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Design Tool for a Ground-Coupled Ventilation System 

Mohammad Omar Alfadil 

Abstract 

Ground-coupled ventilation (GCV) is a system that exchanges heat with the soil. Because ground 

temperatures are relatively higher during the cold season and lower during the hot season, the 

system takes advantage of this natural phenomenon. This research focused on designing a 

ground-coupled ventilation system evaluation tool of many factors that affect system 

performance. The tool predicts the performance of GCV system design based on the GCV 

system design parameters including the location of the system, pipe length, pipe depth, pipe 

diameter, soil type, number of pipes, volume flow rate, and bypass system. The tool uses 

regression equations created from many GCV system design simulation data using Autodesk 

Computational Fluid Dynamics software. As a result, this tool helps users choose the most 

suitable GCV system design by comparing multiple GCV systemsô design performances and 

allows them to save time, money, and effort.  
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Design Tool for a Ground-coupled Ventilation System 

Mohammad Omar Alfadil 

General Audience Abstract 

Ground-coupled ventilation (GCV) is a system that exchanges heat with the soil. Because ground 

temperatures are relatively higher during the cold season and lower during the hot season, the 

system takes advantage of this natural phenomenon. This research focused on designing a 

ground-coupled ventilation system evaluation tool of many factors that affect system 

performance. The tool predicts the performance of GCV system design based on the GCV 

system design parameters including the location of the system, pipe length, pipe depth, pipe 

diameter, soil type, number of pipes, volume flow rate, and bypass system. The tool uses 

equations created from many GCV system designsô simulation data using simulation software. 

As a result, this tool helps users choose the most suitable GCV system design by comparing 

multiple GCV system designsô performance and allows them to save time, money, and effort. 
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Chapter 1: Introduction  

1.1 Background 

Energy is a basic requirement for life. At present, the growth of energy use in the world 

continues to affect the supply of energy resources, global warming, and climate change. 

According to the International Energy Agency (2015), annual primary energy consumption has 

increased 20% and atmospheric carbon dioxide (CO2) levels have increased 1.8% over the past 

two decades. Using renewable energy sources and technologies to achieve increased energy 

efficiency has the potential to reduce this annual energy consumption, particularly for buildings 

(Pérez-Lombard, Ortiz, & Pout, 2008).  

 In developed countries, energy consumption of buildings comprises 20 to 40% of total 

energy use. HVAC systems alone account for nearly half of the energy consumption in these 

buildings and represent between 10 and 20% of total energy consumption in developed countries. 

One possible solution to this increased demand on energy resources is the integration of a 

systems approach that relies on such high-energy efficiency systems as ground-coupled 

ventilation (GCV) to reduce energy consumption for heating and cooling buildings (Pérez-

Lombard et al., 2008).  
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1.2 GCV System Overview 

Thinking thoroughly about our habitat stimulates creativity. Many innovative ideas stem 

from our need to live in changing habitats, and the natural world provides illustrations of creative 

solutions that can improve our lives. For example, termites, or ñwhite ants,ò employ a stunning 

design strategy to ensure their coloniesô survival, in which they build tunnels in their mounds to 

control the air temperature before the air arrives at the farm core (ñThe Animal House ~ The 

Incredible Termite Mound | Nature | PBS,ò 2011). Figure  1-1 depicts a termite mound. After 

World War II, scientists noticed that the air released from the ventilation tunnels of underground 

shelters was at a different temperature than the 

outside air. Since then, researchers have developed a 

system to help cool and heat a building using the 

ground. Ground-coupled ventilation (GCV) is a 

system that exchanges heat with the soil by forcing 

air through buried pipes in the earth. As the ground 

temperature is more stable than the air temperature, 

the ground temperature changes more slowly, such 

that it is higher during the cold season and lower 

during the hot season. Figure  1-2 shows a schematic 

GVC system in the cold season (Alghamdi, 2008). 

 

 

Figure  1-1: A Termite ñWhite Antò Mound 

 ( photograph by ñThe Animal House ~ The 

Incredible Termite Mound | Nature | PBS,ò 

2011 modified by author) 
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1.2.1 GCV System Types  

There are two types of ground-coupled ventilation systems, the open loop system 

(Figure  1-3) and the closed loop system (Figure  1-4). The open loop system forces the outdoor 

air through the ground into the indoor environment. In contrast, the closed loop system circulates 

indoor air through the ground and does not rely on fresh air (Taylor, 2008). 

 

Figure  1-3: An Open Loop System 

 

Figure  1-2: Schematic Image of a GCV System (Alghamdi, 2008) 
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Figure  1-4: A Closed Loop System 
 

1.2.2 Factors Affecting the GCV System 

There are many factors that influence the performance of a GCV system, including site, 

design, air residence time, heating and cooling loads, and location (Figure  1-5).  

  

Figure  1-5: Factors Influencing Ground-Coupled Ventilation Systems 

GCV

Site

Design

Location

Heating 
and 

cooling 
loads

Time

Å Soil (ground temperature average) 

Å Wind 

Å Altitude 

Å Latitude 

Å Hydrology 

Å System type  

Å Soil conditions 

Å Backfi ll material 

Å Backfi ll thickness  

Å Air flow rate  

Å Pipe shape  

Å Pipe length  

Å Pipe material  

Å Pipe diameter  

Å Pipe depth  

Å Pipe thickness 

·  Area Orientation 

·  Solar exposure  

·  Climate condition  

Å Building type  

Å Building size 

Å Working times 

Å Air residence in pipe 

Å Annual temperature change  

Å Daily temperature change 

Å Semi-daily temperature change  
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1.2.3 GCV System Design 

GCV system design differs from place to place and climate to climate. Many factors 

affect the systemôs performance. Figure  1-6 represents these GCV system design factors. 

Designing a GCV system for high performance is rather complicated because all factors need to 

be compatible. 

 

 

Figure  1-6: Design Variables in a GCV System (Alghamdi, 2008) 
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1.2.4 Opportunity to Reduce Cooling and Heating  

GCV systems rely on heat transference. Ground and air temperatures are the fundamental 

factors that affect heat transference in these systems, second to the overall system design. The 

ability to reduce cooling and heating varies from place to place. For example, the GCV system at 

the Solar Concrete Masonry (CM) House at Virginia Tech is 84.4 feet long, 7.5 inches in 

diameter, 4 to 9.8 feet deep, and has a volumetric air flow of 118 ft
3
/min (velocity 100 feet/min). 

The system cooled the air temperature on average by between 20
o
F to 25

o
F on July 24

th
, 2017 as 

Figure  1-7 shows. If we look at a hot region such as Riyadh, Saudi Arabia, the highest air 

temperature is 115
o
F, but the ground temperature at 19.5 feet deep is 75

o
F (Figure  1-8). If  we use 

GCV systems in Riyadh, what are the potential reductions of air temperature? Moreover, what is 

the appropriate GCV system design for Riyadh, Saudi Arabia? This research pursued the answers 

to these questions. 
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Figure  1-7: GCV System Performance on Jul 24
th
 at Solar CM House 

 

Figure  1-8: Air and Ground Temperature at Different Depths in Riyadh, Saudi Arabia 
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1.2.5 Heat Transfer 

Heat transfer is a natural phenomenon where heat is exchanged between two objects. 

Heat can be transfered in three fundamental ways: conduction, convection, and radiation. In an 

open-loop GCV system, the outdoor air enters a pipe that is buried in the ground. Typically, the 

temperature of the outdoor air and the soil that surrounds the pipe differ. Because of this 

temperature difference between the pipe surface and airflow, heat is exchanged at the interior 

surface of the tube by convection. The rate of heat flow changes along the length of the tube not 

only because the temperature varies from tube inlet to tube outlet, but also because the 

temperature of the soil surrounding the tube varies. Three other factors also contribute to the 

complexity of the system: first, the ground temperature varies depending on the depth below the 

surface (Figure  1-9). Second, the heat exchange rate between the air, the tube surface, and the 

soil change along the length of the tube. Third, the thermal response time of the ground 

temperature relative to the air varies with depth (Reysa, 2005; TrzŃski & Zawada, 2011). 

 

 

Figure  1-9: Soil Temperature Distribution by Depth in Virginia (Reysa, 2005) 
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1.3 Problem Statement  

Oil is a main source of energy in the Middle East, and particularly in Saudi Arabia. The 

Saudi government has invested heavily in reducing energy consumption because there is a 

limited supply of oil. Therefore, renewable energy is promoted as an alternative. HVAC systems 

are usually the highest energy consumers in buildings. In the hot season, power consumption 

rises as air conditioning use increases. This raises the question of how to achieve mechanical 

cooling or heating in our buildings without high energy consumption. GCV systems are one of 

many options that have the potential to reduce energy consumption. However, most buildings in 

Saudi Arabia do not use this system. The adoption of GCV systems in Saudi Arabia may 

contribute significantly to energy conservation if the system performs well. 

Unfortunately, although GCV systems can be applied in different places in the world, 

there is no standard design for the system because many variables affect the performance of the 

system. GCV system design also varies from place to place and each design performs differently. 

The principal variables in the system are ground and air temperature. Moreover, designing a 

GCV system that considers pipe length, depth, material, and air-flow rate are mediating factors 

for heat exchange between the ground and air. Therefore, there is no standard design for the 

system at this time. Another problem is that, at present, predicting the GCV system design 

performance in temperature change requires complex simulation. Thus, if there are many 

different GCV system designs, it will be time consuming to predict the performance of all of 

them. The goal of this research was to find solutions to these two problems by developing a new 

design assistance tool.  
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1.4 Research Questions 

The performance of the GCV system depends on location, climate, and several system 

variables. Because Riyadh, Saudi Arabia does not use this system currently, the research sought 

to answer the following questions: 

¶ Does the GCV system significantly reduce air temperature in Riyadh, Saudi 

Arabia for a case study? 

¶ What is the relation between GCV system variables? 

1.5 Research Goal and Objectives 

Research Goal 

The goal of this research was to develop a design assistance tool that predicts the 

performance of the GCV system by determining the relations between each variable. This 

research sought to achieve these following goals: 

¶ Create a GCV system evaluation tool that predicts air temperature change under a 

typical range of variables that affect GCV system performance. 

¶ Apply the new tool for the design of a GCV system for a non-residential case 

study in Riyadh, Saudi Arabia to present the recommended GCV system design. 

Research Objectives 

¶ Monitor the GCV system at the Solar CM House in-situ at Virginia Tech. 

¶ Validate the Ground Air Heat Exchange software (GAEA) and computational 

fluid dynamic (CFD) modelsô output by comparing their output to the GCV 

system at Solar CM House. 

¶ Apply CFD simulation parametrically for multiple GCV system variables to 

determine air temperature change between the inlet and outlet. 

¶ Conduct a regression analysis for the CFD models designs to predict temperature 

change. 

¶ Collect air and ground temperature data in-situ in Riyadh. 
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1.6 Research Significance and Contribution  to Body of Knowledge 

The outcome of this research will be a design assistance tool for GCV systems. This 

research will add to the existing body of knowledge in two ways (see Figure  1-10). First, as there 

is no standard design for GCV systems, this research will create a new design assistance tool for 

GCV systems. Second, in the current situation, predicting the GCV system design performance 

using computer simulation is time consuming. Using the new tool will save considerable time in 

predicting GCV system design performance. Therefore, this research is significant because the 

new tool will  save time, money, and effort (International Energy Agency, 2015; Pérez-Lombard 

et al., 2008). 

 

Figure  1-10: Research Contribution to the Body of Knowledge. 

 

As mentioned previously, oil is a primary source of energy in the Middle East, and thus, 

the Saudi government has invested heavily in reducing energy consumption because the oil 

supply is limited. Based on crown prince Prince Mohammad bin Salmanôs 2030 vision to adopt 

alternative energy sources, the outcomes of this research will  be used in Saudi Arabia to achieve 

part of his vision by reducing energy consumption by using geo-exchange energy in the 

buildings (Al -Saud, 2016).  
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1.7 Research Methods 

Achieving the research objectives and determining the possible thermal performance of 

GCV systems required several steps. These include computational fluid dynamic (CFD) 

modeling, data collection, and analysis, as shown in Figure  1-11. Additional details regarding 

variables and methods are discussed in Chapter three. 

 

Figure  1-11: Research Methodology 
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1.8 Research Contribution  

The goal of this research was to develop a tool that predicts the performance of a GCV 

system. The tool works by inputting the system variables including air and soil temperatures, soil 

type, volume airflow, pipe length, pipe depth, and pipe diameter into the tool. The tool then 

allows the designer to choose by comparing different GCV system designs. Figure  1-12 shows 

the interface of the tool. For now, this tool is a standalone tool, but in the future, it could be 

integrated into energy software to calculate the GCV system cost. 

 

Figure  1-12: GCV Tool Interface 
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Chapter 2: Literature Review  

This chapter examines the scholarship concerning energy use in buildings, past studies of 

GCV systems, ground air heat exchange (GAEA) software, GCV system fundamental heat 

transfer factors, and information on computational fluid dynamics (CFD) and fluid mechanics. 

2.1 Energy Use in Buildings 

Buildings can be divided into external, internal, and ventilation load dominated with 

respect to energy consumption. Figure  2-1 shows the breakdown of buildings according to 

energy consumption. Residential energy consumption is greater than that of commercial 

buildings because there are many more residential buildings in terms of economic growth, the 

building sectorôs expansion, and the spread of building services, particularly heating, ventilation, 

and air conditioning (HVAC) systems. As Table 1 illustrates, HVAC systems are the largest 

energy consuming systems in both residential and commercial buildings, as maintaining indoor 

conditions within the thermal comfort zone is the main concern in design and construction of 

most buildings (Pérez-Lombard et al., 2008). 

Table 1: Breakdown of Energy Consumption by Building Type  

(Pérez-Lombard et al., 2008, p. 296) 
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 Figure  2-1: Consumption by Energy Use for Different Building Types in the USA  

(Pérez-Lombard et al., 2008, p. 397) 

HVAC systems account for nearly half of energy consumption in buildings. One solution 

to this problem could be an integrated systems approach that relies on highly efficiency (such as 

GCV) systems to achieve thermal comfort (Pérez-Lombard et al., 2008). 

2.2 Vertical and Horizontal GCV systems 

A GCV system can be designed with either a vertical or horizontal layout. Table 2 shows 

a comparison between four parameters in the two designs: construction, cost, size, and 

performance efficiency. The principal differences are construction and land costs. For example, a 

tower with a large plot of land has two options. First, due to the large ventilation requirement a 

horizontal design will require most of the land to be used for the system; therefore, the site needs 

to be designed to include the system while considering such surrounding elements as buildings 

and landscapeðparticularly if the land is expensive. Second, although a vertical design would 

use less area on the site, the construction cost is higher. Based on these considerations, it is 

possible to choose the most appropriate design for a given building. As the outcome of this 

research, the tool addresses horizontal systems performance based on the tool inputs. 
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Table 2: Vertical and Horizontal GCV System Comparison 

 

Parameter 
 

 

Construction Digging process needs special 

equipment to reach the desired depth, 

particularly if the pipe diameter is 

large. 

Digging process can be done using 

conventional digging machines. 

Cost Construction costs will be higher than 

for the horizontal design, but it is 

good for a small plot of land. 

Construction costs will be cheaper than 

for the vertical system, but it will 

occupy a large land space if the system 

is large. 

Size Requires a large vertical area of land 

if the system is large. 

Requires a large horizontal area of land 

if the system is large. 

Performance 

efficiency 

The systemsô performance will be the same if they reach a constant level of 

ground temperature, which is greater than 26 feet. 

  

Vertical GCV system Horizontal GCV system 
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2.3 Solar Concrete Masonry House 

The Solar Concrete Masonry (CM) House was built at Virginia Tech in the 1980s and is 

located in the Environmental System Laboratory facility. The solar CM consists of two units 

connected by a hallway. The first unit measures 16 ft. x 16 ft. and the second unit measures 16 ft. 

x 24 ft., with a 10 ft. ceiling height. Each unit has a solar heating system and GCV, as seen in 

Figure  2-2 to Figure  2-7. This building is unique because it has an integrated air-to-air heat 

exchanger tower, multifunction solar wall, and GCV system. The multifunction solar wall is 

located to the south. In the cold season, the wall works as passive solar heating to heat 

throughout the building, as shown in Figure  2-7. In the hot season, the GCV system cools the 

building and helps remove heat from the south wall, as illustrated in Figure  2-8 (Riley & 

Schubert, 1985). 

The air-to-air heat exchange tower, seen in Figure  2-9, provides the fresh air and removes 

pollutants and moisture without adding excessively to the buildingôs heating load. With the heat 

exchangers, the exhaust air is used to precondition the fresh intake air. The intake and exhaust air 

pass each other to exchange heat along opposite sides of a thin metal membrane. In the warm 

season, the cool exhaust air precools the warm intake air, while in the cold season, the warm 

exhaust air preheats the cold intake air. 
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Figure  2-2: Solar CM House Plan (Riley & Schubert, 1985) 
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Figure  2-3: Solar CM House North Elevation (Riley & Schubert, 1985) 

 

Figure  2-4: Solar CM House South Elevation (Riley & Schubert, 1985) 
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Figure  2-5: Solar CM House East Elevation (Riley & Schubert, 1985) 

 

Figure  2-6: Solar CM House West Elevation (Riley & Schubert, 1985) 
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Figure  2-7: Solar CM House Passive Solar Heating Mode (Riley & Schubert, 1985) 
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Figure  2-8: Solar CM House Passive Cooling Mode (Riley & Schubert, 1985) 
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Figure  2-9: Solar CM House Air to Air Heat Exchanger Tower (Riley & Schubert, 1985) 
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2.3.1 GCV System 

Since the 1980s, there has been considerable investment in the study of GCV systems and 

their potential to reduce energy consumption in buildings. For example, Alghamdiôs (2008) 

research used computational fluid dynamics to simulate a GCV system. His goal was to 

determine the accuracy of alternative CFD modeling techniques by comparing the simulated 

results with data measured from an as-built system. Alghamdiôs process was divided into three 

stages: experimental, CFD simulation, and data analysis. For the first, the experimental, he 

monitored the GCV system at the Solar CM House, which has four pipes each with different air 

flow rates (Figure  2-10). The experimental method included not only soil sample analysis, but 

also the recording of thermocouple sensors located in the pipes and the ground. Secondly, he 

used CFD simulation to model the system performance. Finally, Alghamdi compared the 

experimental data with the CFD simulation results using multiple means comparison (Fisherôs 

LSD methods). 

 

 

Figure  2-10: GCV Systemsô Four Pipes with Different Air Flow 

(Alghamdi, 2008) 
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Figure  2-12: Vitrified Clay Pipes Used in the Solar CM House GCV System and 

the Gravel Backfill (photo by Robert Schubert) 

Figure  2-11: Solar CM House in 2007 (photo by Robert Schubert) 
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Alghamdiôs results were specific to the variables at that site. In the analysis (2008), both 

experimental monitoring and the CFD results confirmed a negative relation between heat transfer 

and air velocity (i.e., the higher the air velocity, the less the air temperature difference between 

the inlet and outlet). Further, the research demonstrated that CFD simulation results were 

consistent with the as-built data.  

2.4 GCV System Design 

TrzŃski and Zawada (2011) used simulation to modify a GCV system in a single-family 

home in Poland. The system consisted of two 25m parallel PVC pipes with a 160mm diameter 

and 3.6mm thickness that were buried to a depth increasing from 1.1m at the inlet to 1.6m at the 

outlet. The inlet air is drawn through a single pipe, and then, the air is split into two parallel 

pipes. There is a collector at the end of the pipes that couples both outdoor air flows and the 

GCV system outlet to the building ventilation system. Inlet and outlet air temperature, air flow, 

solar radiation, and ground temperature were measured to verify the accuracy of the simulation 

model, which is shown in Figure  2-13. 



 27 

 

Figure  2-13: Plan View of GCV System Site Measurements (TrzŃski & Zawada, 2011, p. 1439) 

¶ ὸ ȟὸ  location of the ground temperature measurement  

¶ ὸ   location of the outdoor air temperature measurement 

¶ Ñ  location of solar radiation intensity measurement 

¶ Ô   location of the heat exchanger outlet temperature measurement 

¶ Ў   location of the pressure difference measurement 

 

After verifying the reliability of the simulation model, the authors used the simulation to 

vary several system parameters (Figure  2-14). Their comparative results between the base and 

the modified models were shown as the percentage difference in the heating and cooling 

consumptions as the system parameters changed, as noted in Table 3. The heat exchange 

efficiency varied widely depending on the system design. As shown, the changes to the bypass, 

pipe length, depth, and number of pipes increased the systemôs heating and cooling consumption. 

Conversely, the shade factor increases the cooling efficiency. By using automatic air bypass, the 

GCV system is more efficient because it allows the ventilation system to intake outside air 

directly thus bypassing the GCV system. The benefits of the bypass system are shown in 

Figure  2-15. 
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Figure  2-14: Simulation Parameters Used to Modify an Actual GCV System 

 

Table 3: Modificationsô Possible Effect on Heat Exchangerôs Heating and Cooling Potential 

(TrzŃski & Zawada, 2011, p. 1444) 
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Figure  2-15: Air Bypass in the GCV System 

2.5 GCV System Efficiency 

 The efficiency of the GCV system can be determined based on energy consumption, 

temperature reduction, and cost. For example, Figure  2-16 shows a comparison between two 

high schools in York County, Virginia, one with a traditional HVAC system and the other with a 

GCV system. The county found that the utility costs for the GCV system were approximately 

$60,000 less per year than the traditional heating and cooling system in these schools (ñYork 

County School Division - Green YCSD Geothermal Heating & Cooling,ò 2016).  

 

 

 

 

 

 

Figure  2-16: Energy Consumption for GCV System vs. HVAC System  

(ñYork County School Division - Green YCSD Geothermal Heating & Cooling,ò 2016) 
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2.6 Fungus and Bacteria in the GCV System 

Air quality is an important aspect to consider when using a GCV system. Relative 

humidity and changes in air temperature are factors that can have adverse effects on the health of 

the buildingôs occupants, as buried air tubes can be a favorable environment for some forms of 

microbial contamination (Ager & Tickner, 1983). Flückiger, Monn, Lüthy, and Wanner 

conducted a study ñéto determine if microbial growth does occur in existing ground-coupled air 

systems of different ages and design, and if the supply air might thus become contaminated with 

a concomitant risk of a health hazardò (1998, pp. 197ï198). They examined three different GVC 

systems in Switzerland for one year; the systems ranged in age from 1 to 13 years old. Data were 

collected quarterly to monitor seasonal differences, and air samples were taken from several 

locations: in the outdoor air near the inlet, before the filter units close to the outlet, and in the 

outlet near the supply air. The air temperature and relative humidity were recorded from the 

samples.  
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In general, the researchers found that the concentration of bacteria and fungi in the air in 

the underground pipes was lower than that in the outdoor air. However, they cautioned that this 

result cannot be applied to buildings of vastly different sizes. The authors found that the greater 

the volume of air in the pipes, the more microorganisms were present in the air tube. This study 

found no differences in microbe concentration between plastic, concrete pipes, and the age of the 

system (Flückiger et al., 1998).  

2.7 Ground Air H eat Exchange Software (GAEA)  

In Europe, residential buildings occasionally have GCV systems, and GAEA software 

can be used to estimate change in air temperature. Benkert, Heidt, and Schöler (1997) created the 

GAEA software, which uses equations to calculate soil and air temperature and the heat 

exchange between the air and ground. 

The software uses several steps to determine a systemôs performance. Figure  2-17 shows 

these steps, from inputting pipe parameters to determining the system performance. The software 

accommodates a range of system pipe parameters, including length, depth, diameter, number of 

pipes, the distance between the pipe and the building, and the location of the fan. As a second 

step, the soil type may be specified using soil properties of density, thermal conductivity, and 

heat capacity. Because the software was developed in Germany, climate data for Europe are 

supported, or the user can enter climate data manually by using the max, min, and mean 

temperatures to draw the temperature curve over the year as a third step. The fourth step entails 

inputting the HVAC system parameters including building volume, air change rate, and 

ventilation flow to determine the required ventilation rate. Further, the ñautomatic bypassò can 

be controlled by using a temperature range or for certain days of operation when the outside air 

temperature is more beneficial than the GCV system air. The fifth step is cost, in which the 
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software calculates the total cost and energy use with and without the system. Finally, the 

systemôs performance can be displayed by year or day with reference to all of the previous 

system inputs. Moreover, it includes an option to show a recommended system given by the pipe 

parameters and the system cost. Figure  2-17 to Figure  2-26 show the GAEA software steps and 

interface (Benkert et al., 1997). 

 

Figure  2-17: GAEA Software Steps 
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Figure  2-18: Pipe Parameters 

 

Figure  2-19: Soil Parameters 
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Figure  2-20: Climate Parameters 
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Figure  2-21: HVAC Parameters 

 

Figure  2-22: Cost Parameters 
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Figure  2-23: Annual System Performance 

 

Figure  2-24: Daily System Performance 
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Figure  2-25: Optimum Design Limitations 

 

 

Figure  2-26: Optimum Design (Best Energy Value) 
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The GAEA software uses an equation derived from physics to calculate the heat 

exchange between the air and soil, after the user inputs a set of parameters used to calculate heat 

transfer. Table 4 shows the GAEA software equation used to predict the GCV system 

performance. At the time of this writing, the GAEA program is still in its first stage of 

development (Albers, 1991). The GAEA software was used in this research by comparing an 

actual GCV system with a predicted GCV system to improve the accuracy prediction of a GCV 

system performance. More information can be found in Chapter five. 
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2.8 Fundamental Heat Transfer 

Heat can be exchanged between two objects via conduction, convection, and radiation. 

Conduction is energy transfer from more energetic particles in a substance to adjacent, less 

energetic ones as a result of particle interaction. Convection is energy transfer between a solid 

surface and nearby liquid or gas in motion, and involves the combined effects of conduction and 

fluid motion. Both conduction and convection occur in the GCV system, as shown in 

Figure  2-27. When the air enters the GCV system pipe, it exchanges heat with the pipeôs surface 

by convection. Then, the heat is transferred from the internal to external surface of the pipe and 

finally to the surrounding soil by conduction. Heat is exchanged from the air to the pipe and soil, 

and the converse, depending upon which is hotter at the time. Because soil generally has low 

thermal conductivity (compared to metal) and high heat capacity, the air will tend to not 

overcharge the soil with too much heat over time. This suggests that the GCV system can cool or 

heat the air. Figure  2-28 shows the heat transfer variables in the GCV system. These variables 

can be classified as exogenous variables (external to the system) and endogenous variables 

(internal to the system), which are listed in Figure  2-29 (Cengel, 2012). 
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Figure  2-27: Conduction and Convection in the GCV system 

 

Figure  2-28: Heat Transfer Variables in the GCV System 
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Figure  2-29: GCV System Heat Transfer Variables 

2.8.1 Exogenous Variables 

The GCV system exchanges heat between the air, pipe, and ground. The exchange of heat 

from the air in the pipe and the surrounding soil is first from convection along the interior 

surface of the pipe and then by conduction through the pipe to the soil. The GCV system 

performance relies on three main exogenous variables for heat exchange: soil type, soil 

temperature, and air temperature.  

Air Temperature 

Air temperature is the first variable that affects the GCV system performance and heat 

exchange with the pipe. Geographical location and site conditions are the principal factors that 

affect air temperature. Daily, monthly, and annual air temperatures vary based on the 

geographical location, which can be approximated by using longitude and latitude coordinates. 

Further, at the site, the surrounding characteristics in the regionðsuch as mountains, creeks, and 

lakesðaffect changes in air temperature. 
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Soil Temperature 

Soil temperature changes monthly or daily as a function of incidental solar radiation, 

rainfall, seasonal variations in overlying air temperature, shade, vegetation cover, soil type, and 

depth. Soil temperatures deep in the ground are more stable and lag significantly behind seasonal 

changes in the overlying air temperature because the soil has a higher heat capacity than the air. 

The range of seasonal changes in the ground temperature depends on the soil type and depth 

below the ground surface. In Virginia, the amplitude of soil temperature at the surface varies 

between 20-25
o
F, depending on the type of vegetation cover (Figure  2-30), and soil temperature 

becomes more stable at increased depth. The soil temperature remains constant year round at 

depths greater than about 26 feet below the surface, which corresponds approximately to the 

water temperature in ground wells that are 30 to 50 feet deep (Reysa, 2005). 

 

Figure  2-30: Seasonal Soil Temperature Changes in Virginia (Reysa, 2005) 
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When a GCV system is installed, it is important to know the expected seasonal changes 

for the soil temperature. The gain in thermal performance may outweigh the cost of installing a 

GCV system in deeper troughs, as deeper soil has lower temperature and is more stable 

(Figure  2-31). 

 

 

 

Soil Thermal Properties 

The thermal properties of the soil influence the heat exchange efficiency in heat capacity 

and thermal conductivity. Heat capacity indicates a soilôs ability to store heat energy. In general, 

the greater the heat capacity, the more heat can be collected. To allow analysis of a wide range of 

soil types, Equation 1 adopts a soil textural classification proposed by the Polish Society of Soil 

Science (Figure  2-32). The ñtextureò of a particular soil indicates its content of sand, silt, and 

clay particles. These particle dimensions are [2000 mm, 50 mm], [50 mm, 2 mm] and [2 mm, 

and so on], respectively. This classification system assigns each soil to one of sixteen classes 

(TrzŃski & Zawada, 2011). The sixteen soil typesô assumed properties are presented in Table 5. 

Soil parameters vary even more because of moisture content. It is relatively easy to determine 

Figure  2-31: Soil Temperature Distribution by Depth in Virginia (Reysa, 2005) 
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soil thermal capacity and density based on dry soil and water properties (M De Paepe & 

Janssens, 2003; Michel De Paepe, 2002). 

Equation 1: Heat capacity (M De Paepe & Janssens, 2003; Michel De Paepe, 2002) 

ὧ
ρ ὲȢὧÄÒÙὼȢὧ ὼ ὼ Ȣὧ

”
 

” ”ÄÒÙὼȢ”  

Where: 

¶ ὧ  Heat capacity 

¶ ὧÄÒÙ  Dry soil heat capacity, J/(kg K) 

¶ ὧ  Water heat capacity, J/(kg K) 

¶ ὧ  Ice heat capacity, J/(kg K) 

¶ ὼ  Total water volume fraction, m
3
/m

3
 

¶ ὼÕ   Unfrozen water volume fraction, m
3
/m

3
 

¶ ”ÄÒÙ  Dry soil density, kg/m
3
 

¶ ”   Water density, kg/m
3
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Figure  2-32: Soil Classification Textural Triangle (TrzŃski & Zawada, 2011, p. 1438) 

Table 5: Assumed Parameters for Soil Textural Classes (TrzŃski & Zawada, 2011, p. 1438) 
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Thermal conductivity is an important soil property that must be known to design a GCV 

system, and indicates the rate at which heat will be transferred between the ground pipe and the 

surrounding soil. The thermal conductivity properties for the soil and rock are significant values 

that determine the length of the system pipe for heat exchange, which in turn affects the 

installation cost as well as system performance. There are several methods to estimate soil 

thermal conductivity. According to Johansen (1981), the most accurate method to calculate soil 

thermal conductivity between saturated and dry soil is Equation 2. Dry thermal conductivity for 

natural soil can be determined based on Equation 3 (Gauthier, Lacroix, & Bernier, 1997). 

Peters-Lidard et al. (1998) and Farouki (1981) concurred that the most accurate method 

over the full range of saturation is that proposed by Johansen. According to their research, 

deviations in saturation over 0.2 are within the 35% range, while for saturations under 0.2, the 

method underestimates thermal conductivity by between 5 and 15%. 

Equation 2: Soil thermal conductivity (Farouki, 1981) 

‗ ὑ ‗sat‗dry ‗dry 

Where: 

¶ ‗ÓÁÔ Saturated thermal conductivity, W/m K 

¶ ‗ÄÒÙ Dry thermal conductivity, W/m K 

¶ ὑ Kersten number 

 

Equation 3: Dry thermal conductivity for natural soil (Gauthier et al., 1997) 

‗dry
πȢρσυ”dryφτȢχ

ςχπππȢωτχ”dry
 

Where: 

¶ ”ÄÒÙ Dry density, kg/m
3
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In cases where there are no measurement data, dry soil density can be calculated from the 

porosity n, assuming the same soil weight (Equation 4) (Hollmuller & Lachal, 2001): 

Equation 4: Soil density (Hollmuller & Lachal, 2001) 

”ÄÒÙ ρ ὲςχππ 

Where: 

¶ n Soil porosity, m
3
/m

3
 

 

Porosity, quartz content, and the unfrozen water fraction affect saturated thermal 

conductivity in natural soils (Equation 5) (Kumar, Ramesh, & Kaushik, 2003): 

Equation 5: Saturated thermal conductivity (Kumar et al., 2003) 

‗ÓÁÔ ‗‗ ‗ ‗  

Where: 

¶ ‗É Thermal conductivity of ice, W/m K 

¶ ‗× Thermal conductivity of water, W/m K 

¶ ὼÕ Unfrozen water volume fraction, m
3
/m

3
 

¶ ‗Ñ Quartz thermal conductivity, W/m K 

¶ ‗Ï Other mineralsô thermal conductivity, W/m K 

¶ ή Volumetric quartz content, m
3
/m

3
 

 

The Kersten number is a function only of the degree of saturation, Sr, and phase of water: 

for fine unfrozen soils (over 5% of fraction up to 2 ‘Í) (Mihalakakou, Santamouris, Lewis, & 

Asimakopoulos, 1997). 

Equation 6: Kersten number (Mihalakakou et al., 1997) 

 ὑ
π

ÌÏÇὛ ρ
ÄÌÁ
ÄÌÁ

Ὓ πȢρ
Ὓ πȢρ
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Equation 7: Kersten number for unfrozen coarse soils (up to 5% of fraction up to 2 ‘Í) 

(Mihalakakou, Santamouris, & Asimakopoulos, 1994). 

ὑ
π

πȢχÌÏÇὛ ρ
ÄÌÁ
ÄÌÁ

Ὓ πȢπυ
Ὓ πȢπυ

 

For frozen soils: 

ὑ Ὓ 

Where: 

¶ Ὓ Degree of saturation 

 

At this time, heat transfer can be calculated using software. For example, CFD includes 

all of the heat transfer equations and is used to calculate heat transfer for each mesh cell based on 

the soil properties. The most accurate heat transfer results can be determined if the mesh is 

sufficiently fine, as the CFD calculates heat transfer for many cells.  
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2.8.2 Endogenous Variables 

GCV systems depend primarily on three endogenous variables: air to ground heat 

exchange, system design, and materials. All of these variables should be compatible to address 

the GCV system designôs potential for exchanging heat.  

Air to  Ground Tube Heat Exchange 

Air in the pipe exchanges heat with the surrounding surfaces by convection, and the pipe 

and the soil affect heat transfer by conduction. Figure  2-33 shows the airflow temperature effect 

on the pipe surface. Air close to the pipe surface changes temperature the most, and also varies 

with the air velocity; the pipe has a higher velocity in the center and decreases gradually toward 

the pipe surface. This determination is based on Alghamdiôs (2008) comparison of GCV systems 

with various air flows, in which he compared air flows of 50fpm, 100fpm, 150fpm, and 270fpm. 

As a result, at lower flow rates, the air resides in the pipe longer leading to more heat exchange 

with the pipe surface (see Figure  2-34). Pipe diameter also is another factor that determines the 

heat exchange efficiency. On the one hand, if the pipe diameter decreases, heat transfer between 

the air volume and the surrounding soil will increase. On the other hand, increasing the air 

volume flow in the pipe will decrease the heat transfer between the air and pipe surface. This 

suggests that the best way to increase the heat transfer efficiency between the air and the soil is 

to have a set of parallel pipes as opposed to only one, as shown in Figure  2-35. That leads to 

more heat exchange between the air and the surrounding soil if the total air volume passed 

through multiple pipes instead of one pipe (Cengel, 2012; TrzŃski & Zawada, 2011). 
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Figure  2-33: Air Velocity and Temperature Variation  

 

Figure  2-34: Temperature Change over 24-hour Period (01/21/2008) (Alghamdi, 2008, p. 32) 
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Figure  2-35: Increasing Heat Exchange Surface Between Airflow and the Surrounding Soil 

 

Convective heat transfer should be calculated for each section of the pipe based upon the 

enthalpy of the air entering and the air-ground energy transfer balance, which is calculated from 

the surrounding properties of the soil, the convective heat transfer coefficient, and the pipeôs 

thermal resistance. The convective heat transfer coefficient is calculated according to the airflow 

type (e.g., laminar, transitioning, or turbulent) (Equation 8) (Bojic, Trifunovic, Papadakis, & 

Kyritsis, 1997). 

Equation 8: Reynoldsô number (Bojic et al., 1997) 

ὔό
πȢρχReȢȢGrȢȢPrȢ

KȢPrȢ

πȢπςρReȢȢPrȢ

for

for

for

Re<2400

2400ÒReÒ10000

Re>10000

 

Where: 

¶ Re Reynoldsô number 

¶ Pr Prandtlôs number 

¶ Gr Grashoffôs number 

¶ +  Coefficient dependent on the Reynoldsô number 
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Mater ial/Substance Temperature - 25o
C

Concrete, dense 1.0 - 1.8

Concrete, lightweight 0.1 - 0.3

Concrete, medium 0.4 - 0.7

Concrete, stone 1.7

Gravel 0.7

Ground or soil, dry area 0.5

Ground or soil, moist area 1

Ground or soil, very dry area 0.33

Ground or soil, very moist area 1.4

Limestone 1.26 - 1.33

Sandstone 1.7

Soil, clay 1.1

Soil, saturated 0.6 - 4

Soil, with organic matter 0.15 - 2

Water 0.58

Thermal conductivity W/(m K)

System Design and Materials Heat Exchange 

The GCV system design and pipe materials are important factors for heat transfer 

because they constitute the heat flow path between the soil and airflow. Each material has 

thermal properties through which heat will flow. The more conductive the material, the faster 

heat will flow through it. In GCV systems, due to thermal conductivity, the material type is 

important for the system to perform well (Table 6). Pipes and types of backfill material in GCV 

systems should be chosen appropriately to serve their function and work together for all modes 

of thermal heat transfer. 

 

 

Pipe depth, length, wall thickness, and backfill thickness affect GCV system 

performance. Pipe and backfill thickness, as well as material type, affect heat transfer 

conductivity between soil and airflow. Pipe depth is related to soil temperature. When the pipe is 

buried deeper, the soil temperature will be more constant. Pipe length also is related to heat 

exchange with the airflow. The longer the air resides in the pipe, the greater the heat exchange 

and change in air temperature. All design factors must be compatible in the GCV system to 

achieve its best performance.  

Table 6: Materials Thermal Conductivity 
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Mathematical Formula 

To model the heat transfer between airflow and surrounding soil, the ground volume can 

be divided into separate cross-sections. Assuming three axes (X, Y, Z), Figure  2-36 shows that 

where X is the horizontal axis normal to the heat exchanger axis, Y is the vertical axis, and Z is 

the horizontal axis parallel to the heat exchanger axis. The heat transfer equation based on 

enthalpy for each section (two-dimensional model) is as follows (Equation 9) (Ahmed, Miller, & 

Gidado, 2009): 

Equation 9: Heat transfer for each section (Ahmed et al., 2009) 

‬

‬†
ὧȢ”ȢὝ

ρ

‗

‬Ὕ

‬ὼ

‬Ὕ

‬ώ
 

Where: 

¶ ὧ Soil heat capacity, J/(kg K) 

¶ ” Soil density, kg/m
3
 

¶ ‗ Soil thermal conductivity, W/mK 

¶ Ὕ Temperature, C
o
 

¶ ὼȟώ Coordinates, m 

 

 

Figure  2-36: Ground Heat Transfer Cross-Sections 
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To determine soil temperature, a finite element method is used for each cross-section. 

The model uses a different rectangular grid in which a stepped curve approximates the round 

shape of a pipe cross-section (Figure  2-37). To increase the computing speed, both the size of the 

elements and the time step are set to achieve the desired accuracy. In CFD, this cross-section grid 

is the mesh-size cell that is used to determine soil temperature. 

 

Figure  2-37: Sample Stepped-Curve Approximation of a Pipe Cross-Section (200 mm 

Diameter) with Element Size of (a) 100mm, (b) 25mm, (c) 10mm, (d) 5mm 

 

Heat transfer calculations in GCV systems is complicated because many factors affect the 

process. Further, probability error calculation is possible because heat transfer is calculated in a 

multi-section of the GCV system. Now, with the computer software available, all of the heat 

transfer calculations can be performed using the CFD program, which is faster, more accurate, 

and produces fewer errors.  
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2.9 Computational Fluid Dynamics (CFD) 

CFD is the art of presenting a set of algebraic equations that can be solved using 

computers. Among other uses, CFD helps architects design comfortable and safe living 

environments, improve vehicle design, and predict fluid flows. Such mathematical models as 

those with partial differential equations, numerical methods of discretization and solution 

techniques, and other software tools are all critical components of these pre-processing and post-

processing utilities. 

CFD provides an understanding of the difficulty and expense involved in studying flow 

patterns through experimental techniques. CFD cannot replace direct measurements completely, 

but it can and does reduce the amount of experimentation needed and the cost overall. Table 7 

compares experiments and CFD simulations (Kuzmin, 2014). 

Table 7: Experiments vs. CFD Simulations 
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2.9.1 Fluid Flows 

Partial differential equations that represent conservation laws for mass, momentum, and 

energy control both gas and liquid flows. Fluid flows are a fundamental element of rain, wind, 

hurricanes, floods, and fires. Further, they influence air pollution, contaminant transport, heat 

transfer, ventilation, and air conditioning in buildings, cars, and more propulsive systems or 

objects that interact with the surrounding air or water. These complex flows also occur in 

furnaces and heat exchangers. Fluids have many properties that are outlined in Table 8 (Kuzmin, 

2014): 

Table 8: Fluid Properties 

 

2.9.2 CFD Predictions 

CFD uses a computer to solve mathematical equations and make predictions using a 

process that entails four steps:  

1. The human being (analyst) states the problem to be solved. 

2. Scientific knowledge (models, methods) is expressed mathematically. 

3. The computer code (software) that embodies this knowledge provides detailed instructions (algorithms) for the 

computer hardware, which then performs the actual calculations. 

4. The analyst inspects and interprets the simulationôs results. 

 

 

Temperature Laminar Turbulent

Velocity Single-phase Multiphase

Viscosity Compressible Incompressible

Pressure Steady Unsteady

Macroscopic proper ties Classifi cation of fluid flows

Density Viscous Inviscid
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CFD simulation results are not 100% reliable. The input may have involved guesswork or 

inaccuracy. Further, the computing power available always limits the resultsô accuracy (Kuzmin, 

2014). 

2.9.3 CFD Analysis Process 

CFD analysis involves eight steps: 

¶ Problem statement 

¶ Mathematical model 

¶ Discretization process: 

o Mesh generation 

o Space discretization 

o Time discretization 

¶ Multi -solution 

¶ CFD software 

¶ Simulation run 

¶ Post-processing 

¶ Verification  



 59 

Problem Statement 

Several questions can help a researcher identify a problem statement in CFD analysis 

(Kuzmin, 2014). For example:  

¶ What is known about the flow problem already? 

¶ What physical phenomena must be taken into account? 

¶ What is the geometry of the domain and operating conditions? 

¶ Are there any internal obstacles, free surfaces, or interfaces? 

¶ Is the flow laminar or turbulent? 

¶ What is the CFD analysisô objective? 

o Computation of integral quantities (lift, drag, yield) 

o Snapshot of field data for velocities and concentrations 

o Shape optimization designed to improve performance 

¶ What is the easiest, least expensive, and fastest way to achieve the goal? 

Mathematical Model 

The following steps should be considered when developing a mathematical model: 

1. Choose a suitable flow model and reference frame. 

2. Identify the force that causes and influences the fluidôs motion. 

3. Define the computational domain to solve the problem. 

4. Express conservation laws for the mass, momentum, and energy. 

5. Simplify the governing equations to reduce computational time: 

a. Use current flow information. 

b. Check flow directions and symmetries. 

c. Disregard those terms that do not affect the results. 

d. Model the effect of small-scale fluctuations that cannot be captured. 

e. Integrate knowledge of measurement data and CFD results. 

6. Add constitutive relations and specify original materials and boundary conditions. 
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Discretization Process 

The partial differential equations (PDE) system can be transformed into a set of algebraic 

equations: 

1. Mesh generation (decomposition into cells or elements): 

a. Structured or unstructured, triangular or quadrilateral? 

b. CAD tools + grid generators (Delaunay or advancing front?) 

c. Mesh size and adaptive refinement in interesting flow regions 

2. Space discretization (approximation of spatial derivatives): 

a. Finite differences, volumes, and elements 

b. High vs. low order approximations 

3. Time discretization (approximations of temporal derivatives): 

a. Explicit vs. implicit schemes, stability constraints. 

b. Local stepping time and control steps time 

 

Multi -Solution 

Algebraic equations for the simulation must be solved iteratively: 

¶ For outer iterations, the solution values from the previous iteration are used to update the discrete 

problemôs coefficients. This eliminates the nonlinearities by a Newtonian-like method and allows 

governing equations to be solved in a segregated fashion. 

¶ For inner iterations, the resulting sequence of linear subproblems is solved typically by an iterative 

method (conjugate gradients, multigrain), because direct solvers are prohibitively expensive. 

¶ It is necessary to check the residual, relative solution changes and other convergence criteria 

indicators to ensure that the iterations converge.  
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CFD Software 

At present, CFD software cannot be used blindly without a basic understanding of the 

underlying numerics. Many CFD software programs are available on the marketðANSYS CFX, 

Fluent, Star-CCM++, Autodesk CFD, and FEMLAB. Each has its functions and properties that 

will be compared in Chapter five to determine the CFD program most appropriate for the 

research. 

CFD Simulation 

The computing times for a flow simulation depend on the following (Kuzmin, 2014): 

¶ The numerical algorithms and data structures 

¶ Linear algebra tools, stopping criteria for iterative solvers 

¶ Discretization parameters (mesh quality and size, time step) 

¶ Time cost per step and convergence rates for outer iterations 

¶ Programming language (most CFD codes are written in Fortran) 

¶ Many other elements (hardware, victimization, parallelization, etc.) 

 

The quality of the simulation results depends on: 

¶ The mathematical model and underlying assumptions 

¶ Approximation type, the stability of the numerical scheme 

¶ Mesh, time step, error indicators, stopping criteria, etc.  
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Post Processing and Analysis 

The simulation results are post-processed to extract the information desired from the 

computed flow field: 

¶ Calculation of quantities derived (stream function, vorticity) 

¶ Calculation of integral parameters (lift, drag, total mass) 

¶ Visualization (representation of numbers as images) 

o 1D data: function values connected by straight lines 

o 2D data: streamlines, contour levels, color diagrams 

o 3D data: cutline, cut plane, isosurfaces, isovolumes 

o Arrow plots, particle tracing, animations 

¶ Systematic data analysis using statistical tools 

¶ Debugging, verification, and validation of the CFD model 

Verification of CFD Codes 

Verification requires looking for errors in the modelsô implementation: 

¶ Examine the computer programming by checking the source code visually, documenting it, and 

testing the underlying subprograms individually. 

¶ Examine iterative convergence by monitoring the residuals, relative changes in integral quantities, 

and checking whether the tolerance prescribed is achieved. 

¶ Examine consistency (check whether relevant conservation principles are satisfied). 

¶ Examine grid convergence: As the mesh and/or the time step are refined, the spatial and temporal 

discretization errors, respectively, should approach zero asymptotically. 

¶ Compare the computational results with analytical and numerical solutions for standard 

benchmark configurations. 
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Validation entails checking the adequacy of the model for practical purposes. As 

(Kuzmin, 2014) explained, ñThe goal of verification and validation is to ensure that the CFD 

code produces reasonable results for a certain range of flow problems.ò Therefore, validation 

was used to ensure the right equations were solved: 

¶ Verify the code to ensure that the numerical solutions are correct. 

¶ Compare results with experimental data available (check for measurement errors) to check 

whether the reality is represented sufficiently accurately.  

¶ Perform a sensitivity analysis and parametric study to assess the inherent uncertainty attributable 

to an insufficient understanding of physical processes. 

¶ Try using different models, geometry, and initial or boundary conditions. 

¶ Report the findings and document model limitations and parameter settings. 

 

2.10 Autodesk CFD Validation 

Autodesk CFD needs to be, and has been, validated in many cases as a tool to predict 

fluid flow and heat transfer. These cases compared Autodesk CFD with experimental and 

numerical calculation examples, such as the following: 

2.10.1 Turbulent pipe flow 

In this example, a 2D circular pipe was analyzed to verify the ability of Autodesk CFD to 

model fluid flow and turbulence with the numerical calculations shown in Figure  2-38. The 

results of Autodesk CFD and Whiteôs (1994) numerical calculations can be compared in a 

pressure drop, as shown in Table 9 (Autodesk, 2015c). 
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Figure  2-38: Geometry and Boundary Conditions (Autodesk, 2015c) 

Table 9: Turbulent Pipe Flow Results (Autodesk, 2015c) 

 

2.10.2 Flow around a cylinder array 

A cylinder arrayôs geometry is a channel with a rectangular cross-section and seven 

cylinders. The two types of fluid tested included a Newtonian and non-Newtonian fluid. The 

non-Newtonian fluid is one that does not follow Newtonôs law of viscosity. The pressure drop 

across the channel that Autodesk CFD calculated was compared to the measured data in Table 10 

(Autodesk, 2015b; Georgiou, Momani, Crochet, & Walters, 1991, pp. 231ï260).  
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Figure  2-39: Cylinder Array Geometry (Autodesk, 2015b) 

Table 10: Flow Around a Cylinder Array Results (Autodesk, 2015b) 
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2.10.3 Flow through an overheated cylinder 

A model was created to determine the flow through an overheated circular cylinder with 

an infinitely long axis (Figure  2-40) immersed in a laminar flow with a Reynoldsô number of 50 

(based on the cylinderôs diameter). The cylinder had a fixed temperature 100
o
K higher than that 

of the fluid. This model was analyzed to verify Autodesk CFD fluid flow and heat transfer 

modeling capabilities by comparing two expressions of the Nusselt number, which is the heat 

transfer ratio from convection to conduction across the normal boundary. One was an 

experimental correlation from Holman (1981), while the other was an analytical derivation. 

Table 11 shows the results comparison (Autodesk, 2015a).  

 

Figure  2-40: Flow Through an Overheated Cylinder Geometry (Autodesk, 2015a) 
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Table 11: Flow Through an Overheated Cylinder Results (Autodesk, 2015a) 

 

 

Based on the three examples above, the Autodesk CFD results were validated with 

experimental cases and numerical calculation. Accordingly, Autodesk CFD was used as a 

simulation tool in this research. 
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2.11 Conclusion 

This research contributes to the body of knowledge in four points. First, since the HVAC 

system is the highest energy consumption in most buildings, by using the GCV system, energy 

consumption may reduce. Second, because the GCV system design varies from place to place, 

there is no standard design for GCV systems. The outcome of this research is a GCV system tool 

that predicts the performance of a GCV system and helps to determine the recommended GCV 

system design for a given building. Third, the GCV evaluation tool helps the designer to save 

time predicting the performance of the GCV system. Fourth, the GCV system evaluation tool is 

more accurate than the GAEA tool because it relies on regression equations that were derived 

from parametric GCV modeling from CFD. 
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Chapter 3: Research Design 

3.1 Overview 

Energy consumption is both an economic and environmental issue. A GCV system 

depends on geothermal energy to maintain a comfortable ambient temperature, and thus, can 

drastically reduce demands on such non-renewable energy sources as oilðparticularly in Saudi 

Arabia. The primary goal of this research was to create a tool to evaluate GCV system designs. 

In order to achieve this goal, in-situ GCV system monitoring and CFD as a simulation tool were 

used. While many factors affect GCV system performance, this study focused primarily on 

design and examined pipe parameters (pipe length, depth, and diameter), soil type, and airflow 

velocity of the GCV system. These factors will be discussed later in more detail (International 

Energy Agency, 2015). 

3.1.1 Methods 

The study used quantitative methods to achieve the research goals. There are three ways 

to collect data from a GCV system. First, one can monitor existing GCV systems in-situ using 

instruments located within the system. Second, one can experiment by building different GCV 

systems with a range of variables. Third, one can predict GCV system performance using such 

computer software as CFD or GAEA. Table 12 shows the advantages and disadvantages of all 

three options. After comparing these methods, computer prediction software was selected as the 

most appropriate option because it has unlimited design conditions, low cost, requires less effort, 

and obtains results in a shorter time compared to the other methods.  
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Table 12: Advantages and Disadvantages of Data Collection Options 

 

3.1.2  Computer Prediction Software 

Computer software can predict GCV system performance, which can save time, cost, and 

effort when compared to the other methods of collecting data. As previously mentioned, two 

types of software can be used to predict GCV system performance, CFD and GAEA. CFD 

software depends on simulated fluid flow and heat exchange to predict GCV system 

performance, while GAEA uses less rigorous equations to calculate heat exchange in GCV 

systems. Both CFD and GAEA must be validated with an as-built GCV system to determine the 

accuracy of the results from each software. 
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3.1.3 Research Design Strategy 

As stated, because the results of the CFD and GAEA are predictions, the results must be 

validated with an actual GCV system. The research design was divided into six phases: first, 

monitor the GCV system in the Solar CM House in-situ; second, simulate a CFD model and a 

GAEA model of the GCV system at Solar CM House and compare the predictions with the in-

situ data; third, design several different GCV systems using Autodesk CFD; fourth, use the 

results from the simulations for the different CFD models to perform a regression analysis that 

predicts the temperature differences between inlet and outlet and then validate the regression 

model; fifth, develop a GCV system evaluation tool to predect the GCV system performance 

using the regression models; and sixth, apply the tool to the design of a GCV system for Riyadh, 

Saudi Arabia. All of these steps will be summarized in this chapter. 

 

Figure  3-1: Summary of Research Design Phases 
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3.2 Monitoring  the GCV System at the Solar CM House 

The first phase of the research was to monitor the GCV system at the Solar CM House. 

The GCV system is an open loop system consisting of clay pipe, gravel backfill, and on-site soil. 

Several variables were monitored including air flow velocity, air temperatures, and ground 

temperatures as Figure  3-2 shows. The GCV system was monitored for eight months. Chapter 

four presents in greater details the monitoring of the GCV system at the Solar CM House. 

 

Figure  3-2: Instrument Locations at Solar CM House 

3.3 CFD and GAEA Model for the Solar CM House 

The second phase of the research was to determine the accuracy of the CFD and GAEA 

as predictive tools. Both CFD and GAEA models were developed for the design and properties 

of the GCV system at the Solar CM House. In the end, the CFD and GAEA model were 

validated by comparing the outlet temperatures for three selected days. Chapter five discusses the 

CFD and GAEA model and validation. 
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3.4 GCV Parameter Modeling 

The third phase of the research consisted of parametrically evaluating the GCV system 

performance for both exogenous and endogenous variables. Exogenous variables include air 

temperature, ground temperature, and soil type. Endogenous variables include air velocity, pipe 

length, depth, thickness, and diameterðeach of which has boundary levels that limited the 

research. Other variables were considered fixed during the simulations. Table 13 shows a 

summary of the GCV system variables and limitations that were included in this research. More 

details about the variables can be found in Chapter six.  
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3.4.1 Modeling 

The GCV system was modeled using the Autodesk CFD simulation program based on the 

systemôs endogenous variables, some of which affect the GCV system performance more than 

others. Furthermore, a set of 75 models was designed based on these variables, which contained 

three levels of soil type and five levels of each pipe diameter and length, as Table 14 shows. To 

save time, airflow velocity variances were simulated in one model, although the distance 

between pipes was considered as 40 feet so that the pipes did not affect each other. Each model 

was simulated 84 times rather than 420 times because airflow velocity was merged into one 

design. 

Moreover, the total number of simulations run for the GCV system models was 6,300 

rather than 31,500 simulations to predict temperature reduction according to changes in air and 

ground temperature (air temperature 5-115
o
F and ground temperature 35-95

o
F, respectively). 

Figure  3-3 shows the GCV modelsô distribution based on the research variables. The results of 

all simulations are given in Chapter six. 

Table 14: Models of Boundary Condition Variables 
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Figure  3-3: GCV Design Distribution-Based Research Variables 

 
















































































































































































































































































