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ABSTRACT

This study elucidates the usage of the Earth-to-Air Heat Exchanger (EAHE) system.
The emphasis is on replacing the conventional air conditioning systems with the
EAHE technology, as low energy cooling system for residential and commercial
buildings in Malaysia. The turnover in the usage will contribute to reducing electric-
energy consumption and minimize environmental impact caused by the high usage of
electrical appliances for cooling in the buildings. The EAHE technology uses simple
methods of transferring the air from its intake into the ground through a pipe, and it
releases the air from its outlet into a building or a room. The air travels through the
pipe and gives away some heat to the surrounding underground soil, and then enters
into the room as cool air. To fulfill the requirements of the empirical investigations,
this research utilized the EnergyPlus program to simulate the EAHE system, based on
ASHRAE weather database and data collected in previous field studies at the IIUM
Gombak Campus, Kuvala Lumpur, Malaysia. This study went through some meta-
analysis and observations on the cooling potential (AT) which represents the
difference between ambient air temperature (T,y) and pipe outlet air temperature
(Tpo)- The research also observed the influence of other factors such as pipe diameter,
air velocity, pipe-depth, and pipe-length on the cooling potential (AT). The simulation
results showed that, the maximum (AT) achieved by utilizing the EAHE was 3.57 °C
at 2:00 pm. The PVC pipe is required to achieve the aforementioned reduction of
0.075 m (3 inches) in diameter, 50 m long, and placed 1.0 m deep underground, with

an air velocity of 1 m.s™.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

The electric energy consumption has become a challenging issue in the world. Most
probably because the electricity production increases the greenhouse gas (GHG)
emission which is considered as main reason for global warming. Apart from these
concerns, overpopulation is also creating pressures to produce more electricity. These
issues have to be overcome by exploring of new energy sources, and to review the old
non-efficient energy production methods. The old power plants are rapidly removed
and replaced by new and more efficient plants. The attention is shifting toward using
natural energy has also gradually taking into consideration. Moreover, efficient use of
energy and reduction in consumption of electricity, and environmental concerns are
pushing the trend to change and bring new methods to the usage of energy as well.

The Earth-to-Air Heat Exchanger (EAHE) is an air conditioning system that is
designed to process the air from one end (intake) to another (supply) through a pipe
placed underground. This process also requires air blower (probably a fan) that
stimulates air with pressure to move from one end to another (Sanusi, 2012). One end
of the pipe is opened at the ambient place for air intake, while the other end is placed
at the space that needs cold air. This technology uses earth to bring changes into the
air temperature and heat drops when the air channels from ambient intake passes
through buried pipe and ejects to the other side with a lower temperature.

Using Earth-to-Air Heat Exchanger as a cooling system for offices and

residential houses and other buildings will greatly contribute in reducing the electric



energy consumption. As a result, those negative impacts on environment caused by
electric air-conditioning systems in buildings will be reduced.

The EAHE system is not a new practice. And there are many of literature
available in this area (see Mihalakakou et al.,1995; Santamouris , 1995; Min, 2004;
Al-Ajmia F., 2006; Ghosal M.K. and Tiwari 2006; Kwang and Richard K, 2008; Jian,
2009; Gyuyoung et al., 2009; Fabrizio Ascione et al., 2011). The fact is that the
system is not been commonly practiced in the developed or even developing
countries. This system is not practiced in Malaysia as well. Since the system is very
environment friendly cooling system and consumes very low electricity (i.e. running
fan only), this study aims at exploring the system parameters that provide optimum

performance under different conditions.

1.2 BACKGROUND

Electrical energy is the main source being that operate equipment that bring comfort
in many buildings with pleasing temperature and light level. Be it residential
(house/apartment) or commercial buildings, energy is considered as main source to
foster comfort equipments (including all those using electricity). In tropical climates,
air conditioning is widely employed in both residential and commercial buildings to
provide comfortable room temperature. The cool temperature can easily be achieved
by vapour compression air-conditioning equipments, but due to depletion of the ozone
layer caused by chlorofluorocarbons (CFCs) and also because of the need to reduce
high usage of electric energy consumption, several alternatives techniques are
currently being explored and utilized. One the alternative is the Earth-to-Air Heat
Exchanger (EAHE) system. It uses soil as a heat sink and air to transmit the heat while

passing through the medium (pipe) towards other space that requires the cooling.



Because of the high thermal inertia of the soil, the air temperature differs from
inside the ground and surface exposed to the exterior climate. Therefore at a sufficient
depth the ground temperature is lower than the outside air temperature in summer and
higher in winter. In tropical region, the ground temperature that comforts the human
ranges from 27°C to 29°C. Naturally, the temperature in the underground differs from
that above the ground. Thus stable and comfortable environment of the ground at the
depth of 4-5m can be used to create thermal comfort conditions in living spaces
(Sawhney, et al., 1999). This is due to a large thermal mass of earth provides a very
stable thermal condition, even if a large amount of heat is discarded or withdrawn
from these depths.

The application of earth as a component of the cooling system can be
employed through three different methods: the direct, indirect, and isolated method
(Min, 2004). In the direct system, the building is surrounded with the earth, and air
conduction is through the building elements (primarily walls and floor) that regulate
the indoor temperature of particular place. In the indirect system, the building interior
is conditioned by air brought through the earth using techniques, such as Earth-to-Air
heat Exchanger (EAHE). The isolated system uses earth temperatures to increase the
efficiency of a heat pump by moderating temperatures at the condensing coil. A
geothermal heat pump is an example of an isolated system. This study focuses on the
cooling systems carried-out though indirect method system.

In indirect systems, i.e. Earth-to air-heat exchanger (EAHE), metal or plastic
pipe is placed in the ground through which air passes (see Figure 1.1). During cooling
season, as air travels through the pipe, it consumes some of its heat into the
surrounding soil and enters the room at different temperature that cools the room.

Similarly, during winter season, the air travels through the pipe and receives heat from



the soil and enters the room with warm air (Mihalakakou et al., 1995, Santamouris,
1995; Min, 2004; Al-Ajmia, 2006; Ghosal and Tiwari, 2006; Kwang & Richard, 2008;

Jian, 2009; Gyuyoung et al., 2009; Fabrizio et al, 2011).

Air in

\ Earth-to-Air Heat Exchanger

Figure 1.1: Building with an Earth-to- Air Heat Exchanger

According to the literature, there are different names given to this system. Each
has its own description, for instance, Sanusi (2012) calls this the earth-to-air heat
exchanger as Earth-pipe cooling technology, Kwang and Richard (2008) calls Earth-
tube system, Earth-air-pipe system (EAPS) by Huijun (2007), Earth-tube heat
exchanger (ETHE) by Miroslaw et al., (2011), Underground air pipe air conditioning
system by Sawhney et al., (1999), and Buried-pipe systems by Hollmuller & Bernard
(2000). Previous researchers have studied wvarious aspects of Farth-to-air heat
exchanger. The system studied and applied on different climates in different part of

the world. For instance, Al-Ajmia et al., (2006) observed in a hot arid temperature



climate in Kuwait, Kwang & Richard (2008) in the United State of America at four
different locations: Spokane, Washington (mild and dry); Peoria, Illinois (mild and
wet); Phoenix, Ausa (hot and dry); and in Key West, Florida (hot and wet). Fabrizio et
al., (2011) observed in different Italian climates and Sanusi (2012) in Malaysian
tropical climate (which is hot and wet). Darkwa (2011) observed a typical hot and
humid location in Ningbo-China, Ghosal and Tiwari (2006) in Delhi, India. Vikas et
al., (2010) in dry climate of the Western India Ajmer, Min (2004) in Montreal-
Canadian climate which is practically always warm and humid, Hollmuller and
Bernard (2000) in cold central European regions.

Another aspect of EAHE is the study of cooling performance of the systems.
However many researchers (Al-Ajmia et al.,2006; Rakesh et al.,2003; Vikas et
al.,2010; Trombe A. et al.,1991; Huijun Wu et al., 2007, Miroslaw et al., 2001,
Darkwa et al.,2011. Fabrizio Ascione et al.,2011; Gyuyoung et al.,2009; Darkwa et
al., 2011; Sawhney et al., 1999) studied the system that concerned with HVAC system
as a pre cooling or heating for intake fresh air.

Additional to that, many others (Trombe et al.,1991; Santamouris et al.,1995;
Sawhney et al.,1999; Hollmuller et al.,2000; Ghosal et al.,2006; Gyuyoung et al.,
2009; Ghosal et al.,2004; Vikas et al., 2010; Fabrizio Ascione et al.,2011) have
studied the system which can be implemented in building or greenhouse. Using soil as
a main component of the system (the EAHE) is investigated as potential source by Al-
Ajmia et al, (2006); Jacovides et al., (1995); Sanusi (2012); and Min (2004). In
addition, Rakesh et al., (2003); Vikas et al., (2010); Darkwa et al., (2011); Fabrizio et
al., (2011); and Kwang et al., (2006) studied the performance of this system and its

capability to an energy conservation.



The study on parameters, such as pipe and its diameter, pipe length, pipe
material, depth of buried pipe, and air flow rate or velocity is another aspect of EAHE
that has also been studied so far. Trombe et al., (1991) presented experimental results
of a study performed on buried pipes for individual house air cooling in summer. He
analyzed influences of parameters like air-flow rate and working management of heat
exchanger system. On the other hand, Mihalakakou et al., (1995) presented a new
parametrical model for the prediction of the thermal performance of the earth to air
heat exchangers. Ghosal and Tiwari (2006) performed a parametric study on the
EAHE system coupled with the greenhouse. They illustrated the effects of buried pipe
length, pipe diameter, mass flow rate of air, depth of ground and types of soil on the
greenhouse air temperatures. Further, Kwang and Richard K (2008) developed a new
module and implemented it in the EnergyPlus program for the simulation of earth
tubes. They carried out a parametric analysis to imvestigate the effect of pipe radius,
pipe length, air flow rate and pipe depth on the overall performance of the earth tube
under various conditions during cooling season. Moreover Vikas et al., (2010) and
Fabrizio et al.,, (2011) conducted a study using different pipe materials to observe the
performance and difference it makes on air temperature.

Sanusi (2012) studied the parameters on the Malaysian climate in both field
experiment and simulation using EnergyPlus program. This study tried to extend the
investigation by EnergyPlus program to simulate a wide range of parametric sizes to
obtain the optimum geometrical size of the system for Malaysian climate. But the
impact of these parametric under different condition (i.e. electric air-conditioning
system) in Malaysia still remains unexplained clearly. Hence this research focuses on
answering queries in the prospective of reducing electricity usage through alternative

system — the EAHE which is environment friendly and cost effective.



1.3 PROBLEM STATEMENT

In 2004, a report showed a large increase in electric-energy consumption in residential
and commercial buildings in Malaysia (see Chan, 2004). It demonstrated that the
energy consumption in Malaysia in the year 2000 tripled the amount of energy
consumption in the year 1990. The major cause found is the usage of electrical energy
by air-conditioning systems in buildings in Malaysia. The warm and humid climate of
the country causes a need to build cooling systems. The majority of buildings in
Malaysia are dependent to the usage of air-conditioning systems to achieve indoor
comfortable environment, particularly in non-residential buildings (Sanusi, 2012). In
2003, Danida and ECO-Energy Systems conducted an energy audit on a 987m* single
storey office buildings in Malaysia and the report stated that 64% of the energy

consumed was for air-conditioning alone (Figure 1.2) (Chan, 2004).

O 64% Air Conditioning
@12% Lighting

024% Equipment

Figure 1.2: Breakdown chart of the energy load in an office building in Malaysia
(Source: Chan, 2004).



It is believed that using Earth-to-Air Heat Exchanger (EAHE) cooling system
in commercial (office) buildings in Malaysia will contribute in reducing electric-
energy consumption. As a result, it will minimize the negative impacts of building on
environment. EAHE system is not very common cooling system technology in
Malaysia, probably because of little awareness about its benefits. In fact, there is
limited research in this field in respect to Malaysian climate.

Sanusi (2012) conducted an investigation in Kuala Lumpur, and she reported
that at 1m underground the soil temperatures are 6°C and 9°C lower than the ambient
temperature during wet and dry season, respectively. In addition to this, the maximum
temperature reduction was 6.4°C and 6.9°C through EAHE for 3 inches (diameter)
polyethylene pipe of 25m in length with air velocity of 5.6ms™ at 0.5m underground,
and 1.0m and 1.5m depths during the wet and dry season, respectively. The results
showed that there is potential benefit of using EAHE to provide low-cost energy
cooling system in Malaysia. Furthermore selected parametric study on the same
experiments was carried out using Energy Plus programme. Energy Plus data agreed
with the field work data and therefore this validates that the EnergyPlus is reliable
software to investigate earth pipe cooling in Malaysia (Sanusi, 2012). This research -
an extension of the previous computational simulation conducted by Sanusi, 2012 —

will investigate the effect of other parameters.

1.4 RESEARCH OBJECTIVES
In order to find the optimum geometrical size of the EAHE in the Malaysian context,
this research investigates the differences between ambient air temperature (Tyy), and

pipe-outlet air temperature (Tpo). Hence this study sets following objectives:



1. To determine the time when the pipe-outlet air temperatures (1)) is lower
than ambient air temperature (Typ).
ii. To determine the influence of pipe diameter, air velocity, pipe depth, and
pipe length on the cooling potential AT of the EAHE system.
1. To determine the configuration of the Earth-to-Air Heat Exchanger that

would achieve optimum cooling potential (AT).

1.5 RESEARCH METHODOLOGY

This study will investigate the effect of other parameters. EnergyPlus program will be
used for simulations since Sanusi (2012) had verified the program agreed with field
data. The data from Sanusi (2012) and ASHRAE will be used as input to the program.

This research will also use some assumptions.

1.6 SCOPE AND LIMITATIONS

In this study data from Sanusi (2012) and ASHRAE will be used. The local climatic
data for Gombak will not be collected. Instead it is assumed the data from ASHRAE is
valid for Gombak Campus. The study also assumed several parameters available as

standard data in EnergyPlus as valid. Ideally the data collected on site should be used.

1.7  THESIS ORGANIZATION

The dissertation is comprised of five chapters. Chapter 1 provides an introduction to
the research and area, and elaborates the research background, problem statement, aim
and objectives of the research. Chapter 2 is literature review. It begins with the
introduction to the literature on FEarth-to-Air Heat Exchanger as passive cooling

technology and explains about the heat transfer process in the earth and the system



itself. Followed by presenting a background on both field experimental and
computational simulation studies based on different climates and various type of
research conducted around the world.

Chapter 3 discusses the research methodology. It describes particular model in
EnergyPlus program, followed by the setup procedure of Earth-to-Air Heat Exchanger
within the program. Finally, Chapter3 also presents the model required data on which
the simulation can rely. In Chapter 4, it mentions about the simulation results, which
consists of four simulations for the parameters (pipe diameter, air velocity, pipe depth,
and pipe length), and analyzes their effects on the system as well.

Chapter 5 is the concluding chapter of this thesis. This chapter shows the
simulation results which summarizes and compares with the original objectives of the

study. Finally the recommendations are provide for future study on EAHE.
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CHAPTER TWO

LITERATURE REVIEW

This chapter intends to elaborate the Earth-to-Air Heat Exchanger (EAHE) system as
a passive cooling technology. The emphasis of this chapter is on explaining the
transferring process of air through earth (soil) which consumes heat. This chapter also
defines and describes the terms relevant to the area of study — the air cooling systems.
Following to that, the chapter then presents a literature on the fieldwork and
experimental studies based on different climates and by various types of research
conducted around the world. The computational simulation method for investigating
EAHE is also presented later, as well as positive features of the simulation program
(EnergyPlus) which has been used for this study. Finally this chapter presents
examples of existing building (commercial as well as residential) that use this

technique of passive cooling system.

21 EARTH-TO-AIR HEAT EXCHANGERS AS PASSIVE COOLING
STRATEGY
As mentioned earlier, the earth as source of the energy system can be employed
through three methods of cooling the air: Direct, Indirect, and Isolated (Min, 2004,
Jian, 2009). In the direct system, the building envelope is attached to the earth and
conduction is through the building elements, mainly walls and floor that regulates the
indoor temperature. Malaysia naturally has a low air velocity (speed of breeze)
throughout the year, and employing a direct earth system/contact to the building

method would definitely minimize the ventilation into the building. Therefore

11



considering the potential consequences of direct earth contact, ground cooling was
projected to be little risky (Sanusi, 2012). In the indirect system, such as in Earth-to-
Air heat Exchanger (EAHE), the air is brought inside the building after being
processes from the earth (soil). The isolated system uses earth temperatures to
increase the efficiency of heat pump by moderating temperatures at the condensing
coil; a geothermal heat pump is an example of an isolated system. This study has
chosen the indirect systems for the observation and under tropical climate in Malaysia.
Since the Malaysian temperature is hot and humid, this study intends to bring
alternatives for cooling systems in building.

In indirect systems, the Earth-to air-heat exchangers (EAHE) system uses
metal or plastic pipe in the ground through which air passes from one end to another
(see Figure 1.1 in Chapter 1). During winter season, the air travels through the pipe
gets its warmness from the surrounding soil and enters the space as warm air. In a
similar way, in summers (hot season) air travels through the pipe and receives
coolness from the soil and enters the room as bit cool air than the surrounding air

outside (Mihalakakou et al., 1995; Santamouris, 1995).

2.1.1 HEAT TRANSFER IN THE EARTH & EAHE
2.1.1.1 Heat transfer in the Earth
Ground is the most favorable thermal medium for buildings, due to its massive
capacity and availability. Somehow the stable ground temperature has made it an
effective heat source as heat sink. That could be measured in some building energy
conservation (Jian, 2009).

From ground surface to a hundred meter in-depth, heat transfer process takes

place in various forms. At the ground surface, heat transfer is caused by short/long
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wave radiation, evapotranspiration, and convection. Conduction is the main form of
heat transfer in the ground, except for those regions with presence of water. There are
some other forms as well, like latent heat transfer through evaporation and
condengation and sensible heat transfer by moisture transfer. Geothermal energy from
the layers below the crust {the mantle and core) flows up heat constantly, but the heat
transfer is negligible when analyzing the heat that flows in a shallow region, e.g. depth
less than 20 meters (Rybach and Sanner, 2000 in Jian, 2009).

‘When analyzing the natural heat flow in the shallow ground, one can simply
examine the ground as semi-infinite medium and describe the heat conduction using
Fourier’s law (shown in Equation 2.1). Ground surface temperature records can be
used to solve this equation but their availability is very limited due to the lack of field
meagurements. Similar to ambient air temperature, daily average ground surface
temperature follow a sinusoid deviates with time, and their yearly amplitude is nearly
equal to that of the ambient air. Such information can also help to solve Equation 2.1
and to obtain an undisturbed ground temperature at depth z and at time, ¢ as shown in

Equation 2.2 (Labs 1979 in Jian, 2009).

ar, @y dI,
PsCps 5y = E(k—* v ) Eq.2.1
m |05 2 z (365\"°
T,. =T, — A, exp |-z osi——|t—t, = (=) Eq. 2.2
e e\p[ (365(15) ]c°s{365[ . z(ms ]} 1

Figure 2.1 and Figure 2.2 show demonstrates the typical ground temperature
under different function of time and depths. As far as ground temperature is
concerned, an EAHE sghould ideally be installed as deep as possible to prevent

temperature variations. However, the excavation cost for laying an EAHE deeper may
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not be economical. In existing applications, EAHEs are usually buried 1-4 m below

the ground surface.
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Figure 2.1: Typical ground temperature profiles at different seasons
{Source: Jian, 2009).
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Figure 2.2: Typical annual temperature variations at different depths
{Source: Jian, 2009).
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2.1.1.2 Heat transfer in FEarth-to-Air Heat Exchanger

The Earth-to-Air Heat Exchanger system works with a long buried pipe in ground
with one end opened at an ambient for air intake and the other end at the space to be
provided with cool air. The pipe is buried underground at the depth that could give
most efficient results. This technology uses the ground as a heat sink for cooling
purposes in warm countries where the channeled ambient air, via the buried pipe,
transfers excess heat to the ground by convection. There should be adequate air flow
into the buried pipe intake to produce cool air at the other end for occupants’ thermal
comfort. A fan blower is required at intake point of the buried pipe to stimulate the air
flow from one end to another (Sanusi, 2012).

In summer, the soil temperature below a two meter depth is close to the annual
ambient air temperature (see Figure 2.2). And as air passes through an EAHE,
convective heat transfer takes place between the air and pipe surface. The enthalpy of
the air and dry bulb temperature decreases along the flow direction.

If the pipe is long enough and the surface is cooler than the dew point
temperature, condensation may take place. When no other cooling device is used, the
air conditioning processes can be employed (see the Psychrometric chart in Figure
2.3). The ambient air condition from point 1 to point 2, the air is cooled with a
constant humidity ratio. Depending on the size of pipe cross-sectional and air speed,
relative humidity (RH) distribution at a cross section could affect the condensation
condition. If the cross sectional size is small and the air velocity is large, the RH
would be close to uniformity, and point 2 would be on the 100% RH curve. However,
if the air RH at the cross section has a large variation, the boundary layer air would

condense first even though the average air condition has not reached saturation.
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Point 3 is determined by the duct surface temperature. If the duct length is
infinite, the cooling and dehumidification process will continue from Point 2 to point
3. However, in practice point 3’ will be the EAHE outlet for air condition. The air
temperature may increase slightly to reach the point 4 due to heat gained during
distribution. Finally, the indoor load changes the air condition from Point 4 to 5. It
should be noted that two assumptions are made for the process from Point 2 to 3. The
first one is that the pipe is long enough so that the air has been saturated. Due to space
limitation, the duct lengths are depended on projects. The second assumption is that
the duct surface temperature is not much elevated by the warm air, and the Point 3 is
determined based on an undisturbed ground temperature. However, in practice, the
heat transfer between the air and the pipe surface is a dynamic process. When the air
is cooled, the heat is transferred to the pipe wall, consequently the wall temperatures
are warmed up (Jian, 2009). Therefore the cooling performance of an EAHE is mainly
determined by the dry cooling process from Point 1 to 2.

Figure 2.3 shows the cooling process of Earth-to-Air Heat Exchangers in
Psychrometric chart. Point 1: outdoor air condition; Point 2: transition condition
(condensation starts); Point 3: pipe surface condition; Point 3": EAHE outlet
condition; Point 4: room supply air condition; Point 5: room air condition.

As shown in Psychrometric chart, the changes in air condition from Point 1 to
2 are due to sensible heat exchange and they are the main processes determining
EAHE performance. The heat transferred is in the form of convection, and its intensity
is significantly depending on the air flow rate and temperature differences between the

air and the pipe surface. That is where the current study focuses on.
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Figure 2.3: The cooling process of EAHE in Psychrometric chart (source: Mu, L.
1982 in Jian, 2009).
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2.1.2 DEFINITION OF TERMS AND SYNONYMS

In this study, the intended system for investigation is defined as an air
conditioning system that is designed to process the air from one end (intake) to
another (supply) through a pipe placed underground. This process also requires air
blower (probably a fan) that stimulates air with pressure to move from one end to
another (Sanusi, 2012, 2012; Mihalakakou et al., 1995; Santamouris, 1995, Min,
2004; Al-Ajmia, 2006; Ghosal and Tiwari, 2006; Kwang and Richard, 2008; Jian,
2009; Gyuyoung et al., 2009; and Fabrizio et al., 2011).

After reviewing the literature, we found out that this system is mostly known
as Earth-to-Air Heat Exchanger (EAHE) system (Mihalakakou et al., 1993),
(Santamouris et al., 1995), (Jian et al., 2005), (Al-Ajmia et al., 20006), (Ghosal et al.,
2004), (Min, 2004), (Ghosal. et al., 2006), (Gyuyoung Yoon et al., 2009), Jian Zhang,
2009), and (Fabrizio et al., 2011). In this study, we use Earth-to-Air Heat Exchanger
(EAHE) as the name of the system. In the Table 2.1 presenting more system names

(synonyms) that other researchers used for the same system.

Table 2.1
EAHE system synonyms

S | System Name Researcher

1 | Earth pipe cooling technology (Sanusi. et al., 2012);

2 | Earth tube system (Jacovides et al., 1995; Kwang and
Richard, 2008);

3 | Earth-air-pipe system (EAPS) (Huijun et al., 2007);

4 | Earth tube heat exchanger (ETHE) [ (Miroslaw, 2011; Trombe et al., 1991)

5 | Underground air pipe air | (Sawhney et al., 1999),
conditioning system

6 | Buried pipe systems (Hollmuller & Bernard, 2000),
7 | Earth—air-tunnel system {Rakesh et al, 2003); and
8 | Earth-tube ventilation system (Darkwa J. et al, 2011)
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Earth-to-Air Heat Exchanger system uses either an open or closed-loop
configuration. In an open-loop system, the outdoor air is drawn into the tube and
delivers directly to the inside of the building which has the end point. This system
provides ventilation while cooling the building from inside. In a closed-loop system,
interior air circulates through the earth cooling tubes. A closed loop does not
exchange air with the outside; instead it re-circulates the indoor air through the earth
cooling tubes. This makes the closed loop system more efficient than an open loop
design, since it does not require as high a degree of dehumidification as an open loop

system (Goswami and Biseli, 1993).

2.2 EAHE FIELD EXPERIMENTS
2.2.1 TField Experimental According To Climates

2.2.1.1 Temperate countries

Kwang and Richard (2008) conducted parametric study of EAHE in USA at four
different locations (Spokane, WA: mild and dry; Peoria, IL.: mild and wet; Phoenix,
AZ: hot and dry; Key West, FL: hot and wet). They reported that when the system is
properly designed, an earth tube was shown to save more than 50% of the total
cooling load, depending on the weather and soil conditions. They concluded that
Peoria and Spokane are the better places for the utilization of earth tubes than Key
West and Phoenix which have higher soil temperatures and the earth tube inlet
temperature. Although the earth tube alone cannot replace conventional air-
conditioning system in these case studies, it can significantly reduce the cooling load

in buildings (Kwang and Richard. 2008).
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Fabrizio et al. (2011) evaluated the energy performances achievable using
EAHE in different Italian climates (i.e. Naples, Rome, & Milan). They found-out that
the best energy performances resides within wet/humid soil, and for the coldest
climates (Milan) there is maximum energy savings about 44%, in terms of thermal
energy and about 37% for primary energy. For cold climates such as Milan, the
achievable indoor thermal conditions are good (about 90% of the summer diurnal time
characterized by indoor temperature lower than 30°C). On contrary with reference to
Naples and Rome, the indoor summer temperature experiments using EAHX coupled
to ventilation aren’t fully satisfactory. Anyhow, the use of the active cooling can be
reduced noticeably (Fabrizio et al., 2011).

Ghosal and Tiwari (2006) integrated the EAHE with the greenhouse located in
Delhi, India. The climate of that place is multiple, as it remains hot and dry for five
months, warm and humid for three months, moderate for one month and cold for three
months. The results they achieved has 7-8 °C rise and 5-6 °C reduction of
temperatures for the greenhouse air for the winter and for the summer period,

respectively.

2.2.1.2 Hot and arid countries

Al-Ajmia et al., (2006) predicted the outlet air temperature and cooling potential of
EAHE in a hot and arid climate in Kuwait. They found that there is potential need for
this system to make a useful contribution to energy saving in Kuwait. And this system
can also be used in similar desert climates in other locations as well (Al-Ajmia et al.,
2006). Vikas et al., (2010) analyzed the performance of the system in dry climate of
the Western India in Ajmer, and reported that the Earth-to-Air Heat Exchanger

systems can be used to reduce the cooling load of buildings in summer.
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2.2.1.3 Hot and humid countries

Darkwa (2011) evaluated the EAHE system as an energy saving technology for a
typical hot and humid location in Ningbo, China. He proved that this system has the
potential to become effective energy saving technologies in buildings. Min (2004)
analyzed application of EAHE in Montreal, Canadian climate. This region is always
humid. He found that in winter, the EAHE system may preheat the outdoor air up to
10°C from December to March. While in summer day, a typical EAHE system may
pre-cool outdoor air up to 10°C from July to September. The finding proves the
usefulness of this technique for passive cooling (Min, 2004).

Malaysia is a tropical country which has hot and humid climate throughout the
year. The application of EAHE system is still at a primitive stage, and there is limited
research and investigation on this technology in Malaysia. Sanusi (2012) conducted a
field experimental investigation to record soil temperature in Kuala Lumpur at
different depths and also investigated the wviability of EAHE system. His work
primarily focuses on how the system can reduce the hot temperature in Malaysia
during daytime, which will result in reduction of the electric energy consumption as
well.

In this study, the investigate of Earth-to-Air Heat Exchanger system was
conducted under Malaysian climate condition using EnergyPlus as energy simulation
program and also using the actual soil data recorded by Sanusi (2012) to test the

system with different conditions.

2.2.2 Field Experimental According to Type of Research

Previous researchers studied various aspects of Earth-to-Air Heat Exchanger system

with factors such as estimation under different conditions and the viability in different
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climates around the world. As mentioned in the previous section (section 2.2.1), the
investigation of potential of soil temperature, system performance, economic aspect,
and parametric are essential part this study, which is intended be assessed and

elaborated.

2.2.2.1 System performance

System performance is another part of same research area with different aspect that
many of the researchers have studied so far and concluded with different findings. For
instance, Rakesh et al., (2003) developed a numerical model to predict energy
conservation potential of EAHE system and passive thermal performance of a non-air-
conditioned building. Al-Ajmia et al., (2006) predicted the cooling loads of the air
conditioned dwelling with and without the assistance of the EAHE. Vikas et al.,
(2010) analyzed the thermal performance and cooling capacity of the EAHE system
that can be used to reduce the cooling load of buildings in summer. Trombe et al.
(1991) analyzed that buried pipes for individual house has a sufficient potential for
conditioning outside air. Huijun et al. (2007) obtained a daily cooling capacity of air
up to 74.6 kWh from an earth—air—pipe system installed in Southern China. Miroslaw
et al, (2001) presented the results of computer simulations and experimental
investigations of thermal performance of earth tube heat exchanger. Darkwa et al.,
(2011) evaluated theoretically and practically an earth-tube ventilation system.
Furthermore Fabrizio et al., (2011) and Kwang et al., (2006) studied the performance

of the system and energy conservation capability.
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2.2.2.2 Incorporating of FAHE to HVAC Systems

Fabrizio et al. (2011) evaluated the energy performance achievable by incorporating
the EAHE to HVAC systems, as a pre cooling/heating for intake fresh air. The
possible indoor thermal comfort conditions for the modeled office building was well
thermally insulated with efficient heating and cooling systems in summer when the
building was not air-conditioned. Fabrizio et al., (2011) provided with diurnal
ventilation coupled to EAHE plus night-time ventilation. Gyuyoung et al., (2009)
installed nine PVC pipes with a diameter of 0.5 m in the heating, ventilating and air-
conditioning (HVAC) system to fulfill the required quantity of fresh air in a welfare
institute built in Japan. Darkwa et al., (2011) used a network of six underground
thermo pipes to draw in air fresh through an air handling unit (AHU) into the building,
which is the main source of fresh air supply to the research laboratory in the Centre
for Sustainable Energy Technologies at the University of Nottingham, Ningbo China.
Sawhney et al., (1999) studied the thermal performance of the underground air pipe
air conditioning system in recirculation mode to air condition eight rooms in a guest
house at the Institute Ghosi, and analyzed the cooling potential of the system. It is
observed that reasonably good thermal comfort conditions can be produced in the
building with such a system (Sawhney et al., 1999).

The EAHE system has been implemented in many different types of building
and greenhouses as well. This system has also been tested in different formats around
the world. Trombe et al., (1991) Santamouris et al., (1995), Hollmuller et al., (2000),
Ghosal et al., (2004 and 2006), and Vikas et al., (2010) studied the EAHE system with

similar practices to be implemented in buildings and greenhouses.
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2.2.2.3 Sail investigation

Soil investigation is another facet which directly correlates with the EAHE system to
predict the potential changes into air that passes when we use it. Al-Ajmia et al.,
(2006) presented a mathematical model for predicting Kuwait’s sub-surface soil
temperatures, and validated measurement of ground temperatures. The sub-surface
temperature model then was used in conjunction with the EAHE model and a model
of a typical Kuwaiti dwelling to estimate energy performances. Jacovides et al.,
(1995) developed a complete numerical model to the predict the air and the soil
temperatures at the field under a building that the model described the simultaneous
heat and mass transfer inside an earth-tube system and into the soil by taking into
account the soil's natural thermal stratification. Sanusi (2012) investigated the
temperature of air and soil at a test site in Malaysia and obtained that the soil
temperature 6°C and 9°C lower than the maximum ambient temperature during wet
and dry season respectively. Min (2004) presented transient control volume model to

investigate the transient soil heat rejection around an EAHE.

2.2.2.4 Parametric study

Trombe et al., (1991) presented first experimental results of a study performed on
buried pipes for individual house air cooling system in summer. He analyzed
influences on the system caused by different parameters such as air flow rate, and
working management of heat exchanger system. Mihalakakou et al., (1995) presented
a new parametrical model for the prediction of the thermal performance of the earth to
air heat exchangers. Ghosal and Tiwari (2006) performed parametric studies for the
EAHE coupled with the greenhouse. They illustrated the effects of buried pipe length,

pipe diameter, mass flow rate of air, depth of ground and types of soil on the
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greenhouse air temperatures. Vikas et al, (2010) and Fabrizio et al, (2011)
investigated on various kinds of pipe materials and analyzed their effects on the
system performance. Kwang and Richard (2008) developed a new module after
implementing the EnergyPlus program for the simulation of earth tubes. They carried
out a parametric analysis to investigate the effect of pipe radius, pipe length, air flow
rate and pipe depth on the overall performance of the earth tube under various
conditions during summer season. Sanusi (2012) also conducted a parametric study on
the Malaysian climate by using the same EnergyPlus program.

Based on various published literature, it is proved that the Earth-to-Air Heat
Exchanger performance is affected by the following four major parameters:

1. Pipe length;
ii. Pipe diameter;
iii. Depth of the buried pipe; and
iv. Air flow rate or velocity within the pipe.

Many researchers have found that similar changes in air temperature when it
passes from the buried pipe. There is decrease in the temperature with increasing pipe
length, decreasing pipe diameter, decreasing air velocity in the pipe and increasing
depths (Kwang and Richard, 2008; Vikas et al., 2010; Ghosal et al., 2006; Huijun et
al., 2007; Santamouris et al., 1995).

Apart from that, different pipe materials have also been studied, such as
metallic materials, plastic and concrete pipes. The investigation has shown that the
performance of the EAHE system is not significantly affected by the material of the
buried pipe or leads to close similarity of energy performance. In fact, due to the less
thickness of the tubes (pipe), the different thermal conductivity values scarcely

influence the heat exchange, if the right depths and lengths are used (Vikas et al.,
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2010; Fabrizio et al., 2011). The other parameters like soil surface condition,
arrangement of system or layout of multiple pipes, and system working management
are also having their effects on the EAHE performance as well. This study focuses just
on the pipe diameter, air velocity, pipe depth, and pipe length as the main parameters

of Earth-to- Air Heat Exchangers system.

2.3 EAHE COMPUTATIONAL SIMULATIONS

2.3.1 Numerical simulation

Al-Ajmia et al., (2006) developed a theoretical model of an EAHE system. They
examined the outlet air temperature and cooling potential of these devices in a hot and
arid climate. The model is validated against other published models and shows a good
agreement. Mihalakakou et al., (1995) presented a new numerical model for the
prediction of the thermal performance of the earth to the air heat exchangers. The
proposed model has been developed by analyzing temperature data of the circulated
air at pipe’s outlet using a systematic parametrical process. Four variables are
influencing the thermal performance of the earth to air heat exchangers, and they have
been taken into account: The pipe length, pipe radius, velocity of the air inside the
tube and depth of the buried pipe below earth surface. The algorithm developed in
previous researches is suitable for the calculating the exit air temperature and also the
cooling potential of the system. The numerical model was validated against an
extensive set of experimental data. This indicated that the model can accurately
predict the temperature and the humidity of the circulating air, and also the
distribution of temperature and moisture in the soil and the overall thermal

performance of the earth to air heat exchangers.
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Min (2004) investigated the transient soil heat rejection around an EAHE
system process. He developed one dimension steady-state model by combining a
control volume model with an analytical solution to predict the EAHE outlet
temperature, relative humidity and condensation. The model is validated against two
sets of published experimental data, and the agreement between the experimental data
and the theoretical results was reasonably good. Gyuyoung et al., (2009) proposed a
different design procedure for EAHE system which consists of multiple pipes with a
close arrangement. They developed a numerical model for multi-cool/heat tube system
and it was verified after having some field measurements. The characteristics of heat
that transfers from multiple tubes have thermal interference between adjacent tubes,
and they were examined by numerical simulations. This prediction method of using
approximation expressions is available under the analyzed range of design parameters.
It is also available with the variable soil properties and regions. The method is very
simple and it is useful to make a decision for proper tube intervals at a given

underground space for cool/heat tube systems.

2.3.2 Computational Sirmulation

After reviewing the literature, this study found that the most common simulation
programs used for Earth-to-Air Heat Exchanger systems are TRNSYS, FLUENT,
MATLAB, CFD and EnergyPlus. In the Table 2.3 summarizes all those researchers
and the program they have used for their investigations on FEarth-to-Air Heat

Exchanger system.
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Table 2.2
Simulation programs used for Earth-to-Air Heat Exchanger research

Simulation Program Researchers, Year
Mihalakakou G. et al, 1995; Jacovides C. P. et al., 1995;
TRNSYS Santamouris M. et al., 1995; Pierre Hollmuller et al., 2000 and 2003,
and Al-Aymia F. et al., 2006.
FLUENT Vikas Bansal et al., 2010,

Darkwa et al., 2011

Rakesh Kumara et al., 2003; Ghosal. et al., 2004; and Ghosal et al.,

MATLAB 2006

CFD Jian Zhang et al., 2005; Huijun Wu et al., 2007; and Jian, 2009

B Kwang et al., 2008; Miroslaw Z. et al., 2011; Fabrizio et al., 2011;
nergyPlus

and Sanusi., 2012

2.3.3 EnergyPlus Program

EnergyPlus was launched in 1995. This endeavor brought the development of a new
energy analysis program. Originally it was intended to be a combination of the best
features of the BLAST (Building Loads Analysis and System Thermodynamics) and
DOE-2 programs. These programs were developed and released in the late 1970s and
carly 1980s as energy and load simulation tools. These two programs attempted to
solve the same problem from two slightly different perspectives. Both, the BLAST
and DOE-2, were written in older version of FORTRAN and used features that
eventually went out of date in new compilers, but FORTRAN90 was used for the
initial release of EnergyPlus. The use of FORTRAN90 as the programming language
for EnergyPlus also allows for the creation of a well-organized, modular program
structure that facilitates adding new features and links to other programs (Richard et
al., 2000).

Neither BLAST nor DOE-2 is able to correctly handle the feedback from
HVAC system to the zone conditions. The speed of development of new technology

in the HVAC field has far outpaced the ability of the support and development groups
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of both programs to keep these programs currently updated and viable. This is the key

issue in the existence of EnergyPlus (Getting Started with EnergyPlus, 2012).
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Figure 2.4: Overall EnergyPlus Structure

As shown in Figure 2.4, there are three basic components to EnergyPlus, a
Simulation Manager, a Heat and Mass Balance Simulation module (based on
IBLAST), and a new Building Systems Simulation module. The Simulation Manager
controls the entire simulation process. The Building Systems Simulation Manager
handles communication between the heat balance engine and the HVAC water and air
loops and their attached components (coils, boilers, chillers, pumps, fans, etc.) The
hardwired ‘template’ systems (VAYV, Constant Volume Reheat, etc.) of DOE-2 and
BLAST have been replaced with user-configurable heating and cooling equipment
components. This gives users much more flexibility in matching their simulation to

the actual system configurations. The Building Systems Simulation Manager also
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manages data communication between the HVAC modules, input data, and output
data structures (Richard et al., 2000).

The current goals for EnergyPlus has far exceed from those initial ideas. Like
its parent programs, EnergyPlus is an energy analysis and thermal load simulation
program, which has a modular structure aimed at greatly simplifying the further
enhancement of the program by the original development team and other researchers.
The simulation program in which the earth tube module was implemented is
EnergyPlus. Since the EneryPlus is considered to be the next-generation building
performance simulation program, it combines the best features of DOE-2 and BLAST.
As a result, it has the great flexibility and capabilities for the comprehensive building
simulation. The integrated solution managers in EnergyPlus are of three types: the
surface heat balance manager, the air heat balance manager and the building systems
simulation manager (Richard et al., 2000).

The Table 2.3 shows a contrast of major features and capabilities of
EnergyPlus, BLAST, DOE-2, and IBLAST (a research version of the BLAST
program). The availability of specific model for EAHE in a program which is called
‘Earth Tube’ is an important attribute when attempting to investigate whether or not
the EAHE should be used for a particular building and for a particular region. It also
determines the most optimal combination with regard to depth, length, radius, and air

velocity (Kwang and Richard, 2008).
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Table 2.3
Comparisons of HVAC Features and Capabilities (Richard et al., 2000)

HVAC Systems and Equipment Feature | DOE-2 | BLAST | IBLAST | EnergyPlus
Fluid Loops
- Connect primary equipment and coils

Hot water loops, chilled water and Yes No No Yes
condenser loops, refrigerant
Loops
Air Loops
. Connel:tzt fans, coils, mixing boxes, zones Ho He No X
User-configurable HVAC systems No No No Yes
Hardwired Template HV AC systems Yes Yes Yes No
High-Temperature Radiant Heatin
] Cg}as/ elecl‘zric heaters, wall radiatogrs Ng Yes He e
Low-Temperature Radiant Heating/Cooling
- Heated floor/ceiling No No Yes Yes
- Cooled ceiling
Atmospheric Pollution Calculation

CO2, SOx, NOx, CO, particulate matter

e hyd.r veatlson Yes Yes No Yes
production
- On-site and at power plant
- Calculate reductions in greenhouse gases
SPARK Connection No No No Yes
TRNSYS Connection No No No Yes

In this study the feature in EnergyPlus that is use to design for EAHE, called
Earth Tube Model. The earth tube model provides a simple earth tube that uses a
complex ground heat transfer to establish the temperature of the soil at the depth of
the earth tube (EnergyPlus Engineering Reference, 2012).

Kwang and Richard (2008) developed a new model for EnergyPlus program
to simulate the Farth-to-Air Heat Exchanger. They wvalidated the model with
theoretical and experimental data, which showed satisfactory result. Later they carried
out parametric analysis to investigate the effect of pipe radius, pipe length, air flow
rate and pipe depth on the overall performance of the EAHE, under various conditions
during summer season. Miroslaw et al., (2011) used EnergyPlus as energy simulation

software to estimate the cooling potential of EAHE in residential buildings in different
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Polish climatic conditions. Their experimental data and calculations results indicate
that EAHE proves solution for energy saving in residential buildings.

Fabrizio et al., (2011) experimented the achievable energy performances using
EAHE for an air-conditioned building in three different Italian climates, i.e. Naples,
Rome, and Milan in both winter and summer seasons. The experiments were
conducted to that on the functioning of the system within some boundary conditions,
such as the typology of soil, tube material, tube length and depth, velocity of the air
crossing the tube, ventilation airflow rates, control modes. They carried out the
investigation using EnergyPlus and CalcSoilSurfTemp. The EAHE has shown the
highest efficiency for cold climates both in winter and summer.

In Malaysian climate conditions, Sanusi (2012) has conducted the both, field
experimental and computational investigation on EAHE systems using the EnergyPlus
program. The program data contemporized with the field work data and the results
showed that there is a potential benefit of using EAHE. Therefore, this confirms the
EnergyPlus as a reliable tool to investigate EAHE in Malaysia (Sanusi, 2012). For that
reason, this current study also relies on EnergyPlus program to simulate Earth-to-Air

Heat Exchanger system and its implementation in Malaysia.

2.4  APPLICATION OF EARTH-TO-AIR HEAT EXCHANGERS

In this section, four buildings that utilize the Earth-to-Air Heat Exchanger are
reviewed. The first one is a conventional mechanically ventilated building, and the
others are hybrid ventilated. The review is focused on the system configurations,

operations, and performance.
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2.41 Schwerzenbacherhof Commercial Building

The Schwerzenbacherhof building is a commercial building located near Zurich,
Switzerland. The building has a heating energy consumption of 144 MJ/m? per year
for an area of 8030 m® To understand process of lowering the temperature with
feasible available options, it went through a major case study in the Annex 28 August
1998 Low Energy Cooling which was conducted by the International Energy Agency
(IEA) Energy Conservation in Buildings, and the Community Systems
(ECBCS) Programme that carries out research and development activities toward
near-zero energy and carbon emissions in the built environment (see [EA-ECBCS
1998). In Figure 2.5, it shows the building’s cooling system with air inlet duct. The air
cooling system was designed to have two paths for fresh air intake into the building.
The system can either pass the air through the EAHE system installed in the building

or air handling units (by-bypassing EAHE), as shown in Figure 2.6 (Paolo and

Roberto, 2009).

Figure 2.5: The Schwerzenbacherhof office and industrial building.
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Figure 2.6 Schematic diagram of Schwerzenbacherhof building ventilation system
(Hollmuller, 2002).

2.4. 1.1 Component description

The depth of EAHE system is 6m beneath the ground surface, and 75 em below the
building’s unheated second basement. The pipe-system uses 43 m (in total) high-
density polvethylene pipes installed in parallel with inclination of 1% (see Figure 2.7).
Each of them is 23m in length and 230mm in diameter, and the mean axial distance
between two pipes is set to 1160mm. The distribution channel for the air it connects
with the two large concrete ducts constructed before and after the pipe system. The
drainage to the sewage system is provided in the intake-side concrete duct (see Figure
2.8). The variations in the airflow rate are observed during summer and winter in

office hours. In summer, the rate is 18,000m°/h whereas in winter it is 12,000m°/h. To
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avoid the deficiency in the system, the airflow is maintained by two fans in the

system, as shown in Figure 2.9.
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Figure 2.7. General layout and construction detail of the EAHE system in
Schwerzenbacherhof building (Hollmuller, 2002).
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Figure 2.8: Detailed section of the watertight concrete duct of 30 cm wall thickness
and the pipe seals (Hollmuller, 2002).
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Figure 2.9: Schwerzenbacherhof building - Schematic of the ground coupled and
ventilation systems (Hollmuller, 2002},

The EAHE provides about 1/3 of total cooling demand, and the rest is provided
by night cooling of the thermal mass. Thus it can be assumed that the EAHE system is
effective during the daytime, and when the night air cooling is insufficient for the

rooms (see Liddarnent, 2000).

2.4.1.2 Control strategy

The EAHE system automation activates the system when the temperature exceeds
22°C, especially in day time of summer season. As the system is assigned, it cools the
air down as it passes from the pipes of EAHE and then it is supplied to the required
rooms. In the case when the outdoor temperature 1s lower than 22 °C (usually after
mid-night), the system diverts the air from EAHE system and takes the fresh air
directly from outside to the rooms. In winters the system works quite opposite. When
the ambient temperature falls down, the EAHE starts works in providing preheating.

Then the outlet air from EAHE passes through the same process and transfers heat
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from the exhaust air to the outlet air inside rooms. The use of the EAHE system
during winter time also helps to cool the ground for the next summer and to prevent

freezing of the heat recovery unit.

2.4.1.3 Measured performance
The reason this study selected Schwerzenbacherhof building as a case study for
investigating the performance of EAHE system is because of its low energy cooling
measure in the IEA-ECBCS Annex 28 project Liddament (2000). In that project, one
year monitoring program was conducted. The parameters that were monitored from
the EAHE system were; the upper soil temperature (75 cm above the pipe bed), lower
soil temperature (600 cm beneath pipe bed) and inlet/outlet air temperatures and
humidity.
From the monitoring program, Liddament (2000) reported the following as
conclusions of the overall performance:
e The measured heating demand is 150 kW at -8°C. Without EAHE, the estimated
load would be 240 kW. The EAHE itself can meet a peak demand of 60 k'W.
e The measured heating energy consumption was 144 MI/m2 per year is well below
the Swiss Standard, at the time of 240 MJ/m? per year.
e The measured electrical current to operate the ventilation system was 23 MJ/m*
per year which, again, was well below a conventional requirement of 90 MJ/m*

per year.

e The maximum cooling rate was 54 kW at an outdoor supply temperature of 32°C.

Comfort cooling was achieved at all times.
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2.42 Media School, Grong, Norway

Media school is a 1001 m” one-floor building located in Grong, Norway. It was one of
the case studies in the IEA-ECBCS Ammex 35, Control Strategies for Hybrid
Ventilation in New and Retrofitted Office Buildings (HybVent). Both of the
building’s layouts and schematic of the ventilation system are shown in Figures 2.10

and 2.11 respectively.

a—  Intake Tower

North
a— EAHE <4

Figure 2.10: Media school layout (Paclo and Roberto, 2009).

2.4.2. 1 Component description
An air intake tower for the EAHE system is located on north of the building and

stands with 33° slope, as shown in Figure 2.12. The height from the tower is
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approximately 6m from the base. On each side of the tower, there is an opening which
is covered by a metal shield to protect duct from precipitation. Behind the shield, each
opening is equipped with a one way damper that allows the air to enter when it is

pressurized.

Figure 2.11: Schematic cross section of Medid school showing air flow paths and
location of components 1: tnangular intake tower with opemings and vents, 2: damper,
3: supply fan, 4. sound absorber, 5: filter, 6: exchangers for supply air preheating
using run-round heat recovery via a circulating water-glycol mixture as well as
additional reheating, 7. air distribution duct, 8. units for noise attenuation plus
openings and grilles for supply of ventilation air to the classrooms, 9 dampers for
extracting exhaust ventilation air from the classrooms, 10: extract fan, 11: triangular
roof tower with exhaust vents (Paclo and Roberto, 2009).

After passing the air from the intake tower, the downward airflow is led to a
horizontal layout of 1.5 mx=2m high into concrete air intake duct. In total this will be
approximately 1.5m below the earth surface (see Figure 2.11). In order to control the
airflow, a damper is installed at the beginning of the duct. A frequency-controlled
variable-speed propeller the fan with a diameter of 1.4m, and is located 1.5m away

from the damper on the leeward side which is interlinked with the damper opening

position. A noise absorber is also installed and located 6.3m from the fan. Six fine
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filter blocks are installed at the end of the duct. The total distance from the damper to
the filters is 11.1 m. The duct has 5% incline to the inlet direction to allow cleaning.

Drainage is located at the base of the air intake tower.

Figure 2.12: ETAHE’s intake tower of Media school (Paolo and Roberto, 2009).

As it can be seen from the Figure 2.13, the air vertically passes through two
overlapped heat exchangers after leaving the intake duct and then enters into 2.2m by
2m horizontal air distribution duct. This duct has two branches which are below the
building’s corridor. From this intake duct, the air can also divert and bypass the heat
exchangers by flowing through two “summer” doors beside the exchangers. Figure
2.13 (right side) shows the distribution duct which has the air supply paths that are
attached to the walls into the ground level of classrooms. These paths suppress sound

transmission between rooms and ensure even supply air temperatures to all rooms.
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pass doors

Figure 2.13: Air distribution duct of Media school (Left photo shows heat exchangers
and “summer” doors. Right photo shows the supply air paths) (Paolo and Roberto,
2009).

2.4.2.2 Control strategy

The control strategy of HVAC system is monitored and controlled by a centralized
supervisory system called the Building Energy Management System (BEMS). This
system has sensors which are measuring the CO:2 obsession and the temperature in
most classrooms. The temperature in the distribution duct is set with 19°C. This is
ensured by the two heat exchangers at the end of the air intake ducts. The EAHE
preheats air in winters. And in summers the building does not have any other cooling
system function but the EAHE system. The ventilation is primarily controlled by the
differences between the classrooms’ CO; levels and their set temperature. However,
when the room temperature exceeds a set value of 24°C, the ventilation airflow
increases air pressure to avoid further rise in the temperature. The supply fan is
activated by the BEMS when air changes rate are required. When the two heat
exchangers are not needed, the bypass doors can be manually opened to reduce the

pressure loss.
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2.43 Centre for Sustainable Energy Technologies at the University of
Nottingham, Ningbho- China
The Centre for Sustainable Energy Technologies (CSET) building is a landmark
collaborative project between the United Kingdom and China to address some of the
major issues affecting sustainable development in China (see Figure 2.14). Being a
centre of excellence in research and teaching, the CSET also play a key role in the
proposed Virtual Academy for Sustainable Cities, outlined under the Memorandum of
Understanding in January 2008. It has been designed to minimize environmental
impacts by promoting energy efficiency, generating its own energy from renewable
sources, and using locally available materials with lowest embodied energy. The main
function of the building is to provide a specialist research laboratory for staff and
post-graduate students within the new Centre for Sustainable Energy Technologies. It
is linked with the laboratory facilities and will assist in conducting workshops for
fabrication of experimental rigs etc., and the development of new components (The

Centre for Sustainable Energy Technologies (n.d)).
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Figure 2.14: Centre for Sustainable Energy Technologies building at the University of
Nottingham, Ningbo- China. (Source: Sergio, n.d.).

2.4.3.1 Description of the Earth-tube ventilation system

Figure 2.15 to 2.17 show the system that represents the main source of fresh air supply
into the research laboratory in the Centre for Sustainable Energy Technologies
(CSET) at the University of Nottingham, Ningbo, China. It uses a network of six
underground thermo-pipes to transfer the fresh air through air handling unit (AHU)
into the building. The pipes are made from a special formulated polypropylene
material which optimizes heat when air is transferred from the ground. Additionally,
the pipes has unique antimicrobial layer made from silver particles to prevent

microbial growth. Each pipe measures the lengths of 50m in length and 400mm in
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diameter, and is laid below ground level at a gradient of 1.5-3m gradient to enable
condensate to be collected in a sump. The high longitudinal rigidity of the pipes is
meant to prevent sagging, thereby helping condensation to be safely discharged and
avoiding formation of puddles at the lowest points. Even though the manufacturers
recommend that the pipes should be laid in bare soil, it is worth mentioning that they

were laid on a medium textured concrete foundation due to the unsettling nature of the

soil at the site (Darkwa et al., 2011).

Figure 2.15: Earth-tube ventilation system construction in the CSET building

(Darkwa et al., 2011).

2.4.3.2 Investigation result on the system

Darkwa et al., (2011) theoretically and practically evaluated the technique of carth-
tube ventilation system as an energy saving technology. The results have shown that
the system has the positive stances to become an effective energy saving technology
in buildings. For instance in March and July 2010, the EAHE system was able to
contribute 62% and 86% during the peak heating and cooling loads respectively, and
also achieved corresponding coefficient of performances (COPs) of 3.2 and 3.53,

respectively. The average relative humidity level in the heating period was reduced by
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10%, whereas in summer the average humidity level increased by 13% and was

attributed to high level of latent heat exchanges within the earth-tube.
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Figure 2.16: CSET building, heating system schematic diagram (Source: Sergio, n.d.).

The overall performance of the system is found to be encouraging also for
typical hot and humid locations, where there are certain conditions of scil (wet,
freezing and dry soils) which could affect its thermal to perform better (Darkwa et al.,

2011).
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Figure 2.17: CSET building, cooling system schematic diagram (Source: Sergio, n.d.).

2.4.4 Experimental Shed at the International Islamic University Malaysia
(ITUM), Kuala Lumpur, Malaysia

2.4.4.1 Field Work Site

Sanusi (2012) constructed a shed to conduct a field experiment in the campus of the

International Islamic Umversity Malaysia (IIUM), Gombak, Selangor, Malaysia

(3°17° 60 N and longitude 101° 46” 60 E). Figure 2.18 show the experiment site (red

dot).
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Figure 2.18: International Islamic University Malaysia campus.

The experiment consisted of two stages; the first stage was concerned with
recording the soil temperature at various depths up to 5m. The second stage was
concerned with the investigation of the performance of Earth-to-Air Heat Exchanger

systems.
2.4.4.2 Description of the Experimental Shed

The shed is an 8 m’ single space building with a pitched roof, two windows and one

door. The EAHE experiment set up includes the burial of long pipes into the ground
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and the construction of an experiment shed (see Figure 2.19). A multi-speed
centrifugal fan was installed to the intake pipe’s header. The centrifugal fan draws
outside air and supplies it to the shed through the aforementioned pipes. The details of

the parameters are shown in Table 2.4

PVC Pipe
(leakage occured)

Figure 2.19: EAHE experiment set up.

Table 2.4
Field experiment parameters used in April/May 2009.

Parameters Detail description
Depth 0.5m, 1.0m, and 1.5m
Length 25m
: : Polyethylene = 7.36 cm
Pipe Diameter PVC = 10.2 em
. . Polyethylene = 0.82 cm
Pipe Thickness PVC = 0.2 om
Air Speed 5.62m/s
Materials Polyethylene Pipe and PVC pipe
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2.4.4.3 Experiment Results

2.4.4.3.1 Soil Temperature

The soil temperature data was measured for a period of one year. The data was used in
the EnergyPlus simulation software later. The shallow ground temperature inputs were
obtained at 0.5m depths, whereas the deep soil temperature inputs were obtained at

4m depths. The monthly shallow and deep soil temperatures measured at 0.5m and 3-

4m depths respectively, are shown in Table 2.5.

Table 2.5

Shallow and Deep Soil Temperature:

Wionih Ground Temperature: | Ground Temperature:
Shallow (°C) Deep (3-4m depth) (°C)
January 27.8 29.4
February 28.6 29.4
March 29.8 29.4
April 30.1 29.4
May 30.2 29.4
June 29.8 29.4
July 29.3 29.4
August 29.3 29.4
September | 29.1 29.4
October 29.3 29.4
November | 28.8 29.4
December | 28.5 29.4

The model Earth Tube in EnergyPlus calculates three essential parameters
(annual mean ground surface temperature, amplitude of the annual soil surface
temperature variation and phase constant of the soil surface), deriving from Weather
File. Those three parameters are a prerequisite for a successful simulation of the

EAHE system. But the real measured soil temperature data will be use instead for all
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soil related inputs. This data set was used in the simulation experiment that forms the

backbone of this research.

2.4.4.3.2 Earth-to-Air Heat Exchanger performance at 1 m depth

The experiments during the hot and dry season were carried out at 1.0 m depth on 25
m length pipe. The fan blower provides an air flow through the pipe at a constant
speed of 5.6m.s”.

The soil temperatures were measured in two days ranged from 29.9°C to
30.0°C. The temperatures at the inlet and outlet of the buried pipe ranged from 24.4°C
to 37.0°C and from 24.7°C to 31.2°C respectively (see Figure 2.21). The maximum
reduction in temperature was found to be 6.9°C and it occurred during the day when
the fan blower was operating. The average maximum reduction in temperature over a

two-day period was found to be 6.0°C.
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Figure 2.20: Trend of Temperatures at 1.0m Depth.
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2.4.4.4 Compuiational Simulation Investigation

Further invegtigation was carried out on the same experiment by computational
simulation using the EnergyPlus software. EnergyPlus data was consistent with the
field work data, and therefore, this confirms that EnergyPlus 1s a reliable software to
investigate Earth-to-Air Heat Exchangers in Malaysia. The following graphs (Figure
2.23 and Figure 2.24) show the comparison between the data obtained in the field
work and the data predicted by EnergyPlus. The graphs show that the data obtained
from the EnergyPlus simulation software are very consistent with the data obtained

from the actual field investigation,
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Figure 2.21: Comparison of field work and EnergyPlus (Data obtained in May)
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Figure 2.22: Comparison of field work and EnergyPlus (Data obtained in June)

2.5  CONCLUSION

This review highlights the potential of EAHE systems as a viable passive cooling
technology for buildings. Therefore it is certainly an area worthy of the interest it
garnered by researchers. Many investigations have been conducted on such systems at
different climatic and environmental contexts, and on various aspects, by both site
experiments and computational simulation studies. It has been proven as a feasible
system that can be implemented within Heating Ventilation and Air Conditioning
(HVAC) systems. Performing parametric studies is vital for choosing the optimal
configuration of an EAHE system. Such studies will help researchers determine
important parameters such as pipe diameter, air velocity, pipe depth, and pipe length
for a given building within a particular climatic context. EnergyPlus can be congidered
reliable simulation software for investigating EAHE systems. Finally Malaysian soil

has the potential to be used as a heat sink for EHAE systems.
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CHAPTER THREE

METHODOLOGY

The methodology chapter actually describes the numerical model of the Earth Tube.
The model is sculpted in EnergyPlus system coupled with two heat transfer processes
the heat transfer by convection between the pipe of inner surface and air flowing in
the pipe, and the heat transfer by conduction between the pipe outer surface and the
surrounding soil. Then this research setup the procedures of Earth-to-Air Heat
Exchanger of EnergyPlus by outlining required input fields in order to simulate the
Earth-to-Air Heat Exchanger, including the design of the entire system and the
building in which the system is to be installed. Finally, the research procedures are

applied to conduct the study.

3.1 EARTHTUBE SIMULATION MODELS
In this study, the EnergyPlus simulation software Version 7.1.0 (2012) is used to
analyze a wide range of the EAHE system’s parameters to obtain the maximum
temperature difference AT between ambient and pipe-outlet air temperature, in hot and
humid climate in Malaysia. The software (EnergyPlus) is capable of offering features
of two software DOE-2 and BLAST, simultaneously. Both the analysis on energy and
simulate thermal load for building has been taken into consideration. In addition to
that, EnergyPlus also tabulates the output temperatures of the building.

The Earth tube model used in EnergyPlus processes the air and transfers heat
into the ground and sets air temperature up to the soil temperature in the depth

surrounding the buried pipe (EnergyPlus Engineering Reference, 2012). The Earth
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tube was modeled as two coupled heat transfer processes, which are, heat transfer by
convection between the pipe inner surface and air flowing in the pipe. and heat
transfer by conduction between the pipe outer surface and the surrounded soil. The
following assumptions were applied to analyze the Earth-to-Air Heat Exchanger
system (Al-Ajmia et al., 2006):
a. The soil properties surrounding the pipe are isotropic, with homogenous
thermal conductivity in all ground strata.
b. Thermal resistance due to tube thickness is negligible {pipe thickness is very
small).
¢. The ground surface temperature can be equated to the ambient air temperature,
which equals the tube inlet air temperature.
d. The pipe is of uniform cross-section.
e. The thermal effect of soil temperature in the pipe vicinity is negligible after a
distance *r* from the pipe outer surface, where ‘r” is the pipe radius.

Assuming a homogeneous soil of constant thermal diffusivity, the temperature
at any depth (z) and time (t) can be estimated by the following expression. The
prediction accuracy of the undisturbed soil temperature is very sensitive to the values
of the input parameters in the equation (Al-Ajmia et al., 2006, EnergyPlus

Engineering Reference, 2012).

i P ) _( T )“’5 2n - 2(365)0'5 G B
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By integrating the expression with respect to depth, the average temperature of
a vertical soil profile ranging between depth z; and z; (*C) can be determined as

follows:
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As the final step with regard to the heat transfer between soil and earth tube
system, thermal conductivity of air (W/m°C), & and kinetic viscosity of air (m?/s), v,
should be calculated first.

Ko =0.02442 + (107 (0.6992 7,))
v=10"(0.1335 + 0.000925 T.)

By using the values of thermal conductivity of air, &;,. and kinetic viscosity of

air, v, the convective heat transfer coefficient at the inner pipe surface (W/m*C), %, ,

can be evaluated. It is a function of Reynolds number, Re, and Nusselt number, Nu,

where:
h L Nuka:’r
e 2n
(f, /2)(Re — 1000)Pr
Nu

T 1+127(5,/2)" (PrfE —1)

f, =(1.58InRe — 3.28)72

2n V
1"a
Re = ———
v
v
Pr =
Apir

where 7, is inner pipe radius (m), and ¥7, is average pipe air velocity (m/s).
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After determining the convective heat transfer coefficient, and in order to
calculate the heat transfer between the earth tube and the surrounding soil, the overall
heat transfer coefficient should be determined using the following three thermal

resistance values Re, Rp and Ry,

1
° 2amh
1 i+
R = = Int—-2
2zk. r
1 nL+n+h
R = n-=—23
27k, n+n

Where R, 1s thermal resistance due to convection heat transfer between the air
in the pipe and the pipe inner surface (°C/W), R, ig thermal resistance due to
conduction heat transfer between the pipe inner and outer surface (°C/W), and R;is
thermal resistance due to conduction heat transfer between the pipe outer surface and
undisturbed soil (°C/W). In addition, r; is pipe thickness (m), r; is distance between
the pipe outer surface and undisturbed soil (m), and Z is pipe length (m). Finally, heat
balance between surrounding soil and air stream passed through the tube is described
by the following equation, and is used to determine outlet air temperature (Jacovides
and Mihalakakou, 1993),

U; [ Ta (Y)— Tz,i]dy: =, Ca [dTa(y)] Eq 33

where
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Where U, ig overall heat transfer coefficient of the whole earth tube system
(W/C-m), T,y is air temperature of the pipe at the distance ¥ from the pipe inlet (°C),
and m, is mass flow rate of ambient air through pipe (kg/s). Ca is specific heat of air
(I'kg°C) and R, is total thermal resistance between pipe air and soil (m-C/W).

Initial condition of inlet air temperature is equal to the ambient air temperature.
Outlet air temperature is finally evaluated by solving the heat transfer equation
(Eq.3.3). By solving for air temperature inside the pipe 7,¢y), the following earth tube
inlet air temperature (defined as the air leaving the earth tube and entering the space in

this study) can be finally obtained (Kwang and Richard, 2008; Fabrizio et al., 2011).

In case Ty =T, L) =T+ exp(d)

In case 7, =T, T,y=1,,

In case T < T, T,(y) =T, —exp (4)

where

A i, CyIn|Tyy, — T.,| — UL

-
- a

i, (

3.2 SIMULATION SET UP IN ENERGYPLUS

The required configuration to simulate the Earth-to-Air Heat Exchanger includes the
design of the system and the building in which the system is to be installed. As the fan
pressure rises, its efficiency to move the air inside the Earth tube system becomes
vibrant. Moreover, the tool required the normalize soil surface temperature, the

amplitude of soil surface temperature, and the phase constant of soil surface
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temperature. For the simulation of the Earth tube, a weather data file is mandatory,
and without that the Earth tube system will not operate efficiently (EnergyPlus Input
Output Reference, 2012). The weather data used by Energy Plus software contains the
monthly soil temperature at several depths, hourly dry bulb temperature, hourly dew
point temperature, and relative humidity. Kuala Lumpur weather file which used in
this study obtained directly from U.S. Department of Energy Website which is
originally from Source Data (¢) 2001 American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE), Inc., Atlanta, GA, USA.

In most cases, having weather data is sufficient to predict soil temperature
using external module that came with Energy Plus software. While Average Soil
Surface Temperature, Amplitude of Soil Surface Temperature, and Phase Constant of
Soil Surface Temperature Ty, A, and 1ty respectively are calculated by the
CalcSoilSurfTemp program, and these factors are inputs for EnergyPlus. In this study,
the real data for all soil properties input were placed in the program, which were
obtained from experiment records (Sanusi, 2012). The soil temperature data was
measured in the field experiment site throughout one whole year, and these were used

in Energy Plus study.

3.2.1 Input data file (IDF) in EnergyPlus

The input data is classified in a range of class lists. However, only 7 class lists are
applicable to simulate the EAHE system. Within each 7 class lists, there are various
numbers of input data.

i. The 1% class list is Simulation Parameters.

Within this class list, inputs given were Energy Plus version. Simulation is

controlled by the sizing period and weather file run periods, and the number of
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data in an hour. Since the data recorded in field work were hourly, the number
of data in an hour was set to 1 in Energy Plus.

ii. The 2nd class list is Location and Climate of the experiment site.
This includes input of the site latitude, longitude, time zone and elevation above
sea level. The input in this class list continues with the sizing period of the file.
This is followed by the run period which was also set to the same month as the
sizing period. This class also includes the monthly soil temperature at shallow
(0.5m) and deep (3-4m) depths (see Table 3.1).

iii. The 3rd class list is Schedules.
This is used to determine the operation of the fan blower, whether it is
operating all day or at certain hours of a day. In this study, the fan operation is

set to 24 hours.

Table 3.1
Input data of Site: Ground Temperature: Shallow and Deep in Energy Plus file

Month Ground Temperature: | Ground Temperature:
Shallow (°C) Deep (3-4m depth) (°C)
January 27.8 29.4
February 28.6 29.4
March 29.8 29.4
April 30.1 29.4
May 30.2 29.4
June 29.8 29.4
July 29.3 29.4
August 29.3 29.4
September | 29.1 29.4
October 29.3 29.4
November | 28.8 29.4
December | 28.5 29.4

(Source: Sanusi 2012)
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iv. The 4th class list is Surface Construction Elements.

This class list starts with inputs of all building materials used with a full set of
each material’s thermal properties. The thermal properties include the
material’s roughness, thickness, conductivity, density, specific heat, thermal
absorptance, solar absorptance and visible absorptance.
v. The Sth class list is Thermal Zones and Surfaces.

In this class list, all building surfaces are given its own vertex coordinates that
form the building walls, floor, roof, windows and door. All the building
surfaces form the building to be measured, which in EnergyPlus, is called
thermal zone. In this study, there is only one thermal zone since the experiment
building is a single space building with centrally 2 pitched roof, two windows
and one door.

vi. The 6th class list is Zone Airflow

This contains the specific input of the Earth Pipe design (see Table 3.2). In this
study the real data for all soil properties input was used in the program which
obtained from experiment records such as Average Soil Surface Temperature,
Amplitude of Soil Surface Temperature, and Phase Constant of Soil Surface

Temperature (Sanusi, 2012).
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Table 3.2
Basic Set Up in Energy Plus program files in Zone Airflow class list,
ZoneEarthtube column.

Parameters Values

Schedule Name Fan Blower Operates All Day (24
hours)

Design flow rate Table 3.4

Minimum Zone Temperature when Cooling 20°C

Maximum Zone temperature when Heating 50°C

Earthtube Type Intake (Sanusi, 2012)

Fan pressure rise 520 Pascal

Fan Total Efficiency 0.85

Pipe Radius Table 3.3

Pipe Thickness Table 3.3

Pipe Length Table 3.3

Pipe Thermal Conductivity 0.19 Wm'k

Pipe Depth Under Ground Surface Table 3.3

Seil Condition Heavy and Damp

Average Soil Surface Temperature 29.21°C (Sanusi, 2012)

Amplitude of Soil Surface Temperature 1.642°C

Phase Constant of Soil Surface Temperature 350 days

Table 3.3
Input parameters used for simulations

Vi V2 V3 V4
Nominal . : ;

. Pipe Pipe . . Pipe
P%pe Racﬁus Thicllsness Alr. Fipe Lenpgth
Size Velocity | Depth (m)

nchesy | @ (m) (m)

1 0.0127 0.003378 1 1 12.5

2 0.0254 0.003912 2 1.5 25

3 0.0381 0.005486 4 2 40

4 0.0508 0.00602 6 2:5 50

5 0.0635 0.006553 8 3 60

6 0.0762 0.007112 10 3.5 70

8 0.1016 0.008179 4 80

10 0.127 0.009271

12 0.1524 0.010312
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Table 3.4
Conversion table to convert air velocity to air flow rate.

Nominal Pipe Size | Flow rate at different velocities (m?.s™)

m (inch) 1ms?! 2ms?t 4ms?t 6ms’! 8§ m.s? 10 ms™!
0.025 (1) 0.00051 | 0.00101 | 0.00203 | 0.00304 | 0.00405 | 0.00506
0.05 (2) 0.00203 | 0.00405 | 0.00810 | 0.01215 | 0.01621 | 0.02026
0.075 (3) 0.00456 | 0.00912 | 0.01823 | 0.02735 | 0.03646 | 0.04558
0.10 (4) 0.00810 | 0.01621 | 0.03241 | 0.04862 | 0.06483 | 0.08103
0.125 (5) 0.01266 | 0.02532 | 0.05065 | 0.07597 | 0.10129 | 0.12661
0.15 (6) 0.01823 | 0.03646 | 0.07293 | 0.10939 | 0.14586 | 0.18232
0.20 (8) 0.03241 | 0.06483 | 0.12965 | 0.19448 | 0.25930 | 0.32413
0.25 (10) 0.05065 | 0.10129 | 0.20258 | 0.30387 | 0.40516 | 0.50645
0.30 (12) 0.07293 | 0.14586 | 0.29172 | 0.43757 | 0.58343 | 0.72929

vii. The 7th class list is Output Reporting.

Once all input have been recorded, the simulation was carried out using the EP-
Launch programme. In this programme, the Input Data File (IDF) and Malaysia

weather file were selected before the simulation commencement.

33 RESEARCH PROCEDURES
To conduct this study, the following steps were taken as research procedure.
a) Review available literature on Earth-to-Air Heat Exchanger systems, and the
parametric studies conducted by other researchers.
b) Study the EnergyPlus simulation program.
¢) Construct the Earth tube system in EnergyPlus and input the required data.
d) Input the wvariables: V1: Pipe radius, V2: Air velocity, V3: Pipe depth

underground surface, and V4: Pipe length as follows:
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1) Fixing the variables: V2, V3, & V4, varying V1: to find optimum pipe
diameter.
ii) Fixing the variables: V1, V3, & V4, varying V2: to find optimum air
velocity.
iii) Fixing the variables: V1, V2, & V4, varying V3: to find optimum pipe
depth underground surface.
iv) Fixing the variables: V1, V2, & V3, varying V4: to find optimum pipe
length.
¢) Convert the tabulated results into diagrammatic graphs.
f) Analyze the obtained results.
The flowchart in Figure 3.1 illustrates the simulation procedure for running the

EnergyPlus program.
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Weather File

Construct EarthTube System
—
In EnergyPlus Program

[ Input Soil Data ] [ Input Kuala Lumpur J

1® Simulation
Fix: air velocity, pipe depth, pipe length
Varying pipe diameter

J

2" Simulation
Fix: pipe diameter, pipe depth, pipe length
Varying air velocity

ﬂ

[ 3rd Simulation

Fix: air velocity, pipe diameter, pipe length
Varying pipe depth

J

4" Simulation
Fix: air veloceity, pipe diameter, pipe depth
Varying pipe length

S L I R s— . VEEPF

J

Obtain the Optimum Size of the Parameters:
Pipe Diameter (m)
Air Velocity (m.s'l)
Pipe Underground Depth (m)
Pipe Length (m)

Figure 3.1: Flowchart of Methodology
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CHAPTER FOUR

SIMULATION RESULTS AND DISCUSSION

This chapter presents the simulation results. It contains four processes for the main
parameters namely pipe diameter, air velocity, pipe depth, and pipe length. The

simulation is based on Kuala Lumpur Weather File data and the field soil data.

4.1 SIMULATION 1: INFLUENCE OF PIPE DIAMETER

The first simulation investigates the influence of different pipe diameter on the
potential of EAHE system. The air velocity, pipe length and depth were set at 4 ms™,
50 m and 1 m respectively while the pipe diameter is varied from 0.025 mto 0.3 m (1
inch to 12 inches). However, simply increasing the pipe diameter under same air flow
rate will decrease the air velocity inside the pipe, resulting in a decrease in the pipe-
outlet air temperature (T.). Therefore pipe diameter and air flow rate should be
considered together. From Table 3.4 in Chapter 3 the flow rate of every single pipe

size can selected at any rate of air velocity.

The effect of pipe diameters on the hourly variations of T, for a typical day in
the month of June (the hot season) have been depicted in Figure 4.1. Tt can be
observed that the fluctuations of the Ty, follow the variations of the ambient air
temperatures (Tyy) but decrease significantly in amplitude. From Figure 4.1 three
patterns can be observed. First, all Tp, are lower than Ty, after 11.00am. Second, all

Tpo is higher than the Tuy after 8.00pm. Third, Tun peaks at around 2.00pm.
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Effect of Pipe Diameter
PVC Pipe, V=4m/s, L=50, D=1m (12 June)
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Figure 4.1: Effect of pipe diameters on T, on a typical summer day.

Moreover, from 11.00 am to 8.00 pm when the hourly ambient temperatures
are higher than pipe-outlet temperatures, the the maximum temperature reduction was
2.55 °C and it occurred at smaller pipe sizes. There are two reasons behind this
happening. First, when cross-section of pipe is small; the amount air in the center of
the pipe gets closer to the surrounding soil. Hence this enables more efficient heat
transfer and hence a closer temperature ranges to the surrounding soil temperature.
Second, the effect of the pipe wall thickness. The smaller pipes have less wall
thickness. When the pipe wall is thin, the heat transfers between the air inside the

buried pipe and the soil surrounding the pipe increases.
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Effect of Pipe Diameter
PVC Pipe, V=4m/s, L.=50, D=1m (12 June)
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Figure 4.2: Effect of pipe diameters on T}, from 11.00am to 8.00pm.

Figure 4.2 is similar to Fig 4.1 however the time axis shown is from 11.00am
to 8.00pm only so that the effect of pipe diameter on the pipe-outlet air temperature
more clearly. It can be seen that T, for the diameters 0.025m, 0.05m, and 0.075m (1,
2, and 3 inches) are equal. Therefore the 0.075m (3inches) pipe size can be considered
as a functional diameter rather than 0.025m and 0.05m to reduce pressure drops and
the fan power. The simulation results showed that T, at the diameter of 0.075m
(3inches) is 1.15 °C cooler than that at 0.3m (12 inches) which is the bigger size used

in the simulation.

The influence of pipe diameter is further analyzed, and is shown in Figure 4.3.
The cooling potential is represented by the temperature difference (AT) between
ambient (T,,) and pipe-outlet air (Tp,,) temperatures. Two patterns were observed.

First, the maximum AT occurred at 2.00 pm which is almost constant and around
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2.55°C for the smaller pipes up to 0.075m (3 inches). This result agrees with

previous research (see Sanusi, 2012).

Effect of Pipe Diameter on Temperature Difference
PVC Pipe, V=4m/s, .=50, D=1m (12 June)

3 T T T T T T T
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—=—]lam
—%— 12pm
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—— 4pm
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—— 6pm

o 1 2 3 4 5 6 7

Diameter(inch)

Figure 4.3: Effect of pipe diameters on cooling potential (AT).

Second, for the pipe sizes larger than 0.075m (3 inches), AT decreases with an
increase in pipe diameter, in other words the AT is inversely proportional to pipe
diameter for diameters larger than 0.075m (3 inches). For smaller pipe diameters AT

does not significant. These results also agree with previous research (see Santamouris

et al, 1995, Ghosal et al, 2006, Huijun et al, 2007, Kwang & Richard, 2008, 2012).
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4.2 SIMULATION 2: INFLUENCE OF AIR YELOCITY

The second simulation investigates the effect of air velocity on Ty Figure 4.4 shows
the hourly variation of Tj, as a function of air velocity at Im.s” to 10m.s™ for a typical

day in June (hot and dry season).

A
Effect of velocity
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Figure 4.4: Part A, Effect of air velocity on T, for a typical summer day; Part B, is a
portion of part A during 11.00am to 8.00pm and without Tam.
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In previous simulation, Simulation 1, (see Figure 4.3) the maximum AT occurs
when pipe diameter is small not more than 0.075m (3 inches). Therefore, in this
simulation the diameter of the pipes was fixed at 0.075m (3 inches). The other
parameters, depth and length were fixed at 1 m and 50m respectively. Air velocities
were varied at 1, 4, 6, 8 and 10 m.s™. Two patterns were observed. First, all T, 1s

lower than Ty after 11.00am. Second, all T, is higher than Ty, after 8.00pm.

Part B of Figure 4.4 shows the effect air velocity from 11.00am to 8.00pm on
the Ty more clearly. It can be seen that during 9 hours at velocity Im.s™ the pipe-
outlet air temperature has more stability. In addition, it is apparent from the results
that very little difference noted in Tp, between minimum and maximum air velocity,

which was only 0.10 °C.

Effect of velocity on Temperature Difference
PVC Pipe, Dia= 37, L=50, D=1m (12 June)
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Figure 4.5: Effect of Air velocity on cooling potential (AT).
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Similar to simulation 1, further analysis was conducted at the period when T,
are higher than T,y from 11.00am to 800pm. The effect of air velocity at peak
temperatures is shown in Figure 4.5. The reduction remains 2.55 °C at 2.00pm, and
can be seen that AT is almost constant. In terms of air flow, the lower velocity 1 ms”

is the optimum to reduce pressure drop and use a low energy to run the fan.

This finding agrees with previous research. Sanusi (2012) reported that; when
the air velocity is 0.5m.s™", the pipe-outlet air temperature (Tpo) ranges from 28.2°C to
29.1°C. When the air velocity 1s increased to 1 m.s'and 1.5 m.s'l, the T, has smaller
ranges with values from 28.6°C to 28.7°C and 28.5°C to 28.8°C respectively.
Therefore, the best air velocity is 1 m.s™ or 1.5 m.s™ with lower and higher velocities
performing less significance in the parametric study, while the air velocity provided in

the field work experiment is 5.6 m.s™.

4.3 SIMULATION 3: INFLUENCE OF UNDERGROUND PIPE DEPTH

In previous simulation, Simulation 2, AT is independent in terms of air velocity.
Therefore the lowest air velocity 1 ms™ selected. Like the previous simulations, Figure
4.6 shows the variation of the T}, as a function of pipe underground depth for the
same typical day in the month of June. The pipe diameter, air velocity, and pipe length
were set at 0.075m (3 inches), 1 ms™, and 50m, respectively. The pipe depth varied
from 1 to 4 meters. Three patterns were noticed. First, all Ty, are lower than T,y after
11.00am. Second, all Ty, is higher than the Ty, after 8.00pm. Third, the difference in

Tpo found between 1m to 4m depth was only 1.01 °C.
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Effect of Pipe Depth
PVC Pipe, Dia= 37, L=50, V=1m/s, (12 June)
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Figure 4.6: Effect of pipe underground depth on T}, for a typical summer day.

The last observation on the graph in Figure 4.6 is that all Tp, during 24 hours
were almost constant. The reason behind this phenomenon is the soil temperature at
the depth between 1 m to 4 m is stable and constant throughout the year around as
noted by previous researcher Sanusi, (2012) reported in a site experiment investigation
in Malaysia, that the soil temperature at the 1.0 m depth underground were stable
when measured in two days ranges from 29.9°C to 30.0°C (see Chapter 2 section

2.4.432).
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Effect of Pipe Depth on Temperature Difference
PVC Pipe, Dia= 3", L=50, V=1m/s, (12 June)
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Figure 4.7: Effect of pipe depth on cooling potential (AT).

Further analysis conducted on the influence of pipe depth. As shown in Figure
4.8, the effect of pipe depth on the cooling potential has been presented. It can be seen
that an increase in depth results in lower pipe-outlet air temperatures and higher AT.
The maximum reduction in temperature (AT) was 3.57 °C and occurred at 4m depth,
indicating that the earth tube should be placed as deeply as possible. However, the
trenching cost and other economic factors should be considered when installing

EAHE.

44  SIMULATION 4: INFLUENCE OF PIPE LENGTH

The last parametric study is the effect of different pipe lengths, to investigate the
minimum requirement for the buried pipe length and to achieve maximum cooling

potential. Based on the previous simulations, the other variables were fixed. The
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diameter at 3inches (75mm) and the air velocity at 1ms™, and the depth of the buried

pipe at 4m, then the pipe length varied from 12.5m to 80m length.

Figure 4.8 shows typical daily profile of Tuy and the variation of Ty, as it
functions under the variation of pipe length. It can be seen that, first, all Ty, is lower
than Tam after 10.30am. Second, all Tp, is higher than Taun after 8.30pm. The study
results of different length have shown that when the length is increase results in lower
in outlet air temperature (see Figure 4.9). This indicates that when the buried pipe is
long, heat transfer process underground takes more time since the air flow inside the
buried pipe stays longer in the soil, which let the air inside the buried pipe to transfer

heat more to the surrounding soil.

Effect of Pipe Length
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Figure 4.8: Effect of pipe length on hourly variations of T, for a typical summer day.
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Effect of Pipe Length
PVC Pipe, Dia= 3", D=4m, V=1m/s, (12 June)
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Figure 4.9: Effect of pipe length on Ty, for a typical summer day from 10.00am to
9.00pm.

To observe the effect of pipe length on the pipe-outlet air temperature
obviously the Figure 4.9 presented at different temperature range during 10.00am until
9.00pm and without ambient temperature. In addition, from the simulation result data

the difference in Ty, for minimum and maximum pipe length was only 0.65 °C.

The effect of pipe length at peak temperatures on EAHE cooling system is
shown in Figure 4.10. Tt shows AT increases with an increase of pipe length until 50m
length. After a certain point around 50-80 m increasing the length does not result in
much better performance and the improvements begin to level off. At longer pipe
length beyond 50m length AT remains constant, indicating that this value can be the
optimal design value at which the maximum AT takes place and 3.57 °C at 2.00 pm.
This result conforming to the results obtained by Kwang & Richard, 2008, and Ghosal et
al, 2006 as well. Sanusi also stated that when the length of the earth pipe is incresed to

50m long, the pipe-outlet air temperature range reduced and the outlet temperature
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becomes more stable (Sanusi, 2012). Based on these results, pipe length appears to

have as large of an influence on EAHE performance as pipe diameter and pipe depth.

Effect of Pipe Length on Temperature Difference
PVC Pipe, Dia= 3”, D=4m, V=1m/s, (12 June)

4 — T
—>6— 1PM
3 et
_ et e : -
@) —&— 3PM
o o d & o & & o &
= © o "4 o 2
> o111 —A— 4PM
— = & S © 2EH
1 e—1"% ! —e—6PM
S ————H— 3% L3 % 32 X —— 7PM
0 —¥— 8PM

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 85
Length (meter)

Figure 4.10: Effect of pipe length on cooling potential (AT).

45  CONCLUSIONS

Base on all the simulation results, the parameters that influence the performance of
EAHE significantly are the pipe diameter, pipe depth and pipe length, while the air

velocity did not showed any significant effect.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

This chapter will discuss the extent to which the objectives of the study were

achieved. Some recommendations for further investigation in future research-work on

similar systems in Malaysia will also be covered in this chapter.

51

ii.

1ii.

PARAMETRIC STUDY

The first objective of this study was to determine the time when pipe-
outlet air temperature (T},,) is lower than ambient air temperature (Tyy). It
was generally observed that the T, are lower than the T,y from 11.00am
to 8.00pm.

The second objective of this study was to know the influence of: a) pipe
diameter, b) pipe depth, ¢) pipe length, and d) air velocity on the cooling
potential (AT). Two aspects of the influence were noted. First, AT is
inversely proportional to pipe diameter and air velocity, however, the
relationship between air velocity and Ty, was not significant. Second, AT
is directly proportional to pipe depth and pipe length; AT remained the
same for pipe lengths beyond 50 m.

The third objective of this study was to determine the configuration of the
Earth-to-Air Heat Exchanger that would achieve the optimum cooling

potential (AT). The research found that the optimum cooling potential AT
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was 3.57 °C at 2.00 pm, when the pipe diameter is 0.075m (3inches), air

velocity is 1 m.s™, pipe depth is 4m, and pipe length is 50m.

52 RECOMMENDATIONS FOR FURTHER STUDY
The following recommendations are to be considered for future studies:

i.  Investigating the effects of different types of soil on AT.
ii.  Investigating the potential of using the Earth-to-Air Heat Exchanger

technique to pre-cool fresh air for Fresh Air Handling Units (FAHU) in a

typical office building.
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