
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Architectural Engineering -- Dissertations and 
Student Research 

Architectural Engineering and Construction, 
Durham School of 

2010 

Feasibility Study of Solar Driven Underground Cooling System Feasibility Study of Solar Driven Underground Cooling System 

Michel E. Shafik 
University of Nebraska at Lincoln, misho.emil@gmail.com 

Follow this and additional works at: https://digitalcommons.unl.edu/archengdiss 

 Part of the Architectural Engineering Commons, and the Mechanical Engineering Commons 

Shafik, Michel E., "Feasibility Study of Solar Driven Underground Cooling System" (2010). Architectural 
Engineering -- Dissertations and Student Research. 3. 
https://digitalcommons.unl.edu/archengdiss/3 

This Article is brought to you for free and open access by the Architectural Engineering and Construction, Durham 
School of at DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Architectural 
Engineering -- Dissertations and Student Research by an authorized administrator of DigitalCommons@University of 
Nebraska - Lincoln. 

https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/archengdiss
https://digitalcommons.unl.edu/archengdiss
https://digitalcommons.unl.edu/architectengineer
https://digitalcommons.unl.edu/architectengineer
https://digitalcommons.unl.edu/archengdiss?utm_source=digitalcommons.unl.edu%2Farchengdiss%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/774?utm_source=digitalcommons.unl.edu%2Farchengdiss%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=digitalcommons.unl.edu%2Farchengdiss%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/archengdiss/3?utm_source=digitalcommons.unl.edu%2Farchengdiss%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages


 

 

FEASIBILITY STUDY OF SOLAR DRIVEN  

UNDERGROUND COOLING SYSTEM 

By 

Michel E. Shafik 

 

A THESIS 

 

Presented to the Faculty of 

The Graduate College at the University of Nebraska 

In Partial Fulfillment of Requirements 

For the Degree of Master of Science 

 

Major: Architectural Engineering 

 

Under the Supervision of Professor Haorong Li 

 

Lincoln, Nebraska 

July, 2010



 

 

FEASIBILITY STUDY OF SOLAR DRIVEN 

UNDERGROUND COOLING SYSTEM 

Michel E. Shafik, M.S. 

University of Nebraska, 2010 

Adviser: Haorong Li 

 In the United States the peak electrical use occurs during the summer. In addition, 

the building sector consumes a major portion of the annual electrical energy 

consumption. One of the main energy consuming components in the building sector is the 

Heating, Ventilation, and Air-Conditioning (HVAC) systems. This research studies the 

feasibility of implementing a solar driven underground cooling system that could 

contribute to reducing building cooling loads. The developed system consists of an Earth-

to-Air Heat Exchanger (EAHE) coupled with a solar chimney that provides a natural cool 

draft to the test facility building at the Solar Energy Research Test Facility in Omaha, 

Nebraska. Two sets of tests have been conducted: a natural passively driven airflow test 

and a forced fan assisted airflow test. The resulting data of the tests has been analyzed to 

study the thermal performance of the implemented system. Results show that: The 

underground soil proved to be a good heat sink at a depth of 9.5ft, where its temperature 

fluctuates yearly in the range of (46.5°F-58.2°F). Furthermore, the coupled system during 

the natural airflow modes can provide good thermal comfort conditions that comply with 

ASHRAE standard 55-2004. It provided 0.63 tons of cooling, which almost covered the 

building design cooling load (0.8 tons, extreme condition). On the other hand, although 

the coupled system during the forced airflow mode could not comply with ASHRAE 

standard 55-2004, it provided 1.27 tons of cooling which is even more than the building 

load requirements. Moreover, the underground soil experienced thermal saturation during 

the forced airflow mode due to the oversized fan, which extracted much more airflow 

than the EAHE ability for heat dissipation and the underground soil for heat absorption. 

In conclusion, the coupled system proved to be a feasible cooling system, which could be 

further improved with a few design recommendations. 



iii 

 

DEDICATION 
 

 

I dedicate this thesis first to the glory of Jesus Christ, my Lord and Savior, whose 

resurrection power gives me everything I need to live a joyful and purposeful life. He is 

the one who has given me the ability and strength to accomplish this lifelong goal.  

And to the ones who loved, taught, guided and helped me without saying a word, 

my lovely parents, my dad Emil Shafik and my mom Evon Fahmy. I love you both so 

much. Lastly, to all of my family, especially my aunt and grandmother, for their love, 

support and prayers; and to my friends for always encouraging me to reach for new 

horizons in my life. 

 

 إه6اء

 BCDEFG ةIJK يMNا ،QRSTD ي وVFW ،XFYZNع اIY\ V]ZN ^أو `NEWaNا bMي هVإه

هI وbVh اMNي أQpEqr اIJNة و . أipEqr آlm n أEChج إEFh ihj BFNة هEدBf و VFeWة

nZeNا اMز هE]pt رةVJNا ivEFh الIx BK yZSh EZNEx يMNا. 

و إD iN~ أh{QpE، أرVmاQp و EeWداVK Qpون آZS` واbVh، أiK و أiD اrj}اء، 

و أ��aF و �FN أ�QCS�Er n�N �a، و QSr . أEZ�}h آ�I .�V� �aFن iZ�fڤإ�F�m nFD و إ\

�ev ،��C}�ZN ،ivV� و iCZr ��jاF EZNEx ~\MNا Q�EGVأ� n�N ؛ و��vاIS� ه� وV

mivEFh if ةV\V� قEfأ iNل إI�ISN QpIe]. 

�a�m 



iv 

 

AUTHER’S ACKNOWLEDGEMENTS 

 

I would like to gratefully acknowledge my committee members Dr. Bing Chen, 

Dr. Haorong Li, and Dr. Siu-Kit Lau.  Dr. Chen, I owe my deepest gratitude to you for 

your generous and sincere help, kindness and patience. Dr. Li, thank you for your 

commitment and support in helping me to reach this goal. Dr. Lau, thank you for your 

encouragement and support. Without all of you, my thesis would not have been possible.   

It is my pleasure to give a special thank you to Dr. Gang Wang, who assisted me a 

great deal on my data analysis during the summer seasons, and Dr. Long Ni, for his 

academic help on my thesis, reviews and recommendations, as well as for his kindness 

and patience. Also, with grateful thanks, to Joerg Henkel for his technical expertise and 

James Devaney for his hard labor and work on the facility during the hot summer months. 

And finally, a special thanks to Dr. Maher Tadros, for his concerned guidance.   

In addition to the above professors, advisors, and colleagues, I also thank Charity Stahl 

for her amazing help, support, kindness and understanding.  Thank you to Videgla Sekpe 

and Nader El-Alaraj for their friendship, support and help as well. And finally, to my 

parents and aunt for their love, understanding and kind support. 

 

  

 

 

 



v 

 

TABLE OF CONTENTS 

1. INTRODUCTION ......................................................................................................... 1 

2. LITERATURE REVIEW .............................................................................................. 5 

2.1 Introduction .............................................................................................................. 5 

2.2 Earth-to-Air Heat Exchanger ................................................................................. 10 

2.2.1 Mathematical Modeling ........................................................................................................ 10 

      2.2.1.1 AnalyticalModels ......................................................................................................... 10 

      2.2.1.2 Numerical Models ......................................................................................................... 14 

2.2.2 Experimental Investigations ................................................................................................... 22 

2.2.3 Performance Analysis ............................................................................................................ 30 

2.3 Solar Chimney ........................................................................................................ 36 

2.3.1 Mathematical Modeling ......................................................................................................... 37 

2.3.2 Experimental Investigations ................................................................................................... 39 

2.3.3 Performance Analysis ............................................................................................................ 41 

2.4 Coupled System...................................................................................................... 45 

2.5 Literature Review Summary .................................................................................. 47 

2.6 Thesis Main Work .................................................................................................. 49 

3. EXPERIMENTAL DESIGN AND CONSTRUCTION .............................................. 50 

3.1 Objectives ............................................................................................................... 50 

3.2 The Principle of the Experiment System................................................................ 52 



vi 

 

3.3 Measurement of the Weather ................................................................................. 54 

3.4 Earth-to-Air Heat Exchanger ................................................................................. 56 

3.5 Solar Energy Research Test Facility ...................................................................... 63 

3.6 Solar Collector........................................................................................................ 66 

3.7 Solar Chimney ........................................................................................................ 71 

3.8 Summary ................................................................................................................ 74 

4. INSTRUMENTATION CALIBRATION AND UNCERTAINTY ANALYSIS ....... 75 

4.1 Measuring Instruments ........................................................................................... 75 

4.1.1 Temperature Measurement .................................................................................................... 75 

4.1.2 Airflow Measurement ............................................................................................................ 76 

4.1.3 Soil Moisture Measurement ................................................................................................... 78 

4.1.4 Relative Humidity Measurement ........................................................................................... 79 

4.2 Calibration of Experimental Devices ..................................................................... 79 

4.2.1 Type T Thermocouple Calibration ......................................................................................... 80 

4.2.2 Air Velocity Transmitters Calibration ................................................................................... 86 

4.2.3 Relative Humidity Sensors Calibration .................................................................................. 89 

4.3 Data Acquisition and Logging ............................................................................... 92 

4.4 Experimental Uncertainty Analysis ....................................................................... 93 

4.4.1 Temperature Measurement Uncertainty ................................................................................. 94 

4.4.2 Flow Rate Measurement Uncertainty .................................................................................... 96 



vii 

 
4.4.3 Cooling Capacity Uncertainty ................................................................................................ 99 

4.5 Summary .............................................................................................................. 100 

5. EXPERIMENTAL RESULTS................................................................................... 101 

5.1 Overview .............................................................................................................. 101 

5.2 Undisturbed Underground Soil Testing ............................................................... 104 

5.3 Performance Analysis of the Coupled System and EAHE .................................. 108 

5.3.1 Thermal comfort analysis of the coupled system ................................................................. 109 

5.3.2 Cooling Capacity Calculation Method ................................................................................. 120 

5.3.3 Thermal Performance Analysis of the Coupled System and EAHE .................................... 126 

      5.3.3.1 Thermal Performance Analysis of 2008 Natural Airflow Test ................................... 129 

      5.3.3.2 Thermal Performance Analysis of 2009 Forced Airflow Test .................................... 138 

5.4 Earth-to-Air Heat Exchanger and the Effect on Air and Soil .............................. 146 

5.4.1 Earth-to-Air Heat Exchanger and the Effect on Air ............................................................. 147 

5.4.2 Earth-to-Air Heat Exchanger and the Effect on Soil............................................................ 149 

5.5 Solar Chimney Driving Force .............................................................................. 154 

5.6 Summary .............................................................................................................. 159 

6. CONCLUSIONS AND RECOMMENDATIONS .................................................... 160 

6.1 Conclusions .......................................................................................................... 160 

6.2 Recommendations ................................................................................................ 164 

REFERENCES .............................................................................................................. 166 



viii 

 

APPENDCIES ............................................................................................................... 171 

Appendix, A: CALCULATED AND MEASURED DATA ..................................... 171 

Appendix, B: INSTRUMENTATION DATA SHEET ............................................. 181 

Appendix, C: TEST FACILITY BUILDING COOLING LOAD DESIGN ............. 191 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF TABLES 

Table 5-1 – Undisturbed Underground Soil (UUS) Temperatures Statistics  ............................................ 107 

Table 5-2 – Indoor Environmental Conditions for 2008 Natural Airflow Test ......................................... 113 

Table 5-3 – Indoor Environmental Conditions for 2009 Natural Airflow Test ......................................... 116 

Table 5-4 – Indoor Environmental Conditions for 2009 Forced Airflow Test .......................................... 119 

Table 5-5 – The Atmospheric Air Condition Constants .......................................................................... ..126 

Table 5-6 – Main Design Calculated Values ........................................................................................... ..128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF FIGURES 

Fig. 3-1 – A photographic picture of the Solar Energy Research Test Facility- Four components ............. 52 

Fig. 3-2 – Schematic diagram of the cooling process by the coupled system ............................................. 53 

Fig. 3-3 – EAHE slanted inlet covered with mesh screen. .......................................................................... 57 

Fig. 3-4 – EAHE outlet equipped with a manual damper and fixtures to mount a fan ................................ 57 

Fig. 3-5 – Perforated PVC water pipe – for moisturizing the soil surrounding the EAHE. ........................ 58 

Fig. 3-6 – EAHE sand bed, dirt cover, and perforated PVC water pipe ...................................................... 58 

Fig. 3-7 – Sensor locations inside and outside the EAHE ........................................................................... 60 

Fig. 3-8 – EAHE cross section at 30’ sensors location – 2008 testing period ............................................. 61 

Fig. 3-9 – EAHE cross section at 30’ sensors location – 2009 testing ........................................................ 62 

Fig. 3-10 – The Solar Energy Research Test Facility building floor plan – (Including various sensor 

locations) ..................................................................................................................................................... 65 

Fig. 3-11 – Two snapshots of the testing facility building at different seasons ........................................... 66 

Fig. 3-12 – A cross section view of the solar collector and the Solar Energy Research Test Facility-solar 

collector connection pipe ............................................................................................................................. 68 

Fig. 3-13 (a) – Solar collector re-construction (replacing the rotten wood and adding R-5 Insulation to the 

bottom side .................................................................................................................................................. 68 

Fig. 3-13 (b) – Solar collector re-construction (sealing the corners and separations with black tar and 

painting the inner sides in black .................................................................................................................. 68 

Fig. 3-13 (c) – Solar collector re-construction (black painted interior) ....................................................... 69 

Fig. 3-13 (d) – Solar collector (After renovation) ....................................................................................... 69 

Fig. 3-14 – A schematic diagram of the solar collector – including the thermocouple sensors locations ... 70 



xi 

 
Fig. 3-15 – A schematic diagram of the solar chimney – including the thermocouple sensors names and 

locations ...................................................................................................................................................... 72 

Fig. 3-16 (a) – Solar chimney snapshot (strengthening wires) .................................................................... 73 

Fig. 3-16 (b) – Solar chimney snapshot (holding base) ............................................................................... 74 

Fig. 4-1 –  Type T thermocouple wire ......................................................................................................... 76 

Fig. 4-2 – Air velocity transmitters ............................................................................................................. 77 

Fig. 4-3 – Left: Soil moisture sensor and Right: Moisture sensors data logger ........................................... 78 

Fig. 4-4 – Outdoor and indoor humidity sensors ......................................................................................... 79 

Fig. 4-5 (a) – Thermocouple calibration – water boiling point measurement ............................................. 81 

Fig. 4-5 (b) – Thermocouple calibration – water freezing point measurement ........................................... 81 

Fig. 4-6 – The computer room thermocouple calibration curve .................................................................. 82 

Fig. 4-7 (a) – Time series comparison between the TC and HDL OA-Temperatures ................................. 83 

Fig. 4-7 (b) – Direct comparison between the TC and HDL OA-Temperatures ......................................... 83 

Fig. 4-8 (a) – Time series comparison between the TC and HDL RA-Temperatures ................................. 84 

Fig. 4-8 (b) – Direct comparison between the TC and HDL RA-Temperatures ......................................... 84 

Fig. 4-9 (a) – Time series comparison between the TC and HDL SA-Temperatures .................................. 85 

Fig. 4-9 (b) – Direct comparison between the TC and HDL SA-Temperatures .......................................... 85 

Fig. 4-10 (a) – Airflow – current relationship for air velocity sensor AF1-A ............................................. 87 

Fig. 4-10 (b) – Airflow – current relationship for air velocity sensor AF1-B ............................................. 88 

Fig. 4-10 (c) – Airflow – current relationship for air velocity sensor AF2 ................................................. 88 

Fig. 4-11 (a) – Time series comparison between RA-RH% of RH-sensor & HDL .................................... 90 

Fig. 4-11 (b) – Direct comparison between the RA-RH% of RH-sensor & HDL ....................................... 90 



xii 

 
Fig. 4-12 (a) –Time series comparison between SA-RH% of RH-sensor &HDL ....................................... 91 

Fig. 4-12 (b) – Direct comparison between SA-RH% of RH-sensor and HDL ........................................... 91 

Fig. 4-13 – Thermocouple deviations from the FLUKE values .................................................................. 95 

Fig. 4-14 (a) – Air velocity transmitter AF1-A readings deviations (scatter).............................................. 97 

Fig. 4-14 (b) – Air velocity transmitter AF1-B readings deviations (scatter).............................................. 98 

Fig. 4-14 (c) – Air velocity transmitter AF2 readings deviations (scatter) .................................................. 98 

Fig. 5-1 – The undisturbed underground soil (UUS) temperature profiles over the course of the year 2008

 ................................................................................................................................................................... 106 

Fig. 5-2 – Acceptable Range of Indoor Thermal Environmental Conditions (ASHRAE standard 55-2004)

 ................................................................................................................................................................... 110 

Fig. 5-3 (a) – Indoor-Outdoor Temperatures of 2008 Natural Airflow Test ............................................. 111 

Fig. 5-3 (b) – Indoor-Outdoor Relative Humidity of 2008 Natural Airflow Test ..................................... 112 

Fig. 5-3 (c) – Indoor-Outdoor Humidity Ratios of 2008 Natural Airflow Test ......................................... 112 

Fig. 5-4 (a) – Indoor-Outdoor Temperatures of 2009 Natural Airflow Test ............................................. 114 

Fig. 5-4 (b) – Indoor-Outdoor Relative Humidity of 2009 Natural Airflow Test ..................................... 115 

Fig. 5-4 (c) – Indoor-Outdoor Humidity Ratios of 2009 Natural Airflow Test ......................................... 115 

Fig. 5-5 (a) – Indoor-Outdoor Temperatures of 2009 Forced Airflow Test .............................................. 117 

Fig. 5-5 (b) – Indoor-Outdoor Relative Humidity of 2009 Forced Airflow Test ...................................... 118 

Fig. 5-5 (c) – Indoor-Outdoor Humidity Ratios of 2009 Forced Airflow Test .......................................... 118 

Fig. 5-6 (a) – EAHE Total Cooling Capacity (2008 Natural Airflow Test) .............................................. 129 

Fig. 5-6 (b) – EAHE Sensible Cooling Capacity (2008 Natural Airflow Test) ......................................... 130 

Fig. 5-6 (c) – EAHE Latent Cooling Capacity (2008 Natural Airflow Test) ............................................ 130 

Fig. 5-7 (a) – Coupled System Total Cooling Capacity (2008 Natural Airflow Test) ............................... 132 



xiii 

 
Fig. 5-7 (b) – Coupled System Sensible Cooling Capacity (2008 Natural Airflow Test) ......................... 133 

Fig. 5-7 (c) – Coupled System Latent Cooling Capacity (2008 Natural Airflow Test) ............................. 133 

Fig. 5-8 – EAHE – Coupled System Total Cooling Capacity Comparison (2008 Natural Airflow Test) . 135 

Fig. 5-9 – Coupled System Total Cooling Capacity – Natural Airflow Rate Comparison (2008 Natural 

Airflow Test) ............................................................................................................................................. 136 

Fig. 5-10 – Coupled System Sensible Cooling Capacity – Outdoor Air Temperature Comparison (2008 

Natural Airflow Test) ................................................................................................................................ 136 

Fig. 5-11 – Coupled System Latent Cooling Capacity – Outdoor Air Relative Humidity Comparison (2008 

Natural Airflow Test) ................................................................................................................................ 137 

Fig. 5-12 (a) – EAHE Total Cooling Capacity (2009 Forced Airflow Test) ............................................. 138 

Fig. 5-12 (b) – EAHE Sensible Cooling Capacity (2009 Forced Airflow Test) ........................................ 139 

Fig. 5-12 (c) – EAHE Latent Cooling Capacity (2009 Forced Airflow Test) ........................................... 139 

Fig. 5-13 (a) – Coupled System Total Cooling Capacity (2009 Forced Airflow Test) ............................. 141 

Fig. 5-13(b) – Coupled System Sensible Cooling Capacity (2009 Forced Airflow Test) ......................... 141 

Fig. 5-13 (c) – Coupled System Latent Cooling Capacity (2009 Forced Airflow Test) ............................ 142 

Fig. 5-14 - EAHE – Coupled System Total Cooling Capacity Comparison (2009 Forced Airflow Test). 143 

Fig. 5-15 – Coupled System Total Cooling Capacity – Forced Airflow Rate Comparison (2009 Forced 

Airflow Test) ............................................................................................................................................. 144 

Fig. 5-16 – Coupled System Sensible Cooling Capacity – Outdoor Air Temperature Comparison (2009 

Forced Airflow Test) ................................................................................................................................. 145 

Fig. 5-17 – Coupled System Latent Cooling Capacity – Outdoor Air Relative Humidity Comparison (2009 

Forced Airflow Test) ................................................................................................................................. 145 

Fig. 5-18 – EAHE Air Temperature Profiles at 4 Different Locations (2008 Natural Airflow Test) ........ 147 



xiv 

 
Fig. 5-19 – Airflow Rate – Air Temperature Profiles at 4 Different Locations during 2009 Forced Airflow 

Test ............................................................................................................................................................ 148 

Fig. 5-20 – 2009 – Underground Reference – Outdoor Air Temperatures ................................................ 149 

Fig. 5-21 – Airflow Rate  – Underground Temperature profile at 30 ft from the Test Facility Building (2009 

Entire Testing Period) ............................................................................................................................... 150 

Fig. 5-22 – Outdoor Air Temperature and Underground Temperature Profiles at 6 Inches above and next to 

the EAHE (2009 Entire Testing Period) .................................................................................................... 152 

Fig. 5-23 – Coupled System and EAHE Total Cooling Capacities – Underground Temperature profile at 

30ft away from the Test Facility Building during the 2009 Forced Airflow Test ..................................... 153 

Fig. 5-24 – Outdoor Air Temperature – EAHE Airflow Rate during 2008 Natural Airflow Test ............ 154 

Fig. 5-25 – Comparison between the Outdoor Air and Chimney air Temperatures .................................. 155 

Fig. 5-26 – Chimney Temperature and the Airflow Rates Comparison .................................................... 157 

Fig. 5-27 – Chimney Temperature – Coupled System Total Cooling Capacity Comparison .................... 157 

 

 

 

 

 

 

 

 



xv 

 

NOMENCLATURE  

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

Btu British Thermal Units 

°C Degree Calicoes 

 Constant-Pressure Specific Heat of Air, Btu/(lbm-°F) [J/(kg-K)] 

CFM Cubic Feet per Minute 

 EAHE Supply Air Mass Flow Rate, ft3/min 

EAHE Earth-to-Air Heat Exchanger 

e Error 

einstrument Uncertainty of a Specific Measuring Instrument 

en Uncertainty Interval in the nth Variable 

eR Uncertainty Interval in the Results 

eref Precision Error of the Reference Measuring Instrument 

estab Stable Bias Error Between the Reference and Measuring Instrument 

 Thermocouple Average Measurement Error 

 Airflow Transmitter Average Measurement Error 

 Uncertainty of the Calculated Sensible Cooling Capacity 

°F Degree Fahrenheit 

ft Feet 

ft3 Cubic Feet 

HVAC Heating, Ventilation and Air-Conditioning 



xvi 

 

 Enthalpy of Vaporization Btu/lbm (J/kg) 

hr Hour 

 Outdoor Air Enthalpy, Btu/lbm (J/kg)  

 Room  Air Enthalpy, Btu/lbm (J/kg)  

 Supply Air Enthalpy, Btu/lbm (J/kg)  

in.H2O Inch Water 

J Joule 

K Degree Kelvin 

kg Kilogram  

kJ Kilo Joule  

lbm Pound-Mass 

Max. Maximum 

Min Minimum 

m3 Cubic Meter 

mAmps. Milliampere 

min Minute 

 Mass Flow Rate of Airflow, lbm/hr (kg/s  

 Mass Flow Rate of Water Condensation/Vaporization, lbm/hr (kg/s  

OAT Outdoor Air Temperature, °F (°C) 

 Volume Flow Rate of Airflow, ft3/hr (m3/s) 

 ate of Latent Cooling Heat Transfer, Btu/hr (W) 

 Btu/hr (W) 



xvii 

 

Btu/hr (W) 

R Calculated Results 

RAT Room/Indoor Air Temperature, °F (°C) 

Ref. Reference 

RH% Relative Humidity Percentage 

s Second 

SAT Supply Air Temperature, °F (°C) 

T Temperature, °F (°C) 

 Outdoor Air Temperature, °F (°C) 

 Average Room  Air Temperature, °F (°C) 

 EAHE Supply Air Temperature, °F (°C) 

UUS Undisturbed Underground Soil 

W Watt 

 Specific Density of Air, lbm/ft3 (kg/m3) 

 Specific Volume of Air, ft3/lbm (m3/kg) 

 Outdoor Air Humidity Ratio 

 Room  Air Humidity Ratio 

 EAHE Supply Air Humidity Ratio 

 Enthalpy Difference, Btu/lbm (J/kg) 

 Temperature Difference, °F (K) 

 Humidity Ratio Difference 



1 

 

Chapter, 1 

INTRODUCTION 

The energy crisis in the early 70’s increased the whole worlds’ awareness of the 

possible depletion of non-renewable energy sources (i.e. fossil fuels) and the inevitability 

of finding other alternatives. In the mean time it has been found that using fossil fuels has 

a huge impact on the environment, and the human health and well being.  

One of those environmental impacts is the emission of greenhouse gases (GHG) 

(e.g. carbon dioxide CO2) which is responsible for many other serious environmental 

issues (e.g. climate change, global warming, and water and air pollution). These 

emissions are consequently affecting human health and the ecosystems.  

According to the U.S. Environmental Protection Agency (EPA), fossil fuel 

burning is responsible for 64% of the increased amounts of carbon dioxide (CO2) in the 

atmosphere since 1850. It is worth mentioning that in the United States carbon dioxide 

CO2 emissions represents 82.7% of the total greenhouse gases (GHG) emissions. 

According to the U.S. Energy Information Administration’s (EIA1, 2008) annual energy 

review report for/of (2008), North America produces almost 24% of the world’s annual 

carbon dioxide (CO2) emissions while the Unites States alone produces 20.2%. 

In addition to the fact that the fossil fuels will be depleted in the near future and 

have negative environmental effects, its prices have been increasing lately. The U.S. 

Department of Energy - EIA annual energy review report for (2008) show that the fossil 

fuel and the electricity prices have been increasing since 1999.  

                                                           
1
 The U.S. Energy Information Administration (EIA) is a section of the U.S. Department of Energy (DOE). 
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All of these reasons; non-renewable energy sources depletion, the environmental 

impact of fossil fuels, and the increase in energy prices with the current global 

economical recession that started in the late 2000’s, have stimulated countries around the 

world to increase their energy savings by reducing their energy consumption and utilizing 

renewable energy sources with a belief that the “renewable energy can play an important 

role in meeting the ultimate goal of replacing large parts of fossil fuels (Chel and Tiwari, 

2009). 

Accordingly, researchers around the world started to investigate the possible 

alternative solutions. In doing so, the major energy consuming sectors have been 

investigated and it was found that the building sector consumes about 70% of the annual 

electrical energy consumption and 41% of the annual primary energy usage. It has also 

been found that electricity represents 40% of the total energy consumed by households. It 

is worth mentioning that the United States is the number one country in the world in 

terms of energy production, while it consumes 33.8% more than what it actually produces 

(DOE/EIA annual energy review for 2008). 

On the other hand statistics show that renewable energy contributes only by 7% in 

the total annual primary energy production in the United States and only by 1.5% of the 

annual primary energy production in the whole world. It is also found that only 7% of the 

total energy consumed by the building sector comes from renewable energy sources 

(DOE/EIA annual energy review for 2008).  

It is very clear from the above statistics that the building sector is one of the 

biggest non-renewable energy consuming sectors that are not utilizing much of the 

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

utilizing renewable energy sources. 

It should be mentioned that one of the main building sector components that 

consumes most of its energy is the conventional Heating Ventilation and Air-

Conditioning (HVAC) systems. The conventional HVAC system consists of a cooling 

coil that receives its cooling capacity from a mechanical chiller, and an electrical fan 

which drives the air through the system and consequently to the end user. Both the 

mechanical chiller and the electrical fan are non-renewable energy consumers as they are 

both electrically driven.  

For this reason, the research presented in this thesis focuses on utilizing two 

means of renewable energy sources (namely geothermal and passive solar energy) to 

provide a natural, feasible, alternative for the cooling and ventilation of residential and 

commercial buildings. This alternative will help reduce the non-renewable energy 

consumption. The developed solar driven underground cooling system aims to eliminate 

the electricity usage by replacing the cooling coil with an earth-to-air heat exchanger 

(EAHE) and replacing the fan by a solar chimney, thus, reducing the peak summer loads 

in buildings using an environmentally friendly system that utilizes renewable energy.   

A full scale experimental setup was installed in the early 90’s at the Solar Energy 

Research Test Facility utilizing an earth-to-air heat exchanger which was later coupled to 

a solar chimney by a long buried 188 foot (57 m) EAHE to create a cool draft into the test 

facility. The test results show that the coupled system can provide acceptable indoor 

thermal environmental comfort conditions during the natural airflow test, complying with 

the American Society of Heating, Refrigerating, and Air-Conditioning Engineers 



4 

 

(ASHRAE) standard 55-2004 for thermal comfort. Moreover, it provided 0.63 tons of 

cooling, which almost covered the building design cooling load (0.8 tons, extreme 

condition). On the other hand, although the coupled system during the forced airflow 

mode could not comply with ASHRAE standard 55-2004, it provided 1.27 tons of 

cooling which is even more than the building load requirements. The underground soil 

proved to be a good heat sink at a depth of 9.5ft, where its temperature fluctuates in the 

range of (46.5°F-58.2°F), although it experienced thermal saturation during the forced 

airflow mode due to the oversized fan. The fan extracted much more airflow than the 

EAHE ability for heat dissipation and the underground soil for heat absorption. In 

conclusion, the coupled system proved to be a feasible cooling system, which could be 

further improved with a few design recommendations. 
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Chapter, 2 

LITERATURE REVIEW 

2.1 Introduction 

The probability of fossil fuels depletion in the near future, as well as increasing 

prices during the last decade and negative environmental impacts, created a big trend 

among the scientists and researchers to study ways to reduce the usage of the non-

renewable energy sources (i.e. fossil fuels). Therefore, much effort has been put into 

investigating the possibility of utilizing the renewable energy sources, which are 

believed to play an important potential role in meeting the ultimate goal of replacing 

large parts of fossil fuel (Chel and Tiwari, 2009).  

Accordingly, much research has been conducted, especially on the building 

sector, as it is one of the biggest energy consuming sectors in the United States, to 

investigate the capability of utilizing different low cost and environmentally friendly 

renewable energy sources to substitute for fossil fuels.   

In this research, two of these renewable energy sources have been further 

investigated. The first renewable energy source to be investigated in the current 

research is the geothermal energy. According to the American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE), the geothermal energy is 

defined as “the thermal energy within the earth’s crust – the thermal energy in rock 

and fluid (water, steam or water containing large amounts of dissolved solids) that 

fills the pores and fractures within the rock, and sand and gravel” (ASHRAE, 1999).  
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This renewable energy source (i.e. geothermal energy) has been a point of 

attraction for different generations in different eras. There have been many attempts 

since ancient times to utilize the geothermal energy for different purposes. Many 

ancient peoples including the Romans, Chinese, and Native Americans, used hot 

mineral springs for bathing, cooking and heating. Today, water from hot springs is 

used worldwide in spas, for heating buildings, and for agricultural and industrial uses 

(BOEMRE, 2004). 

One of the main reasons that attracted the researchers today to investigate the 

possibility of utilizing the geothermal energy is the relatively stable temperature of 

the ground (i.e. soil) at the depth of about 13ft (4m) (Ghosal, et al., 2004; Shukla, et 

al., 2006; Zhang and Haghighat, 2009). This relatively stable underground 

temperature is related to the high thermal inertia of the underground soil that dampens 

the temperature fluctuations at the ground surface exposed to the external climate, 

deeper in the ground (De Paepe and Janssens, 2003). 

In order to utilize such a renewable energy source with the underground high 

thermal inertia, many techniques have been developed in the last few decades such as 

Ground Source Heat Pumps (GSHP), Earth-to-Air Heat Exchangers (EAHE), etc.  

One of the main goals of this research is studying the performance of an EAHE 

for the purpose of cooling residential and commercial buildings. 

In order to understand what is an EAHE and how this technique utilizes the 

geothermal energy to cool residential buildings, the EAHE system will be illustrated. 

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

al., 1997) in which hot ambient air during summer time is drawn through one end of 
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the pipe (inlet) and migrates to the other end (outlet) which is connected to the 

building to be cooled. While the hot air migrates from the inlet side to the outlet side 

of the EAHE, heat is dissipated from the air to the earth due to the low earth 

temperature (Bansal, et al., 2009a). It is worth mentioning that the capability of using 

the EAHE for heating of buildings during the winter time has been investigated by 

different researchers as well (Mihalakakou, et al., 1996a; Mihalakakou, et al., 1996b; 

Mihalakakou, 2003; Bansal, et al., 2009b). 

Showing a desire to further understand the EAHE system, the contemporary 

research work on EAHE will be discussed on the “Earth-to-Air Heat Exchanger” 

section of this chapter with more details on the different levels of study (e.g. 

mathematical modeling, experimental validation and Performance analysis) that have 

been conducted in the last few decades. 

The other renewable energy source to be investigated in the current research is 

passive solar energy. According to the United States Environmental Protection 

Agency (EPA) the solar energy is defined as “Energy from the sun, also known as 

solar radiation and short-wave radiation. Solar energy includes ultra-violet radiation, 

visible radiation, and infra-red radiation”. Utilizing the solar energy requires a 

collector to collect the solar energy, a medium (e.g. air or water) to distributer or 

transfer the energy from the collector to the end users. It is worth mentioning that 

some systems require converters to convert the solar energy to another form of 

energy (e.g. Photovoltaic (PV) that converts the solar energy to electrical energy) and 

storage system (e.g. charging batteries or thermal mass walls). 
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There are two main strategies in utilizing the solar energy for heating and cooling 

of buildings called “Active Solar Systems” and “Passive Solar Systems”. According 

to ASHRAE an active solar system is one that uses either liquid or air as the collector 

fluid and has constant access to non-renewable energy, generally in the form of 

electricity, to operate pumps and fans (ASHRAE, 1999). A passive solar system is 

defined as a system that works without the use of fans, pumps, or complex collectors 

to collect, store, and redistribute solar energy (Lechner, 2001). In other words, it is a 

system that functions with little, if any, nonrenewable energy (ASHRAE, 1999). 

Many civilizations have attempted to use the solar energy in different ways and for 

various purposes. The ancient Greeks used the sun to heat their homes, while the 

Romans used glass in their windows sometime around 50 A.D. to make a heat trap 

for the solar energy to increase the efficiency of heating their homes and baths. The 

seventeenth century in Northern Europe saw a revival for solar heating while the 

eighteenth century became known as the “Age of greenhouses2”. Aside from these 

early examples, utilizing the sun for heating of homes was slowly progressing until 

the 1930s when the potential of solar energy started to be explored by a number of 

different American architects especially in designing what is called “solar homes” 

(Lenchener, 2001). In the recent days, different techniques have been developed to 

utilize the active/passive solar energy (e.g. the Photovoltaic (PV) and solar chimney).  

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

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

                                                           
2
 A greenhouse is a building with glass walls and roof; for the cultivation and exhibition of plants under 

controlled conditions. (http://wordnetweb.princeton.edu) 
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energy) for the purpose of reducing the temperature inside the buildings as well as 

providing natural ventilation. 

In order to understand what is a solar chimney and how this technique utilizes the 

passive solar energy to cool and ventilate residential buildings, the solar chimney 

system will be illustrated. 

The solar chimney is a vertical or inclined air channel where its bottom end is 

connected to the building to be cooled and ventilated. This air channel generates air 

movement by buoyancy forces and stack ventilation3, drawing cooler air through the 

building in a continuous cycle in which hot air rises and exits from the top of the 

chimney (Bacharoudis, et al., 2007). In other words, a solar chimney is a natural draft 

device which utilizes energy produced by solar radiation to build up stack pressure, 

consequently, driving airflow through the chimney (Chen, et al., 2003). 

To further understand the solar chimney system; a literature review on the  

contemporary research work that have been conducted in the last few decades on the 

solar chimney will be discussed on the “Solar Chimney” section of this chapter. 

These two techniques (i.e. EAHE and solar chimney) are further investigated in 

this research to study the capability of developing an environmentally friendly and 

energy saving system that could provide cooling for residential buildings during hot 

summer days to reduce the current summer electrical peak loads in the United States. 

The following three sections of this chapter provide a literature review for the Earth-

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

                                                           
3
 Stack ventilation is cause by stack pressure or buoyancy at an opening due to variation in air density as a 

result of temperature difference across the opening (Nugroho, et al., 2006). 
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Coupled system (i.e. EAHE coupled with Solar Chimney). They are followed by two 

sections providing a summary for the literature review as well as the main objective 

of this research and how it contributes to the science and the literature. 

2.2  Earth-to-Air Heat Exchanger  

Many researchers have studied the EAHE from different points of view, some 

focused on developing mathematical models to predict the performance on an EAHE, 

and others conducted different types of experiments to evaluate the heating/cooling 

potential of an EAHE, as well as understanding the main parameters that affects its 

design. These different views of studying the EAHE are presented in the following 

sub-sections. 

2.2.1 Mathematical Modeling 

Different mathematical models have been developed to describe the 

performance of an EAHE; some of these models are analytical where the 

differential equations that describe the system can be solved directly.  Other 

models are numerical where they use some sort of numerical time-stepping 

procedure to obtain the models behavior over time and provide an approximate 

solutions for the equations (SERC, 2010). In this section, the different types of 

models that have been developed in the last few decades are presented. 

2.2.1.1 Analytical Models 

One of the early models presented treated the EAHE as a cylindrical two 

dimensional heat transfer problem. In doing so, a single cylindrical tube has 

been simulated in this model taking into account different parameters such as 
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ambient air temperature, air velocity inside the tube, the tube radius and the 

air traveled distance along the length of the tube. Though this model is 

considered a very good beginning for EAHE modeling, it only considered the 

sensible heat transfer of air to the soil without taking into account the latent 

heat transfer (Chen et al., 1983b; Newman, 1983). 

Another model treated the inlet air temperature (i.e. ambient temperature) 

to the EAHE as a harmonic periodic sinusoidal input. In this model, a 

cylindrical EAHE with adiabatic/isothermal boundary conditions submitted to 

constant airflow with harmonic temperature signal has been simulated. Based 

on that model it has been shown that depending on its thickness, the soil layer 

could induce either an amplitude-dampening or phase-shifting regimes. It is 

shown that during the summer time for a thin soil layer that submitted to an 

adiabatic boundary condition, it is possible to completely phase-shift the 

periodic input while barely dampening its amplitude (Hollmuller, 2003). 

Though this model is considered a precise analytical model that took into 

consideration both the steady state as well as the periodic state heat transfer in 

the EAHE, it did not take into consideration the latent heat transfer and the 

natural airflow (buoyancy or wind). 

A different model that aimed to simplify the EAHE problem and bringing 

it out of the academic world to make it easy to use by designers considered the 

EAHE problem as a mere heat exchanger. In doing so, some of the model 

inputs parameters are considered as known designed requirements (i.e. air 

mass flow rate inside the tube and the outlet temperature of the tube T air, out) 
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while other input parameters are considered as given climatic conditions (i.e. 

the tube inlet temperature T air, in and the ground temperature). In this way, the 

EAHE problem is reduced to determining the size of the tube (i.e. Tube length 

L and diameter D) once the number of tubes to be used is known. Now the 

EAHE model became a simple one-dimensional analytical model instead of 

the two-/three-dimensional models previously presented by other researchers. 

This model can help in evaluating the thermo-hydraulic performance of the 

EAHE through using the Number of Transfer Units (NTU) and the heat 

exchanger effectiveness method (De Paepe and Janssens, 2003). 

In his model, Al-Ajmi (2006) separated the soil temperature model from 

the EAHE model. Where the first is used to mathematically model the annual 

sub-surface soil temperature based on heat conduction theory applied to a 

semi-infinite homogenous solid, the second model uses the subsoil 

temperature (predicted from the first model) as a boundary condition input to 

model a circular ground cooling pipe (i.e. EAHE) as a cross–flow heat 

exchanger with one fluid unmixed (i.e. air) in order to predict the EAHE 

outlet temperature as well as its cooling potential. Using these models several 

new parameters have been taken into consideration (e.g. the soil annual 

temperature fluctuations) (Al-Ajmi, et al., 2006). 

This model is considered as a simple practical model to be used by 

designers though it only considered the forced air flow without taking into 

consideration the natural airflow (buoyancy or wind). 
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In addition to the above mentioned methods used by different researchers 

to develop an analytical model to describe the EAHE system, the energy 

balance equations have been also used as a way of modeling an EAHE 

coupled with a greenhouse. First, the energy balance equations were used to 

determine the stored energy within the ground, thereby the earth’s surface and 

subsurface temperatures. Here, the solar energy absorbed at the soil surface is 

balanced with the heat losses by the outgoing long wave radiations and the 

convective heat exchange with the ambient air mass. Second, another set of 

energy balance equations were used to predict (determine) the heating and 

cooling potential of the EAHE, thereby finding the temperature inside the 

greenhouse. In doing so, the energy conducted and radiated from greenhouse 

walls, floor and EAHE is balanced with the heat gained/lost from/to the air 

inside the greenhouse and the ambient air. Using this detailed analytical model 

the heating and cooling potential of an EAHE coupled with a green house was 

evaluated. Moreover, studies of the effect of the different EAHE parameters 

on the system performance have been conducted. The model has been 

validated against experimental data. And the proximity of the measured and 

predicted data was verified using the coefficient of correlation (cr) and root 

mean square percent deviation (er), which showed fair agreement (Ghosal and 

Tiwari, 2006). 

In another study, a more detailed analytical model that utilizes the energy 

balance equations for describing the EAHE system has been used. In this 

model, more parameters have been taken into consideration. For example, the 
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annual soil temperature variations due depth and time, the soil convective heat 

transfer, the solar radiation absorbed by the ground, the long wave radiation 

emitted from the ground surface, and finally the latent heat loss due to 

evaporation. The energy balance among these parameters was implemented on 

an analytical model to determine the soil temperature profile as a function of 

time and depth. In the mean time a two dimensional heat transfer equations 

were used to describe the heat transfer between ambient air, soil, EAHE and 

air inside the pipe. An overall heat transfer coefficient using the thermal 

resistance concept was used to facilitate driving the equations of the EAHE 

model. Using these two models, investigations on the effect of some 

parameter (e.g. EAHE length, radius, depth and airflow) on the EAHE have 

been conducted (Lee and Strand, 2006). Though the model has taken into 

considerations many parameters, it should be noted, however, that it would 

have been better if the model has been validated against experimental data and 

included latent heat exchange within the air inside the pipe (Thevenard, 2007).  

2.2.1.2 Numerical Models 

Since numerical models are easier to be programmed and sometimes more 

powerful than analytical models, many researchers preferred to develop 

numerical models to describe the performance of the EAHE system, though 

they only provide an approximate solution for the problem.  

Different numerical models utilized different numerical methods (e.g. 

Finite Difference and Computation Fluid Dynamics (CFD) to simulate an 

EAHE system.  
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Some of these models utilized the finite difference method to simulate the 

performance of an EAHE. One of the early models that used the finite 

difference method to simulate the EAHE considered the system as a transient 

axi-symmetric system. This model presents an accurate transient model based 

on coupled and simultaneous transfer of heat and mass into the soil and 

circulating air. In this model, the humidity variations of the circulating air, the 

natural thermal stratification of the ground, latent and sensible heat transfer 

and ground surface conditions have been taken into consideration. The model 

has been validated against experimental data and showed that it could 

accurately predict the tube extracted temperature variations along the length 

with an error range of (±1.6%) (Kumar, et al., 2003). 

Another model that utilized the finite difference method to solve the 

EAHE modeling equations treated the heat transfer inside the EAHE system 

as fully three-dimensional heat diffusion in soil with a flexible border 

conditions. This model has accounted for sensible as well as for latent heat 

exchanges (Hollmuller and Lachal, 2005). Though the predicted data showed 

a very good agreement with the analytical model (previously presented by: 

Hollmuller, 2003), its agreement with the experimental results were not as 

good. 

In this model a new idea has been presented in which the EAHE has been 

divided into “n” sections perpendicular to the exchanger pipe where the heat 

conduction problem of each section has been solved using the response factor 

method in order to reduce the computational time. Each response factor is 
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calculated using a finite element program that solves 2D conduction problem 

(Tittelein, et al., 2009). Though this model would save the computational time 

when simulating a single pipe EAHE system, it has been found to be time 

consuming when simulating a multi-pipe EAHE system. It could have been 

better if it took into consideration the axial conduction transfers in the ground 

as well as the probability of the presence of a building near the pipe that could 

influence the ground temperature. Moreover, the model has been only 

validated against analytical models not against real experimental data. 

As some researchers have used the finite difference technique in 

simulating the EAHE performance, other has used the Computational Fluid 

Dynamics (CFD) technique as well. One of the reasons behind using the CFD 

method is that it is well known to be a powerful tool in studying heat and mass 

transfer for many years. It is also worth mentioning that CFD codes are 

structured around the numerical algorithms that can tackle fluid flow 

problems. This provides numerical solutions for partial differential equations 

governing airflow and heat transfer in discretized form (Bansal, et al., 2009a). 

Accordingly, a transient and implicit numerical model, which is based on the 

CFD to predict the thermal performance and cooling/heating capacity of an 

EAHE, has been developed. The model has been validated against 

experimental data and showed good agreement though it considered air as an 

incompressible fluid. (Bansal, et al., 2009a; Bansal, et al., 2009b). 

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

EAHE, considered a square section heat exchanger. In that model, a two layer 
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turbulent method has been used to investigate the airflow and the thermal 

behavior in large ducts. Using this model, it has been claimed that large cross-

section area EAHE have been found to be more efficient than conventional 

small ones (Zhang and Haghighat, 2009). 

As the Artificial Neural Network (ANN) systems have been shown to 

present the capacity of modeling complex non-linear processes to arbitrary 

degrees of accuracy, newly developed intelligent numerical techniques (i.e. 

Artificial Neural Networks and Genetic Algorithms) have been also used to 

simulate the EAHE system. 

ANNs imitate the learning process of a biological brain. Through the 

learning (training) process, the neural network understands the underlying 

functional relationships in the loaded data. The date is stored as inter-neuron 

connection strengths or synoptic weights (Kumar, et al., 2006). These 

computing systems attempt to simulate the structure and function of biological 

neurons. The structure of the network is determined by how the inter-neuron 

connections are arranged and the nature of the connections (cited after: 

Mihalakakou, 2003). The intelligent techniques do not require as many input 

parameters as the ordinary numerical models. A neural network approach was 

used for estimating the thermal performance of the system in heating of the 

city of Athens. In this model, a back-propagation algorithm has been used to 

train the Artificial Neural Network (ANN) model developed. Though the 

ANN model showed a convenient agreement with the deterministic numerical 

model, this agreement is not considered a sufficient validation as the ANN 
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model and has not been validated against experimental data. Moreover, the 

model has only considered the heating performance (cited after: Mihalakakou, 

2003). 

As a way of simplifying the EAHE problem to help the designer to 

evaluate any aspect of EAHE and behavior of final configuration, another 

model that is based on the ANNs approach has been developed. As it is 

believed that neural network models are not programmed but are trained. 

Consequently, a deterministic model has been developed first, where the 

EAHE modeled as a transient axi-symmetric system and finite difference 

technique is used to determine temperature at subsequent nodes. This 

deterministic model accounts for humidity variations of circulating air, natural 

thermal stratification of the ground, latent and sensible heat transfer, and 

ground surface conditions, etc. Second, a neural network model based on a 

back-propagation algorithm has been developed to estimate the temperature at 

the buried pipe exit. This data driven model used ground temperatures, air 

temperature, relative humidity, ground temperature at burial depth, air mass 

flow rate, and pipe (tunnel) length as inputs. When the two models (i.e. 

deterministic and neural network) were compared, it was found that the ANN 

model predicted the outlet air temperature with and accuracy of ±2.6% while 

the deterministic model showed an error of ±5.3%. The data show that the 

ANN model could be helpful in evaluating the aspects related to the passive 

heating or cooling of buildings as well as investigating the energy potential of 
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heating and cooling of EAHE system even though the model was mode 

trained the outlet air temperature of an EAHE (Kumar, et al., 2006). 

 The genetic algorithms (GAs) are another intelligent technique that has 

been introduced to numerically model an EAHE system. It is considered to be 

a powerful technique in analyzing natural problems like EAHE and 

subsequently the thermal performance of non air-conditioned buildings. Two 

models were employed to determine the heating and cooling potential of an 

EAHE system, namely deterministic and intelligent (i.e. GA model). The 

intelligent model incorporated more accuracy than the deterministic model. It 

has been shown that the GA model could be utilized in sizing of an EAHE in a 

non air-conditioned residential building as well as calculating the outlet air 

temperature and therefore the heating and cooling potential of the EAHE 

system (Kumar, et al., 2008). Though, GA models are claimed to be used to 

simplify the design problem of an EAHE, it should be noted, however, that 

they did not find a wide acceptance among scientists and researchers as they 

are believed to have computation complexity (Deb, et al. 2000). 

Few other researchers used other numerical techniques to simulate the 

EAHE system, evaluate its heating/cooling performance as well as to aid 

designers in the design and sizing aspects of the system. For example, one of 

the numerical techniques utilized by one of the researchers is using the fourth 

order “Runge-Kutta” numerical method which is employed to solve the 

energy balance equations that have been used to describe the EAHE system 

(Chel and Tiwari, 2009).  
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Another numerical technique called “the time marching methodology4” 

has been developed at Kragujevac University in Kragujevac, Yugoslavia for 

the numerical modeling of an EAHE system. With this technique, the soil has 

been numerically divided into elementary layers where the governing relations 

for all layers form a set of linear equations that has been solved numerically 

using such a technique. Using this technique and model the technical (i.e. 

heating and cooling) performance of an EAHE coupled with a building that 

uses 100% fresh air as heating or cooling medium during winter and summer 

has been evaluated. It has been shown that the EAHE system covers a portion 

of the daily building-energy needs, especially during the summer time (Bojic, 

et al., 1997). 

 Different numerical software packages haven been also utilized to 

numerically solve the energy balance equations of an EAHE system. For 

example, an explicit numerical model which is adapted to TRNSYS5 has been 

developed to simulate the EAHE system. This model simultaneously accounts 

for both latent and sensible heat exchanges, as well as for frictional losses and 

water infiltration and flow along the EAHE tube (Hollmuller and Lachal, 

2001). 

                                                           
4
 A building simulation program developed at Kragujevac University in Kragujevac, Yugoslavia.  

5
 TRNSYS is a modular energy system simulation environment, developed by the University of Wisconsin. 

(http://sel.me.wisc.edu/trnsys/). 
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The Energy-Plus6 building performance modeling code program has been 

also used to analytically simulate the EAHE system. Using this program a 

detailed model that took into account different parameters (e.g. solar 

radiation) has been developed. Utilizing the developed model, a study of the 

effect of the EAHE system parameters on its performance have been 

conducted. Where it was found that the system performance is enhanced by 

increasing the pipe length and depth and decreasing the pipe diameter and air 

flow. It has been claimed that even though the EAHE could reduce the cooling 

loads to a certain degree, it cannot be used as a stand-alone system as it does 

not maintain thermally comfortable conditions under hot ambient conditions 

(Lee and Strand, 2006). This claim could have been considered as enough 

evidence for the poor performance of the system only if the model has been 

validated against experimental data.  

In summary, various researchers have used different mathematical models 

(e.g. analytical and numerical) that utilize distinct techniques (e.g. energy 

balance, Finite difference or ANN) to describe the performance of an EAHE 

system to help in the design aspects of an EAHE as well as in evaluating the 

system performance. 

 

 

 

                                                           
6
 Energy-Plus is a building energy simulation program developed by the Energy Efficiency & Renewable 

Energy (EERE) a section of U.S. Department of Energy (DOE). 
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2.2.2 Experimental Investigations 

Not only were the researchers concerned about the mathematical modeling and 

simulation of the EAHE system but also about the experimental study of the system. 

Accordingly, different experiments on the EAHE system, with various materials, 

sizes, types, functions, locations, experimental setups and scientific research 

objectives have been conducted around the globe.  The common major objective of 

all the experiments is to further understand the EAHE system, through investigating 

its potential for heating and cooling, understanding the main parameters that affects 

its performance, and the capability of evaluating its performance using different 

techniques (e.g. Mathematical models). 

One of the early experiments was conducted on a four open loop EAHEs at the 

University of Nebraska, with different diameters, lengths, air velocities and burial 

depths to determine the main design parameters that affect the performance of the 

system. For this set of experiments results showed that the maximum effect for an 

EAHE is heavily dependent on temperature difference between the ambient air and 

soil surrounding the tube (i.e. EAHE). It has also been found that for a constant flow 

rate, the wider the tube the better the performance, which has been attributed to the 

increase of the surface area exposed to the soil. Furthermore, the thermal performance 

of the system has been enhanced by increasing the burial depth and length of the 

EAHE as well as reducing the airflow rate, which allows for a better heat transfer 

(Chen, et al., 1983a). This kind of experimental study is usually called “Parametric 

Study” or “Sensitivity Analysis”; more attention will be given to this type of 

experiments on the section “Performance Analysis” of this chapter. 
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Other sets of experiments have been conducted through applying different 

airflows on a two identical open loop EAHEs coupled with a residential building. One 

of the pipes were made of mild steel while the other of PVC. The main objective of 

these experiments was to understand the effect of different pipe materials on the 

performance of an EAHE system during the summer and winter seasons. In these 

studies, it has been concluded that the thermal performance of the EAHE system is 

not affected by the different materials, thereby, the system installation costs could be 

reduced (Bansal, et al., 2009a; Bansal, et al., 2009b). 

In conducting the different experiments, some of the researchers built a full-scale 

experimental setup to achieve a certain scientific goal as well as to help the future 

generations in conducting further research. For example, the Passive Solar Research 

Testing Facility located in Omaha, Nebraska, includes a single open loop EAHE 

integrated with a testing building. This full-scale experimental setup has been used by 

different researchers for different scientific goals. One of these goals was to analyze 

and evaluate the performance of the EAHE when forced airflow is drawn through the 

pipe. The thermal performance has been investigated through applying various air 

flows at several ground saturation levels for a single open loop EAHE system. 

Experimental results demonstrated that the system is able to provide up to 1.5 tons of 

cooling (18,000 Btu) at a flow rate of 1600 CFM during hot summer days. It is worth 

mentioning, that the cooling performance of the system did not drop even though soil 

thermal saturation was noticed around the tube over the test period (Henkel, et al., 

2004). 
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Experiments have not been only limited to an experimental setup in research 

facilities. In fact, some experiments have been conducted on actual occupied 

buildings. As an example, an experimental study of three different EAHEs systems 

integrated with three different office building located at Hamm, Freiburg and 

Weilheim7 in Germany was conducted to characterize the efficiency of each system 

as well as to provide a standardized method of evaluating the performance of an 

EAHE system. In this study, it has been concluded that designing and evaluating the 

performance of the EAHE is a multilayered process that involves a wide range of 

criteria and ventilation demands. Therefore, evaluating the efficiency of the EAHE 

should be based on project-specific criteria. In addition, the thermal performance (i.e. 

temperature performance and energy efficiency) should be evaluated using different 

techniques (e.g. COP, energy gain, etc.). Moreover, the thermal efficiency of the 

EAHE should be taken into consideration at design decisions, as well as other design 

parameters (e.g. EAHE length, diameter, etc.). For example, the surface area for heat 

transfer of the system will be different base on whether the EAHE is aimed at a 

higher specific energy performance or at a higher temperature ratio at the design 

phase. Accordingly, a standardized method for evaluating the thermal performance of 

the EAHE based on (RT, hmean, Θ, and COP) has been developed. (Pfafferott, 2003). 

Another example is the multi-pipe EAHE systems coupled with the “Caroubier” 

multifamily and commercial building standing in the city of Geneva and the 

“Schwerzenbacherhof” commercial and administrative building located near Zurich, 

Switzerland. These two systems (i.e. experimental setups) have been utilized as 
                                                           
7
 Hamm, Freiburg and Weilheim are three different cities in Germany. 
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existing experimental setups for the validation of one of the numerical models 

developed to describe the EAHE system performance, as well as to examine the 

fundamental difference between winter pre-heating and summer cooling potential of 

buried pipe (i.e. EAHE) systems under Central European climate, where both the 

sensible and latent heat exchanges have been considered. The multi-pipe EAHE 

systems integrated with these two buildings is different from the conventional (i.e. 

single pipe) EAHE systems. They use more than 40 parallel pipes (i.e. multi-pipes) 

connected together in the form of a serpentine, with one end (inlet) of the serpentine 

subjected the fresh outdoor air while the other end (outlet) connected to an air blower 

which in turn is connected to the building to be conditioned. The mere reason for 

using a multi-pipe EAHE system instead of a single straight pipe EAHE is to increase 

the heat exchanger exposed surface area to improve the system performance. The 

above mentioned systems were used for both summer preheating in conjunction with 

a heat recovery system, as well as for summer cooling (with slightly enhanced air 

flow), in conjunction with direct night ventilation. The experimental results 

demonstrated that the system is not as effective for the winter preheating as it is for 

the summer cooling. Furthermore, it was found that the summer cooling potential 

could dampen the indoor air temperatures below the comfort threshold. This allows 

the EAHE system to compete with conventional air conditioning systems, especially 

because it could provide simultaneous savings on electricity, capital cost, and CFC8 

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

                                                           
8
 CFC (a fluorocarbon with chlorine; formerly used as a refrigerant and as a propellant in aerosol 

cans) 
" t h e c h l o r i n e i n C F C s c a u s e s d e p l e t i o n o f a t m o s p h e r i c o z o n e "

. 

http://wordnetweb.princeton.edu/perl/webwn?s=cfc 
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experimentally measured test data model’s with predicted data showed very good 

agreement (Hollmuller and Lachal, 2001; Hollmuller and Lachal, 2005).   

Some of the experiments were focused on the experimental validation of a pre-

developed mathematical model, parametric study of the EAHE system, or the heating 

and cooling potential of the system. Others were focused on studying new ideas of 

utilizing the EAHE system as well as new applications. 

One of these ideas is to study the performance of a single pipe EAHE coupled 

with a mechanical air-conditioning system that uses 100% fresh air as heating or 

cooling medium during winter and summer. The potential of the EAHE to pre-heat 

and pre-cool the fresh air entering to the mechanical air-conditioning system as well 

as its economical performance have been evaluated. It is found that the EAHE covers 

a portion of the daily cooling demand. Furthermore, the system is found to be more 

energy and cost efficient during summer than winter (Bojic, et al., 1997). 

Another idea was to evaluate the performance as well as to study the annual 

energy saving potential of a closed loop EAHE system integrated with an adobe 

house building with a vault or inverted U-shape and dome shape roof structures 

located in New Delhi, India. The closed loop EAHE integrated with the adobe house 

consists of an air blower and PVC pipes of 6 cm diameter buried at a depth of 1.5 m 

underground. Both the inlet and outlet of the EAHE pipe are connected to the adobe 

building to be conditioned. Operating the air blower sucks the room air into the air 

duct through a filter and then air is circulated through the underground EAHE system. 

The outlet air pipe (i.e. delivery pipe) is fed inside the room which supplies hot/cool 

air during winter/summer month respectively. In that sense, the closed loop EAHE is 
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different from the open loop EAHE in order to provide natural thermal comfort. The 

experimental results have been used to validate a numerical model. Simulations 

illustrated that annual energy savings of 10321 kWh/year as well as CO2 mitigation of 

about 16 tons/year could be achieved (Chel and Tiwari, 2009). 

The EAHE applications are not limited to the heating and cooling of residential 

buildings but it also includes various different applications for example, stabilizing 

the temperature inside a greenhouses. Where the relatively stable temperature of 

ground at certain depths is utilized to overcome the large temperature variations 

between day and night hours both in summer and winter that affects the quality and 

quantity of crops being cultivated in greenhouses. A multi-pipe closed loop EAHE 

system integrated with the greenhouse located in India Institute of Technology (IIT) 

Delhi, India was built for different research purposes on the EAHE coupled with a 

green house.  

One of the early research goals conducted on that system was to investigate the 

heating and cooling potential of EAHE buried under bare soil for real climatic 

conditions at IIT Delhi. Moreover, the thermal capacity of such system has been 

simulated and compared with the potential of the same system, buried under glazed 

surface (greenhouse covered earth) soil with an aim to improve and to study its 

performance by using different soil surface conditions. Consequently, the 

experiments conducted on the system have been used to experimentally validate an 

analytical model, where comparison showed a fair agreement. Results showed that 

the system could rise the greenhouse temperature by 6-7°C during winter and lower it 
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by 3-4°C during summer. Contradicting the previous experiments conducted on 

residential buildings, it was found that the EAHE is more effective in winter than in 

summer especially under the glazed surface conditions (Ghosal, et al., 2004). 

Another goal was to compare the potential of using the stored thermal energy of 

ground for space heating using this system (i.e. EAHE) and a ground air collector 

(GAC) system coupled with a greenhouse. Experiments proved that the GAC system 

arrangement provides better heating performance than the EAHE for the greenhouse 

(Ghosal, et al., 2005). 

One of the recent research goals conducted on this greenhouse-EAHE 

experimental setup was to validate the thermal model developed previously by 

Ghoshal and Tiwari (2004) by round the year experimental work at IIT Delhi. The 

thermal model has been evaluated using the correlation coefficient (Cr) and root-

mean-square percentage deviation (er) methods, while the performance of the system 

has been assessed in terms of thermal potential, coefficient of performance (COP) and 

thermal load leveling (TLL) for each month of the year. In contrast with other papers 

written on the experimental validation for mathematical models, more details on the 

experimental validation process have been presented rather than focusing on the 

mathematical modeling equations. Though more details on the experimental setup 

have been presented in this paper, it would have been better if the instrumentation 

calibration process as well as sensors installations were presented. Contradicting the 

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

inside the greenhouse during summer time (Tiwari, et al., 2006).  

It is worth mentioning that the EAHE system integrated with greenhouses are 

different from that integrated with residential buildings. Integrated systems with 

greenhouses are usually composed of a multi-pipe system buried at a depth of only 

1m underground as the heating/cooling load in greenhouses are much less than that of 

residential buildings. Another difference is that greenhouses are always a closed loop 

systems with an air blower connected to them, as the main purpose of the system is to 

reduce the temperature fluctuations between day and night hours both in summer and 

winter, or in other words to stabilize the greenhouse temperature in order to improve 

the quality and quantity of crop cultivated. This is in contrast to residential buildings 

where EAHEs are used to introduce fresh air as well as providing thermal comfort for 

the occupants. 

In summary, different experiments with diverse experimental setups have been 

conducted to further understand the EAHE systems. Accordingly, some experiments 

focused on the parametric study of the system, while others focused on the 

heating/cooling potential of the system coupled with residential building or 

greenhouses. A number of experiments aimed to evaluate/compare the performance 

of the system with other systems (e.g. ground air collector (GAC) system), while 

others were designed for the experimental validation of mathematical models 

(analytical or numerical) so it could be reliably used to either design (i.e. size) or 

evaluate the performance of an EAHE. 
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It could be better that most of the research papers written on such experimental 

goals were focused on not only the results of the research but also presenting the 

experimental setup and the process used to reach such results. As one of the reasons, 

full-scale experimental setup with all the experimental details (e.g. sensor installation 

and instrumentation calibration) is presented in the current study on chapter 3 and 4. 

2.2.3 Performance Analysis 

Understanding the performance of the EAHE system leads to improving its 

efficiency, and consequently, satisfying its design purposes. Numerous experiments 

have been conducted on different levels to analyze and understand this topic of 

improved efficiency.  

One of the attempts to understand the performance of the EAHE system was to 

conduct a parametric study in order to understand the main parameters that affect the 

performance of the system. Some of these parametric studies focused on the design 

parameters of the system (e.g. the EAHE pipe length and diameter) while others 

focused on the surrounding environmental parameters (e.g. soil cover and 

temperature). In this next section, a literature review on all the performance aspects of 

EAHE systems will be presented. 

In pursuing a parametric study on an EAHE system coupled with a residential 

building, an experiment was conducted using four distinct types of EAHEs. Each had 

a different size ranging from 1 - 1.5ft (0.3 - 0.46m), buried at various depths 

underground ranging from 4.9 - 5.5ft (1.5 – 1.7m), with several airflow rates and 

experimental periods. Temperature and airflow data has been collected at numerous 

positions along the lengths of each EAHE on a quarter hour basis. Results showed 
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that the parameters that were necessary to find cooling performance were: ambient 

and soil temperature characteristics, tube material, tube length, tube radius, thermal 

conductivity of soil, air, and tube material, heat transfer of air and tube material and 

air flow rates (Newman, 1983; Chen, et al., 1983a). 

On further parametric studies conducted on EAHE systems, researchers narrowed 

down the design parameters affecting the system thermal performance to four main 

parameters namely; pipe length (L), pipe diameter (D), burial depth (d) and air 

velocity inside the pipe (υ). Where it has been found that the thermal performance 

(i.e. heating and cooling) of the system improves with increasing pipe length (L), 

decreasing pipe diameter (D), increasing the depth of the buried pipe under the earth 

surface (d), and decreasing air velocity inside the tube (υ). These experimental 

parametrical results were found to be the same for the various experiments conducted 

on EAHEs coupled with either residential buildings or green houses for heating and 

cooling purposes (Santamouris, et al., 1995; Mihalakakou, et al., 1996; Ghosal and 

Tiwari, 2006). 

Based on the experimental parametric studies of the EAHE system some 

researchers developed parametrical models for the prediction of the thermal 

performance of the system. The above mentioned four variables (i.e. L, D, d and υ) 

influencing the thermal performance of the system were taken into account in the 

models. The models developed are suitable for the calculation of the exit air 

temperature and therefore the cooling/heating potential of the system. A theoretical 

parametrical study has been conducted on one of the models to validate the effect of 
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the previous mentioned parameters on the thermal performance of the system 

(Mihalakakou, et al., 1995; Lee and Strand, 2006). 

It is worth mentioning that a special parametric study was conducted on a two 

identical open loop EAHEs, except that one was made of PVC, while the other was 

made of mild steel. The two pipes were connected to a common intake and outlet 

manifold for air passage. Global valves were fitted for each pipe assembly for flow 

control of air. The whole system was coupled with a residential building where the 

common intake pipe was connected with an air blower with a variable speed drive. 

Through applying different airflows to the two pipes and collecting airflow and 

temperature data for both pipe during summer and winter, it has been shown that 

different EAHE material did not affect the performance of the system (Bansal, et al., 

2009a; Bansal, et al., 2009b). 

As mentioned earlier, some of the parametrical studies were focused on studying 

the main design parameters affecting the thermal performance of the EAHE system, 

while others were focused on studying the effect of the surrounding environmental 

parameters. For example, one of the studies used ten years hourly data of air and 

ground temperatures at different depths below bare and short grass soil at Dublin 

Airport. The data was used to investigate the influence of diverse ground surface 

boundary conditions on the efficiency of a single and multi-pipe parallel EAHE 

system. The heating potential of the two systems buried under bare soil were 

evaluated and compared with that of the same systems buried under short-grass-

covered soil. The main goal behind this research was to study the affect of different 

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

1996a). 

Another parametrical study on the effect of the surrounding environmental 

parameter on the thermal performance of the EAHE system was held in New Delhi, 

India. In this study the effect of different treatments of bare soil surfaces namely 

blackened, wetted, blackened and glazed were examined. Consequently, a quasi-

steady state mathematical model was developed to predict the outlet air temperature 

and monthly heating and cooling potentials of an EAHE system under the all three 

conditions. Results showed that the blackened, wetted, and blackened and glazed 

surfaces could sharply increase the heating potential of the system due to the high 

absorptive property of the surface during winter. The cooling potential can also be 

increased due to the wetted surface in summer conditions and to the evaporation of 

absorbed thermal energy (Shukla, et al., 2006). 

After understanding the main parametrical factors that affected EAHE system 

performance, the thermal performance (i.e. heating and/or cooling potentials) was 

evaluated for different researchers. Various techniques have been used for the thermal 

performance evaluation of the system. Collecting temperature data along the length of 

the EAHE and calculating the thermal capacity in (kWh) over a certain period of time 

was one of the techniques used (Henkel, et al., 2004). It was found that the 

performance varied based on the different design and environmental parameter, 

location, application and time of the year. In one of the researches it was claimed that 

the system daily average cooling potential was about 456 kWh while the heating 

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

potential was 25.7 MWh (Hollmuller and Lachal, 2001). 

Other techniques like the coefficient of performance (COP) which gives an idea 

of how efficient the system is and the thermal load leveling (TLL) which indicates the 

fluctuation of temperature inside the greenhouse, were also used to evaluate the 

EAHE thermal performance (Ghosal, et al., 2005). Calculating the monthly variations 

in COP, it was found that the COP was higher in summer (ranging 0.96-1.41), 

medium in winter (ranging 0.63-0.78), and lower during monsoon season (0.46-

0.095) for an EAHE system coupled with a greenhouse. It was also found that the 

TLL values were lower for the greenhouse with an EAHE than a greenhouse without 

an EAHE, proving the effectiveness of the system (Tiwari, et al., 2006). 

In another study that aimed to compare three different EAHE systems, it has been 

claimed that in order to characterize the efficiency of the system, three levels of study 

should be pursued. First, the temperature behavior was described by plots over time 

and characteristic lines and compared by standardized duration curves. Second, the 

energy gain was illustrated by standardized graphs. Third, a parametric model was 

used to provide general efficiency criteria. Accordingly, the thermal performance 

(temperature performance and energy efficiency) of EAHEs was assessed using four 

different approaches (RT, hmean, Θ and COP) (Pfafferott, 2003). 

A number of attempts were pursued to understand the performance of the EAHE 

system not only from the technical performance perspective but also from other 

various perspectives (e.g. economical performance). Reducing current peak electrical 

energy loads and finding an environmentally friendly air-conditioning system were 
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some of the factors that enhanced the utilization of the EAHE system. It was 

important to evaluate the system performance from both economical as well as the 

environmental perspectives. For this reason one of the studies determined the annual 

energy savings potential of adobe house for three conditions: (i) before renovation, 

(ii) after renovation and (iii) with EAHE were calculated to be 4182 kWh/year, 4946 

kWh/year and 10321 kWh/year respectively. The life cycle cost (LCC) analysis 

showed that the payback period was less than 2 years for the investment on an EAHE 

system. It was also found that the system’s average seasonal energy efficiency ratio 

(SEER)9 for heating and cooling was determined as 1.8 and 2.9 respectively.  From 

the environmental perspective the CO2 emissions mitigation was calculated for the 

same above three conditions and it was found to be nearly equal 7 tons/year, 8 

tons/year and 16 tons/year, accordingly, the carbon credits that can be earned by the 

adobe house with EAHE is about € 320/year (Chel and Tiwari, 2009).  

In another research study, the economical and environmental aspects of a closed 

loop EAHE system coupled with a 2.32 kW photovoltaic power system that powers 

an electric air blower (integrated with the system) has been studied. It was found that 

the annual heating and cooling energy conservation potential due to the EAHE for 

three rooms (each 63m3) was determined as 3327 kWh/year and 2667 kWh/year 

respectively. This led to mitigation of CO2 emissions 9.4 tons/year which was 
                                                           

9
 SEER is a measure of equipment energy efficiency over the cooling season. It represents the 

total cooling of a central air conditioner or heat pump (in Btu) during the normal cooling season 

as compared to the total electric energy input (in watt-hours) consumed during the same period. 

SEER is based on tests performed in accordance with AHRI 210/240 (formerly ARI Standard 

210/240).  (http://www.energystar.gov/index.cfm?c=airsrc_heat.pr_crit_as_heat_pumps) 

 



36 

 

equivalent to carbon credit of €188. Hence, use of EHAE for heating/cooling of an 

adobe house was found to be a promising and environmentally friendly option in New 

Delhi, India (Chel and Tiwari, 2010).  

In summary, understanding the performance of the EAHE is one of the main 

concerns for researchers and scientists. For that reason, many studies were conducted 

to understand the different aspects that affect the performance of the system. Several 

of these studies focused on understanding the main EAHE design parameters (e.g. 

length and diameter), while others focused on the surrounding environmental 

parameters (e.g. ground surface cover) that affects the system. The thermal 

performance as well as the economical and environmental performance was the main 

aspects that researchers tackled to evaluate the efficiency as well as the effectiveness 

and applicability of the system. Studies showed that the EAHE could be a feasible 

alternative for the mechanical air-conditioning systems, as it was proved to be 

thermally efficient, environmentally friendly and cost effective. 

2.3  Solar Chimney 

The other technique utilizing a non-renewable energy source that the current 

study focuses on is the solar chimney. As with the EAHE, the solar chimney has 

undergone a number of different research experiments and investigations to 

understand its performance. Mathematical models as well as performance analysis 

methods have been developed to evaluate its efficiency and practicality. Accordingly, 

a literature review on the various aspects for studying the solar chimney is presented 

in the following sub-sections. 
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2.3.1 Mathematical Modeling 

As the solar chimney problem involves both fluid movement as well as 

heat transfer, it was found that the computation fluid dynamics (CFD) is a good 

tool to describe the system numerically (Nugroho, et al., 2006; Ming, et al., 2008). 

The CFD has been used as a tool to simulate the airflow and heat transfer in the 

solar chimney in order to predict the mass flow rate per unit length in the 

chimney. Accordingly, some of the CFD models were used to evaluate the 

performance of a glazed solar chimney for heat recovery in naturally ventilated 

buildings (Gan and Riffat, 1998). Other models were used to study the thermal 

behavior and efficiency of a four wall solar chimney used for cooling of 

buildings. In doing so, a simulation of six turbulence models was conducted using 

the commercial, well-known, general-purpose CFD code, Fluent®. Using these six 

different models the thermo-fluid phenomena inside the wall solar chimneys were 

investigated and where the buoyancy-driven flow field and heat transfer inside 

them were also studied. The governing elliptic equations of the chimneys were 

solved in two-dimensional domain using a control volume method. It was found 

that the k-ε
 model provides superior performance when compared with 

experimental data (Bacharoudis, et al., 2007). 

A CFD model was used to study the fluid flow and heat transfer patterns 

(profiles) of the solar chimney; while, an engineering mathematical model was 

developed to determine the tilt that maximizes the natural air flow inside the 

chimney. The monthly average daily value of total irradiance and the ambient 
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temperature along with some design information (i.e. dimensions and construction 

material properties) for the different chimney components (i.e. absorber, glazing, 

installation) were used as inputs for the model. Processing these inputs, the hourly 

absorbed solar irradiation components (i.e. direct, diffuse, ground-reflected) by 

the solar chimney were calculated at various chimney heights and tilts at a given 

time (Day of year, hour) and location (latitude). Thereafter, the chimney glazing 

transmittance and absorbance were computed for the different solar irradiation 

components and various tilts. Accordingly, the temperature and air velocity inside 

the chimney as well as the temperatures of the glazing and black painted absorber 

were predicted (outputted), as functions of tilt and height. This engineering model 

has been validated against the CFD and experimental data. Results showed that 

the predicted data is in a reasonable agreement with the CFD and experimental 

data. Accordingly, the use of the model as a technique for evaluating design 

parameters was encouraged (Sakonidou, et al., 2008). 

Other techniques have also been used beside the CFD to simulate the solar 

chimney systems. One of these techniques was used to study a system that is 

mainly used for heating and ventilation of dwellings. A conjugate heat transfer 

study by natural convection, conduction, and radiation was carried out to 

determine the importance (effect) of each heat transfer mode on the performance 

of the system. A two dimensional conservation equations for mass, momentum 

and energy were used to describe the system. The conservation equations were 

then solved by finite difference-control volume numerical method. It was found 

that the radiation heat transfer could not be neglected in the solar chimney 
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systems, mainly because the surface radiation modified the flow and temperature 

fields (Nouanégué and Bilgen, 2009). 

Solar chimneys have a number of different applications such as 

ventilation, passive solar heating and cooling of buildings, solar energy drying 

and power generation (Chen, et al., 2003). The numerical simulation was not 

limited to the mere solar chimney system but it has also extended to cover some 

complementary applications coupled with the system. As an example, one of the 

numerical models was established to analyze the characteristics of heat transfer 

and air flow in the solar chimney power plant (SCPP) system with an energy 

storage layer. Where the model covered the four major components of the solar 

chimney power plant system: collector, chimney, wind turbine, and energy 

storage layer (Ming, et al., 2008). 

2.3.2 Experimental Investigations 

Many experimental investigations were carried out to evaluate the 

performance and the potential of the solar chimney systems. While, some 

investigations emphasized on evaluating the thermal performance of the system, 

others, emphasized the experimental validation of mathematical models.  

One of the thermal performance experimental investigations was carried 

out on an experimental solar chimney model with internal dimensions of 1.5m 

high, 0.62m wide and a variable chimney gap from 100 to 600 mm. Various 

uniform heat fluxes were applied to one of the chimney walls, at different 

chimney gaps and inclination angles. The goal of these experiments was to 

investigate the effect of varying the heat flux and changing the chimney gap and 



40 

 

inclination on the airflow and temperature distribution inside the solar chimney. 

Contradicting to previous experimental investigations, it was shown that by 

changing the chimney gap while maintaining other conditions, the airflow 

increased continuously with increasing chimney gap. Results also showed that the 

airflow reached a maximum at a chimney inclination angle of around 45° for a 

200 mm gap and 1.5m high chimney, which was about 45% higher than that for a 

vertical chimney under otherwise identical conditions (Chen, et al., 2003). 

A different experimental investigation conducted on a chimney duct that 

has the shape of narrow parallelepiped, mantled on a mechanism that allows the 

chimney to lie at different tilt positions. It was found that there were two things 

that have opposite directions with respect to the air flow occur: the more the 

inclination the more the chimney exposed to solar irradiance, hence higher airflow 

and buoyancy forces occurs; on the other hand, increasing the inclination reduces 

the effective pressure head of the chimney and diminishes the air flow. From this 

opposite action came the idea of optimum tilt. Accordingly, a numerical model 

was developed to determine the tilt that maximized natural airflow inside a solar 

chimney. Results for various chimney lengths (1-12m) and tilts (30-90°) 

delineated the usefulness of the model but also marked its limitations (Sakonidou, 

et al., 2008). 

The smart idea of coupling the solar chimney system with the EAHE 

system was experimentally investigated. The solar chimney was designed to drag 

airflow through the EAHE system instead of using an electrical fan. The pressure 



41 

 

balance and airflow balance equations where used to theoretically model the 

airflow through the system. The theoretical design principles of the solar chimney 

and solar collector where also presented. The thermal performance of the coupled 

system was investigated through installing thermocouples along the collector and 

the chimney as well as an airflow meter at the pipe outlet. Results showed that 

increasing the chimney height, diameter and solar collector size significantly 

improves the airflow inside the chimney. It is worth mentioning that at sizing the 

chimney special care should be given to the chimney structure strength, stability, 

installation space, material and construction cost (Wang, et al., 2004). 

2.3.3 Performance Analysis 

In the recent years, a number of experimental, numerical and theoretical 

investigations have contributed to the current understanding of solar chimneys 

(Chen, et al., 2003). Through the different investigations, it has been found that 

thermal performance of the solar chimney is affected by either design parameters 

(e.g. height, width, glazing etc.) or environmental parameters (e.g. solar 

irradiance, wind speed etc.). In this section, the parametric and thermal 

(experimental and theoretical) investigations on the solar chimney system will be 

further discussed.  

Some of these investigations indicated that the thermal performance of the 

solar chimney is greatly impacted by the chimney “gap” (width). In an 

experimental study on a solar chimney of 2 m height and variable gap width 

(ranging 0.1-1m), it was found that when the chimney gap is small (0.2m) the 

flow is upward. However, when the gap is large (0.5m), air flows upwards near 
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the heated walls due to the buoyancy effect but near the center of the chimney air 

flows downwards. Another words the mass flow rate inside the chimney increases 

as the chimney gap increase to a certain level (about one-tenth of the chimney 

height) then decreases as the gap further increases (Bouchair, 1994). 

This phenomenon was also observed in a numerical study showing that 

there is an optimum chimney width at which a maximum ventilation flow rate can 

be achieved. This phenomenon was attributed to the occurrence of back flow at 

the outlet of the chimney (Gan and Riffat, 1998). A number of experimental and 

theoretical investigations have been conducted for the determination of the size of 

a solar chimney, showing that the velocity of airflow and temperature of different 

parts are functions of the chimney gap, ambient air temperature, and the elevation 

of air exit above the inlet duct (Cited after: Bacharoudis, et al., 2007). These 

studies have also showed that there are noticeably different flow patterns among 

various chimney gaps and that the chimney gap-to-height ratio affects the air flow 

rate (Cited after: Sakonidou, et al., 2008). 

All of the above-mentioned investigations confirmed the existence of the 

optimum chimney gap-to-height ratio. In a different experimental investigation, 

solar chimneys with uniform heat flux on one wall were investigated for various 

gaps, inclinations, and heat flux inputs. These investigations covered a gap-to-

height ratio from 1:15 to 2:5. It was found that by changing the chimney gap 

while maintaining all the other conditions, the airflow rate increase continuously 

with increasing the gap, even up to the gap-to-height ratio of 2:5 – no optimum 

gap has been found. It was concluded that this might be caused by a decrease in 
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the inlet pressure loss due to the simultaneous increase of the chimney inlet by 

extending the chimney gap (Chen, et al., 2003).   

One of the other design parameters that showed to have an impact on the 

solar chimney performance is the chimney tilt. The idea of optimum chimney tilt 

came from an experimental investigation. As mentioned before in the solar 

chimney “experimental investigations” section, the inclination of the chimney 

oppositely affects the air flow and effective pressure head of the chimney. It is 

apparent there must be an optimum tilt that leads to the highest flow rate. For this 

studies, results show that the maximum chimney airflow occurs when the 

chimney tilt varies in a narrow range between 65° and 76° (Sakonidou, et al., 

2008). The existence of an optimum chimney tilt was also illustrated in a different 

experimental investigation; where, the results show that the maximum airflow rate 

was reached at a chimney inclination angle of around 45° for a 200mm gap and 

1.5 m high chimney (Z.D. Chen, et al., 2003). 

In a more detailed parametric study, it was concluded that the optimum 

design parameters of solar chimney are height, width, length and material. Where 

it was found that the air mass flow rate increase with the increase of the chimney 

height and length. The idea of optimum gap-to-height ratio as well as different 

materials affecting the chimney performance has also been emphasized in this 

study (Nugroho, et al., 2006).     

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

thermal performance have also been investigated. For example, it was found that 
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for a given chimney gap, the flow rate increase with inlet height due to decreasing 

entry flow resistance (Gan and Riffat, 1998). A different study showed that 

increasing the solar collector surface area and the chimney height and diameter 

could generate more chimney available draft (Wang, et al., 2004). Further 

investigations on a special type of solar chimneys called “Trombe Wall”, in which 

the sun-facing wall of a chimney is glazed, have been conducted (Chen, et al., 

2003). In addition, the effects of different glazing levels and solar irradiance on 

the system performance have been investigated. It was found that the effect of 

glazing on the predicted ventilation rate depends on the total solar irradiance. 

Accordingly, it was concluded that using single or even double glazing is 

inadequate for solar chimneys due to the possible condensation and downdraught 

in cold winter, while triple glazing can reduce both risks of condensation and 

downdraught as well as increasing the ventilation rate (Gan and Riffat, 1998). 

In summary, solar chimneys have been investigated by a number of 

researchers for several applications including passive solar heating and cooling of 

buildings, ventilation, power generation, etc. The performance of solar chimneys 

(mainly used to enhance cooling and air movement in naturally ventilated 

buildings) has been further discussed. It was found that the thermal performance 

of solar chimneys is affected by design parameters (i.e. height, gap, length or 

diameter, inlet size, collector surface area, wall temperature, glazing level and 

chimney tilt) as well as environmental parameters (i.e. solar irradiation and wind 

speed). Consequently, a good thermal performance of the solar can be achieved 

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

Few researchers have thought of coupling the EAHE system with the solar 

chimney system to achieve the maximum possible passive cooling and ventilation 

strategy for buildings. In such a coupled system, the solar chimney is designed to 

drag airflow through the EAHE system. In fact the historical heating system called 

“Roman hypocaust” which dated back to the ancient Roman times, utilized the same 

concept as the coupled system (i.e. EAHE and solar chimney). In the hypocaust, the 

combustion gases (resulting from burning wood in a furnace) were drawn through 

underground channels to heating chambers which were built under the 

room/apartment to be heated. These hot gases migrated through a piping system, 

which surrounded the walls of the room to be heated, by means of a chimney (Bansal 

and Shail, 1998). It is clear that the major difference between the two systems (i.e. 

hypocaust and coupled system) is that the hypocaust used combustion gases for 

heating of buildings; while the coupled system uses fresh ambient air for 

heating/cooling and ventilation of buildings. The same concept was utilized again in 

the 16th century in what is called the “sicrocco rooms”. In which underground 

corridors and water features were used in conjunction with solar chimneys to provide 

cooling and ventilation for buildings (cited after: Chen, et al. 2003). 

Recently, few attempts were made to study coupled systems. Some of these 

attempts focused on the numerical study of the coupled system integrated with 

different buildings (e.g. office building and auditorium). Accordingly, a numerical 

model consisting of three sub-models was developed. The first sub-model was used 
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to describe the behavior of the solar chimney through predicting its outlet air 

temperature. The second sub-model was used to describe the behavior of the EAHE 

system by predicting its inlet air temperature, while the third was used to predict the 

overall natural ventilation rate. Using this model a parametric study on the effect of 

the different parameters of the EAHE and the solar chimney has been conducted. In 

the parametric study, the cooling degree hours and the heating potential (measured in 

kWh) were used to evaluate the coupled system. Moreover, the thermal comfort of 

occupants in different settings has been discussed. It was found that the system can 

reach a minimum of 360 cooling degree hours for and auditorium (Correia-da-Silva, 

2004) and 278 cooling degree hours for an office building (Correia-da-Silva, 2006). It 

was also found that for winter heating the system could achieve a heating potential of 

12500 kWh (Correia-da-Silva, 2007). 

One of the innovative attempts was to study the performance of a hybrid systems 

in which a conventional HVAC system was used in conjunction with a coupled 

system. Here, the cylindrical shape of the building served as a solar chimney. A CFD 

model was used to describe the system performance. It was found that the coupled 

system could provide cooling as well as ventilation for the occupied building without 

the need to run the chillers (Athienitis, et al., 2005). 

In another experimental investigation of the coupled system (Wang, et al., 2004) 

studied the thermal performance of the system with more focus given to the solar 

chimney performance. The pressure balance and airflow balance equations were used 

to theoretically model the airflow through the system. The theoretical design 

principles of the solar chimney and solar collector were also presented. The thermal 
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performance of the coupled system was investigated through installing thermocouples 

along the collector and the chimney along with an airflow meter at the pipe outlet. 

Results showed that increasing the chimney height, diameter and solar collector size 

significantly improves the airflow inside the chimney. It is worth mentioning that at 

sizing the chimney special care should be given to the chimney structure strength, 

stability, installation space, material and construction cost (Wang, et al., 2004). 

2.5  Literature Review Summary 

Through the literature review of the earth-to-air heat exchanger (EAHE), the solar 

chimney, and the resultant coupled system, some preliminary conclusions can be 

derived: 

(1) The EAHE and solar chimney or “coupled system” utilizing the geothermal 

and passive solar energy respectively reduces the energy consumption of building 

sector have aroused great interest in many countries. 

(2) There are many numerical, analytical and experimental investigations which 

have been carried out for both systems. This has contributed to the current 

understanding of the coupled system. It can be concluded that both sub-systems have 

good potential to be practically implemented in buildings for the purposes of cooling 

and ventilation during the summer time, leading to a significant reduction in summer 

electrical peak loads. 

 (3) The experimental investigations on the EAHE system indicate that the system 

performance could be enhanced by increasing the EAHE length and burial depth 

while decreasing the diameter and air velocity inside the tube. It has also been 
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illustrated that the EAHE material does not affect the system thermal performance, 

therefore, the less expensive the better. Other investigations have shown that the 

ground surface cover above the EAHE has an impact on its thermal performance. 

 (4) For EAHEs coupled with greenhouses, experiments show that EAHEs can 

increase the air temperature during winter and decrease it during summer for 

greenhouses. This would help to stabilize the temperature inside greenhouses and 

improve the crop production. 

(5) For the solar chimney system, it has been found that the CFD is one of the best 

tools to simulate the chimney performance. The system performance was found to be 

affected by design parameters, such as chimney gap, length, inclination, and glazing, 

as well as environmental parameters such as solar irradiation and wind speeds. 

However, according to the current state of art, very few preliminary studies have 

connected EAHE with a solar chimney to form a coupled system. The coupled 

system, which “couples” the EAHE with solar chimney to utilize the geothermal and 

passive solar energy simultaneously, can achieve great energy savings within the 

building sector and reduce the peak electrical demand in the summer. It is necessary 

to conduct further investigations on the coupled system performance and to compare 

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

The coupled system, which couples the EAHE with solar chimney to utilize the 

geothermal and passive solar energy simultaneously, can achieve great energy saving 

of building sector and reduce the electrical peak demand in summer. However, 

according to the current state of art, only few preliminary studies have connected 

EAHE with a solar chimney to compose a coupled system. It is necessary to conduct 

further investigations on the coupled system performance and to compare between 

the coupled system and the EAHE. 

Current research starts with a detailed illustration of the experimental design, 

construction and installation in chapter 3. Thereafter, the instrumentation calibration 

and uncertainty analysis will be discussed in chapter 4. Moreover, analysis of the 

undisturbed ground performance for a whole year testing is presented, followed by a 

thermal analysis of the performance of the solar driven EAHE as well as the fan 

assisted coupled system. Furthermore, an analysis of the ground thermal saturation 

period is presented on chapter 5 of the current research. Our conclusions on the 

findings of the current experimental research with a discussion on future work and 

further improvements are included in chapter 6.  
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Chapter, 3 

EXPERIMENTAL DESIGN AND CONSTRUCTION 

3.1  Objectives 

The main objective of the current research is to develop an optimal performing 

full scale demonstration of an all passive cooling and ventilation system coupled at 

the Solar Energy Research Test Facility at the University of Nebraska. The all passive 

system employs two techniques namely EAHE and solar chimney. This full scale 

demonstration is then used to evaluate the performance of the coupled system (i.e. 

EAHA coupled with solar chimney) for two cases, first: natural driven air flow, 

second: forced driven air flow. The system performance is evaluated through 

assessing the maximum air flow rate (CFM) and cooling (in tons) that the system can 

provide to the building during hot summer time for each case study. 

Another objective is to study the practicality of the coupled system technology 

through assessing various issues concerning the system. For example, the undisturbed 

ground annual temperature profile, the ground thermal saturation, indoor thermal 

comfort, and economical aspects. Moreover, a comparison of the coupled system with 

a conventional air-conditioning system is presented to ascertain the effectiveness and 

practicality of the system as well as to evaluate the cost pay back and lifetime energy 

savings. In order to achieve these objectives, specific goals have been established. 

These goals are: 
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(1) Presenting a detailed illustration of the experiment design and construction as 

well as sensors locations and installation. 

(2) Discussing the instrumentation calibration and uncertainty analysis. 

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

year. 

(4) Analyzing the thermal performance of the coupled system under two 

conditions: naturally driven air flow and forced air flow, through evaluating 

the maximum tons of cooling and air flow rate that can be provided in each 

case. 

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

each case. 

(6) Analyzing the effect of the coupled system and the cooling performance on 

the ground thermal saturation for the soil surrounding the EAHE during the 

forced airflow test of the coupled system.   

(7) Discussing how to improve the system performance on the future (e.g. delay 

the onset of ground thermal saturation, and eliminating building negative 

pressure as well as infiltration rate).   

The pursuit of these goals aims to provide an answer to two important questions: 

first, can an all passive cooling system function successfully over the course of a 

summer to provide cooling to the testing facility building which has been fine tuned 

to maximize cooling; second, can a forced air flow (fan assisted) coupled system 

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

In this section, the main principle and theory of the experiments is illustrated, 

while, in sections 3.3 – 3.6 the design and construction of the different parts of the 

experiments is discussed. 

According to Wang, et. al. (2004) an experimental facility for the coupled system 

was built in 1990 on “Allwine Prairie Preserve” owned by the University of 

Nebraska. The experimental facility is located in northwestern Omaha, Nebraska at 

latitude 41°20’18.00” N, and longitude 96°08’53.63” W, with an elevation of 1172 ft. 

It mainly consists of four components the testing facility building where the cooling, 

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

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

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

Four components 
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Fig. 3-2 – Schematic diagram of the cooling process by the coupled system 

Figure 3-2 shows the schematic diagram of the coupled system. As shown in 

Figure 3-2 an EAHE is coupled with a solar chimney and solar collector to provide 

cooling and ventilation for the Solar Energy Research Test Facility. The cooling and 

ventilation process can be illustrated as follows: the air inside the solar collector is 

heated up as the solar radiation strikes the solar collector; hence, the hot air migrates 

from the solar collector to chimney bottom and rises to the top of the chimney. As the 

system components are tightly connected, this hot air migration draws the ambient air 

through the EAHE; as the warm ambient air travels through the length of the EAHE 

tube it cools down due to the heat exchange process that occurs with the underground 

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

cost and environmentally friendly passive cooling and ventilation is achieved.  

3.3  Measurement of the Weather 

Two sets of measurements have been taken at various locations of the 

experimental setup at two different testing periods to study the thermal performance 

of the system. A customized program have been created using the National 

Instruments LabVIEW software package (version 6), to read, log, average and store 

the measured data on the computer system hard drive which is hocked to the 

measuring sensors. For the two testing periods and for all the different measurements, 

the data is read every minute and averaged over a 15 minute span and then this 

average is stored as a single measurement on the computer system every 15 minute 

time interval. 

The first testing period lasted for 18 days starting from August 14th, 2008 and 

ending on August 31st, 2008. The main measurements were: time and date, wind 

speed (mph), wind direction (° degrees), barometric pressure (in. Hg.), the indoor 

relative humidity (%), outdoor relative humidity (%), supply air relative humidity 

(%), supply air flow rate (CFM), solar collector air flow rate (CFM), air temperature 

inside the EAHE at 20 different locations, ground temperatures 12 different locations, 

indoor air temperature at 13 different locations, the control room air temperature, the 

air temperature inside the collector at 11 different locations, the solar chimney air 

temperatures at 5 different locations, and the ambient air temperature.  
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The second testing period lasted for 43 days starting from July 24th, 2009 and 

ending on September 4th, 2009. The main measurements that took place on that period 

are the same as that of the first testing period plus the soil moisture content that has 

been measure at 20 different locations above and next to the EAHE. It should be 

mentioned that all the thermocouples used for ground temperature measurements 

were replaced with new ones before the second testing period. Moreover, new ground 

temperature thermocouples were added at different locations, more information about 

the two testing period ground temperature and moisture sensor locations is given in 

the “Earth-to-Air Heat Exchanger” section of this chapter. Furthermore, schematic 

diagrams as well as discussion on the distribution and locations of the measuring 

instruments are given in the following sections. In addition, a discussion on the 

measuring instruments, their calibration, and sensitivity analysis will be presented in 

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

Since on 1990, when the EAHE was installed at the University of Nebraska’s 

Solar Energy Research Test Facility, there were just few scientific papers published 

on the design methods and criteria of the EAHE system, it was designed based on the 

parametric research made by Chen, et al. (1983). Accordingly, the main design 

parameters of the EAHE (i.e. Length, diameter, burial depth, and air velocity inside 

the pipe) were selected based on the common sense to provide a reasonable cooling to 

the testing facility building. 

Consequently, according to Henkel, et al. (2004) a 188 ft (57 m) culvert steel 

EAHE, with 18 inch (0.45 m) diameter, and buried at a depth of about 10 ft (3 m) 

underground was installed at the PSER testing facility of the University of Nebraska. 

The EAHE tube runs southeast to northwest. It starts with a slanted inlet of 28 ft (8.53 

m) (as shown in Figure 3-2), then penetrates the ground for 10 ft (3 m) and curves to 

a horizontal portion of about 150 ft (45.7 m), finally bends upwards for 12 ft (3.65 m) 

at a right angle to enter the PSER facility through its concrete slab near the south side 

of the building.  

While the inlet of the EAHE is covered with a net mesh screen to prevent insects 

and small animals (e.g. rabbits) from entering the tube as shown in figure 3-3. Its 

outlet, which is 2 ft above the ground inside the testing facility building, is equipped 

with a manual damper (as shown in figure 3-4) in case the airflow needs to be 

regulated or the system needs to be shut down during the un-working seasons. 



 

Moreover, the outlet has fixtures to mount an electric fan 

case a forced airflow is required. 

 

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

 

It should be noted that the main horizontal portion of the EAHE is perforated 

from the bottom to allow for moisture drainage if c

cooling process. Furthermore, the entire

a sand bed gravel to prevent moisture build

Figure 3-5. Moreover, a horizontal perforated PVC pipe of 0.5

diameter which could be connected to a water source (e.g. water faucet) was installed 

next to the horizontal portion of the EAHE (as shown in Figures 3

to increase the water content of the soil surrounding the tube if re

various research purposes.

Moreover, the outlet has fixtures to mount an electric fan (as shown

case a forced airflow is required.  

 

EAHE slanted inlet covered 
with mesh screen 

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

fan 

It should be noted that the main horizontal portion of the EAHE is perforated 

from the bottom to allow for moisture drainage if condensation occurs during the 

cooling process. Furthermore, the entire horizontal portion of the EAHE was laid over 

a sand bed gravel to prevent moisture build-up underneath the tube as shown in 

5. Moreover, a horizontal perforated PVC pipe of 0.5 

diameter which could be connected to a water source (e.g. water faucet) was installed 

next to the horizontal portion of the EAHE (as shown in Figures 3-5 and 3

to increase the water content of the soil surrounding the tube if re

various research purposes. 
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n in figure 3-4) in 

 

EAHE outlet equipped with a 
manual damper and fixtures to mount a 

It should be noted that the main horizontal portion of the EAHE is perforated 

ondensation occurs during the 

horizontal portion of the EAHE was laid over 

up underneath the tube as shown in 

 inch (1.27 cm) 

diameter which could be connected to a water source (e.g. water faucet) was installed 

5 and 3-6) in order 

to increase the water content of the soil surrounding the tube if required by the 



 

Fig. 3-5 – Perforated PVC water pipe 

Fig. 3-6 – EAHE sand bed, dirt cover, and perforated PVC water pipe

Perforated PVC water pipe – for moisturizing the soil surrounding the 

EAHE 

EAHE sand bed, dirt cover, and perforated PVC water pipe

58 

the soil surrounding the 

EAHE sand bed, dirt cover, and perforated PVC water pipe 
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A number of different sensors have been installed inside and outside the EAHE 

for monitoring the air temperatures inside the tube as well as the temperature and 

moisture content of the soil surrounding the tube. Figure 3-7 shows the names and 

locations of the thermocouple sensors installed inside the EAHE. Moreover, it shows 

the horizontal distance of the locations of the sensors installed above the EAHE, from 

the testing facility building (e.g. 90’ sensors location, etc.). Figure 3-8 and figure 3-9 

show the cross sectional view of the EAHE at the “30’ sensors location” with the 

upward longitudinal distance of the thermocouples and moisture sensors from the 

EAHE tube installed during the 2008 and 2009 testing periods respectively. It should 

be mentioned that the other sensor sets installed at the different locations along the 

length of the EAHE have the same sensor arrangements as the 30’ sensors location.  

 

 

 

 



Fig. 3

 

EAHE Side Profile 

 

Fig. 3-7 – Sensor locations inside and outside the EAHE 60
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CP1  :   0’ Sensors Location 

CP2  : 30’ Sensors Location 

CP3  : 90’ Sensors location 

T: Top - M: Middle - B: Bottom 

Fig. 3-8 – EAHE cross section at 30’ 

sensors location – 2008 testing period 
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Fig. 3-9 – EAHE cross section at 30’ sensors location – 2009 testing 

period 
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3.5  Solar Energy Research Test Facility 

As mentioned before the test facility building was built on 1990. It is a one-story 

building with external dimensions of 63’8” length, 16’ width, and 10’ height, setting 

on a concrete slab. It includes a testing room - where the experiments took place – a 

computer room (i.e. control room) for data logging and monitoring, and a bathroom. 

The main test room dimensions are 49’10.5” length, 14’10” width, and 7’9” height. It 

has 10 south facing windows each of them is 6’ in length and 45” in width. The 

concrete slab with the 10 windows creates a huge cooling load during the summer 

time. Figure 3-10 shows the floor plan of the testing facility building with more 

detailed dimensions and information. For example, it provides information about the 

locations of the solar collector and solar chimney compared to the building as well as 

the names of the different sensors that have been used during the testing periods (i.e. 

thermocouples, wind speed, wind directions, solar pyronometer, airflow, and 

humidity sensors) and their exact locations inside/outside the building. 

The computer room is equipped with a computer system and various types of 

data-loggers for monitoring the performance of the whole system. It should be 

mentioned that all the different sensor types except the soil moisture sensors are 

integrated with the National Instruments modular data-loggers which in turn are 

connected to the computer system. The National Instruments LabVIEW software 

package (version 6) was used to create a customized program that helps in calibrating, 

controlling and monitoring the sensors. On the other hand, the soil moisture sensors 

were integrated with independent data-loggers (Watermark data loggers which come 
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with the same time interval as the National Instruments data loggers integrated with 

the computer system. 

For the temperature measurements of the indoor air inside the building, four sets 

of type T thermocouples were used. Each set has been installed in one of the testing 

room corners (i.e. Northwest, Northeast, Southwest, and Southeast), where each set 

consists of three sensors located at 1 ft, 4 ft and 7 ft above the ground level to study 

the thermal distribution of air inside the building as shown in Figure 3-10.  

Airflow measurements have been taken in two different locations with three air 

velocity transmitters. The first location is at the EAHE outlet inside the testing facility 

building at the ground level (where two velocity transmitters were installed) and the 

second location is at the connection pipe between the test facility building and the 

solar collector as shown in Figure 3-10. 

 



 

Fig. 3-10 – The Solar Energy Research Test Facility building floor plan The Solar Energy Research Test Facility building floor plan – (Including various sensor locations)(Including various sensor locations) 65



 

Figure 3-11 shows two different snapshots taken for the testing facility building at 

two seasons from different angles. The left snapshot shows the insulated windows 

during the summer testing periods, while the right snapshot shows the location of 

EAHE inlet and the outdoor humidity sensor compared to the testing facility building 

location. 

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

3.6  Solar Collector 

According to Wang, et al. 

system as the size of the solar collector beside the chimney height and diameter 

specify the chimney available draft. In other words, the solar collector size indirectly 

specifies the amount of air flowing through the EAHE. Since increasing the solar 

collector size and its absorption surface area 

draft, the solar collector was designed with an absorbing surface area of 215 ft

m
2
) considering that the solar irradiation is 126 Btu/(h

loss coefficient of 1/3 Btu/

11 shows two different snapshots taken for the testing facility building at 

two seasons from different angles. The left snapshot shows the insulated windows 

testing periods, while the right snapshot shows the location of 

EAHE inlet and the outdoor humidity sensor compared to the testing facility building 

Two snapshots of the testing facility building at different

 

According to Wang, et al. (2004), the solar collector is the vital key part of the 

system as the size of the solar collector beside the chimney height and diameter 

specify the chimney available draft. In other words, the solar collector size indirectly 

specifies the amount of air flowing through the EAHE. Since increasing the solar 

collector size and its absorption surface area can improve the solar chimney available 

draft, the solar collector was designed with an absorbing surface area of 215 ft

) considering that the solar irradiation is 126 Btu/(h•ft
2
) (400 W/m

loss coefficient of 1/3 Btu/(h•°F•.ft
2
) (8.5 W/(°C•m

2
)) and an absorptivity
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11 shows two different snapshots taken for the testing facility building at 

two seasons from different angles. The left snapshot shows the insulated windows 

testing periods, while the right snapshot shows the location of 

EAHE inlet and the outdoor humidity sensor compared to the testing facility building 

 

Two snapshots of the testing facility building at different seasons 

the solar collector is the vital key part of the 

system as the size of the solar collector beside the chimney height and diameter 

specify the chimney available draft. In other words, the solar collector size indirectly 

specifies the amount of air flowing through the EAHE. Since increasing the solar 

the solar chimney available 

draft, the solar collector was designed with an absorbing surface area of 215 ft
2
 (20 

(400 W/m
2
) with a heat 

tivity of 0.8.  
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According to Wang, et al. (2004), designing the solar collector did not only 

include the absorption surface area but also the angle of tilt and location. The angle of 

inclination of the solar collector was chosen based on the solar altitude angle during 

the hottest month in Omaha, Nebraska. It was found that the solar altitude is 64° in 

August in Omaha, Nebraska, consequently, the solar collector inclination angle was 

chosen to be 26° with the horizontal level. In addition, it was placed on the south side 

of the building in order to be oriented to the sun for the maximum absorption of the 

solar radiation.  

The solar collector was constructed by wood and a special type of solar glass that 

traps the solar irradiation inside the collector. In 2008 when the current research 

started, the solar collector was renovated and all the rotten plywood skin and wooden 

skeleton has been replaced. All of its corners and angles have been sealed with black 

tar, and a layer of (R-5) insulation has been added to the bottom side of the collector. 

Then it was covered with a layer of plywood which in turn was painted in black to 

prevent any solar irradiation losses from the sides of the collector. Figure 3-12 shows 

a cross sectional view of the solar collector with detailed dimensions and some sensor 

information, while Figures 3-13 a, b, c, and d show some snapshots for the solar 

collector at different re-construction phases. 

 

 

 

 



 

Fig. 3-12 – A cross section view of the solar collector and the Solar Energy 

Research Test Facility

Fig. 3-13 (a) – Solar collector re

construction (replacing the rotten wood 

and adding R-5 Insulation to the bottom 

side 

 

A cross section view of the solar collector and the Solar Energy 

Research Test Facility-solar collector connection pipe

 

Solar collector re-

construction (replacing the rotten wood 

5 Insulation to the bottom 

 

Fig. 3-13 (b) – Solar collector re

construction (sealing the corners and 

separations with black tar and painting 

the inner sides in 
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A cross section view of the solar collector and the Solar Energy 

solar collector connection pipe 

Solar collector re-

construction (sealing the corners and 

separations with black tar and painting 

the inner sides in black 



 

Fig. 3-13 (c) – Solar collector re

Fig. 3

Solar collector re-construction (black painted interior)

Fig. 3-13 (d) – Solar collector (After renovation) 
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construction (black painted interior) 

 



 

Eleven type T thermocouples have been installed inside the solar collector at 

different positions to study the heat 

the connection pipe between the testing facility building and the collector; while, the 

eleventh thermocouple is installed in the connection pipe between the collector and the 

solar chimney. Figure 3-14 shows the names and locations of the thermocouples installed 

inside the solar collector. 

Fig. 3-14 – A schematic diagram of the solar collector 

Eleven type T thermocouples have been installed inside the solar collector at 

different positions to study the heat transfer process. The first thermocouple is installed in 

the connection pipe between the testing facility building and the collector; while, the 

eleventh thermocouple is installed in the connection pipe between the collector and the 

14 shows the names and locations of the thermocouples installed 

 

A schematic diagram of the solar collector – including the thermocouple 

sensors locations 
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Eleven type T thermocouples have been installed inside the solar collector at 

transfer process. The first thermocouple is installed in 

the connection pipe between the testing facility building and the collector; while, the 

eleventh thermocouple is installed in the connection pipe between the collector and the 

14 shows the names and locations of the thermocouples installed 

 

including the thermocouple 
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 3.7 Solar Chimney 

According to Wang, et al. (2004), the solar chimney was designed so that its 

available draft overcomes the EAHE pressure losses as well as the negative thermal 

gravity effect of the air column inside the solar chimney, under the design ventilation 

airflow rate. Accordingly, the solar chimney height and diameter were selected as 40 

ft (12.2 m) and 18 inches (0.457 m) respectively to provide an available draft of more 

than 0.02 inches of water (5 Pa) at a temperature of 135 °F (57° C). The chimney was 

built of four steel spiral pipes; each pipe is 10 ft (3.048 m) in length, stacked over 

each other. The chimney is placed over a 5 ft (1.5 m) steel stand which in turn is 

bolted to a concrete foundation of 3 ft in depth. The chimney is strengthened by nine 

steel wires; every three wires are attached to the chimney at three different heights on 

the same vertical line then stretched out and bolted into the ground away from the 

chimney to increase its stability and resistance against the wind. The three sets of 

wires form a Y shape in which the point of intersection of all the Y shape (i.e. 3 sets) 

is concentric with the chimney cylinder. Five type T thermocouples have been 

installed inside the chimney to study its thermal performance. Three were installed in 

the middle, one at each connection point between every two pipes, and one at the 

bottom of the chimney, while the last was installed at the very top of the chimney. 

Figure 3-15 shows a schematic diagram of the solar chimney with the names and 

locations of the thermocouples inside the chimney as well as its dimensions, and base. 

Figure 3-16 (a) and (b) show snapshots of the chimney, strengthening wires and 

holding base. 
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Fig. 3-15 – A schematic diagram of the solar chimney – including the 

thermocouple sensors names and locations 
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Fig. 3-16 (a) – Solar chimney snapshot (strengthening wires) 
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Fig. 3-16 (b) – Solar chimney snapshot (holding base) 

 3.8 Summary 

In this chapter, the main principle behind the research has been illustrated and the 

measurements that have been carried out in the testing periods have been mentioned. 

Furthermore, an illustration of the design and sensor installation of each section of the 

experiment has been presented. 
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Chapter, 4 

INSTRUMENTATION CALIBRATION AND 

UNCERTAINTY ANALYSIS 

4.1  Measuring Instruments 

As previously mentioned in chapter 3, different weather measurements (e.g. wind 

speed, temperatures, wind direction, barometric pressure, humidity, etc.) have been 

carried out during the two sets of experiments held on 2008 and 2009 respectively. 

These measurements have been carried out using various measuring instruments; this 

section will focus on the weather measurement instruments that have been used in the 

current research. The weather instruments include: temperature measurement 

instruments, the airflow measurement instruments, the soil moisture measurement 

instruments, and the relative humidity measurement instruments. Moreover, a sample 

of the main data that has been collected using these measuring instruments during the 

2008 and 2009 testing periods is presented in Appendix A. 

4.1.1 Temperature Measurement  

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

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

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

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

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

thermocouple consists of a positive Copper wire (the white wire) and negative 



 

Constantan wire 

thermocouple wire, the wire is cut to the desired length, and then the positive and 

negative wires of one end are soldered together, while those of the other end are 

connected to the National Instrume

thermocouple wire for measurements it has to be calibrated. More information 

about the thermocouple wire calibration is given in the “Calibration of 

Experimental Devices” section of this chapter.

 

 

4.1.2 Airflow Measurement 

For airflow measurements, Dwyer (series 641RM) air velocity transmitters 

(as shown in Fig. 4

sensor, which allows for precise velocity measurement

temperatures. The maximum air velocity measurement range of each transmitter 

is 15,000 FPM, with an output signal range of 4

velocity range. Appendix B includes the Dwyer (series 641RM) air velocity 

transmitter data sheet for more information.

 (the red wire). For temperature measurements using the 

thermocouple wire, the wire is cut to the desired length, and then the positive and 

negative wires of one end are soldered together, while those of the other end are 

connected to the National Instruments Module for data logging. Before using the 

thermocouple wire for measurements it has to be calibrated. More information 

about the thermocouple wire calibration is given in the “Calibration of 

Experimental Devices” section of this chapter. 

 

Fig. 4-1 - Type T thermocouple wire 

Airflow Measurement  

For airflow measurements, Dwyer (series 641RM) air velocity transmitters 

(as shown in Fig. 4-2) have been used. These transmitters use a heated mass flow 

sensor, which allows for precise velocity measurements at various flow rates and 

The maximum air velocity measurement range of each transmitter 

is 15,000 FPM, with an output signal range of 4-20 mA proportional to the 

velocity range. Appendix B includes the Dwyer (series 641RM) air velocity 

transmitter data sheet for more information. 
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(the red wire). For temperature measurements using the 

thermocouple wire, the wire is cut to the desired length, and then the positive and 

negative wires of one end are soldered together, while those of the other end are 

nts Module for data logging. Before using the 

thermocouple wire for measurements it has to be calibrated. More information 

about the thermocouple wire calibration is given in the “Calibration of 

For airflow measurements, Dwyer (series 641RM) air velocity transmitters 

a heated mass flow 

s at various flow rates and 

The maximum air velocity measurement range of each transmitter 

proportional to the 

velocity range. Appendix B includes the Dwyer (series 641RM) air velocity 



 

Three air velocity transmitters have been used for airflow measurements 

during the 2008 and 2009 testing periods at two different locations. The first 

location is the EAHE outlet inside the house, where two transmitters (AF1

AF1-B) are used, while, the second location is at the solar collector inlet, inside 

the connection pi

where one transmitter (AF2) is used. The three transmitters are connected to the 

National Instruments modules and consequently to the computer system for data 

logging. While the air flows th

measurements are taken and a proportional current signal is sent to the National 

Instruments module where the current signal is converted to a voltage signal. 

Thereafter, the computer receives the voltag

measurement (in CFM) using the

whereby the airflow measurements are logged and stored in a note pad sheet over 

a 15 minute span. 

calibration and the conversion from air velocity measurement to airflow 

measurement is given on the “Calibration of Experimental Devices” section of 

this chapter. 

Fig. 4-2 – Air velocity transmitters 

Three air velocity transmitters have been used for airflow measurements 

ng the 2008 and 2009 testing periods at two different locations. The first 

location is the EAHE outlet inside the house, where two transmitters (AF1

B) are used, while, the second location is at the solar collector inlet, inside 

the connection pipe between the testing facility building and the solar collector, 

where one transmitter (AF2) is used. The three transmitters are connected to the 

National Instruments modules and consequently to the computer system for data 

logging. While the air flows through the probe of the transmitter, the air velocity 

measurements are taken and a proportional current signal is sent to the National 

Instruments module where the current signal is converted to a voltage signal. 

Thereafter, the computer receives the voltage signal and converts it to an airflow 

measurement (in CFM) using the LabVIEW software customized program 

whereby the airflow measurements are logged and stored in a note pad sheet over 

a 15 minute span. More information about the airflow measurement 

calibration and the conversion from air velocity measurement to airflow 

is given on the “Calibration of Experimental Devices” section of 
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Three air velocity transmitters have been used for airflow measurements 

ng the 2008 and 2009 testing periods at two different locations. The first 

location is the EAHE outlet inside the house, where two transmitters (AF1-A and 

B) are used, while, the second location is at the solar collector inlet, inside 

pe between the testing facility building and the solar collector, 

where one transmitter (AF2) is used. The three transmitters are connected to the 

National Instruments modules and consequently to the computer system for data 

rough the probe of the transmitter, the air velocity 

measurements are taken and a proportional current signal is sent to the National 

Instruments module where the current signal is converted to a voltage signal. 

e signal and converts it to an airflow 

customized program 

whereby the airflow measurements are logged and stored in a note pad sheet over 

More information about the airflow measurement instrument 

calibration and the conversion from air velocity measurement to airflow 

is given on the “Calibration of Experimental Devices” section of 



 

4.1.3 Soil Moisture Measurement 

For soil moisture content measurements, watermark sensors al

watermark data loggers have been used. The watermark sensors are electrical 

resistance type, soil moisture sensors that are used to measure the soil water 

tension (i.e. soil water potential). The soil water potential is then converted to the 

soil water content which gives an indication of the amount of water present in the 

soil profile. It should be mentioned that the soil water potential sometimes 

referred as the “matric potential”.  The watermark soil moisture sensors cover a 

matric potential rea

other measurement instruments, the soil moisture sensors are not connected to the 

National instruments data loggers; instead, they are connected to the watermark 

data loggers which in turn are 

15 minute interval the same as the National Instruments data logger system. 

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

Fig. 4-3 – Left: Soil moisture sensor and Righ

easurement  

For soil moisture content measurements, watermark sensors al

watermark data loggers have been used. The watermark sensors are electrical 

resistance type, soil moisture sensors that are used to measure the soil water 

tension (i.e. soil water potential). The soil water potential is then converted to the 

water content which gives an indication of the amount of water present in the 

soil profile. It should be mentioned that the soil water potential sometimes 

referred as the “matric potential”.  The watermark soil moisture sensors cover a 

matric potential reading range from 0 to 200 kPa (Irmak, et al., 2006). Unlike the 

other measurement instruments, the soil moisture sensors are not connected to the 

National instruments data loggers; instead, they are connected to the watermark 

data loggers which in turn are synchronized to read average and store data over a 

15 minute interval the same as the National Instruments data logger system. 

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

Left: Soil moisture sensor and Right: Moisture sensors data logger
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For soil moisture content measurements, watermark sensors along with 

watermark data loggers have been used. The watermark sensors are electrical 

resistance type, soil moisture sensors that are used to measure the soil water 

tension (i.e. soil water potential). The soil water potential is then converted to the 

water content which gives an indication of the amount of water present in the 

soil profile. It should be mentioned that the soil water potential sometimes 

referred as the “matric potential”.  The watermark soil moisture sensors cover a 

ding range from 0 to 200 kPa (Irmak, et al., 2006). Unlike the 

other measurement instruments, the soil moisture sensors are not connected to the 

National instruments data loggers; instead, they are connected to the watermark 

synchronized to read average and store data over a 

15 minute interval the same as the National Instruments data logger system. 

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

 

t: Moisture sensors data logger 
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4.1.4 Relative Humidity  

Different humidity sensors are used for the air humidity measurements at 

various points in the testing facility. 

Outdoor humidity measurement is taken near the EAHE tube inlet as 

shown in Figure 4-4, indoor humidity measurement is taken at a spot in between 

the EAHE outlet and the solar collector inlet, while supply air humidity 

measurement is taken at the EAHE outlet. 

 

Fig. 4-4 – Outdoor and indoor humidity sensors 

4.2  Calibration of Experimental Devices 

Calibration for the different measurement instruments has been carried out before 

the actual use of the instruments to ensure its accuracy and reliability. In this section 

the calibration of the type T thermocouples used for temperature measurements as 

well as the air velocity transmitters used for airflow measurements are described. It 

should be mentioned that the relative humidity sensors and the soil moisture sensors 

have not undergone any calibration procedure for lack of high precision. Moreover, 

the uncertainty analysis for the type T thermocouples as well as the air velocity 

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

current research. 

4.2.1 Type T Thermocouple Calibration 

The thermocouple calibration was carried out through measuring the freezing 

and boiling points of water. These two temperature points (i.e. the freezing and 

boiling points of water) have been chosen because they are previously known 

temperatures, where the freezing point of water is 32°F (0°C) while the boiling 

point of water is 212°F (100°C). First, every thermocouple has been inserted in a 

boiling water pot (as shown in Figure 4-5 a) for several minutes until the 

temperature stabilizes then its boiling point temperature measurements is recorded 

every 20 milliseconds over a 1 minute span, then these temperature measurements 

are averaged to be the thermocouple water boiling point measurement value. 

Thereafter, it has been inserted in an ice water tank (as shown in Figure 4-5 b) for 

few minutes till the temperature stabilize and then its freezing point temperature 

measurements is recorded every 20 milliseconds over a 1 minute span, then these 

temperature measurements are averaged to be the thermocouple water freezing 

point measurement value. In order to determine the governing relationship 

between the thermocouple temperature measurements and the actual water boiling 

and freezing points temperatures, the measured data is compared with the actual 

temperatures and a curve fitting (as shown in Figure 4-6) is then applied. 

Consequently, the thermocouple calibration curve equation is created in the form 

of a linear relationship as follows:  
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where: f(x) = the calibrated temperature reading of the thermocouple. 

          x= the pre-calibrated thermocouple reading. 

                a =the the thermocouple offset from the actual temperature. 

          b = the slope of the thermocouple temperature calibration curve.  

  

Fig. 4-5 (a) – Thermocouple 

calibration – water boiling point 

measurement 

Fig. 4-5 (b) – Thermocouple 

calibration – water freezing point 

measurement 
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Fig. 4-6 – The computer room thermocouple calibration curve 

Every equation for each thermocouple is then programmed into the LabVIEW 

customized program so that thermocouples give the accurate temperature 

measurements. Moreover, for a second check on the thermocouples accuracy the 

outdoor air temperature (OAT), supply air temperature (SAT), and room air 

temperature (RAT) have been collected by a different temperature logging system 

called “HOBO data loggers” (HDL) (Appendix B includes the data sheet for the 

HOBO data loggers). These data loggers have been set to log the above 

mentioned temperatures every 15 minute span; they have been synchronized with 

the National Instrument and computer logging system. Thereafter, the 

thermocouple temperatures are compared with the corresponding HOBO data 

loggers temperatures (as shown in Figures 4-7 a, b 4-8 a, b 4-9 a and b). The 

comparison shows that the average temperature error is about 0.26°F (with an 

average error range ±0.44). 
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Fig. 4-7 (a) – Time series comparison between the TC and HDL OA-Temperatures 

Fig. 4-7 (b) – Direct comparison between the TC and HDL OA-Temperatures 
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Fig. 4-8 (a) – Time series comparison between the TC and HDL RA-Temperatures 

Fig. 4-8 (b) – Direct comparison between the TC and HDL RA-Temperatures 
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Fig. 4-9 (a) – Time series comparison between the TC and HDL SA-Temperatures 

Fig. 4-9 (b) – Direct comparison between the TC and HDL SA-Temperatures 
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4.2.2 Air Velocity Transmitters Calibration 

Unlike thermocouple calibration, where two thermocouple temperature 

readings are compared against two previously known temperatures, the air 

velocity transmitters’ calibration is done against the readings of an accurate 

precision airflow meter known as the “FlowHood” (model CFM-88L).  In this 

calibration process, the damper, installed at the EAHE outlet inside the testing 

facility building, is set to four different positions (i.e. 100% open, 75% open, 50% 

open, and 25% open). At each damper position, ten airflow measurements are 

recorded using the air FlowHood, while concurrently the corresponding ten air 

velocity measurements are recorded using the air velocity transmitters. It should 

be mentioned that the air velocity measurements have been taken in the form of a 

proportional current signal in milliamperes. 

In order to obtain the airflow calibration curve and to drive the relationships 

between the airflow and the DC-current signal of the air velocity transmitters, the 

airflow data obtained by the FlowHood is plotted against the DC-current signal 

data from the air velocity transmitters and linear curve fit is applied as shown in 

Figures 4-10 a, b, and c. Using this calibration method over a large range of 

airflows (10 CFM - 2000 CFM), which covers all the possible airflows through 

the EAHE, allows for the direct estimation of the airflow rate from the DC-current 

signal of the air velocity sensor. 

These linear relationships (i.e. equations) are then programmed and 

implemented into the customized LabVIEW program, so that the calibrated 

airflow measurements are recorded and logged directly. For a more accurate 



87 

 

reading of the supply airflow, two air velocity transmitters are installed at the 

EAHE outlet where two readings, one with each transmitter, are taken at the same 

moment and their average is recorded as one airflow measurement. Moreover, the 

precision and accuracy of the airflow measurements are tested by conducting an 

uncertainty analysis on each of the air velocity transmitters, more information 

about the uncertainty analysis and the air velocity transmitters’ precision is given 

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

Fig. 4-10 (a) – Airflow – current relationship for air velocity sensor AF1-A 
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Fig. 4-10 (b) – Airflow – current relationship for air velocity sensor AF1-B 

Fig. 4-10 (c) – Airflow – current relationship for air velocity sensor AF2 

y = 107228x

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 0.005 0.01 0.015 0.02

F
lo

w
H

o
o

d
 m

e
a

su
re

m
e

n
ts

 (
C

F
M

)

Air velocity sensor measurements (Amperes)

Air velocity sensor AF1-B calibaration curve

Flowhood CFM Linear (Flowhood CFM)

y = 102229x

0

200

400

600

800

1000

1200

1400

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

F
lo

w
H

o
o

d
 m

e
a

su
re

m
e

n
ts

 (
C

F
M

)

Air velocity sensor measurements (Amperes)

Air velocity sensor AF2 calibration curve

Flowhood CFM Linear (Flowhood CFM)



89 

 

4.2.3 Relative Humidity Sensors Calibration 

Although, the relative humidity sensors have not undergone any calibration 

due to the lack of precision sensors, the relative humidity measurements of these 

sensors have been compared to the relative humidity measurements of the HOBO 

data loggers (HDL). Similar to the thermocouples temperature measurements 

accuracy check, the relative humidity measurements have also been checked 

against the HOBO data loggers measurements. Three HOBO data loggers were 

installed at the same exact locations of the three installed relative humidity 

sensors: at the EAHE inlet (outdoor humidity sensor), the EAHE outlet (supply 

air humidity sensor), and between the EAHE supply duct and the solar collector 

connection duct (indoor humidity sensor). The relative humidity measurements 

have been recorded by the relative humidity sensors and the HOBO data loggers 

at the same time over a 15 minute interval during the 2009 testing period. One 

week of the relative humidity sensors measurements are compared against the 

equivalent HOBO data loggers’ measurements. Figures 4-11 a, b; 4-12 a, and b 

show the relationship between the relative humidity sensors’ measurements and 

the HOBO data loggers’ measurements. The comparison shows a good agreement 

with an average error of about ±4.95%. It should be mentioned that the outdoor 

air relative humidity has not undergone any sort of comparison due to a 

connection problem between the relative humidity sensor and the National 

Instruments modules. Moreover, the only set of outdoor relative humidity data has 

been collected using the outdoor HOBO data logger.  



90 

 

Fig. 4-11 (a) – Time series comparison between RA-RH% of RH-sensor & HDL  

Fig. 4-11 (b) – Direct comparison between the RA-RH% of RH-sensor & HDL  
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Fig. 4-12 (a) – Time series comparison between SA-RH% of RH-sensor &HDL 

Fig. 4-12 (b) – Direct comparison between SA-RH% of RH-sensor and HDL 
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4.3 Data Acquisition and Logging 

As mentioned earlier in chapters 3 and 4, all the weather measurement 

instruments (except the soil moisture sensors) are connected to the National 

Instruments modules which in turn are connected to a computer system. According to 

(Henkel, et al., 2004) a customized program has been programmed using the National 

Instruments LabVIEW software package to help calibrate, monitor and log the data 

measurements of the measurement instruments (e.g. thermocouples, humidity 

sensors, etc.). On the other hand, the soil moisture sensors are connected to the 

watermark data loggers which are specifically designed and programmed to log soil 

moisture measurements from the watermark soil moisture sensors. All the National 

Instruments modules and the Watermark data loggers are synchronized to log and 

store an average measurement over a 15 minute span, appendix A shows a sample of 

the measured data during the 2008 and 2009 testing periods. The measurements are 

then stored on a notepad file on the computer system, where a new notepad file is 

created everyday and named after that day’s date. All the measurements are then 

copied to a one excel sheet, where time series were used for the graphical 

representation and data analysis of the system measurements. More information about 

the data analysis and the experimental results will be discussed on chapter 5 

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

The uncertainty analysis or error estimation of the measured data is one of the 

most important aspects of the current study as it gives an indication of the accuracy, 

precision and reliability of the measuring instruments. The uncertainty analysis has 

been carried out for the two main measuring instruments (i.e. the thermocouples and 

air velocity transmitters) as their precision is very important for the accurate 

estimation of the cooling capacity of the coupled system. 

According to Elyyan (2001), there are two main types of uncertainty analysis; the 

uncertainty analysis of the measured data, and the uncertainty analysis of the 

calculated results. Where the calculated results uncertainty analysis can be written in 

terms of the measured data uncertainty analysis as follows: 

 

Where: 

R = the calculated results, R=R(x1,x2,…,xn) 

eR = the uncertainty interval in the results 

en = the uncertainty interval in the n
th
 variable 

  the sensitivity of the results to a single variable,  

On the other hand, the measured data uncertainty analysis can be determined 

through the measurement technique. According to (Jiang, et al., 2006) the measured 

data uncertainty of a specific measuring instrument can be determined as follows: 
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Where: 

einstrument = the uncertainty of a specific measuring instrument (e.g. thermocouple) 

eref = the precision error of the reference measuring instrument 

estab = the stable bias error between the reference and measuring instruments 

In the following sections more focus will be given to the measured data uncertainty (i.e. 

temperature measurements and airflow measurements) as well as the uncertainty analysis 

of the calculated cooling capacity. The uncertainty analysis technique used for each 

measuring instrument (i.e. sensor) will be discussed. Moreover, the uncertainty results of 

each measuring instrument will be presented. 

4.4.1 Temperature Measurement Uncertainty 

The temperature measurement uncertainty analysis has been carried out 

using the type-T thermocouples along with the FLUKE thermometer model 51-54 

series II (Appendix B includes the FLUKE thermometer data sheet). The 

uncertainty analysis has been conducted after the calibration of the thermocouple 

wires against the water boiling and freezing points as discussed earlier on the 

“Calibration of Experimental Devices” section of this chapter. The thermocouple 

uncertainty experiments have been carried out by wrapping the thermocouple wire 

around the FLUKE thermometer wire probe, so both sensors would read the 

temperature of almost the same exact point. Thereafter, the two sensors are 

immersed into a boiling water pot for few minutes till the boiling water 

temperature stabilizes. Afterwards, the temperature measurements of both the 



95 

 

thermocouple and FLUKE thermometer have been recorded at the same time 

every 15 seconds for 5 minutes. Subsequently, the two sensors are immersed in an 

ice water bath for few minutes till the ice water bath temperatures stabilize and 

temperature measurements have been recorded in the same manner as mentioned 

above. The FLUKE thermometer temperature readings are considered to be 

reference temperatures, and the difference between the FLUKE thermometer and 

thermocouple temperature readings are considered the thermocouple reading 

deviations (i.e. error scatter). These temperature reading differences are then used 

to estimate the scatter of the thermocouple readings and consequently, the 

thermocouple uncertainty. Figure 4-13 shows one of the thermocouple scatter 

readings, where the average thermocouple deviation (i.e. error) from the reference 

reading is about ± 0.048 °F. 

Fig. 4-13 – Thermocouple deviations from the FLUKE values 
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From the FLUKE thermometer data sheet, the FLUKE type-T probe 

thermometer accuracy is found to be [±0.05% + 0.5 °F (0.3°C)]. Knowing the 

FLUKE accuracy, the thermocouple uncertainty can be calculated according to 

equation (4.3) as follows: 

 

 

 

4.4.2 Flow Rate Measurement Uncertainty 

The airflow measurements uncertainty analysis has been carried out using 

the Dwyer (Series 641RM) air velocity transmitters along with the Shortridge 

Instruments FlowHood (model CFM-88L). The airflow uncertainty analysis has 

been conducted after the calibration of the air velocity transmitters against the 

measurements of the precision airflow meter (i.e. FlowHood CFM-88L) discussed 

earlier on the “Calibration of Experimental Devices” section of this chapter. In the 

same manner as the air velocity transmitters’ calibration, the uncertainty analysis 

has been carried out by adjusting the EAHE outlet damper to four different 

positions (i.e. 100% open, 75% open, 50% open, and 25% open). At each damper 

position, ten airflow measurements are recorded using the air FlowHood, while 

concurrently, the corresponding ten air velocity measurements are recorded using 

the air velocity transmitters. It should be mentioned that the air velocity 

measurements are recorded in the form of DC-current in mamps proportional to 

the air velocity readings.  
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By applying the relationships between the airflows and the DC-current 

signals (obtained earlier in the “Air velocity transmitters’ calibration” section of 

this chapter) to the air velocity transmitters readings, the mamps signals of the air 

velocity transmitters are converted to airflow rate values in cubic feet per minute 

(CFM).  

Considering the airflow measurements of the FlowHood as the reference 

measurements, then the difference between the FlowHood and air velocity 

transmitters, airflow measurements are considered the airflow deviations (i.e. 

∆CFM). These airflow measurements differences are then used to estimate the 

error scatter of the airflow measurements and consequently, the airflow 

measurements’ uncertainty. Figures 4-14 a, b, and c show the three airflows error 

scatter for the three air velocity transmitters used during the 2008 and 2009 

testing periods. The average airflow error (i.e. deviation) from the FlowHood 

reference measurements for the three air velocity transmitters AF1-A, AF1-B and 

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

Fig. 4-14 (a) – Air velocity transmitter AF1-A readings deviations (scatter) 
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Fig. 4-14 (b) – Air velocity transmitter AF1-B readings deviations (scatter) 

Fig. 4-14 (c) – Air velocity transmitter AF2 readings deviations (scatter) 

The FlowHood airflow measurement accuracy is found to be [±3% of 

reading ± 7 CFM]. Knowing the FlowHood accuracy, the airflow measurements’ 

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

 

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

estimated as follows:  
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The airflow measurement error for the air velocity transmitter AF1-B is 

estimated as follows:  

 

 

The airflow measurement error for the air velocity transmitter AF2 is 

estimated as follows: 

 

 

4.4.3 Cooling Capacity Uncertainty 

 In this section the calculated sensible cooling capacity relative uncertainty 

analysis is estimated. Since the sensible cooling capacity calculations is based on 

the supply airflow and temperature measurements, the relative uncertainty of the 

calculated sensible cooling capacity can be estimated from the relative uncertainty 

of the airflow and temperature calibration instruments. As the airflow calibration 

instrument (i.e. FlowHood) relative uncertainty error is ±3% and the temperature 

calibration instrument (i.e. Fluke) relative uncertainty error is ±0.05%, then the 

calculated sensible cooling capacity relative uncertainty error is calculated 

according to equation (4.2) as follows: 
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4.5  Summary 

In this chapter the various weather measuring instruments have been presented. 

Moreover, the calibration curve, data and techniques of the main measuring 

instruments (i.e. thermocouples and air velocity transmitters) were obtained.  

Furthermore, uncertainty analyses for the temperature as well as airflow velocity 

measurements have been conducted to verify the accuracy and the reliability of the 

measuring instruments used during the test periods. The results shows that the sensors 

used for data logging are precise enough for collecting data and that the measured 

data have slight deviations from the reference measurements which can be ignored. 
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Chapter, 5 

EXPERIMENTAL RESULTS 

5.1  Overview 

As mentioned earlier on chapter 3, the main purpose of the current study is to 

answer two main important questions: first, can the all passive coupled system 

provide enough cooling capacity for the testing facility over the summer time; 

second, can the fan assisted coupled system maintain a maximum cooling rate 

without saturating the soil surrounding the EAHE. To answer these two questions, 

two sets of experiments have been carried out on the summers of 2008 and 2009 

respectively.  

The first testing period lasted for 18 days; from August 14
th
, 2008 till August 31

st
, 

2008. The main goal of this test is to evaluate the thermal performance of the all 

passive, naturally driven, coupled system, through assessing the maximum cooling 

capacity, as well as the airflow rate, that it can provide for the testing facility 

building. In doing so the EAHE outlet damper has been set to the 100% fully open 

position, and the computer system has been programmed to record, average, and log 

the weather data over a 15 minute span during the whole testing period (i.e. day and 

night). As previously mentioned on chapter 3 various measurements have been 

recorded during this testing period. The main measurements that have been recorded 

for the purpose of analyzing the cooling capacity of the naturally driven coupled 

system are: time and date, the indoor relative humidity (%), outdoor relative humidity 
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(%), supply air relative humidity (%), supply air flow rate (CFM), solar collector 

airflow rate (CFM), the average indoor temperature (ºF), the supply air temperature 

(ºF), and the outdoor (i.e. ambient) air temperature (ºF). The system thermal 

performance during this testing period is presented on the “Performance Analysis of 

the Coupled System” section of this chapter. 

    The second testing period lasted for 43 days; from July 24
th
, 2009 till 

September 4
th
, 2009. This testing period has been divided into three smaller time 

portions, with three different tests. The first test lasted for 14 days; started on July 

24
th
, 2009 and ended on August 6

th
, 2009. The main goal of the first test is to run the 

all passive, naturally driven, coupled system and compare its thermal performance 

with that similar test carried out on 2008. The second test lasted for 9 days; started on 

August 7
th
, 2009 and ended on August 15

th
, 2009.  

The second test has two main goals: the first is to evaluate the thermal 

performance of the fan assisted coupled system, through assessing the maximum 

cooling capacity, as well as the airflow rate, that it can provide for the testing facility 

building. And the second goal is to study how long it will take the fan assisted 

coupled system to thermally saturate the soil surrounding the EAHE. For this test a 

constant speed fan has been mounted on the top of the EAHE outlet, and it has been 

set to run continuously during the whole 9 days of testing (i.e. day and night). 

The third test lasted for 20 days; started on August 16
th
, 2009 and ended on 

September 4
th
, 2009. The main goal of the third test is to determine how long it will 

take the soil surrounding the EAHE to recover from the thermal saturation and return 
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back to its original (normal) temperature range. For this test the assisting fan has been 

disabled (turned OFF) and the system was allows to run naturally (passively). 

Similar to the 2008 testing period, the EAHE outlet damper has been set to the 

100% fully open position, and the computer system has been programmed to record, 

average, and log the weather data over a 15 minute span during the whole testing 

period (i.e. day and night). Moreover, the assisting fan has been turned ON during the 

second test and OFF during the first and third tests of the 2009 testing period. The 

main measurements that have been recorded during this testing period are: time and 

date, the indoor relative humidity (%), outdoor relative humidity (%), supply air 

relative humidity (%), supply air flow rate (CFM), solar collector air flow rate 

(CFM), the average indoor temperature (ºF), the supply air temperature (ºF), the 

outdoor (i.e. ambient) air temperature (ºF), the underground temperature at 21 

different locations above and beside the EAHE (ºF), and the soil moisture content at 

20 different locations above and beside the EAHE. It should be mentioned that for the 

2009 testing period a new set of underground thermocouples and soil moisture 

sensors have been installed and calibrated before the testing. Chapter 3 includes the 

sensors map figures which in turn show the sensors types, names, and locations. The 

thermal performance of the system as well as the ground (i.e. soil) thermal during this 

testing period is presented on the “Performance Analysis of the Coupled System” 

section of this chapter. 
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5.2  Undisturbed Underground Soil Testing 

Before starting any of the coupled system experiments, a major check test for the 

undisturbed underground soil (UUS) has been carried out. The test has been 

conducted through monitoring the underground soil temperature profile at three 

different depths. For this test the three previously installed underground temperature 

reference thermocouples have been used to record the UUS temperatures every 15 

minute span. Similar to the other thermocouples, these three thermocouples were 

connected to the National Instruments modules which in turn are connected to the 

computer system for data monitoring and logging. 

According to (Henkel, et al., 2004) the underground temperature reference 

thermocouples had been calibrated then installed at the south west side of the testing 

facility building at a distance of 9.84ft (3m) away from the building to the west. The 

three thermocouples are called “#Ground Ref. –T”
1
, “#Ground Ref.-M”

2
, and 

“#Ground Ref.-B”
3
, and they are used to monitor the UUS temperatures profiles at 

the depths of 2ft (0.6m), 5ft (1.5m), and 9.5ft (2.9m) respectively. It should be 

mentioned that these three thermocouples had been located away from the EAHE so 

they would measure the UUS temperatures without being influenced by any 

underground soil disturbance occurring due to other ongoing experiments.  

 

 1 ( # G r o u n d R e f . - T ) – U n d e r - G r o u n d T e m p e r a t u r e R e f e r e n c e T h e r m o c o u p l e ; T o p - 2 f t ( 0 . 6 m ) d e p t h .2 ( # G r o u n d R e f . - M ) – U n d e r - G r o u n d T e m p e r a t u r e R e f e r e n c e T h e r m o c o u p l e ; M i d d l e - 5 f t ( 1 . 5 m ) d e p t h .3 ( # G r o u n d R e f . - B ) – U n d e r - G r o u n d T e m p e r a t u r e R e f e r e n c e T h e r m o c o u p l e ; B o t t o m – 9 . 5 f t ( 2 . 9 m ) d e p t h .
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The UUS test lasted for a whole year (366 days); from January 1

st
, 2008 till 

December 31
st
, 2008. One goal for this test is to study the UUS temperature 

variations over the course of a whole year to verify its capability of being a heat sink. 

Another goal is to examine the influence of the coupled system on the underground 

soil surrounding the EAHE by comparing the thermal performance of the UUS with 

that of the underground soil surrounding the EAHE.  

Figure 5-1 shows the UUS temperature profiles at the three different depths for 

the entire year of 2008. And Table 5-1 shows the statistics for the UUS temperatures. 

 



`Fig. 5-1 - The undisturbed underground soil (UUS) temperature profiles over the course of the year 2008 
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Table 5-1 – Undisturbed Underground Soil (UUS) Temperatures Statistics 

Thermocouple Name 
Thermocouple 

Depth 
Max./Min. 

Temperature 

Value 
Date 

Ground Ref.  

Top 
2 ft 

Max. 69.5 °F 8/5/08 

Min. 34.1 °F 2/26/08 

Ground Ref.  

Middle 
5 ft 

Max. 61.9 °F 8/20/08 

Min. 39.7 °F 4/3/08 

Ground Ref.  

Bottom 
9.5 ft 

Max. 58.2 °F 9/29/08 

Min. 46.5 °F 4/23/08 

 

As shown in Figure 5-1, the deeper the depth of the thermocouple underground 

the less the temperature fluctuation. Moreover, by knowing that July and August are 

the peak hot summer months of Omaha Nebraska, it is clear that there is a phase shift 

between the ambient air temperatures and the underground temperature profile and 

this shift increases by the increase of the underground depth. 

Table 5-1 shows that at a depth of 9.5ft (2.9m) the UUS temperature fluctuates 

between a maximum temperature of 58.2 ºF and a minimum of 46.5 ºF, which verifies 

its good ability to be a good heat sink for the EAHE heat dissipation. Furthermore, it 

is found that the maximum temperature at this depth during the period from July 1
st
, 

2008 to August 31
st
, 2008 is 57 ºF while the minimum is 52.2 ºF.  

These promising results of the UUS test motivated the current research to move 

forward to estimate the maximum cooling capacity that could be extracted by the 

coupled system during the natural (i.e. passive solar drive) and forced (i.e. fan 

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

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

5.3 Performance Analysis of the Coupled System and EAHE 

The thermal performance analysis starts by comparing the indoor and outdoor air 

thermal environmental conditions, through plotting the indoor/outdoor temperature, 

relative humidity and humidity ratio profiles. The main goal of this comparison is to 

study the ability of the coupled system to comply with & maintain the indoor thermal 

environmental comfort conditions recommended by ASHRAE standard 55-2004. 

Thereafter, the calculation method of the cooling capacities is explained. 

Afterwards, the design cooling load of the test facility building is calculated using 

TRACE 700 software to provide a baseline for the coupled system cooling capacities 

thermal analysis (refer to appendix C for more information about the design cooling 

load calculations and results). Then, the cooling capacities of the EAHE as well as the 

coupled system during the natural and forced airflow modes are calculated. 

Accordingly, the thermal performance data (e.g. supply airflow rate, outdoor air 

temperature (OAT), etc.) as well as the calculated cooling capacities data results of 

the EAHE and the coupled system, during the natural and forced airflow modes are 

plotted as time series on Excel sheets, to analyze thermal performance of the coupled 

system and EAHE, as well as to study the effect of the various environmental 

conditions on the different cooling capacities and vice versa.  
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Moreover, discussions on the comparison between the coupled system cooling 

capacities, during the natural and forced airflow modes, and the baseline design 

cooling load are presented. Lastly, conclusions are drawn after each analysis section.  

5.3.1    Thermal Comfort Analysis of the Coupled System 

The coupled system thermal comfort analysis starts with presenting the 

environmental thermal comfort conditions recommended by ASHRAE standard 

55 of the year 2004 for thermal comfort. Thereafter, a comparison of the coupled 

system, testing facility building, indoor and outdoor environmental conditions is 

carried out. In this comparison the indoor and the outdoor temperatures, relative 

humidity, and humidity ratios of the natural and forced airflow modes of the 

coupled system are plotted as time series on Excel sheets. Consequently, the 

compliance of the indoor environmental conditions, of the testing facility 

building, with ASHRAE standard 55-2004 during the natural and forced airflow 

modes are discussed and conclusions are drawn after  each comparison section. 



Fig. 5-2 – Acceptable Range of Indoor 
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Figures 5-3 a, b and c, show comparisons between the indoor and outdoor 

thermal environmental conditions (i.e. temperatures, relative humidity, and 

Humidity ratios) for the natural airflow test carried out at the coupled system test 

facility building during summer 2008 (from August 14
th
, 2008 to August 31

st
, 

2008). Furthermore, Table 5-2 presents the maximum and minimum values for 

the indoor (i.e. room) air thermal environmental conditions during this test. 

Fig. 5-3 (a) – Indoor-Outdoor Temperatures of 2008 Natural Airflow Test 
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Fig. 5-3 (b) – Indoor-Outdoor Relative Humidity of 2008 Natural Airflow 

Test 

Fig. 5-3 (c) – Indoor-Outdoor Humidity Ratios of 2008 Natural Airflow Test 
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testing period. It is found through the analysis that the indoor thermal 

environmental conditions experienced an increase during the stormy and windy 

outdoor environmental conditions.  

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

Environmental 

Condition 
Max./Min. Value Unit Date Time 

 RAT 
Max. 77.2 °F 8/14/08 00:00  

Min. 70.4 °F 8/27/08 11:15 

RA-RH% 
Max. 78 % 8/28/08 12:30 

Min. 50 % 8/25/08 21:30 

RA  

Hum. Ratio 

Max. 0.01438 N/A 8/22/08 17:45 

Min. 0.008717 N/A 8/25/08 21:30 

 

Moreover, the statistics of the indoor thermal environmental conditions of 

summer 2008 testing period, provided on Table 5-2, show that the coupled system 

maintained an acceptable indoor air temperature range of (70.4°F – 77.2°F) which 

complies with ASHRAE standard 55-2004. On the other hand, the humidity ratio 

has exceeded ASHRAEs’ upper recommended humidity ratio limit 0.012 at few 

different days during the 2008 testing period when the outdoor air conditions were 

stormy and windy. Accordingly, it is concluded that the coupled system has the 

ability to provide an acceptable indoor thermal environmental conditions during 

the natural airflow test of summer 2008. Moreover, the windy and stormy outdoor 

air thermal environmental conditions could have a negative impact on the coupled 

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

thermal environmental conditions comparison during the natural airflow test 

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

of the indoor thermal environmental conditions during this test.   

Fig. 5-4 (a) – Indoor-Outdoor Temperatures of 2009 Natural Airflow Test 
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Fig. 5-4 (b) – Indoor-Outdoor Relative Humidity of 2009 Natural Airflow Test 

Fig. 5-4 (c) – Indoor-Outdoor Humidity Ratios of 2009 Natural Airflow Test 
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compared to that of 2008 testing period. Similar to the 2008 testing period the 

coupled system proved its ability to dampen all the indoor environmental 

conditions (i.e. temperatures, relative humidity, and humidity ratios) during the 

natural airflow of summer 2009. 

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

Environmental 

Condition 
Max./Min. Value Unit Date Time 

 RAT 
Max. 75.8 °F 7/24/09 21:00  

Min. 69 °F 8/2/09 10:15 

RA-RH% 
Max. 70.8 % 8/4/09 14:00 

Min. 39.2 % 7/18/09 00:15 

RA  

Hum. Ratio 

Max. 0.012724 N/A 7/24/09 21:00 

Min. 0.006872 N/A 7/18/09 05:00 

 

Furthermore, the indoor thermal environmental conditions statistics of 

summer 2009 testing period, provided on Table 5-3, show that the coupled system 

maintained more acceptable conditions than that of 2008. Where, both the indoor 

air temperature range (69°F – 75.8°F) and humidity ratio maximum value 

(0.012724) complied with the indoor thermal environmental comfort zone limits 

recommended by ASHRAE standard 55-2004. Thus, it can be concluded that the 

coupled system natural airflow mode is able to maintain an acceptable and 

comfortable indoor thermal environmental conditions.   
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Figures 5-5 a, b and c, show the indoor and outdoor thermal environmental 

conditions comparison during the forced airflow test carried out on summer 2009. 

Moreover, Table 5-4 gives the statistics of the indoor thermal environmental 

conditions of the forced airflow test.  

Fig. 5-5 (a) – Indoor-Outdoor Temperatures of 2009 Forced Airflow Test 
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Fig. 5-5 (b) – Indoor-Outdoor Relative Humidity of 2009 Forced Airflow Test  

Fig. 5-5 (c) – Indoor-Outdoor Humidity Ratios of 2009 Forced Airflow Test 
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2009 but not to the same extent as the natural airflow modes of 2008 and 2009. 

Through the analysis, it is found that the coupled system ability to dampen the 

indoor thermal environmental conditions is reduced during the forced airflow test, 

due to the fact that the amount of airflow extracted by the electric fan is more than 

the EAHE capacity for cooling and its surrounding underground soil for heat 

absorption. Consequently, it is concluded that the installed fan is oversized which 

allows too much air to bypass the EAHE without being cooled. This decreased the 

coupled system dampening ability/effect and increased the indoor thermal 

environmental conditions (i.e. temperatures, relative humidity, and humidity 

ratios) to an unfavorable level. 

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

Environmental 

Condition 
Max./Min. Value Unit Date Time 

 RAT 
Max. 82.4 °F 7/24/09 21:00  

Min. 67.6 °F 8/2/09 10:15 

RA-RH% 
Max. 88.4 % 8/4/09 14:00 

Min. 49.6 % 7/18/09 00:15 

RA  

Hum. Ratio 

Max. 0.017868 N/A 7/24/09 21:00 

Min. 0.009437 N/A 7/18/09 05:00 

 

Moreover, the indoor thermal environmental conditions statistics of 

summer 2009 forced airflow test, provided on Table 5-4, show that the indoor air 

temperature was maintained at the range of (67.6°F – 82.4°F) which does not 
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comply with the thermal comfort zone limits recommended by ASHRAE standard 

55-2004. It should be mentioned that the indoor air temperature dropped down to 

a level lower than the lower temperature limit of ASHRAE’s comfort zone during 

few days of test, while it was maintained at the edge of the  comfort zone upper 

limit during most of the days. 

It also show that the relative humidity was higher than 70% most of the test 

time and that the humidity ratio exceeded the upper humidity ratio limit, 

recommended by ASHRAE, during most of 2009 forced airflow testing period. 

Accordingly, it is concluded that the coupled system forced airflow mode could 

not comply with ASHRAE standard 55-2004 recommendations for the indoor 

thermal environmental comfort conditions due to the oversized installed fan. 

5.3.2    Cooling Capacity Calculation Method 

According to (McQuiston, et al., 2004) there are two heat transfer modes 

involved in the cooling process: the sensible heat transfer mode, which is 

involved exclusively in reducing or maintaining the temperature of the air; and the 

latent heat transfer mode, which involves moisture removal from the air stream 

during the cooling process. Consequently, the total cooling capacity is divided 

into two portions: the sensible cooling capacity and the latent cooling capacity, 

this is represented mathematically as follows: 

 

Where: 

Btu/hr (W) 
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Btu/hr (W) 

the rate of latent cooling heat transfer, Btu/hr (W)  

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

exchanger) that utilizes air as the heat transfer medium can be formulated as 

shown in equation (5.2): 

 

Where: 

the mass flow rate of air flow, lbm/hr (kg/s)  

= the difference between the system entering and exiting air enthalpies,  

 Btu/lbm  

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

 

Where: 

the volume flow rate of air flow, ft
3
/hr (m

3
/s)  

the specific volume of air, ft
3
/lbm (m

3
/kg) 

And the specific volume of air can be formulated as the reciprocal of the 

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

 

Where: 

the specific density of air, lbm/ft
3
 (kg/m

3
) 
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Then, by substituting the specific volume of air in equation (5.3) by using 

equation (5.4), it can be simplified to be written as follows: 

 

 Where:  

60 = the constant for converting the volume flow rate of air flow from ft
3
/min 

(CFM) to ft
3
/hr 

CFM = the volume flow rate of air flow, ft
3
/min (CFM) 

Accordingly, by substituting the mass flow rate of air in equation (5.2) by 

using equation (5.5), it can be formulated as follows: 

 

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

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

 

Where: 

the rate of sensible cooling heat transfer, Btu/hr (W) 

the constant-pressure specific heat of air, Btu/(lbm-°F) [J/(kg-K)] 

the difference between the system entering and exiting temperatures,°F K  

In the same manner as the total cooling capacity, the mass flow rate of air 

of the sensible cooling capacity in equation (5.7) is substituted by using equation 

(5.5), to be formulated as follows: 
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On the other hand, the latent cooling capacity of any system or subsystem 

(e.g. heat exchanger) that utilizes air as the heat transfer medium is formulated as 

shown in equation (5.9). 

 

Where: 

the rate of latent cooling heat transfer, Btu/hr (W) 

 the enthalpy of vaporization, Btu/lbm (J/kg)  

the mass flow rate of water condensation/vaporization, lbm/hr (kg/s)    

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

removal/addition) can be formulated as follows: 

 

Where: 

the difference between the system entering and exiting air humidity ratios  

By using equation (5.5) to substitute the mass flow rate of air flow in 

equation (5.10), the mass flow rate of water condensation/vaporization can be 

formulated as follows: 

 

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

equation (5.9) is substituted by equation (5.11), to be formulated as follows:  

 

In order to determine the total, sensible and latent cooling capacities that 

the coupled system can provide for the testing facility building as well as the 
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EAHE cooling capacity, equations (5.6), (5.8), and (5.12) are applied to the 

different system components. Consequently, the coupled system and EAHE, total, 

sensible, and latent cooling capacities are formulated as follows: 

a. The coupled system total cooling capacity is formulated as:    

 

Where: 

the EAHE supply air mass flow rate, ft
3
/min 

the room air enthalpy, Btu/lbm 

 the supply air enthalpy, Btu/lbm 

b. The coupled system sensible cooling capacity is formulated as: 

 

Where: 

the average room air temperature, °F 

the EAHE supply air temperature, °F  

c. The coupled system latent cooling capacity is formulated as: 

 

Where: 

the room air humidity ratio  

the EAHE supply air humidity ratio 

d. The EAHE total cooling capacity is formulated as: 
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Where: 

the outdoor air enthalpy, Btu/lbm 

e. The EAHE sensible cooling capacity is formulated as: 

 

Where: 

the outdoor air temperature, °F  

f. The EAHE latent cooling capacity is formulated as: 

 

Where: 

the outdoor air humidity ratio 

By applying the above 6 formulas, from equation (5.13) to equation 

(5.18), on the measured data of the 2008 and 2009 testing periods, the different 

cooling capacities of the coupled system and EAHE are calculated for both the 

natural and forced air flow modes. Furthermore, the calculated cooling capacities 

are plotted as time series with other measured data (e.g. room/indoor air 

temperature, underground soil temperature, etc.) to study the mutual effect the 

cooling capacities and the measured data (i.e. environmental conditions on one 

another. These plots are presented in the following sections to further understand 

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

Contents Unit Value 

Air Enthalpy of Vaporization, hfg Btu/lbm 1061.2 

Constant-pressure specific heat of air, CP air Btu/(lbm-°F) 0.24 

Specific density of air, ρ air lbm/ft
3 

0.0764 

 

It should be mentioned that for the cooling capacities calculations the 

Engineering Equation Solver (EES) has been used to calculate the indoor, 

outdoor, and supply humidity ratios and enthalpies. Moreover, Excel spread 

sheets are used to calculate and plot the different cooling capacities. Table 5-5 

shows the values of the constants that have been used during the calculations. 

5.3.3    Thermal Performance Analysis of the Coupled System and EAHE 

To evaluate the thermal performance of the coupled system, the test 

facility building design cooling load is calculated first to provide a baseline for 

the coupled system cooling capacities thermal analysis. Accordingly, the load 

calculation software program, TRACE 700, is used to obtain the design cooling 

load of the test facility building.   

The design cooling load calculations started by determining the R-values 

of the test facility building envelope (i.e. walls, roof, and slab) as well as the U-

values of the windows and the static pressure loss through the EAHE. Thereafter, 

the design indoor, outdoor, and supply air conditions are selected as well as the 

infiltration rate and the shading coefficient. Afterwards, a building load 

simulation is conducted using TRACE 700 software. A variable air volume 
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(VAV) system is chosen as the design system for the test facility building, 

working in a similar way to the coupled system. The similarities between the 

coupled system and the VAV system are: in the coupled system the amount of 

airflow rate changes with the change of the solar radiation (which is an indication 

for the building cooling load). Likewise, in the VAV system the amount of 

airflow rate changes with the building cooling load. Moreover, in the coupled 

system the supply air temperature is almost constant due to the steady 

underground soil temperature which acts as the cooling coil of the VAV system, 

providing a constant supply air temperature of 55°F.   

Consequently, the design cooling load and airflow rate values are 

determined and recorded. Moreover, a fan is sized based on the calculated airflow 

rate and the total pressure losses of the air path (i.e. EAHE). Table 5-6 show the 

main design calculated values to be compared with the actual coupled system 

cooling capacities. 

It should be mentioned that the test facility building is a one story building 

and the test room dimensions are 49.875ft (15.2m) length, 14.83ft (4.52m) width, 

and 7.75ft (2.36m) height with a floor area of 740ft
2
 (68.75m

2
). It should also be 

pointed out that it is an unoccupied space with no internal loads. Moreover, all the 

windows were covered with R-5 Styrofoam insulation during the 2008 and 2009 

testing periods to minimize the solar gain. This explains why the calculated 

design cooling load and airflow rate are relatively small compared to the floor 

area. Furthermore, very few reasonable assumptions where made where the values 

were not provided or unknown (e.g. some of the roof construction materials). 
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Lastly, Appendix C includes a table of all the selected and calculated design 

values, in addition to, the detailed design cooling load calculation report created 

by TRACE 700 software.   

Table 5-6 – Main Design Calculated Values 

Design Component Calculated Value Unit 

Total Cooling Load 0.8 Tons 

Sensible Cooling Load 0.47 Tons 

Latent Cooling Load 0.32 Tons 

Fan size 

225 CFM 

0.0414 in.H2O  

 

After estimating the baseline design cooling load, the thermal performance 

analysis of the EAHE and coupled system is evaluated through plotting their 

cooling capacities (i.e. total, sensible, and latent) during both the natural airflow 

mode (2008 testing period) and the forced airflow mode (2009 testing period) on 

Excel sheets, to be able to visualize the thermal performance of the system over 

time. Thereafter, discussions on the coupled system cooling capacities during the 

2008 and 2009 tests and the test facility building design cooling load is provided.  

Furthermore, comparisons between the coupled system and EAHE cooling 

capacities are conducted. Moreover, the analyses on the effect of the outdoor air 

temperature (OAT) on the sensible cooling capacity, the outdoor air relative 

humidity on the latent cooling capacity, and the airflow rate on the total cooling 
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capacity  during the natural and forced airflow tests are presented. Consequently, 

conclusions are drawn after each analysis section.  

It should be mentioned that the thermal performance of the coupled 

system and EAHE during the natural airflow modes of the 2008 and 2009 testing 

periods showed similar results, accordingly, only the results of the 2008 testing 

period are presented in the following section beside the results of the forced 

airflow mode test of the 2009 testing period.  

5.3.3.1       Thermal Performance Analysis of 2008 Natural Airflow Test 

Figures 5-6 a, b, and c show the total, sensible, and latent cooling 

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

respectively. 

Fig. 5-6 (a) – EAHE Total Cooling Capacity (2008 Natural Airflow Test) 
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Fig. 5-6 (b) – EAHE Sensible Cooling Capacity  

(2008 Natural Airflow Test)  

Fig. 5-6 (c) – EAHE Latent Cooling Capacity (2008 Natural Airflow Test) 
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Figure 5-6 a show that the EAHE reached a maximum cooling Capacity of 

about 10,950 Btu/hr (0.91 tons of cooling per hour), and a maximum sensible 

cooling capacity of about 9,270 Btu/hr (0.77 tons of cooling per hour). It is 

clear from both figures that the cooling capacities reach their maximum peak 

during the day time due to the increase in the solar radiation intensity. 

Moreover, Figure 5-6 c, shows that the EAHE latent cooling capacity 

usually have negative values during the night time. This is explained as 

follows: since the solar radiation drops to zero when the sun goes down, the 

airflow rate through the EAHE drops to zero as well because the solar 

collector cannot collect any solar radiation during the night time. Accordingly, 

the supply relative humidity sensor reads the indoor/room air relative 

humidity instead of the actual supply air relative humidity. On the other hand, 

the outdoor air temperature and humidity ratio decreases during the night 

time. Thus, the difference between the outdoor air humidity ratio and the 

supply air humidity ratio (which in this case is the indoor humidity ratio 

reading) become negative and produce inaccurate negative values for the 

EAHE latent cooling capacity. 

It is also clear from Figure 5-6 c, that the value of the EAHE latent cooling 

capacity was positive during the nights when the outdoor air conditions were 

stormy and windy. This phenomenon is due to the outside air wind producing 

a draft through the EAHE. This draft was humid because of the stormy 

outdoor air conditions, and consequently, condensation occurred inside the 

EAHE while this draft was migrating through it. This led to a reduction on the 
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supply air relative humidity ratio. On the other hand, the outdoor humidity 

ratio was relatively high due to the outdoor air stormy conditions. 

Accordingly, the difference between the outdoor and supply air humidity 

ratios was positive during those nights. This also proves the aforementioned 

explanation of the negative EAHE latent cooling capacities values during the 

night time. 

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

capacities of the coupled system during the natural airflow test of 2008. 

Fig. 5-7 (a) – Coupled System Total Cooling Capacity 

(2008 Natural Airflow Test) 
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Fig. 5-7 (b) – Coupled System Sensible Cooling Capacity  

(2008 Natural Airflow Test)  

Fig. 5-7 (c) – Coupled System Latent Cooling Capacity  

(2008 Natural Airflow Test) 
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From Figure 5-7 a and b it is clear that the coupled system reached a 

maximum total cooling capacity of about 7,450 Btu.hr (0.63 tons of cooling 

per hour), in the mean time it reached a maximum sensible cooling capacity of 

about 4,860 Btu/hr (0.41 tons of cooling per hour). Comparing these values 

with the design cooling load, it can be concluded that the coupled system 

almost satisfied the test facility building design cooling load which is an 

extreme condition that happens rarely. This implies the feasibility of the 

coupled system performance during the natural airflow mode and its ability to 

provide almost the same amount of cooling as the VAV system under the 

same operational conditions.   

Figure 5-7 c shows that the latent cooling capacity has some negative 

values during a few nights of the 2008 natural airflow test. It is found that 

during these few nights the outdoor environmental conditions were stormy 

and windy. This leads to an increase in the outdoor air humidity ratio. 

Consequently, the difference between the outdoor air and supply humidity 

ratios is very small during the days while it is negative during the night time.  

This is explained as follows: since the solar radiation drops to zero when the 

sun goes down, the airflow rate through the EAHE drops to zero as well 

because the solar collector cannot collect any solar radiation during the night 

time. Accordingly, the supply relative humidity sensor reads the indoor/room 

air relative humidity instead of the actual supply air relative humidity. 

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

conditions impacts the performance of the coupled system. Furthermore, when 
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the solar radiation increases the coupled system cooling capacity increases.  

This proves the natural controllability of the coupled system. 

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

system total cooling capacities during the same test. 

Fig. 5-8 – EAHE - Coupled System Total Cooling Capacity 

Comparison (2008 Natural Airflow Test) 

Figures 5-9 show the effect of the supply airflow rate on the coupled 

system total cooling capacity. It is obvious that the total cooling capacity 

follows the same pattern as the supply natural airflow rate. Accordingly, it is 

concluded that as the natural airflow draft increases the cooling capacity 

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

Comparison (2008 Natural Airflow Test) 

Fig. 5-10 – Coupled System Sensible Cooling Capacity – Outdoor Air 

Temperature Comparison (2008 Natural Airflow Test) 
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Fig. 5-11 – Coupled System Latent Cooling Capacity – Outdoor Air 

Relative Humidity Comparison (2008 Natural Airflow Test) 

It is apparent from Figure 5-10 that the sensible cooling capacity follows 

the same pattern as the outdoor air temperature. In other words, as the outdoor 

air temperature increases the system sensible cooling capacity increases and 

vice versa. This proves the efficiency of the coupled system as it has a sort of 

natural control system as the cooling capacity increases when it is required (i.e. 

when the outdoor air temperature increases). On the other hand, Figure 5-11 

show that the latent cooling capacity follows a reverse pattern of the outdoor 

air relative humidity. In other words, as the relative humidity decrease the 

latent cooling capacity increase and vice versa. 
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5.3.3.2       Thermal Performance Analysis of 2009 Forced Airflow Test 

Figures 5-12 a, b, and c show the total, sensible, and latent cooling 

capacities of the EAHE during the forced airflow test of 2009 with time, 

respectively. In addition, Figures 5-13 a, b, and c show the total, sensible, and 

latent cooling capacities of the coupled system during the forced airflow test 

of 2009 as well. Moreover, Figure 5-14 show a comparison between the 

EAHE and coupled system total cooling capacities during the same test. 

Fig. 5-12 (a) – EAHE Total Cooling Capacity (2009 Forced Airflow Test) 
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Fig. 5-12 (b) – EAHE Sensible Cooling Capacity  

(2009 Forced Airflow Test) 

Fig. 5-12 (c) – EAHE Latent Cooling Capacity  

(2009 Forced Airflow Test) 
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 Figure 5-12 a show that the EAHE reached a maximum cooling Capacity 

of about 114,421 Btu/hr (9.54 tons of cooling per hour), and a maximum 

sensible cooling capacity of about 26,846 Btu/hr (2.24 tons of cooling per 

hour). Moreover, Figure 5-12 c, shows that the EAHE average latent cooling 

capacity is about 10,150 Btu/hr (0.85 tons per hour). It is clear from all the 

figures that all the capacities have negative values during the night time.  This 

phenomenon is explained as follows: As the sun goes down the solar collector 

does not collect solar radiation and the solar chimney natural draft that 

exhausts the hot air inside the building decreases. In the same time, as 

explained earlier the oversized fan extracts a huge amount of ambient air that 

bypasses the EAHE without enough time to cool down. Accordingly, all the 

supply air conditions increases during the night time which leads to negative 

values in all the forms of cooling capacities. This can be clearly seen on 

Figures 5-5 a, b, and c where there is a shit between the indoor and outdoor air 

conditions peaks.  
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Fig. 5-13 (a) – Coupled System Total Cooling Capacity  

(2009 Forced Airflow Test) 

Fig. 5-13(b) – Coupled System Sensible Cooling Capacity  

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

(2009 Forced Airflow Test) 

From Figure 5-13 a, b and c it is clear that the coupled system reached a 

maximum total cooling capacity of about 15,275 Btu.hr (1.27 tons of cooling 

per hour), maximum sensible cooling capacity of about 9,965 Btu/hr (0.83 

tons of cooling per hour) and maximum latent cooling of about 6,330 Btu/hr 

(0.53 tons of cooling per hour). It is also apparent that all the cooling 

capacities have negative values during the night time. Again this phenomenon 

happened because the natural chimney draft that exhausts the hot humid air 

out of the building does not work during the night time. Accordingly, all the 

hot air that bypassed the EAHE without being cooled down is trapped inside 

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

consequently negative cooling occurs. 

Fig. 5-14 –  EAHE - Coupled System Total Cooling Capacity 

Comparison (2009 Forced Airflow Test) 

It is clear from Figure 5-14 that the EAHE cooling capacity is much 

higher than that of the coupled system during the day time while the system 

cooling capacity is higher than that of the EAHE during the night time. This 

implies that EAHE performance during the day time is much better than the 

night time because of the effect of the solar chimney and collector natural air 

draft. 
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Figures 5-15 show the effect of the supply airflow rate on the coupled 

system total cooling capacity during 2009 forced airflow test. It is obvious 

that the total cooling capacity does not follow the forced air flow pattern. This 

is due to the small capacity of the EAHE compared to the fan airflow rate. 

And also because of the day and night changes which affects the solar 

chimney natural air draft. 

Fig. 5-15 – Coupled System Total Cooling Capacity – Forced Airflow 

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

Temperature Comparison (2009 Forced Airflow Test) 

Fig. 5-17 – Coupled System Latent Cooling Capacity – Outdoor Air 

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

an opposite pattern of the outdoor air temperature. In other words, as the 

outdoor air temperature increases the system sensible cooling capacity 

decreases and vice versa. On the other hand, Figure 5-17 show that the latent 

cooling capacity follows almost the same pattern of the outdoor air relative 

humidity. In other words, as the relative humidity increase the latent cooling 

capacity increase and vice versa. 

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

In this section the analysis of the effect of the heat transfer of air along the length 

of the EAHE during the natural airflow test of 2008 and the forced airflow test of 

2009 are presented. Moreover, the analysis of the effect of the heat transfer from the 

EAHE to the surrounding underground soil during the 2009 forced air flow test is 

provided. And the effect of the EAHE and coupled system total cooling capacities on 

the underground soil is discussed. This analysis aims to study how the heat transfer of 

the EAHE affects the air migrating through it and the underground soil surrounding 

it, to develop a better understanding of its thermal performance and provide 

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

Fig. 5-18 – EAHE Air Temperature Profiles at 4 Different Locations  

(2008 Natural Airflow Test) 

Figure 5-18 show the EAHE air temperature profiles of 4 different points 

along the EAHE during the natural airflow test of 2008. It is clear from the figure 

that air temperature decreases extensively while it is migrating through the 188ft 

long EAHE. This proves the effectiveness it effectiveness and ability for heat 

dissipation. Moreover, the peaks on the supply air temperature during the night 

time are related to the false reading of the supply air temperature sensor during 

the night time as there is no supply airflow during the night time so it reads the 

room air temperature instead which is high during the nights.   
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It should be mentioned that for the EAHE air temperature profiles analysis 

during the 2008 natural airflow test, only one week worth of data is presented 

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

pattern. 

Fig. 5-19 – Airflow Rate – Air Temperature Profiles at 4 Different Locations 

(2009 Forced Airflow Test) 

Figure 5-19 show the EAHE air temperature profiles of 4 different points 

along the EAHE during the natural airflow test of 2009 as well as the airflow rate 

profile. It is clear that the air temperature profiles followed the same pattern as the 

natural airflow test of 2008 which proves the effect of the test facility building 

thermal mass on the underground soil surrounding the building vicinity and the 

outlet of the EAHE. It is also apparent from the above figure that the EAHE air 
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temperature profile follows the same pattern as the airflow rate. In other words as 

the airflow rate increases the temperature of air inside the EAHE increases and 

vice versa, which follows the common sense. It should be mentioned that the 

natural airflow test of 2008 showed a similar results for the airflow rate and 

EAHE air temperature profiles. 

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

This sub-section starts studying the effect of the ambient air on the UUS 

temperature profiles during the 2009 natural airflow test. Thereafter, the analysis 

on the effect of the forced air flow rate on the underground soil above and next 

the EAHE is conducted. Furthermore, the effect of the EAHE and coupled system 

total cooling capacities on the underground soil surrounding the EAHE is studied. 

Fig. 5-20 – 2009 Underground Reference – Outdoor Air Temperatures 
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As shown in Figure 5-20 the UUS temperature profile at 9.5ft depth stayed 

at a range of 53.3°F-57.6°F which is considered as a good temperature range for a 

heat sink as discussed earlier. Moreover, the UUS temperature profile at 2ft depth 

almost followed the main changes in the outdoor air temperature (i.e. the weekly 

temperature rage changes not the daily temperature changes).  

Fig. 5-21 – Airflow Rate – Underground Temperature profile at 30 ft from 

the Test Facility Building (2009 Entire Testing Period) 

Figure 5-21 shows the underground soil temperature profiles at 30ft away 

from the test facility building at 3 different heights 1ft, 4ft, and 7ft above the 

EAHE along with the airflow rate profile during the entire 2009 testing period. It 

is clear from the above figure that the underground soil temperatures at the 
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different depths increased drastically during the forced airflow testing period, 

with higher values closer to the EAHE tube and less values away from it. For 

example, the underground soil temperature at 1ft above the EAHE preserved at a 

temperature of about 64°F then it rose up to 70°F during the forced airflow test, 

afterwards it settled down again at a temperature of about 64.5°F. This 

phenomenon is called the ground thermal saturation, where the underground 

temperatures rise above their normal temperatures during the time of the year. It 

should be mentioned that it took the forced airflow test few hours to thermally 

saturate the ground, while it took the ground over two weeks to recover from it 

thermal saturation. This answers one of the main questions on which this current 

research is based on “how long will it take the underground soil to recover from 

its thermal saturation?” 

 The underground thermal saturation negatively affects the EAHE and 

coupled system cooling performance. As it decreases the underground ability to 

be a heat sink, accordingly it reduced the cooling capacity that could be extracted 

by both the EAHE and the coupled system. This explains why during the forced 

airflow test, the system could not maintain the indoor environmental conditions 

within the thermal comfort zone limits recommended by ASHRAE. Moreover, it 

explains the negative values that appeared for all the cooling capacities forms 

during the night time of the forced airflow test.  

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

the test facility building at 6 inches above the EAHE and 6 inches next to the 
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EAHE. The results of this figure show that the underground heat dissipation in the 

vertical level is higher than that on the horizontal level. And that both the vertical 

and the horizontal levels experienced thermal saturation with different degrees 

during the forced airflow test conducted during the 2009 testing period. 

Moreover, it shows that the underground temperatures followed the outdoor air 

temperature pattern especially during the forced airflow test and with a less 

damping degree than the period before and after the forced airflow test. 

Fig. 5-22 – Outdoor Air Temperature and Underground Temperature 

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

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

the test facility building and 1ft above the EAHE along with the EAHE and 
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coupled system total cooling capacities. It is clear from this figure that although 

the underground soil experienced thermal saturation during the forced airflow 

test, both the EAHE and the coupled system cooling capacities increased during 

the same period. This is because of the great amount of airflow rate that traveled 

along the EAHE, not because temperature difference between either the outdoor 

air and supply air or the indoor air and the supply air. The increase in the cooling 

capacities during the 2009 forced airflow test is considered as a good indication 

for the underground capacity for heat dissipation.  

Fig. 5-23 – Coupled System and EAHE Total Cooling Capacities – 

Underground Temperature profile at 30ft away from the Test Facility 

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

In this section an analysis of the solar chimney driving force during the 2008 

natural airflow test is conducted. The analyses begin with studying the effect of the 

outdoor air temperature on the EAHE airflow rate which is a result/part of the solar 

chimney natural draft. Thereafter, the effect of the outdoor air temperature on the 

solar chimney air temperatures which controls its natural draft driving force is 

presented. Moreover, a comparison between the solar chimney temperature and the 

airflow rates is carried out. Furthermore, the effect of the solar chimney air 

temperatures on the coupled system total cooling capacity is introduced. 

Fig. 5-24 – Outdoor Air Temperature – EAHE Airflow Rate  

 (2008 Natural Airflow Test) 
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It is clear from Figure 5-24 that the EAHE airflow rate followed the same exact 

pattern of the outdoor air temperature. In other words, as the outdoor air temperature 

increases the EAHE airflow rate, which is derived by the solar chimney natural draft, 

increases. This proves the effectiveness of coupling the EAHE with the solar chimney 

technology and shows the effect of the solar radiation and the outdoor air temperature 

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

building. 

Fig. 5-25 – Comparison between the Outdoor Air and Chimney air 

Temperatures 
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Figure 5-25 shows how using the solar collector and solar chimney techniques 

amplifies the amount of the ambient air temperature to create a natural draft. It is 

clear from the figure that the solar chimney temperatures follows the same pattern as 

the outdoor air temperature, which implies that increasing the outdoor air temperature 

increase the solar chimney driving force. The same fact is also proved through Figure 

5-26 that show the effect of the chimney air temperatures on the EAHE and the solar 

collector airflow rates. As the chimney air temperatures increase, the airflow rates 

increases. It is worth mentioning that from Figure 5-26 it is concluded that the airflow 

rate through the solar collector is higher than that through the EAHE. This means that 

there is an undesired amount of air infiltration through the building which affects the 

coupled system cooling capacity as it increased the test facility building cooling 

loads. Recommendations on how to reduce the amount of air infiltration to the 

building are provided on chapter 6 of this thesis. 
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Fig. 5-26 – Chimney Temperature and the Airflow Rates Comparison 

Fig. 5-27 – Chimney Temperature – Coupled System Total Cooling Capacity 

Comparison 
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As shown in Figure 5-27 the total cooling capacity of the coupled system is 

largely affected by the solar chimney air temperatures (i.e. driving force), where the 

coupled system total cooling capacity increases with the increase of the solar chimney 

air temperatures and vice versa. This follows the common sense. It can be clearly 

seen that a maximum chimney air temperature of about 155°F can create a total 

cooling capacity of more than 6,000 Btu/hr (0.5 tons of cooling per hour) which is 

very good compared to the amount of energy required by conventional air 

conditioning system to provide the same amount of cooling. The above analysis 

proves the feasibility of the coupled system through some design improvements 

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

In this chapter a study on the undisturbed underground soil temperatures has been 

conducted, where the results of the study motivated the further analysis of the 

coupled system. Thereafter, the thermal performance analysis of the coupled system 

and the EAHE is evaluated from different points of view to answer few the important 

questions about the feasibility of the coupled system. The first question is “could the 

coupled system provide comfort indoor environmental conditions that complies with 

ASHRAE standard 55?” the answer to this question is found to be yes with few 

improvements on the design side of the system. Another question is “how much 

cooling capacity could the coupled system provide for the test facility building during 

the hot summer months on both the natural airflow mode and the forced airflow 

mode?” to answer this question the cooling capacities calculation method has been 

presented, moreover, cooling capacity analysis has been conducted. Furthermore, the 

analysis of the effect of the EAHE heat transfer on the air flowing through it and the 

underground soil surrounding it is provided. Finally, the solar chimney driving force 

has been discussed from various points and its effect on the coupled system total 

cooling capacity has been evaluated.  
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Chapter, 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1  Conclusions 

 Since in the United States the HVAC systems is one of the main energy 

consuming components in the building sector which in turn consumes about 70% of 

the annual electrical energy consumption, especially during the summer due to the 

summer cooling loads. It is necessary to investigate the renewable energy alternatives 

for cooling residential and commercial buildings. Accordingly, a literature review on 

utilizing the geothermal energy through the use of the EAHE system, and the solar 

energy, by the use of a solar chimney, has been conducted. The results of the review 

showed that most of the previous researches have been conducted on each system 

separately and a few experiments have been done on the coupled system.  

 Consequently, the present research has been conducted on the coupled system at 

the Solar Energy Research Test Facility (SERTF) in Omaha, Nebraska to further 

investigate the thermal performance of the coupled system. The dimensions of the test 

room at the SERTF are: 49.875ft in length, 14.83ft in width, and 7.75ft in height with 

a total floor area of 740ft
2
. Two tests have been conducted in order to investigate the 

cooling capacity that the coupled system can provide to the test room and to 

determine if the underground soil would experience thermal saturation when the 

airflow is extracted through the EAHE by means of an electrical fan.    



1 6 1
In the first test, a “Natural Airflow” test, the coupled system was allowed to be 

naturally driven by means of the passive solar energy and the stack effect. While in 

the second test, a “Forced Airflow” test, a fan was installed to the coupled system to 

enhance the airflow rate. Sufficient measuring instruments (e.g. thermocouples, air 

velocity transmitters, and relative humidity sensor) were installed at various locations 

of the test facility building to allow the calculation of the EAHE and coupled system 

cooling capacities as well as to study the various effects of the system components on 

the different environmental parameters and vice versa. Moreover, the measured data 

was logged and collected using an in situ computer system. 

Furthermore, calibration for the measuring instruments was done in situ to 

minimize the measuring and calculation errors. In addition, an uncertainty analysis 

for the measured and calculated data was performed. The resulting data was analyzed 

and cooling capacities were determined to study the thermal performance of the 

implemented system during the two tests. Consequently, several conclusions were 

drawn from the results of the two tests as follows: 

• The uncertainty error of the measured and calculated data is found to be in an 

acceptable range, where the thermocouple uncertainty is ±0.502°F. While the 

airflow measuring instruments uncertainty is in the range from ±7.2CFM to 

±14.33CFM and the calculated sensible cooling capacity relative uncertainty 

error is ±3.0%. 

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

sink as its temperature fluctuates in the range of 46.5°F – 58.2°F over the 
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course of a whole year. Furthermore, its temperature range during the hot 

summer months (i.e. July and August) is 52.2°F - 57°F, which validates its 

ability as a good heat sink during the hot summer season. In addition, it is 

found that the deeper the depth of the thermocouple in the ground the cooler 

the underground temperature is, and the more stable the temperature 

fluctuation are around the whole year. 

• During 2008 and 2009 natural airflow modes/test, the coupled system was 

able to maintain the indoor thermal environmental comfort conditions at a 

favorable range that complied with ASHRAE standard 55-2004 for thermal 

comfort. The indoor air temperature was maintained at a range of 69°F - 

77.2°F, while the indoor humidity ratio was maintained at a range of 0.006872 

- 0.01438.  

• During 2009 forced airflow mode/test, the coupled system was not able to 

maintain comfortable indoor thermal environmental conditions, as the indoor 

air temperature was maintained at the high range of 67.6°F - 82.4°F, while the 

indoor humidity ratio was maintained at the high range of 0.009437 - 

0.017868 which does not comply with the recommended upper humidity ratio 

level (i.e. 0.012) by ASHRAE. The reason for this non-compliance is that the 

fan is oversized, causing the amount airflow rate to be much higher than the 

EAHE capacity for heat dissipation.  Thus, there is not enough time and area 

for the heat exchange. 
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• The coupled system provided an acceptable amount of cooling capacity during 

the natural airflow test of 2008. The EAHE maximum cooling capacity during 

that test was 0.91 tons of cooling per hour, while the coupled system 

maximum cooling capacity was 0.63 tons of cooling which almost covered the 

building design cooling load (i.e. 0.8 tons, maximum extreme condition). 

• It was found during the forced airflow test of 2009, that although the system 

can not entirely provide favorable thermal comfort, it can provide a very good 

amount of cooling capacity, where the EAHE maximum cooling capacity was 

9.54 tons of cooling per hour, while the coupled system maximum cooling 

capacity was 1.27 tons of cooling, which is even more than the building 

design cooling load amount. 

• During the forced airflow test of 2009, the underground soil surrounding the 

EAHE experienced thermal saturation in the first few hours of operation. The 

underground soil temperature at 1ft above the EAHE rose up from 64°F to 

70°F. After the forced airflow test, the underground temperature at the same 

location recovered over a period of more than two weeks, where the 

underground soil temperatures drop down to 64.5°F. This phenomenon 

happened due to the oversized installed fan. 

• It is found that the air temperature is reduced by about 40°F while it migrates 

through the 188ft long EAHE. 

• During the natural airflow mode, it is found that the increase in the outdoor air 

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

increases the amount of cooling capacity provided to the building.  

• In addition, there is a great amount of infiltration to the test facility building 

which increases the building cooling load and consequently reduces the ability 

of the system to provide enough cooling for the test facility building. 

• By comparing the coupled system during the natural airflow more with a 

VAV system, it is found that the coupled system was able to provide a similar 

amount of airflow to the building as the VAV system, which almost covered 

the building design cooling load, an extreme condition. This implies that the 

coupled system is feasible as it provided the same amount of airflow and 

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

6.2  Recommendations 

The coupled system thermal performance and resulting cooling capacities can be 

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

following to improve the performance of the implemented coupled system. 

• Increase the size of the solar collector, design and size the EAHE based on the 

required airflow and use a multiple pipe EAHE to increase the amount of 

airflow and cooling capacities that could be provided to the building. 

• Re-size the fan based on the required airflow amount and the total pressure 

losses through the EAHE. (The recommended fan size is 244 CFM at 0.414 

in.H2O). 
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• Study the possibility of delaying the onset of the underground thermal 

saturation by adding moisture to the underground soil and adjust the 

perforation position of the EAHE to optimize the humidity ratio of supply air. 

• Insulate the very last portion of the EAHE that penetrates the test facility 

building through the concrete slab to prevent warming up the supply air. 

• Develop a complete mathematical model for the whole system (i.e. EAHE, 

test facility building, solar collector, and solar chimney) to further understand 

the performance of the coupled system. 

• Implement the system with a conventional HAVC system to pre-cool/pre-heat 

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

CALCULATED AND MEASURED DATA  
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2009 FORCED AIRFLOW TEST (SAMPLE DATA) Ou t do o r A i r Co n d i t io n s I n do o r A i r Co n d i t io n s Su p p ly A i r Co n d i t io n s Sy s te m Ca p a c i t i e s E A H E Ca p a c i t i e sD a te - T i m e Airflow(CFM) OAT(°F) OA-RH(%) OA-H.Ratio(w) OA-Enthalpy(Btu/lbm) AverageRAT(°F) RA-RH(%) RA-H.Ratio(w) RA-Enthalpy(Btu/lbm) SAT(°F) SA-RH(%) SA-H.Ratio(w) SA-Enthalpy(Btu/lbm) SystemTotalC.Capacity SystemSensibleC.Capacity SystemLatentC.Capacity EAHETotalC.Capacity EAHESensibleC.Capacity EAHELatentC.Capacity8 / 6 /0 9 1 5: 3 0 1 7 6 5 . 5 8 1 . 5 4 5 . 8 0 . 0 1 0 3 1 . 1 1 7 2. 0 6 0 . 5 0 . 0 1 2 8. 3 6 7. 7 6 8. 3 0 . 0 0 9 2 7. 0 3 1 0 7 6 3 . 7 8 4 1 6. 7 2 2 2 6. 4 6 3 3 0 1 9. 6 5 2 6 8 0 4. 1 5 5 4 9. 6 98 / 6 /0 9 1 5: 4 5 1 7 6 2. 5 8 1 . 2 4 5 . 8 0 . 0 1 0 3 0 . 9 2 7 2. 0 5 8. 8 0 . 0 0 2 8. 0 6 8. 2 6 8. 8 0 . 0 1 0 2 7. 4 2 5 0 8 9. 9 6 7 4 3 2. 9 - 2 3 8 4. 3 1 2 8 2 7 7. 5 5 2 5 2 0 7. 4 2 4 9 4. 6 58 / 6 /0 9 1 6: 0 0 1 7 5 3 . 5 8 1 . 2 4 5 . 9 0 . 0 1 0 3 0 . 9 5 7 2. 1 6 0 . 9 0 . 0 1 2 8. 5 6 8. 6 6 8. 8 0 . 0 1 0 2 7. 6 7 6 6 7 1 . 5 8 6 7 3 5 . 8 - 2 4 2. 1 1 2 6 3 6 4. 7 8 2 4 3 0 7. 0 1 4 5 2. 4 68 / 6 /0 9 1 6: 1 5 1 7 8 4. 5 8 1 . 3 4 6. 1 0 . 0 1 0 3 1 . 0 6 7 2. 2 6 2. 3 0 . 0 1 2 8. 8 6 9 6 8. 4 0 . 0 1 0 2 7. 8 6 7 8 5 2. 9 4 6 2 4 9. 6 1 4 2 4. 0 4 2 6 1 7 6. 4 7 2 4 1 4 7. 7 1 4 5 3 . 7 08 / 6 /0 9 1 6: 3 0 1 7 5 9. 0 8 1 . 4 4 6. 4 0 . 0 1 0 3 1 . 2 0 7 2. 3 6 1 . 9 0 . 0 1 2 8. 8 6 9. 4 6 8. 4 0 . 0 1 0 2 8. 1 2 5 5 6 3 . 6 5 5 6 4 4. 2 - 1 1 5 . 0 7 2 4 8 3 4. 8 3 2 3 2 2 2. 1 1 0 7 9. 7 08 / 6 /0 9 1 6: 4 5 1 7 6 9. 0 8 1 . 6 4 6. 8 0 . 0 1 0 3 1 . 4 2 7 2. 4 6 0 0 . 0 1 2 8. 5 6 9. 5 6 6 0 . 0 1 0 2 7. 7 7 6 0 8 1 . 8 2 5 5 7 9. 0 2 8 7. 5 1 2 9 5 9 8. 2 0 2 3 5 4 8. 8 5 3 9 6. 7 38 / 6 /0 9 1 7: 0 0 1 7 5 4. 5 8 1 . 6 4 7. 3 0 . 0 1 0 3 1 . 5 5 7 2. 5 6 0 . 4 0 . 0 1 2 8. 6 6 9. 7 6 7. 5 0 . 0 1 0 2 8. 1 6 4 0 2 1 . 3 1 5 3 5 6. 3 - 1 4 4 2 . 8 4 2 7 2 6 4. 5 1 2 2 9 6 9. 7 3 7 1 1 . 0 18 / 6 /0 9 1 7: 1 5 1 7 8 3 . 5 8 1 4 7. 8 0 . 0 1 0 3 1 . 3 1 7 2. 5 6 0 . 9 0 . 0 1 2 8. 7 6 9. 8 6 7. 4 0 . 0 1 0 2 8. 2 4 4 9 6. 5 6 5 2 8 1 . 4 - 8 9 4. 6 7 2 5 4 2 6. 0 0 2 1 9 7 5 . 9 2 8 8 9. 8 58 / 6 /0 9 1 7: 3 0 1 7 4 9. 5 8 0 . 8 4 8. 5 0 . 0 1 0 3 1 . 3 5 7 2. 6 6 1 . 8 0 . 0 1 2 8. 9 7 0 6 8. 3 0 . 0 1 0 2 8. 4 9 4 0 0 9. 8 5 4 9 2 4. 1 - 1 0 8 3 . 1 6 2 2 9 3 6. 3 6 2 0 7 8 7. 0 1 6 7 6. 2 08 / 6 /0 9 1 7: 4 5 1 7 7 1 . 0 8 0 . 6 4 9. 2 0 . 0 1 0 3 1 . 4 1 7 2. 6 6 0 . 6 0 . 0 1 2 8. 7 7 0 6 7. 5 0 . 0 1 0 2 8. 3 5 3 3 2 8. 4 9 5 0 4 9. 5 - 1 7 9 5 . 2 4 2 4 8 4 1 . 8 9 2 0 6 5 2. 8 3 6 2 2. 4 28 / 6 /0 9 1 8: 0 0 1 7 5 9. 5 7 9. 4 5 0 . 1 0 . 0 1 0 3 0 . 8 4 7 2. 6 6 1 . 5 0 . 0 1 2 8. 9 6 9. 9 6 7. 5 0 . 0 1 0 2 8. 2 8 5 2 4 2. 6 1 5 2 2 6. 4 - 1 3 3 . 2 8 2 0 6 4 7. 8 0 1 8 3 8 9. 4 1 7 5 6. 9 38 / 6 /0 9 1 8: 1 5 1 7 7 5 . 5 7 8. 4 5 0 . 9 0 . 0 1 0 3 0 . 4 1 7 2. 5 6 1 . 7 0 . 0 1 2 8. 9 6 9. 7 6 8 0 . 0 1 0 2 8. 2 4 5 3 7 1 . 6 7 5 5 3 4. 4 - 1 9 7. 1 7 1 7 6 6 1 . 4 0 1 6 9 9 4. 0 2 8 1 . 7 28 / 6 /0 9 1 8: 3 0 1 7 8 5 . 0 7 8 5 1 . 9 0 . 0 1 0 3 0 . 3 7 7 2. 5 6 1 . 5 0 . 0 1 2 8. 8 6 9. 5 6 8. 8 0 . 0 1 0 2 8. 2 5 4 9 9 1 . 2 9 5 7 9 3 . 1 - 9 5 1 . 5 4 1 7 3 4 6. 7 7 1 6 6 9 2. 1 3 0 9. 1 18 / 6 /0 9 1 8: 4 5 1 7 7 9. 0 7 7. 9 5 2. 9 0 . 0 1 0 3 0 . 5 3 7 2. 4 6 2. 2 0 . 0 1 2 8. 9 6 9. 4 6 8. 4 0 . 0 1 0 2 8. 1 2 6 6 0 5 . 5 0 5 8 3 8. 9 6 4 3 . 0 1 1 9 6 5 3 . 4 0 1 6 6 3 6. 0 2 6 3 7. 5 88 / 6 /0 9 1 9: 0 0 1 7 7 6. 5 7 7. 7 5 3 . 9 0 . 0 1 0 3 0 . 6 4 7 2. 4 6 2. 5 0 . 0 1 2 8. 9 6 9. 4 6 8. 8 0 . 0 1 0 2 8. 1 8 6 5 9 6. 2 2 5 7 8 1 . 8 5 5 0 . 9 5 2 0 0 3 2. 9 5 1 6 2 2 1 . 8 3 3 1 5 . 1 08 / 6 /0 9 1 9: 1 5 1 7 9 3 . 5 7 7. 6 5 5 . 0 0 . 0 1 1 3 0 . 8 2 7 2. 3 6 4. 2 0 . 0 1 2 9. 2 6 9. 5 7 1 . 8 0 . 0 1 1 2 8. 7 6 4 0 2 8. 4 9 5 6 0 7. 0 - 1 6 2 4. 9 0 1 6 9 3 6. 0 9 1 5 9 8 2. 4 5 2 8. 7 48 / 6 /0 9 1 9: 3 0 1 7 8 3 . 0 7 7. 8 5 6. 1 0 . 0 1 1 3 1 . 1 9 7 2. 4 6 5 . 2 0 . 0 1 2 9. 5 6 9. 7 7 4. 3 0 . 0 1 1 2 9. 3 3 1 3 8 9. 4 6 5 2 3 0 . 8 - 3 8 8 2 . 7 9 1 5 2 0 2. 2 9 1 5 8 8 8. 8 - 9 5 1 . 4 88 / 6 /0 9 1 9: 4 5 1 7 8 6. 5 7 7. 1 5 7. 2 0 . 0 1 1 3 0 . 9 8 7 2. 4 6 6 0 . 0 1 2 9. 6 6 9. 6 7 5 0 . 0 1 1 2 9. 3 8 2 2 1 1 . 1 2 5 5 3 5 . 9 - 3 2 9 8. 2 8 1 3 1 0 2. 9 1 1 4 7 4 0 . 7 - 1 9 2 1 . 0 78 / 6 /0 9 2 0: 0 0 1 7 7 2. 5 7 6. 5 5 8. 3 0 . 0 1 1 3 0 . 8 2 7 2. 4 6 7. 1 0 . 0 1 2 9. 8 6 9. 5 7 5 . 9 0 . 0 1 1 2 9. 4 6 3 2 5 0 . 0 6 5 5 5 7. 6 - 2 5 0 2 . 2 4 1 1 0 5 0 . 1 9 1 3 6 5 0 . 2 - 2 8 3 5 . 2 48 / 6 /0 9 2 0: 1 5 1 7 8 2. 0 7 6. 3 5 9. 4 0 . 0 1 1 3 0 . 9 3 7 2. 4 6 7. 5 0 . 0 1 2 9. 9 6 9. 6 7 6 0 . 0 1 1 2 9. 5 5 3 1 0 4. 1 0 5 3 9 1 . 3 - 2 4 0 5 . 7 9 1 1 2 7 2. 7 9 1 3 1 3 5 . 2 - 2 1 0 9 . 0 9 176



Ou t do o r A i r Co n d i t io n s I n do o r A i r Co n d i t io n s Su p p ly A i r Co n d i t io n s Sy s te m Ca p a c i t i e s E A H E Ca p a c i t i e sD a te - T i m e Airflow(CFM) OAT(°F) OA-RH(%) OA-H.Ratio(w) OA-Enthalpy(Btu/lbm) AverageRAT(°F) RA-RH(%) RA-H.Ratio(w) RA-Enthalpy(Btu/lbm) SAT(°F) SA-RH(%) SA-H.Ratio(w) SA-Enthalpy(Btu/lbm) SystemTotalC.Capacity SystemSensibleC.Capacity SystemLatentC.Capacity EAHETotalC.Capacity EAHESensibleC.Capacity EAHELatentC.Capacity8 / 6 /0 9 2 0: 3 0 1 7 7 2. 5 7 6 6 0 . 5 0 . 0 1 1 3 0 . 9 6 7 2. 3 6 7. 7 0 . 0 1 2 9. 9 6 9. 5 7 6. 4 0 . 0 1 1 2 9. 5 5 2 8 4 3 . 8 0 5 5 2 5 . 1 - 2 6 2 4. 2 5 1 1 4 5 6. 4 5 1 2 6 7 5 . 2 - 1 4 4 9 . 1 48 / 6 /0 9 2 0: 4 5 1 7 7 8. 0 7 5 . 5 6 1 . 6 0 . 0 1 1 3 0 . 8 5 7 2. 3 6 8. 2 0 . 0 1 3 0 6 9. 4 7 6. 7 0 . 0 1 1 2 9. 5 3 3 8 3 0 . 6 7 5 6 2 3 . 7 - 1 9 3 8. 4 0 1 0 7 5 8. 4 6 1 1 9 3 2. 1 - 1 4 2 0 . 0 48 / 6 /0 9 2 1: 0 0 1 7 6 0 . 0 7 5 6 2. 6 0 . 0 1 1 3 0 . 7 3 7 2. 2 6 7. 8 0 . 0 1 2 9. 8 6 9. 3 7 8. 3 0 . 0 1 1 2 9. 7 3 1 0 4 8. 8 2 5 6 7 9. 7 - 4 6 3 1 . 7 8 8 0 6 7. 8 4 1 1 0 3 6. 8 - 3 1 9 9 . 7 18 / 6 /0 9 2 1: 1 5 1 7 6 3 . 5 7 4. 8 6 3 . 6 0 . 0 1 1 3 0 . 7 9 7 2. 2 6 8. 3 0 . 0 1 2 9. 9 6 9. 2 7 8. 2 0 . 0 1 1 2 9. 6 5 2 4 2 5 . 1 7 5 7 8 8. 0 - 3 4 1 2 . 6 2 9 2 1 5 . 6 3 1 0 8 6 4. 7 - 1 8 0 9 . 7 18 / 6 /0 9 2 1: 3 0 1 7 6 3 . 5 7 4. 6 6 4. 5 0 . 0 1 1 3 0 . 8 4 7 2. 2 6 8. 5 0 . 0 1 2 9. 9 6 9. 1 7 7. 3 0 . 0 1 1 2 9. 4 2 4 6 0 7. 8 1 5 9 1 7. 4 - 1 5 6 6. 1 3 1 1 4 7 9. 1 2 1 0 6 7 0 . 7 5 3 4. 1 58 / 6 /0 9 2 1: 4 5 1 7 6 7. 5 7 4. 4 6 5 . 4 0 . 0 1 1 3 0 . 8 8 7 2. 1 6 8. 3 0 . 0 1 2 9. 8 6 9. 1 7 9 0 . 0 1 2 2 9. 7 1 1 3 7 7. 3 8 5 8 3 3 . 6 - 4 4 6 9 . 1 3 9 4 7 9. 6 0 1 0 3 0 6. 0 - 1 0 5 9 . 2 58 / 6 /0 9 2 2: 0 0 1 7 8 2. 0 7 4. 4 6 6. 1 0 . 0 1 2 3 1 . 0 4 7 2. 0 6 8. 2 0 . 0 1 2 9. 7 6 9. 1 7 7. 5 0 . 0 1 1 2 9. 4 6 2 6 9 5 . 6 7 5 7 6 7. 0 - 2 9 8 2 . 6 6 1 2 9 0 6. 5 3 1 0 3 9 0 . 5 2 1 8 5 . 7 88 / 6 /0 9 2 2: 1 5 1 7 7 5 . 5 7 4. 5 6 6. 8 0 . 0 1 2 3 1 . 2 4 7 2. 0 6 8 0 . 0 1 2 9. 7 6 9. 1 7 7. 7 0 . 0 1 1 2 9. 4 9 2 1 9 7. 5 0 5 7 4 6. 0 - 3 5 3 3 . 9 7 1 4 2 4 3 . 0 6 1 0 5 4 8. 0 3 3 5 8. 2 08 / 6 /0 9 2 2: 3 0 1 7 7 7. 5 7 4. 8 6 7. 4 0 . 0 1 2 3 1 . 5 7 7 2. 1 6 8. 5 0 . 0 1 2 9. 9 6 9. 2 7 7. 4 0 . 0 1 1 2 9. 5 1 3 3 4 0 . 7 0 5 6 0 5 . 8 - 2 4 1 1 . 3 6 1 6 7 8 5 . 0 0 1 0 9 5 0 . 9 5 4 3 4. 1 48 / 6 /0 9 2 2: 4 5 1 7 8 5 . 0 7 4. 8 6 7. 9 0 . 0 1 2 3 1 . 6 7 7 2. 1 6 8. 4 0 . 0 1 2 9. 9 6 9. 3 7 7. 7 0 . 0 1 1 2 9. 6 3 2 2 0 9. 2 6 5 4 3 3 . 1 - 3 3 3 4. 3 6 1 6 6 9 2. 1 8 1 0 8 0 0 . 8 5 4 5 5 . 8 78 / 6 /0 9 2 3: 0 0 1 7 7 8. 0 7 4. 8 6 8. 2 0 . 0 1 2 3 1 . 7 4 7 2. 1 6 8. 5 0 . 0 1 2 9. 9 6 9. 3 7 7. 9 0 . 0 1 1 2 9. 6 7 2 0 3 7. 5 9 5 3 9 5 . 5 - 3 4 4 2 . 8 4 1 6 8 7 1 . 2 3 1 0 7 5 8. 4 5 7 2 4. 6 58 / 6 /0 9 2 3: 1 5 1 7 7 9. 5 7 4. 8 6 8. 4 0 . 0 1 2 3 1 . 7 9 7 2. 1 6 9. 2 0 . 0 1 3 0 . 0 6 9. 3 7 8. 3 0 . 0 1 1 2 9. 7 3 2 6 1 0 . 3 1 5 4 4 9. 0 - 2 9 4 7 . 5 6 1 6 8 0 3 . 8 9 1 0 7 6 7. 5 5 5 3 8. 1 88 / 6 /0 9 2 3: 3 0 1 7 8 3 . 5 7 4. 6 6 8. 5 0 . 0 1 2 3 1 . 6 6 7 2. 1 6 9. 5 0 . 0 1 3 0 . 1 6 9. 3 7 8. 6 0 . 0 1 2 2 9. 7 8 2 6 9 7. 9 4 5 4 4 4. 9 - 2 9 1 4. 0 9 1 5 3 7 0 . 0 6 1 0 3 9 9. 3 4 5 2 0 . 0 68 / 6 /0 9 2 3: 4 5 1 7 7 7. 0 7 4. 3 6 8. 4 0 . 0 1 2 3 1 . 4 3 7 2. 1 6 9. 4 0 . 0 1 3 0 . 0 6 9. 2 7 9. 4 0 . 0 1 2 2 9. 8 5 1 9 5 4. 9 8 5 6 0 4. 2 - 3 7 6 4. 5 5 1 2 8 7 0 . 3 1 9 9 7 0 . 4 2 2 5 6 8. 2 98 / 7 /0 9 0 : 0 0 1 7 8 4. 5 7 4. 2 6 9. 7 0 . 0 1 2 3 1 . 6 1 7 2. 1 7 0 . 2 0 . 0 1 3 0 . 2 6 9. 2 8 0 . 4 0 . 0 1 2 3 0 . 0 2 1 7 9 9. 6 3 5 6 2 7. 9 - 3 9 4 0 . 1 1 1 3 0 0 6. 4 4 9 8 1 6. 1 7 2 8 8 6. 5 38 / 7 /0 9 0 : 1 5 1 7 8 4. 0 7 3 . 8 6 9. 2 0 . 0 1 2 3 1 . 2 3 7 2. 0 7 0 . 7 0 . 0 1 3 0 . 2 6 9. 1 8 0 . 9 0 . 0 1 2 3 0 . 0 3 1 8 8 0 . 9 1 5 7 7 3 . 5 - 3 8 5 1 . 8 9 9 8 1 3 . 4 3 9 2 2 4. 6 2 3 3 2. 3 18 / 7 /0 9 0 : 3 0 1 7 8 0 . 5 7 3 . 4 6 9. 1 0 . 0 1 2 3 0 . 9 3 7 2. 0 7 1 . 4 0 . 0 1 3 0 . 3 6 9 8 2. 9 0 . 0 1 2 3 0 . 3 7 3 4. 5 6 5 8 4 3 . 8 - 5 1 1 4. 0 7 5 1 4 1 . 9 4 8 6 1 8. 8 7 - 3 5 9 5 . 1 88 / 7 /0 9 0 : 4 5 1 8 0 3 . 0 7 3 . 2 6 9. 3 0 . 0 1 2 3 0 . 8 3 7 1 . 9 7 2. 7 0 . 0 1 3 0 . 5 6 8. 9 8 4. 3 0 . 0 1 2 3 0 . 4 6 8 2 6. 5 0 6 0 3 3 . 4 - 5 1 0 5 . 3 1 3 0 5 8. 0 3 8 5 2 9. 4 3 - 5 5 2 8. 9 78 / 7 /0 9 1 : 0 0 1 7 8 7. 5 7 3 6 9. 8 0 . 0 1 2 3 0 . 7 9 7 1 . 9 7 4. 2 0 . 0 1 3 0 . 8 6 8. 9 8 3 . 4 0 . 0 1 2 3 0 . 3 1 4 3 4 2. 7 7 5 9 4 8. 7 - 1 6 3 0 . 4 7 3 9 3 3 . 0 7 8 0 6 2. 7 9 - 4 2 1 2 . 3 78 / 7 /0 9 1 : 1 5 1 8 0 2. 5 7 2. 8 7 0 . 6 0 . 0 1 2 3 0 . 7 9 7 1 . 9 7 5 0 . 0 1 3 0 . 9 6 8. 8 8 6. 3 0 . 0 1 3 3 0 . 7 3 2 1 4 8. 2 9 6 1 6 3 . 9 - 3 9 6 9 . 4 2 4 9 5 . 7 6 7 9 3 2. 1 5 - 7 3 4 0 . 4 08 / 7 /0 9 1 : 3 0 1 7 8 2. 5 7 2. 6 7 1 . 5 0 . 0 1 2 3 0 . 8 4 7 1 . 9 7 5 . 5 0 . 0 1 3 1 . 0 6 8. 8 8 6 0 . 0 1 2 3 0 . 6 7 3 4 3 1 . 8 1 6 0 1 3 . 8 - 2 7 8 5 . 1 9 1 3 8 9. 0 7 7 4 5 1 . 9 3 - 6 1 3 7 . 7 78 / 7 /0 9 1 : 4 5 1 7 8 6. 0 7 2. 5 7 2. 6 0 . 0 1 2 3 0 . 9 8 7 1 . 9 7 5 . 6 0 . 0 1 3 1 . 1 6 8. 7 8 7 0 . 0 1 3 3 0 . 7 7 2 7 8 3 . 5 9 6 2 2 2. 1 - 3 5 8 0 . 4 8 1 7 1 9. 2 8 7 4 6 6. 5 6 - 5 7 5 8. 3 88 / 7 /0 9 2: 0 0 1 7 8 2. 0 7 2. 3 7 3 . 9 0 . 0 1 2 3 1 . 0 7 7 1 . 8 7 6. 6 0 . 0 1 3 1 . 2 6 8. 7 8 8. 5 0 . 0 1 3 3 1 . 0 2 1 6 3 3 . 7 4 6 0 7 7. 5 - 4 4 6 9 . 3 9 4 0 8. 4 3 7 0 5 7. 7 4 - 6 5 9 7 . 5 5 177



Ou t do o r A i r Co n d i t io n s I n do o r A i r Co n d i t io n s Su p p ly A i r Co n d i t io n s Sy s te m Ca p a c i t i e s E A H E Ca p a c i t i e sD a te - T i m e Airflow(CFM) OAT(°F) OA-RH(%) OA-H.Ratio(w) OA-Enthalpy(Btu/lbm) AverageRAT(°F) RA-RH(%) RA-H.Ratio(w) RA-Enthalpy(Btu/lbm) SAT(°F) SA-RH(%) SA-H.Ratio(w) SA-Enthalpy(Btu/lbm) SystemTotalC.Capacity SystemSensibleC.Capacity SystemLatentC.Capacity EAHETotalC.Capacity EAHESensibleC.Capacity EAHELatentC.Capacity8 / 7 /0 9 2: 1 5 1 7 8 3 . 0 7 2. 1 7 5 . 3 0 . 0 1 2 3 1 . 1 9 7 1 . 8 7 6. 5 0 . 0 1 3 1 . 2 6 8. 6 8 9. 3 0 . 0 1 3 3 1 . 0 8 9 8 0 . 7 9 6 2 6 0 . 7 - 5 2 7 7 . 0 6 8 9 9. 0 6 6 8 6 5 . 5 4 - 5 9 8 7 . 4 88 / 7 /0 9 2: 3 0 1 7 8 1 . 5 7 2 7 6. 7 0 . 0 1 2 3 1 . 3 8 7 1 . 8 7 7 0 . 0 1 3 1 . 2 6 8. 5 8 9. 3 0 . 0 1 3 3 1 2 3 6 8. 2 5 6 4 1 8. 7 - 4 1 2 9 . 3 2 3 1 0 3 . 2 3 6 8 5 9. 7 7 - 3 8 3 7 . 4 78 / 7 /0 9 2: 4 5 1 7 8 3 . 0 7 1 . 7 7 8. 1 0 . 0 1 2 3 1 . 4 3 7 1 . 7 7 7 0 . 0 1 3 1 . 2 6 8. 5 9 0 . 1 0 . 0 1 3 3 1 . 1 3 7 3 5 . 5 9 6 3 4 2. 4 - 5 5 7 4. 7 7 2 4 5 1 . 9 8 6 2 7 7. 0 7 - 3 8 8 4. 7 98 / 7 /0 9 3: 0 0 1 7 7 5 . 0 7 1 . 5 7 9. 6 0 . 0 1 3 3 1 . 5 6 7 1 . 7 7 7. 8 0 . 0 1 3 1 . 3 6 8. 4 9 0 0 . 0 1 3 3 1 . 0 4 2 6 8 5 . 0 8 6 3 9 5 . 3 - 3 8 3 9 . 7 1 4 2 3 1 . 0 3 6 0 5 3 . 6 3 - 1 9 3 0 . 6 48 / 7 /0 9 3: 1 5 1 7 8 5 . 0 7 1 . 4 8 1 . 1 0 . 0 1 3 3 1 . 7 6 7 1 . 7 7 7. 9 0 . 0 1 3 1 . 3 6 8. 3 9 1 . 1 0 . 0 1 3 3 1 . 1 5 1 9 6 3 . 7 9 6 6 1 1 . 4 - 4 7 5 2 . 7 4 4 9 9 1 . 2 9 6 0 8 7. 7 3 - 1 1 9 7 . 7 78 / 7 /0 9 3: 3 0 1 7 8 5 . 0 7 1 . 3 8 2. 6 0 . 0 1 3 3 1 . 9 6 7 1 . 7 7 9. 3 0 . 0 1 3 1 . 6 6 8. 4 9 4. 2 0 . 0 1 4 3 1 . 7 4 - 7 3 6. 4 2 6 4 1 5 . 0 - 7 1 9 4. 3 0 1 8 0 0 . 1 4 5 6 9 4. 9 7 - 3 9 6 5 . 6 88 / 7 /0 9 3: 4 5 1 7 8 0 . 5 6 8. 8 8 4. 0 0 . 0 1 2 3 0 . 3 4 7 1 . 6 8 0 . 5 0 . 0 1 3 1 . 8 6 8. 3 9 8 0 . 0 1 4 3 2. 2 9 - 3 9 9 9 . 2 9 6 4 6 4. 1 1 0 3 8 0 . 4 9 1 5 9 1 5 . 5 3 9 7 9. 4 1 7 1 6 4 2 0 . 08 / 7 /0 9 4: 0 0 1 7 9 4. 0 6 8. 7 8 5 . 4 0 . 0 1 2 3 0 . 5 0 7 1 . 5 8 1 . 7 0 . 0 1 3 1 . 9 6 8. 1 1 0 0 0 . 0 1 4 3 2. 4 6 - 4 2 7 6. 3 2 6 7 4 3 . 4 1 0 7 0 5 . 4 2 1 6 1 1 8. 4 4 1 1 8 4. 2 1 1 6 7 0 7. 28 / 7 /0 9 4: 1 5 1 7 8 4. 0 6 9 8 6. 7 0 . 0 1 3 3 0 . 9 4 7 1 . 6 8 1 . 6 0 . 0 1 3 2 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 4 4 1 6. 0 4 6 5 7 5 . 0 1 0 8 3 7. 1 5 1 3 0 8 4. 5 7 1 5 7 0 . 1 4 1 4 1 3 9. 48 / 7 /0 9 4: 3 0 1 7 8 6. 5 6 9 8 7. 9 0 . 0 1 3 3 1 . 1 5 7 1 . 6 8 2. 1 0 . 0 1 3 2. 0 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 3 6 8 5 . 1 9 6 6 4 9. 7 1 0 1 1 5 . 7 6 1 1 3 8 3 . 1 5 1 5 7 2. 3 4 1 2 5 1 6. 18 / 7 /0 9 4: 4 5 1 7 7 0 . 0 6 9. 3 8 9. 1 0 . 0 1 3 3 1 . 5 7 7 1 . 6 8 3 0 . 0 1 3 2. 2 6 8. 4 9 9 0 . 0 1 4 3 2. 5 4 - 2 2 7 1 . 8 3 6 2 6 3 . 7 - 8 4 2 4. 9 9 - 7 8 7 0 . 2 7 1 7 5 2. 5 5 - 9 3 8 5 . 4 68 / 7 /0 9 5: 0 0 1 7 7 7. 5 6 9. 4 9 0 . 1 0 . 0 1 3 3 1 . 8 2 7 1 . 7 8 3 . 2 0 . 0 1 3 2. 3 6 8. 5 1 0 0 0 . 0 1 4 3 2. 7 9 - 3 4 2 2 . 1 9 6 1 5 9. 9 - 9 3 9 4. 0 8 - 7 9 0 3 . 6 2 1 7 5 9. 9 8 - 9 2 5 8. 8 48 / 7 /0 9 5: 1 5 1 7 7 3 . 0 6 8. 9 9 1 . 0 0 . 0 1 3 3 1 . 5 9 7 1 . 6 8 2. 6 0 . 0 1 3 2. 1 6 8. 3 9 9. 8 0 . 0 1 4 3 2. 5 9 - 3 3 3 2 . 2 5 6 4 3 6. 9 - 9 6 2 6. 5 5 - 8 1 2 7 . 4 3 1 1 7 0 . 3 5 - 9 0 5 8. 2 98 / 7 /0 9 5: 3 0 1 7 8 6. 0 6 8. 8 9 1 . 8 0 . 0 1 3 3 1 . 6 5 7 1 . 5 8 2. 6 0 . 0 1 3 2. 1 6 8. 1 1 0 0 0 . 0 1 4 3 2. 4 6 - 2 8 6 5 . 4 6 6 7 1 3 . 3 - 9 3 3 6. 6 8 - 6 6 3 1 . 4 9 1 3 7 5 . 4 2 - 7 7 0 4. 8 18 / 7 /0 9 5: 4 5 1 7 6 9. 0 6 8. 8 9 2. 5 0 . 0 1 3 3 1 . 7 6 7 1 . 4 8 2. 4 0 . 0 1 3 1 . 9 6 8 1 0 0 0 . 0 1 4 3 2. 3 8 - 3 1 6 2 . 5 5 6 6 8 1 . 9 - 9 4 9 8. 4 4 - 5 0 2 7 . 6 4 1 5 5 6. 9 4 - 6 2 9 1 . 1 78 / 7 /0 9 6: 0 0 1 7 7 2. 0 6 9 9 3 . 0 0 . 0 1 4 3 2. 0 1 7 1 . 4 8 2. 4 0 . 0 1 3 1 . 9 6 8. 1 1 0 0 0 . 0 1 4 3 2. 4 6 - 3 8 1 7 . 7 4 6 4 9 8. 2 - 9 9 6 1 . 0 3 - 3 6 5 5 . 2 8 1 7 5 4. 5 3 - 5 1 6 7 . 0 18 / 7 /0 9 6: 1 5 1 7 5 9. 5 6 9. 1 9 3 . 4 0 . 0 1 4 3 2. 1 6 7 1 . 4 8 3 . 5 0 . 0 1 3 2. 2 6 8. 1 1 0 0 0 . 0 1 4 3 2. 4 6 - 2 0 9 7 . 0 4 6 4 3 6. 3 - 8 3 0 5 . 1 2 - 2 4 1 9 . 6 6 1 9 3 5 . 7 3 - 4 1 4 3 . 8 88 / 7 /0 9 6: 3 0 1 7 5 5 . 5 6 9. 3 9 3 . 7 0 . 0 1 4 3 2. 3 7 7 1 . 4 8 2. 8 0 . 0 1 3 2. 0 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 3 7 8 2 . 1 9 6 2 4 4. 6 - 9 7 3 6. 8 3 - 1 3 6 8. 0 3 2 1 2 4. 4 6 - 3 3 3 1 . 0 58 / 7 /0 9 6: 4 5 1 7 6 3 . 0 6 9. 3 9 3 . 9 0 . 0 1 4 3 2. 4 0 7 1 . 5 8 3 0 . 0 1 3 2. 1 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 2 9 0 9 . 3 7 6 3 0 3 . 6 - 9 0 8 2 . 3 2 - 1 1 3 1 . 4 2 2 1 3 3 . 5 4 - 3 1 2 4. 2 58 / 7 /0 9 7: 0 0 1 7 6 8. 5 6 9. 2 9 3 . 9 0 . 0 1 4 3 2. 3 2 7 1 . 5 8 2. 6 0 . 0 1 3 2. 1 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 3 4 8 5 . 9 3 6 3 3 9. 5 - 9 6 9 2 . 2 1 - 1 7 8 3 . 5 0 1 9 4 5 . 6 3 - 3 5 2 0 . 5 58 / 7 /0 9 7: 1 5 1 7 6 0 . 5 6 9. 2 9 3 . 8 0 . 0 1 4 3 2. 3 1 7 1 . 4 8 3 . 1 0 . 0 1 3 2. 1 6 8. 2 1 0 0 0 . 0 1 4 3 2. 5 4 - 3 3 8 9 . 4 6 6 2 4 6. 2 - 9 3 3 1 . 8 7 - 1 8 5 6. 1 3 1 9 3 6. 8 3 - 3 6 2 6. 6 68 / 7 /0 9 7: 3 0 1 7 6 9. 5 6 9. 3 9 3 . 6 0 . 0 1 4 3 2. 3 5 7 1 . 5 8 3 . 4 0 . 0 1 3 2. 2 6 8. 3 1 0 0 0 . 0 1 4 3 2. 6 2 - 2 9 2 0 . 1 0 6 1 3 2. 2 - 8 9 8 2 . 4 9 - 2 1 9 0 . 0 7 1 9 4 6. 7 3 - 3 9 5 1 . 0 48 / 7 /0 9 7: 4 5 1 7 6 1 . 0 6 9. 5 9 3 . 3 0 . 0 1 4 3 2. 4 5 7 1 . 5 8 4 0 . 0 1 3 2. 3 6 8. 4 1 0 0 0 . 0 1 4 3 2. 7 - 2 6 6 3 . 9 0 5 9 2 5 . 1 - 8 5 1 8. 2 4 - 2 0 1 8. 1 1 2 1 3 1 . 1 1 - 3 9 6 7 . 6 0 178
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Appendix, B 

INSTRUMENTATION DATA SHEETS 

FLUKE THERMOMETER 51-54 SERIES II 



1 8 2

 



1 8 3
DWYER SERIES 641RM AIR VELOCITY TRANSMITTER 
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HOBO DATA LOGGER TEMP/RH/2 EXT CHANNELS 
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TYPE-T THERMOCOUPLE 
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Appendix, C 

TEST FACILITY BUILDING COOLING LOAD DESIGN 

Selected and Calculated Cooling Load Design Parameters 

Parameter Value Unit Comment 

Test Facility Building 

Floor Area 

740 ft
2
 

Length 49.875 ft x Width 14.83 ft 

With a Height of 7.75ft 

Wall R-Value 15.625 ft
2
.hr.°F/Btu 

Outdoor/Indoor Air Films, 4”Frame Wood, 

Batt Insulation R-5, 0.5” Gypsum Board, ¾” 

Air Gap 

Roof R-Value 19.445 ft
2
.hr.°F/Btu 

Outdoor/Indoor air films, 4”frame wood, 4” 

Insulation, 0.5”, ¾” air gap, 4”Water pond, 

4”Aspestos Coating 

Slab R-Value 11.37 ft
2
.hr.°F/Btu 

This values is assumed using TRACE 700 

input (12”LW Concrete) 

Windows U-Value 0.478 Btu/ft
2
.hr.°F 

6mm Double Glazed, Clear Glass with 13mm 

Air Gap 

All windows are covered with R-5 insulation 

from the outside during the testing periods to 

reduce the solar gain, which reduced the total 

window U-Value to be 0.181 Btu/ft
2
.hr.°F 

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

Parameter Value Unit Comment 

EAHE 45° Elbow 

Fitting Loss 

Coefficients 

(EAHE 18” Diameter) 

0.09 N/A 

This value is determined from ASHARE 

fundamentals handbook -2001. 

For the fitting CD3-14 Elbow, 45 degree 

EAHE 90° Elbow 

Fitting Loss 

Coefficients 

(EAHE 18” Diameter) 

0.15 N/A 

This value is determined from ASHARE 

fundamentals handbook -2001. 

For the fitting CD3-9 Elbow, 90 degree 

EAHE Total Dynamic 

Pressure Losses 

0.038304 in. H2O Hand Calculations 

EAHE Total Static 

Pressure Friction 

Losses 

0.376 in. H2O Hand Calculations 

Design Fan Head (i.e. 

Total Pressure Losses) 

0.414 in. H2O 

Hand Calculations 

Summation of dynamic and static pressure 

losses 

Designed System N/A N/A 

A Variable Air Volume (VAV) system is 

selected as its control performance mirrors 

that of the coupled system as discuss in 

chapter 5. 

Internal Loads 0 Btu/hr 

The test facility building is an unoccupied 

space. Moreover, the testing room is empty 

from any equipment that could dissipate heat 

Infiltration Rate 0.6 Air Changes/hr The building tightness is chosen as neutral 
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Selected and Calculated Cooling Load Design Parameters 

Parameter Value Unit Comment 

(ACH) for an average construction 

Indoor Air 

Temperature Set Point 

75 °F 

Selected based on the ASHRAE standard 55-

2004 for thermal comfort 

Indoor Air Relative 

Humidity Set Point 

50% % 

Selected based on the ASHRAE standard 55-

2004 for thermal comfort 

Design Cooling Supply 

Air Temperature 

55 °F Selected to reduce indoor humidity issues 

Airflow 

Recommendations 

N/A N/A 

The airflow rate is chosen to comply with 

ASHRAE standard 62.1-2004/2007 for 

minimum ventilation requirements 

(0.06CFM/ft
2
) 

Calculated Design 

Airflow Rate 

244 CFM Simulated using TRACE 700 software 

Calculated Design 

Total Cooling Load 

0.8 tons Simulated using TRACE 700 software 

9,389 Btu/hr Simulated using TRACE 700 software 

Calculated Design 

Sensible Cooling Load 

0.465 tons Simulated using TRACE 700 software 

5,583 Btu/hr Simulated using TRACE 700 software 

Calculated Design 

Latent Cooling Load 

0.317 tons Simulated using TRACE 700 software 

3,805 Btu/hr Simulated using TRACE 700 software 

Fan Size 

244 CFM 
The fan airflow is designed based on the 

design airflow requirements, while, its head 

is designed to overcome the total pressure 

losses through the EAHE 

0.414 in. H2O 
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