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Abstract
Building heating, ventilation and air conditioning (HVAC) systems use large amounts of
energy. Finding ways to lower that could lead to notable energy savings and reduced

emissions.

Earth tube (ET) systems preheat/precool ambient air by directing it through the ground to
exploit the relatively stable subsurface temperatures. The technology has been applied in

several countries in North America, Europe and Asia.

A 1.2 m inner diameter two-duct ET system at the University of Calgary was studied.
The temperature in soil surrounding the ducts was monitored for twenty months. Data
were collected and analyzed to evaluate the temperature change of soil surrounding the
ducts. It was initially planned to determine if there is a net drawdown of heat in
surrounding ground in very cold climates, or if the heat is largely replenished by inflow.
However, due to the reverse airflow problem in the south duct, the research was limited

to the stabilization of soil remote from the building effect.
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CHAPTER ONE: INTRODUCTION
1.1 Energy Efficiency
The world has limited resources, but human energy needs are growing rapidly. Globally,
building energy use has steadily increased to between 20% and 40% of total energy use
in developed countries (P&ez-Lombarda et al., 2008, p. 394). Among building services,
the growth in heating, ventilation and air conditioning (HVAC) systems energy use has
been particularly large. In the U.S., building operations are responsible for 41.1% of all
the energy used in 2011 (U.S. Department of Energy, 2012a). Finding ways to lower
HVAC system energy use could result in substantial improvements in overall building
energy performance which could lead to large financial savings. Moreover, burning of
fossil fuels produces greenhouse gases such as carbon dioxide. Increases in greenhouse
gas levels in the atmosphere can lead to global warming. The U.S. CO, emissions are
mainly contributed by building fossil fuel burning, which will account for 40% in 2011
(U.S. Department of Energy, 2012b). This is a notable environmental and social issue

and should be addressed quickly.

Alberta Environmental and Sustainable Resource Development (2012) provided
strategies to all Albertans in using energy efficiently and reducing greenhouse gas
emissions, including to “implement energy efficiency standards in building codes for
homes and commercial buildings.” Natural Resources Canada (NRCan) updated the
National Energy Code for Buildings (NECB) in 2011 and the new code could help
improve energy efficiency in new and existed buildings by 25% overall (Natural

1



Resources Canada, 2011). The International Energy Agency published “25 policy
recommendations (2012)” and five of them were to support the 2030 Challenge
(Architecture 2030, 2011), which is an international initiative to promote high
performance buildings. The 2030 Challenge encourages the research, development and

implementation of innovative building energy systems.

Because of the relatively high thermal inertia of the ground, temperatures in the ground
lag those at the surface, and their fluctuations decrease with depth below grade (National
Research Council Canada, 2005). Moreover, soil temperature gets closer to the mean

annual ambient air temperature with increasing depth.

Earth tube (ET) systems (also known as “earth-air heat exchangers”) preheat/precool
ambient air by directing it through the ground to exploit the relatively stable subsurface
temperatures. It was first used in about 3000 B.C. Iranian architects used wind towers
and underground tunnels for passive cooling (Bahadori, 1978). It was explored in the late
70s and early 80s but did not gain wide acceptance due to low performance and other
problems, such as poor air quality. Over the last two decades, several systems have been
installed in China, India, Brazil and some European countries, such as Germany, Sweden
and the U.K to condition greenhouse, poultry, office and residential buildings. The
potential of using the ground for tempering outdoor air has gained increasing attention
during the last few decades, and there has been a surge in research on ET systems

(Thevenard, 2007, p. 1). Thevenard’s review concluded that “smaller diameters (usually

2



10-30 cm in diameter (p. 2)) are preferable from a thermal point of view, but they also
correspond (at equal flow rate) to higher friction losses.” However, large-diameter (> 1
m) ducts could potentially lower friction losses. There could be a way to balance heat
transfer and fan power use with large diameter ducts, so that they could be used in large

buildings to benefit more people without compromising performance.

1.2 Introduction of Research

In this research, the Energy Environment Experiential Learning (EEEL) ET system at the
University of Calgary was studied to investigate its performance in terms of thermal
interaction with soil surrounding the ducts. The EEEL Building is a 24,500 m? facility
housing classrooms, laboratories and offices. The initial ET system design was large
enough to condition all outdoor air for the building. Due to budget limitations, the
system was downsized to serve only the main floor theatre (floor area of 320 m?).
Temperatures in soil surrounding the ducts were logged continuously at 5-minute
intervals for over one year, from February 15", 2011 to September, 30", 2012. This

thesis presents the key findings.

1.3 Research Objective

Most previous ET studies addressed small, residential systems. More recently, large
diameter systems have received more attention due to potentially higher energy savings.
Still, there are some areas requiring further research. For instance, for large diameter ET

systems in very cold climates, is there a net drawdown of heat in the surrounding ground,

3


http://www.ucalgary.ca/newspaces/eeel

or is the heat largely replenished by inflow? The research objective of this research was
initially to characterize the EEEL ET system performance in terms of soil temperature

effects.

1.4 Summary of Chapters

Chapter 2 summarizes some of the literature that were most relevant to this author’s
research, concentrating on heating performance of large diameter systems in cold
climates. A few studies on small diameter system heating performance and ground heat

depletion were also reviewed.

Chapter 3 introduces the location, weather condition, studied ET system parameters and

the method applied in this research.

Chapter 4 describes several research limitations encountered in this research, such as

uncertainty of string locations, backward airflow in the south duct of the ET system, and

landscape change during data collection.

Chapter 5 provides the analyses of the collected data on soil temperature surrounding the

ETs and soil remote from the building. The data collection lasted about twenty months.

Chapter 6 provides the conclusions and suggestions for future work.



CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
In this chapter, this author reviewed some heating studies conducted on large and small
diameter ET systems in cold climates, and several small diameter systems in mild to hot
climates. The studies used both experimental and simulation techniques. This chapter
also summarises the studies on soil heat depletion surrounding the ETs and both

horizontal and vertical ground source heat pump systems.

Table 2.1 summarizes the key literature that were reviewed in this chapter. The literature
suggest that ET systems can provide heating for all types of climates and some of the

systems provided enough to be viable financially if a very long time frame is considered.



Table 2.1 Literature Summary on ET Heating Performance

Source

Location

Climate (HDD),
Weather Station

Reported
Temperature Rise
(usually maximum)

Cold Climate — Large Diameter — Measured

Heiselberg (2004)

Grong, Norway

4186 (Oslo-Blindern)
(ASHRAE, 2009, p.
14.41)

7 <C (Figure 3)

Earth Rangers

Ontario, Canada

3956 (Toronto Lester
B. Person
International Airport)

Claims 15 <C based
on values from

Centre (2010) (ASHRAE, 2009, p. bUIldIn% n;taerrlﬁgement
14.29) y
3956 (Toronto Lester
Parsons (2011) Ontario, Canada B. Person 19 C
International Airport)
Nesodden :
Schild (2001) municipality, 4344 (Oslo/Fornebu, Maximum 6 C
N Norway) (Figure 4a)
orway

Cold Climate — Large Diameter — Estimated

Jeong (2002)

Grong, Norway

4186 (Oslo-Blindern)

Estimated 12 C
(Figure 4.4)

Tjelflaat (2000),
Wachenfeldt
(2003), Zhang &
Haghighat (2005)

Grong, Norway

4186 (Oslo-Blindern)

Estimated 18 <C
(Figure 7)

Athienitis et al.
(2005)

Montreal, Canada

4319 (Montreal-Est)
(ASHRAE, 2009, p.
14.30)

Estimated 9 T

Cold Climate — Small Diameter — Measured

Gustafson (1993)

Linkoping,
Sweden

4289 (Stockholm)
(ASHRAE, 20009, p.
14.44)

15 <C for one, 12 <C
for another

Hamm/Freiburg/

3117 (Guetersloh)/

15 <C (Figure 5)/

Pfafferott (2003) Weilheim, 3303 (Zurich-Kloten)/ 16 <C (Figure 6)/
Germany 3337 (Munich) 16 <C (Figure 7)
Cold Climate — Small Diameter — Estimated
Estimated 5 <C for 1-
Stockholm duct PVC, 11 <C for
Stanl (2002) Sweden 4289 (Stockholm) 4-duct PVC, 12 T

for 4-duct concrete
(Figures 3 and 4)




Source Location Climate (HDD), Reported
Weather Station Temperature Rise
(usually maximum)
Other Climates — Heating Mode
2008 (Knoxuville
Knoxville, Mcghee Tyson AP) Maximum 22 <C
Baxter (1992) | rennessee, USA | (ASHRAE, 2009, p. (Figures 2b)
14.26)
11 (Ahmadabad)

Sharan and Jadhav

Guijarat, India

(ASHRAE, 2009, p.

Averaged 11.9 C

(2003) 14.36) (Table 2)
Sharan and Jadhav _
(2004) Kothara, India 11 (Ahmadabad) 13-14 T

2.2 Studies of Earth Tube Systems for Heating in Cold Climates

ASHRAE Standard 90.1-2010 defined climates into eight zones (Table B-4, p. 144).

Number 7 represents “very cold”, with a heating requirement of 4982 < HDD < 6982.

6A and 6B represent cold-humid and cold-dry climates respectively, both with a heating

requirement of 3982 < HDD < 4982.

Energy performance of ET systems in cool to cold climates has been evaluated by several

researchers, such as for

e Grong, Norway (Tjelflaat, 2000; Jeong, 2002; Wachenfeldt, 2003; Zhang &

Haghighat, 2005; Zhang & Haghighat, 2009; Zhang et al., 2009; Zhang, 2009;

Tjelflaat et al., 2011), Nesodden, Norway (Schild, 2001; Schild, 2002);

e Woodbridge, Ontario, Canada (OCCDC, 2010; Parsons, 2011);

e Montreal, Canada (Athienitis et al., 2005);

e Sweden (Gustafson, 1993; Stdal, 2002), and




e Germany (Pfafferott, 2003).

Most of these researchers, except Gustafson, Stdal, and Pfafferott, addressed large
diameter ET systems. Calgary has a “very cold” climate (ASHRAE 90.1, 2010, p. 142,
144), experiencing about 5086 HDD and 37 CDD (ASHRAE, 2009, p. 14.28), which

makes these studies especially relevant.

2.2.1 Studies of Large Diameter Earth Tubes

An addition to the Medi&School in Grong, Norway, has a 15 m long ET system with a
1.5 m wide by 2 m high cross section (Tjelflaat, 2000, p. 10). The addition’s floor area
was 1000 m?, and used displacement ventilation coupled with the ET system. This was a
hybrid ET system, intended to use fan-assisted wind forces and stack effect to drive the
airflow. The duct inlet was buried about 1.5 m from grade to duct ceiling (Zhang, 2009, p.
27), and the duct was buried with a 5% slope from discharge to inlet. The HDD for Oslo-
Blindern is about 20% lower than that of Calgary (Table 2.1), and the floor area of the
addition is about three times that of the EEEL building main floor theatre. The findings
from the studies of the Medi&School addition were particularly informative for the study

of the EEEL ET system.

The initial data collection on the indoor environment and energy use at the Medi&School
addition was conducted by Tjelflaat (2000). Other researchers (e.g., Jeong 2002, Zhang

& Haghighat 2009) used his data for validation of simulations of whole building energy
8



performance (Jeong) and detailed ET airflow (Zhang & Haghighat). Tjelflaat reported
the cooling effect of the ET caused as much as 8 <C temperature drop from air intake to
discharge, giving an average heat transfer rate of 60 W/m?. This was enough to satisfy all
the cooling requirements of the school. He concluded that adding the large cross-
sectional area ET system was beneficial and that the extra cost was acceptable for a long-
life building. It was also easy to inspect and maintain the ventilation system due to the

large cross section.

The climate data for Grong (Table 2.1) indicate that the heating performance of the ET
system is more critical in terms of annual energy use. However, the literature on the
Medi&School mostly focused on its cooling performance. Jeong (2002) performed
multiple simulations on the thermal and ventilation performance of the building in
heating mode with ESP-r, and indicated that “the long underground concrete duct could
dampen swings in supply air temperature compared to outdoor temperature (p. 54).” His
first reported simulation indicated that the duct raised the supply air temperature by as
much as 12 <C (from -7 T to 5 <C) (Figure 4.4, p. 55). However, the simulation seemed
to result in a supply air (duct discharge) temperature equal to the duct surface
temperatures, which were set to a constant 6.1 <C duct wall boundary condition (p. 47).
The duct wall temperatures used by Jeong did not reflect actual conditions. This will be
discussed below in the review of Heiselberg’s (2004) article. Moreover, Jeong provided
few details to explain his results. In his second reported simulation of both building

thermal performance and airflow volume distribution, the ET raised supply air

9



temperature by as much as 11 <C (from -7 <C to 4 <C) (Figure 4.7, p. 60 and Figure 4.9, p.
64). Although the temperature rise from the two simulations was similar, the second
simulation produced a supply air temperature profile that fluctuated with the inlet air
temperature. Jeong mainly studied whole building simulation without focusing on the air

pre-heating performance of the ET.

Wachenfeldt simulated the performance of the addition to the Medi&School, using data
collected by Tjelflaat’s group for validation. Wachenfeldt’s (2003a) thesis summary first
stated the difficulty of predicting energy performance of natural (wind- and buoyancy-
driven) ventilation systems, because of variations in airflow paths and rates, sensitive to
both internal parameters and the outdoor environment. He stated the importance of fans
in enhancing convective heat transfer between air and duct walls. He also indicated that
during a hot period in June, more than 60% of the cooling effect of the embedded intake
duct was due to conduction to the ground, the remainder being due to diurnal energy
storage and lag in the duct walls. Wachendfeldt (2003b) concluded that many empirical
correlations from previous research produced convective heat transfer coefficients that
were only useful for small diameter ET systems. If the correlations were used on large

diameter systems, the convective heat transfer would be substantially underestimated.

While Wachenfeldt’s thesis provided no information on temperature rise through the ET
during the heating season, Zhang and Haghighat (2005, p. 1421), using data collected by
Tjelflaat’s group for validation of simulation models, reported a temperature rise of about
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18 <C with an ambient air temperature of -10 <C. They compared the corresponding heat
transfer coefficients with ones Wachenfeldt determined from measurements and stated
that they were in close agreement. Zhang and Haghighat (2009, p. 1896) also conducted
lab-based experimental testing of a 1 m by 1.5 m lab system, the equivalent of a section
of ET, to validate a simulation model. They noted that using large ducts lowered
pressure drop, thus avoiding the need for high power fans and reducing energy use. The
authors developed several CFD models that produced results with maximum errors of 8%
in prediction of discharge air temperature. However, they expressed the need for further
research in order to accurately simulate large cross-sectional area hybrid ET ventilation

systems.

Another study addressing the heating potential of the Medi&School ET system was
conducted by Heiselberg (2004, p. 4). He indicated in his paper that the duct air
temperature variation from bottom to top of the ET was as much as 7 <C. Duct surface
temperature variations at the inlet side of the ET were also shown in an infrared photo
(Figure 4, p. 5). The maximum temperature difference was 3 <C. This showed the error
in Jeong’s assumption of constant duct wall surface temperatures of 6.1 <C. Heiselberg
found that cold air was flowing in the bottom half of the duct and warmer air was pushed
to the top. As the discharge vents to the classrooms were positioned near the top of the
duct, the supply air temperature was much higher than the average temperature in the
duct. This resulted in lower heating energy use. However, the author concluded that heat

transfer models then available missed this temperature variation and were therefore
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unable to predict the heat transfer properly. He did not provide any detailed explanation
of experimental procedures or data. This author thinks the temperature variation across
the cross section of a large diameter duct can be used more effectively by controlling top
and bottom vents dampers to draw supply air in response to space conditioning
requirements. In heating season, the bottom vent damper could be fully closed while the
top vent damper could be fully opened, and vice versa in cooling seasons. This could

improve system performance even further.

Zhang et al. (2009) performed a study on the Medi&School ET using CFD simulations
and compared their results with field measurements. The results showed their CFD
model to have reasonable accuracy for airflow and heat transfer. The CFD analysis also
showed that flows in large cross-sectional ET systems are complex and different from the
turbulent flow in small diameter systems. This causes the convective heat transfer
coefficient to be complicated and models for calculating the convective heat transfer
coefficient from previous small diameter ET studies to be inaccurate and underestimate
the heat transfer when used on large diameter ET systems. The authors’ findings
confirmed those of Zhang and Haghighat (2005) and indicated that more research is

required.

Tjelflaat et al. (2011) studied the cooling performance of the ET system in the Medi&
School, focusing on the effects of the inlet supply fan. They found the ET system
performance to be satisfactory in meeting the peak cooling requirement (p. 291) during
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the testing period when the inlet axial supply fan was running at close to full speed. They
also compared their heat transfer results with other studies, including Wachenfeldt
(2003a), and found the inlet axial supply fan to be effective at improving the heat transfer
coefficient. This contradicted Zhang and Haghighat’s result (2009, p. 1897) that changes
in inlet air turbulence had little effect on convective heat transfer. However, Tjelflaat et
al. also indicated that the results showed large uncertainties and the subject required
further research. This article shows there might be potential to improve the EEEL ET
system further by installing an inlet supply fan. However, the authors also mentioned the
effectiveness of an axial inlet supply fan in improving convective heat transfer coefficient
might be less effective in long ducts (the length of EEEL ET is 43 m compared to 15 m

for the ET system in Medi&School), without specifying the limiting length.

It is worth repeating that much of the reported Medi&School work focused on cooling

rather than heating, even though it is a cold climate building (Table 2.1).

Schild (2001, p. 50) provided cursory comments on eleven buildings with ET systems in
Norway, from its west coast (3200 HDD) to subarctic regions (6300 HDD). Most (eight)
of them were school buildings, including MedidSchool. However, dimensions of the
ETs were omitted; the only details he provided were some evaluations of Jaer School in
Nesodden, Norway, close to Oslo/Fornebu, Norway with 4344 HDD and 51 CDD
(ASHRAE, 2009, p. 14.41). According to Zhang (2009, p. 31), the Jaer School ET

system had two parts, a 1.6 m diameter and 20 m length duct, and a 2 m width, 3 m
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height and 35 m length duct. Duct depths were not reported. Schild (2002) reported that
the Jaer School ET was coupled with a heating battery at the end of the duct to preheat
supply air. He explained that it was impossible to measure the temperature rise through
the duct in winter because of the heating battery’s (coil’s) effects on measurements (p.
21). It would have been helpful if there had been a sensor to measure winter pre-heating
performance near the discharge of the duct, removed from and upstream of the heating

coil.

Performance of an installation of nine 1 m diameter, 20 m long and 2 m deep ETs
supplying 7,000 L/s was reported for the Earth Rangers Centre in Woodbridge, Ontario
(OCCDC, 2010, p. 1; Parsons, 2011, p. 15) - climate data in Table 2.1. Parsons claimed
it was the largest ET system in North America. A temperature rise of up to 15 <C
through the ETs was reported (Earth Rangers Centre, 2012). The building operator of
the Earth Rangers Centre reported a temperature rise of 19 <C through the ET system
with an ambient air temperature of -17 <C (Parsons, 2011, p. 15). It was also estimated a
temperature rise of 10 T to 15 <T could be achieved with ambient air temperature of -

10 <C. However, neither article provided other ET performance information.

Another large diameter ET system was built in Montreal (Athienitis et al., 2005) - climate
data in Table 2.1. The system was built with 4700 L/s design ambient airflow through
two 1 m diameter, 60 m long ducts. Athienitis et al. (2005, p. 28) constructed a

numerical model and simulated the heating performance of the ET system. They
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estimated a temperature rise of 9 <C (from -15 <C to -6 <T for a winter day) (p. 29) and
indicated the system was often capable of providing one-third or more of the building’s

heating needs without stating how they reached this conclusion.

So far, only a small number of large diameter ET systems have been adapted in cold
European countries and a few cold Canadian cities. However, the heating potential of
large diameter ETs is noteworthy based on the studies discussed above. Further research
on large diameter cold climates ET systems is warranted due to the scarcity of reported

rigorous measurements on heating performance.

2.2.2 Studies of Small Diameter Earth Tubes

Gustafson (1993, p. 598) conducted two experimental studies of ETs - climate data in
Table 2.1. In the first study, the author used the weather data from January to April, 1988.
He attached one 25 m long 16 cm diameter PVVC duct to a single family house, and
measured the inlet and discharge air temperatures. His figure (p. 600) showed the
maximum difference in temperature between the inlet and discharge air streams was as
much as 15 <C. However, during certain periods, much heat was transferred from the air
stream to the surrounding ground, which resulted in very low overall ET performance.
The author indicated that this discouraging result implied that a colder winter period
should be studied. In the second study, he used the weather data from January to April,
1987. A 15 m long and 15 cm diameter PVC duct was attached to another single family

house. Winter 1987 was colder than winter 1988, the minimum ambient air temperature
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of 1987 was 10 <C lower than that of 1988 (Figure 3, p. 600 and Figure 5, p. 602). The
ET was downstream of a solar heater. Gustafson concluded that the ET was ineffective,
because heat was transferred from the air stream to the ground. However, the author
failed to acknowledge that the ET increased air temperature by about 12 <C when the

solar panel was shut down at night.

Similarly to Gustafson, Sténl (2002) focused his research on ET heating for a single
family dwelling with simulating two ET systems 2 m deep, and 16 m long in Sweden -
climate data in Table 2.1. One system had a single duct with 0.04 m? cross-sectional area,
while the other system had 4 parallel ducts each with 0.01 m? cross-sectional area. His
figure (p. 916) indicated the 1-duct system increased the supply air temperature by about
5 <T while the 4-duct system increased the supply air temperature by about 11 <C. He
then changed the 4-duct system to PVVC and found a temperature rise of about 12 <C. The
author stated that the heat extracted from the ET system was low, satisfying only about
7% of total energy use (p. 918). However, St&nl made many simplifying assumptions
during his simulation, such as the length of the ET was infinite, the model boundaries
were adiabatic, and ambient air temperature was a regular sine curve. As well, this
analysis was for a “normal” single family dwelling - the fraction of heat supplied would

be greater for a high performance dwelling.
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Pfafferott (2003) conducted one-year experimental measurements on three office building

ET systems in slightly warmer Germany. Their properties and the author’s important

findings are summarized below:

Table 2.2 Properties of the Three ET Systems Researched by Pfafferott (2003)

DB Netz AG Fraunhofer ISE Lamparter
3117 HDD and 3303 HDD and 3337 HDD and
114 CDD 132 CDD 157 CDD
Climate (Guetersloh (Zurich-Kloten (Munich
(ASHRAE, 2009, | (ASHRAE, 2009, | (ASHRAE, 2009,
p. 14.35)) p. 14.44)) p. 14.35))
Number of ducts 26 7 2
Length 67-107 m 95 m 90 m
Diameter 0.2mand 0.3 m 0.25m 0.35m
Depths 2-4m 2m 2.3m
Max heating temp rise 15 <C 16 C 16 C

It is notable that, although the three systems had completely different configurations, they

all achieved similar temperature rise under maximum heating load. This article is one of

the very few ET publications that touched on the topic of ground temperature. However,

it was only included as a design input parameter (p. 973) and neglected the impact of ET

operation on soil temperature. Pfafferott mentioned briefly in the conclusion that thermal

recovery was good enough to maintain performance (p. 982).

The studies of the MediaSchool and the Earth Rangers Centre showed that large

diameter ETs could increase air temperature by anywhere from 7 <C to 19 <C. This was

similar to what small diameter ET systems achieved. However, small diameters raise
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pressure drop in ducts, resulting in higher fan energy requirements. Athienitis and
Santamouris indicated in their book (2002, p. 191) that “pressure drop needed to be
reduced to a reasonable value so as not to require very large fans and waste much of the
thermal energy potentially saved in fan energy requirements.” There is potential to

explore the benefits of using larger diameter ducts.

2.3 Studies of Earth Tube Systems for Heating in Other Climates
Heating performance of ET systems in mild to hot climates has also been studied. Only

studies on small diameter ET systems were found.

Baxter conducted two experimental studies on heating (1992, p. 277) and cooling (1994,
p. 258) with an ET system in Knoxville, Tennessee - climate data in Table 2.1. One 15
diameter, 64 m long corrugated metal pipe was buried 1.8 m underground from grade to
pipe centre, with a 1% slope from inlet to discharge. In heating mode, an average
temperature increase of 6 <C was achieved during the one month of measurements. Peak
heating temperature rise during a very cold day was as much as 22 <C. Baxter placed
sensors in both lateral and longitudinal directions to collect ground temperatures (Figure
2.1). Nine thermocouples were installed in a horizontal plane (one at the centre, one on
each side of the duct, and three in the ground on each side of the duct spaced 5 cm apart)
at each of six stations along the duct. Near the midpoint of the ET, seven thermocouples
were placed in the ground at 0.3 m intervals from depths of 0.3 to 2.1 m. Data were

recorded hourly for four weeks in the heating study and three weeks in the cooling study.
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He found cooling performance in summer was more consistent than heating performance
in winter. This was due to more consistent ambient air temperature patterns in summer,
which resulted in more stable heat flow from soil to air. Baxter stated that ET cooling

and heating performance might differ for other locations.
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Figure 2.1 Sensor Locations of Baxter's Research (Figure 1, Baxter, 1992, p. 276)

Baxter’s choice of lateral soil temperature sensor locations was worth studying for the
EEEL ET system research. As seen in Figure 7 (p. 281), the duct wall temperature near
the inlet was -5 <C and the temperature of soil 5 cm away was 1.7 <C. This was a large
difference of 6.7 <C in a short distance. Moreover, the inlet duct wall temperature

indicated the soil could be frozen. If so, latent heat exchange would be involved.
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Baxter showed a probable freezing soil region that almost reached half the total length of
the duct. It would have been good if the duct wall sensors had been installed in the soil
instead of in the duct to confirm freezing of the ground and additional sensors in the
horizontal plane would have confirmed the soil freeze-thaw pattern. Baxter ignored
results from some vertically-arranged sensors during his discussion of soil temperature
inversion (Table 1, p. 280). It seemed denser vertical sensor spacing failed to provide

any extra information.

Sharan and Jadhav (2003, p. 1) investigated the cooling and heating performance of an

ET system in Gujarat, India - climate data in Table 2.1. The system was a single 50 m
long, 10 cm diameter duct buried 3 m below ground. Performance data were collected

for three consecutive days in each of the twelve months in 2000. As May is the hottest
part of summer in the Ahmedabad region and January is the coolest part of winter, only
May and January results were presented and discussed in detail. Air temperatures were
measured hourly at the inlet of the duct, in the middle (25 m), and at the discharge (50 m).
Heating tests were carried out for three nights on January 28", 29™ 30", 2000. The
authors found a maximum temperature increase of 14.7 <C was achieved at 2:00. The

average temperature increase was 11.9 <C.

In later research, Sharan et al. (2004, p. 4) studied the performance of a closed-loop ET

system located in a greenhouse in Kothara, India - climate data in Table 2.1. Eight ducts,
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spaced 1.5 m apart, were arranged in two tiers; the first tier of four ducts was 3 m deep,
and the second tier of four ducts was 1 m above the first tier. Each mild steel duct was 23
m long and 20 cm in diameter. Temperature sensors were placed 1 m above ground at
both ends and at the centre of the greenhouse. Two ground temperature sensors were
placed at 0.3 m deep and just below the surface. From December 15" to February 15",
the ET system was able to raise the night-time greenhouse temperature from 15 <C to 22-
23 <C after about 30 minutes of operation, while ambient air temperature was 8-9 <C.

The system met the entire heating load easily and at a small cost.

The two studies in India show that ET systems could satisfy peak heating requirements
for buildings in mild to hot climates, especially for areas with large differences in

between day and night ambient air temperatures.

2.4 Ground Heat Depletion

2.4.1 Studies of Earth Tubes

In predominantly cold climates, average ground temperature around ET systems may
decrease after several years of heating operation (heat depletion). As a result, discharge
air temperature and the effectiveness of ET systems would decrease.

Accurate ground temperature predictions are essential factors for predicting the
sustainability of ET systems. Both the long-term ET-ground heat transfer and the ground
temperature should be studied in order to comprehensively evaluate ET systems.
However, of the literature reviewed so far, no article covered long-term performance.
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Trzaski and Zawada (2011) performed a simulation study of a base case ET system for a
single family dwelling in Warsaw, Poland (Warszawa-Okecie, 3771 HDD and 112CDD
(ASHRAE, 2009, p. 14.42)). The duct was 0.2 m in diameter, 35 m long and had an inlet
depth of 1.5 m and discharge depth of 2 m (p. 1441). They simulated discharge air
temperature and temperature of the soil surrounding the discharge relative to ambient air
temperature and found the system was able to increase the supply air temperature by as
much as 15 <T during heating season. The simulation resulted in little change in
temperature of the ground surrounding the discharge after one year of operation (p.
1441). Since most heat exchange takes place near the inlet, any notable change in soil
conditions would most likely happen around the inlet. It would have been more helpful if
the authors researched this topic and for a longer period than one year. The authors'
simulation of other environmental parameters such as soil type, ground cover and shading

could be very good references for future ET design and application.

2.4.2 Studies of Ground Source Heat Pumps

Another building energy system that takes advantage of the high thermal inertia of the
ground is the ground source heat pump (GSHP). This system may also experience
ground heat depletion in heating mode. There are two basic types of GSHP systems,
horizontal and vertical. The horizontal type is installed much shallower than the vertical
one, and is more similar to an ET system. Previous research on soil heat depletion

surrounding the horizontal GSHPs could be good references for the effect of ET systems.
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2.4.2.1 Studies of Horizontal GSHP Soil Heat Depletion

Several horizontal GSHP systems in Japan, and one in the UK were studied.

Among the studies in Japan, Tarnawski et al.’s (2009) research was for the coldest
location. They used data from Sapporo, Japan, with 3673 HDD and 263 CDD (ASHRAE,
2009, p. 14.38). They simulated three horizontal GSHP systems for a typical house for a
ten-year period. The two single-layer GSHPs both used 16 cm diameter, 300 m length
ducts. One was installed at 0.5 m depth, the other at 1 m depth. The double-layer GSHP
had an 8 cm diameter, 300 m length duct, and was buried at 0.5 m and 1 m depths.
Ground temperatures at 0.5 m and 1 m depths on June 14" (the end of heating season),
and September 30" (the end of cooling season) of ten years after start up were compared

with undisturbed ground temperatures (p. 133). Details are shown in Table 2.3.

Table 2.3 Soil Temperatures after Ten Years of Simulation by Tarnawski et al. (2009)

. Soil

Soil Temperature on

Soil Location Temperature on th

June 147 () September 30

(V)
Undisturbed soil 11.6 14.6
Single-Layer GSHP at 0.5 m depth 9.1 13.5
Single-Layer GSHP at 1 m depth 7.0 11.9
Double-Layer GSHP at 0.5 m and 1 m depths 5.2 11.6

Compared with the undisturbed soil temperature, after the heating season, GSHP vicinity
soil temperatures for single-layer GSHP at 0.5 m and 1 m depth, and double-layer GSHP

at 0.5 m and 1 m depths decreased by 2.5 C, 4.6 <C and 6.4 <C respectively. After the
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cooling season, temperatures of soil surrounding the pipes were close to the undisturbed
soil temperature of 14.6 <C, differences being 1.1 <C, 2.7 <C and 3.0 <C respectively.
The single-layer GSHP at 0.5 m depth had the best soil heat replenishment. Its soil
temperature was barely lower than the undisturbed soil temperature. This supported the
use of horizontal GSHP systems as long-term heating system for buildings in these

conditions.

Fujii et al. (2012) conducted a study on a developed land area on a hillside in Fukuoka,
Japan (1473 HDD and 1021 CDD (ASHRAE, 2009, p. 14.37)). The 500 m long, 2.4 cm
inner diameter pipe had an 80 cm diameter for each loop. It was buried in a U-shape
trench 72 m long and 1.5 m deep, in a 35 m long by 4 m wide area (p. 56-57). Two
thermistors were installed at 1 m depth at the midpoint of each of the supply and return
loops, to measure soil temperature. Heat distribution of ground temperature at 1 m and
1.5 m depths (p. 61) was simulated, based on their calculation of 38 days of operation of
the system. They indicated that, because of heat extraction, at the depth of 1.5 m, ground
temperatures at the pipe inlet were lower than that of undisturbed soil by over 5 <C, and
at the depth of 1 m the temperature difference was about 4 <C. Horizontally, a2 <C
temperature difference comparing with undisturbed soil was observed at about 1 m away
from the coil. They concluded that heat from the soil was mainly extracted from above
and below the coils. The authors were comparing soil temperature directly above the coil
at 1 m depth with undisturbed soil temperature at 1.5 m depth instead of undisturbed soil

temperature at the same depth of 1 m. Also, at 1 m depth, soil temperature is more
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affected by ambient conditions than at the depth of 1.5 m. Fujii et al., in their numerical
simulation, treated the horizontal slinky as a thin plate element, almost two-dimensional
(p. 58). This caused the faces of the plate to have much larger heat exchange areas
compared to the small vertical area. This may have caused the large heat loss above and
below the coils. This simulation technique is also different from that used in ET

studies. ET diameters are large enough that three-dimensional analysis is required. This
author believes Fujii et al.’s conclusion requires further investigation. No research on

potential heat replenishment was conducted.

Wu et al. (2011, p. 2) studied the effects of a horizontal GSHP system on ground
temperature in a paddock area in Oxfordshire, UK (close to London Heathrow Airport,
2661 HDD and 94 CDD (ASHRAE, 2009, p. 14.46)). They used both experimental and
simulation methods. The system included four parallel slinky heat exchanger loops
buried 1.2 m underground in an 80 m long by 20 m wide paddock area. To monitor the
soil temperature, they dug one hole above a portion of the system and a reference hole, 2
m from the first hole. Eighteen thermistors were installed in the holes at various depths.
Monitoring began on November 6™, 2009, one month after the system started operating.
Sensors were read every 10 s and values were averaged over 30 min intervals. Using
November 7, 2009 as an example, they measured and analyzed the ambient air
temperature and the soil temperature. Wu et al. compared the temperatures at a range of
corresponding depths and at various times during the day and found noticeable

differences between heat exchanger and the reference string conditions after only one
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month of system operation. The heat exchanger lowered the surrounding soil
temperature by over 3 <C and the impact could be observed as far as 0.9 m vertically
away from the heat exchanger. In the simulation, the system was set as 4 cm diameter,
80 m long and 1.8 m deep. Wu at al. predicted the soil temperature change at various
depths after 1, 10, 100 and 600 h from both horizontal and vertical directions. Results
showed that long-term performance of the system would be difficult to maintain,
although the system had a large short-term heating potential (p. 6). Gonzalez et al. (2012)
(same group of researchers) reported results for the same GSHP system for almost a year
which further supported their conclusions in Wu et al. The soil temperature difference
between the heat exchanger and reference location was 3 <C lower than when
measurement began (p. 148). However, the authors neglected to investigate the potential
for heat replenishment. They mentioned Tarnawski’s system was working in both
heating and cooling mode, which helped to compensate for some heat loss. Their system
operated in heating mode only (p. 148), being in a region with only 94 CDD (ASHRAE,
2009, p. 14.46). Also, shutting down the system during the summer instead of heating
domestic hot water and swimming pool would also reduce heat extraction, especially
when the difference between soil temperature at heat exchanger and reference location
was almost zero by July (p.148). Further research is required to confirm potential for

heat replenishment.

The four articles reviewed for horizontal GSHP soil heat depletion had different findings.
Tarnawski et al.’s experiment was for the coldest location, was conducted over a long
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period and the simulated systems were sustainable. Only Wu et al. found it was hard to

maintain long-term operation of the system. This topic still requires further investigation.

2.4.2.2 Studies of Vertical GSHP Soil Heat Depletion

Eugster and Rybach (2000, p. 826) combined experimental and theoretical approaches to
measure and predict the long term effects of a single-pipe, 105 m long borehole GSHP
on surrounding ground temperatures. The system served a single family house near
Zurich, Switzerland and largely operated in heating mode. Zurich-Kloten experiences
3303 HDD and 132 CDD (ASHRAE, 2009, p. 14.44). Eugster and Rybach buried
temperature sensors at depths of 1 m, 2 m, 5m, 10 m, 20 m, 35 m, 50 m, 65 m, 85 m, and
105 m to measure the ground temperatures. The atmospheric temperature variations and
all parameters relevant to the operation of the entire system (hydraulic system flow rates,
circuit temperatures, power consumption of the GSHP, etc.) were also recorded at 30-
minute intervals for five years. It was obvious that the ground around the GSHP cooled
in the first few years of operation. However, the rate of temperature drop decreased from
year to year until a new ground thermal equilibrium was established at 1-2 <C lower than
the original temperature. After ten years of operation, the measurement system was
restarted. The new temperature profiles showed little further shift towards lower
temperatures, thus demonstrating that a quasi-steady equilibrium had been reached after
the first few years. Their simulation results of September, 1996 were compared with the
measured data. The agreement was excellent, within 0.1 <C. Then they modeled the

ground temperature changes for over 30 years of GSHP operation and 30 years of
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recovery. They found that, after shut-down of GSHP operation, thermal recovery began,
initially rapid and later decreasing gradually. They also found that the time to reach a
complete recovery depended on how long the GSHP had operated. Principally, the
recovery period equalled the operation period. However, the authors only performed one
experiment on one system, precluding general conclusions. In summary, the
measurements and simulations supported that sustainable heat extraction could be

achieved with such systems.

Trillat-Berdal et al. (2005, p. 1246) conducted a numerical study on a borehole GSHP for
a single family dwelling in the Savoie region of France, close to Lyon-Satolas (2588
HDD and 309 CDD) (ASHRAE, 2009, p. 14.35). They noted that Eugster and Rybach’s
(2000) finding that ground temperature stabilized after an initial decline was based on a
single system with an effectively infinite amount of surrounding earth. Apparently based
on this (and disregarding the limitation of Eugster and Rybach that they had identified),
Trillat-Berdal et al. stated in the introduction to their paper that “the natural thermal
recovery of the ground is not sufficient to maintain stable performances (p. 1246)”. They
reported that decrease of performance after 20 years was 4%, and concluded “the ground
heat depletion is not too important”. The main purpose of their paper was to evaluate

approaches, such as solar heating, to reducing ground temperature decline.

Using TRNSYS, Niu et al. (2011, p. 1806) simulated the ground temperature changes and
system COP for a borehole GSHP system serving a 25,000 m? office building at three
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locations in China, the coldest of which was Qigihar(5426 HDD and 370 CDD)
(ASHRAE, 2009, p. 14.33). Results showed that, after 5 years of operation, the average
temperature of the ground in the vicinity of the GSHP decreased by 2.4 T in Qigihar.
The annual average change in ground temperature diminished in Beijing and Qigihar year
by year. As was found by Eugster and Rybach (2000), the rate of ground cooling

declined annually.

Of the GSHP borehole papers reviewed above, Trillat-Berdal et al., and Niu et al. both
investigated ground heat depletion and found an acceptable (small) performance decrease
after long term operation. Eugster and Rybach investigated heat depletion as well as
recovery, and seemed to indicate that natural heat replenishment was sufficient to
maintain ground heat even though it involved periods of non-operation of the GSHP
systems. Ground heat depletion and replenishment for ET systems still requires further

research.

2.5 Conclusions

The articles reviewed helped this author obtain a clear understanding of the history and

current state of research on large diameter ET systems for heating, and the issue of

potential duct vicinity soil temperature depletion.

e Large diameter ET systems have great potential in reducing both annual heating
energy use and peak cooling loads for cold climates and night heating loads for mild
to hot climates. They could make large contributions in reducing building energy use;
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e Simulation can be a great help in analyzing ET systems performance and predicting
duct surrounding ground temperature change. However, future research to find a
more accurate model for determining the convective heat transfer coefficient for
large-diameter systems is required;

e A lot of experimental studies have been done to validate numerical models and
analyze ET systems performance;

e There is a lack of research on the heating performance of ET systems, especially for

large diameter tubes in cold climates.

The lack of research on large-diameter, large-scale ET systems and effects on
surrounding ground especially in a very cold climate is evident. This literature review
confirms the need for research on this topic and this author will be applying some of the
best research techniques learned from these articles to her own research. Some of the
techniques include:

e Frequent data collection for long durations for a large sample data size;

e Strategically placed sensors to map out entire temperature field in the duct vicinity

ground.
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CHAPTER THREE: METHODS
3.1 Case Study Building
The University of Calgary Energy, Environment and Experiential Learning (EEEL)
Building (Figure 3.1) is located at the northern edge of the campus. It is a five-story
building of about 24,500 m?, including laboratories, classrooms and spaces for
interdisciplinary collaboration (UofC, 2010). The building is expected to receive LEED
Platinum certification (Hetu, 2011). The experimental setup included the building’s ET

system and an array of sensors to monitor ground temperatures.

m. ‘

Figure 3.1 North Fagade of the EEEL Building (the Earth Tube Intakes are Highlighted)

31



Calgary is located in southern Alberta, Canada, at latitude 51 °north and longitude 114<
west. Its climate is classified as “very cold” by ASHRAE Standard 90.1-2010 (p. 142,
144). The mean annual temperature is 4 <C. January is the coldest month in Calgary; the
mean daily maximum temperature is -2.8 <C, and the mean daily minimum temperature is
-15.1 <€ (World Meteorological Organization, 2012). July is the hottest month; the mean
daily maximum temperature is 22.9 <C, and the mean daily minimum temperature is

9.4 <.

3.2 The Earth Tube System

3.2.1 System Design

The ET system is on the north side of the EEEL building with the ducts running east to
west (Figure 3.2). The system consists of two 1219 mm inner diameter (1473 mm outer
diameter), 43 m long concrete ducts (Figure 3.2) placed 1554 mm apart. The inlet side of
the horizontal portion of the ducts is buried 4.9 m deep from nominal grade to duct centre
(Figure 3.3), and that depth on the discharge side is 4.5 m. The ducts slope 0.5°west to
east under a peak height of 1.6 m to 2.3 m layer of dirt above nominal grade, with a

ground cover of grass (Figure 3.4).

Three 6 m high and 2 m inner diameter (2.5 m outer diameter) air intakes (Figures 3.1,
3.2, and 3.5) connect the atmosphere to an air shaft (Room 043v, Figures 3.2, 3.3 and 3.6)
in the building basement, which connects to the ET duct inlets. The discharges of the ET

ducts connect directly to an air plenum (Room 057v, Figures 3.2, 3.3 and 3.7), which has
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an airtight door. The air was intended to flow through a 1.2 m by 1.1 m air intake louver
(Figure 3.7) to air handling unit 4 (AHU-4) inside Mechanical Room 4, also in the
basement of the building. The ET system in relation to the AHUs is shown in Figure 3.8.

The original drawings provided by EllisDon are shown in Appendix A.

To install the ducts, the immediate area around the ETs was excavated along with the
foundation volume and the ET was backfilled with native soil, which is clay based,

alkaline and low in nutrients.

As noted in the introduction, the initial ET system design was large enough to condition
all outdoor air for the building. Due to budget limitations, this was downsized to serve

only the main floor theatre (floor area of 320 m?).

AHU-4 (Engineered Air model LM6/C/HRP) serves the main floor theatre (Room 181z)
with 180 seats. Two 3.73 kW TECO TEFC motor driven fans draw the ambient air
through the ducts. The air flow rate varies from a normal flow of 4720 L/s to a minimum

of 1652 L/s when operating (Appendix B).
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Figure 3.5 Air Intakes
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Air Intake Discharges .
1 ‘

Neorth Duct

South Duct

Room 043v

Figure 3.6 Air Intake Discharges and Duct Inlets in Room 043v
570 R I
Y ‘f

AHU-4 Air Intake Louver

Notth' Duct

Room 057v

Figure 3.7 Duct Discharges and AHU-4 Air Intake Louver in Room 057v
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3.2.2 System Operation

The building air distribution system started operation with two LEED flushes. LEED
flush (also known as “flush out” for obtaining LEED certification) aims to remove indoor
air pollutants from a newly constructed or renovated building before occupancy, by
forcing a large amount of tempered outdoor air through the building ventilation system
(EPA, 2012). The EEEL LEED flushes lasted from September 8" to September 28",
2011. After the LEED flushes, air handler operation was controlled by space temperature
and return air CO, concentrations. Supply and return fans of AHU-4 and the other four
air handling unit were equipped with variable frequency drives (VFD) so airflow could

vary with temperature and CO, concentrations.

AHU-4 is scheduled on from 6:00 to 22:00, Monday to Friday and 7:00 to 17:00 on
Saturday. The fan speeds are controlled by several variables, such as ambient air
temperature, and occupancy loads via sensing of CO, concentration. During the first year
of occupancy (approximately September 2011 to August 2012), the AHUs were operated
by the contractor and controls subcontractor, who did not collect fan speed and fan

energy use data.

The other AHUs are scheduled to run 24/7. AHU-1 serves the west side of the building
(all floors), AHU-2 and 2A serve the core (all floors), and AHU-3 serves the east side (all

floors). The AHUs all provide variable airflow (VAV).
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3.3 Installation of Ground Temperature Sensors

In order to determine whether there was a net drawdown of heat in soil surrounding the
ducts, sensors were designed to be placed up to 10 m deep in the soil surrounding the
ducts. However, underground water was encountered at about 7 m during drilling of the
boreholes. This caused the walls of the bore holes to collapse before the strings could be
placed below about 8 m depth, based on observation of the sensor positions in the strings

relative to grade.

Twenty 109BAM temperature probes (Campbell Scientific, 2010) with 61 m cables were
grouped into four strings (Figures 3.2, 3.9 and Table 3.1). All sensors were calibrated
before installation. Information regarding sensor calibration and accuracy is provided in
Appendices C and D. The sensor leads were bundled together to achieve the offsets
shown in Figure 3.9. Boreholes were 1 m north of the north duct to avoid damage during
the drilling. Boreholes were created by a truck-mounted auger and manually backfilled
with the soil removed during the drilling. A 0.1 m diameter protective PVC sleeve was
used to route the strings to the foundation wall of the building. The strings were
connected to an AM16/32B multiplexer (Campbell Scientific, 2009), operated by a
CR1000 datalogger (Campbell Scientific, 2011). The logger, multiplexer and sensor lead
connections were installed inside a wall-mounted cabinet in Mechanical Room 2 in the
basement of the building. The extra lengths of sensor leads were coiled in a second

cabinet above the logger cabinet.
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All depths in Table 3.1 have a consistent datum as nominal grade as shown in Figures 3.3,
3.4 and 3.8. These values will remain constant regardless of the change in surface

landscape.

String | —= North Nominal
“Scnsor 1 Crade
Scnsor 2
[
Sensor 3

North Duct ’ Sensor 4
Cross Section 4

Sensor 5

Figure 3.9 South-North Section

Table 3.1 Ground Temperature Sensor Locations

Sensor
Depth String 1 (ST1) ST?2 ST3 ST4
0.1m Sensor 1 (S1) S6 S11 S16
2m S2 S7 S12 S17
4m S3 S8 S13 S18
6m S4 S9 S14 S19
8m S5 S10 S15 S20
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CHAPTER FOUR: PRELIMINARY FINDINGS
Several problems occurred during the research. These included uncertainty regarding the
string locations, reverse airflow discovered inside the south duct, and the landscape
changes above nominal grade. Although the problems still exist, the processes and
approaches to addressing the problems enlightened this author regarding avoiding them

in future research.

4.1 Uncertainty Regarding String Locations
During data collection and analysis, this author found that temperature of ST3 sensors
(near intake) were almost always lower in summer and higher in winter than those of

corresponding ST1 (near discharge) and ST2 (midpoint) sensors.

4.1.1 Reverse of Expectations

This was the opposite of the expected temperature pattern. The amount of heat exchange
should decrease as outdoor air flows through the duct. In winter, ambient air temperature
is usually lower than that of the ground. When ambient air flows into the north duct, the
heat exchange between the duct wall and ground surrounding the duct happens first at the
point corresponding to ST3. Travelling between ST3 and ST2, the air should be heated
by the ground when colder than the ground. When the air reaches ST2, the temperature
difference between the air and the surrounding ground should be smaller than at ST3, and
the amount of heat exchange at this cross section should be smaller. Therefore, in
winter, the ground at ST3 should experience more heat depletion and temperature should
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be lower than at ST2 and ST1. Heat transfer should also diminish with distance along the
ET in summer; however, the air temperature will generally be above the ground

temperature and heat should be transferred to the ground.

4.1.2 Measurements of Duct Wall Temperature and Duct Air Velocity

The expected pattern of lower temperature with distance along the ET was also
inconsistent with the duct wall temperatures measured by this author as explained below
in this section. As this author was not involved in the initial design of the ground
temperature sensor system, she was only able to observe the drilling and installation of
the last string (ST1). It was possible that ST1 and ST3 were installed in the wrong
locations, ST1 at inlet and ST3 at discharge. If this were true, the data would be more

consistent with expectations as explained above.

This author went to the ET ducts on the mornings of November 8", November 9",
December 6™, 2011, January 17", and July 9", 2012. An Omega OS950 series infrared
thermometer (model OS953 based on its “target temperature range”) (OMEGA, 2012, p.
14) was used to measure the duct wall temperatures. Details can be seen in Tables 4.2-

4.7 below.

Five positions were chosen along each duct (Figure 3.3). Cross section 2 (CS2), CS3 and

CS4 coincided with the string positions. CS1 was at the duct inlets, and CS5 was at the
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duct discharges. The duct surface temperature was measured at eight points at each

position (Figure 3.9).

Table 4.1 shows the results for Nov. 8" at 11:00. The hourly average ambient air
temperature was 3.4<C. It is obvious that wall temperatures increased from inlet to
discharge along the north duct, as expected. These data were reversed from the ground
temperature pattern. It is possible that the contractors installed ST1 and ST3 in reverse
order from the provided design. However, the wall temperature of the south duct
decreased from the inlet to the discharge, opposite to the north duct trend. At the
intended ET discharges (Room 057v), this author faced the openings of each of the ducts.
The non-movement of this author’s hair showed there was no air exiting the south duct,
while air was obviously exiting the north duct as shown by this author’s hair being blown

away from the duct opening.
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Table 4.1 Duct Wall Temperatures on November 8", 2011

. Temperature Tempera-
Distance Correspond- | Mea- ture of the
to Inlet | Correspond- ing Cross sured | OftheNorth | o) ik Duct

ing String . Duct Wall

(m) Section Spots (T) Wall
()

A 2.8 5.5

B 2.4 5.8

C 2.8 5.0

7.1 ST3 CS2 D 54 E 2
E 2.5 5.8

F 2.5 5.5

A 3.5 4.9

B 3.0 4.7

C 3.2 4.7

23.7 ST2 CS3 D 33 15
E 3.4 5.0

F 3.2 4.7

A 3.9 4.2

B 3.6 4.0

C 3.6 4.2

38.9 ST1 CS4 D 3.8 13
E 3.7 4.1

F 3.5 4.0

Table 4.2 shows the duct wall temperatures measured on Nov. 9" at 9:00. The hourly

average ambient air temperature was -7 <C. This author wanted to see how much the

duct wall temperatures were affected by cold air after a cold night (ambient air

temperature was below zero during the entire night). The fan was operating at 50% speed

during the measurements.
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Table 4.2 Duct Wall Temperatures on November 9", 2011

. Corres- Temperature Tempera-
Distance . . Mea- ture of the
to Inlet Correspondlng ponding sured of the North South Duct

String Cross Duct Wall

(m) Section Spots (<T) Wall
()

A 0.6 4.9

B 0.5 4.9

C 0.1 4.1

D 0.1 4.3

7.1 ST3 CS2 E 03 5o
F 0.2 4.8

G 0.0 4.9

H 0.1 4.5

A 3.0 4.5

B 2.4 4.8

C 1.6 4.0

D 2.4 4.2

23.7 ST2 CS3 E 52 48
F 2.7 4.6

G 1.9 4.6

H 1.9 3.8

A 3.6 3.2

B 2.8 3.1

C 1.9 2.7

D 2.4 3.3

38.9 ST1 Cs4 £ 59 3.2
F 2.7 3.1

G 1.9 3.3

H 1.9 2.9

The duct wall temperature trends were the same as those of Nov. 8". It was also found

by the direction of this author’s hair was blown that air exited the north duct from

nominal inlet to nominal discharge, but from nominal discharge to nominal inlet for the

south duct. Air speed was measured by this author hand-holding an air speed sensor

(model TSI 8475-12, serial number 60070034) near the centre of both ducts at the five




measurement positions described above, while an assistant carried the battery and read

the air speed values. Details can be seen in Table 4.3. It should be noted that this air

velocity was a rough measurement. It did not follow the “Round Duct Traverse Method”

described in ASHRAE Standard 111-2008 (p. 70). Moreover, during the measurements,

there were two people inside the ducts. Although both people stayed downstream of the

instrument, it could still have affected the airflow values. However, as the aim for this

measurement was to show the general airflow condition inside ducts, those effects could

be ignored.

Table 4.3 Duct Air Velocity Measured on November 9", 2011 (from Nominal Duct Inlet
to Nominal Discharge) - Negative Values Indicate Reverse Flow.

Measurement Air Velocity in the North | Air Velocity in the South
Positions Duct (m/s) Duct (m/s)
>2.5 (exceeded the
CS1 Centre equipment’s measurement -0.9
range)
CS2 Centre 2.0 -1.1
CS3 Centre 2.2 -1.3
CS4 Centre 2.3 -1.0
CS5 Centre 1.6 -1.3

Another measurement was conducted on December 6™, 2011 at 10:00, when the hourly

average ambient air temperature was 7.2 <C. Details are shown in Table 4.4.

46




Table 4.4 Duct Wall Temperatures on December 6", 2011

. Temperature Tempera-
Distance Correspond- | Mea- ture of the
Correspond- . of the North
to Inlet . ; ing Cross sured South Duct
ing String . Duct Wall
(m) Section Spots (<T) Wall
(¥)
A 0.6 4.9
B 0.5 4.9
0 Duct Inlet CS1 c 01 41
D 0.1 4.3
A 3.0 4.5
Duct B 2.4 4.8
43 Discharge S5 C 1.6 4.0
D 2.4 4.2

A final measurement for winter was planned for January 17", 2012 at 9:00; however, the

hourly average ambient air temperature was -30.2 <C, beyond the working temperature

range of the infrared thermometer, no data were collected.

Duct wall temperatures and duct air velocities during summer were measured on July 9",

2012 at 10:00. The average hourly ambient air temperature was 27.4 <C at that time. In

the north duct, duct wall temperatures at CS2 (corresponding to ST3) were higher than

those at CS3 (ST2) and CS4 (ST1). This was still contrary to the collected soil

temperature data.

Airflow direction was checked by suspending a piece of thread in the duct. The duct air

still flew backwards in the south duct, from nominal duct discharge to nominal inlet. In

the north duct, the flow was from nominal inlet to nominal discharge. Details are shown

in Tables 4.5 and 4.6.
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Table 4.5 Duct Wall Temperatures on July 9™, 2012

. Temperature Tempera-
Distance Correspond- | Mea- . ture in the
to Inlet | Correspond- ing Cross sured | MtneNorth | o) ik Duct

ing String . Duct Wall
(m) Section Spots (<T) Wall
()
A 19.4 17.9
B 19.7 17.3
C 19.7 18.0
D 19.2 17.9
0 ) Sl E 19.7 17.4
F 19.2 17.8
G 19.7 17.3
H 19.4 17.9
A 16.3 13.4
B 16.6 13.3
C 16.9 13.5
D 16.6 13.8
[ ST3 €S2 E 16.5 13.3
F 16.5 13.9
G 16.9 13.2
H 16.8 13.7
A 15.2 13.8
B 15.7 13.9
C 15.5 13.8
D 15.3 13.9
23.7 ST2 CS3 £ 153 137
F 15.2 13.9
G 15.7 13.7
H 15.5 13.9
A 15.3 15.1
B 15.3 15.4
C 15.1 15.2
D 14.7 15.2
38.9 ST1 CS4 £ 152 152
F 14.8 15.2
G 15.1 15.2
H 14.9 15.4
A 17.0 17.0
B 16.7 17.2
43 ) €S C 16.5 17.1
D 16.6 17.1
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. Temperature Tempera-
Distance Correspond- | Mea- . ture in the
Correspond- . in the North
to Inlet . . ing Cross sured South Duct
ing String . Duct Wall
(m) Section Spots (<C) Wall
(V)
E 16.8 17.2
F 16.7 17.0
43 ) €SS G 16.6 17.1
H 16.8 17.0

Table 4.6 Duct Air Velocity Measured on July 9", 2012 (from Nominal Duct Inlet to
Nominal Discharge) - Negative Values Indicate Reverse Flow

Measured Spots Air Velocity inside the Air Velocity inside the
North Duct (m/s) South Duct (m/s)
CS1 Centre >2.5 -0.7
CS2 Centre 2.1 -0.7
CS3 Centre 1.8 -0.7
CS4 Centre 1.8 -0.7
CS5 Centre 1.4 -1.2

4.1.3 Measurements of String Lengths

As a second check of string placement, this author scaled and measured the design

drawings (Appendix E). As all four string cables were 61 m long, the rest of ST3 cables

should be almost the same length as those of ST1. However, the measurements showed

that the lengths of the ST3 cables in the cable cabinet were about 4.5 m longer than those

of ST1, suggesting that ST3 was closer to the EEEL building. There is no simple way to

determine the whether the strings are in the specified locations. One reason for the

unexpected differences in length might be that some portions of the ST1 cables were

routed more circuitously to the cable cabinet.
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4.1.4 Signal Tests

One more technique was applied to check for string placement. A plasma ball can
generate a signal, which could be picked up by sensor wires, and monitored from an
oscilloscope or datalogger. This author went to perform tests on site on June 25" and
28™ 2012 with the help of an assistant. One person was to use a plasma ball to try to
trace the sensor wires from ground surface, and the other person was to stay at
Mechanical Room 2 to monitor the devices. Two way radios were used for
communication during the tests, as there was no cell phone signal in Mechanical Room 2

in the basement. It was hoped that the sensors would pick up the plasma ball signal.

The tests on June 25", 2012 were conducted from 9:10 to 10:35. S1 (on string ST1) and
S11 (on string ST3) were both disconnected from the datalogger mounted on the wall,
with one re-connected to the oscilloscope, the other to another CR1000 datalogger.
Ground temperature data of this period were necessarily missing from the raw data. The
person at the ground surface tried to scan the areas where ST1 and ST3 were buried. The
plasma ball was placed 2 cm, 1 m and 2 m north of the junction box, 1 m and 2 m east
and 1 m north of the box, 1 m and 2 m west and 1 m north of the box. Signals appeared
and disappeared at all the locations. The results were not reliable. Later that day, it was
discovered that a person touching the ball with one hand and the wire with the other

hand, greatly increased the signal strength.
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The second test was conducted on June 28", 2012 from 8:05 to 9:00 following the same
procedure as the first test, but with the improvement of sticking several metal rods about
23 cm into the ground, first 1.8 m and then 0.5 m north of the junction box mounted on
the exterior wall of EEEL. S1 and S2 (on string ST1) and S11 (on string ST3) were all
disconnected from the datalogger mounted on the wall during the test. S1 and S2 were
connected to another datalogger and S11 was connected to the oscilloscope. Videos were
taken from both tests on the ground and the signal graph shown on the oscilloscope from
Mechanical Room 2 for comparison. The plasma ball was placed 2 cm, 1 mand 2 m
north of the junction box, 1 m east and 1 m north of the box, 1 m west and 1 m north of
the box. Unfortunately, all signals received by the sensor wires were weaker than during

the first test. This method of using a plasma ball to locate sensor strings failed.

4.2 Design and Operation Problems of the EEEL ET System

The two parallel ET ducts were intended to serve AHU-4. However, site inspections by
this author revealed a circular path for outdoor air on every occasion the ET system was
visited: west through the north duct and east through the south tube. Detailed
calculations on the duct airflow Reynolds (Re) number under the various operating

conditions are provided in Appendix F.

As noted in Tables 4.3 and 4.6, the airflow direction in the south duct was from duct
nominal discharge to nominal inlet, and this was first noticed in late October, 2011, when

this author was attaching sensors to the duct walls. It was later confirmed with
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measurement by observation of a suspended thread and by measurements with air speed
sensors. This is because all four AHUs draw air from the three air intake towers, and
make the pressure in the Room 043v (connected to the air intakes) much higher than that
of the air plenum Room 057v and the plenum connected to AHU-1, AHU-2 and AHU-3
(Figure 3.2, Appendix A). The pressure difference made the north duct, Room 057v and
the south duct a U-shaped duct, with the north duct inlet pressure higher than the south
duct inlet. As a result, fresh air moves through the U-shaped duct. With air flowing two
ways in the ETs, there would be a cancellation effect, with warmed air in the south duct
losing heat to the ground and offsetting the heating of westward flowing air in the north

duct in heating season. This is not the way a system should be designed and operated.

4.3 Change of Landscape and Unanticipated Situations

The research method was designed before the building and its surrounding area were
completed. The change of the site landscape on the north side of the building, where the
ET system and sensors were located, affected the research plan by making the sensor
depths inconsistent during the data collection. Subsequent to the installation of ST1 to
ST4 after backfilling, the soil distributions above nominal grade were changed a few
times prior to completion of the building. Unanticipated situations also occurred during
the installation of the ground temperature sensors. These required this author to search

for solutions and further adjust the research plan.
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4.3.1 Uncertainty of Sensor Depths
Besides the locations of the strings, an effort was made to determine the depths of the

ground temperature sensors more precisely.

Ground-penetrating radar (GPR) was used as a means to confirm string depth more
precisely. A PulseEkko Pro with duall00MHz antennas and handles, and a 250MHz
Noggin cart based ground penetrating radar (GPR) system were borrowed from a
University of Calgary Geoscience Department research group, and a test was performed
on December 15", 2011. Neither system provided useful results. A second test inside
the duct area was performed on January 25", 2012, using the Noggin 500MHz unit.
Based on the graphs the equipment generated, no sensors were observed. All the GPR

equipment was manufactured by Sensors and Software Inc.

All members of Canadian Association of Pipeline and Utility Locating Contractors
(CAPULC) in Calgary were contacted about approaches to locating the sensors. Half of
them replied, but the conclusion was that the sensors were too tiny to be found using their
equipment. However, through the email conversation with a technical specialist from 3M,
this author learned about a kind of electronic marker (3M, 2010, p. 2), which could locate
underground facilities easily and faster. The marker’s working range is only up to 1.5 m
(p. 4) underground. This depth is insufficient to mark the depths of the sensors in this
research, but it at least could show the locations of the strings. This kind of marker could

be used in similar future studies.
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Finally, this author decided to make some assumptions based on the available
information. There are five sensors in each string, and the distance between two sensors
is 2 m as designed. The distance between the shallowest and the deepest sensors in each
string should theoretically be 8 m. However, during the installation, the strings could be
bended on the way down. Also, there was underground water encountered at about 7 m.
As there was no way to check the exact depths of the sensors, and soil temperature below
2 m depth underground will not have obvious difference within small distances, such as
10 cm, this author decided to assume that the strings were straight with 2 m between each
two sensors. This author assumed the shallowest sensor was located at 0.1 m depth,
because the temperatures of sensors at this depth changed quickly following ambient air

temperature.

4.3.2 Changes in Soil Distribution above the Ducts

Both ducts were buried at the same depth below nominal grade. However, a 1.6 to 2.3 m
high layer of dirt (Figure 3.4) was placed on top of the duct area and moved back and
forth, the condition and even the data were affected and the research plan had to be

revised.

The dirt was sloped on both north and south and was located with its peak on top of the
ST1, ST2 and ST3 area. This meant the north duct was buried deeper than the south duct,

by about 0.3 m. The depths of both ducts and the three strings were not consistent from
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the beginning of data collection on February 15", 2011 until September 30", 2011. This
affected below grade temperature conditions. ST4 sensors were no longer at the same
depth as those of ST1, ST2 and ST3. However, ST4 sensors could still be used as
comparison to the other string sensors, but at slightly less comparable conditions. The
effect of extra dirt on ground temperatures was positive because the north duct was

deeper. At 2 m depth, the effect was very easily observed in the temperature trends.
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CHAPTER FIVE: RESULTS AND DISCUSSION

5.1 Ambient Air Temperature
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Figure 5.1 Average Hourly Ambient Air Temperatures for 2010 to 2012

Figure 5.1 shows the hourly average ambient air temperatures from 2010 to 2012
(September 30™). The mean annual air temperature was 4.5 <C in 2010 and 4.4 <C in
2011 (Tables 5.1 and 5.2). January and February of 2010 were generally warmer and
November and December of 2010 colder than the corresponding months in 2011. The

other corresponding months of both years had similar ambient air temperatures. The
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winter average ambient air temperature (calculated from November 1% of previous year to

March 31%) was -3.7 <C in 2010, -7.3 T in 2011, and -2.3 T in 2012 (Table 5.4).

Table 5.1 Average Yearly and Monthly Ambient Air Temperatures (<C) for 2010

Average Max Min Range
2010 4.5 31.2 -29.9 61.1
January -6.3 10.3 -25.8 36.1
February -4.5 8.1 -16.6 24.7
March 3.0 15.6 -1.7 23.3
April 4.9 21.3 -9.1 30.4
May 7.6 25.3 -3.5 28.8
June 13.5 26.9 2.0 24.9
July 16.2 28.4 7.4 21.0
August 15.0 31.2 2.6 28.6
September 9.1 25.2 -0.9 26.1
October 7.5 26.0 -5.7 31.7
November -4.4 21.7 -29.9 51.6
December -8.6 7.9 -26.3 34.2

Table 5.2 Average Yearly and Monthly Ambient Air Temperatures (<C) for 2011

Average Max Min Range
2011 4.4 29.5 -29.7 59.2
January -8.6 12.9 -29.0 41.9
February -9.1 9.5 -28.2 37.7
March -6.1 11.2 -29.7 40.9
April 2.0 13.8 -11.5 25.3
May 9.6 22.2 0.1 22.1
June 13.2 25.7 4.0 21.7
July 16.8 29.0 6.0 23.0
August 16.4 29.4 6.0 23.4
September 14.2 29.5 0.2 29.3
October 6.0 18.2 -5.6 23.8
November -2.0 13.6 -20.8 34.4
December -0.9 11.1 -16.6 27.7
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Table 5.3 Average Monthly Ambient Air Temperatures (<C) for 2012

Average Max Min Range
January -5.1 15.2 -32.2 47.4
February -4.4 12.8 -21.6 34.4
March 0.6 15.1 -13.5 28.6
April 4.9 25.6 -6.1 31.7
May 9.7 26.4 0.1 26.3
June 13.9 24.2 4.4 19.8
July 18.6 30.2 8.2 22.0
August 17.3 30.1 5.7 24.4
September 14.0 27.6 1.9 25.7

Table 5.4 Winter Average Ambient Air Temperature (<C) of 2010, 2011 and 2012 (Winter
Average Ambient Air Temperature: from November 1% of Previous Year to March 31%)

Winter Average Max Min Range
2010 -3.7 19.6 -32.4 52.0
2011 -7.3 21.7 -29.9 51.6
2012 -2.3 15.2 -29.9 45.1

Some parameters in the experiment may vary a lot from year to year: ambient air

temperature, climate conditions (more/less snow or rain each year), etc. The geographic

location of Calgary means its winter weather is influenced greatly by Chinooks. In

January (usually the coldest month of the year), 2012, Calgary experienced both a few

very cold days (such as median temperature of -30 <C on January 17", 2012) and a few

warm days (such as median temperature of 8 <C on January 8", 2012).

5.2 Related Information to Soil Temperature Change
5.2.1 Related Heat Exchanges

Some important heat exchanges related to this ET research are described below:
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Between ambient air and ground: “Ambient air temperature influence surface and
subsurface temperature by affecting the rate at which heat is transferred to or from the
atmosphere and the ground (Williams & Gold, 1976).” Ground surface temperature
follows consistently with ambient air temperature. In summer, ground surface gains
heat from solar radiation, and ground surface temperature rises first. In winter, heat is
extracted from ground to ambient air, which makes ground surface temperature
decrease first. Below the ground surface, however, because of the relatively high
thermal inertia of the ground, temperature fluctuations decrease with depth below
grade;

Between outdoor air and ET: when outdoor air goes through ETs, in winter,
temperature in soil (deeper than 2 m from ground surface) surrounding the ducts are
higher than average outdoor air temperature, heat in soil surrounding the duct is
conducted into the duct wall, and then convected into passing supply air. In this case,
supply air passing through ETs is heated, while duct wall and soil surrounding the
duct is cooled. In summer, the opposite happens, supply air passing through ETs is
cooled, and duct wall and soil surrounding the duct is heated. However, as this ET
system was not properly designed, this heat transfer was negated by counter flowing
air in the north and south earth tubes;

Between ground and building foundation: as building indoor air temperature is
usually maintained above 20 <C throughout the year, the temperature of a building

foundation will always be higher than that of the surrounding soil. Therefore, heat
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will be conducted from the building interior through the foundation into the

surrounding soil.

5.2.2 Data Collection Description

Ground temperature data collection was initiated on February 15, 2011 at 16:00. Data
were recorded at 1-minute intervals until the interval was revised to 5 minutes after 13:35
on February 23", 2011, because inspection of the data showed that soil temperature
changes would be adequately recorded with a 5 minute interval. The data include pre-
and operation conditions. They were downloaded from the datalogger to a laptop
computer, and then imported into an Excel spreadsheet to analyze median daily ground
temperature. An SC32B interface (Campbell Scientific, 2003) with an SC12 cable was
used for attachment to the datalogger and a 10873 cable from the interface to the laptop.
The data recorded between February 15", 2011 at 16:00 and September 30", 2012 at
23:00 were analyzed to explore the temperature changes of shallower ST1, ST2 and ST3
sensors due to soil distribution change above nominal grade, and the stabilization of ST4
sensor temperatures. The ambient air temperature data were obtained from Environment

Canada (2012).

Two important external conditions changed during data collection and should be

considered during analysis:
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e One was the theatre LEED flush that began on September 8", 2011, followed by the
normal operation of AHU-4. From November, 2010 to September, 2011, the ET
system was buried, but there was no mechanical airflow;

e The other one was changes in the depths of ST1, ST2 and ST3 sensors. One layer of
dirt was placed on top of the three strings between July 5™ and August 15™, 2011,
moved away and then another higher pile of dirt was moved back permanently on
September 28™, 2011. These major events were noted in Figures 5.2-5.6. Details will

be provided in later sections.

5.3 Soil Temperature Change

5.3.1 Ground Temperature Changes due to Soil Distribution Change above Nominal
Grade

Because the EEEL ET system was not designed correctly (see discussion of reverse flow
in the south duct in Chapter 4), there was no point in evaluating the ground heat transfer
for ST1, ST2 and ST3. However, as the soil distribution changed above nominal grade,
the actual depths of sensors in ST1, ST2 and ST3 increased unevenly from 1.6 mto 2.3 m
deeper from nominal grade than the original design. Changes of temperature trends at 0.1

m and 2 m depths were still of interest and should be analyzed.

Figures 5.2 and 5.3 show the temperature trends of the soil at 0.1 m and 2 m depths. The
soil temperatures of ST1-ST3 sensors at 0.1 m and 2 m depths were lower in the first few
months of data collection than one year later. Other than the soil distribution changes
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noted above, the difference between average hourly ambient air temperatures for winters

2011 and 2012 (Table 5.4) should also be considered.

At 0.1 m depth, in winter 2011, S11 reached its minimum on March 2", 2011 at -11.2 <C,
while ambient air temperature was the lowest at -24.7 <C. The ground temperature then
rose following ambient air temperature. Beginning April 2™, 2011, S16’s temperature
stayed quite stable just below 0 <T till May 13", 2011. S1, S6, and S11 reached just
below 0 <T on May 15", May 10", and May 12" respectively. As stated in Schoeneich’s
paper (2011, p. 1), “During snow melting, the snow cover will first lose its isolation
capacities by both the compaction of the snow and the increase of its water content,
leading to a progressive warming of the ground surface temperature. When melt water
percolates to the ground surface, the ground surface temperature will enter a phase at

0 <C, lasting until complete snow melt, and called zero curtain.” The period during early
April to mid-May was when all the heat from the ambient air was consumed by the
ground as latent heat. After the ground completely melted, the temperatures of all

sensors began to rise rapidly, and followed ambient air temperature more closely.

62



—----Sensor 1 Sensor 6 —==-8ensor 11 Sensor 16 Median Daily
30
0.1 m Depth
25 A
20 -
15
A
10 - Wk~ <
~
- WML
o] ~
< 5 \‘..‘
@ 8l R
E \ g a1
% 0 —TTT T T T T T T —— = ||||“|—rw-w-h--'
1 i T T
N VAW
g 5 - J\u\/\'J .
S %/ / ' A - July 5% 2011
'. A layer of dirt was placed on top of the
]
-10 ‘;", north duct and ST1, ST2 and ST3 area.
B - August 15%, 2011
15 - The layer of dirt was removed.
C - Spetember 8™, 2011
20 LEED Flush Started.
- D - September 28%, 2011
LEED Flush Ended.
-25 A Layer of 1.6 m to 2.3 m high dirt
was placed permanently on top of the
30 - A B cC D north duct and ST1, ST2 and ST3 area.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0309 0903 03 0 01 07 03 03 03 0 03 03 03 01 03 03 03 68 0 03 08 64 03 03 89 e o3
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CSCoOoOoooCOoOoCooooOooOooOooooooooooooooooooooooooooooooooooooooooooooo
Qoagaoaoaaaaaooaooadaoddaaodaaoaooaaaaoaaooaoaaoaaaaoaoaooaaaaaadoaooonan
el MO OO OO0 OO OO mmm Il e =l I I NN S MO OO RO
OO0 000000 000008508 S S Amrmrrrr—— O 0000000 S SO0 Co0000000SSoSSS~
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e N
B FRACEEEEE IS E S Irivivig I I FFomrdrmdded S S Sddd S =SS S S5 S SSISSSSFFFRHHHE
CNO N NN~ N =N — NS =N O =N =N — NN =N — N =N — NN — NS — N O — O

Figure 5.2 Median Daily Ground Temperatures at 0.1 m Depth

The extra dirt placed above ST1, ST2 and ST3 (period between A and B in Figure 5.2)

both

e delayed S1, S6 and S11°s peaking by just over a month, and lowered their peak
temperatures by about 6 <T compared with S16 (all the related dates, peak and
minimum temperatures of the twenty sensors can be found in Table 5.5) and

e resulted in the temperatures of S1, S6 and S11 remaining stable, while the
temperature at S16 (in ST4) experienced big fluctuations following the ambient

temperature.
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After point D in Figure 5.2, the extra soil was permanently placed above nominal grade.
Temperatures of S1, S6 and S11 became stable and decreased slowly, while the
temperature of S16 fluctuated with ambient air temperature and decreased rapidly. The

effect of the large layer of dirt was obvious.

In winter 2012, the temperature at S16 first fell below 0 < on November 15", 2011. It
reached as low as -11.1 <C on January 19", 2012, two days after the ambient air
temperature reached a winter low of -29.6 <C. Temperatures at S1, S6, and S11

decreased below 0 <T beginning on February 15", 2012, and stayed stable just below

0 <C. Their “zero curtains” of winter 2012 were quite different from those of winter 2011.
Their durations were all longer than S16: February 15" to May 26" for S1, February 18"

to May 30" for S6, and April 4™ to May 16" for S11.

Following the rise of ambient air temperature, the temperature of S16 experienced a
much shorter period of zero curtain than winter/spring, 2011, from April 5" (-0.5 <) to
April 19" (0.1 ).  This was because it was closer to ground surface and received
latent heat from ambient air quicker than the other three sensors (covered by extra soil).
Moreover, the winter average ambient air temperature in 2012 was -2.3 <C, while that of

2011 was -7.3 C. The latent heat required for melting was much less in spring, 2012.
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Table 5.5 Peaks and Troughs of Median Daily Soil Temperature (<C) of Winter and
Summer, 2011 and 2012

Depth | Sensor | Winter, 2011 | Summer, 2011 | Winter, 2012 | Summer, 2012
S1 March 2™ August 28" April 6" August 26"
-8.1 11.9 -0.3 11.5
S6 March 2™ August 28" April 117 August 27"
0.1lm -8.5 11.9 -0.3 11.3
S11 March 2™ August 28" April 24" September 1°
-11.2 12.6 -0.1 11.6
S16 March 9 July 197 January 19" July 127
-2.7 18.1 -11.1 27.1
S2 March 15" | September 1% April 117 September 4™
-1.7 10.3 0.2 11.0
S7 April 24" September 5™ April 117 September 14"
2m -0.4 9.2 0.4 10.5
S12 March 21% October 13" April 29"
-0.8 9.5 0.6 -
S17 May 19™ September 5™ May 5" August 22"
0.9 10.3 0.6 13.8
S3 April 25" October 2™ March 31%
1.1 9.7 14 -
S8 April 8" September 30" March 29™
4m 0.9 94 1.2 -
S13 April 30" October 6" April 14"
0.9 9.3 1.7 -
S18 June 10" October 21% May 23"
3.3 8.3 3.1 -
S4 April 26" October 3™ March 29"
3.1 8.8 3.0 -
S9 April 8" October 2™ March 28"
6m 2.8 8.7 2.8 -
S14 May 3™ October 7™ April 12"
2.5 8.6 3.1 -
S19 July 1% November 13" June 5
5.0 7.3 4.8 -
S5 May 10" October 20™ April 25™
5.0 7.9 4.8 -
8m S10 May 2™ October 18™ April 25™
5.0 7.4 4.9 -
S15 May 17" October 25™ April 29"
4.6 7.4 4.9 -
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Depth | Sensor | Winter, 2011 | Summer, 2011 | Winter, 2012 | Summer, 2012
8m S20 August 5" | December 17" July 8"
6.0 7.0 5.8 -

After the “zero curtain”, S1, S6 and S11 all increased rapidly and smoothly following
ambient air temperature. The processes of S1, S6 and S11 peaking were much smoother
than that they experienced in year 2011 (period between B and D in Figure 5.2). This
was because during that time the extra soil above these sensors was removed. The pile of
dirt substantially changed the temperature profiles of ST1, ST2 and ST3 sensors at this

depth.

At 2 m depth, the soil could be either affected by the ETs or by the ambient air. It is hard

to tell which effect is greater.

The maximum depth of frost penetration in Calgary is 1.8 m (The Canadian Geotechnical

Society, 2006, p. 192). In this research, the ground temperature at 2 m depth fell below

0 <C during February and March, 2011, and this did not occur in 2012. This could be

because:

e the area around the ducts was excavated during the installation of the ETs in
November, 2010. It is reasonable temperature in this area was lower than normal,

o the extra soil located above nominal grade since late September, 2011.
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Figure 5.3 Median Daily Ground Temperatures at 2 m Depth

As stated above, ST4 is the farthest from the building and ducts, and the least affected by
their related heat transfer. The ground around S17 (in ST4, 2 m deep) never froze, and
the temperature began to rise on May 26", 2011. This was much earlier than at
corresponding points on S2 (ST1), S7 (ST2) and S12 (ST3). The ground near the duct at
S2, S7 and S12 froze in winter 2011. Their readings rose to 0 <C one by one from late
June to mid-July 2011. The zero curtain phenomenon occurred. The temperatures at the
three sensors all rose rapidly after the ground melted, and peaked around September,

2011.
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The effect of the removal of extra soil between period B and D also showed at 2 m depth.
The fluctuations of S2, S7 and S12 caused by ambient air temperature during that period
experienced a two-week time lag relative to sensors at 0.1 m depth, because of the 1.9 m

extra depth.

The temperatures of the sensors at 2 m depth reached their minimums in mid-April all
above 0 T (see details in Table 5.5). Again this could be because both the extra soil and

the 5 <C warmer winter temperature of 2012.

By September 28", 2012, AHU-4 had been operated normally for one year after LEED

flush. Based on the data given in Table 5.6, comparing to September 28", 2011,

e the median daily soil temperature at 0.1 m depth had risen 8.7% (average of all three
sensors), while the median daily ambient air temperature was higher by 75%;

e the median daily soil temperature at 2 m depth had risen 15.2%.

It could be noticed that the temperature rise at 2 m was higher. This could be because the
extra layer of dirt above normal grade. The effective sensor depths increased and the
winter average ambient air temperature of 2012 was 5 <C higher than that of 2011 (Table

5.4).
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Table 5.6 Temperature Changes (<C) of Sensors at 0.1 m and 2 m after One-Year of
Normal Operation

String Sensor | September 28™ | September 28™, Temperature
2011 2012 Changes
S1 9.1 9.8 0.7
01m S6 9.1 9.8 0.7
' S11 9.8 10.8 1.0
S16 9.9 9.5 -04
S2 9.2 104 12
om S7 8.9 10.3 14
S12 9.2 10.8 1.6
S17 10.0 11.9 1.9
Ambient Air 10.0 17.5 75
Temperature

5.3.2 Stabilization of the Ground Temperature Remote from the Building

As ST4 was remote from the ducts and the building, it was the least influenced and would

be expected to correspond more closely to the undisturbed ground temperature. It

provides some reference data on the stabilization of the ground temperatures for the

disturbed soil especially at 4 m, 6 m and 8 m depths.

It can be seen from Figures 5.4-5.7 and Table 5.7 that the deeper the ground, the more

stable ST4 ground temperature remained.

The ducts were buried at 4.9 to 4.5 m from nominal grade to the centres of inlet and

discharge. The temperature in soil surrounding ducts will be affected more at the depths

of 4 mand 6 m than at 0.1 m, 2 m and 8 m. Temperatures at these two depths were

analyzed and compared.
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Figures 5.5 and 5.6 show that ground temperatures at 4 m and 6 m in ST4 were always

above 0 <C; the deeper the sensors, the higher the temperatures, the smaller temperature

range, and the larger the temperature time lags with respect to the ambient air

temperature. The temperature ranges for ST4 sensors at 4 m and 6 m were 6.4 <C and

2.5 <C, while those of ST1-3 sensors were about 9 T and 6 T respectively.

Table 5.7 Median Monthly Temperature Ranges (<C) for Sensors at 4 m, 6 m and 8 m
Depths (from February 15", 2011 to September 30", 2012)

. Maximum Minimum Temperature
String | Sensor
Temperature Temperature Range
September, 2012 April, 2011
53 10.3 1.1 9.2
September, 2012 April, 2011
P 10.0 0.9 91
s13 September, 2012 April, 2011 8.9
9.9 1.0 '
September, 2012 May, 2012
S18 0.5 31 6.4
September, 2012 April, 2011
S4 8.9 31 5.8
s9 September, 2012 April, 2011 6.0
6m 8.9 2.9
s14 September, 2012 April, 2011 6.3
8.9 2.6 '
November, 2011 June, 2012
S19 73 48 2.5
October, 2011 April, 2012
S5 78 49 2.9
10 October, 2011 April, 2012 25
8m 7.4 4.9
s15 October, 2011 May, 2011 58
7.4 4.6 '
February, 2011 July, 2012
S20 779 £ g 1.4
. . July, 2012 February, 2011
Ambient Air 18.2 16.8 35.0
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Figure 5.5 Median Daily Ground Temperatures at 4 m Depth
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Figure 5.6 Median Daily Ground Temperatures at 6 m Depth

Temperatures of all the ST1, ST2 and ST3 sensors began to rise around April, 2011 and
peaked around October, 2011, both much earlier than the corresponding sensors in ST4.
The peak of S18 (ST4) at 4 m depth was about 1.2 <T lower and two weeks later than
those of the ST1-ST3 sensors at the same depth. That of S19 (ST4) at 6 m depth was
about 1.4 <C lower and six weeks later than those of the ST1-ST3 sensors at the same

depth.

After peaking in October, 2011, temperatures of the ST1-3 sensors decreased rapidly with
delay of about 3 to 4 days compared to ambient air temperature. During the weeks of

November 27"-December 3", December 18"-December 24" and December 25""-

72



December 31%, 2011, the rates of temperature decrease of S3, S8 and S13 (at the depth of
4 m), and S4, S9 and S14 (at the depth of 6 m) slowed. This was because ambient air
temperatures were relatively high during that period (higher than ground temperatures
during daytime) and heat was transferred from the incoming air to the ground
surrounding the ducts. This was expected as these two sets of sensors were closest to the
ducts and they were affected. The rates of temperature drop clearly increased for the
same set of sensors during the cold week of January 15"-January 21%, 2012. During both
temperature rate changes of ST1-3, the temperatures of ST4 sensors were more stable and
their curves were much smoother. The stabilization effects of soil remote from the

building and the ducts were obvious.
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Figure 5.7 Median Daily Ground Temperatures at 8 m Depth
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At 8 m depth, the temperature at S20 was the most stable. The highest temperatures at
S20 occurred in mid-February, 2011, almost a half-year of time shift relative to the
ambient air temperature. The temperature range of S20 was 1.4 <C, about half of the
other sensors’ at this depth. This further shows that undisturbed ground temperature

stays very stable during a complete year when depth is sufficient (such as at 8 m).

Figure 5.7 shows that S5, S10 and S15 reached their minimums around mid-May, 2011
while S20 reached its around mid-August, a three-month delay. However, the
temperatures of sensors at 8 m depth fluctuated less than those at other depths. After the
system started operating, temperatures at S5, S10 and S15 peaked around October 20",
2011. Temperature of S20 peaked in mid-December, 2011. However, the peak was
lower than it was in early 2011 (or late 2010). As S20 is in ST4 and far from the ducts,
the temperature change should be mostly related to the undisturbed ground temperature

which is affected by ambient air temperature, but no influence by the ETs.

Figures 5.8-5.11 show the vertical temperature gradient for each string from the
beginning of October, 2011 to the end of September, 2012. It could be seen that ST4
profile has a much more typical and narrower funnel shape, while ST1, ST2 and ST3
sensors had similar temperature profiles. At all strings the temperature ranges for each
sensor diminished with depth. Temperature ranges for ST4 sensors at 0.1 mand 2 m
were larger than those of ST1, ST2 and ST3 sensors. The effect of the extra dirt on top of

ST1, ST2 and ST3 was obvious. At4 m, 6 m and 8 m, the ranges of ST4 sensors were
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only about half of those for ST1, ST2 and ST3. The stabilization of soil remote from the
building and the ducts is obvious.
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CHAPTER SIX: CONCLUSIONS
6.1 Findings on Soil Temperature Change
The purpose of this research was to analyze ET effects on soil temperatures. Among the
topics considered were the soil temperature changes due to soil distribution change above
nominal grade, and the stabilization of soil temperature remote from the building and the

ducts.

First of all, the combination of the following outside factors affected soil temperature:

Soil excavation during ET installation;

e The change of landscape above nominal grade had resulted in the change of depths of
soil temperature sensors;

e AHU-4 started operating more than six months after measurement started;

e Winter average ambient air temperature of 2011 was 5 T lower than that of 2012.

The findings on soil temperature change are below:

e At0.1 mand2 m depths, soil temperatures were affected by the soil distribution
change above nominal grade. This change made the soil at these two depths more
stable. The “zero curtain” phenomenon occurred in both winters 2011 and 2012 for
soil temperature at 0.1 m, but only in winter 2011 for that at 2 m. This could be
because the soil was excavated and disturbed in November, 2010 or the relatively

warm winter 2012;
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e Comparing to sensors in ST1-3, soil temperatures at 4 m, 6 m and 8 m depths of ST4
were very stable. As soil at these three depths was remote from the building and the
ducts, the deeper the ground, the smaller temperature ranges were, and the larger time

delays were.

6.2 Inspirations from this Research

6.2.1 Documentation

The site construction was still ongoing during the early period of data collection and
lasted until late September, 2011. The soil distribution above nominal grade of the duct
and string area changed a few times during that time. This influenced the soil
temperature data trend. Frequent photo-taking during the research was helpful in
recording project progress, initial conduit cable and asphalt path locations. The photos
were especially useful for later comparison between data analysis results and landscape

conditions.

6.2.2 Measurement

This author planned to collect ET duct wall temperatures on January 17", the coldest day
of 2012, when ambient air temperature was -30 <C at 10:00. An OMEGA 0S950 series
infrared thermometer was used for temperature collection. However, as it was quite
windy and cold down at the ETs, the infrared thermometer only worked for the first two
minutes and then was frozen. The user's guide said the instrument operating range is

0 T to 50 T (OMEGA, p. 10), and its storage range is -30 C to 60 <C. Becoming
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familiar with equipment before using would save time and make one’s research more
confident. It was unfortunate that the data were unavailable for detailed analysis.

Moreover, pen worked poorly at the cold environment. It is better to use pencil.

6.2.3 Communication
Visit the site frequently was helpful during the research to observe events that occurred
during the research that required the researchers’ attention, such as landscape and system

changes.

Communication was also important during this research. The more questions you ask,
the more you learn. This author discussed the mechanical system and architectural
questions with people from EllisDon, the EEEL construction company. She also tried to
obtain the initial design from the designer of the ET system, Tim McGinn of Design
Dialog. She asked questions and received valuable data and control system information

from Siemens staff and University facility management personnel.

At the beginning of the research, when this author went to the duct air plenum (Room
057v) in the basement, she could smell sewer gas from the drainage. The room is the
only path for outdoor air to go into AHU-4, transporting polluted air into the occupied
space. Moreover, as air in that room will also flows back to Room 043v through the

south duct, the malodourous air would also have been drawn into AHU-1, AHU-2 and

AHU-3. This means sewer gas, even at low concentration, would permeate the building.
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According to ASHRAE Standard 62.1 Table 6-1 (2007, p. 13), the air class for theatre
and lecture classroom should both be 1. The definition of air class 1 (p. 9) is “Air with
low contaminant concentration, low sensory-irritation intensity, and inoffensive odour.”
Circulation of polluted supply air inside the EEEL building was a possibility. This author
reported the situation to the facility manager Doug Morton. He informed the EllisDon
site Superintendent. It was found that a device that should be installed was missing. In
the meantime, this author went to the main floor theatre and found she could easily smell

the gas there.

To confirm every step of sensor installation, temperature measurement, and data
collection is very important. Because some of the steps are not reversible, one missing
item could result in important mistakes in data prediction and analysis. If people in
charge of installation are not familiar with the details and standards, it is possible for
them to ignore things and make mistakes. This will lead to useless data and research
uncertainties. The possibility of ST1 and ST3 installed backwards could be a bad
example. Communication is important. The installers and designers should keep good

communications open and discuss, agree on and record any changes to the original design.

6.3 Recommendations for Future Work
The results of this experiment could provide general results on soil temperature change
due to soil distribution change above nominal grade, and the stabilization of soil remote

from the building and the ducts. It is only the basic step of the system evaluation.
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However, because of the incorrect design of the EEEL ET system, the system’s effects on
temperature in soil surrounding the ducts failed to show. Ground temperature change
requires long-term monitoring. Corrections of the design problem and long-term
monitoring are required to explore the ground heat depletion surrounding the ducts, in
order to evaluate if the system can maintain long-term stable operation in a very cold
climate. Questions such as how long will it take for the ground heat to self-recover, if the
ground heat is not sufficient to maintain a satisfy operation, will there be any technology

that can help the heat recovery economically, all need to be answered.

Moreover, the air distribution inside the ducts, such as the air velocity, temperature, and
boundary layer contacting the duct walls should be analyzed to further improve the
experiment. Simulation tools, such as using a CFD model to analyze the heat distribution

inside the ducts and even ground surrounding the ducts might be helpful.

The ET system’s effect on the scope of the whole EEEL building should also be explored.
This will require building simulation with proper software, which can model not only the
inside building HVAC system but also the ET system buried underground next to the
building. Once the model analysis data are compared with real experimental data, and

the accuracy of the model is confirmed, it can be used to analyze how much energy is

saved per year with the ET system and calculates its payback period.

Several recommendations for future work are as below:
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Figure out how air moves in the south duct under various conditions of the AHUs
operations;

Finding possible solutions to the reverse airflow problem. The backward airflow in
the south duct must be corrected so as to make full use of the ET system;

Install duct air temperature sensors, collect data and find temperature difference
after air moves through the ETs so as to calculate system’s coefficient of
performance (COP);

Confirm ST1 and ST3 locations, see if they are installed backward;

The soil sensors of EEEL ET were 1 m laterally from the north duct wall. The soil
immediately surrounding the ducts could be frozen during winter time. This
information could be useful for future EEEL ET studies as simulation input;

Work with building operator to alternate between operation and non-operation of
the ET system to examine the ground heat self-replenishment;

Simulate the building with the ET system and evaluate energy savings;
Questionnaires for students, teachers and staff regarding indoor environment

comfort to further evaluate the ET system.
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APPENDIX A: EEEL AHUS VENTILATION PLAN

Provided by EllisDon.
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APPENDIX B: AHU-4 SPECIFICATION

Provided by EllisDon.

EngA ‘ ENGINEERED AIR SUBMITTAL RECORD

JOB NAME: EEEL-BP3 BUILDING RENOVATION JoB NO: _45819(C35996)
CUSTOMER: _TROTTER & MORTON BUILDING ENGINEER: COHOS EVAMY
EngA MODEL: LMB/C/HRP ary: 1 TAG: AHU-4

SHIPPING AND APPROVAL INFORMATION
MOUNTING Indoor Basa Maunled
NO. OF PIECES 1 Unit

= CETL approval.
* Unil operates at the altitude of 0-4500 f{0-1372 m),

ACCESS As Per Drawing
SHIPPING WEIGHT 10750 Ih (4886 kg)

SUPPLY AIR DATA

AIRFLOW 5000 CFM (2,360 lis)  FAN SIZE (2] 182 MPON TSP 50inwe. {1245Fa) RPM 2250
MOTOR SIZE & HP (2.73 kW) TYPE (RFM) TECOTEFC (1760} ESP 2.0inwc, (498 Pa)  BHP 2,58 BHP (2.02 K
* Supply alr fan efw direct drive motor and 2*{51 mm) deflection spring vibration isolation.

* Unit mounted Danfoss adjustable speed drive. Normal operating airfiow of 5,0600FM (2,380 U's) at 71Hz operating fraquancy.
Minimusm operating aiflow of 1,750 CFM (826 I/s) at 25Hz operaling frequency ciw input line reactors, load reactors and manual
bypass.

EXHAUST AIR DATA
AIR FLOW 5000 CFM (2,360 1l's) FAN SIZE (2) 182 MPON. TSP 3dinw.e (822 Pa)_ RPM 1812
MOTOR SIZE 3 HP (2.24 kW) TYPE (RPM) TECD TEFC (1750} ESP 20inw.c. (408 Pa)  BHP 1.93 BHP (144 kW)

* Exhaust air fan cfw direct drive metor and 2°(51 mm) deflection spring vibration lsclation,

* Unit mounted Denfoss adjustable speed drive. Marmal operating alrflaw of 5,000CFM (2,360 Us) at G0Hz operafing frequency.

Minimum oparaling aiflow of 1,750 CFM (825 {8} &t 21Hz eperating frequeney chw Input ling reactors, load reactars and manugl
bypass.

AlR OPENING DATA

AIR QPENING LOCATION DAMPER TYPE OPERATION
SUPPLY AIR Top
RETURN AIR Top
OUTSIDE AIR Back Sza Below [1] By Others
EXHALST AIR Top

* [1]- TAMCO Serfes 1000 Low Leskape Aluminum Ai-foll Oppased Blade
*_Damper aperators supplied and installed by others where demper shaf terminaled inside wni.

CONSTRUCTION DATA

UNIT GABINET 16 gauge s=tin coal galvankzed shest matal Gl 2" (51 mm) 3 bt (48 koim?) insulalion on enfies unit casing,
UNIT LINER 24 gauge perforated liner throughout except any fiter sectians ans and unit w
22 gauge solld [inar on any filler sections, coll sect ons, humidifar section ard unilt undersids,
22 gauge stainiess steel lingr on cooling coll and humidifler sections
UNIT FLOOR. 14 gau Idad black [ron check: rust inh ting and 1.6" upstands urit fi
EXTERIOR PAINT Elscimstatically apalied enamel{gray colour} on all exterior surface but pat inchuding ynll underside.
AIRSIDE DOOR  Fliter, blower and plenum access - AJd doors abli @ g 3 B pine
window.
Humigifier eccess - Al dooms chw logkable |evar tpe door handles
SERVICE DDOR  Elgcirics| accass - hinged ci lockable [ever tyng dons handis
DATE 14-Oct-2009 -1- Continued on page 2
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EngA | | ENGINEERED AIR

JOB MAME: EEEL-BP3 BUILDING RENOVATION
CUSTOMER: TROTTER & MORTOM BUILDING
EngA MODEL: LM&/C/HRP

CONSTRUCTION DATA (CONTINUED)
ORAIN PAN

SUBMITTAL RECORD

JoB No: _ 45819(C35996)
ENGINEER: COHOS EVAMY
ary: _1 TAG: AHU-4

Stelninss steel drain pan cfw drain conneclion through casing on cooling coil secton.

Stalnless slesl drain pan ¢/w floar drain connection through base frame on humidifier ssctan and heat plpe s
and exhaust section,

* Heal Fipe : (1) Q0T Heat pipe energy reclaim coil instalied {See attached perfiormance data) o/w alumirum lubesfins, gelvanized
steal casing and R134A refrigerant.

* Humidifier planum is for fulure use with gride supplied by oihars.

* Humidifier plenum is 36" (514mm) in length, bul the sbsorption distcance is 16" (406mm] befors the top discharge cpening dus to
length restrickions.

* Palnt is lead and cadmium fras.

ELECTRICAL DATA

POWER SUPPLY MAIN FEEDER AMPACITY | MAXIMUN FUSE(D.E.) MAXIMUM BREAKER
575/3 /60 18.1 AMPS | 25 AMPS 25 AMPS
* Zee Eleclrical Dzta Shest for detalls,

* (V) maring lights c/w an onfoff switeh with indicating light and {1) senvice recaptacle unlt mounted an wnit exterior - 120 PHI GOHZ
power supgply by others,

SUMMER AND WINTER FILTER SECTION DATA - Side Loaded

FILTER TYPE Fam 30/20 Pleated Filler chw Metal Franve with MERW 8 (25-30% Ef)
QTYISIZE 2 -24 % 12 x 2" (610 % 305 x 51 mmi) QTYISIZE 2 - 24 x 20 % 2° (610 x 508 x 51 mm}
TOTAL GROSS AREA 10.67 SO.FT, (0,99 SO. MTRS) FACE VELOCITY 460 FPI (2,38 mis)

+ Fiiters may be shipped |oose or meunted in the tracks.
« 1 spare sat of fillers - shipped loose

* Dwyer saries 2000 magnehelic gauge 0-1" we acress surnmer filter section

FINAL FILTER SECTION DATA - Side Loaded

FILTER TYPE EnaFac Syn Rigid Filler ciw header with MERY 13 (80-85% Ef)
QTYISIZE 2 -24 %12 x 12" {B10 x 305 x 305 mm) QTYISIZE 2-24x 12" {810

TOTAL GROSS AREA 10.67 5Q.FT, (1,89 50. MTRS) FACE VELOCITY 462 FP (2 35 mis)

¥ 305 mm

+ Filters may be shipped leose or mounted In the tracks.
* Dwyer saries 2000 magnehelic gauge 0-2" we across final filler section ehw valve for winter pre-filler section

EXHAUST FILTER SECTION DATA - Side Loaded

FILTER TYPE _Farr 30v30 Pleated) Filter chw Ketal Frame with MERY 8 (25-30% EfM
OTYISIZE 2-24 » 12 x 2" (810 x 305 x §1 mm)

QTYISIZE 2 - 24 20 x 2° (610 ¥ 508 % 51 rom)

TOTAL GROSS AREA 10.67 S0 FT. (0.99 50, MTRS) FACE VELOGITY 468 FPM (2.38 mys)

+ Filters may b shipped loase or mourled in the tracks,

HYDRONIC HEATING COIL DATA

COIL SIZE 48 {1219} x 30 (Y62} x 2R x 12 FPI
CAPACITY 433010 Biyh (196,89 kW)
ENTERING AIR DB -20°F {-28,9°C)

_ VELDCITY 500 FPM (2.54 mfs)
AR P.B. 0,19 Inwe. (47 Pa)
LEAVING AIRDE T1.6°F (72.0°C]

FLUID MEDIUN _50% Propyl-Glyend COMN. SIZE (In & Out} 1 1/2 in {38 mm} FLUID P.D. 4.4 FT (13 kPa)
FLUID FLOW RATE 23.5 US.GPM (1.510s) ENTERING FLUID TEMP 170°F [FE.7*C) LVG. FLUID TEMP 120.1°F (53.9"C)
L _H= | connect]

DATE _14-Oct-2008 -2-
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EngA | | ENGINEERED AIR

SUBMITTAL RECORD
JOB NAME: EEEL-BP3 BUILDING RENOVATION JOB NO: _45819(C35996)
EngA MODEL: LMB/C/HRP aTy: 1 TAG: AHU-4

HYDRONIC HEATING COIL DATA (CONTINUED)
I * Fresze protection by others,

HYDRONIC COOLING COIL DATA

COIL SZE 48 {1219) x 30 {762} % 3R x 12 FP|__ VELQCITY 500 FPM (254 mfs)

CAPACITY 138,570 Btuh (40.6 kW) AIR P.O. 0.34 in.we, (85 Pa)

ENTERING AIR DB/ WB 80°F (32.2°C) /B2.0°F (16.7°C) LEAVING AIRDB /WE §1.0°F {181°C)J 81.7'F (10.8°C)_
FLUID MEDIUM ‘Walsr CONN. SIZE (In & Cut) 2in (51 mm) FLUID P.O. 6.6 FT (20 kPa)

FLUID FLOW RATE 288 US.CPM (1.8 lls] ENTERING FLUID TEMP 50°F {10 0°C] LVG, FLUID TEMP §9.6°F (15.3"C)

= Cooling coll ciw slainless steal casing, stalnless sieel drsin pan and MPT connections.

SHIFPED LOOSE ITEMS {Sea filter sections for filters and spare filters)

DATE 14-0ct:2009_ -3-
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Verzion 1.2.4

’ﬁngAg ENGINEERED AIR HEAT PIPE PERFORMANCE DATA

JOB NAME: EEEL-BP3 BUILDING RENOVATION JOB NO: _45819(C35996)
CUSTOMER: TROTTER & MORTON BUILDING . ENGINEER: COHOS EVAMY
LOCATION: _Calgary, AB ALTITUDE: 3540 ft (1078.9 m)
EngA MODEL: LMEICIHRP ary: 1 TAG: AHU-4
Heat Plps Selectien Data - HYAG
Supply Exhaust |
\Ean Location Hegt Fige Cullet | Hom I
\fir Flow Through Pipe | 5000 ACFM E000 ACFM Supgly Oullat
|Standar! Velocity Thr Pipe 507 fom 449 fon B0I0 AcEM
|Enlaring Temp, DEME 00133 °F 70.0E8.0°F TRAM2OTF12%)
g:::r |Leaning Temp, OEAVBIRH) 112 0F(12%) | 40,5409 F(100%) |
n
L&k Pressure Diop 05T e 0.6
(ke 1) m 2118 e Exhaust Outiat
S000 ACFM
\Suoply Recovery Faclar | 436% (Wole 2 40,9040 5°F(100%)
\Tilt Goniml Factar B4gH
\Moksture Condanse Dul 0.98 LbziMin |
Frogl Pring A45°E

Bystem: (1) Tru in an ntegrated tit packege
Type: Corrugate Aluminum fin, 5/8" 0.0, sluminum tube

Unlt TRU Face | Face |Fow| Exh | Sup (Type| Exh Sup |Weight
[Ei] Model | Height |Lengih FF1 | FRI Lengih | Length | (LES)

1| TRU-AI2D -406 -88 -6 -410€ -405 -ACS  -30 28 444

nitDi s are In inches Lengih | Width | Helght |
|intmgretad il packages madsl: TR-A20-3F-20 A2 a5 B |
Usdegeded il gackaps peted dmenainns: BA Afh BT
Uindt Welnht nihe |
| TR L ool wemipyind Ald
inteprated il packege win Trfs) )
| [oéal eyatam walnh 1104
Cenbont gyslmen wainht 1208

Nolzs: 1, Fipe perfomance in tha winler dasign saclion insluges the elfects of fFoest control,
2. Wilthoul taking frest contrel inle account, the Supply Racovery Fector s 52,6%,

DATE: 21-5op-2000 I SUBMITTED BY: _MEKM

5
E

T ]

Supply Inlet
-2 N-EROF

Exhaust Iniet
T0./58.0°F
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EngA

ENGINEERED AIR |

ELECTRICAL DATA

JOB NAME: EEEL-BP3 BUILDING RENOVATION JOB NO: 45819(C35996)
EngA MODEL: LM&/C/HRP aTy: 1 TAG: AHU-4
Power Main Feadar Tarminal Block Maximum Fuse Maximum Minimum Unfused
Supply Ampacity to Accept (Dual Element) Breaker onductor
5753160 12.1 AMPS 14 Awg 15 AMPS 15 AMPS 14 Awg
Components Model Minimum Ampacity
Conductor Size FLATLRA
Supply Fan Motors #1 and #2 TECQ TEFC (1750} 3 HP 14 Awg 3.3
Exhaust Fan Molors #1 and #2 TECQO TEFC (1750) 2 HP | 14 Awg 2.1
Main Canfrol Xfmr | 14 Awg 4
WIRING DRAWING LEGEND
AFS Auto Fan Switch ond Damper Molar LAR Low Ambient Relg
c Contactor FR Fen Relay MNFD Mon Fused Hscofinact
CCH Compressar Crankcase Healer Ev1 Low Slage Gas Valve oL Tharmal Overload
CFC Condenser Fan Control Gvz High Stage Gas Valve op Oll Fallure Switch
CLC Compressar Loading Contral HR Healing Relay Py Pllot Gas Valve
CPM Compressor Protection Module HLPC  HighfLow Pressure Conlrol R Relay or Contacic
CP Intarmal Comprassar Prolection HL High Limit Control 55 Sail Swilch
CR Coaling Relay IGN lgnition Control L] Terminal Block
cuc Cylindar Unloading Control LaC Low Amibient Conirof TDR Time Delay Relay]
CUS Cylinder Unloading Solenoid LFC Low Pressure Conlrol TC Time Clock
LUINIT Fi

Disconnact switch (by others) 'an’, duet high pressure limit contact (by others) 'closed’ service switch 'on', fan unit ondeff

contsct (by ethers| ‘closed', oulside air damper opans, blowers delay on and run continuowsly 1o & minimum

(25Hz).

airflow of 1,7T50CFM

The QTRAC with an adjustable integrel set point sat at 70°F (21.1"C) will tilt the hesipipe as required Lo provide leaving alr

temparaiure reguiation, surnmariwinter chengeover, and frosl contral when required,

Fan onioff contast (by others) 'off, blowars shul down, unit s off.

Nate 1 - Refer to manuals shipped with unit far & more detailed explanation of mainlenance, componentis) andlor sonlroller(s).

DATE: 22-SEP-2009
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APPENDIX C: EEEL SENSOR CALIBRATION NOTES
Prepared by Chris Lashmar, July, 2012
C.1 Disclaimer
These notes were constructed in 2012, two years after the June 2010 calibration test,
using email, files and personal memory. Additional notes may have existed in a logbook

but it was stolen.

C.2 Method

Twenty labelled 109BAM temperature sensors were submerged in a bath of water with
ice. A pump circulated the water to ensure even temperature distribution of the water.
The sensors were connected to a multiplexor that was connected to a CR1000. The

CR1000 program that was probably used is shown in Appendix C.1.

Results were recorded over the period of June 24™ and June 25", 2010. The wiring that
was probably used until 9:09 June 25" is described in Appendix C.2. For referral
purposes here, this period will be referred to as Test 1. After 9:09, sensors S5-S8 were
disconnected and sensors S17-S20 were connected to the terminals previously occupied

by S5-S8. This period will be referred to as Test 2.

C.3 Results
The data collected for Test 1 showed a discrepancy of about 0.5 <C between two sets of

sensors: S1-S4 and S17-S20 comprised one set and S5-S16 comprised the other set. On
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June 25", 2010, an email sent by Chris Lashmar to Jim Love on behalf of Danielle
Coolman and Chris refers to a ‘doubling up’ on the ports with S1-S4 and S17-S20. It is
for this reason that sensors S5-S8 were disconnected and S17-S20 were connected to the
terminals previously occupied by S5-S8. Because sensors S9-S16 should be the least
affected by the wiring changes, the average values of sensors S9-S16 at each
measurement interval are used as the baseline for comparison. To compare sensors,
temperature values from each sensor are subtracted from the baseline and graphed over

time. Ideally, this difference would always be zero for all sensors.

Figure C.1 shows the difference between sensor values from S5-S16 and the baseline for

Test 1.

Figure C.2 shows the difference between sensor values from S1-S4, S17-S20 and the
baseline for Test 1. Because these results appear incorrect and Test 2 appears to correct
the problem, the mean and standard deviation from these sensors for Test 1 are not

calculated.
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Sensor Temperature Calibration

Sensor Values Minus Average Values Shown Over Time
Sensors $5-816 Compared to Average of $9-516

0.1 7 35.0
1
0.0 - -— T 300
5)
g -01 250 &
) )
g @
2 -02 200 S
- o
: :
-0.3 150 &
2 E
g -0.4 10.0 %ﬂ
2 =
-0.5 5.0
0.6 0.0
g88888888888¢88¢8888E¢gZ3geEsa
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Figure C.1 Sensor Value Minus Average - Sensors S5-S16
Sensor Temperature Calibration
Sensor Values Minus Average Values Shown Over Time
Sensors 51-54 & S17-820 Compared to Average of S9-S16
0.1 350
0.0
_ g
001 §“
z 2
Z-02 E
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Figure C.2 Sensor Values Minus Average - S1-S4 & S17-S20
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Test 2 data from 11:45 to 12:35 showed a higher average temperature and relatively large
discrepancies and it is thought that the pump was probably not operating during that
period, so that data is excluded from this analysis. However, Appendix C.3 does show
the chart that includes this data, should that be of interest. Test 2 data from 12:35
onwards appears to be more reliable and is thus included the main analysis. Figure C.3
shows Test 2 results, displaying the difference between sensor values from S1-S4, S9-

S20 and the baseline.

Sensor Temperature Calibration
Sensor Values Minus Average Values Shown Over Time

Sensors S1-84, 59-520 Compared to Average of $9-S16 —51
0.20 0.7
—352
g 0.15 —83
E —_—5
E 0.10 9 $17
g 2
g z 518
g 0.05 a2 s19
= o
s s 520
- =
: 0.00 E
é g 9
g S10
E 005 g
® & 511
g -0.10 3 512
E 513
E 0.15 S14
S15
-0.20 0.0 sis
] = ] 2 8 = ] 8 S
& g = 2 & B ] - = ——Average
a a t a t t I = = Temp_

Note: $5-58 were disconnected and S17-S20 were connected to the terminals previously occupied by S5-S8.

Figure C.3 Sensor Values Minus Average - Sensors S1-S4, S9-S20

Table C.1 shows the average and standard deviation values of the difference between

each individual sensor measurement and the baseline value (i.e. the average value of S9-
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S16). Worded another way, for each minute, the average of S9-S16 is calculated and

subtracted from each sensor value. For each sensor there is now a collection of

‘differences’ which is averaged and analyzed to determine its standard deviation.

Table C.1 Average Difference (between Sensor and Baseline) and Standard Deviation

Sensor # Test 1 Test 1 Test 2 Test 2
Average Standard Average Standard
Deviation Deviation
S1 -0.03 0.016
S2 -0.02 0.005
S3 0.02 0.015
S4 -0.02 0.006
S5 0.01 0.008
S6 0.01 0.008
S7 0.01 0.008
S8 0.01 0.006
S9 0.02 0.006 0.01 0.006
S10 0.02 0.008 0.02 0.008
S11 0.01 0.005 0.01 0.003
S12 -0.01 0.010 -0.03 0.004
S13 -0.02 0.012 0.00 0.005
S14 0.01 0.006 0.01 0.013
S15 0.01 0.008 -0.01 0.005
S16 -0.04 0.009 -0.02 0.004
S17 -0.04 0.007
S18 -0.03 0.005
S19 -0.05 0.010
S20 0.02 0.007

C.4 Conclusion

Most sensors measurements were within 0.03 <C of the average temperature most of the

time. S19 values differed the most, and tended to measure about 0.05 <C colder with a
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standard deviation of 0.01. All of these values are well within the accuracy value stated

in the specifications of #0.25 <C.

C.5 Appendix

C.5.1 Appendix C.1

The program shown in Table C.2 is believed to be the program used during sensor
calibration. It was last modified November 29", 2010, long after the calibration was
complete. But based on personal memory, it is believed that this program was recovered
from one of the CR1000’s or from a laptop. The code is quite different from the code
implemented at the EEEL building and this is consistent with personal memory of the

calibration and the test results.
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Table C.2 CRBasic Program Probably Used for Calibration

'CR1000 Series Datalogger

"To create a different opening program template, type in new
‘instructions and select Template | Save as Default Template
'date:

‘program author:

'Declare Public Variables
‘Example:

Public Batt_Volt

Public PanelT

Dim i

Public Temp109(20)

'Define Data Tables

DataTable (Minute,1,-1)
Datalnterval (0,1,Min,10)
Minimum (1,Batt_Volt,FP2,False,False)
Average (1,PanelT,FP2,False)

Average (20, Temp109(1),FP2,False)
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EndTable

'‘Main Program
BeginProg
Scan (15,Sec,0,0)
Battery (Batt_\olt)

PanelTemp (PanelT,_60Hz)

'‘Measure first 16 sensors on thermistor multiplexer
“Turn on MUX
PortSet (1,1)
'‘Begin loop
Fori=1To 16

'‘Advance port

PulsePort (2,10000)

Delay (0,10,mSec)

'‘Measure Sensor

Therm109 (Temp109(i),1,1,Vx1,0, 60Hz,1.0,0)
Next i

PortSet (1,0)

'‘Measure next 4 sensors on multiplexer using same
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'SE channel on logger but different VX channel
Delay (0,1000,mSec)

PortSet (1,1)

'‘Advance port

PulsePort (2,10000)

Delay (0,10,mSec)

‘Measure Sensor

Therm109 (Temp109(17),1,1,Vx2,0,_60Hz,1.0,0)
'‘Advance port

PulsePort (2,10000)

Delay (0,10,mSec)

‘Measure Sensor

Therm109 (Temp109(18),1,1,Vx2,0, 60Hz,1.0,0)
'‘Advance port

PulsePort (2,10000)

Delay (0,10,mSec)

‘Measure Sensor

Therm109 (Temp109(19),1,1,Vx2,0,_60Hz,1.0,0)
'‘Advance port

PulsePort (2,10000)

Delay (0,10,mSec)

'Measure Sensor
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Therm109 (Temp109(20),1,1,Vx2,0, 60Hz,1.0,0)

PortSet (1,0)

CallTable (Minute)
NextScan

EndProg

C.5.2 Appendix C.2
Upon reviewing the program two years after the calibration, it is concluded that during
Test 1, the time that measurements differed by nearly 0.5 <C, the multiplexor was

probably operating in 4X16 mode and that wiring may have been as shown in Table C.3.
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Table C.3 Wiring Chart

Function Colour Multiplexor CR1000
S1 109 BAM Excitation Black 1H Terminal
S1 109 BAM Signal White 1L Terminal
S1 109 BAM Shield Clear Ground
S2 109 BAM Excitation Black 3H Terminal
S2 109 BAM Signal White 3L Terminal
S2 109 BAM Shield Clear Ground
S3 109 BAM Excitation Black 5H Terminal
S3 109 BAM Signal White 5L Terminal
S3 109 BAM Shield Clear Ground
S16 109 BAM Excitation Black 31H Terminal
S16 109 BAM Signal White 31L Terminal
S16 109 BAM Shield Clear Ground
S17 109 BAM Excitation Black 2H Terminal (Note
the terminal is
adjacent to that shared
by S1)
S17 109 BAM Signal White 2L Terminal
S17 109 BAM Shield Clear Ground
S18 109 BAM Excitation Black 4H Terminal
S18 109 BAM Signal White 4L Terminal
S18 109 BAM Shield Clear Ground
S19 109 BAM Excitation Black 6H Terminal
S19 109 BAM Signal White 6L Terminal
S19 109 BAM Shield Clear Ground
S20 109 BAM Excitation Black 8H Terminal
S20 109 BAM Signal White 8L Terminal
S20 109 BAM Shield Clear Ground
Mux Power Red 12V 12V
Power Reference Black Ground Ground
Mux Clock Green CLK C(2)
Mux Reset White Res C(1)
Shield Clear G
Excitation Source for S1- Red COM ODDH VX1
S16
Excitation Source for S17- | Black COM EVENH VX2
S20
Signal Return S1-16 White COM ODD L SE(1)
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Function Colour Multiplexor CR1000

Signal Return S17-S20 Green COM EVEN L SE(1)

Shield Shield COM ground G

A RES24.9K-0.1 completion resistor connects SE(1) and the ground on the CR1000.

It is thought that the doubling up mentioned in the email refers to the fact that in 4X16
mode, the PulsePort command advances the channels in sets (e.g. {1H, 1L, 2H, 2L}, {3H,
3L, 4H, 4L}, etc), and that the first four sets include two sensors but the last 12 sets only

include one sensor each.

An alternative to this wiring chart would be that the sensor white wires of S17-S20 were
instead connected to 1L, 3L, 5L and 7L, and green wire performing the function of Signal

Return S17-S20 at the bottom of the table would not be needed.

C.5.3 Appendix C.3
Figure C.4 shows the data captured for the full period after 11:45 June 25", 2010. The
wide discrepancy of data until about 12:35 would suggest that the sensors were not in the

water or the pump was not turned on.
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Sensor Temperature Calibration
Sensor Values Minus Average Values Shown Over Time

Sensors S1-54, 59-520 Compared to Average of $9-516 —=S1
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Note: S5-38 were disconnected and S17-S20 were connected to the terminals previously occupied by S5-S8.

Figure C.4 Test 2 - Sensors Values Minus Average - Showing Period Excluded from
Analysis and Calculations (11:45 — 12:35)
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APPENDIX D: 109 TEMPERATURE PROBE AND CR1000 UNCERTAINTY
ANALYSIS
Prepared by Chris Lashmar, August, 2012
D.1 Introduction
The purpose of this paper is to explore and recommend an approach for identifying the

overall uncertainty for the 109 temperature probe and CR1000 system.

D.2 Error Categories
Error can be defined as the measurement value minus the true value (JCGM/WG2,
2008). There are three major categories of errors: equation errors, precision errors and

bias errors.

D.2.1 Equation Errors
In this analysis, equation errors are inaccuracies that occur due to errors in the Steinhart

and Hart equation which converts a voltage reading to a temperature value.

D.2.2 Precision or Random Errors

Precision or random errors are defined by ASHRAE (2009, p. 36.1) as “Statistical error
caused by chance and not recurring. This term is a general category for errors that can
take values on either side of an average value. To describe a random error, its

distribution must be known.”
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D.2.3 Bias or Systematic Errors

Bias or systematic errors are defined as “Persistent error not due to chance; systematic
errors are causal. It is likely to have the same magnitude and sign for every instrument
constructed with the same components and procedures. Errors in calibrating equipment
cause systematic errors because all instruments calibrated are biased in the direction of
the calibrating equipment error. Voltage and resistance drifts over time are generally in

one direction and are classed as systematic errors.” (ASHRAE, 2009, p. 36.1).

D.3 Errors vs. Uncertainties vs. Accuracy

Although the terms “accuracy”, “error”, and “uncertainty” are sometimes used
interchangeably, they can also have slightly different meanings. It is worth identifying
these similarities and differences when attempting to consolidate information across

different sources.

Working Group 2 of the Joint Committee for Guides in Metrology (JCGM/WG2, 2008)
states that measurement accuracy is “closeness of agreement between a measured
quantity value and a true quantity value of a measurement” but “is not a quantity and is

not given a numerical quantity value.”

However, Campbell Scientific (2009, p. 384) provides the following definition of
accuracy: “A measure of the correctness of a measurement” implying a quantity value.
Supporting this notion is the fact that, within the specification section of the CR1000
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Operators Manual, numerical range values are assigned to the accuracy specification
component; no mention of uncertainties is made. This is by no means unique to
Campbell Scientific and in fact it appears that the JCGM is providing a definition not
used in practice by instrumentation suppliers. This conclusion is based on random search
of several instruments, not a large and rigorous study. The discrepancy in terminology

does appear to be inconsequential but is nevertheless identified here.

As stated previously, the error is the measurement value minus the true value.
Unfortunately, “true values are by nature indeterminate” (JCGM/WG1, 2008). An
uncertainty can be described as an estimation of probable error (ASHRAE, 2009, p.
36.1-36.4). If there is a 95% level of confidence that a temperature reading is 25 C #0.2
<C then it can be said that in 95% of the cases where the measured value is 25 <C, the
actual temperature would reside between 24.8 <C and 25.2 C. The #0.2 T is the
uncertainty. When a manufacturer provides a specification for a temperature sensor
indicating an accuracy of #0.20 <C, then the manufacturer is indicating that the true value
will be within 0.20 <C including both bias and precision errors (Mills & Chang, 2004).
Thus, it is known that there MAY be a bias error but the size and direction of the actual
bias are not identified. All that is known is the sum of the precision and bias errors

inherent within the sensor.
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D.4 Levels of Confidence and Probability Distributions

D.4.1 Gaussian or Normal Distribution

It is worth further discussing the concepts of level of confidence and probability
distribution. A Gaussian or normal distribution, more commonly known as a Bell
Curve, is a type of probability distribution that many people are familiar with. In a
classroom situation, a bell curve occurs when the student marks are distributed in a
manner that most marks are near the average (or have the highest probability of occurring
near the average), with a steady decrease in the frequency of marks as the marks deviate
from the average value. The same is true with other measurements. In a series of
measurements taken at a given set of conditions, the measurement values vary over some
range with more values occurring as they approach the average value, or mean value, as
shown in Figure D.1. In a Gaussian distribution, one standard deviation is the range of
values closest to the mean that contains 68% of the observations. Two standard

deviations include about 95% of the observations.
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Gaussian Distribution

Mean

1 Std Dev = 68%

Probability Density

2 Std Dev =95%

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1:5
Clothing Level

Figure D.1 Gaussian Distribution

D.4.2 Uniform or Rectangular Distribution

It is often the case that neither level of confidence nor the uncertainty distribution is
identified in the manufacturer’s specifications. In this case, the JCGM/WG1
recommends using, not a Gaussian distribution, but a uniform or rectangular
distribution whereby all values fall within the specified range with even probability.
This is supported by Swenson (2010), who provides technical support on the Campbell
Scientific User Forums. If a certain level of confidence must be derived from a uniform
distribution for the purposes of the experimental discussion, then the following

conversions can be made.
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Assume that the instrument accuracy is given as 3a.

The standard deviation(o) is calculated as o = a/~/3 which has a level of confidence of

57.74%. (JCGM/WG1, 2008. p. 70)

The 95% level of confidence can be determined by multiplying the standard deviation by
1.65. Alternatively, it can be determined by multiplying the accuracy value by 0.95, the

level of confidence.

The 99% level of confidence can be determined by multiplying the standard deviation by

1.71 or by multiplying the accuracy value by 0.99.

For example: If the instrument reads 25 <T and the measurement accuracy is #0.20 <C,

then the 95% level of confidence is calculated as 25 °C + (Gl—é X 1.65) °C or
N

25°C+ 0.19 <C. This is the same as multiplying 0.20 by 0.95.

D.5 109 System Uncertainty Components

The overall uncertainty of a measurement taken using the 109 temperature probe and the
CR1000 is comprised of uncertainties arising from the CR1000, the RES24.9K-0.1
completion resistor, the interchangeability of the thermistor, and the Steinhart and Hart

equation. No uncertainties are identified with the multiplexor.
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Although some of the component uncertainty ranges are dependent on temperature, at a
given temperature the component uncertainties are treated as being independent of each
other. This point may be confusing because the resistance is calculated entirely based on
the voltage drop measured by the CR1000 so the measured resistance is dependent on the
measured voltage. But the voltage and resistance are not two separate variables that
show up in the temperature equation simultaneously, and the uncertainty effects can arise

independently, so it is believed that these should be treated independently.

Overall uncertainty is often determined by propagating component uncertainties using the
method of partial derivatives. With some equations this can become difficult and, with
tools such as Excel available, it is probably easier to solve numerically using the steps
that will be described here. Basically, the effect of each component’s uncertainty on the
final temperature is determined individually, and then all uncertainties are combined at

the end.

D.5.1 Temperature Calculation

Before the uncertainties are calculated, it is useful to know the basic temperature
calculation. Using the measured voltage as the starting point, the temperature is
calculated by the next two equations as provided by Campbell Scientific (2010). First,
calculate the thermistor resistance, Ry as

Equation 1

v
Ry = 24900 X (? — 1)
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Where: 24900 is the resistance of the fixed resistor in ohms
Vex 15 2500 mV, the excitation voltage

V is the measured voltage (mV).

Then, calculate the temperature Ty in degrees Kelvin using the Steinhart and Hart
equation:

. 1 Equation 2
¥ A+BIn(Ry) + C(In(Rp))3

Where: A =1.129242 X 103
B =2.341077 X 10*

C =8.775468 X 108,

If instead, the temperature is the known value, the calculations are more complicated and
are derived here. First let

X =In(Ry). Equation 3
Restate Equation 2 as

T, — 1 Equation 4
T A+BX +CX3

Rearrange Equation 4:
CX®+BX+A— Ti ~ 0. Equation 5
k
Note that this takes the form of a cubic polynomial. To avoid simplifying the result by

hand, a tool such as www.wolframalpha.com can be used to determine the value of X.
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The resulting equation is described here in two parts. First, to save repetition of a large

component of the equation, calculate a variable that will be arbitrarily called Z:

X _ Equation 6
7= J(z?czTg x (1 —ATk)) + 108B3C3T¢ + 27C2TZ X (1 — ATy)
Then calculate X as
A V2BT, Equation 7
- 332cT, 2
Recalling that X is actually just In(Ry), the resistance can now be calculated:
( A %fEBTk) Equation 8
Ry = exp -
T 332¢T, 2
And now the expected measured voltage can be calculated as
2490017, Equation 9

y=——_
Ry + 24900

D.5.2 CR1000 Datalogger Uncertainty
The temperature uncertainty due to the CR1000 is determined by first calculating the
uncertainty in the voltage, Uy, in mV as provided by Campbell Scientific (2009):
U, =V x0.0006 + 2.004 Equation 10
Where: The value of 0.0006 is used when the CR1000 panel temperature is

between 0 <C and 40 <C.
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The value of 2.004 is the calculated offset value when the input range of
the sensor is 2500 mV and it is measured using the single ended channel

(i.e. 3* 0.667 + 0.003 = 2.004).

To calculate the upper value of the temperature range due to the voltage uncertainty, sum
the measured voltage and the voltage uncertainty and substitute the result back into

Equation 1 and repeat Equation 2 as shown in the next two equations:

B Vex Equation 11
Ry = 24900 X (V U 1)
1 Equation 12

Te+ =478 In(Rr;) + C(In(Rrs))?

To calculate the lower temperature value, subtract the voltage uncertainty from the
measured voltage and substitute the results back into Equation 1 and Equation 2 as shown

in the next two equations:

Rr_ = 24900 X ( Vex 1) Equation 13
T_ —_— —

V—Uy,

1 Equation 14

Te- = A+ BIn(Rr_) + C(In(R7-))?

Finally, the positive and negative temperature uncertainties due to the CR1000 are as
follows:

Ucs= Tee-Tk Equation 15
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Uc=Tk_Tc. Equation 16

Where Tk is the actual measured temperature in degrees Kelvin.

D.5.3 Completion Resistor Uncertainty

The 24900 Ohm resistor has two uncertainty components as described by Campbell
Scientific (2010): 0.1% of the 24900 ohm resistance, and a temperature based
component that varies 10ppm/<C away from 25 <C. Combining these two components,

the higher resistance value is calculated as:
Rrs = Ry (1.0c-1 + |1IT"L x (25 + 273.15 — TK)D, Equation 17

And the lower value is calculated as

B 1 |10 _ Equation 18
Rr- =Ry (oo — |20 X (25 4+ 27315 = Ty ). a

A higher resistance value indicates a lower temperature, so the upper temperature due to
thermistor uncertainty is calculated as

B 1 Equation 19
~ A+BIn(Rr_) + C(n(Rp-))3.

Trs

And the lower temperature is calculated as

1 Equation 20

TT_ - A+ B ln(RT-I-) + C(IH(RT+))3 .

127



Finally, the positive and negative temperature uncertainties due to the thermistor are as
follows:
U= Tr-Tk Equation 21

Ur=Tk_Tt. Equation 22

D.5.4 Thermistor Interchangeability Uncertainty

The thermistor interchangeability error is 0.2 <C for temperatures above 0 <C and
increases to about 0.5 T at -50 <T as shown by the red line in Figure D.2. The label
“thermistor interchangeability error” implies the error occurs between thermistors, so it
seems likely that the thermistor interchangeability error is largely a bias error, rather than
a precision error. This is mostly true for the 107 sensor as the Model 107 Temperature
Probe Instruction Manual says that “For the range of 0 C to 50 <C, the
interchangeability error is predominantly offset and can be determined with a single point
calibration.” If this is also true for the 109 sensor, then the calibration process performed
with multiple sensors in an ice bath might allow one to reduce this uncertainty; however,
the water will be warmed as it is circulated through the pump and touches the basin walls,
so it is hard to know how close to 0 <C the water temperature actually is without relying

on the measured values.
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Worst Case Errors in 109 Temperature Measurement

or
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0.6 —+—CR200 Bridge Measurement Error (0.06% of reading+2.4 mV)
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Figure D.2 Worst Case Errors in 109 Temperature Measurement. Source: Campbell
Scientific 109 & 109BAM Temperature Probe Instruction Manual
The error values for this figure were entered into Excel for temperatures below 0 <C and
a second order polynomial was fitted to the curve with an R? value of 0.9998. The
resulting polynomial is as follows:
U, = +(6.69643 x 10°x% — 0.00261x + 0.200893) forx <0 Equation 23
U, = +0.2 for x >=0 Equation 24
Where: U; is the uncertainty due to the thermistor interchangeability (<C)
X is the temperature (C).
Therefore, for all temperatures greater than 0 <C, an error value of 0.2 <T is used, and for

temperatures less than 0 <C, the polynomial is used.
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D.5.5 Steinhart and Hart Uncertainty

The uncertainty associated with the Steinhart and Hart equation is extremely small

compared to the other components, but is included here as proof.

0.03
0.025 N\

0.02 \\
0.015 AN

Error ( C)

0.01 \
0.005 \

-0.005

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

Temperature ( C)

Figure D.3 Steinhart and Hart Tabulated Errors. Source: Campbell Scientific 109 &
109BAM Temperature Probe Instruction Manual
Based on Figure D.3, a table of values were created as shown in Table D.1. For any
given measured temperature, the corresponding error can be interpolated from this table

using Excel. A 4™ or 5™ order polynomial created in Excel would also have worked very

well instead of interpolation.

130



Table D.1 Steinhart and Hart Errors

Temperature |Error

-50 0.0273
-40 0.017
-30 0.0093
-20 0.0044
-10 0.001
0| -0.00065
10| -0.0007
20| -0.0008
30 0.0001
40 0.0007
30 0.0007
60 0.0005
70 1]

D.6 Overall Temperature Uncertainty
ASHRAE recommends calculating an overall uncertainty by combining the bias and
precision uncertainties using the method of taking the square root of the sum of the

squares (SRSS):

Equation 25
UTotaI = J Uﬁrecision + Z Ugl'as

Figliola and Beasley (1991) modify this slightly, indicating that Uprecision be determined at

the 95% level of confidence to determine Uroa at the 95% level of confidence (p. 157).

Mills and Chang (2004) argue that combining bias and precision uncertainties in this
manner is misleading because the formula is based on the assumption of a Gaussian
distribution which is not true for the bias errors (p.31). The bias errors could accumulate

to a worst case scenario or they could cancel each other out, but it is unlikely that they
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will follow the Gaussian distribution. Mills and Chang suggest that it is more useful to
provide precision uncertainties and “an intelligent discussion of possible bias errors and

their magnitudes”.

Further complicating matters is the recommendation by the JCGM/WGL1 (2008) to
assume a uniform distribution if the distribution is unknown (p.13), as is the case with the
equipment specifications. The JCGM/WGL say later that if the overall uncertainty is
dominated by a uniform distribution, the central limit theorem may not apply (p. 71),
meaning that the SRSS method may also become less accurate. In the case of the 109
sensors and CR1000 datalogger, all uncertainties are assumed to follow a uniform
distribution and two of them, the CR1000 and thermistor interchangeability error,
dominate the overall uncertainty. The JCGM/WG1(2008) points out that more accurate
combined distributions can be determined by convolving the equations, but this assumes
an equation of the form

V=0 X; + X5+, X, Equation 26
rather than the form used in Equation 2 which calculates temperature. At any given
temperature, the small input uncertainties create a temperature variation that is close to
linear and so maybe it is more accurate to convolve the two dominating distributions, but
it is not clear this is the case. So the more conservative option, where the 95% level of
confidence includes a slightly larger interval, is described here. This option is easier to
implement and more common, although typically where normal distributions are

assumed.
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The basic approach is to determine one standard deviation for each input distribution. For

uniform distributions, this is calculated as

Uy Equation 27
Oy = —

V3

Where: U, is the uncertainty for a given component.

The standard deviation values are combined using the SRSS method to determine the
overall standard deviation. Multiply this by a factor of 2 to achieve coverage (k) of at

least 95%.

So the final formula for calculating the overall uncertainty at the 95% level of confidence

based on equipment specifications is as follows:

Equation 28

. ZXJUC?++U%++UE+U§
L=
3

Equation 29

UZ_ +U2_ +U? + U?
U_ZX\]C T3 I )

As it turns out, there is negligible difference between the positive and negative
uncertainties as demonstrated in Figure D.4. When the positive and negative uncertainty
values are averaged and graphed, the results appear as shown in Figure D.5. The graph

shows the uncertainty for each component, at one standard deviation (k=1), the overall
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uncertainty at one standard deviation (k=1), and the overall uncertainty at two standard

deviations (k=2).
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Figure D.4 Difference between Positive and Negative Uncertainties at k=2 (Over 95%
Level of Confidence)
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Figure D.5 Measurement Uncertainties of 109 Temperature Sensor with CR1000
Datalogger Based on Equipment Specifications. When k=1, the Level of Confidence is
between 58% and 68%. When k=2, the Level of Confidence is over 95%.
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When field measurements are recorded, there will be some uncertainty introduced as a
result of the conditions in the field. The JCGM/WGL1 warns that uncertainty components
should not be “double-counted” (p.14). While all uncertainties originating from the
equipment will appear in the results of the field measurements, the bias component will
not be detectable (even though it may be large) unless there something which provides a
calibration point (e.g. melting or freezing of water). The precision uncertainty
originating from the equipment itself will be combined with the random effects arising
from the field conditions. As mentioned previously, the thermistor interchangeability
error is likely predominantly bias error from 0 <C to 50 <C and this is the dominating
factor in the overall uncertainty throughout much of the temperature range. The CR1000
uncertainty affects the overall value less and it is unclear how much of that uncertainty is
due to bias and how much is random effects. Lacking this information, the most prudent
approach might be to include the standard deviation of the recorded values in the overall
uncertainty calculation. The standard deviation, S, of the measured values is calculated
as

Equation 30

Where:T; is each temperature measurement
T is the average of the temperature measurements

n is the number of measurements taken over some period of interest.

This is now incorporated into the overall formulas
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Equation 31
+52

. ZXJUC?++U%++UE+U§
L=

Equation 32

Ui +UF_ + U + Ug
U_Zx\jc =1 S 452

So to summarize, Equation 31 and Equation 32 determine the overall positive and
negative uncertainty values at over a 95% level of confidence. The overall distribution is
based on the combination of four assumed uniform distributions, and one assumed

Gaussian distribution.
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APPENDIX E: ELLISDON M1.03 EARTHTUBES PLAN DRAWING

Provided by EllisDon.
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APPENDIX F: REYNOLDS NUMBER CALCULATION
F.1 General Introduction
As defined in the ASHRAE Handbook Fundamentals (ASHRAE, 2009, p. 3.3), “Laminar
and turbulent flows can be differentiated using the Reynolds number Re.”
Re. = VLN
where, L is the characteristic length scale and v is the kinematic viscosity of the fluid. In
flow through pipes, tubes, and ducts, the characteristic length scale is the hydraulic
diameter Dy,. For a round pipe, Dy equals the pipe diameter D. In this research:
L=Dy=D=12m

v = vair = 1.62*10 ft?/s = 0.15*10 m?/s (p. 3.1)

The EEEL ET system uses two 3.73 kW TECO TEFC motor driven fans to draw ambient
air through the ducts (Appendix B). Each fan has a normal flow of 2360 L/s (2.36 m*/s,
1750 rpm) to a minimum of 826 L/s (0.826 m/s).

V =Q/A
where V is the airflow velocity, Q is the airflow rate and A is the discharge area. In this
research, it is assumed the two ducts both draw air from inlet to discharge, two fans are
always set at the same speed, and the entering air mixes evenly and has the same velocity
at any point inside the ducts. The airflow capacity for each duct should be half of the
total airflow capacity.

That is:

Qeach = Qrotal/2
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Acach = 1(D/2)? = 3.14*(1.2 m/2)? = 1.13 m?
F.2 Detailed Calculations
F.2.1 Supply Fan Operated with Rated Maximum Speed
When supply fans are operating at rated maximum speed, for airflow in each duct:
Qmax = 2.36 m*/s
Vimax = Qmax /Aeach = (2.36 m*/s)/1.13 m* = 2.1 m/s

Remax = VinaxL/Vair = 2.1 m/s*1.2 m/(0.15%10 m?/s) = 168000 > 10,000

“Laminar flow in pipes or ducts exists when the Re <2300. Fully turbulent flow exists
when Re >10,000. For 2300 <Re < 10,000, transitional flow exists, and predictions are
unreliable (ASHRAE, 2009, p. 3.3).” The airflow of 2.1 m/s under the maximum speed

operation (1750 rpm for each supply fan) in this system is therefore turbulent.

F.2.2 Supply Fan Operated with Minimum Speed
When supply fans are operating at minimum speed, for airflow in each duct:
Qmin = 0.826 m%/s
Vimin = Qmin/Aeach = (0.826 m%/5)/1.13 m? = 0.73 m/s

Remin = ViminLVair = 0.73 m/s*1.2 m/(0.15*10™* m%s) = 58400 > 10,000

According to Fan Law 1(McQuiston et al., 2005, p. 398):
Q1/Q2 = rpmy/rpm;
where Qmax = 2.36 m*/s, Qmin = 0.826 m%/s, rpMmax = 1750 rpm
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The airflow of 0.73 m/s under the minimum speed operation (613 rpm of each supply

fan) in this system is therefore also turbulent.

F.2.3 Airflow Condition Boundaries Calculation
Under the same assumption as above, airflow conditions under certain air velocity can be

calculated.

F.2.3.1 Laminar Airflow
When Re < 2300, the airflow is laminar.
Retaminar = VLaminarL/Vair < 2300
V Laminar < 2300v4;/L
V Laminar < 2300%0.15%10* m?/s/1.2 m
V Laminar < 0.03 m/s
Quaminar = ViaminaA = 0.03 m/s * 1.13 m* = 0.034 m*/s

FPM Laminar = QLaminar™ FPMmax/Qmax = 0.034 m*/s*1750 rpm/2.36 m®/s = 25 rpm
That is when each of the supply fans of this ET system is operating slower than 25 rpm,
the entering air will be under laminar flow. This is beyond the supply fan operating

range, and will only occur very briefly during the fan’s starting up and shutting down.
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F.2.3.2 Turbulent Airflow
When Re > 10,000, the airflow is Turbulent.
ReTurbulent = VTurbutentL/Vair > 10000
Vrurbutent > 10000/
Vrurbutent > 10000%0.15%10™ m%/s/1.2 m
Vurbutent > 0.13 m/s
Q-urbutent = VrurpulentA = 0.13 m/s * 1.13 m? = 0.15 m®/s

rPMurbutent = Qurbutent™ FPMmaxd/ Qmax = 0.15 M*/s*1750 rpm/2.36 m®/s = 111 rpm

That is when each of the supply fans of this ET system is operating faster than 111 rpm,
the entering air will be under turbulent flow. This will be always true when each supply

fan is operating normally.

F.2.3.3 Transitional Airflow
When 2300 <Re < 10,000, the airflow is transitional. According to calculations above:
0.03 m/S < VTransitiona| < 0.13 m/S

25 rpm < rPMransitionat < 111 rpm

That is when the supply fan of this ET system is operating between 25 and 111 rpm, the
entering air will be under transitional flow. Again, this is beyond the supply fan
operating range, and will only occur very briefly during the fan’s starting up and shutting

down.

143



F.3 Discussion

One thing should be noted that, the assumption this author made that “the entering air
mixes evenly and have the same air velocity at any point inside the ducts” will not be true
in real life. Moreover, according to Chapter 4, under the actual operation of the ET
system, the airflow inside the south duct was backwards. As the airflow rates in both
ducts are unknown, this makes calculation impossible. Air distribution when entering
and moving through a duct is complicated, and could be studied with computational fluid
dynamic techniques. This author’s research scope does not require that level of analysis.

The knowledge of duct airflow condition is sufficient.
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APPENDIX G: MEDIAN DAILY GROUND TEMPERATURE CHANGES

INSIDE STRINGS

Graphs below show soil temperature changes inside strings from February 15", 2011 to

September 30™, 2012.
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Figure G.1 ST1 Median Daily Ground Temperatures
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Figure G.3 ST3 Median Daily Ground Temperatures
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Figure G.4 ST4 Median Daily Ground Temperatures
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