooling (with slightly enhanced air
flow), in conjunction with direct night ventilation. The experimental results
demonstrated that the system is not as effective for the winter preheating as it is for
the summer cooling. Furthermore, it was found that the summer cooling potential
could dampen the indoor air temperatures below the comfort threshold. This allows
the EAHE system to compete with conventional air conditioning systems, especially
because it could provide simultaneous savings on electricity, capital cost, and CEC®

gases. These results were used to validate a numerical model. Comparing the

¥ CFC (a fluorocarbon with chlorine; formerly used as a refrigerant and as a propellant in aerosol
cans) "the chlorine in CFCs causes depletion of atmospheric ozone".
http://wordnetweb.princeton.edu/perl/webwn?s=cfc
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experimentally measured test data model’s with predicted data showed very good
agreement (Hollmuller and Lachal, 2001; Hollmuller and Lachal, 2005).

Some of the experiments were focused on the experimental validation of a pre-
developed mathematical model, parametric study of the EAHE system, or the heating
and cooling potential of the system. Others were focused on studying new ideas of
utilizing the EAHE system as well as new applications.

One of these ideas is to study the performance of a single pipe EAHE coupled
with a mechanical air-conditioning system that uses 100% fresh air as heating or
cooling medium during winter and summer. The potential of the EAHE to pre-heat
and pre-cool the fresh air entering to the mechanical air-conditioning system as well
as its economical performance have been evaluated. It is found that the EAHE covers
a portion of the daily cooling demand. Furthermore, the system is found to be more
energy and cost efficient during summer than winter (Bojic, et al., 1997).

Another idea was to evaluate the performance as well as to study the annual
energy saving potential of a closed loop EAHE system integrated with an adobe
house building with a vault or inverted U-shape and dome shape roof structures
located in New Delhi, India. The closed loop EAHE integrated with the adobe house
consists of an air blower and PVC pipes of 6 cm diameter buried at a depth of 1.5 m
underground. Both the inlet and outlet of the EAHE pipe are connected to the adobe
building to be conditioned. Operating the air blower sucks the room air into the air
duct through a filter and then air is circulated through the underground EAHE system.
The outlet air pipe (i.e. delivery pipe) is fed inside the room which supplies hot/cool

air during winter/summer month respectively. In that sense, the closed loop EAHE is
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different from the open loop EAHE in order to provide natural thermal comfort. The
experimental results have been used to validate a numerical model. Simulations
illustrated that annual energy savings of 10321 kWh/year as well as CO, mitigation of
about 16 tons/year could be achieved (Chel and Tiwari, 2009).

The EAHE applications are not limited to the heating and cooling of residential
buildings but it also includes various different applications for example, stabilizing
the temperature inside a greenhouses. Where the relatively stable temperature of
ground at certain depths is utilized to overcome the large temperature variations
between day and night hours both in summer and winter that affects the quality and
quantity of crops being cultivated in greenhouses. A multi-pipe closed loop EAHE
system integrated with the greenhouse located in India Institute of Technology (IIT)
Delhi, India was built for different research purposes on the EAHE coupled with a
green house.

One of the early research goals conducted on that system was to investigate the
heating and cooling potential of EAHE buried under bare soil for real climatic
conditions at IIT Delhi. Moreover, the thermal capacity of such system has been
simulated and compared with the potential of the same system, buried under glazed
surface (greenhouse covered earth) soil with an aim to improve and to study its
performance by using different soil surface conditions. Consequently, the
experiments conducted on the system have been used to experimentally validate an
analytical model, where comparison showed a fair agreement. Results showed that

the system could rise the greenhouse temperature by 6-7°C during winter and lower it
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by 3-4°C during summer. Contradicting the previous experiments conducted on
residential buildings, it was found that the EAHE is more effective in winter than in
summer especially under the glazed surface conditions (Ghosal, et al., 2004).

Another goal was to compare the potential of using the stored thermal energy of
ground for space heating using this system (i.e. EAHE) and a ground air collector
(GAC) system coupled with a greenhouse. Experiments proved that the GAC system
arrangement provides better heating performance than the EAHE for the greenhouse
(Ghosal, et al., 2005).

One of the recent research goals conducted on this greenhouse-EAHE
experimental setup was to validate the thermal model developed previously by
Ghoshal and Tiwari (2004) by round the year experimental work at IIT Delhi. The
thermal model has been evaluated using the correlation coefficient (C;) and root-
mean-square percentage deviation (e;) methods, while the performance of the system
has been assessed in terms of thermal potential, coefficient of performance (COP) and
thermal load leveling (TLL) for each month of the year. In contrast with other papers
written on the experimental validation for mathematical models, more details on the
experimental validation process have been presented rather than focusing on the
mathematical modeling equations. Though more details on the experimental setup
have been presented in this paper, it would have been better if the instrumentation
calibration process as well as sensors installations were presented. Contradicting the

results by (Ghosal, et al., 2004), in this study, it has been concluded that EHAE is
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more effective in summer than in winter because of the more steady temperatures
inside the greenhouse during summer time (Tiwari, et al., 2000).

It is worth mentioning that the EAHE system integrated with greenhouses are
different from that integrated with residential buildings. Integrated systems with
greenhouses are usually composed of a multi-pipe system buried at a depth of only
Im underground as the heating/cooling load in greenhouses are much less than that of
residential buildings. Another difference is that greenhouses are always a closed loop
systems with an air blower connected to them, as the main purpose of the system is to
reduce the temperature fluctuations between day and night hours both in summer and
winter, or in other words to stabilize the greenhouse temperature in order to improve
the quality and quantity of crop cultivated. This is in contrast to residential buildings
where EAHEs are used to introduce fresh air as well as providing thermal comfort for
the occupants.

In summary, different experiments with diverse experimental setups have been
conducted to further understand the EAHE systems. Accordingly, some experiments
focused on the parametric study of the system, while others focused on the
heating/cooling potential of the system coupled with residential building or
greenhouses. A number of experiments aimed to evaluate/compare the performance
of the system with other systems (e.g. ground air collector (GAC) system), while
others were designed for the experimental validation of mathematical models
(analytical or numerical) so it could be reliably used to either design (i.e. size) or

evaluate the performance of an EAHE.
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It could be better that most of the research papers written on such experimental
goals were focused on not only the results of the research but also presenting the
experimental setup and the process used to reach such results. As one of the reasons,
full-scale experimental setup with all the experimental details (e.g. sensor installation
and instrumentation calibration) is presented in the current study on chapter 3 and 4.

2.2.3 Performance Analysis

Understanding the performance of the EAHE system leads to improving its
efficiency, and consequently, satisfying its design purposes. Numerous experiments
have been conducted on different levels to analyze and understand this topic of
improved efficiency.

One of the attempts to understand the performance of the EAHE system was to
conduct a parametric study in order to understand the main parameters that affect the
performance of the system. Some of these parametric studies focused on the design
parameters of the system (e.g. the EAHE pipe length and diameter) while others
focused on the surrounding environmental parameters (e.g. soil cover and
temperature). In this next section, a literature review on all the performance aspects of
EAHE systems will be presented.

In pursuing a parametric study on an EAHE system coupled with a residential
building, an experiment was conducted using four distinct types of EAHEs. Each had
a different size ranging from 1 - 1.5ft (0.3 - 0.46m), buried at various depths
underground ranging from 4.9 - 5.5t (1.5 — 1.7m), with several airflow rates and
experimental periods. Temperature and airflow data has been collected at numerous

positions along the lengths of each EAHE on a quarter hour basis. Results showed
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that the parameters that were necessary to find cooling performance were: ambient
and soil temperature characteristics, tube material, tube length, tube radius, thermal
conductivity of soil, air, and tube material, heat transfer of air and tube material and
air flow rates (Newman, 1983; Chen, et al., 1983a).

On further parametric studies conducted on EAHE systems, researchers narrowed
down the design parameters affecting the system thermal performance to four main
parameters namely; pipe length (L), pipe diameter (D), burial depth (d) and air
velocity inside the pipe (v). Where it has been found that the thermal performance
(i.e. heating and cooling) of the system improves with increasing pipe length (L),
decreasing pipe diameter (D), increasing the depth of the buried pipe under the earth
surface (d), and decreasing air velocity inside the tube (v). These experimental
parametrical results were found to be the same for the various experiments conducted
on EAHEs coupled with either residential buildings or green houses for heating and
cooling purposes (Santamouris, et al., 1995; Mihalakakou, et al., 1996; Ghosal and
Tiwari, 2006).

Based on the experimental parametric studies of the EAHE system some
researchers developed parametrical models for the prediction of the thermal
performance of the system. The above mentioned four variables (i.e. L, D, d and v)
influencing the thermal performance of the system were taken into account in the
models. The models developed are suitable for the calculation of the exit air
temperature and therefore the cooling/heating potential of the system. A theoretical

parametrical study has been conducted on one of the models to validate the effect of
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the previous mentioned parameters on the thermal performance of the system
(Mihalakakou, et al., 1995; Lee and Strand, 2006).

It is worth mentioning that a special parametric study was conducted on a two
identical open loop EAHESs, except that one was made of PVC, while the other was
made of mild steel. The two pipes were connected to a common intake and outlet
manifold for air passage. Global valves were fitted for each pipe assembly for flow
control of air. The whole system was coupled with a residential building where the
common intake pipe was connected with an air blower with a variable speed drive.
Through applying different airflows to the two pipes and collecting airflow and
temperature data for both pipe during summer and winter, it has been shown that
different EAHE material did not affect the performance of the system (Bansal, et al.,
2009a; Bansal, et al., 2009b).

As mentioned earlier, some of the parametrical studies were focused on studying
the main design parameters affecting the thermal performance of the EAHE system,
while others were focused on studying the effect of the surrounding environmental
parameters. For example, one of the studies used ten years hourly data of air and
ground temperatures at different depths below bare and short grass soil at Dublin
Airport. The data was used to investigate the influence of diverse ground surface
boundary conditions on the efficiency of a single and multi-pipe parallel EAHE
system. The heating potential of the two systems buried under bare soil were
evaluated and compared with that of the same systems buried under short-grass-
covered soil. The main goal behind this research was to study the affect of different

ground covers on the thermal performance of EAHE system. Results showed that the
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bare soil surface could increase the system’s heating capacity (Mihalakakou, et al.,
1996a).

Another parametrical study on the effect of the surrounding environmental
parameter on the thermal performance of the EAHE system was held in New Delhi,
India. In this study the effect of different treatments of bare soil surfaces namely
blackened, wetted, blackened and glazed were examined. Consequently, a quasi-
steady state mathematical model was developed to predict the outlet air temperature
and monthly heating and cooling potentials of an EAHE system under the all three
conditions. Results showed that the blackened, wetted, and blackened and glazed
surfaces could sharply increase the heating potential of the system due to the high
absorptive property of the surface during winter. The cooling potential can also be
increased due to the wetted surface in summer conditions and to the evaporation of
absorbed thermal energy (Shukla, et al., 2006).

After understanding the main parametrical factors that affected EAHE system
performance, the thermal performance (i.e. heating and/or cooling potentials) was
evaluated for different researchers. Various techniques have been used for the thermal
performance evaluation of the system. Collecting temperature data along the length of
the EAHE and calculating the thermal capacity in (kWh) over a certain period of time
was one of the techniques used (Henkel, et al., 2004). It was found that the
performance varied based on the different design and environmental parameter,
location, application and time of the year. In one of the researches it was claimed that
the system daily average cooling potential was about 456 kWh while the heating

potential was about 296 kWh (Kumar, et al., 2003). Another research claimed that the
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system summer cooling potential was 19.6 MWh while the winter preheating
potential was 25.7 MWh (Hollmuller and Lachal, 2001).

Other techniques like the coefficient of performance (COP) which gives an idea
of how efficient the system is and the thermal load leveling (TLL) which indicates the
fluctuation of temperature inside the greenhouse, were also used to evaluate the
EAHE thermal performance (Ghosal, et al., 2005). Calculating the monthly variations
in COP, it was found that the COP was higher in summer (ranging 0.96-1.41),
medium in winter (ranging 0.63-0.78), and lower during monsoon season (0.46-
0.095) for an EAHE system coupled with a greenhouse. It was also found that the
TLL values were lower for the greenhouse with an EAHE than a greenhouse without
an EAHE, proving the effectiveness of the system (Tiwari, et al., 2006).

In another study that aimed to compare three different EAHE systems, it has been
claimed that in order to characterize the efficiency of the system, three levels of study
should be pursued. First, the temperature behavior was described by plots over time
and characteristic lines and compared by standardized duration curves. Second, the
energy gain was illustrated by standardized graphs. Third, a parametric model was
used to provide general efficiency criteria. Accordingly, the thermal performance
(temperature performance and energy efficiency) of EAHEs was assessed using four
different approaches (R, fmean, ® and COP) (Pfafferott, 2003).

A number of attempts were pursued to understand the performance of the EAHE
system not only from the technical performance perspective but also from other
various perspectives (e.g. economical performance). Reducing current peak electrical

energy loads and finding an environmentally friendly air-conditioning system were
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some of the factors that enhanced the utilization of the EAHE system. It was
important to evaluate the system performance from both economical as well as the
environmental perspectives. For this reason one of the studies determined the annual
energy savings potential of adobe house for three conditions: (i) before renovation,
(i1) after renovation and (iii) with EAHE were calculated to be 4182 kWh/year, 4946
kWh/year and 10321 kWh/year respectively. The life cycle cost (LCC) analysis
showed that the payback period was less than 2 years for the investment on an EAHE
system. It was also found that the system’s average seasonal energy efficiency ratio
(SEER)’ for heating and cooling was determined as 1.8 and 2.9 respectively. From
the environmental perspective the CO, emissions mitigation was calculated for the
same above three conditions and it was found to be nearly equal 7 tons/year, 8
tons/year and 16 tons/year, accordingly, the carbon credits that can be earned by the
adobe house with EAHE is about € 320/year (Chel and Tiwari, 2009).

In another research study, the economical and environmental aspects of a closed
loop EAHE system coupled with a 2.32 kW photovoltaic power system that powers
an electric air blower (integrated with the system) has been studied. It was found that
the annual heating and cooling energy conservation potential due to the EAHE for
three rooms (each 63m’) was determined as 3327 kWh/year and 2667 kWh/year

respectively. This led to mitigation of CO, emissions 9.4 tons/year which was

% SEER is a measure of equipment energy efficiency over the cooling season. It represents the
total cooling of a central air conditioner or heat pump (in Btu) during the normal cooling season
as compared to the total electric energy input (in watt-hours) consumed during the same period.
SEER is based on tests performed in accordance with AHRI 210/240 (formerly ARI Standard
210/240). (http://www.energystar.gov/index.cfm?c=airsrc_heat.pr_crit_as_heat_pumps)
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equivalent to carbon credit of €188. Hence, use of EHAE for heating/cooling of an
adobe house was found to be a promising and environmentally friendly option in New
Delhi, India (Chel and Tiwari, 2010).

In summary, understanding the performance of the EAHE is one of the main
concerns for researchers and scientists. For that reason, many studies were conducted
to understand the different aspects that affect the performance of the system. Several
of these studies focused on understanding the main EAHE design parameters (e.g.
length and diameter), while others focused on the surrounding environmental
parameters (e.g. ground surface cover) that affects the system. The thermal
performance as well as the economical and environmental performance was the main
aspects that researchers tackled to evaluate the efficiency as well as the effectiveness
and applicability of the system. Studies showed that the EAHE could be a feasible
alternative for the mechanical air-conditioning systems, as it was proved to be

thermally efficient, environmentally friendly and cost effective.
2.3 Solar Chimney

The other technique utilizing a non-renewable energy source that the current
study focuses on is the solar chimney. As with the EAHE, the solar chimney has
undergone a number of different research experiments and investigations to
understand its performance. Mathematical models as well as performance analysis
methods have been developed to evaluate its efficiency and practicality. Accordingly,
a literature review on the various aspects for studying the solar chimney is presented

in the following sub-sections.
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Mathematical Modeling
As the solar chimney problem involves both fluid movement as well as
heat transfer, it was found that the computation fluid dynamics (CFD) is a good
tool to describe the system numerically (Nugroho, et al., 2006; Ming, et al., 2008).
The CFD has been used as a tool to simulate the airflow and heat transfer in the
solar chimney in order to predict the mass flow rate per unit length in the
chimney. Accordingly, some of the CFD models were used to evaluate the
performance of a glazed solar chimney for heat recovery in naturally ventilated
buildings (Gan and Riffat, 1998). Other models were used to study the thermal
behavior and efficiency of a four wall solar chimney used for cooling of
buildings. In doing so, a simulation of six turbulence models was conducted using
the commercial, well-known, general-purpose CFD code, Fluent®. Using these six
different models the thermo-fluid phenomena inside the wall solar chimneys were
investigated and where the buoyancy-driven flow field and heat transfer inside
them were also studied. The governing elliptic equations of the chimneys were
solved in two-dimensional domain using a control volume method. It was found
that the k-¢ model provides superior performance when compared with
experimental data (Bacharoudis, et al., 2007).
A CFD model was used to study the fluid flow and heat transfer patterns
(profiles) of the solar chimney; while, an engineering mathematical model was
developed to determine the tilt that maximizes the natural air flow inside the

chimney. The monthly average daily value of total irradiance and the ambient
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temperature along with some design information (i.e. dimensions and construction
material properties) for the different chimney components (i.e. absorber, glazing,
installation) were used as inputs for the model. Processing these inputs, the hourly
absorbed solar irradiation components (i.e. direct, diffuse, ground-reflected) by
the solar chimney were calculated at various chimney heights and tilts at a given
time (Day of year, hour) and location (latitude). Thereafter, the chimney glazing
transmittance and absorbance were computed for the different solar irradiation
components and various tilts. Accordingly, the temperature and air velocity inside
the chimney as well as the temperatures of the glazing and black painted absorber
were predicted (outputted), as functions of tilt and height. This engineering model
has been validated against the CFD and experimental data. Results showed that
the predicted data is in a reasonable agreement with the CFD and experimental
data. Accordingly, the use of the model as a technique for evaluating design
parameters was encouraged (Sakonidou, et al., 2008).

Other techniques have also been used beside the CFD to simulate the solar
chimney systems. One of these techniques was used to study a system that is
mainly used for heating and ventilation of dwellings. A conjugate heat transfer
study by natural convection, conduction, and radiation was carried out to
determine the importance (effect) of each heat transfer mode on the performance
of the system. A two dimensional conservation equations for mass, momentum
and energy were used to describe the system. The conservation equations were
then solved by finite difference-control volume numerical method. It was found

that the radiation heat transfer could not be neglected in the solar chimney
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systems, mainly because the surface radiation modified the flow and temperature
fields (Nouanégué and Bilgen, 2009).

Solar chimneys have a number of different applications such as
ventilation, passive solar heating and cooling of buildings, solar energy drying
and power generation (Chen, et al., 2003). The numerical simulation was not
limited to the mere solar chimney system but it has also extended to cover some
complementary applications coupled with the system. As an example, one of the
numerical models was established to analyze the characteristics of heat transfer
and air flow in the solar chimney power plant (SCPP) system with an energy
storage layer. Where the model covered the four major components of the solar
chimney power plant system: collector, chimney, wind turbine, and energy
storage layer (Ming, et al., 2008).

Experimental Investigations

Many experimental investigations were carried out to evaluate the
performance and the potential of the solar chimney systems. While, some
investigations emphasized on evaluating the thermal performance of the system,
others, emphasized the experimental validation of mathematical models.

One of the thermal performance experimental investigations was carried
out on an experimental solar chimney model with internal dimensions of 1.5m
high, 0.62m wide and a variable chimney gap from 100 to 600 mm. Various
uniform heat fluxes were applied to one of the chimney walls, at different
chimney gaps and inclination angles. The goal of these experiments was to

investigate the effect of varying the heat flux and changing the chimney gap and
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inclination on the airflow and temperature distribution inside the solar chimney.
Contradicting to previous experimental investigations, it was shown that by
changing the chimney gap while maintaining other conditions, the airflow
increased continuously with increasing chimney gap. Results also showed that the
airflow reached a maximum at a chimney inclination angle of around 45° for a
200 mm gap and 1.5m high chimney, which was about 45% higher than that for a
vertical chimney under otherwise identical conditions (Chen, et al., 2003).

A different experimental investigation conducted on a chimney duct that
has the shape of narrow parallelepiped, mantled on a mechanism that allows the
chimney to lie at different tilt positions. It was found that there were two things
that have opposite directions with respect to the air flow occur: the more the
inclination the more the chimney exposed to solar irradiance, hence higher airflow
and buoyancy forces occurs; on the other hand, increasing the inclination reduces
the effective pressure head of the chimney and diminishes the air flow. From this
opposite action came the idea of optimum tilt. Accordingly, a numerical model
was developed to determine the tilt that maximized natural airflow inside a solar
chimney. Results for various chimney lengths (1-12m) and tilts (30-90°)
delineated the usefulness of the model but also marked its limitations (Sakonidou,
et al., 2008).

The smart idea of coupling the solar chimney system with the EAHE
system was experimentally investigated. The solar chimney was designed to drag

airflow through the EAHE system instead of using an electrical fan. The pressure
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balance and airflow balance equations where used to theoretically model the
airflow through the system. The theoretical design principles of the solar chimney
and solar collector where also presented. The thermal performance of the coupled
system was investigated through installing thermocouples along the collector and
the chimney as well as an airflow meter at the pipe outlet. Results showed that
increasing the chimney height, diameter and solar collector size significantly
improves the airflow inside the chimney. It is worth mentioning that at sizing the
chimney special care should be given to the chimney structure strength, stability,
installation space, material and construction cost (Wang, et al., 2004).
Performance Analysis

In the recent years, a number of experimental, numerical and theoretical
investigations have contributed to the current understanding of solar chimneys
(Chen, et al., 2003). Through the different investigations, it has been found that
thermal performance of the solar chimney is affected by either design parameters
(e.g. height, width, glazing etc.) or environmental parameters (e.g. solar
irradiance, wind speed etc.). In this section, the parametric and thermal
(experimental and theoretical) investigations on the solar chimney system will be
further discussed.

Some of these investigations indicated that the thermal performance of the
solar chimney is greatly impacted by the chimney “gap” (width). In an
experimental study on a solar chimney of 2 m height and variable gap width
(ranging 0.1-1m), it was found that when the chimney gap is small (0.2m) the

flow is upward. However, when the gap is large (0.5m), air flows upwards near
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the heated walls due to the buoyancy effect but near the center of the chimney air
flows downwards. Another words the mass flow rate inside the chimney increases
as the chimney gap increase to a certain level (about one-tenth of the chimney
height) then decreases as the gap further increases (Bouchair, 1994).

This phenomenon was also observed in a numerical study showing that
there is an optimum chimney width at which a maximum ventilation flow rate can
be achieved. This phenomenon was attributed to the occurrence of back flow at
the outlet of the chimney (Gan and Riffat, 1998). A number of experimental and
theoretical investigations have been conducted for the determination of the size of
a solar chimney, showing that the velocity of airflow and temperature of different
parts are functions of the chimney gap, ambient air temperature, and the elevation
of air exit above the inlet duct (Cited after: Bacharoudis, et al., 2007). These
studies have also showed that there are noticeably different flow patterns among
various chimney gaps and that the chimney gap-to-height ratio affects the air flow
rate (Cited after: Sakonidou, et al., 2008).

All of the above-mentioned investigations confirmed the existence of the
optimum chimney gap-to-height ratio. In a different experimental investigation,
solar chimneys with uniform heat flux on one wall were investigated for various
gaps, inclinations, and heat flux inputs. These investigations covered a gap-to-
height ratio from 1:15 to 2:5. It was found that by changing the chimney gap
while maintaining all the other conditions, the airflow rate increase continuously
with increasing the gap, even up to the gap-to-height ratio of 2:5 — no optimum

gap has been found. It was concluded that this might be caused by a decrease in
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the inlet pressure loss due to the simultaneous increase of the chimney inlet by
extending the chimney gap (Chen, et al., 2003).

One of the other design parameters that showed to have an impact on the
solar chimney performance is the chimney tilt. The idea of optimum chimney tilt
came from an experimental investigation. As mentioned before in the solar
chimney “experimental investigations” section, the inclination of the chimney
oppositely affects the air flow and effective pressure head of the chimney. It is
apparent there must be an optimum tilt that leads to the highest flow rate. For this
studies, results show that the maximum chimney airflow occurs when the
chimney tilt varies in a narrow range between 65° and 76° (Sakonidou, et al.,
2008). The existence of an optimum chimney tilt was also illustrated in a different
experimental investigation; where, the results show that the maximum airflow rate
was reached at a chimney inclination angle of around 45° for a 200mm gap and
1.5 m high chimney (Z.D. Chen, et al., 2003).

In a more detailed parametric study, it was concluded that the optimum
design parameters of solar chimney are height, width, length and material. Where
it was found that the air mass flow rate increase with the increase of the chimney
height and length. The idea of optimum gap-to-height ratio as well as different
materials affecting the chimney performance has also been emphasized in this
study (Nugroho, et al., 2006).

The effects of other chimney aspects (e.g. inlet size, glazing etc.) on its

thermal performance have also been investigated. For example, it was found that
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for a given chimney gap, the flow rate increase with inlet height due to decreasing
entry flow resistance (Gan and Riffat, 1998). A different study showed that
increasing the solar collector surface area and the chimney height and diameter
could generate more chimney available draft (Wang, et al., 2004). Further
investigations on a special type of solar chimneys called “Trombe Wall”, in which
the sun-facing wall of a chimney is glazed, have been conducted (Chen, et al.,
2003). In addition, the effects of different glazing levels and solar irradiance on
the system performance have been investigated. It was found that the effect of
glazing on the predicted ventilation rate depends on the total solar irradiance.
Accordingly, it was concluded that using single or even double glazing is
inadequate for solar chimneys due to the possible condensation and downdraught
in cold winter, while triple glazing can reduce both risks of condensation and
downdraught as well as increasing the ventilation rate (Gan and Riffat, 1998).

In summary, solar chimneys have been investigated by a number of
researchers for several applications including passive solar heating and cooling of
buildings, ventilation, power generation, etc. The performance of solar chimneys
(mainly used to enhance cooling and air movement in naturally ventilated
buildings) has been further discussed. It was found that the thermal performance
of solar chimneys is affected by design parameters (i.e. height, gap, length or
diameter, inlet size, collector surface area, wall temperature, glazing level and
chimney tilt) as well as environmental parameters (i.e. solar irradiation and wind
speed). Consequently, a good thermal performance of the solar can be achieved

by a careful selection among the above-mentioned parameters.
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2.4 Coupled System

Few researchers have thought of coupling the EAHE system with the solar
chimney system to achieve the maximum possible passive cooling and ventilation
strategy for buildings. In such a coupled system, the solar chimney is designed to
drag airflow through the EAHE system. In fact the historical heating system called
“Roman hypocaust” which dated back to the ancient Roman times, utilized the same
concept as the coupled system (i.e. EAHE and solar chimney). In the hypocaust, the
combustion gases (resulting from burning wood in a furnace) were drawn through
underground channels to heating chambers which were built under the
room/apartment to be heated. These hot gases migrated through a piping system,
which surrounded the walls of the room to be heated, by means of a chimney (Bansal
and Shail, 1998). It is clear that the major difference between the two systems (i.e.
hypocaust and coupled system) is that the hypocaust used combustion gases for
heating of buildings; while the coupled system uses fresh ambient air for
heating/cooling and ventilation of buildings. The same concept was utilized again in
the 16™ century in what is called the “sicrocco rooms”. In which underground
corridors and water features were used in conjunction with solar chimneys to provide
cooling and ventilation for buildings (cited after: Chen, et al. 2003).

Recently, few attempts were made to study coupled systems. Some of these
attempts focused on the numerical study of the coupled system integrated with
different buildings (e.g. office building and auditorium). Accordingly, a numerical

model consisting of three sub-models was developed. The first sub-model was used
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to describe the behavior of the solar chimney through predicting its outlet air
temperature. The second sub-model was used to describe the behavior of the EAHE
system by predicting its inlet air temperature, while the third was used to predict the
overall natural ventilation rate. Using this model a parametric study on the effect of
the different parameters of the EAHE and the solar chimney has been conducted. In
the parametric study, the cooling degree hours and the heating potential (measured in
kWh) were used to evaluate the coupled system. Moreover, the thermal comfort of
occupants in different settings has been discussed. It was found that the system can
reach a minimum of 360 cooling degree hours for and auditorium (Correia-da-Silva,
2004) and 278 cooling degree hours for an office building (Correia-da-Silva, 2006). It
was also found that for winter heating the system could achieve a heating potential of
12500 kWh (Correia-da-Silva, 2007).

One of the innovative attempts was to study the performance of a hybrid systems
in which a conventional HVAC system was used in conjunction with a coupled
system. Here, the cylindrical shape of the building served as a solar chimney. A CFD
model was used to describe the system performance. It was found that the coupled
system could provide cooling as well as ventilation for the occupied building without
the need to run the chillers (Athienitis, et al., 2005).

In another experimental investigation of the coupled system (Wang, et al., 2004)
studied the thermal performance of the system with more focus given to the solar
chimney performance. The pressure balance and airflow balance equations were used
to theoretically model the airflow through the system. The theoretical design

principles of the solar chimney and solar collector were also presented. The thermal
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performance of the coupled system was investigated through installing thermocouples
along the collector and the chimney along with an airflow meter at the pipe outlet.
Results showed that increasing the chimney height, diameter and solar collector size
significantly improves the airflow inside the chimney. It is worth mentioning that at
sizing the chimney special care should be given to the chimney structure strength,

stability, installation space, material and construction cost (Wang, et al., 2004).
2.5 Literature Review Summary

Through the literature review of the earth-to-air heat exchanger (EAHE), the solar
chimney, and the resultant coupled system, some preliminary conclusions can be
derived:

(1) The EAHE and solar chimney or “coupled system” utilizing the geothermal
and passive solar energy respectively reduces the energy consumption of building
sector have aroused great interest in many countries.

(2) There are many numerical, analytical and experimental investigations which
have been carried out for both systems. This has contributed to the current
understanding of the coupled system. It can be concluded that both sub-systems have
good potential to be practically implemented in buildings for the purposes of cooling
and ventilation during the summer time, leading to a significant reduction in summer
electrical peak loads.

(3) The experimental investigations on the EAHE system indicate that the system
performance could be enhanced by increasing the EAHE length and burial depth

while decreasing the diameter and air velocity inside the tube. It has also been
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illustrated that the EAHE material does not affect the system thermal performance,
therefore, the less expensive the better. Other investigations have shown that the
ground surface cover above the EAHE has an impact on its thermal performance.

(4) For EAHEs coupled with greenhouses, experiments show that EAHEs can
increase the air temperature during winter and decrease it during summer for
greenhouses. This would help to stabilize the temperature inside greenhouses and
improve the crop production.

(5) For the solar chimney system, it has been found that the CFD is one of the best
tools to simulate the chimney performance. The system performance was found to be
affected by design parameters, such as chimney gap, length, inclination, and glazing,
as well as environmental parameters such as solar irradiation and wind speeds.

However, according to the current state of art, very few preliminary studies have
connected EAHE with a solar chimney to form a coupled system. The coupled
system, which “couples” the EAHE with solar chimney to utilize the geothermal and
passive solar energy simultaneously, can achieve great energy savings within the
building sector and reduce the peak electrical demand in the summer. It is necessary
to conduct further investigations on the coupled system performance and to compare

between the natural and forced airflow modes of the coupled system.
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2.6 Thesis Main Work

The coupled system, which couples the EAHE with solar chimney to utilize the
geothermal and passive solar energy simultaneously, can achieve great energy saving
of building sector and reduce the electrical peak demand in summer. However,
according to the current state of art, only few preliminary studies have connected
EAHE with a solar chimney to compose a coupled system. It is necessary to conduct
further investigations on the coupled system performance and to compare between
the coupled system and the EAHE.

Current research starts with a detailed illustration of the experimental design,
construction and installation in chapter 3. Thereafter, the instrumentation calibration
and uncertainty analysis will be discussed in chapter 4. Moreover, analysis of the
undisturbed ground performance for a whole year testing is presented, followed by a
thermal analysis of the performance of the solar driven EAHE as well as the fan
assisted coupled system. Furthermore, an analysis of the ground thermal saturation
period is presented on chapter 5 of the current research. Our conclusions on the
findings of the current experimental research with a discussion on future work and

further improvements are included in chapter 6.
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Chapter, 3

EXPERIMENTAL DESIGN AND CONSTRUCTION

3.1 Objectives

The main objective of the current research is to develop an optimal performing
full scale demonstration of an all passive cooling and ventilation system coupled at
the Solar Energy Research Test Facility at the University of Nebraska. The all passive
system employs two techniques namely EAHE and solar chimney. This full scale
demonstration is then used to evaluate the performance of the coupled system (i.e.
EAHA coupled with solar chimney) for two cases, first: natural driven air flow,
second: forced driven air flow. The system performance is evaluated through
assessing the maximum air flow rate (CFM) and cooling (in tons) that the system can
provide to the building during hot summer time for each case study.

Another objective is to study the practicality of the coupled system technology
through assessing various issues concerning the system. For example, the undisturbed
ground annual temperature profile, the ground thermal saturation, indoor thermal
comfort, and economical aspects. Moreover, a comparison of the coupled system with
a conventional air-conditioning system is presented to ascertain the effectiveness and
practicality of the system as well as to evaluate the cost pay back and lifetime energy
savings. In order to achieve these objectives, specific goals have been established.

These goals are:
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(1) Presenting a detailed illustration of the experiment design and construction as
well as sensors locations and installation.

(2) Discussing the instrumentation calibration and uncertainty analysis.

(3) Analyzing the undisturbed ground temperature profile over the course of a
year.

(4) Analyzing the thermal performance of the coupled system under two
conditions: naturally driven air flow and forced air flow, through evaluating
the maximum tons of cooling and air flow rate that can be provided in each
case.

(5) Evaluating the level of indoor thermal comfort that the system can provide in
each case.

(6) Analyzing the effect of the coupled system and the cooling performance on
the ground thermal saturation for the soil surrounding the EAHE during the
forced airflow test of the coupled system.

(7) Discussing how to improve the system performance on the future (e.g. delay
the onset of ground thermal saturation, and eliminating building negative

pressure as well as infiltration rate).

The pursuit of these goals aims to provide an answer to two important questions:
first, can an all passive cooling system function successfully over the course of a
summer to provide cooling to the testing facility building which has been fine tuned
to maximize cooling; second, can a forced air flow (fan assisted) coupled system

sustain a maximum cooling rate without saturating the soil surrounding the EAHE?
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3.2 The Principle of the Experiment System

In this section, the main principle and theory of the experiments is illustrated,
while, in sections 3.3 — 3.6 the design and construction of the different parts of the
experiments is discussed.

According to Wang, et. al. (2004) an experimental facility for the coupled system
was built in 1990 on “Allwine Prairie Preserve” owned by the University of
Nebraska. The experimental facility is located in northwestern Omaha, Nebraska at
latitude 41°20°18.00” N, and longitude 96°08°53.63” W, with an elevation of 1172 ft.
It mainly consists of four components the testing facility building where the cooling,

ventilation and heating experiments take place, the EAHE, the solar collector and the

solar chimney. Figure 3-1 shows a photographic picture for the test facility.

Fig. 3-1 — A photographic picture of the Solar Energy Research Test Facility-

Four components



53

i ﬁ
Sensar Abbrevistions: i } P b R
*  OAT; Qutdoor i Termpemtune 5 -"-, P L

®  LAT: Supply Ak Temperstune . ( SN ,.II_ =5

® AT Resem Tempersture T Solar t
®  LOF Supgly Alr Flow - ! . Chlmmey

o .

RAF: Relied Jir Flaw (% s
| B

I:mtrhwm-r -~ rir LT {187
Temperature g N N '

e i 2
Test Facility Bullding 1 Ry =
15.24 m {s0) g | ' o
70 @€ | e

Dutd e &

.05 (10 ft)

@ — Solar Collector
[RaF— GEm [FLER)
-

¢ b W s l d
\ @__II_ (sa8 S| =
_.-_z_.-'/ ___x_.'_, __.‘i, _,'E T _.-.z__ o A _;__.-'_‘, ._.-_.—'.-—’_,-,'.-’__.—"__.._.-z_,-_.'_z_-'{.—’
3"\.*11-.‘. K .,.E\.‘E 1. 46m D e k!
Earth-to- UI‘H‘{‘IEEI{]I*“E{I& L

(22 #] kY d1g* o Buildng {15 24m ad.9m 305 m] _Wol 227.8m* {8,045 fi*)
o Cofechor (Bl 0, 304m <248 m] _ Vol 7,12 m"{251.4 i)

?}- o Cooling tuba length 57 m | 188 ft)
| | o Coong e depth 8,08 m {10 f)

5 4572 m (120 fry

284 i
({158

Fig. 3-2 — Schematic diagram of the cooling process by the coupled system

Figure 3-2 shows the schematic diagram of the coupled system. As shown in
Figure 3-2 an EAHE is coupled with a solar chimney and solar collector to provide
cooling and ventilation for the Solar Energy Research Test Facility. The cooling and
ventilation process can be illustrated as follows: the air inside the solar collector is
heated up as the solar radiation strikes the solar collector; hence, the hot air migrates
from the solar collector to chimney bottom and rises to the top of the chimney. As the
system components are tightly connected, this hot air migration draws the ambient air
through the EAHE; as the warm ambient air travels through the length of the EAHE
tube it cools down due to the heat exchange process that occurs with the underground

soil, providing a fresh nice cool air draft to the test facility building. The Solar
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Energy Research Test Facility is sealed and has low air leakage. In this way a low

cost and environmentally friendly passive cooling and ventilation is achieved.
3.3 Measurement of the Weather

Two sets of measurements have been taken at various locations of the
experimental setup at two different testing periods to study the thermal performance
of the system. A customized program have been created using the National
Instruments LabVIEW software package (version 6), to read, log, average and store
the measured data on the computer system hard drive which is hocked to the
measuring sensors. For the two testing periods and for all the different measurements,
the data is read every minute and averaged over a 15 minute span and then this
average is stored as a single measurement on the computer system every 15 minute
time interval.

The first testing period lasted for 18 days starting from August 14" 2008 and
ending on August 31%, 2008. The main measurements were: time and date, wind
speed (mph), wind direction (° degrees), barometric pressure (in. Hg.), the indoor
relative humidity (%), outdoor relative humidity (%), supply air relative humidity
(%), supply air flow rate (CFM), solar collector air flow rate (CFM), air temperature
inside the EAHE at 20 different locations, ground temperatures 12 different locations,
indoor air temperature at 13 different locations, the control room air temperature, the
air temperature inside the collector at 11 different locations, the solar chimney air

temperatures at 5 different locations, and the ambient air temperature.
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The second testing period lasted for 43 days starting from July 24" 2009 and
ending on September 4™, 2009. The main measurements that took place on that period
are the same as that of the first testing period plus the soil moisture content that has
been measure at 20 different locations above and next to the EAHE. It should be
mentioned that all the thermocouples used for ground temperature measurements
were replaced with new ones before the second testing period. Moreover, new ground
temperature thermocouples were added at different locations, more information about
the two testing period ground temperature and moisture sensor locations is given in
the “Earth-to-Air Heat Exchanger” section of this chapter. Furthermore, schematic
diagrams as well as discussion on the distribution and locations of the measuring
instruments are given in the following sections. In addition, a discussion on the
measuring instruments, their calibration, and sensitivity analysis will be presented in

chapter 4 of the current study.
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3.4 Earth-to-Air Heat Exchanger

Since on 1990, when the EAHE was installed at the University of Nebraska’s
Solar Energy Research Test Facility, there were just few scientific papers published
on the design methods and criteria of the EAHE system, it was designed based on the
parametric research made by Chen, et al. (1983). Accordingly, the main design
parameters of the EAHE (i.e. Length, diameter, burial depth, and air velocity inside
the pipe) were selected based on the common sense to provide a reasonable cooling to

the testing facility building.

Consequently, according to Henkel, et al. (2004) a 188 ft (57 m) culvert steel
EAHE, with 18 inch (0.45 m) diameter, and buried at a depth of about 10 ft (3 m)
underground was installed at the PSER testing facility of the University of Nebraska.
The EAHE tube runs southeast to northwest. It starts with a slanted inlet of 28 ft (8.53
m) (as shown in Figure 3-2), then penetrates the ground for 10 ft (3 m) and curves to
a horizontal portion of about 150 ft (45.7 m), finally bends upwards for 12 ft (3.65 m)
at a right angle to enter the PSER facility through its concrete slab near the south side

of the building.

While the inlet of the EAHE is covered with a net mesh screen to prevent insects
and small animals (e.g. rabbits) from entering the tube as shown in figure 3-3. Its
outlet, which is 2 ft above the ground inside the testing facility building, is equipped
with a manual damper (as shown in figure 3-4) in case the airflow needs to be

regulated or the system needs to be shut down during the un-working seasons.
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Moreover, the outlet has fixtures to mount an electric fan (as shown in figure 3-4) in

case a forced airflow is required.

Fig. 3-4 - EAHE outlet equipped with a
manual damper and fixtures to mount a
fan

Fig. 3-3 — EAHE slanted inlet covered
with mesh screen

It should be noted that the main horizontal portion of the EAHE is perforated
from the bottom to allow for moisture drainage if condensation occurs during the
cooling process. Furthermore, the entire horizontal portion of the EAHE was laid over
a sand bed gravel to prevent moisture build-up underneath the tube as shown in
Figure 3-5. Moreover, a horizontal perforated PVC pipe of 0.5 inch (1.27 cm)
diameter which could be connected to a water source (e.g. water faucet) was installed
next to the horizontal portion of the EAHE (as shown in Figures 3-5 and 3-6) in order
to increase the water content of the soil surrounding the tube if required by the

various research purposes.
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EAHE

Fig. 3-6 — EAHE sand bed, dirt cover, and perforated PVC water pipe
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A number of different sensors have been installed inside and outside the EAHE

for monitoring the air temperatures inside the tube as well as the temperature and
moisture content of the soil surrounding the tube. Figure 3-7 shows the names and
locations of the thermocouple sensors installed inside the EAHE. Moreover, it shows
the horizontal distance of the locations of the sensors installed above the EAHE, from
the testing facility building (e.g. 90’ sensors location, etc.). Figure 3-8 and figure 3-9
show the cross sectional view of the EAHE at the “30” sensors location” with the
upward longitudinal distance of the thermocouples and moisture sensors from the
EAHE tube installed during the 2008 and 2009 testing periods respectively. It should
be mentioned that the other sensor sets installed at the different locations along the

length of the EAHE have the same sensor arrangements as the 30’ sensors location.
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3.5 Solar Energy Research Test Facility

As mentioned before the test facility building was built on 1990. It is a one-story
building with external dimensions of 63’8 length, 16> width, and 10’ height, setting
on a concrete slab. It includes a testing room - where the experiments took place — a
computer room (i.e. control room) for data logging and monitoring, and a bathroom.
The main test room dimensions are 49°10.5” length, 14°10” width, and 7°9” height. It
has 10 south facing windows each of them is 6 in length and 45” in width. The
concrete slab with the 10 windows creates a huge cooling load during the summer
time. Figure 3-10 shows the floor plan of the testing facility building with more
detailed dimensions and information. For example, it provides information about the
locations of the solar collector and solar chimney compared to the building as well as
the names of the different sensors that have been used during the testing periods (i.e.
thermocouples, wind speed, wind directions, solar pyronometer, airflow, and
humidity sensors) and their exact locations inside/outside the building.

The computer room is equipped with a computer system and various types of
data-loggers for monitoring the performance of the whole system. It should be
mentioned that all the different sensor types except the soil moisture sensors are
integrated with the National Instruments modular data-loggers which in turn are
connected to the computer system. The National Instruments LabVIEW software
package (version 6) was used to create a customized program that helps in calibrating,
controlling and monitoring the sensors. On the other hand, the soil moisture sensors

were integrated with independent data-loggers (Watermark data loggers which come
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with the soil moisture sensors) that are synchronized to log the data at the same time
with the same time interval as the National Instruments data loggers integrated with
the computer system.

For the temperature measurements of the indoor air inside the building, four sets
of type T thermocouples were used. Each set has been installed in one of the testing
room corners (i.e. Northwest, Northeast, Southwest, and Southeast), where each set
consists of three sensors located at 1 ft, 4 ft and 7 ft above the ground level to study
the thermal distribution of air inside the building as shown in Figure 3-10.

Airflow measurements have been taken in two different locations with three air
velocity transmitters. The first location is at the EAHE outlet inside the testing facility
building at the ground level (where two velocity transmitters were installed) and the
second location is at the connection pipe between the test facility building and the

solar collector as shown in Figure 3-10.
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Figure 3-11 shows two different snapshots taken for the testing facility building at
two seasons from different angles. The left snapshot shows the insulated windows
during the summer testing periods, while the right snapshot shows the location of
EAHE inlet and the outdoor humidity sensor compared to the testing facility building

location.

Fig. 3-11 — Two snapshots of the testing facility building at different seasons

3.6 Solar Collector

According to Wang, et al. (2004), the solar collector is the vital key part of the
system as the size of the solar collector beside the chimney height and diameter
specify the chimney available draft. In other words, the solar collector size indirectly
specifies the amount of air flowing through the EAHE. Since increasing the solar
collector size and its absorption surface area can improve the solar chimney available
draft, the solar collector was designed with an absorbing surface area of 215 ft* (20
m?) considering that the solar irradiation is 126 Btu/(heft?) (400 W/m?) with a heat

loss coefficient of 1/3 Btu/(he°Fe.ft?) (8.5 W/(°C*m?)) and an absorptivity of 0.8.
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According to Wang, et al. (2004), designing the solar collector did not only
include the absorption surface area but also the angle of tilt and location. The angle of
inclination of the solar collector was chosen based on the solar altitude angle during
the hottest month in Omaha, Nebraska. It was found that the solar altitude is 64° in
August in Omaha, Nebraska, consequently, the solar collector inclination angle was
chosen to be 26° with the horizontal level. In addition, it was placed on the south side
of the building in order to be oriented to the sun for the maximum absorption of the
solar radiation.

The solar collector was constructed by wood and a special type of solar glass that
traps the solar irradiation inside the collector. In 2008 when the current research
started, the solar collector was renovated and all the rotten plywood skin and wooden
skeleton has been replaced. All of its corners and angles have been sealed with black
tar, and a layer of (R-5) insulation has been added to the bottom side of the collector.
Then it was covered with a layer of plywood which in turn was painted in black to
prevent any solar irradiation losses from the sides of the collector. Figure 3-12 shows
a cross sectional view of the solar collector with detailed dimensions and some sensor
information, while Figures 3-13 a, b, ¢, and d show some snapshots for the solar

collector at different re-construction phases.
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Fig. 3-13 (a) — Solar collector re-
construction (replacing the rotten wood
and adding R-5 Insulation to the bottom

side

Fig. 3-13 (b) — Solar collector re-
construction (sealing the corners and
separations with black tar and painting
the inner sides in black



Fig. Solar collector re-construction (black painted interior)

-

Fig. 3-13 (d) — Solar collector (After renovation)
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Eleven type T thermocouples have been installed inside the solar collector at
different positions to study the heat transfer process. The first thermocouple is installed in
the connection pipe between the testing facility building and the collector; while, the
eleventh thermocouple is installed in the connection pipe between the collector and the
solar chimney. Figure 3-14 shows the names and locations of the thermocouples installed

inside the solar collector.
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Fig. 3-14 — A schematic diagram of the solar collector — including the thermocouple
sensors locations
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3.7 Solar Chimney

According to Wang, et al. (2004), the solar chimney was designed so that its
available draft overcomes the EAHE pressure losses as well as the negative thermal
gravity effect of the air column inside the solar chimney, under the design ventilation
airflow rate. Accordingly, the solar chimney height and diameter were selected as 40
ft (12.2 m) and 18 inches (0.457 m) respectively to provide an available draft of more
than 0.02 inches of water (5 Pa) at a temperature of 135 °F (57° C). The chimney was
built of four steel spiral pipes; each pipe is 10 ft (3.048 m) in length, stacked over
each other. The chimney is placed over a 5 ft (1.5 m) steel stand which in turn is
bolted to a concrete foundation of 3 ft in depth. The chimney is strengthened by nine
steel wires; every three wires are attached to the chimney at three different heights on
the same vertical line then stretched out and bolted into the ground away from the
chimney to increase its stability and resistance against the wind. The three sets of
wires form a Y shape in which the point of intersection of all the Y shape (i.e. 3 sets)
is concentric with the chimney cylinder. Five type T thermocouples have been
installed inside the chimney to study its thermal performance. Three were installed in
the middle, one at each connection point between every two pipes, and one at the
bottom of the chimney, while the last was installed at the very top of the chimney.
Figure 3-15 shows a schematic diagram of the solar chimney with the names and
locations of the thermocouples inside the chimney as well as its dimensions, and base.
Figure 3-16 (a) and (b) show snapshots of the chimney, strengthening wires and

holding base.
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Fig. 3-16 (a) — Solar chimney snapshot (strengthening wires)
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Fig. 3-16 (b) — Solar chimney snapshot (holding base)

3.8 Summary

In this chapter, the main principle behind the research has been illustrated and the
measurements that have been carried out in the testing periods have been mentioned.
Furthermore, an illustration of the design and sensor installation of each section of the

experiment has been presented.
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Chapter, 4

INSTRUMENTATION CALIBRATION AND

UNCERTAINTY ANALYSIS

4.1 Measuring Instruments

As previously mentioned in chapter 3, different weather measurements (e.g. wind
speed, temperatures, wind direction, barometric pressure, humidity, etc.) have been
carried out during the two sets of experiments held on 2008 and 2009 respectively.
These measurements have been carried out using various measuring instruments; this
section will focus on the weather measurement instruments that have been used in the
current research. The weather instruments include: temperature measurement
instruments, the airflow measurement instruments, the soil moisture measurement
instruments, and the relative humidity measurement instruments. Moreover, a sample
of the main data that has been collected using these measuring instruments during the
2008 and 2009 testing periods is presented in Appendix A.

4.1.1 Temperature Measurement
For all the temperature measurements (e.g. air temperature, underground

soil temperature, etc.) held during the 2008 and 2009 testing periods, Type “T”

thermocouples (TC) were used. The thermocouples have a maximum temperature

reading of 212 °F (100°C) with a perfluoroalkoxy (PFA) coating as shown in

Figure 4-1. Appendix B includes the thermocouple wire data sheet. The type T

thermocouple consists of a positive Copper wire (the white wire) and negative
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Constantan wire (the red wire). For temperature measurements using the
thermocouple wire, the wire is cut to the desired length, and then the positive and
negative wires of one end are soldered together, while those of the other end are
connected to the National Instruments Module for data logging. Before using the
thermocouple wire for measurements it has to be calibrated. More information
about the thermocouple wire calibration is given in the “Calibration of

Experimental Devices” section of this chapter.

Fig. 4-1 - Type T thermocouple wire

Airflow Measurement

For airflow measurements, Dwyer (series 641RM) air velocity transmitters
(as shown in Fig. 4-2) have been used. These transmitters use a heated mass flow
sensor, which allows for precise velocity measurements at various flow rates and
temperatures. The maximum air velocity measurement range of each transmitter
is 15,000 FPM, with an output signal range of 4-20 mA proportional to the
velocity range. Appendix B includes the Dwyer (series 641RM) air velocity

transmitter data sheet for more information.
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Fig. 4-2 — Air velocity transmitters

Three air velocity transmitters have been used for airflow measurements
during the 2008 and 2009 testing periods at two different locations. The first
location is the EAHE outlet inside the house, where two transmitters (AF1-A and
AF1-B) are used, while, the second location is at the solar collector inlet, inside
the connection pipe between the testing facility building and the solar collector,
where one transmitter (AF2) is used. The three transmitters are connected to the
National Instruments modules and consequently to the computer system for data
logging. While the air flows through the probe of the transmitter, the air velocity
measurements are taken and a proportional current signal is sent to the National
Instruments module where the current signal is converted to a voltage signal.
Thereafter, the computer receives the voltage signal and converts it to an airflow
measurement (in CFM) using the LabVIEW software customized program
whereby the airflow measurements are logged and stored in a note pad sheet over
a 15 minute span. More information about the airflow measurement instrument
calibration and the conversion from air velocity measurement to airflow
measurement is given on the “Calibration of Experimental Devices” section of

this chapter.
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4.1.3 Soil Moisture Measurement

For soil moisture content measurements, watermark sensors along with
watermark data loggers have been used. The watermark sensors are electrical
resistance type, soil moisture sensors that are used to measure the soil water
tension (i.e. soil water potential). The soil water potential is then converted to the
soil water content which gives an indication of the amount of water present in the
soil profile. It should be mentioned that the soil water potential sometimes
referred as the “matric potential”. The watermark soil moisture sensors cover a
matric potential reading range from 0 to 200 kPa (Irmak, et al., 2006). Unlike the
other measurement instruments, the soil moisture sensors are not connected to the
National instruments data loggers; instead, they are connected to the watermark
data loggers which in turn are synchronized to read average and store data over a
15 minute interval the same as the National Instruments data logger system.

Figure 4-3 shows the watermark soil moisture sensor as well as the data logger.

Fig. 4-3 — Left: Soil moisture sensor and Right: Moisture sensors data logger
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4.1.4 Relative Humidity
Different humidity sensors are used for the air humidity measurements at
various points in the testing facility.
Outdoor humidity measurement is taken near the EAHE tube inlet as
shown in Figure 4-4, indoor humidity measurement is taken at a spot in between
the EAHE outlet and the solar collector inlet, while supply air humidity

measurement is taken at the EAHE outlet.

Fig. 4-4 — Outdoor and indoor humidity sensors

4.2 Calibration of Experimental Devices

Calibration for the different measurement instruments has been carried out before
the actual use of the instruments to ensure its accuracy and reliability. In this section
the calibration of the type T thermocouples used for temperature measurements as
well as the air velocity transmitters used for airflow measurements are described. It
should be mentioned that the relative humidity sensors and the soil moisture sensors
have not undergone any calibration procedure for lack of high precision. Moreover,
the uncertainty analysis for the type T thermocouples as well as the air velocity

transmitters will be presented on the “Experimental Uncertainty Analysis” section of
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this chapter to ensure the accuracy and precision of the Instruments used in the
current research.

4.2.1 Type T Thermocouple Calibration

The thermocouple calibration was carried out through measuring the freezing
and boiling points of water. These two temperature points (i.e. the freezing and
boiling points of water) have been chosen because they are previously known
temperatures, where the freezing point of water is 32°F (0°C) while the boiling
point of water is 212°F (100°C). First, every thermocouple has been inserted in a
boiling water pot (as shown in Figure 4-5 a) for several minutes until the
temperature stabilizes then its boiling point temperature measurements is recorded
every 20 milliseconds over a 1 minute span, then these temperature measurements
are averaged to be the thermocouple water boiling point measurement value.
Thereafter, it has been inserted in an ice water tank (as shown in Figure 4-5 b) for
few minutes till the temperature stabilize and then its freezing point temperature
measurements is recorded every 20 milliseconds over a 1 minute span, then these
temperature measurements are averaged to be the thermocouple water freezing
point measurement value. In order to determine the governing relationship
between the thermocouple temperature measurements and the actual water boiling
and freezing points temperatures, the measured data is compared with the actual
temperatures and a curve fitting (as shown in Figure 4-6) is then applied.
Consequently, the thermocouple calibration curve equation is created in the form

of a linear relationship as follows:
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fx) =ax+b (4.1)
where: f(x) = the calibrated temperature reading of the thermocouple.
x= the pre-calibrated thermocouple reading.

a =the the thermocouple offset from the actual temperature.

b = the slope of the thermocouple temperature calibration curve.

Fig. 4-5 (a) — Thermocouple Fig. 4-5 (b) — Thermocouple
calibration — water boiling point calibration — water freezing point
measurement measurement
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Thermocouple calibration curve
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Fig. 4-6 — The computer room thermocouple calibration curve

Every equation for each thermocouple is then programmed into the LabVIEW
customized program so that thermocouples give the accurate temperature
measurements. Moreover, for a second check on the thermocouples accuracy the
outdoor air temperature (OAT), supply air temperature (SAT), and room air
temperature (RAT) have been collected by a different temperature logging system
called “HOBO data loggers” (HDL) (Appendix B includes the data sheet for the
HOBO data loggers). These data loggers have been set to log the above
mentioned temperatures every 15 minute span; they have been synchronized with
the National Instrument and computer logging system. Thereafter, the
thermocouple temperatures are compared with the corresponding HOBO data
loggers temperatures (as shown in Figures 4-7 a, b 4-8 a, b 4-9 a and b). The
comparison shows that the average temperature error is about 0.26°F (with an

average error range +0.44).
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Fig. 4-7 (a) — Time series comparison between the TC and HDL OA-Temperatures
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Fig. 4-7 (b) — Direct comparison between the TC and HDL OA-Temperatures
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Fig. 4-8 (a) — Time series comparison between the TC and HDL RA-Temperatures
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Fig. 4-9 (a) — Time series comparison between the TC and HDL SA-Temperatures
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4.2.2 Air Velocity Transmitters Calibration

Unlike thermocouple calibration, where two thermocouple temperature
readings are compared against two previously known temperatures, the air
velocity transmitters’ calibration is done against the readings of an accurate
precision airflow meter known as the “FlowHood” (model CFM-88L). In this
calibration process, the damper, installed at the EAHE outlet inside the testing
facility building, is set to four different positions (i.e. 100% open, 75% open, 50%
open, and 25% open). At each damper position, ten airflow measurements are
recorded using the air FlowHood, while concurrently the corresponding ten air
velocity measurements are recorded using the air velocity transmitters. It should
be mentioned that the air velocity measurements have been taken in the form of a
proportional current signal in milliamperes.

In order to obtain the airflow calibration curve and to drive the relationships
between the airflow and the DC-current signal of the air velocity transmitters, the
airflow data obtained by the FlowHood is plotted against the DC-current signal
data from the air velocity transmitters and linear curve fit is applied as shown in
Figures 4-10 a, b, and c. Using this calibration method over a large range of
airflows (10 CFM - 2000 CFM), which covers all the possible airflows through
the EAHE, allows for the direct estimation of the airflow rate from the DC-current
signal of the air velocity sensor.

These linear relationships (i.e. equations) are then programmed and
implemented into the customized LabVIEW program, so that the calibrated

airflow measurements are recorded and logged directly. For a more accurate
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reading of the supply airflow, two air velocity transmitters are installed at the
EAHE outlet where two readings, one with each transmitter, are taken at the same
moment and their average is recorded as one airflow measurement. Moreover, the
precision and accuracy of the airflow measurements are tested by conducting an
uncertainty analysis on each of the air velocity transmitters, more information
about the uncertainty analysis and the air velocity transmitters’ precision is given

on the “Experimental Uncertainty Analysis” section of this chapter.

Air velocity sensor AF1-A calibration curve
& Flowhood CFM  ——Linear (Flowhood CFM)

2000
g 1800 y=111791x
= 1600
(7]
T 1400
£
g 1200 /‘/
S
2 1000
]
g 800
-]
g 600
:;: 400
o 200
[F 9

0
0 0.005 0.01 0.015 0.02
Air velocity sensor measurements (Amperes)

Fig. 4-10 (a) — Airflow — current relationship for air velocity sensor AF1-A
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4.2.3 Relative Humidity Sensors Calibration

Although, the relative humidity sensors have not undergone any calibration
due to the lack of precision sensors, the relative humidity measurements of these
sensors have been compared to the relative humidity measurements of the HOBO
data loggers (HDL). Similar to the thermocouples temperature measurements
accuracy check, the relative humidity measurements have also been checked
against the HOBO data loggers measurements. Three HOBO data loggers were
installed at the same exact locations of the three installed relative humidity
sensors: at the EAHE inlet (outdoor humidity sensor), the EAHE outlet (supply
air humidity sensor), and between the EAHE supply duct and the solar collector
connection duct (indoor humidity sensor). The relative humidity measurements
have been recorded by the relative humidity sensors and the HOBO data loggers
at the same time over a 15 minute interval during the 2009 testing period. One
week of the relative humidity sensors measurements are compared against the
equivalent HOBO data loggers’ measurements. Figures 4-11 a, b; 4-12 a, and b
show the relationship between the relative humidity sensors’ measurements and
the HOBO data loggers’ measurements. The comparison shows a good agreement
with an average error of about +£4.95%. It should be mentioned that the outdoor
air relative humidity has not undergone any sort of comparison due to a
connection problem between the relative humidity sensor and the National
Instruments modules. Moreover, the only set of outdoor relative humidity data has

been collected using the outdoor HOBO data logger.
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4.3Data Acquisition and Logging

As mentioned earlier in chapters 3 and 4, all the weather measurement
instruments (except the soil moisture sensors) are connected to the National
Instruments modules which in turn are connected to a computer system. According to
(Henkel, et al., 2004) a customized program has been programmed using the National
Instruments LabVIEW software package to help calibrate, monitor and log the data
measurements of the measurement instruments (e.g. thermocouples, humidity
sensors, etc.). On the other hand, the soil moisture sensors are connected to the
watermark data loggers which are specifically designed and programmed to log soil
moisture measurements from the watermark soil moisture sensors. All the National
Instruments modules and the Watermark data loggers are synchronized to log and
store an average measurement over a 15 minute span, appendix A shows a sample of
the measured data during the 2008 and 2009 testing periods. The measurements are
then stored on a notepad file on the computer system, where a new notepad file is
created everyday and named after that day’s date. All the measurements are then
copied to a one excel sheet, where time series were used for the graphical
representation and data analysis of the system measurements. More information about
the data analysis and the experimental results will be discussed on chapter 5

“Experimental Results” of the current study.
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4.4 Experimental Uncertainty Analysis

The uncertainty analysis or error estimation of the measured data is one of the
most important aspects of the current study as it gives an indication of the accuracy,
precision and reliability of the measuring instruments. The uncertainty analysis has
been carried out for the two main measuring instruments (i.e. the thermocouples and
air velocity transmitters) as their precision is very important for the accurate
estimation of the cooling capacity of the coupled system.

According to Elyyan (2001), there are two main types of uncertainty analysis; the
uncertainty analysis of the measured data, and the uncertainty analysis of the
calculated results. Where the calculated results uncertainty analysis can be written in
terms of the measured data uncertainty analysis as follows:

_ . (aR )2+<6R >2+ +<6R )2 42
°r = = axlel axzez 6xne" (42)

Where:
R = the calculated results, R=R(x,x2,...,X,)
er = the uncertainty interval in the results

en = the uncertainty interval in the n™ variable

aR e . .
P the sensitivity of the results to a single variable, x,,
n

On the other hand, the measured data uncertainty analysis can be determined
through the measurement technique. According to (Jiang, et al., 2006) the measured

data uncertainty of a specific measuring instrument can be determined as follows:
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Cinstrument ~ * /ezef + es?tab (4'3)

Where:
€instrument = the uncertainty of a specific measuring instrument (e.g. thermocouple)
erer = the precision error of the reference measuring instrument
€stab = the stable bias error between the reference and measuring instruments
In the following sections more focus will be given to the measured data uncertainty (i.e.
temperature measurements and airflow measurements) as well as the uncertainty analysis
of the calculated cooling capacity. The uncertainty analysis technique used for each
measuring instrument (i.e. sensor) will be discussed. Moreover, the uncertainty results of
each measuring instrument will be presented.
4.4.1 Temperature Measurement Uncertainty
The temperature measurement uncertainty analysis has been carried out
using the type-T thermocouples along with the FLUKE thermometer model 51-54
series Il (Appendix B includes the FLUKE thermometer data sheet). The
uncertainty analysis has been conducted after the calibration of the thermocouple
wires against the water boiling and freezing points as discussed earlier on the
“Calibration of Experimental Devices” section of this chapter. The thermocouple
uncertainty experiments have been carried out by wrapping the thermocouple wire
around the FLUKE thermometer wire probe, so both sensors would read the
temperature of almost the same exact point. Thereafter, the two sensors are
immersed into a boiling water pot for few minutes till the boiling water

temperature stabilizes. Afterwards, the temperature measurements of both the
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thermocouple and FLUKE thermometer have been recorded at the same time
every 15 seconds for 5 minutes. Subsequently, the two sensors are immersed in an
ice water bath for few minutes till the ice water bath temperatures stabilize and
temperature measurements have been recorded in the same manner as mentioned
above. The FLUKE thermometer temperature readings are considered to be
reference temperatures, and the difference between the FLUKE thermometer and
thermocouple temperature readings are considered the thermocouple reading
deviations (i.e. error scatter). These temperature reading differences are then used
to estimate the scatter of the thermocouple readings and consequently, the
thermocouple uncertainty. Figure 4-13 shows one of the thermocouple scatter
readings, where the average thermocouple deviation (i.e. error) from the reference

reading is about + 0.048 °F.
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Fig. 4-13 — Thermocouple deviations from the FLUKE values
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From the FLUKE thermometer data sheet, the FLUKE type-T probe
thermometer accuracy is found to be [£0.05% + 0.5 °F (0.3°C)]. Knowing the
FLUKE accuracy, the thermocouple uncertainty can be calculated according to

equation (4.3) as follows:

~ 2 2
erc = -I—_\/eT—ref + er_stan

= 4./(0.5)2 + (0.048)2
erc = +0.502 °F
4.4.2 Flow Rate Measurement Uncertainty

The airflow measurements uncertainty analysis has been carried out using
the Dwyer (Series 641RM) air velocity transmitters along with the Shortridge
Instruments FlowHood (model CFM-88L). The airflow uncertainty analysis has
been conducted after the calibration of the air velocity transmitters against the
measurements of the precision airflow meter (i.e. FlowHood CFM-88L) discussed
earlier on the “Calibration of Experimental Devices” section of this chapter. In the
same manner as the air velocity transmitters’ calibration, the uncertainty analysis
has been carried out by adjusting the EAHE outlet damper to four different
positions (i.e. 100% open, 75% open, 50% open, and 25% open). At each damper
position, ten airflow measurements are recorded using the air FlowHood, while
concurrently, the corresponding ten air velocity measurements are recorded using
the air velocity transmitters. It should be mentioned that the air velocity
measurements are recorded in the form of DC-current in mamps proportional to

the air velocity readings.
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By applying the relationships between the airflows and the DC-current
signals (obtained earlier in the “Air velocity transmitters’ calibration” section of
this chapter) to the air velocity transmitters readings, the mamps signals of the air
velocity transmitters are converted to airflow rate values in cubic feet per minute
(CFM).

Considering the airflow measurements of the FlowHood as the reference
measurements, then the difference between the FlowHood and air velocity
transmitters, airflow measurements are considered the airflow deviations (i.e.
ACFM). These airflow measurements differences are then used to estimate the
error scatter of the airflow measurements and consequently, the airflow
measurements’ uncertainty. Figures 4-14 a, b, and ¢ show the three airflows error
scatter for the three air velocity transmitters used during the 2008 and 2009
testing periods. The average airflow error (i.e. deviation) from the FlowHood
reference measurements for the three air velocity transmitters AF1-A, AF1-B and

AF2 are; +4.5 CFM, -1.7 CFM, and +12.5 CFM respectively.

Airflow error scatter for air velocity sensor AF1-A
100
2
5 * o . . .
2 ¢ g
= g . %oy *074°
L 0 L 2 L 2 Py
Q . . ¢ T et
< e 10, ¢ 20 30 %740 50
-50 2
L 4
-100 Average error 4.5 CFM
¢ ACFM

Fig. 4-14 (a) — Air velocity transmitter AF1-A readings deviations (scatter)
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Airflow error scatter for air velocity sensor AF1-B
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Fig. 4-14 (b) — Air velocity transmitter AF1-B readings deviations (scatter)
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Fig. 4-14 (c¢) — Air velocity transmitter AF2 readings deviations (scatter)

The FlowHood airflow measurement accuracy is found to be [£3% of
reading = 7 CFM]. Knowing the FlowHood accuracy, the airflow measurements’

uncertainty can be calculated according to equation (4.3) as follows:

~ 2 2
€AF = i\/eAF—ref + €AF—stab

The airflow measurement error for the air velocity transmitter AF1-A is

estimated as follows:
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= +/(N2 + (4.5)?
€sr—ari-a = 8.32+ CFM
The airflow measurement error for the air velocity transmitter AF1-B is
estimated as follows:
=+/(M2+ (1.7)?
esr—ari-p = T 7.2CFM
The airflow measurement error for the air velocity transmitter AF2 is

estimated as follows:

= +/(7)% + (12.5)?
ear—arz = 114.33 CFM

Cooling Capacity Uncertainty

In this section the calculated sensible cooling capacity relative uncertainty
analysis is estimated. Since the sensible cooling capacity calculations is based on
the supply airflow and temperature measurements, the relative uncertainty of the
calculated sensible cooling capacity can be estimated from the relative uncertainty
of the airflow and temperature calibration instruments. As the airflow calibration
instrument (i.e. FlowHood) relative uncertainty error is +3% and the temperature
calibration instrument (i.e. Fluke) relative uncertainty error is £0.05%, then the
calculated sensible cooling capacity relative uncertainty error is calculated

according to equation (4.2) as follows:
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€s.cooling = i\/ (ertowro0a)? + (erruke)?

€s.cooling — i\/(3)2 + (0.05)2

€s,cooling = +3.000417%
4.5 Summary

In this chapter the various weather measuring instruments have been presented.
Moreover, the calibration curve, data and techniques of the main measuring
instruments (i.e. thermocouples and air velocity transmitters) were obtained.
Furthermore, uncertainty analyses for the temperature as well as airflow velocity
measurements have been conducted to verify the accuracy and the reliability of the
measuring instruments used during the test periods. The results shows that the sensors
used for data logging are precise enough for collecting data and that the measured

data have slight deviations from the reference measurements which can be ignored.
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Chapter, S

EXPERIMENTAL RESULTS

5.1 Overview

As mentioned earlier on chapter 3, the main purpose of the current study is to
answer two main important questions: first, can the all passive coupled system
provide enough cooling capacity for the testing facility over the summer time;
second, can the fan assisted coupled system maintain a maximum cooling rate
without saturating the soil surrounding the EAHE. To answer these two questions,
two sets of experiments have been carried out on the summers of 2008 and 2009
respectively.

The first testing period lasted for 18 days; from August 14™, 2008 till August 31,
2008. The main goal of this test is to evaluate the thermal performance of the all
passive, naturally driven, coupled system, through assessing the maximum cooling
capacity, as well as the airflow rate, that it can provide for the testing facility
building. In doing so the EAHE outlet damper has been set to the 100% fully open
position, and the computer system has been programmed to record, average, and log
the weather data over a 15 minute span during the whole testing period (i.e. day and
night). As previously mentioned on chapter 3 various measurements have been
recorded during this testing period. The main measurements that have been recorded
for the purpose of analyzing the cooling capacity of the naturally driven coupled

system are: time and date, the indoor relative humidity (%), outdoor relative humidity
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(%), supply air relative humidity (%), supply air flow rate (CFM), solar collector
airflow rate (CFM), the average indoor temperature (°F), the supply air temperature
(°F), and the outdoor (i.e. ambient) air temperature (°F). The system thermal
performance during this testing period is presented on the “Performance Analysis of
the Coupled System” section of this chapter.

The second testing period lasted for 43 days; from July 24™, 2009 till
September 4™, 2009. This testing period has been divided into three smaller time
portions, with three different tests. The first test lasted for 14 days; started on July
24™ 2009 and ended on August 6", 2009. The main goal of the first test is to run the
all passive, naturally driven, coupled system and compare its thermal performance
with that similar test carried out on 2008. The second test lasted for 9 days; started on
August 7™, 2009 and ended on August 15", 2009.

The second test has two main goals: the first is to evaluate the thermal
performance of the fan assisted coupled system, through assessing the maximum
cooling capacity, as well as the airflow rate, that it can provide for the testing facility
building. And the second goal is to study how long it will take the fan assisted
coupled system to thermally saturate the soil surrounding the EAHE. For this test a
constant speed fan has been mounted on the top of the EAHE outlet, and it has been
set to run continuously during the whole 9 days of testing (i.e. day and night).

The third test lasted for 20 days; started on August 16™, 2009 and ended on
September 4™ 2009. The main goal of the third test is to determine how long it will

take the soil surrounding the EAHE to recover from the thermal saturation and return
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back to its original (normal) temperature range. For this test the assisting fan has been
disabled (turned OFF) and the system was allows to run naturally (passively).

Similar to the 2008 testing period, the EAHE outlet damper has been set to the
100% fully open position, and the computer system has been programmed to record,
average, and log the weather data over a 15 minute span during the whole testing
period (i.e. day and night). Moreover, the assisting fan has been turned ON during the
second test and OFF during the first and third tests of the 2009 testing period. The
main measurements that have been recorded during this testing period are: time and
date, the indoor relative humidity (%), outdoor relative humidity (%), supply air
relative humidity (%), supply air flow rate (CFM), solar collector air flow rate
(CFM), the average indoor temperature (°F), the supply air temperature (°F), the
outdoor (i.e. ambient) air temperature (°F), the underground temperature at 21
different locations above and beside the EAHE (°F), and the soil moisture content at
20 different locations above and beside the EAHE. It should be mentioned that for the
2009 testing period a new set of underground thermocouples and soil moisture
sensors have been installed and calibrated before the testing. Chapter 3 includes the
sensors map figures which in turn show the sensors types, names, and locations. The
thermal performance of the system as well as the ground (i.e. soil) thermal during this
testing period is presented on the “Performance Analysis of the Coupled System”

section of this chapter.
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5.2 Undisturbed Underground Soil Testing

Before starting any of the coupled system experiments, a major check test for the
undisturbed underground soil (UUS) has been carried out. The test has been
conducted through monitoring the underground soil temperature profile at three
different depths. For this test the three previously installed underground temperature
reference thermocouples have been used to record the UUS temperatures every 15
minute span. Similar to the other thermocouples, these three thermocouples were
connected to the National Instruments modules which in turn are connected to the
computer system for data monitoring and logging.

According to (Henkel, et al., 2004) the underground temperature reference
thermocouples had been calibrated then installed at the south west side of the testing
facility building at a distance of 9.84ft (3m) away from the building to the west. The
three thermocouples are called “#Ground Ref. —T”l, “#Ground Ref.-M”z, and
“#Ground Ref.-B™, and they are used to monitor the UUS temperatures profiles at
the depths of 2ft (0.6m), 5ft (1.5m), and 9.5ft (2.9m) respectively. It should be
mentioned that these three thermocouples had been located away from the EAHE so
they would measure the UUS temperatures without being influenced by any

underground soil disturbance occurring due to other ongoing experiments.

! (#Ground Ref.-T) — Under-Ground Temperature Reference Thermocouple; Top - 2ft (0.6m) depth.
* (#Ground Ref.-M) — Under-Ground Temperature Reference Thermocouple; Middle - 5ft (1.5m) depth.
3 (#Ground Ref.-B) — Under-Ground Temperature Reference Thermocouple; Bottom — 9.5ft (2.9m) depth.
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The UUS test lasted for a whole year (366 days); from January 1%, 2008 till
December 31%, 2008. One goal for this test is to study the UUS temperature
variations over the course of a whole year to verify its capability of being a heat sink.
Another goal is to examine the influence of the coupled system on the underground
soil surrounding the EAHE by comparing the thermal performance of the UUS with
that of the underground soil surrounding the EAHE.
Figure 5-1 shows the UUS temperature profiles at the three different depths for

the entire year of 2008. And Table 5-1 shows the statistics for the UUS temperatures.
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Table 5-1 — Undisturbed Underground Soil (UUS) Temperatures Statistics

Thermocouple Name Thermocouple Max./Min. Temperature Date
Depth Value

Ground Ref. Max. 69.5 °F 8/5/08
Top 2 Min. 34.1 °F 2/26/08
Ground Ref. Max. 61.9 °F 8/20/08
Middle oM Min. 39.7 °F 4/3/08
Ground Ref. Max. 58.2 °F 9/29/08
Bottom I Min. 46.5 °F 4/23/08

As shown in Figure 5-1, the deeper the depth of the thermocouple underground
the less the temperature fluctuation. Moreover, by knowing that July and August are
the peak hot summer months of Omaha Nebraska, it is clear that there is a phase shift
between the ambient air temperatures and the underground temperature profile and
this shift increases by the increase of the underground depth.

Table 5-1 shows that at a depth of 9.5ft (2.9m) the UUS temperature fluctuates
between a maximum temperature of 58.2 °F and a minimum of 46.5 °F, which verifies
its good ability to be a good heat sink for the EAHE heat dissipation. Furthermore, it
is found that the maximum temperature at this depth during the period from July 1%,
2008 to August 31%, 2008 is 57 °F while the minimum is 52.2 °F.

These promising results of the UUS test motivated the current research to move
forward to estimate the maximum cooling capacity that could be extracted by the
coupled system during the natural (i.e. passive solar drive) and forced (i.e. fan

assisted, mechanically driven) airflow modes. Accordingly, the following section of
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this chapter is focusing on analyzing the coupled system thermal performance from

different points of view as well as evaluating its cooling capacity.

5.3 Performance Analysis of the Coupled System and EAHE

The thermal performance analysis starts by comparing the indoor and outdoor air
thermal environmental conditions, through plotting the indoor/outdoor temperature,
relative humidity and humidity ratio profiles. The main goal of this comparison is to
study the ability of the coupled system to comply with & maintain the indoor thermal
environmental comfort conditions recommended by ASHRAE standard 55-2004.

Thereafter, the calculation method of the cooling capacities is explained.
Afterwards, the design cooling load of the test facility building is calculated using
TRACE 700 software to provide a baseline for the coupled system cooling capacities
thermal analysis (refer to appendix C for more information about the design cooling
load calculations and results). Then, the cooling capacities of the EAHE as well as the
coupled system during the natural and forced airflow modes are calculated.
Accordingly, the thermal performance data (e.g. supply airflow rate, outdoor air
temperature (OAT), etc.) as well as the calculated cooling capacities data results of
the EAHE and the coupled system, during the natural and forced airflow modes are
plotted as time series on Excel sheets, to analyze thermal performance of the coupled
system and EAHE, as well as to study the effect of the various environmental

conditions on the different cooling capacities and vice versa.
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Moreover, discussions on the comparison between the coupled system cooling
capacities, during the natural and forced airflow modes, and the baseline design
cooling load are presented. Lastly, conclusions are drawn after each analysis section.
5.3.1 Thermal Comfort Analysis of the Coupled System
The coupled system thermal comfort analysis starts with presenting the
environmental thermal comfort conditions recommended by ASHRAE standard
55 of the year 2004 for thermal comfort. Thereafter, a comparison of the coupled
system, testing facility building, indoor and outdoor environmental conditions is
carried out. In this comparison the indoor and the outdoor temperatures, relative
humidity, and humidity ratios of the natural and forced airflow modes of the
coupled system are plotted as time series on Excel sheets. Consequently, the
compliance of the indoor environmental conditions, of the testing facility
building, with ASHRAE standard 55-2004 during the natural and forced airflow

modes are discussed and conclusions are drawn after each comparison section.
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(ASHRAE standard 55-2004)

Figure 5-2 shows the acceptable range of indoor environmental conditions
recommended by ASHRAE standard 55-2004. It is clear that the thermal comfort
zone limits are almost between 71°F and 82.5°F. Moreover, it shows that the
upper recommended humidity ration limit is 0.012, with no recommendation for
the lower humidity limit. Based on ASHRAE recommended comfort zone limits,
the indoor environmental conditions of the coupled system test facility building

have been evaluated as shown in the following figures.
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Figures 5-3 a, b and ¢, show comparisons between the indoor and outdoor
thermal environmental conditions (i.e. temperatures, relative humidity, and
Humidity ratios) for the natural airflow test carried out at the coupled system test
facility building during summer 2008 (from August 14", 2008 to August 31,
2008). Furthermore, Table 5-2 presents the maximum and minimum values for

the indoor (i.e. room) air thermal environmental conditions during this test.
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Fig. 5-3 (a) — Indoor-Outdoor Temperatures of 2008 Natural Airflow Test
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Fig. 5-3 (¢) — Indoor-Outdoor Humidity Ratios of 2008 Natural Airflow Test
From Figures 5-3 a, b, and c it is clear that the coupled system has damped
all the indoor environmental conditions (i.e. temperatures, relative humidity, and

humidity ratios) to an acceptable level during most of the days of summer 2008
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testing period. It is found through the analysis that the indoor thermal
environmental conditions experienced an increase during the stormy and windy
outdoor environmental conditions.

Table 5-2 — Indoor Environmental Conditions for 2008 Natural Airflow Test

Environmental
Max./Min. Value Unit Date Time
Condition
Max. 77.2 °F 8/14/08 00:00
RAT
Min. 70.4 °F 8/27/08 11:15
Max. 78 % 8/28/08 12:30
RA-RH% )
Min. 50 % 8/25/08 21:30
RA Max. 0.01438 N/A 8/22/08 17:45
Hum. Ratio Min. 0.008717 N/A 8/25/08 21:30

Moreover, the statistics of the indoor thermal environmental conditions of
summer 2008 testing period, provided on Table 5-2, show that the coupled system
maintained an acceptable indoor air temperature range of (70.4°F — 77.2°F) which
complies with ASHRAE standard 55-2004. On the other hand, the humidity ratio
has exceeded ASHRAESs’ upper recommended humidity ratio limit 0.012 at few
different days during the 2008 testing period when the outdoor air conditions were
stormy and windy. Accordingly, it is concluded that the coupled system has the
ability to provide an acceptable indoor thermal environmental conditions during
the natural airflow test of summer 2008. Moreover, the windy and stormy outdoor
air thermal environmental conditions could have a negative impact on the coupled

system thermal performance.
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Figures 5-4 a, b and c, show the coupled system indoor and outdoor

thermal environmental conditions comparison during the natural airflow test

carried out during the summer of 2009. Moreover, Table 5-3 presents the statistics

of the indoor thermal environmental conditions during this test.
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Fig. 5-4 (a) — Indoor-Outdoor Temperatures of 2009 Natural Airflow Test
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e OA-RH (%)  ====RA-RH (%)

100

" Y |
~ L “71 n

50

Temperature °F

40

30 — |
. '
7/17/09 7/22/09 7/27/09 8/1/09 8/6/09

Date

Fig. 5-4 (b) — Indoor-Outdoor Relative Humidity of 2009 Natural Airflow Test
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Fig. 5-4 (¢) — Indoor-Outdoor Humidity Ratios of 2009 Natural Airflow Test
From Figures 5-4 a, b, and c it is concluded that the coupled system
performance has improved during the summer 2009 testing period, which is

related to the mild outdoor air conditions during summer 2009 testing period
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compared to that of 2008 testing period. Similar to the 2008 testing period the
coupled system proved its ability to dampen all the indoor environmental
conditions (i.e. temperatures, relative humidity, and humidity ratios) during the
natural airflow of summer 2009.

Table 5-3 — Indoor Environmental Conditions for 2009 Natural Airflow Test

Environmental
Max./Min. Value Unit Date Time
Condition
Max. 75.8 °F 7/24/09 21:00
RAT
Min. 69 °F 8/2/09 10:15
Max. 70.8 % 8/4/09 14:00
RA-RH% )
Min. 39.2 % 7/18/09 00:15
RA Max. 0.012724 N/A 7/24/09 21:00
Hum. Ratio Min. 0.006872 N/A 7/18/09 05:00

Furthermore, the indoor thermal environmental conditions statistics of
summer 2009 testing period, provided on Table 5-3, show that the coupled system
maintained more acceptable conditions than that of 2008. Where, both the indoor
air temperature range (69°F — 75.8°F) and humidity ratio maximum value
(0.012724) complied with the indoor thermal environmental comfort zone limits
recommended by ASHRAE standard 55-2004. Thus, it can be concluded that the
coupled system natural airflow mode is able to maintain an acceptable and

comfortable indoor thermal environmental conditions.
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Figures 5-5 a, b and ¢, show the indoor and outdoor thermal environmental
conditions comparison during the forced airflow test carried out on summer 2009.
Moreover, Table 5-4 gives the statistics of the indoor thermal environmental

conditions of the forced airflow test.
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Fig. 5-5 (b) — Indoor-Outdoor Relative Humidity of 2009 Forced Airflow Test
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Fig. 5-5 (¢) — Indoor-Outdoor Humidity Ratios of 2009 Forced Airflow Test

From Figures 5-5 a, b and ¢ show that the coupled system has damped the

indoor thermal environmental conditions during the forced airflow test of summer
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2009 but not to the same extent as the natural airflow modes of 2008 and 2009.
Through the analysis, it is found that the coupled system ability to dampen the
indoor thermal environmental conditions is reduced during the forced airflow test,
due to the fact that the amount of airflow extracted by the electric fan is more than
the EAHE capacity for cooling and its surrounding underground soil for heat
absorption. Consequently, it is concluded that the installed fan is oversized which
allows too much air to bypass the EAHE without being cooled. This decreased the
coupled system dampening ability/effect and increased the indoor thermal
environmental conditions (i.e. temperatures, relative humidity, and humidity

ratios) to an unfavorable level.

Table 5-4 — Indoor Environmental Conditions for 2009 Forced Airflow Test

Environmental
Max./Min. Value Unit Date Time
Condition
Max. 824 °F 7/24/09 21:00
RAT
Min. 67.6 °F &/2/09 10:15
Max. 88.4 % 8/4/09 14:00
RA-RH% )
Min. 49.6 % 7/18/09 00:15
RA Max. 0.017868 N/A 7/24/09 21:00
Hum. Ratio Min. 0.009437 N/A 7/18/09 05:00

Moreover, the indoor thermal environmental conditions statistics of
summer 2009 forced airflow test, provided on Table 5-4, show that the indoor air

temperature was maintained at the range of (67.6°F — 82.4°F) which does not
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comply with the thermal comfort zone limits recommended by ASHRAE standard
55-2004. It should be mentioned that the indoor air temperature dropped down to
a level lower than the lower temperature limit of ASHRAE’s comfort zone during
few days of test, while it was maintained at the edge of the comfort zone upper

limit during most of the days.

It also show that the relative humidity was higher than 70% most of the test
time and that the humidity ratio exceeded the upper humidity ratio limit,
recommended by ASHRAE, during most of 2009 forced airflow testing period.
Accordingly, it is concluded that the coupled system forced airflow mode could
not comply with ASHRAE standard 55-2004 recommendations for the indoor

thermal environmental comfort conditions due to the oversized installed fan.

Cooling Capacity Calculation Method

According to (McQuiston, et al., 2004) there are two heat transfer modes
involved in the cooling process: the sensible heat transfer mode, which is
involved exclusively in reducing or maintaining the temperature of the air; and the
latent heat transfer mode, which involves moisture removal from the air stream
during the cooling process. Consequently, the total cooling capacity is divided
into two portions: the sensible cooling capacity and the latent cooling capacity,

this is represented mathematically as follows:

Qtotal,cooling = Qs,cooling + Ql,cooling (51)
Where:

Qtotaz,cooling = the rate of total cooling heat transfer, Btu/hr (W)
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Qs,coozing = the rate of sensible cooling heat transfer, Btu/hr (W)
Q'l,cooling = the rate of latent cooling heat transfer, Btu/hr (W)

The total cooling capacity of any system or subsystem (e.g. heat
exchanger) that utilizes air as the heat transfer medium can be formulated as
shown in equation (5.2):

Qtotal,cooling = Mgyir4dh (5.2)
Where:
Mg, = the mass flow rate of air flow, lbm/hr (kg/s)
Ah = the difference between the system entering and exiting air enthalpies,
Btu/lbm (k] /kg)

As the mass flow rate of air can be formulated as follows:

Mair = Qair (53)

air

Where:
Quir = the volume flow rate of air flow, ft'/hr (m?/s)
Vgir = the specific volume of air, ft*/Ibm (m’/kg)
And the specific volume of air can be formulated as the reciprocal of the

specific density of air as shown in equation (5.4):

1
= (5.4)

air

Vair

Where:

pair = the specific density of air, [bm/ft’ (kg/m’)



122

Then, by substituting the specific volume of air in equation (5.3) by using

equation (5.4), it can be simplified to be written as follows:
Mair = 60 pair CKFM (5.5)

Where:
60 = the constant for converting the volume flow rate of air flow from ft’/min
(CEM) to ft*/hr
CFM = the volume flow rate of air flow, ft’/min (CFM)

Accordingly, by substituting the mass flow rate of air in equation (5.2) by
using equation (5.5), it can be formulated as follows:

Qtotal,cooling = 60 pgyir CFM Ah (5.6)

The sensible cooling capacity of any system or subsystem (e.g. heat

exchanger) that utilizes air as the heat transfer medium is formulated as follows:

Qs,cooting = MairCp,, AT (5.7)
Where:
Q'S,woling = the rate of sensible cooling heat transfer, Btu/hr (W)
Cp,,, = the constant-pressure specific heat of air, Btu/(Ibm-°F) [J/(kg-K)]

AT = the difference between the system entering and exiting temperatures,°F (K)

In the same manner as the total cooling capacity, the mass flow rate of air
of the sensible cooling capacity in equation (5.7) is substituted by using equation

(5.5), to be formulated as follows:

Qs,cooling = 60 pgyir CFM CPaiTAT (5.8)
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On the other hand, the latent cooling capacity of any system or subsystem
(e.g. heat exchanger) that utilizes air as the heat transfer medium is formulated as
shown in equation (5.9).

Qucooting = hygtw (5.9

Where:
Q'l,cooling = the rate of latent cooling heat transfer, Btu/hr (W)
hsy = the enthalpy of vaporization, Btu/lbm (J/kg)

m,, = the mass flow rate of water condensation/vaporization, Ibm/hr (kg/s)

As the mass flow rate of water condensation/vaporization (i.e. moisture

removal/addition) can be formulated as follows:
m,, = My Aw (5.10)

Where:
Aw = the difference between the system entering and exiting air humidity ratios

By using equation (5.5) to substitute the mass flow rate of air flow in
equation (5.10), the mass flow rate of water condensation/vaporization can be
formulated as follows:

m,, = 60 pyir CFM Aw (5.11)

Accordingly, the mass flow rate of water condensation/vaporization in

equation (5.9) is substituted by equation (5.11), to be formulated as follows:
Queooting = 60 Pair hyg CFM Aw (5.12)
In order to determine the total, sensible and latent cooling capacities that

the coupled system can provide for the testing facility building as well as the
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EAHE cooling capacity, equations (5.6), (5.8), and (5.12) are applied to the
different system components. Consequently, the coupled system and EAHE, total,
sensible, and latent cooling capacities are formulated as follows:

The coupled system total cooling capacity is formulated as:

(5.13)

a.

ststem,t = 60 pgir CFMEapg (hRA - hSA)

Where:

CFMg4ur = the EAHE supply air mass flow rate, ft’/min

= the room air enthalpy, Btu/lbm

hra =
hg, = the supply air enthalpy, Btu/lbm
b. The coupled system sensible cooling capacity is formulated as:
ststem,s = 60 pgir CFMggpg CPW (Trar — Tsar) (5.14)
Where:
Trar = the average room air temperature, °F
Ts4r = the EAHE supply air temperature, °F
c. The coupled system latent cooling capacity is formulated as:
ststem,l = 60 pgr hfg CFMganp (Wra-nR — Wsa—HR) (5.15)
Where:
Wgra—pr = the room air humidity ratio
wsa—pr = the EAHE supply air humidity ratio

d. The EAHE total cooling capacity is formulated as:

QEAHE,t = 60 pgir CFMgapg (hoa — hsa) (5.16)
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Where:
hoa = the outdoor air enthalpy, Btu/lbm

e. The EAHE sensible cooling capacity is formulated as:

Qpangs = 60 pair CFMgapg Cp,, (Toar — Tsar) (5.17)
Where:
Toar = the outdoor air temperature, °F

f. The EAHE latent cooling capacity is formulated as:

QEAHE,I = 60 pgir hfg CFMgapg (Woa-nr — Wsa-HR) (5.18)

Where:
Woa—pgr = the outdoor air humidity ratio

By applying the above 6 formulas, from equation (5.13) to equation
(5.18), on the measured data of the 2008 and 2009 testing periods, the different
cooling capacities of the coupled system and EAHE are calculated for both the
natural and forced air flow modes. Furthermore, the calculated cooling capacities
are plotted as time series with other measured data (e.g. room/indoor air
temperature, underground soil temperature, etc.) to study the mutual effect the
cooling capacities and the measured data (i.e. environmental conditions on one
another. These plots are presented in the following sections to further understand

the thermal performance of the coupled system as well as the EAHE.
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Table 5-5 — The Atmospheric Air Condition Constants

Contents Unit Value

Air Enthalpy of Vaporization, &, Btu/lbm 1061.2
Constant-pressure specific heat of air, Cp,;,, Btu/(lbm-°F) 0.24

Specific density of air, p 4 lbm/f  0.0764

It should be mentioned that for the cooling capacities calculations the
Engineering Equation Solver (EES) has been used to calculate the indoor,
outdoor, and supply humidity ratios and enthalpies. Moreover, Excel spread
sheets are used to calculate and plot the different cooling capacities. Table 5-5
shows the values of the constants that have been used during the calculations.
Thermal Performance Analysis of the Coupled System and EAHE

To evaluate the thermal performance of the coupled system, the test
facility building design cooling load is calculated first to provide a baseline for
the coupled system cooling capacities thermal analysis. Accordingly, the load
calculation software program, TRACE 700, is used to obtain the design cooling
load of the test facility building.

The design cooling load calculations started by determining the R-values
of the test facility building envelope (i.e. walls, roof, and slab) as well as the U-
values of the windows and the static pressure loss through the EAHE. Thereafter,
the design indoor, outdoor, and supply air conditions are selected as well as the
infiltration rate and the shading coefficient. Afterwards, a building load

simulation is conducted using TRACE 700 software. A variable air volume
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(VAV) system is chosen as the design system for the test facility building,
working in a similar way to the coupled system. The similarities between the
coupled system and the VAV system are: in the coupled system the amount of
airflow rate changes with the change of the solar radiation (which is an indication
for the building cooling load). Likewise, in the VAV system the amount of
airflow rate changes with the building cooling load. Moreover, in the coupled
system the supply air temperature is almost constant due to the steady
underground soil temperature which acts as the cooling coil of the VAV system,
providing a constant supply air temperature of 55°F.

Consequently, the design cooling load and airflow rate values are
determined and recorded. Moreover, a fan is sized based on the calculated airflow
rate and the total pressure losses of the air path (i.e. EAHE). Table 5-6 show the
main design calculated values to be compared with the actual coupled system
cooling capacities.

It should be mentioned that the test facility building is a one story building
and the test room dimensions are 49.875ft (15.2m) length, 14.83ft (4.52m) width,
and 7.75ft (2.36m) height with a floor area of 740ft* (68.75m?). It should also be
pointed out that it is an unoccupied space with no internal loads. Moreover, all the
windows were covered with R-5 Styrofoam insulation during the 2008 and 2009
testing periods to minimize the solar gain. This explains why the calculated
design cooling load and airflow rate are relatively small compared to the floor
area. Furthermore, very few reasonable assumptions where made where the values

were not provided or unknown (e.g. some of the roof construction materials).
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Lastly, Appendix C includes a table of all the selected and calculated design
values, in addition to, the detailed design cooling load calculation report created
by TRACE 700 software.

Table 5-6 — Main Design Calculated Values

Design Component Calculated Value Unit
Total Cooling Load 0.8 Tons
Sensible Cooling Load 0.47 Tons
Latent Cooling Load 0.32 Tons
225 CFM
Fan size
0.0414 in.H,O

After estimating the baseline design cooling load, the thermal performance
analysis of the EAHE and coupled system is evaluated through plotting their
cooling capacities (i.e. total, sensible, and latent) during both the natural airflow
mode (2008 testing period) and the forced airflow mode (2009 testing period) on
Excel sheets, to be able to visualize the thermal performance of the system over
time. Thereafter, discussions on the coupled system cooling capacities during the
2008 and 2009 tests and the test facility building design cooling load is provided.

Furthermore, comparisons between the coupled system and EAHE cooling
capacities are conducted. Moreover, the analyses on the effect of the outdoor air
temperature (OAT) on the sensible cooling capacity, the outdoor air relative

humidity on the latent cooling capacity, and the airflow rate on the total cooling
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capacity during the natural and forced airflow tests are presented. Consequently,
conclusions are drawn after each analysis section.

It should be mentioned that the thermal performance of the coupled
system and EAHE during the natural airflow modes of the 2008 and 2009 testing
periods showed similar results, accordingly, only the results of the 2008 testing
period are presented in the following section beside the results of the forced
airflow mode test of the 2009 testing period.

5.3.3.1 Thermal Performance Analysis of 2008 Natural Airflow Test
Figures 5-6 a, b, and c show the total, sensible, and latent cooling

capacities of the EAHE during the natural airflow test of 2008 with time,

respectively.
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Fig. 5-6 (a) - EAHE Total Cooling Capacity (2008 Natural Airflow Test)
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EAHE Sensible Cooling Capacity - Natural Airflow (2008)
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Fig. 5-6 (b) - EAHE Sensible Cooling Capacity
(2008 Natural Airflow Test)
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Fig. 5-6 (¢) - EAHE Latent Cooling Capacity (2008 Natural Airflow Test)
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Figure 5-6 a show that the EAHE reached a maximum cooling Capacity of
about 10,950 Btu/hr (0.91 tons of cooling per hour), and a maximum sensible
cooling capacity of about 9,270 Btu/hr (0.77 tons of cooling per hour). It is
clear from both figures that the cooling capacities reach their maximum peak
during the day time due to the increase in the solar radiation intensity.

Moreover, Figure 5-6 c, shows that the EAHE latent cooling capacity
usually have negative values during the night time. This is explained as
follows: since the solar radiation drops to zero when the sun goes down, the
airflow rate through the EAHE drops to zero as well because the solar
collector cannot collect any solar radiation during the night time. Accordingly,
the supply relative humidity sensor reads the indoor/room air relative
humidity instead of the actual supply air relative humidity. On the other hand,
the outdoor air temperature and humidity ratio decreases during the night
time. Thus, the difference between the outdoor air humidity ratio and the
supply air humidity ratio (which in this case is the indoor humidity ratio
reading) become negative and produce inaccurate negative values for the
EAHE latent cooling capacity.

It is also clear from Figure 5-6 c, that the value of the EAHE latent cooling
capacity was positive during the nights when the outdoor air conditions were
stormy and windy. This phenomenon is due to the outside air wind producing
a draft through the EAHE. This draft was humid because of the stormy
outdoor air conditions, and consequently, condensation occurred inside the

EAHE while this draft was migrating through it. This led to a reduction on the
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supply air relative humidity ratio. On the other hand, the outdoor humidity
ratio was relatively high due to the outdoor air stormy conditions.
Accordingly, the difference between the outdoor and supply air humidity
ratios was positive during those nights. This also proves the aforementioned
explanation of the negative EAHE latent cooling capacities values during the
night time.

Figures 5-7 a, b, and c show the total, sensible, and latent cooling

capacities of the coupled system during the natural airflow test of 2008.
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Fig. 5-7 (a) — Coupled System Total Cooling Capacity

(2008 Natural Airflow Test)
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Coupled System Sensible Cooling Capacity - Natural airflow
(2008)
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Fig. 5-7 (b) — Coupled System Sensible Cooling Capacity
(2008 Natural Airflow Test)
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Fig. 5-7 (¢) — Coupled System Latent Cooling Capacity

(2008 Natural Airflow Test)
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From Figure 5-7 a and b it is clear that the coupled system reached a
maximum total cooling capacity of about 7,450 Btu.hr (0.63 tons of cooling
per hour), in the mean time it reached a maximum sensible cooling capacity of
about 4,860 Btu/hr (0.41 tons of cooling per hour). Comparing these values
with the design cooling load, it can be concluded that the coupled system
almost satisfied the test facility building design cooling load which is an
extreme condition that happens rarely. This implies the feasibility of the
coupled system performance during the natural airflow mode and its ability to
provide almost the same amount of cooling as the VAV system under the
same operational conditions.

Figure 5-7 ¢ shows that the latent cooling capacity has some negative
values during a few nights of the 2008 natural airflow test. It is found that
during these few nights the outdoor environmental conditions were stormy
and windy. This leads to an increase in the outdoor air humidity ratio.
Consequently, the difference between the outdoor air and supply humidity
ratios is very small during the days while it is negative during the night time.
This is explained as follows: since the solar radiation drops to zero when the
sun goes down, the airflow rate through the EAHE drops to zero as well
because the solar collector cannot collect any solar radiation during the night
time. Accordingly, the supply relative humidity sensor reads the indoor/room
air relative humidity instead of the actual supply air relative humidity.

From Figures 5-7 a, b, and c it is clear that the outdoor environmental

conditions impacts the performance of the coupled system. Furthermore, when



135
the solar radiation increases the coupled system cooling capacity increases.
This proves the natural controllability of the coupled system.

Moreover, Figure 5-8 show a comparison between the EAHE and coupled

system total cooling capacities during the same test.

Coupled system/EAHE Total Cooling Capacities - Natural
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Fig. 5-8 —- EAHE - Coupled System Total Cooling Capacity
Comparison (2008 Natural Airflow Test)

Figures 5-9 show the effect of the supply airflow rate on the coupled
system total cooling capacity. It is obvious that the total cooling capacity
follows the same pattern as the supply natural airflow rate. Accordingly, it is
concluded that as the natural airflow draft increases the cooling capacity

increases, which agrees with the common sense.
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Fig. 5-9 — Coupled System Total Cooling Capacity — Natural Airflow Rate

Comparison (2008 Natural Airflow Test)

Coupled System Sensible Cooling Capacity - OAT - Natural

100

——O0AT (°F)

airflow (2008)

= System Sensible C. Capacity

80

60

40

Temperature °F

20

0
8/13/08

8/18/08

A

8/23/08

Date

8/28/08

9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
0

9/2/08

Cooling Capacity (Btu/hr)
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Coupled System Latent Cooling Capacity/OA-RH% - Natural
Airflow (2008)
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Fig. 5-11 — Coupled System Latent Cooling Capacity — Outdoor Air

Relative Humidity Comparison (2008 Natural Airflow Test)

It is apparent from Figure 5-10 that the sensible cooling capacity follows
the same pattern as the outdoor air temperature. In other words, as the outdoor
air temperature increases the system sensible cooling capacity increases and
vice versa. This proves the efficiency of the coupled system as it has a sort of
natural control system as the cooling capacity increases when it is required (i.e.
when the outdoor air temperature increases). On the other hand, Figure 5-11
show that the latent cooling capacity follows a reverse pattern of the outdoor
air relative humidity. In other words, as the relative humidity decrease the

latent cooling capacity increase and vice versa.
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Thermal Performance Analysis of 2009 Forced Airflow Test
Figures 5-12 a, b, and ¢ show the total, sensible, and latent cooling
capacities of the EAHE during the forced airflow test of 2009 with time,
respectively. In addition, Figures 5-13 a, b, and ¢ show the total, sensible, and
latent cooling capacities of the coupled system during the forced airflow test
of 2009 as well. Moreover, Figure 5-14 show a comparison between the

EAHE and coupled system total cooling capacities during the same test.
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Fig. 5-12 (a) - EAHE Total Cooling Capacity (2009 Forced Airflow Test)
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Cooling Capacity (Btu/hr)
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Fig. 5-12 (b) - EAHE Sensible Cooling Capacity
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Figure 5-12 a show that the EAHE reached a maximum cooling Capacity

of about 114,421 Btu/hr (9.54 tons of cooling per hour), and a maximum
sensible cooling capacity of about 26,846 Btu/hr (2.24 tons of cooling per
hour). Moreover, Figure 5-12 c, shows that the EAHE average latent cooling
capacity is about 10,150 Btu/hr (0.85 tons per hour). It is clear from all the
figures that all the capacities have negative values during the night time. This
phenomenon is explained as follows: As the sun goes down the solar collector
does not collect solar radiation and the solar chimney natural draft that
exhausts the hot air inside the building decreases. In the same time, as
explained earlier the oversized fan extracts a huge amount of ambient air that
bypasses the EAHE without enough time to cool down. Accordingly, all the
supply air conditions increases during the night time which leads to negative
values in all the forms of cooling capacities. This can be clearly seen on
Figures 5-5 a, b, and ¢ where there is a shit between the indoor and outdoor air

conditions peaks.
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Coupled System Total Cooling Capacity - Forced Airflow
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Fig. 5-13 (a) — Coupled System Total Cooling Capacity
(2009 Forced Airflow Test)
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Fig. 5-13(b) — Coupled System Sensible Cooling Capacity

(2009 Forced Airflow Test)
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Coupled System Latent Cooling Capacity - Forced Airflow
(2009)
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Fig. 5-13 (c) — Coupled System Latent Cooling Capacity
(2009 Forced Airflow Test)

From Figure 5-13 a, b and c it is clear that the coupled system reached a
maximum total cooling capacity of about 15,275 Btu.hr (1.27 tons of cooling
per hour), maximum sensible cooling capacity of about 9,965 Btu/hr (0.83
tons of cooling per hour) and maximum latent cooling of about 6,330 Btu/hr
(0.53 tons of cooling per hour). It is also apparent that all the cooling
capacities have negative values during the night time. Again this phenomenon
happened because the natural chimney draft that exhausts the hot humid air
out of the building does not work during the night time. Accordingly, all the
hot air that bypassed the EAHE without being cooled down is trapped inside

the building which increases all the indoor environmental conditions
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extensively. This leads to a warm up of the building during the night time,

consequently negative cooling occurs.

Coupled System/EAHE Total Cooling Capacities - Forced
Airflow (2009)
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Fig. 5-14 — EAHE - Coupled System Total Cooling Capacity
Comparison (2009 Forced Airflow Test)

It is clear from Figure 5-14 that the EAHE cooling capacity is much
higher than that of the coupled system during the day time while the system
cooling capacity is higher than that of the EAHE during the night time. This
implies that EAHE performance during the day time is much better than the
night time because of the effect of the solar chimney and collector natural air

draft.
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Figures 5-15 show the effect of the supply airflow rate on the coupled
system total cooling capacity during 2009 forced airflow test. It is obvious
that the total cooling capacity does not follow the forced air flow pattern. This
is due to the small capacity of the EAHE compared to the fan airflow rate.
And also because of the day and night changes which affects the solar

chimney natural air draft.
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Fig. 5-15 — Coupled System Total Cooling Capacity — Forced Airflow

Rate Comparison (2009 Forced Airflow Test)
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Coupled System Sensible Cooling Capacity/OAT - Forced
Airflow (2009)
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Fig. 5-16 — Coupled System Sensible Cooling Capacity — Outdoor Air

Temperature Comparison (2009 Forced Airflow Test)
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Fig. 5-17 — Coupled System Latent Cooling Capacity — Outdoor Air

Relative Humidity Comparison (2009 Forced Airflow Test)
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It is apparent from Figure 5-16 that the sensible cooling capacity follows

an opposite pattern of the outdoor air temperature. In other words, as the
outdoor air temperature increases the system sensible cooling capacity
decreases and vice versa. On the other hand, Figure 5-17 show that the latent
cooling capacity follows almost the same pattern of the outdoor air relative
humidity. In other words, as the relative humidity increase the latent cooling

capacity increase and vice versa.
5.4 Earth-to-Air Heat Exchanger and the Effect on Air and Soil

In this section the analysis of the effect of the heat transfer of air along the length
of the EAHE during the natural airflow test of 2008 and the forced airflow test of
2009 are presented. Moreover, the analysis of the effect of the heat transfer from the
EAHE to the surrounding underground soil during the 2009 forced air flow test is
provided. And the effect of the EAHE and coupled system total cooling capacities on
the underground soil is discussed. This analysis aims to study how the heat transfer of
the EAHE affects the air migrating through it and the underground soil surrounding
it, to develop a better understanding of its thermal performance and provide

recommendations for future enhanced performance.
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Earth-to-Air Heat Exchanger and the Effect on Air

EAHE Air Temperature Profiles at 4 Different Locations Along the
EAHE (2008 Natural Airflow Test)
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Fig. 5-18 — EAHE Air Temperature Profiles at 4 Different Locations
(2008 Natural Airflow Test)

Figure 5-18 show the EAHE air temperature profiles of 4 different points
along the EAHE during the natural airflow test of 2008. It is clear from the figure
that air temperature decreases extensively while it is migrating through the 188ft
long EAHE. This proves the effectiveness it effectiveness and ability for heat
dissipation. Moreover, the peaks on the supply air temperature during the night
time are related to the false reading of the supply air temperature sensor during
the night time as there is no supply airflow during the night time so it reads the

room air temperature instead which is high during the nights.
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It should be mentioned that for the EAHE air temperature profiles analysis
during the 2008 natural airflow test, only one week worth of data is presented

(from August 14, 2008 to August 21, 2008) as the rest of the data show a similar

pattern.
Airflow Rate/EAHE Air Temperature Profiles at 4 Different
Locations Along the EAHE (2009 Forced Airflow Test)
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Fig. 5-19 — Airflow Rate — Air Temperature Profiles at 4 Different Locations

(2009 Forced Airflow Test)

Figure 5-19 show the EAHE air temperature profiles of 4 different points
along the EAHE during the natural airflow test of 2009 as well as the airflow rate
profile. It is clear that the air temperature profiles followed the same pattern as the
natural airflow test of 2008 which proves the effect of the test facility building
thermal mass on the underground soil surrounding the building vicinity and the

outlet of the EAHE. It is also apparent from the above figure that the EAHE air



5.4.2

149
temperature profile follows the same pattern as the airflow rate. In other words as
the airflow rate increases the temperature of air inside the EAHE increases and
vice versa, which follows the common sense. It should be mentioned that the
natural airflow test of 2008 showed a similar results for the airflow rate and
EAHE air temperature profiles.

Earth-to-Air Heat Exchanger and the Effect on Soil

This sub-section starts studying the effect of the ambient air on the UUS
temperature profiles during the 2009 natural airflow test. Thereafter, the analysis
on the effect of the forced air flow rate on the underground soil above and next
the EAHE is conducted. Furthermore, the effect of the EAHE and coupled system

total cooling capacities on the underground soil surrounding the EAHE is studied.
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Fig. 5-20 — 2009 Underground Reference — Outdoor Air Temperatures
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As shown in Figure 5-20 the UUS temperature profile at 9.5ft depth stayed

at a range of 53.3°F-57.6°F which is considered as a good temperature range for a
heat sink as discussed earlier. Moreover, the UUS temperature profile at 2ft depth
almost followed the main changes in the outdoor air temperature (i.e. the weekly

temperature rage changes not the daily temperature changes).
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Fig. 5-21 — Airflow Rate — Underground Temperature profile at 30 ft from

the Test Facility Building (2009 Entire Testing Period)

Figure 5-21 shows the underground soil temperature profiles at 30ft away
from the test facility building at 3 different heights 1ft, 4ft, and 7ft above the
EAHE along with the airflow rate profile during the entire 2009 testing period. It

is clear from the above figure that the underground soil temperatures at the
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different depths increased drastically during the forced airflow testing period,
with higher values closer to the EAHE tube and less values away from it. For
example, the underground soil temperature at 1ft above the EAHE preserved at a
temperature of about 64°F then it rose up to 70°F during the forced airflow test,
afterwards it settled down again at a temperature of about 64.5°F. This
phenomenon is called the ground thermal saturation, where the underground
temperatures rise above their normal temperatures during the time of the year. It
should be mentioned that it took the forced airflow test few hours to thermally
saturate the ground, while it took the ground over two weeks to recover from it
thermal saturation. This answers one of the main questions on which this current
research is based on “how long will it take the underground soil to recover from

its thermal saturation?”

The underground thermal saturation negatively affects the EAHE and
coupled system cooling performance. As it decreases the underground ability to
be a heat sink, accordingly it reduced the cooling capacity that could be extracted
by both the EAHE and the coupled system. This explains why during the forced
airflow test, the system could not maintain the indoor environmental conditions
within the thermal comfort zone limits recommended by ASHRAE. Moreover, it
explains the negative values that appeared for all the cooling capacities forms

during the night time of the forced airflow test.

Figure 5-22 show the underground temperature profile at 30 ft away from

the test facility building at 6 inches above the EAHE and 6 inches next to the
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EAHE. The results of this figure show that the underground heat dissipation in the
vertical level is higher than that on the horizontal level. And that both the vertical
and the horizontal levels experienced thermal saturation with different degrees
during the forced airflow test conducted during the 2009 testing period.
Moreover, it shows that the underground temperatures followed the outdoor air
temperature pattern especially during the forced airflow test and with a less

damping degree than the period before and after the forced airflow test.
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Fig. 5-22 — Outdoor Air Temperature and Underground Temperature

Profiles at 6 Inches above and next to the EAHE (2009 Entire Testing Period)

Figure 5-23 show the underground temperature profile at 30ft away from

the test facility building and 1ft above the EAHE along with the EAHE and
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coupled system total cooling capacities. It is clear from this figure that although
the underground soil experienced thermal saturation during the forced airflow
test, both the EAHE and the coupled system cooling capacities increased during
the same period. This is because of the great amount of airflow rate that traveled
along the EAHE, not because temperature difference between either the outdoor
air and supply air or the indoor air and the supply air. The increase in the cooling
capacities during the 2009 forced airflow test is considered as a good indication

for the underground capacity for heat dissipation.

Coupled System and EAHE Total Cooling Capacity/30'
Underground Temperature - Forced Airflow (2009)
e====TC 30":1' ACP_(°F) ====System Total C. Capacity EAHE Total C. Capacity
1 - 250,000
69 =
- 200,000 §
67
2 &
@ g5 - 150,000 I
S =]
= o
g 63 - 100,000 8
2 61 - S
g - 50,000 Y.
l_ 59 " AERw I.T R .E
andarahaA P Y TV ©
57 AT EaYe REEASA AA !’l!h“ A A bt | 8
55 -50,000
7/23/09 8/2/09 8/12/09 8/22/09 9/1/09
Date

Fig. 5-23 — Coupled System and EAHE Total Cooling Capacities —
Underground Temperature profile at 30ft away from the Test Facility

Building during the 2009 Forced Airflow Test
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5.5 Solar Chimney Driving Force

In this section an analysis of the solar chimney driving force during the 2008
natural airflow test is conducted. The analyses begin with studying the effect of the
outdoor air temperature on the EAHE airflow rate which is a result/part of the solar
chimney natural draft. Thereafter, the effect of the outdoor air temperature on the
solar chimney air temperatures which controls its natural draft driving force is
presented. Moreover, a comparison between the solar chimney temperature and the
airflow rates is carried out. Furthermore, the effect of the solar chimney air

temperatures on the coupled system total cooling capacity is introduced.
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Fig. 5-24 — Outdoor Air Temperature — EAHE Airflow Rate

(2008 Natural Airflow Test)
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It is clear from Figure 5-24 that the EAHE airflow rate followed the same exact
pattern of the outdoor air temperature. In other words, as the outdoor air temperature
increases the EAHE airflow rate, which is derived by the solar chimney natural draft,
increases. This proves the effectiveness of coupling the EAHE with the solar chimney
technology and shows the effect of the solar radiation and the outdoor air temperature

on the solar chimney natural draft and consequently the supply airflow to the

building.
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Fig. 5-25 — Comparison between the Outdoor Air and Chimney air
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Figure 5-25 shows how using the solar collector and solar chimney techniques
amplifies the amount of the ambient air temperature to create a natural draft. It is
clear from the figure that the solar chimney temperatures follows the same pattern as
the outdoor air temperature, which implies that increasing the outdoor air temperature
increase the solar chimney driving force. The same fact is also proved through Figure
5-26 that show the effect of the chimney air temperatures on the EAHE and the solar
collector airflow rates. As the chimney air temperatures increase, the airflow rates
increases. It is worth mentioning that from Figure 5-26 it is concluded that the airflow
rate through the solar collector is higher than that through the EAHE. This means that
there is an undesired amount of air infiltration through the building which affects the
coupled system cooling capacity as it increased the test facility building cooling
loads. Recommendations on how to reduce the amount of air infiltration to the

building are provided on chapter 6 of this thesis.
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Chimney Temperature/Airflow Rates - Natural Airflow (2008)
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Fig. 5-26 — Chimney Temperature and the Airflow Rates Comparison
Coupled System Total Cooling Capacity/Chimney Temperature -
Natural Airflow (2008)
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Fig. 5-27 — Chimney Temperature — Coupled System Total Cooling Capacity

Comparison
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As shown in Figure 5-27 the total cooling capacity of the coupled system is
largely affected by the solar chimney air temperatures (i.e. driving force), where the
coupled system total cooling capacity increases with the increase of the solar chimney
air temperatures and vice versa. This follows the common sense. It can be clearly
seen that a maximum chimney air temperature of about 155°F can create a total
cooling capacity of more than 6,000 Btu/hr (0.5 tons of cooling per hour) which is
very good compared to the amount of energy required by conventional air
conditioning system to provide the same amount of cooling. The above analysis
proves the feasibility of the coupled system through some design improvements

which are presented on chapter 6 of this thesis.
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5.6 Summary

In this chapter a study on the undisturbed underground soil temperatures has been
conducted, where the results of the study motivated the further analysis of the
coupled system. Thereafter, the thermal performance analysis of the coupled system
and the EAHE is evaluated from different points of view to answer few the important
questions about the feasibility of the coupled system. The first question is “could the
coupled system provide comfort indoor environmental conditions that complies with
ASHRAE standard 55?” the answer to this question is found to be yes with few
improvements on the design side of the system. Another question is “how much
cooling capacity could the coupled system provide for the test facility building during
the hot summer months on both the natural airflow mode and the forced airflow
mode?” to answer this question the cooling capacities calculation method has been
presented, moreover, cooling capacity analysis has been conducted. Furthermore, the
analysis of the effect of the EAHE heat transfer on the air flowing through it and the
underground soil surrounding it is provided. Finally, the solar chimney driving force
has been discussed from various points and its effect on the coupled system total

cooling capacity has been evaluated.
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Chapter, 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Since in the United States the HVAC systems is one of the main energy
consuming components in the building sector which in turn consumes about 70% of
the annual electrical energy consumption, especially during the summer due to the
summer cooling loads. It is necessary to investigate the renewable energy alternatives
for cooling residential and commercial buildings. Accordingly, a literature review on
utilizing the geothermal energy through the use of the EAHE system, and the solar
energy, by the use of a solar chimney, has been conducted. The results of the review
showed that most of the previous researches have been conducted on each system
separately and a few experiments have been done on the coupled system.

Consequently, the present research has been conducted on the coupled system at
the Solar Energy Research Test Facility (SERTF) in Omaha, Nebraska to further
investigate the thermal performance of the coupled system. The dimensions of the test
room at the SERTF are: 49.875ft in length, 14.83ft in width, and 7.75ft in height with
a total floor area of 740ft>. Two tests have been conducted in order to investigate the
cooling capacity that the coupled system can provide to the test room and to
determine if the underground soil would experience thermal saturation when the

airflow is extracted through the EAHE by means of an electrical fan.
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In the first test, a “Natural Airflow” test, the coupled system was allowed to be
naturally driven by means of the passive solar energy and the stack effect. While in
the second test, a “Forced Airflow” test, a fan was installed to the coupled system to
enhance the airflow rate. Sufficient measuring instruments (e.g. thermocouples, air
velocity transmitters, and relative humidity sensor) were installed at various locations
of the test facility building to allow the calculation of the EAHE and coupled system
cooling capacities as well as to study the various effects of the system components on
the different environmental parameters and vice versa. Moreover, the measured data

was logged and collected using an in situ computer system.

Furthermore, calibration for the measuring instruments was done in situ to
minimize the measuring and calculation errors. In addition, an uncertainty analysis
for the measured and calculated data was performed. The resulting data was analyzed
and cooling capacities were determined to study the thermal performance of the
implemented system during the two tests. Consequently, several conclusions were

drawn from the results of the two tests as follows:

e The uncertainty error of the measured and calculated data is found to be in an
acceptable range, where the thermocouple uncertainty is +£0.502°F. While the
airflow measuring instruments uncertainty is in the range from +7.2CFM to
+14.33CFM and the calculated sensible cooling capacity relative uncertainty
error is +3.0%.

e The undisturbed underground soil at a depth of 9.5ft proved to be a good heat

sink as its temperature fluctuates in the range of 46.5°F — 58.2°F over the
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course of a whole year. Furthermore, its temperature range during the hot
summer months (i.e. July and August) is 52.2°F - 57°F, which validates its
ability as a good heat sink during the hot summer season. In addition, it is
found that the deeper the depth of the thermocouple in the ground the cooler
the underground temperature is, and the more stable the temperature
fluctuation are around the whole year.

During 2008 and 2009 natural airflow modes/test, the coupled system was
able to maintain the indoor thermal environmental comfort conditions at a
favorable range that complied with ASHRAE standard 55-2004 for thermal
comfort. The indoor air temperature was maintained at a range of 69°F -
77.2°F, while the indoor humidity ratio was maintained at a range of 0.006872
-0.01438.

During 2009 forced airflow mode/test, the coupled system was not able to
maintain comfortable indoor thermal environmental conditions, as the indoor
air temperature was maintained at the high range of 67.6°F - 82.4°F, while the
indoor humidity ratio was maintained at the high range of 0.009437 -
0.017868 which does not comply with the recommended upper humidity ratio
level (i.e. 0.012) by ASHRAE. The reason for this non-compliance is that the
fan is oversized, causing the amount airflow rate to be much higher than the
EAHE capacity for heat dissipation. Thus, there is not enough time and area

for the heat exchange.
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The coupled system provided an acceptable amount of cooling capacity during
the natural airflow test of 2008. The EAHE maximum cooling capacity during
that test was 0.91 tons of cooling per hour, while the coupled system
maximum cooling capacity was 0.63 tons of cooling which almost covered the
building design cooling load (i.e. 0.8 tons, maximum extreme condition).
It was found during the forced airflow test of 2009, that although the system
can not entirely provide favorable thermal comfort, it can provide a very good
amount of cooling capacity, where the EAHE maximum cooling capacity was
9.54 tons of cooling per hour, while the coupled system maximum cooling
capacity was 1.27 tons of cooling, which is even more than the building
design cooling load amount.
During the forced airflow test of 2009, the underground soil surrounding the
EAHE experienced thermal saturation in the first few hours of operation. The
underground soil temperature at 1ft above the EAHE rose up from 64°F to
70°F. After the forced airflow test, the underground temperature at the same
location recovered over a period of more than two weeks, where the
underground soil temperatures drop down to 64.5°F. This phenomenon
happened due to the oversized installed fan.
It is found that the air temperature is reduced by about 40°F while it migrates
through the 188ft long EAHE.
During the natural airflow mode, it is found that the increase in the outdoor air

temperature and solar radiation increases the solar chimney natural draft (i.e.
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driving force) and the amount of airflow to the building which in turn,
increases the amount of cooling capacity provided to the building.

In addition, there is a great amount of infiltration to the test facility building
which increases the building cooling load and consequently reduces the ability
of the system to provide enough cooling for the test facility building.

By comparing the coupled system during the natural airflow more with a
VAV system, it is found that the coupled system was able to provide a similar
amount of airflow to the building as the VAV system, which almost covered
the building design cooling load, an extreme condition. This implies that the
coupled system is feasible as it provided the same amount of airflow and

cooling capacity as the VAV system under the same operational conditions.

6.2 Recommendations

The coupled system thermal performance and resulting cooling capacities can be

further improved over the systems two operational modes. The author suggests the

following to improve the performance of the implemented coupled system.

Increase the size of the solar collector, design and size the EAHE based on the
required airflow and use a multiple pipe EAHE to increase the amount of
airflow and cooling capacities that could be provided to the building.

Re-size the fan based on the required airflow amount and the total pressure
losses through the EAHE. (The recommended fan size is 244 CFM at 0.414

in.H,0O).
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Study the possibility of delaying the onset of the underground thermal
saturation by adding moisture to the underground soil and adjust the
perforation position of the EAHE to optimize the humidity ratio of supply air.
Insulate the very last portion of the EAHE that penetrates the test facility
building through the concrete slab to prevent warming up the supply air.
Develop a complete mathematical model for the whole system (i.e. EAHE,
test facility building, solar collector, and solar chimney) to further understand
the performance of the coupled system.
Implement the system with a conventional HAVC system to pre-cool/pre-heat

the outdoor air temperature to help reduce the electrical energy consumption.
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Appendix, A

CALCULATED AND MEASURED DATA

2008 NATURAL AIRFLOW TEST (SAMPLE DATA)

Outdoor Air Conditions

Indoor Air Conditions

Supply Air Conditions

System Capacities

EAHE Capacities

= m m

AR EE: of |0 g%

Date - Time % z E;_ % ; E § § § E_ )
AN 28 13223

3 £ < o ) o

8/14/08 0:00 | 17 | 72.4 | 75 |0.0127| 31.36 [77.2|59.2|0.0118| 31.49 | 62 |80.2 [0.0094| 25.22 [488.61| 285.00 [192.35| 478.48 | 194.51 | 271.74
8/14/08 0:15 | 38 | 72.1 |75.4|0.0127| 31.21 |77.1|60.2|0.0119| 31.65 |61.5 | 83.8 |0.0097| 25.38 {1092.1| 652.17 |414.07| 1015.54 | 443.14 | 547.16
8/14/080:30 | 7 | 70.9 [67.8|0.0109| 28.99 [77.0|59.8(0.0118| 31.49 |61.2 | 84.9 [0.0097| 25.33 [197.66| 121.80 | 71.03 | 117.44 | 74.70 | 40.04
8/14/080:45 | 9 | 70.1 |64.6|0.0101| 27.91 |76.9|58.5|0.0115| 31.13 |61.1 | 86.2 |0.0098| 25.43 {235.16| 156.75 | 73.11 | 102.31 | 89.11 | 10.95
8/14/08 1:00 | 16 | 69.9 | 61 |0.0094| 27.16 |76.8|57.8|0.0113| 30.91 | 61 |86.9 [0.0099| 25.46 [399.72| 277.31 |112.39| 124.68 | 156.66 | -34.01
8/14/08 1:15 | 9 | 69.4 [60.9|0.0093| 26.84 [76.7|58.3|0.0114| 30.96 | 61 |86.6 |0.0098| 25.42 [228.56| 155.15 | 67.82 | 58.58 | 83.17 | -25.39
8/14/08 1:30 | 1 | 68.7 [64.9|0.0096| 27.09 |76.6|58.50.0114| 30.93 |61.2 | 86.1 |0.0099| 25.48 | 24.98 | 16.98 | 7.47 | 7.38 | 8.25 | -1.03
8/14/08 1:45 | 1 | 67.6 [69.3|0.0099| 27.12 |76.7|59.6|0.0117| 31.24 |69.1|86.1 [0.0131/30.91 | 1.51 | 8.38 | -6.86 | -17.37 | -1.65 | -15.27
8/14/082:00 | 1 | 66.3 [71.9|0.0098| 26.72 |76.7|59.6|0.0117| 31.24 |68.3 | 78.4 |0.0115/29.06 | 9.99 | 9.25 | 0.58 | -10.73 | -2.20 | -8.23
8/14/08 2:15 | 1 | 65.9 |73.1[0.0099| 26.65 |76.7|60.1(0.0118| 31.35 |72.6| 76 |0.0130|31.69 | -1.56 | 4.49 |-5.98 | -23.10 | -7.37 | -15.15
8/14/082:30 | 1 | 65.3 |76.7|0.0101| 26.8 [76.7|59.9|0.0117| 31.31 |72.4 |74.4 [0.0126/31.24 | 0.32 | 4.69 |-4.38 | -20.35 | -7.81 | -12.02
8/14/08 2:45 | 1 | 64.5 |76.3|0.0098| 26.24 |76.6|60.1|0.0117| 31.28 | 74.2 | 70.9 [0.0128 31.86 | -2.66 | 2.67 | -5.16 | -25.76 | -10.67 | -14.42
8/14/083:00 | 1 | 63.6 [80.2|0.0100| 26.22 [76.6|59.9|0.0117| 31.24 | 74 |68.7 |0.0123(31.27 | -0.14 | 2.84 | -2.97 | -23.15 | -11.44 | -11.14
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Outdoor Air Conditions Indoor Air Conditions Supply Air Conditions System Capacities EAHE Capacities

o m m

A3 0% |0F | oZ

Date - Time % E: 92 % ; E § § § E_ )
282 |25 28 13223

3 8 2 0|5 o

8/14/08 3:15 | 1 | 62.9 |81.2|0.0099| 25.91 |76.5| 60 |0.0117| 31.19 72 | 67.5|0.0113/ 2966 | 7.01 | 500 | 1.90 | -17.19 | -10.01 | -6.77
8/14/083:30 | 1 | 62.3 | 84 |0.0100( 25.91 |76.5|59.9|0.0116| 31.17 |71.7 | 66.6 |0.0110 29.3 | 857 | 5.25 | 3.11 | -15.54 | -10.34 | -4.82
8/14/08 3:45 | 1 | 61.9 |85.6|0.0101| 25.86 |76.4|59.9|0.0116 31.1 | 70.5|69.5|0.0110/29.03 | 9.49 | 6.52 | 2.82 | -14.53 | -9.46 | -4.67
8/14/08 4:00 | 33 | 62.1 |86.8|0.0103| 26.15 |76.3|58.8|0.0113| 30.8 |63.3|76.3 0.0094| 25.5 |801.74|471.13 [310.63| 98.33 | -43.57 | 138.86
8/14/08 4:15 | 4 | 62.9 |84.8|0.0103| 26.4 (76.2|59.1|0.0114| 30.8 |62.6| 80 |0.0096| 2557 | 95.90 | 59.65 | 33.76 | 15.22 1.32 | 13.72
8/14/08 4:30 | 9 | 63.3 |84.5|0.0104| 26.62 |76.1|58.8|0.0113| 30.66 |61.4 | 81.9 |0.0094| 25.07 |230.62| 145.40 | 79.64 | 63.95 | 18.81 | 43.74
8/14/08 4:45 | 6 | 63.4 |{81.9]0.0101| 26.33 (76.0| 59 |0.0113| 30.64 |62.4| 82 |0.0098| 2571 |135.59| 89.87 | 42.61 | 17.05 6.60 | 10.22
8/14/085:00 | 2 | 63.4 |81.2|0.0101| 26.23 |75.9|58.7|0.0112| 30.51 | 61.4 | 81.8 |0.0094| 25.06 | 49.97 | 31.99 | 16.93 | 10.73 4.40 6.13
8/14/085:15 | 1 | 63.6 |80.9|0.0101| 26.32 |75.8|58.2|/0.0110| 30.34 | 61.3| 85 |0.0098| 25.41 | 22.60 | 16.00 | 6.12 4.17 2.53 1.55
8/14/08 5:30 | 13 | 63.4 |80.8|0.0100| 26.18 |75.9|58.8|0.0112| 30.53 67 | 80.4 |0.0113| 28.49 |121.57| 127.07 | -8.22 | -137.66 | -51.49 | -82.84
8/14/08 5:45 | 1 | 62.9 |80.7|0.0098| 25.85 |75.8|58.9(0.0112| 30.49 |67.8|77.5|0.0112| 2857 | 880 | 8.83 | -0.19 | -12.47 | -5.39 | -6.78
8/14/08 6:00 | 1 | 62.6 |{81.9]0.0098| 25.82 (75.8| 59 |0.0112| 30.51 | 66.6 | 69.2 |0.0096| 26.49 | 18.43 | 10.13 | 7.87 -3.07 -4.40 1.39
8/14/08 6:15 | 0 | 62.1 |85.5|0.0101| 25.98 |75.8|58.6|0.0111| 30.42 | 69.8 | 72.7 |0.0113| 29.12 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/08 6:30 | 0 | 61.7 |86.5|0.0101| 25.85 |75.8|58.8|0.0111| 30.47 | 71.4 | 72.4 |0.0119| 30.16 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/08 6:45 | 1 | 61.7 |87.3|0.0102| 25.96 |75.7|58.8|0.0111| 30.4 | 68.7 | 68.2 |0.0101| 27.64 | 12.65| 7.70 | 4.67 -7.70 -7.70 0.19
8/14/08 7:00 | 0 | 61.8 |87.6|0.0103| 26.06 |75.7|59.8|0.0113| 30.61 70 |67.2 |0.0105| 28.3 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/08 7:15 | 0 | 61.9 |87.6|0.0103| 26.12 |75.6|60.1|0.0113| 30.61 | 70.8 | 68.4 | 0.011| 29.03 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/08 7:30 | 1 | 62.7 {88.3|0.0107| 26.74 |75.6|59.6|0.0112| 30.5 |69.9 | 67.1 |0.0104| 28.21 | 10.50 | 6.30 | 3.99 -6.74 -7.92 1.31
8/14/08 7:45 | 0 | 63.6 {88.6|0.0111| 27.39 |75.6| 59 |0.0111| 30.38 | 65.7 | 70.4 |0.0094| 26.12 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/08 8:00 | 1 | 64.1 |86.2| 0.011 | 27.39 |75.5|58.6|0.0110| 30.23 | 62.7 | 78.3 |0.0094| 25.4 | 22.14 | 14.12 | 7.54 9.12 1.54 7.34
8/14/08 8:15 | 0 | 64.9 |86.1|0.0113| 27.92 |75.4|58.7|0.0110| 30.18 |61.2 | 81 |0.0093| 24.84 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/14/088:30 | 2 | 66.1 |83.1|0.0113| 28.29 |75.4|59.9|0.0112| 30.43 | 61.5 | 81.5|0.0094| 25.08 | 49.05 | 30.55 | 17.34 | 29.43 | 10.12 | 18.60
8/14/08 8:45 | 16 | 67.1 {79.3|0.0112| 28.38 |75.3|59.6|0.0111| 30.3 | 60.8 | 84.7 |0.0096| 25.06 |384.32| 255.37 |120.56| 243.50 | 110.90 | 127.57




Outdoor Air Conditions

Indoor Air Conditions

Supply Air Conditions

System Capacities

EAHE Capacities

> 3 = m 2 =

Date - Time @ T g E =4 = § © § g.%

x| | © 32 g8 |22 |25

5% g | =2 oS5 &

8/14/08 9:00 | 22 | 68.3 |76.8|0.0113| 28.79 |75.2|59.6/0.0111| 30.24 | 60.7 | 85.9 |0.0097| 25.14 |514.32| 351.32 |151.54| 368.10 | 183.95 | 175.08
8/14/08 9:15 | 25| 70.2 |74.9|0.0118| 29.77 |75.1|59.3|0.0110| 30.11 | 60.6 | 86.5 |0.0097| 25.16 |567.27| 399.65 |155.91| 528.31 | 264.04 | 251.98
8/14/08 9:30 | 32| 72.5 {66.9|0.0114| 29.89 |75.1|59.4|0.0110| 30.13 | 60.6 | 87 |0.0097| 25.22 [720.24| 509.39 |193.80| 685.03 | 418.94 | 249.84
8/14/08 9:45 | 35| 72.2 |65.9|0.0111| 29.5 |75.1|59.3|0.0110| 30.11 | 60.7 | 87.6 |0.0098| 25.36 |762.09| 552.70 |190.86| 664.22 | 442.81 | 206.18
8/14/08 10:00 | 34 | 72.6 {63.6|0.0108| 29.33 |75.0| 59 |0.0109| 29.98 | 60.7 | 87.8 |0.0099| 25.38 |716.94| 536.05 |166.72| 615.63 | 445.12 | 156.79
8/14/08 10:15| 36 | 74.6 |58.8(0.0107| 29.68 |75.0|59.3|0.0109| 30.04 | 60.7 | 88.4 |0.0099| 25.46 |755.81| 566.36 |173.20| 696.40 | 550.52 | 131.17
8/14/08 10:30|93 | 77 |54.6|0.0108| 30.34 |75.0| 61 |0.0113| 30.4 60.8 | 89 |0.0101| 25.59 [2050.5|1453.66|542.88| 2024.98 |1657.50| 321.21
8/14/08 10:45| 65 | 78.2 |55.6(0.0114| 31.35 |75.0|61.2|0.0113| 30.44 61 | 89.6 |0.0102| 25.8 |1382.5(1000.05(347.81| 1653.68 |1229.98| 385.76
8/14/08 11:00| 48 | 77.4 |57.7|0.0115| 31.29 |75.0|61.5|0.0114| 30.5 61 | 89.9 [0.0102| 25.84 |1025.3| 739.31 |263.85|1199.17 | 866.05 | 308.22
8/14/08 11:15| 58 | 77.5 |53.3]0.0107| 30.37 |75.0|62.2|0.0115| 30.64 61 90 |0.0102| 25.85 [1273.5| 895.78 |349.86| 1201.74 |1052.85| 121.32
8/14/08 11:30| 95 | 77.9 |53.8(0.0109| 30.74 |75.1|62.2|0.0115| 30.71 |61.1| 90 |0.0103| 25.91 |2090.3|1462.41|577.66| 2103.37 |1755.86| 300.39
8/14/08 11:45| 81 | 79.2 |50.7|0.0107| 30.86 |75.1|63.4|0.0118| 30.96 | 61.2 | 90.1 |0.0103| 25.99 |1845.3|1242.78|563.46| 1808.25 |1604.03| 165.49
8/14/08 12:00| 85| 81 (48.6|0.0109| 31.5 |75.2| 64 |0.0119| 31.15 | 61.4 | 90.8 |0.0105| 26.21 [1924.8(1291.21|587.15| 2061.20 |1832.87| 181.93
8/14/08 12:15| 94 | 81.2 |48.2(0.0109| 31.53 |75.3|64.7|0.0121| 31.37 | 61.5 | 90.3 |0.0105| 26.21 |2223.4|1429.51|740.77| 2292.37 |2037.28| 201.20
8/14/08 12:30| 70 | 79.6 |50.4|0.0108| 31.05 |75.4|64.7|0.0121| 31.44 | 61.5|91.2 |0.0106| 26.33 |{1639.7|1071.64|531.21| 1514.55 |{1393.90| 88.53
8/14/08 12:45| 88 | 81 |48.5|0.0109| 31.48 |75.5|64.7|0.0122| 31.51 | 61.6 | 91.2 |0.0106| 26.4 |2061.3|1347.21|667.80| 2049.23 |1878.19| 128.42
8/14/08 13:00| 14 | 81.3 |44.5|0.0101| 30.65 |75.6|65.1|0.0123| 31.66 | 61.6 |91.2 |0.0106| 26.4 |3423.8|2185.92|1160.4| 2766.44 |3077.59|-359.20
8/14/08 13:15| 13 | 82.7 |45.8|0.0109| 31.87 |75.7|65.5|0.0124| 31.82 | 61.7 | 90.5 |0.0106| 26.37 |3272.7|2014.37|1172.5| 3302.77 |3026.54| 197.55
8/14/08 13:30| 16 | 82.2 | 47 |0.0110| 31.87 |75.8|65.4|0.0124| 31.87 | 61.7 | 91.2 |0.0106| 26.46 |4191.1|2612.99|1463.3| 4191.11 |3811.50| 279.52
8/14/08 13:45| 17 | 81.8 {49.8(0.0115| 32.33 |75.8|65.9(0.0125| 31.97 | 61.8 | 92.2 |0.0108| 26.66 |4137.9|2624.14|1422.3| 4418.52 |3740.54| 578.88
8/14/08 14:00| 12 | 81.9 |50.4|0.0117| 32.56 |75.9|66.2|0.0126| 32.11 | 61.9 | 92.6 |0.0109| 26.78 |3151.8|1990.16|1085.6| 3417.92 |2838.41| 495.75
8/14/08 14:15| 14 | 82.6 (48.4|0.0115| 32.5 [76.0|66.9|0.0128| 32.33 62 | 92.6 [0.0109| 26.85 |3692.6|2262.89|1337.2| 3807.24 {3331.50| 386.15
8/14/08 14:30| 13 | 82.8 | 45 |0.0107| 31.72 |76.1|67.2|0.0129| 32.47 | 62.1 | 92.6 |0.0110| 26.91 |3415.2|2068.44|1258.0| 2954.57 |3051.62|-162.96
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Outdoor Air Conditions Indoor Air Conditions Supply Air Conditions System Capacities EAHE Capacities

o m m

IR 0f 0% g%

Date - Time % Z 2 % = B g § § g
n 3 ) 3 2 g8 22 |25

5% g | =2 oS5 &

8/14/08 14:45| 17 | 83.2 | 48 |0.0116| 32.79 |76.2|66.7|0.0129| 32.43 | 62.2 | 92.7 |0.0110| 26.99 |4264.2|2633.78|1522.2| 4546.41 |3950.67| 482.47
8/14/08 15:00| 15 | 83.2 |45.1|0.0109| 32 |76.3/66.4|0.0128| 32.44 | 62.3 |92.5 |0.0110| 27.04 |3737.7|2332.13|1322.1| 3433.23 |3471.99|-110.18
8/14/08 15:15| 19 | 83.6 |46.9|0.0115| 32.75 |76.4|66.9|0.0130| 32.62 | 62.4|92.8 |0.0111| 27.14 |4797.9|2945.06(1728.1| 4911.80 |4454.77| 343.78
8/14/08 15:30| 15 | 83.3 |47.7|0.0116| 32.77 |76.5|65.8|0.0128| 32.46 | 62.5|92.7 |0.0111| 27.2 |3665.0|2343.71{1227.4| 3881.00 |3478.27| 310.55
8/14/08 15:45| 17 | 83.7 | 46 |0.0113| 32.57 |76.6|65.9|0.0129| 32.55 | 62.5|93.1 |0.0112| 27.25 |4227.3|2703.55(1413.5| 4243.32 |4058.27| 84.64
8/14/08 16:00| 17 | 84 |45.7|0.0113| 32.68 |76.7|65.9|0.0129| 32.62 | 62.5|92.9 |0.0112| 27.22 |4356.6|2743.56|1498.2| 4405.04 |4163.01| 145.55
8/14/08 16:15| 16 | 82.9 |48.2|0.0115| 32.64 |76.7|65.4|0.0128| 32.51 | 62.6|92.7 |0.0112| 27.27 |3891.2|2521.21|1284.5| 3987.80 |3617.99| 275.82
8/14/08 16:30| 11| 83.5 |47.7|0.0116| 32.91 |76.8|65.6|0.0129| 32.63 | 62.6 | 92.9 |0.0112| 27.29 |2839.5|1818.07|953.64 | 2988.40 |2667.23| 248.29
8/14/08 16:45| 13 | 82.7 |44.3|0.0105| 31.47 |76.9| 65 |0.0128| 32.57 |62.6 | 93 |0.0112| 27.31 (3327.4|2167.55|1074.0| 2631.58 |3051.62|-469.91
8/14/08 17:00| 10 | 82.5 |46.5|0.0110| 31.93 |76.9|65.5|0.0129| 32.68 | 62.6 | 91.7 |0.0111| 27.13 |2544.1|1577.46|904.80| 2200.32 (2189.32| -38.92
8/14/08 17:15|92 | 82 |44.7|0.0104| 31.14 |77.0|65.1|0.0129| 32.66 | 62.6 | 91.8 |0.0111| 27.15 |2323.7|1452.82|810.04| 1682.69 |1963.57|-317.75
8/14/08 17:30| 95 | 81.7 |47.1|0.0108| 31.57 |77.0| 65 |0.0129| 32.64 |62.6 | 91.2 |0.0110| 27.07 |2425.6|1505.02|864.19| 1959.66 |1996.24| -73.94
8/14/08 17:45| 86 | 81.4 |47.6|0.0108| 31.51 |77.0|64.5|0.0128| 32.53 | 62.6 | 91.4 |0.0110| 27.09 |2144.5|1364.62|727.93| 1742.47 |1778.74| -79.49
8/14/08 18:00| 79 | 80.5 |50.2|0.0111| 31.58 |77.0|64.5|0.0128| 32.53 | 62.5 | 91.4 |0.0110| 27.02 {1995.3|1262.91|684.05| 1651.34 |1564.43| 46.12
8/14/08 18:15| 58 | 79.5 |50.7|0.0109| 31.05 |77.1|64.1|0.0127| 32.51 | 62.5|91.4 |0.0110| 27.02 |1459.6| 929.65 |490.93| 1071.46 |1084.76| -36.68
8/14/08 18:30| 63 | 78.7 |50.4|0.0105| 30.47 |77.1]63.6|0.0126| 32.4 |62.4|91.5| 0.011| 26.97 {1568.1/1017.26|511.80| 1010.77 |1129.75|-137.91
8/14/08 18:45 | 48 | 78.3 |53.5|0.0110| 30.93 |77.1| 63 |0.0125| 32.27 |62.3 |91.4 |0.0109| 26.89 [1183.7| 780.74 |371.26| 888.93 | 844.92 | 25.68
8/14/08 19:00| 41 | 77.8 |57.5|0.0117| 31.52 |77.1|62.7|0.0124| 32.2 |62.2 |91.7 |0.0109| 26.86 |1003.6| 671.05 |305.15| 875.82 | 703.66 | 149.58
8/14/08 19:15| 31| 76.3 |60.4|0.0117| 31.14 |77.0|62.2|0.0123| 32.02 |62.1|91.2 |0.0108| 26.73 |751.73| 509.48 |224.69| 626.68 | 484.29 | 128.18
8/14/08 19:30| 15| 76 | 63 |0.0120| 31.5 |77.0/62.5|0.0124| 32.09 | 61.9 |90.4 |0.0106| 26.49 |385.06| 249.95 [126.23| 344.49 | 232.68 | 103.61
8/14/08 19:45 75.3 |65.5|0.0122| 31.54 |77.1|62.8|0.0125| 32.22 | 61.8 | 88.8 |0.0104| 26.22 |220.03| 134.25 | 80.17 | 195.10 | 118.82 | 71.61
8/14/08 20:00 74.3 166.1|0.0119| 30.96 |77.0|63.2|0.0125| 32.24 | 61.8 | 87.8 |0.0103| 26.09 | 84.57 | 50.19 | 32.40 | 66.97 | 41.26 | 24.23
8/14/08 20:15 73.1 |67.2|0.0116| 30.35 |77.1| 63 |0.0125| 32.27 62 | 86.1|0.0101| 2599 |28.79 | 16.57 | 11.43 | 19.99 | 12.21 | 7.30

VLT



Outdoor Air Conditions Indoor Air Conditions Supply Air Conditions System Capacities EAHE Capacities

> 3 = m 2 =
Date - Time @ T g E =4 2 § © § = %

x| | © 32 g8 |22 |25

5% g | =2 oS5 &
8/14/08 20:30| 1 | 72.4 |71.7|0.0121| 30.73 |77.1]62.1|0.0123| 32.07 | 62.7 | 84.9 |0.0103| 26.29 | 26.50 | 15.82 | 10.02 | 20.35 | 10.67 | 9.19
8/14/08 20:45| 6 | 71.4 |73.6|0.0121| 30.38 |77.1|61.4|0.0122| 31.91 |63.5|83.2 |0.0103| 26.57 |146.87| 89.67 | 53.41 | 104.79 | 52.15 | 49.91
8/14/08 21:00| 1 | 70.5 |75.9|0.0121| 30.16 |77.0|61.2|0.0121| 31.8 | 63.4 | 84.2 |0.0104| 26.64 | 23.65 | 14.99 | 8.08 | 16.14 7.81 7.88
8/14/08 21:15| 1 | 69.8 |76.6|0.0119| 29.79 |77.0|60.8|0.0120| 31.71 | 67.2 | 80.9 |0.0115| 28.7 | 13.80 | 10.83 | 2.68 5.00 2.86 1.99
8/14/08 21:30| 1 | 69.3 {79.2|0.0121| 29.89 |77.0|60.9|0.0120| 31.73 | 71.5| 82 |0.0135| 32 |-1.24 | 6.08 |-7.20 | -9.67 -2.42 | -7.00
8/14/08 21:45| 1 | 68.8 |79.1|0.0119| 29.52 |77.0/60.4|0.0119| 31.62 |72.6|78.5|0.0134|32.17 | -2.52 | 4.84 |-7.25 | -12.15 | -4.18 | -7.64
8/14/08 22:00| 1 | 68.5 |78.7|0.0117| 29.24 |77.0/59.8|0.0118| 31.49 |74.4|76.3 |0.0139|33.11 | -7.43 | 2.84 |-10.07| -17.74 | -6.49 | -10.75
8/14/08 22:15| 1 | 67.9 |78.9|0.0115| 28.86 |76.9|59.4|0.0117| 31.33 |74.7 | 75.2 |0.0138| 33,11 | -8.16 | 2.46 |-10.31| -19.48 | -7.48 | -11.43
8/14/08 22:30| 1 | 67.5 |79.2|0.0113| 28.64 |76.9|59.7|0.0117| 31.4 |74.4|74.6 |0.0136|32.76 | -6.23 | 2.73 | -8.80 | -18.89 | -7.59 | -10.80
8/14/08 22:45| 1 | 67.2 |81.1|0.0115| 28.73 |76.8|59.8|0.0117| 31.35 |74.4 | 73 |0.0133|32.43 | -495 | 2.68 | -7.44 | -16.96 | -7.92 | -8.56
8/14/08 23:00| 1 | 66.9 |81.4|0.0114| 28.57 |76.8|60.3|0.0118| 31.46 | 74.7 | 72.6 |0.0133| 32.57 | -5.09 | 2.29 | -7.20 | -18.34 | -8.58 | -9.24
8/14/08 23:15| 1 | 66.3 |82.1|0.0113| 28.27 |76.7|60.2|0.0118| 31.37 |74.9|71.9 |0.0133| 32,58 | -5.55 | 2.02 |-7.30 | -19.76 | -9.46 | -9.73
8/14/08 23:30| 1 | 65.8 |83.2|0.0112| 28.1 |76.7|60.2|0.0118| 31.37 |74.7 | 72 |0.0132| 3245 | -495| 2.19 |-6.96 | -19.94 | -9.79 | -9.63
8/14/08 23:45| 1 | 65.5 |85.3|0.0114| 28.21 |76.7|60.8|0.0119| 31.5 |74.4|71.9|0.0131|32.21|-3.25| 2.48 | -5.64 | -18.34 | -9.79 | -8.08
8/15/08 0:00 | 1 | 65.1 |86.6|0.0114 28.13 |76.6|60.6|0.0118| 31.39 | 74.2 | 72.5|0.0131| 32.18 | -3.62 | 2.64 | -6.13 | -18.57 | -10.01 | -8.12
8/15/080:15 | 0 | 65 | 86 |0.0113| 27.97 |76.5|60.3|0.0117| 31.26 75 | 69.6 (0.0129| 32.18 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/15/08 0:30 | 1 | 65.1 |87.4|0.0115| 28.24 |76.4|60.5|0.0117| 31.23 |74.9 | 67.6 |0.0125/31.69 | -2.11 | 1.70 | -3.65 | -15.81 | -10.78 | -4.62
8/15/08 0:45 | 1 | 64.3 |87.7|0.0112| 27.74 |76.4|60.5|0.0117| 31.23 |74.7 | 67.5|0.0124/ 3153 | -1.38 | 1.88 | -3.16 | -17.37 | -11.44 | -5.50
8/15/08 1:00 | 1 | 64.5 |88.8|0.0115| 28.03 |76.3|60.7|0.0117| 31.21 |74.6 |67.3 |0.0123(31.42|-096 | 191 | -2.77 | -15.54 | -11.11 | -4.04
8/15/08 1:15 | 1 | 64.3 |89.1|0.0114| 27.94 |76.3|60.8|0.0117| 31.23 |74.2 | 67.6 |0.0122/ 31.19| 0.18 | 2.32 | -2.14 | -14.90 | -10.89 | -3.65
8/15/081:30 | 0 | 64.2 |88.5|0.0113| 27.78 |76.2|60.9|0.0117| 31.18 75 | 66.7 |0.0123| 31,57 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00
8/15/08 1:45 | 1 | 63.7 |88.7|0.0111 27.47 |76.2|60.9|0.0117| 31.18 |74.4 | 66.6 |0.0121|31.13 | 0.23 | 1.97 | -1.75 | -16.78 | -11.77 | -4.62
8/15/082:00 | 1 | 63.8 |90.6|0.0114| 27.8 |76.1|60.9|0.0117| 31.12 |74.3 | 66.4 |0.0120/31.02 | 0.46 | 2.01 |-1.51 | -14.76 | -11.55 | -2.82
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Date - Time

8/6/09 15:30

1765.5

2009 FORCED AIRFLOW TEST (SAMPLE DATA)

Outdoor Air Conditions Indoor Air Conditions

81.5

45.8

0.010

31.11

1VY 28esany
(%) HY-vy

(m) oney'H-vy

(wqi/ma)
Adjeyau3-vy

72.0

60.5

Supply Air Conditions

67.7

68.3

0.009

27.03

System Capacities

10763.7

8416.7

EAHE Capacities

Aoede)
*J |erol JHV3I

Aypede)
*J 3|qisuas JHV3I

Aypede)
*J Juale] JHV3I

2226.46

33019.65

26804.1

5549.69

8/6/09 15:45

1762.5

81.2

45.8

0.010

30.92

72.0

58.8

0.00

68.2

68.8

0.010

27.42

5089.96

7432.9

-2384.31

28277.55

25207.4

2494.65

8/6/09 16:00

1753.5

81.2

45.9

0.010

30.95

72.1

60.9

0.01

68.6

68.8

0.010

27.67

6671.58

6735.8

-242.11

26364.78

24307.0

1452.46

8/6/09 16:15

1784.5

81.3

46.1

0.010

31.06

72.2

62.3

0.01

69

68.4

0.010

27.86

7852.94

6249.6

1424.04

26176.47

24147.7

1453.70

8/6/09 16:30

1759.0

814

46.4

0.010

31.20

72.3

61.9

0.01

69.4

68.4

0.010

28.12

5563.65

5644.2

-115.07

24834.83

232221

1079.70

8/6/09 16:45

1769.0

81.6

46.8

0.010

31.42

72.4

60

0.01

69.5

66

0.010

27.77

6081.82

5579.0

287.51

29598.20

23548.8

5396.73

8/6/09 17:00

1754.5

81.6

47.3

0.010

31.55

72.5

60.4

0.01

69.7

67.5

0.010

28.16

4021.31

5356.3

-1442.84

27264.51

22969.7

3711.01

8/6/09 17:15

1783.5

81

47.8

0.010

31.31

72.5

60.9

0.01

69.8

67.4

0.010

28.2

4496.56

5281.4

-894.67

25426.00

21975.9

2889.85

8/6/09 17:30

1749.5

80.8

48.5

0.010

31.35

72.6

61.8

0.01

70

68.3

0.010

28.49

4009.85

4924.1

-1083.16

22936.36

20787.0

1676.20

8/6/09 17:45

1771.0

80.6

49.2

0.010

3141

72.6

60.6

0.01

70

67.5

0.010

28.35

3328.49

5049.5

-1795.24

24841.89

20652.8

3622.42

8/6/09 18:00

1759.5

79.4

50.1

0.010

30.84

72.6

61.5

0.01

69.9

67.5

0.010

28.28

5242.61

5226.4

-133.28

20647.80

18389.4

1756.93

8/6/09 18:15

1775.5

78.4

50.9

0.010

30.41

72.5

61.7

0.01

69.7

68

0.010

28.24

5371.67

5534.4

-197.17

17661.40

16994.0

281.72

8/6/09 18:30

1785.0

78

51.9

0.010

30.37

72.5

61.5

0.01

69.5

68.8

0.010

28.25

4991.29

5793.1

-951.54

17346.77

16692.1

309.11

8/6/09 18:45

1779.0

77.9

52.9

0.010

30.53

72.4

62.2

0.01

69.4

68.4

0.010

28.12

6605.50

5838.9

643.01

19653.40

16636.0

2637.58

8/6/09 19:00

1776.5

77.7

53.9

0.010

30.64

72.4

62.5

0.01

69.4

68.8

0.010

28.18

6596.22

5781.8

550.95

20032.95

16221.8

3315.10

8/6/09 19:15

1793.5

77.6

55.0

0.011

30.82

72.3

64.2

0.01

69.5

71.8

0.011

28.76

4028.49

5607.0

-1624.90

16936.09

15982.4

528.74

8/6/09 19:30

1783.0

77.8

56.1

0.011

31.19

72.4

65.2

0.01

69.7

74.3

0.011

29.33

1389.46

5230.8

-3882.79

15202.29

15888.8

-951.48

8/6/09 19:45

1786.5

77.1

57.2

0.011

30.98

72.4

66

0.01

69.6

75

0.011

29.38

2211.12

5535.9

-3298.28

13102.91

14740.7

-1921.07

8/6/09 20:00

1772.5

76.5

58.3

0.011

30.82

72.4

67.1

0.01

69.5

75.9

0.011

29.46

3250.06

5557.6

-2502.24

11050.19

13650.2

-2835.24

8/6/09 20:15

1782.0

76.3

59.4

0.011

30.93

72.4

67.5

0.01

69.6

76

0.011

29.55

3104.10

5391.3

-2405.79

11272.79

13135.2

-2109.09

9T



Date - Time

8/6/09 20:30

1772.5

Outdoor Air Conditions

76

60.5

0.011

30.96

Indoor Air Conditions

1VY 28esany

(%) HY-vd

(m) oney'H-vy

(wqi/ma)
Adjeyau3-vy

72.3

67.7

69.5

76.4

Supply Air Conditions

0.011

29.55

2843.80

System Capacities

5525.1

-2624.25

EAHE Capacities

Aoede)
*J |erol JHV3I

Ayoede)
*J 3|qisuas JHV3I

Ayoede)
D Jualeq] JHV3I

11456.45

12675.2

-1449.14

8/6/09 20:45

1778.0

75.5

61.6

0.011

30.85

72.3

68.2

0.01

w|B
©lo

69.4

76.7

0.011

29.53

3830.67

5623.7

-1938.40

10758.46

11932.1

-1420.04

8/6/09 21:00

1760.0

75

62.6

0.011

30.73

72.2

67.8

0.01

N
o
o0

69.3

78.3

0.011

29.73

1048.82

5679.7

-4631.78

8067.84

11036.8

-3199.71

8/6/09 21:15

1763.5

74.8

63.6

0.011

30.79

72.2

68.3

0.01

29.9

69.2

78.2

0.011

29.65

2425.17

5788.0

-3412.62

9215.63

10864.7

-1809.71

8/6/09 21:30

1763.5

74.6

64.5

0.011

30.84

72.2

68.5

0.01

29.9

69.1

77.3

0.011

29.42

4607.81

5917.4

-1566.13

11479.12

10670.7

534.15

8/6/09 21:45

1767.5

74.4

65.4

0.011

30.88

72.1

68.3

0.01

29.8

69.1

79

0.012

29.71

1377.38

5833.6

-4469.13

9479.60

10306.0

-1059.25

8/6/09 22:00

1782.0

74.4

66.1

0.012

31.04

72.0

68.2

0.01

29.7

69.1

77.5

0.011

29.46

2695.67

5767.0

-2982.66

12906.53

10390.5

2185.78

8/6/09 22:15

1775.5

74.5

66.8

0.012

31.24

72.0

68

0.01

29.7

69.1

77.7

0.011

29.49

2197.50

5746.0

-3533.97

14243.06

10548.0

3358.20

8/6/09 22:30

1777.5

74.8

67.4

0.012

31.57

72.1

68.5

0.01

29.9

69.2

77.4

0.011

29.51

3340.70

5605.8

-2411.36

16785.00

10950.9

5434.14

8/6/09 22:45

1785.0

74.8

67.9

0.012

31.67

72.1

68.4

0.01

29.9

69.3

77.7

0.011

29.63

2209.26

5433.1

-3334.36

16692.18

10800.8

5455.87

8/6/09 23:00

1778.0

74.8

68.2

0.012

31.74

72.1

68.5

0.01

29.9

69.3

77.9

0.011

29.67

2037.59

5395.5

-3442.84

16871.23

10758.4

5724.65

8/6/09 23:15

1779.5

74.8

68.4

0.012

31.79

72.1

69.2

0.01

30.0

69.3

78.3

0.011

29.73

2610.31

5449.0

-2947.56

16803.89

10767.5

5538.18

8/6/09 23:30

1783.5

74.6

68.5

0.012

31.66

72.1

69.5

0.01

30.1

69.3

78.6

0.012

29.78

2697.94

5444.9

-2914.09

15370.06

10399.3

4520.06

8/6/09 23:45

1777.0

74.3

68.4

0.012

31.43

72.1

69.4

0.01

30.0

69.2

79.4

0.012

29.85

1954.98

5604.2

-3764.55

12870.31

9970.42

2568.29

8/7/09 0:00

1784.5

74.2

69.7

0.012

3161

72.1

70.2

0.01

30.2

69.2

80.4

0.012

30.02

1799.63

5627.9

-3940.11

13006.44

9816.17

2886.53

8/7/09 0:15

1784.0

73.8

69.2

0.012

31.23

72.0

70.7

0.01

30.2

69.1

80.9

0.012

30.03

1880.91

5773.5

-3851.89

9813.43

9224.62

332.31

8/7/09 0:30

1780.5

73.4

69.1

0.012

30.93

72.0

71.4

0.01

30.3

69

829

0.012

30.3

734.56

5843.8

-5114.07

5141.94

8618.87

-3595.18

8/7/09 0:45

1803.0

73.2

69.3

0.012

30.83

71.9

72.7

0.01

30.5

68.9

84.3

0.012

30.46

826.50

6033.4

-5105.31

3058.03

8529.43

-5528.97

8/7/09 1:00

1787.5

73

69.8

0.012

30.79

71.9

74.2

0.01

30.8

68.9

834

0.012

30.31

4342.77

5948.7

-1630.47

3933.07

8062.79

-4212.37

8/7/09 1:15

1802.5

72.8

70.6

0.012

30.79

71.9

75

0.01

30.9

68.8

86.3

0.013

30.73

2148.29

6163.9

-3969.42

495.76

7932.15

-7340.40

8/7/09 1:30

1782.5

72.6

71.5

0.012

30.84

71.9

75.5

0.01

31.0

68.8

86

0.012

30.67

3431.81

6013.8

-2785.19

1389.07

7451.93

-6137.77

8/7/09 1:45

1786.0

72.5

72.6

0.012

30.98

71.9

75.6

0.01

311

68.7

87

0.013

30.77

2783.59

6222.1

-3580.48

1719.28

7466.56

-5758.38

8/7/09 2:00

1782.0

72.3

73.9

0.012

31.07

71.8

76.6

0.01

31.2

68.7

88.5

0.013

31.02

1633.74

6077.5

-4469.39

408.43

7057.74

-6597.55

LLT



Date - Time

8/7/09 2:15

1783.0

Outdoor Air Conditions

72.1

75.3

0.012

31.19

Indoor Air Conditions

1VY 28esany

(m) oney'H-vy

(wqi/ma)
Adjeyau3-vy

71.8

68.6

89.3

Supply Air Conditions

0.013

31.08

980.79

System Capacities

6260.7

-5277.06

EAHE Capacities

Aoede)
*J |erol JHV3I

Ayoede)
*J 3|qisuas JHV3I

Ayoede)
D Jualeq] JHV3I

899.06

6865.54

-5987.48

8/7/09 2:30

1781.5

72

76.7

0.012

31.38

71.8

0.01

68.5

89.3

0.013

31

2368.25

6418.7

-4129.32

3103.23

6859.77

-3837.47

8/7/09 2:45

1783.0

71.7

78.1

0.012

31.43

71.7

0.01

68.5

90.1

0.013

31.13

735.59

6342.4

-5574.77

2451.98

6277.07

-3884.79

8/7/09 3:00

1775.0

71.5

79.6

0.013

31.56

71.7

0.01

68.4

90

0.013

31.04

2685.08

6395.3

-3839.71

4231.03

6053.63

-1930.64

8/7/09 3:15

1785.0

714

81.1

0.013

31.76

71.7

0.01

68.3

91.1

0.013

31.15

1963.79

6611.4

-4752.74

4991.29

6087.73

-1197.77

8/7/09 3:30

1785.0

71.3

82.6

0.013

31.96

71.7

0.01

68.4

94.2

0.014

31.74

-736.42

6415.0

-7194.30

1800.14

5694.97

-3965.68

8/7/09 3:45

1780.5

68.8

84.0

0.012

30.34

71.6

0.01

68.3

98

0.014

32.29

-3999.29

6464.1

10380.49

15915.53

979.417

16420.0

8/7/09 4:00

1794.0

68.7

85.4

0.012

30.50

71.5

0.01

68.1

100

0.014

32.46

-4276.32

6743.4

10705.42

16118.44

1184.21

16707.2

8/7/09 4:15

1784.0

69

86.7

0.013

30.94

71.6

0.01

68.2

100

0.014

32.54

-4416.04

6575.0

10837.15

13084.57

1570.14

14139.4

8/7/09 4:30

1786.5

69

87.9

0.013

31.15

71.6

0.01

68.2

100

0.014

32.54

-3685.19

6649.7

10115.76

11383.15

1572.34

12516.1

8/7/09 4:45

1770.0

69.3

89.1

0.013

31.57

71.6

0.01

68.4

99

0.014

32.54

-2271.83

6263.7

-8424.99

-7870.27

1752.55

-9385.46

8/7/09 5:00

1777.5

69.4

90.1

0.013

31.82

71.7

0.01

68.5

100

0.014

32.79

-3422.19

6159.9

-9394.08

-7903.62

1759.98

-9258.84

8/7/09 5:15

1773.0

68.9

91.0

0.013

31.59

71.6

0.01

68.3

99.8

0.014

32.59

-3332.25

6436.9

-9626.55

-8127.43

1170.35

-9058.29

8/7/09 5:30

1786.0

68.8

91.8

0.013

31.65

71.5

0.01

68.1

100

0.014

32.46

-2865.46

6713.3

-9336.68

-6631.49

1375.42

-7704.81

8/7/09 5:45

1769.0

68.8

92.5

0.013

31.76

714

0.01

68

100

0.014

32.38

-3162.55

6681.9

-9498.44

-5027.64

1556.94

-6291.17

8/7/09 6:00

1772.0

69

93.0

0.014

32.01

71.4

0.01

68.1

100

0.014

32.46

-3817.74

6498.2

-9961.03

-3655.28

1754.53

-5167.01

8/7/09 6:15

1759.5

69.1

93.4

0.014

32.16

714

0.01

68.1

100

0.014

32.46

-2097.04

6436.3

-8305.12

-2419.66

1935.73

-4143.88

8/7/09 6:30

1755.5

69.3

93.7

0.014

32.37

71.4

0.01

68.2

100

0.014

32.54

-3782.19

6244.6

-9736.83

-1368.03

2124.46

-3331.05

8/7/09 6:45

1763.0

69.3

93.9

0.014

32.40

71.5

0.01

68.2

100

0.014

32.54

-2909.37

6303.6

-9082.32

-1131.42

2133.54

-3124.25

8/7/09 7:00

1768.5

69.2

93.9

0.014

32.32

71.5

0.01

68.2

100

0.014

32.54

-3485.93

6339.5

-9692.21

-1783.50

1945.63

-3520.55

8/7/09 7:15

1760.5

69.2

93.8

0.014

3231

71.4

0.01

68.2

100

0.014

32.54

-3389.46

6246.2

-9331.87

-1856.13

1936.83

-3626.66

8/7/097:30

1769.5

69.3

93.6

0.014

32.35

71.5

0.01

68.3

100

0.014

32.62

-2920.10

6132.2

-8982.49

-2190.07

1946.73

-3951.04

8/7/09 7:45

1761.0

69.5

93.3

0.014

32.45

71.5

0.01

68.4

100

0.014

32.7

-2663.90

5925.1

-8518.24

-2018.11

2131.11

-3967.60
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Date - Time

8/7/09 8:00

1761.5

Outdoor Air Conditions

69.8

92.8

0.014

32.61

Indoor Air Conditions

1VY 28esany

(%) HY-vd

(m) oney'H-vy

(wqi/ma)
Adjeyau3-vy

71.5

84.6

0.01

68.5

100

Supply Air Conditions

0.014

32.79

-2503.16

System Capacities

5829.9

-8100.59

EAHE Capacities

Aoede)
*J |erol JHV3I

Ayoede)
*J 3|qisuas JHV3I

Ayoede)
D Jualeq] JHV3I

-1453.45

2519.31

-3732.71

8/7/09 8:15

1758.5

70.2

92.3

0.014

32.84

71.6

84.3

0.01

68.7

100

0.015

32.95

-3627.43

5642.6

-9008.50

-886.71

2901.94

-3659.59

8/7/09 8:30

1758.5

71.3

91.6

0.015

33.61

71.7

84.5

0.01

68.9

99.9

0.015

331

-3949.87

5416.9

-9209.13

4111.09

4643.11

-644.14

8/7/09 8:45

1758.0

73.1

90.8

0.015

34.96

71.9

85.2

0.01

69.4

100

0.015

33.53

-5076.96

4738.5

-9636.07

11523.90

7156.10

4184.54

8/7/09 9:00

1781.0

72.6

90.0

0.015

34.38

72.1

85.1

0.01

69.7

100

0.015

33.78

-6041.44

4604.5

10463.44

4898.46

5682.21

-844.15

8/7/09 9:15

1766.5

71.5

89.0

0.014

33.30

72.1

84.3

0.01

69.5

99.2

0.015

33.48

-4777.61

5020.5

-9676.38

-1457.57

3886.86

-5297.10

8/7/09 9:30

1754.0

71.5

88.0

0.014

33.11

72.2

84

0.01

69.6

99.2

0.015

33.56

-5226.22

4936.7

10090.85

-3618.15

3666.39

-7193.53

8/7/09 9:45

1775.5

71.8

86.9

0.014

33.15

72.2

85.5

0.01

69.7

99.3

0.015

33.66

-3743.89

4899.6

-8573.03

-4150.83

4102.00

-8182.49

8/7/09 10:00

1725.5

72.2

85.8

0.014

33.25

72.3

85.3

0.01

69.9

99.3

0.015

33.83

-4666.72

4524.3

-9115.65

-4587.62

4366.14

-8838.57

8/7/09 10:15

1757.0

73.5

84.6

0.014

34.06

72.4

84.5

0.01

70.1

99.5

0.015

34.04

-7087.60

4445.8

11259.93

161.08

6572.13

-6377.43

8/7/09 10:30

1750.5

75.2

83.3

0.015

35.20

72.6

85.9

0.01

70.5

98.1

0.015

34.12

-4252.87

4028.1

-8195.39

8666.24

9051.40

-657.33

8/7/09 10:45

1764.5

76.1

82.0

0.015

35.68

72.8

85.4

0.01

70.8

97.3

0.015

34.23

-4610.43

3850.1

-8422.86

11728.28

10288.5

1061.22

8/7/09 11:00

1769.5

77.4

80.7

0.016

36.49

73.0

86.1

0.01

71.4

97.3

0.016

34.75

-6489.11

3082.3

-9355.47

14113.82

11680.3

2034.89

8/7/09 11:15

1757.0

78.6

79.4

0.016

37.22

73.3

85.6

0.01

71.9

96.6

0.016

35.05

-7651.38

2657.8

10105.27

17477.37

12950.9

3969.56

8/7/09 11:30

1760.5

80.9

78.1

0.017

38.92

73.6

87.2

0.01

72.7

95.7

0.016

35.57

-7263.12

1775.4

-8833.46

27034.94

15882.0

10265.9

8/7/09 11:45

1757.0

82.5

76.7

0.018

40.02

74.0

87.2

0.01

73.3

95.5

0.016

36.06

-8537.33

1320.8

-9634.12

31894.19

17783.4

13087.7

8/7/09 12:00

1763.5

83.6

75.4

0.018

40.67

74.4

86.3

0.01

73.9

95.3

0.017

36.55

11317.4

889.23

11959.57

33305.60

18819.2

13370.0

8/7/0912:15

1769.5

84.8

74.1

0.019

41.42

74.7

86.1

0.01

74.5

93.6

0.017

36.74

11193.7

405.57

11241.19

37961.30

20051.3

16602.5

8/7/09 12:30

1748.0

85.8

72.8

0.019

41.98

75.1

86.5

0.01

75

93

0.017

37.07

10256.4

128.21

10139.13

39343.01

20769.2

17265.4

8/7/09 12:45

1740.0

86.7

71.5

0.019

42.45

75.4

86.3

0.01

75.5

93.5

0.017

37.63

13001.1

-159.52

12382.12

38445.09

21439.9

15704.3

8/7/09 13:00

1754.0

87.5

70.3

0.019

42.83

75.8

86.8

0.01

76

93.3

0.018

38.05

12784.1

-450.26

12004.84

38432.81

22191.3

14949.2

8/7/09 13:15

1738.5

88.4

69.1

0.020

43.31

76.1

87.2

0.01

76.5

90.7

0.017

37.93

-9005.29

-749.11

-7952.67

42874.75

22760.2

18640.1

8/7/09 13:30

1748.5

89.4

68.0

0.020

43.91

76.4

85.1

0.01

77

90

0.018

38.24

13064.6

1074.0

11497.30

45445.75

23853.0

20027.4
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Date - Time

8/7/09 13:45

1740.0

Outdoor Air Conditions

89.9

66.9

0.020

44.03

Indoor Air Conditions

1VY 28esany

(%) HY-vd

(m) oney'H-vy

(wqi/ma)
Adjeyau3-vy

0.01

77.3

89.1

Supply Air Conditions

0.018

38.31

11645.1

System Capacities

1068.8

10145.10

EAHE Capacities

Aoede)
*J |erol JHV3I

Ayoede)
*J 3|qisuas JHV3I

Ayoede)
D Jualeq] JHV3I

45623.64

24119.9

19919.5

8/7/09 14:00

1755.0

90.4

65.9

0.020

44.17

83.6

0.01

77.4

88.8

0.018

38.33

12308.7

-836.67

-1201.49

46982.33

25100.1

20194.6

8/7/09 14:15

1746.0

90.6

64.9

0.020

44.03

84.1

0.01

77.6

88.8

0.018

38.52

11525.2

-800.37

-0343.09

44100.19

24971.4

17616.8

8/7/09 14:30

1763.0

90.8

64.1

0.020

43.92

83.7

0.01

77.8

87.6

0.018

38.42

-0101.99

-792.00

-9051.58

44448.76

25214.5

17643.3

8/7/09 14:45

1747.5

91.6

63.3

0.020

44.41

819

0.01

78.2

85

0.017

38.18

-9292.23

-041.37

-8067.94

49905.66

25761.8

22384.1

8/7/09 15:00

1746.0

91.8

62.6

0.020

44.35

81.8

0.01

78.4

84.4

0.017

38.22

-8403.85

-056.48

-7196.37

49062.46

25739.7

21583.2

8/7/09 15:15

1741.5

92

62.0

0.020

44.32

814

0.01

78.6

84.1

0.017

38.33

-9340.15

-085.69

-7878.77

47818.39

25673.4

20431.4

8/7/09 15:30

1733.0

91.9

61.5

0.019

44.03

81.4

0.01

78.6

83.7

0.017

38.24

-7149.66

-826.18

-6145.88

45996.18

25357.4

19049.7

8/7/09 15:45

1743.0

92.9

61.0

0.020

44.83

80.4

0.01

78.9

83.1

0.017

38.36

-9348.20

-086.63

-7922.76

51694.73

26846.1

22990.8

8/7/09 16:00

1745.0

92.7

60.7

0.020

44.51

81.7

0.01

79.1

83.7

0.017

38.69

-8159.06

-103.87

-6727.46

46554.65

26108.9

18787.3

8/7/09 16:15

1739.0

92.4

60.5

0.019

44.13

79.7

0.01

79.1

83.2

0.017

38.57

-9565.89

-860.93

-8461.01

44321.96

25445.2

17323.1

8/7/09 16:30

1755.5

92.5

60.3

0.019

44.17

79.8

0.01

79.2

83.3

0.017

38.68

-9576.18

-853.00

-8573.18

44179.19

25686.7

16886.2

8/7/09 16:45

1738.0

91.8

60.3

0.019

43.48

80.2

0.01

79.2

84

0.018

38.85

-9401.05

-653.29

-8575.24

36887.17

24092.1

11502.4

8/7/09 17:00

1740.0

91.9

60.3

0.019

43.59

80.1

0.01

79.3

82.8

0.017

38.65

-7338.07

-574.28

-6543.18

39402.23

24119.9

13868.8

8/7/09 17:15

1736.5

89.8

60.4

0.018

41.70

79.2

0.01

78.6

825

0.017

37.95

-4139.26

477.61

-4600.35

29850.44

21396.7

7447.08

8/7/09 17:30

1738.5

90.2

60.6

0.018

42.13

79.1

0.01

78.8

83.1

0.017

38.27

-6933.28

111.57

-6895.89

30761.44

21803.9

7896.16

8/7/09 17:45

1741.0

90.9

60.9

0.019

42.87

80.5

0.01

79.2

83.3

0.017

38.68

-6065.37

-287.31

-5738.86

33439.32

22409.9

9857.21

8/7/09 18:00

1749.5

90.3

61.2

0.018

42.45

80.2

0.01

79.1

84.3

0.018

38.84

-8019.71

-32.08

-7693.20

28951.15

21556.9

6386.02

8/7/09 18:15

1745.5

89.5

61.7

0.018

41.86

80.4

0.01

79

84.7

0.018

38.84

-7601.30

208.04

-7531.09

24164.14

20163.4

3168.46

8/7/09 18:30

1748.5

88.9

62.1

0.018

41.48

80.4

0.01

78.9

84.5

0.018

38.7

-5770.89

496.94

-6155.97

22282.04

19236.2

2286.07

8/7/09 18:45

1743.0

88.5

62.7

0.018

41.30

81.3

0.01

78.8

84.6

0.017

38.63

-4154.75

639.19

-4619.16

21333.07

18600.5

1975.76

8/7/09 19:00

1735.5

87.9

63.3

0.018

40.95

81.2

0.01

78.6

85.6

0.018

38.69

-4773.32

1002.4

-5595.21

17979.50

17756.7

-371.95
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Appendix, B

INSTRUMENTATION DATA SHEETS

FLUKE THERMOMETER 51-54 SERIES II

51, 52, 53, 54 Series Il

Senice Manua!
Specifications
General Specifications
Weight A0 g 110 n=)
Dimensions 2B om= 78 oum = 162 cm
[without holster) {1.1in= 3in = 0.4 mi
Bamery 3 AA bameries
Certifcation CE, @ (TUV pending)
Safety C3A CZ2.2 Mo. 10101 1882
EM 61010 Arendments 1, 2
CATI CVERVOLTAGE (Instafiation) CATEGORY |,
Prihtion Megree 7 par IECININ0-1"
* Refers to the level of Imputse Withstand Voltage protection povided Equipment of OWERVOLTAGE
CATEGCRY | is equpment for connection to circts in which measwres are aken to Bmit he ransient
over valtageato an approprate low level
Environmental
Operatng Temperature -10"Cto+50°C (+14 Flo 41227
Storage Temperature —40 “Cio +60°C {40 °F to +140 °F)
Mon Condeonsing (- 10 “C){-: 180 °F)
B5% RH (+10°C to 430 “C) (+50 °F to #BE °F)
Hurnadity T5% FH (+30°C to +40 "C} {(+85 F to +104 °F)
45% RH {(+40°C o 430 "G [+104 F o +122 °F)
(Withoust Condensation)
Electrival
J-types -210 °C to +1200 °C {-248°F to +2182 °F)
K-ype -200 'C to +1372 °C {-328F to +2501 °F)
Measurement T-type: ~250°C to +400 °C 418 =10 +732 'F)
Range E-ype -150 'C to +1000 *C {-238°F to+1332°F)
N-type: ~2D0°C to +1300 °C (-328°F to <2372 °F)
R arnd S-type. 0 °C e +1707 °C (432 °F w +3212 °F)
Display 0.1 %CIF K< 1000
Resolution 1.0 CIE K 1000
o, K-, I-, E-, and N-:yge: HULUS % of reading + 13 "G {13 F)
Measurement [below 100 T {-143 F): add 0.15 % of eadingfor J, K, E, and N;
and 045 % of readirg for T
R and$ type: 2[0.05 % of reading | 0.4°C (0.7 F)]
0.01 % of reading + .02 "Cper"C
Tempaatnre {0,085 F per F) outside the specified +18 °C to +28 °C {64 °F fo +B2 F) rangs
Cocfficent {bclowr 10D °C{ 142 °F): add OU¥ %L of cadingford . <, E |, and M ype;
and 0.08 % of readirg for Tayps]
Electromagnetic | Susceptbility +2°C {+ 3.6°F) for B0 MHz to 200 MHz n 1.5 v'm field, for 200 MHz o
Compatibiity 1000 MHz in 2 \WVim fickd.
Emissizns: Cormmercial limits per ENGO031-1
Maximum
Differcatial
Cormmon Moce
Voltage 1 W {Maximum woltage difference between T1 and T2)
T
Scale IT5-80
Applicabis
Standards MIST-175
Acouracy is spechiec for ambeent fempersiunes between +18 %0 [#64 F) and £ 28 *C {+82 °F) for a period of
1 year. The above specificaions do not inchude hemmocoupie emor
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Thermameter
Peorformmanoc Tost and Calbrafior Roquired Test Equipmond

Performance Test and Calibration Required Test Equipment
Rafar to Tabla 2 for 3 hist of tect aqurpmant nsed in the pofomancs fect and cabbahon

procedhires.

lable 2. Hecommended |est bquipment

Feyiprment

Required Chararternisting

DC Vioitape Calibrator

Crutput Voltage: 01V
Accuracy: 00125 %

Reselution: 0.1 pW Fluke 57004 or eguivalkent
Themuocouple connecior Fluke BICK-M

For K-type themmocouple Fluke P/l 772842
Themuocouple connecior Ciopper Fluks P/ GO1747
F-Type Themmoeoupls wire Stardard omega
Dewar FlaskCap 1- pint. or larger capacity Tharmos
Iercany Thesimmmme=iy 0.02 "C Ressubion Friwa Mede] ASTMIOC
[either " or °F) 0.05°F Resolution Princo Model ASTMSSF
DB Adapter Connector Fluke PN BD4543
IR Adapter Fluke PN GE0613
PC wity Microsoft Windows'
installed

Pearformance Tests

Performanes fests are reconumended for neoming inspecton, peniodic maintenance, anc
for checkmg the thamometer’; spacifications. If the thememeter fads a2y part of the

performance tests, calibmtion andfor repar 1= mdicated.

Befowe perforoung theoe tests:

1. Allow the thermometer to stabilize to room tenperaame, +23"C+ 5C 73 F £ 987
2. Check the batenes and replace them if neceszary.

Display Test

Turm the thermmomster on while pressmg the| e | button. All di=play segments ae
displzyed wmi the | wuo | batton 15 released Confnm that all the display sepments are

showng a5 n Fizme 1.



DWYER SERIES 641RM AIR VELOCITY TRANSMITTER

Jiril
e ] | W

The Series B41RM Ar Velocity Tranamitter uses a heated
mass fiow sensor fechnology. | hea 8 wser sslsctable
ramges from 230 FPM fo 15000 FPM with comesponding
mefric ranges of 1.25 MPS fo 75 MPS. The Seriea B41AM
Air Velocity Trenemitter provides an izolated 4-20 mA out-
put proportionsl to the velociy, With the aptions 1/274-1/2
digit LED) dieplay, the Seres B4 15M Ar \Velocity Tranamitter
will provide: a highily vigitds local readows of the velocity:

INSTALLATION

Location: Safact a location whers the tempseatune will bs
within 32 to 140°F {0 to B0°C) to mownt the enchoswurs. Tha
tranamitter may ba located amy distance from the neceiver
promicled tihat the total loop resictence does not excesad GO0
ohyme. The probe shouwld be located Wwhere conditions ara
representaiive of the overall emmvironment beimg monifored.
Ao locations where turbulenca, stagnation, or rapidly
fuctusting velocities or temperatures are present as thessa
conditions may affect the rsadinga. The ffer aeiting may bs
u=ad fo awerage welociy resdings in turbulent condiions.

Position: The transmitter iz nok poation sensifive erd may
b smounted in any onentation

Probe Orentation: Dots on the probe indicate the direc-
fiom of the calibrsted airfiow. Align these dotes toward the
source of the process aic

Airflow: Tha Seres 041FM Air Velooty Transmitter is
intended for use with diean dry air Particulstes in the ar
mary causs senaor damage. Dust scourmulstion may impar
the webocity measurement and will require probe cleaning.

TO READ DESPLAY LINIT MUST BE MOUNTED HORIZONTALLY
AS SHOWN ABOVE. DISPLAY CAN BE TURNED 1807 50 CON-
DUIT OPENING GAN BE POSITIONED TO THE RIGHT OR LEFT.

DWYER INSTRUMENTS, INC.
F.0. BOX 373 « MIGHIGAN CITY, INDIANA 46361, U.5.A.

Bulletin E-66-AM

Series 641 BM Air Velocity Transmitter

Specifications - Installation and Operating Instructions

i
S0 [H 7N WS LED
-3 [ | WITHERUT LED
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SPECIFICATIONS
Barvice: A end compeatible. non-comibustble gases.

Accuracy:
3% FS Process gas- 32 10 122°F [0 o 50°C}
4% F3 Process gas: -400 1o 32°F & 122 10 212°F

j--it-bo[.‘“:&El] o 10075
Tirme: Flow: 1.

put filter sat to rminemum).

Temperature Limits: Procass: 40 to 212°F (40 to 100°C)L

Ambient: 32-to 140°F {0 to BOPC).

Pressure Limit: 100 peei (689 bar) masimum.

Mld‘tyLmt: Mor-Condensing,

Power Hequirements:  12-35 VDG, 1016 VAT,
Output Signak  4-20mA, isolsted 24V sourse, 3 or d-wire
connection.

Output Filter: Ssectable 05 —15 [seconds)

Loop Reesistance: 600 chms max.

Mourti
e afigned with arflow.

'ﬂ'mgi'tl: 1.2 oz {@374.26 gl.

‘Cable Length: & # [1.B2 m)

Proba Langthe 127 (30 48 om) standaed.
Probe Diameter: 516 {070 om)

OPTIONAL DISPLAY VERSION:
IDisplay: 4-1/2 digi 1/2 Rad LED.
Resolufion: | FPM, .01 MPS

{10 Pl @ 10,000 and! 15,000 FRM
Weight= 13,8 & (394 16 g i

seconds to 36% of final value foul-

Approwals: CE
foliowing standards wene used for CE eppeovek:

IEC 61000-4-2; 2001

IEC 61000-4-3; 2002

EC 61000-4-4; 1995

IEC 61000-4-5; 2001

EC 61000-4-6: 2003

EC 55011: 1988

EC 61326: 2002

BO/336EEC EMGC Directive

Phone: 21 9/8T0-8000 wwnw.dwyer-inst.com
Fasx: 219/872-8057 a-mail: infoddwyer-inat.com

©

Orientation: Lint not positicn sensitive.  Probe must



conduit willl not fiow into tha framsmitter housing.

ELECTRICAL CONNECTION
Tha Beres BA1EM Air Velocity Transmitter has bean

dasigned for essy and fesible conneclion to power and
loop recervers. Elecirical connection is made insida tha
body of the device with & "Buro” style terminal block. The
device features a curment loop that iz fully iscleted from the
powsar source. Tha curment loop has an intemnal 24V scist-

requirements are afso very Bexible. The device may be pow-
ered from sither an AC or OC power scunce.

3 or 4Wire Connection

POWES SURPLY
= DR [T
RECENER
AWEE
DT SUPRLY DESUFRLY
oMLY DhLY
(EMHER (EITRER
POLAZETY) POLSETY)
BECEVES | RECENVER
) g
3-WEE IR
RECENER NEGATIVE RECENER POSITHE
CORBMIN COMUDN

CAUTION: Do not excead the specified supply woiiaoge rat-
ing. Permanant damage not coverad by the warraniy may
resull. Do mot u=e an extermal power scurce on the curment
loop connection,

Receiver-Transmitter Gonnection — The Senes 64 1RM
Air Vielocity Tranemitter ia designed as & {hree or four wins 4-
20 mA desice. The curment loop output iz Bolsted from the
power supply input end provides an internal 24-wolt loop
supply. With 8 DO power supply, & three or four-wire con-
naction may be used. Do not uss a thres-wire connection
with en A powsr sourca. In & thres-wire connection eihar
power suppEy wire may be used as the commeon. The fotal
loop resistanca should not excesd B0 ohms.

CAUTION: Do not use a receiver with an intemsal power
supply or u=e an extemal supply in the cument loop. The
cument loop is powened from within the Series G418M A
Vedocity Transmitter. Connecting an extemal supply fo the
cumant loop may destroy the transmittar. Lising an exbamal
supply voids the warranby.

Power Supply Connection — Tha power supply msy be
either AC or DC. The DC power may ba from 12 1035 wolts.
Tha power connection is not polarity sensitve so the posi-
tive and negative connections may be rmaede to eithar power
terminal. Tha AC connection may be from 10 to 16 VAC
RMS. Do not excesad 20 VA, When selacting a transfommer
pleasa note that the epeciied output for trenaformers is at
some specified cument. With a load curment less tham the
specified cument trensformer outowt may be significantiy
hegher than the specified voltsge. Trarsformers with sec-
ondary woitages of 10 1o 16 VAG ams recommandsad.

¥ CAUTION: Do neot use transfonmers with a sscondany voll-
~age rating greatar than 18 VAL RMS.

Wire Type and Length — The wire selaction for an inatal-
letion is often overiooked or negiectsd and may contribute
to impropar or even intermittent operation. in all cases
emsuns 1hat the connection meets af applicebls naticnal
amnd local slectical codes. Although the 4-20 mA curment
locg eystems are refatively immune to wire or winng related
problem:s, selection of the wire for some install ations wil be
am important fector in ensuring estiefectory swstem opera-
fion. Twisted conduciors will weuslly be immune to most
stray electnc and magnetic fiskds and to some extent sbec-
tromagnetic feide, such as interference from BF transmit-
tere. With twisted parr wirng the cument loop and the
power connections should be separste pers. Avoid using
flat or rnbbon cable that has no eguisr conducion fwist.
Whema interferemca i possible, i iz mecommendsd that
ghiialded wire be used. The shisdd must not be Lsed as one
of the conductors and should be connacted to ground =t
oriy one end, generalky at the power supply. Simidarly, if the
inataifation uses conduit, the conduit should be connacted
fo protective ground e specified by the applicable code
amd the esgnal wiring must not be connected to the condut
&t more than one point or &= epecified by the coda.

The maximum length of wire connecting the transmitter
amd receivar is 8 function of the wire eeistance and recaiv-
er registance. The total loop resstance must not exceed
GO0 ohme, including the receiver resistanca and wire resis-
tance. The power supply connection must be designed so
that the worst case woltage drop dus to wire resistance wil
not causs the power supply woltsge at the transmitter to
drop below the specified value. Provided the power supply
voltage ia maintained within the specified voltage range, the
Bariea BATRAM Air Velocity Tramsmitter i not effiected by
varations in poweer supply voitzge.

TRANSMITTER SETUP

The Geres B41FM Ar \eEooihy Trensmitter has been
designed for easy setup. ft has five configuration perarme-
ters that may be adjusted by the wser. These parameters
ans Duiput Filter, Range (n Englizh or Metnic), gpan, 4 mA
sat-point and 20 mA sst-point.  All of thess may be adjust-
&d &t any time in the field. Thess adjustments may also be
eaaly returmed to factory defawult.

A st of controls and indicatore am provided within the uni
conzisting of the eelect butiom, enter button, edjustment
control, and aix LED indicators. When operating nommally,
orty the AUN LED indicstor will ba iluminsted. During the
satup operation the LED indicators wil indicate the pars-
rmaster selected, when it is being adjusted, and ststus of the
adustment procesa. If the unit is Isft in the ssfup mods for
several minutes without amy aciivity & waill return to the
normal opserating moda.
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T buttons and & potentiometer controd the sefun proceas.
The SELECT button is used to scrol between the setup
parameters.

The ENTER bution allows accsse to each parameater for
adjugtmant..

The ADUUST poftentiomeater is usad fo change the value of
the parameters.

Huolding the: ENTER button for 2.5 seconds esves the naw
parameier value.

Making Adjustments

The adustment proceas has thres steps: select the pars-
mater, adjust the parameter, save the new valee. These are
deacribed in the folowing stepa.

1. Belect the parameter: Each time the SELECT but-
fon is pressed the LED indicator will advanca o the naxt
parameter. When tha last parameater, SPAN, is selectad,
the net ime tha SELECT is pressad the uni will return
fo RUN mode. Presa the SELECT button until the LED
indicator illeminates the desired parameter. Press
ENTER. The eslacted indicator will bagin to blink, show-
ing the parameter may now be adjusted. if the unit is left
in the setup mode, after several minutes it wil mest to
the operste mode.

2. Adjust the parameter: Tum the ADJUST poten-
tiomster wntil the desired sstting iz mada. This may be
adusied using 8 small screwdriver or similer fool. Be
careful ot toforce the control past ite stops or damage
will resLt.

3. Save the parameter: To save the new parameter
presaa and hold the ENTER button. The LED indicator wil
begin to fash at & faster rate. After sbout 2.5 seconds
all of the LED indicators will fiash when the parameater is
saved. If you do not want to sawe the parameter prees
the SELECT bautton without entering the paramstar. The
adjusted value wil be discarded and nexd LED indicator
will b iluminated.

Adjusting the Output Filter

The cutput ffter may be edusied to smooth the madings
when measuning turbulent fiow. The fime constant may be
sdjusted from 0.5 seconds to 15 seconds. To adjust the fil-
ter time constant, =slect tha FILTER indicator. Press ENTER
to enable adustment. Tum the ADUUST until the diesired
amount of demping iz achieved. To 2ave thevalus press and
hrold the ENTER butfon until the LED indicators all fiash, indi-
cating the value was saved. To discard the adiustmant prass
SE ECT before pressing the ENTER button.

OUTPUT FILTER RESPOMNSE [values in seconds)

Range Selection
The range ssbaction allows you to salect one of eight ranges
In gither feat par minute [FPM) or meters per second (MPS).

Rangas:
FPM: 250, 500, 1000, 2000, 3000, 5000, 10000, 15000
MP5: 1.25, 25,5, 10, 15, 25, 50, 75

Sdlact the RAMNGE ndicalor by pressing ENTER when the
RANGE LED indicator is luminated. The A B.C LED indi-
cators wil display which range sstiing iz cumently active.
Pre=a ENTER o enabls sdjustmant. Turn the ADJUEST wntid
the desired range indication is achieved. If you want fo dis-
card the adustment press SELECT. If you want to save the
range presa and hold ENTER. The RAMGE LED wil biink st
& feater rate for about 2.5 ssconds then =l of the LEDs wil
flash indicating the valus was saved.

The range asting = displayed with tha LED indicatora. Thie
function of these indicatore is summarzed on the control
lebel inside the unié. The folowing tsble summerzes the
indicator status for each rangs =atting

%mﬁwﬂﬁm
FAM
500 FPM
1000 PN
2000 FOM
3000 FRM
000 FPM
10000 FPM
15000 FPM
.25 MPS
2.5 MPS
& NPS
10 MPS
15 MFS
25 MPS
50 MPS

%% of Full Velocity Filtar Satting on Adjust Dial
Min Mid. Man.
Ba% a5 75 15
204 1.1 17.3 35
g5% 1.6 225 444
BE% 23 35 =]

S ————DGGDGDDDE
g
_h___hnn:llz———h—ﬁl:":‘ﬁ?'g

_-.-I:ur:u_-_-:-:u_-_-au.-_-ua:n;
—-::i—v:a—n:i—r:i—-:i—-n:i—r:n—v:nn;

OO0 00 00 - < - s - _-ﬁ

75 MPS
1: Indicator on
0: Indicator off
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Span Satting

The Senes G641 AM Al Velocity Trenemitter has bean cali-
brated for slandard sea kvel condiions. As & mass flow
device it will aheays resd the air welocity for standsrd condi-
tions. Denaity changes dus to baromatnc or sbeokute pres-
sre am not comected sutomaticalh: The spam seifing
alowe cormecticn jor alfitude or other stafic pressure conJdi-
trons that affect the density of the: process ar. This parame-
ter sliows for 8 =50% adjustrmant in the spamn valua.

To make the span adjustment you will need o know ether
the :abachte static pressura or the comected welocity of the
procesa ar. 5ot the ar velooty to a known value, ideslly
about 344 of the full-acale range value. Press SELECT unti
the SPAN LED indcator iz flumimated then press ENTER.
The SPAN LED will begin to bink_ Adpsst the controd for the
dasirad valooty then press and hold the ENTER butten unfl
al of the LED's filash, indicating the new value was savedl
you know the absokits static pressure you can computs the
comacied welocity using tha folfowing equation:

.P!’J

Veor = Vm,;

Whems:

PCris the standend pressurs of 23,8 in. Hg. or 760 mm Hg
FA is the sbaclute pressure: readimg

Vrdg i= the indicated valocity

Voor is tha comected velocity

4 mA Setting

To maka this ssiting you will need & miliammster connect-
ed in the cument loop. It is not required to u=e 8 known &r
fiowe velocity to make this calbration setting. The calioration
sattings of the welooty and mA cutputs ere independent of
each other Presa SELECT until the 4 mé LED mdicator is
fluminated then press ENTER. The miliemmeter wil now
read spproximately 4.0 mA_ Adjust the control for 2 4.0 mA
reading on the rmdiizmimeter. Pregs snd hoid ENTER fo save
the new ssting. Pressing SELECT before pressng ENTER
wil reatore the previous calibration value.

20 mA Setting

It i3 not required to wes a8 Enown air o velocity to make
thiz calibration setting. Tha calibration sstings of the veloc-
ity and mA outputs are ndspendent of each othar. With the
miliarmmeder conneched in the curment loop, press SELECT
until the 20 mA LED indicator i fluminated. Press EWNTER o
bagin edustmenl of the 200 mA st point. The 20 mA LED
‘Wil mow be blinking. Adjust the control uniil the malismme-
ter ressds 20.0 mA. Presa and hold ENTER to save the new
satting. Pressing SELECT before prazsng ENTER will
restions the previous calibration vaies.

‘SCopyright 2005 Dwyer Instruments, Inc.

DWYER INSTRUMENTS, INC.

P.0. BOX 373 =« MICHIGAN CITY, INDLAMNA 46361, U.5.A.

Printed in U.5.A_ 1105

Reatoring Factory Default Settinga

The 4 mA, 20 mA, and Range selfings ovemide factory
default values. To restore thess to the faciory defaut =et-
tings, start wilf the wnit in the RUN modse, Press and hold
tha ENTER button. The RUN LED indicator will begn to
blink. After sbout 2.5 ssconde &l LED indicators wil flash
indicating the factory settings have bean mestored. Rangs
and Filter sattimgs are not affected by this cpemation. i you
are unsure whether any have been altered, presa the
SELECT button six Bimes to sequence throwgh all settings.
‘Winen you return to the AUN moda, the RUIM LED indicator
willl bliink several times if sither the 4 mA, 20 mA, or span
=ettings have been changed. The RUMN LED will cthersdss
AN O

MAINTENANCE

in gereral the Senze: BL1HEM Air ValoeR®y Tranamitter should
require wery little maintenance. In some instalations dust
may accumuate on the sensor over fima. This can ba
removed: by cansfully brushing the probe with a amall camsl
hairbrush, i foo much force iz sppied during cleaning, tha
senaor of the Seres G41RM Air Velociy Transmitter may ba
darmaged. Thersiora, a tramed technician should perform
tha cleaning operatson. A jet of air may also dislodge the
accumulsated buildup. However, the sensor i delicate and
thiz oparaficn shouid be dora carefully with dean mgulated
arr. Lizing & shop air supphy may exert enough force to dam-
age the sensor. Most air suppbes of this sort will also con-
taim water or oil that coukd damage the sensor. Technical
grade denstured or isopropyl alcobol may be used whers
the dust sccumulaton does not respond o brushing. Do
nok use water, Always disconnect the power when parform-
ing & cleaning operation.

Azicia froen fisld calirations for span, 4 mé and 20 mA zat-
ting s described sbove, the Seres CATRAM A Velocity
Trensmitter cannct be fully factory calibrated in the fleld.
Because of specialr ed computar instrumendation eouired,
these units must be meturmed fo Dwyer Instruments for fac-
tory caibration. Contact customer servics o recehve &
retwm goods suthorzsation number before shipping.

FR# 44330000 Hen. 1

Phone: 219/870-8000 wanwdwyer-inat.com
[Fax: 219/872-005T

e-mail: info@dwyer-inst.com
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HOBO DATA LOGGER TEMP/RH/2 EXT CHANNELS

HOBO U112 Temp/RHY
Z External Darta Logger
(Part # LM 2-013)

187

Thamk o for purchasing 3 HOBO datz logger. With proper care, 1t wall zive vou vears of

accurate and rehizble measmements.
The HOBO U2 Temparshwe Relative Humadity'? Fxternal Data Logger 1= a four-chanma!
logzer wath 12-bat resolufion and can record up to 43, 000 measuwements or events. The two

external channels acoept a vanety of sensors, mcluding temperature znd split-core AC cmvent !

sensors as well as 4-20 mA and voltage mput cables (zold separatelv). The logger uses a direct

USE mterface for launching and data readout by a computer. LB
An Onset software starter kit 15 required for logzer operation. Visit werw enseteomp com for

compatible software.
In=ide this package:

¢ HOBO U2 TenpFH? External Data Logger
# NMounting kit wath magmet, book and loop tape, tre-wrap mount, e wiap, and two screws.

Doc# 13129-A MAN-UL2013

Chset Computer Corporation

Specifications

Measuremeant range

Temperature; -20° to 70°C {-4° to 158°F)
RH: 5% o 85% RH
External input channels (see sensor manual): 0 to 2.5 DC Volts

Temperature: £ 0L35C from 0° to 50°C (£ 0.83°F from 32° to 122°F), see Plot A
RH: - 2.5% from 10% to B0% RH ({typical), to a maximum of +- 3.5%.

ey See Piot B.
External input channels (see semsor manual) £ 2 ml £ 2.5% of sbsolute reading
Temperature: 0L0AC at 25°C (0.05°F at 77°F), see Plot A

Resolution RH: 0.03% RH
External Input Channels: 0.8 m\/

Dirift Temperature: 0. 1°Clyear (0_2°Flyear)

RH: < 1% per year typical; RH hysteresis 1%

Response time in airflow of 1
m's (2.2 mph)

Temperature: B minutes, ypical to 80%
RH: 1 minute, typical to B0%

Time accuracy

+ 1 minute per month at 25°C (77°F), see Plot C

Operating termperature

Logging: -20° to 70°C (-4° o 158°F)
Launchireadout 07 to 50°C (32° 1o 122°F), per LUSB specification

Battery life 1 year typical use

Memory B4k bytes (43,000 12-bit measuremenis)
Waight 46 g (1.6 oz)

Dimensions 58 x 74 x 22 mm (2.3 x 2.9 x 0.8 inches)

43

The CE Marking identifies this product as complying with all relevant directives in
the Europ=an Union (EU).

& 2008 Omset Computer Corporation
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HOBO U112 Temp/RH2 Extermal Data Logger
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Plot A Phot B Mo C

Connecting the Logger

The U-Famlby logger mqures an Onset-supphed USB mterface cable to connect te the computer. If posmible, avod
eonnectng at temparatures below 0°C (32°F) or abova 50°C (122°F).

1. Plug the large end of the UVSB mterface cable into 2 USB port on the computer.

2. Plug the =mall end of the 1755 mterface cable into the bottom of the logger as shown in the followang diagam.

Impartant: Press this buttan for 3 |

seconds when logger is launched with

Button Start or press for 1 second too ——= 1 )

rescond an event while logging [P LISE intedace cable
plugged into logger

H the: lozger has never been connected to the computer before, 1t maw take = few seconds for the nawr hardvrare fo be
detected Use the logger software to laumch and read out the logger

Important: If vou confizure the logzer to start with a button start, be mure to pres: and hold down the button on
thie front of the logger for at least three secomd: when vou want to begin logging data,

Be swe to phuz amy external sensors (if applicable) mio the nde of the logper before logmmgs bemans. Also salect the
oomect sencmt and zetivate the external channels in the looger software when confimming the launch. Immportant: If vou
select am external channel, but do not plug the probe in, falze data will be recorded for that channel.

You ean read out the logger while it continmes to leg, stop it muanmally with the software, or lat it record data until the
memory 15 filll. Refer to the software uwser's gwde for complete detals on lanchmg, mading out. and viewang data from
the logger.

Sample and Event Logging

The kogzer can mcord two- tvpes of data; sanples and events. Samples are the sensor measramsnts recorded at sach
logzime intexval (for exzample. the emperature every numute). Events are independent occmmences tiggered by a logger
actovaty. Examples of events recorded amynchromowsly durng deployment melwde when the logzer 15 comnected to the
host, when the battery 15 low, the end of a data file once the logger 15 stopped. and bufton pushes.

Press the button on the front of the logger for ome second to record am event. Both a button up and down event will be
reconded. Thus 15 useful if vouw want to mark the datzfile at a parficular point. For exansple, 1f the logzer 1z located tn an
menbator, you nught press the button each time the door 15 opened. The logzer stowes 64K of data, amd can record up to
43 000 z=amples and events combined.
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HOBO U112 Temp/'RH/2 External Data Logger

Using the RH Sensor
In order to take humidity measuremsents, the temperature sensor must be used i conuncton wath the BH sensor.

Conditions outsede the recommended range may offset the BH s1pmal Vapors may also affact the BH senser. The
duffusion of chermicals mfe the sensor may cause a shift n both offset and sensitivaty: High levels of pollutants may canse
permanent damage to the sensor.

Upon retumning to nermezl conditons, the RH sensor will slowdy retum towards cahbration state by itsalf. However,
prolonzed exposure to exteme conditions mav accelerste aging and eventually lead to a pemmanent shafi, To recondsion
the sen=or, do the following:

1. Eemove the battexy

2. Warm 24 bours 80-90°C (176-194°F) at = 5% FH

1. Re hydrate 48 howrs 20-30°C (T0-00°F) at T5-25% EH
Mounting

There are four wavs to mount the logger usng the matenals in the mounting kit included with the logger:
* Use the book and Loop tape to affix the logger to a swiace,

* Attach the magmet. then place the logger on 3 magnehe swface.

* Llse the tie wrap and tie wrap mount to fie the logger to an object.

# Fasten the logger to 3 surface with the two Phallips-head screws. The back of the logger has . et
fwo mserts for the screws, 32 mem (134 mnches} apant. e

Battery

The fogzer requares one 3-Volt CR-2032 hithium battery. Expected battery life vares based on the tempemtme and the

frequency at whach the logger 15 recording datz {the logming mterval). A new battery wall typacally last one vear with

logmine miervals greater than one momute. Deplovments m extremely cold or hot temperathres or Logzimg mitervals faster

than one mumite may significantly reduce battery life.

To replace the battery:

1. Dhscommect the logger from the conmputer.

2. Unscrew the logger case.

3. Lift the curenat board =nd carefiully push the battery out with 2 small blunt mstrument, or pull 1t out with your
fingemanl.

4. Insesrt a mew battery, positive side facing up.

3. Carefully realign the logger case and re-fasten the screws.

ﬁ.“':’!.ﬁ_‘n"D'G: Do not cut open., incinerate, heat above 85°C (185°F), or recharge the hthiwm batterw. The battery
mzy explode if the logger 15 exposed to extreme heat or condifions that conld damagze or destroy the battery case. Do not
dispose of the logger or battery in fire. Do not expose the contents of the battery to water. Dispose of the batters
accordmg to local regulations for Lithnam batteries.

Cmset and HOBO are registered wademarks of Caset Comgparer Corporation, Orber products and trand names meay be tredemarks or registerad
oademarks of their respectve rawners.
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Appendix, C

TEST FACILITY BUILDING COOLING LOAD DESIGN

Selected and Calculated Cooling Load Design Parameters

Parameter Value Unit Comment

Outdoor/Indoor Air Films, 4”Frame Wood,

Wall R-Value 15.625 ft*.hr.°F/Btu Batt Insulation R-5, 0.5” Gypsum Board, %”

Air Gap

This values is assumed using TRACE 700
Slab R-Value 11.37 ft’.hr.°F/Btu
input (12”LW Concrete)

Shading Coefficient 0.81 N/A Assumed: TRACE 700 default
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Selected and Calculated Cooling Load Design Parameters

Parameter Value Unit Comment

EAHE Total Dynamic
0.038304 in. H,O Hand Calculations
Pressure Losses

Hand Calculations
Design Fan Head (i.e.
0.414 in. H,O Summation of dynamic and static pressure
Total Pressure Losses)
losses

The test facility building is an unoccupied

Internal Loads 0 Btu/hr space. Moreover, the testing room is empty

from any equipment that could dissipate heat
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Selected and Calculated Cooling Load Design Parameters

Parameter Value Unit Comment

Indoor Air Selected based on the ASHRAE standard 55-
75 °F
Temperature Set Point 2004 for thermal comfort

The airflow rate is chosen to comply with

Airflow ASHRAE standard 62.1-2004/2007 for
N/A N/A
Recommendations minimum ventilation requirements
(0.06CFM/ft%)

Calculated Design 0.8 tons Simulated using TRACE 700 software

Total Cooling Load 9,389 Btu/hr Simulated using TRACE 700 software

Calculated Design 0.317 tons Simulated using TRACE 700 software

Latent Cooling Load 3,805 Btu/hr Simulated using TRACE 700 software
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