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CHAPTER I 

INTRODUCTION 

1.1 Ovenriew 

Ground source heat pump systems are increasingly popular in both residential and 

commercial applications. There are a number of reasons for this. They include: energy 

conservation, lower operating costs, and more balanced demand on the electric utilities. 

Heat pumps have been identified as an efficient and economical alternative to the 

conventional heating and cooling systems. They have attracted a lot of attention and 

interest in recent years. A heat pump is a device which transfers heat from a low­

temperature medium (source) to high-temperature one, or transfers heat from a low­

temperature medium to a high-temperature one (sink). When operated to provide heat 

(e.g., for space or water heating), the heat pump is said to operate in the heating mode; 

when operated to remove heat (e.g., for air-conditioning), it is said to operate in the 

cooling mode. Heat pumps are attractive because the total energy output is greater than 

the energy used to drive it. 

The ground is an attractive heat source and heat sink, since its temperature retains 

near constant throughout the year except for the upper 20 to 30 feet. It is a thermally 

more stable heat exchange medium than air, essentially unlimited and always available. 
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Therefore, it has been utilized as the heat source or heat sink in HVAC systems for air 

conditioning, space heating, and water heating for both residential and commercial 

buildings. The high initial cost of the ground-coupled heat pump system and the large 

land requirement are the major drawbacks, and have moderated the acceptance of these 

systems. However, as the price of electricity, and concerns over global environmental 

pollution have increased, more intensive interest has been shown in the ground-coupled 

heat pump system. Moreover, advancing technology in drilling and fabrications of 

ground-loop heat exchanger components, makes geothermal heat pump systems more and 

more cost effective. Also, because these systems are protected from harsh outdoor 

weather conditions, they tend to be more durable with lower maintenance requirements 

than conventional heat pump systems with exposed compressor units. 

The ground loop heat exchanger used in conjunction with a closed-loop ground­

source heat pump system consists of a system of long plastic pipes buried vertically or 

horizontally in the ground. The heat is extracted from or rejected into the ground along 

the buried pipes. A fluid, such as water or a brine, is circulated through the pipes, 

transferring thermal energy to or from the ground and the building. 

1.2 Literature Review 

Several models have been developed for the analysis and sizing of the ground­

loop heat exchangers. The models are mainly based on the Kelvin's line source theory, 
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cylindrical source theory, or nwnerical methods. Four major models are reviewed, and 

briefly swnmarized from section 1.2.1 to section 1.2.4 below. The models are: (1) 

Eskilson's model (1987); (2) simple line source model (1948); (3) Hart and Couvillion's 

model (1986), and (4) Kavanaugh's model (1991). 

1.2.1 Eskilson 's Model 

This model (Eskilson, 1987) is intended for sizing the vertical ground-loop heat 

exchanger. The mathematical formulation ofEskilson's model is governed by the heat 

conduction equation of the ground temperature in cylindrical coordinates: 

1 aT a2T 1 aT a2T 
----+--+­
a ar 2 

- ar 2 r ar az2 (1.1) 

The initial and boundary temperatures are assumed to be constant. The heat extraction 

function, q(t) for N piecewise steps: 

N 

q(t) = L {(qn- qn-1) * He(t -1n)} (qo = 0) (1.2) 
n=l 

Here He is Heavyside's step-function. By superposition, the time-dependent heat 

extraction step may be regarded as a swn of the basic extraction steps. Superposition of 

the step responses makes it possible to give a good description of the physical character 

of the heat extraction process. The simplified temperature functions are detailed below: 
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(A) Temperature at the borehole wall: 

Tb = T0 m -q1 x Rq(t) (1.3) 

where 

T b = Borehole temperature 

Tom = Undisturbed ground temperature 

q 1 = Extraction step 

Rq = Thermal resistance due to extraction step 

1 
Rq = 

2
1tA. g(t Its, fb I H) 

where 

A. = Thermal conductivity of ground 

g = g (tits, r~) (the g-function) 

rb = Borehole radius 

t = Temperature 

H2 
ts = 9a =Steady state temperature 

where H = Borehole depth 

a= Thermal diffusivity of the ground 
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The g-function is essentially the temperature response of the borehole field to a 

unit step function heat input. It is pre-computed for individual configurations using a 

finite difference program and spatial superposition. 

(B) Mean Fluid Temperature: 

At each depth H and time t, there is a local steady state process with heat flow 

between the pipe and the ground around the borehole. Variations of temperature along 

the pipes depend on pumping rate. When pumping rate is high the flow becomes 

turbulent so that the variation of temperature can be neglected. The correlation among 

borehole temperature, the mean fluid temperature and borehole resistance can be 

formulated as follows: 

Tb -Tf =q *Rb (1.4) 

where 

T b = Average temperature at the borehole wall 

T f = Mean fluid temperature 

q = Heat extraction step 

Rb = Borehole thermal resistance 
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(C) Temperature variation along the borehole: 

qH 
Tf,in = Tf - 2CfpfVf 

qH 
Tf,out = Tf + 2CfpfVf 

where 

T fin = Fluid temperature entering ground loop 
' 

T f,out = Fluid temperature exiting ground loop 

q = Heat extraction 

H = Active borehole depth 

Cr = Fluid heat capacity 

Pf = Fluid density 

V f = Pumping rate 

(1.5) 

(1.6) 

Eskilson's model can account for different load profiles due to different building 

type, ground thermal conductivity, grouting, thermal interference effects of the nearby 

boreholes, and the effects of on/off equipment cycling on the heat transfer between the 

pipe and the ground. The main drawback of this model is that it does not have the 

capability to account for the varying conductivity, soil moisture, frozen or unfrozen soil 

6 



state. Also, this model only offers fixed configurations; using these fixed configuration 

results in the surface area of the borehole field changing size every time the borehole 

depth is adjusted. 

1.2.2 Simple Line Source Model 

This model (Ingersoll and Plass, 1948) assumes that heat is transferred from an 

infinitely long permanent line source or sink with a constant strength in an infinite 

medium (i.e., soil) at a uniform initial temperature T0 • The subsequent temperature at any 

point of the medium is given by the equation 

T-T = Q' 0 -

2rtk 

where 

00 -pl 

J-e d~ = 
X ~ 

r 
X=2.fcii 

g_ I(X) 
2rtk 

(1.7) 

T = Temperature in soil at any select distance from the pipe, 

T 0 = Initial temperature of soil 

Q' =Heat emission of pipe (negative for absorption) 

r = Distance from the center line of pipe 

k = Thermal conductivity of the soil 

a = Thermal diffusivity of the soil 

p = Density of the soil 

7 

______ l 



t =time (hour) since start of operations 

~ = variable of integration 

The temperature at any selected distance from the pipe can be calculated using 

Equation 1. 7. Ingersoll and Plass states that this equation is exact only for a true line 

source, which means that the line source or pipe must be infinitely long, and the heat flow 

must be radial. It may introduce a negligible error after a few hours operation for the 

small pipe (2 in. diameter or less). For larger pipes (4 in. to 8 in.) and for period less than 

a few days a significant error is involved. In its original formulation, this model does not 

account for thermal interference between boreholes, and the thermal properties of the 

grouting material. However, it has been extended to incorporate thermal interference, see 

Hart and Couvillion (1986) for example. Also, it can not account for the edge effects. 

1.2.3 Hart and Couvillion's Model 

This model (Hart and Couvillion, 1986) employs Kelvin's line source theory of 

continuous time-dependent heat transfer between the line source and the ground to derive 

a time-dependent temperature distribution around the line source. 

T-T =g_ "'s~ 
o 41tk A. 

(1.8) 
y 

where 
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2 r 
y= 4at 

A.= ~2 

The superposition principal is applied to model thermal interference effects 

(superposition in space). The important aspect of this model is the introduction of the 

far-field radius, r00 • Couvillion and Hart state that the ground temperature at a distance 

from the line source greater than roo is assumed to be the far-field temperature. The value 

of the this far-field temperature mainly depends on the length of time the line source has 

been operating, and the thermal diffusivity of the soil. The far-field radius is used to 

check for interference. It is computed by: 

roo= 4(atf5 (1.9) 

This model has similar limitations to the simple line source model, except it 

accounts for thermal interference using the concept of far-field radius and far-field 

temperature. 

1.2.4 Kavanaugh's Model 

Kavanaugh's model ( 1991) is based on the cylindrical source theory to determine 

the temperature distribution or the heat transfer rate. It is an exact solution for a buried 

cylindrical pipe of infinite length, and can be applied for either a constant pipe surface 
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temperature or a constant heat transfer rate between the buried pipe and the earth. It 

assumes that the heat transfer between the borehole and soil with a perfect contact is pure 

heat conduction. The soil is considered to be an infinite homogeneous solid. The 

cylindrical solution for a constant heat flux is shown below: 

Q' T-T =-G(z,p) 
o kL 

where 

G(z,p) =Cylindrical source integral. 

at 
z=2 

r 

r 
p=-

ro 

r0 = Outer pipe radius 

L = Pipe length 

( 1.1 0) 

Kavanaugh also provides an equation to calculate the temperature difference 

across the closely positioned pipes for a non-uniform heat flux. 

(1.11) 
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where 

C = The correction factor for non-uniform heat flow 

Ni =Number ofU-tubes. 

heq = Equivalent heat transfer coefficient per unit area 

Kavanaugh's model accounts for the short circuit heat transfer within the borehole 

due to the temperature difference between the channels of the U-tube. It also has the 

ability to calculate the fluid temperature entering and exiting the ground heat exchanger. 

1.2.5 Review Summary 

Ideally, a perfect model for analysis and design ground-source heat pump systems 

should be able to predict how soil properties, soil moisture content, ground temperature 

distribution, piping materials and size, heat carrier fluid properties, and the heat pump 

model impact the performance and size of the ground heat exchanger. Also, the model 

should be able to account for the equipment on/off cycling, seasonal earth temperature 

variation, and heat exchanger surface temperatures below freezing. However, because 

accounting for all these factors in one model would create a significant mathematical 

challenge, the above four models have different simplifications. Table 1-1 is the 

summary of the features of various models reviewed above. 
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Table 1-1 Features ofVarious Models 

Interactions Or Factors Account For 

Model Eskilson's Simple Line Couvillion Kavanaugh's 
Model Source Model and Hart's Model 

Model 

Analytical Numerical Line-Source Line-Source Cylindrical-
Method Model using a Source 

Line-segment 
Source 

' 

On/Off Cycling Yes No Yes Yes 
I 

Soil Moisture No No Yes No 
Freezing (approximate) 

Thermal Yes No Yes Yes 
Interference 

Effects 

Thermal effect Yes No No Yes 
I 

of Grouting 

Edge Effects Yes No No No 

12 
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1.3 GLHEPRO Version 1.02 

GLHEPRO, (Marshall and Spitler, 1994) the Professional Ground Loop Heat 

Exchanger design software, version 1.02 was developed at Oklahoma State University. It 

uses the methodology developed by Eskilson ( 1987). GLHEPRO can be used to design 

and study the vertical borehole-type ground loop heat exchangers. It can be used to 

perform a simulation of the ground loop heat exchanger to determine monthly average 

fluid temperatures, inlet fluid temperatures, and exit fluid temperatures in the borehole(s), 

the power consumed by the heat pump, and the heat extraction rate per unit length of 

borehole. More importantly, it can be used to determine the require borehole loop length 

that will satisfy a user specified temperature exiting the heat pump. Figure 1-1 is a flow 

chart ofthe operation of GLHEPRO. The program operates with a series of menu and 

input screens; it requires three basic sets of input data: 

• Monthly heating and cooling loads on the heat pump - the average monthly 

loads can be entered manually or read from an output file that was created by a 

building loads analysis program, such as BLAST. 

• Description of the ground loop heat exchanger- this includes the selection of 

the borehole configuration, borehole radius, borehole thermal resistance, and 

the ground properties, etc. 

• User description of the heat pump- GLHEPRO uses curve-fit equations to 

describe the performance of the heat pump. 

13 
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User Description of Buildini 

Building Loads Analysis Software 

User description of 

wund loop heat ~I 
exchanger. 

GLHESIM 

Data file which contains: 
User input data. 

Monthly loop temperatures. 
Power conswnption. 

GLHEPRO 
(User Interface) 

User description of 
I Ill[ heat pump. 

GLHESIZE 

Data file which contains: 
User input data 
Borehole de.pth. 

Monthly loop temperatures. 
Power conswnption. 

Figure 1-1 Flow chart of the operation ofGLHEPRO 
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GLHEPRO utilizes two analysis programs written in FORTRAN, called 

GLHESIM and GLHESIZE, and a user interface user program written in C. 

The user interface program allows the user to enter heat pump and ground loop 

heat exchanger data, as well as average monthly heating and cooling loads. It also 

collects information pertaining to various portions of the design process, such as the 

borehole configurations, selection of the circulating fluid properties, or selection of heat 

pump models. Once all the necessary data has been entered, the user interface program 

creates an input data file that consists of the description of ground loop heat exchanger, 

heat pump, and building loads, which will be used by either GLHESIM or GLHESIZE. 

GLHESIM is used to run a simulation of the performance of the ground loop heat 

exchanger that was defined by the input data file generated by the interface program with 

a known borehole loop length. While it is running the simulation, it creates an output file 

which contains the monthly loop temperatures and the power consumption by the heat 

pump. 

GLHESIZE is used to determine the required active borehole depth to meet a 

desired fluid temperature exiting the heat pump. Because it uses an iterative process to 

determine this borehole depth, the active borehole depth entered by the user will be used 

as an initial guess. 
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1.4 Daycare Center 

A daycare center located in Oklahoma City, Oklahoma will be used as an example 

throughout this thesis. The center is a single-story building of about 4800 square foot, 

and it is Southwest facing. Figure 1-2 shows the floor plan. 
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Figure 1-2 Daycare Center 
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The building and system energy demand is predicted by the Building Loads 

Analysis and System Thermodynamics (BLAST) program. BLAST requires an input file 

which has the detail description of the building, building materials, internal loads, control 

profiles, control schedule etc. Appendix 1 provides further details of the input file. 

The building is divided into six thermal zones, and they are summarized in Table 

1-2. 

Table 1-2 Summary of the thermal zones of the daycare center 

Zone Description #Occupants 

Zone 1 Mechanical room- unconditioned zone (no heating 0 

and cooling provided) 

Zone2 Smurf room and storage room - include kitchen, 25 

bathroom and janitor room 

Zone3 Reception room and office - a lot of windows and 10 

glass doors 

Zone4 Muppet room, office and storage room - interior 25 

zone 

ZoneS Shirt tails room, explorer room and super friends 30 

room - exterior walls face northeast and northwest 

Zone6 Attic - space between the false ceiling and the roof 0 

18 
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The monthly heating and cooling loads were analyzed using BLAST and are 

summarized in Table 1-3 below: The building utilizes a water loop heat pump system, 

and the peak cooling load is about 310 KBtu!Hr (26 tons). 

Monthly Loads 

Month Heating(Btu) Cooling (Btu) 
***************************************************** 
January 29940000.000 
February 23910000.000 
March 17920000.000 
April 8233000.000 
May 1386000.000 
June 364500.000 
July 25350.000 
August 11140.000 
September 874300.000 
October 5782000.000 
November 19540000.000 
December 25250000.000 

Peak Information 

Peak Hourly Loads 
Peak load Month 

Heating 

166700.000 
2.000 

725200.000 
358600.000 

1769000.000 
4817000.000 

13990000.000 
29130000.000 
38870000.000 
42700000.000 
18570000.000 
11080000.000 

374800.000 
495400.000 

Cooling 

309400.000 
8.000 

Table 1-3 Summary of the monthly loads and the peak information from BLAST 
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1.5 Objectives 

GLHEPRO version 1.02 was released in Fall of 1994. Since then, a number of 

desirable features have been identified. The objective of this study is to add those 

features. 

The first objective of this study is to develop an algorithm for automatic selection 

of the borehole configurations based on the user-defined borehole field surface 

dimensions, and the maximum and minimum entering fluid temperatures. There are 185 

different borehole configuration available in GLHEPRO. It can be tedious and time 

consuming to choose a reasonable and feasible configuration from the many possible 

borehole configurations when using the current version of GLHEPRO. The decision 

mainly depends on the user's experience. A program is intended to be implemented to 

help the user to select the possible configurations for a given set of physical constraints. 

The second objective of this study is to develop an optimization routine utilizing 

the existing methodology. Initially, the optimization problem was limited to minimizing 

the life cycle cost with the borehole depth being the independent variable. Input 

parameters for the optimization would include drilling cost, piping cost, heat pump and 

circulating pump costs, operating cost, etc. The user-defined temperature constraints will 

constrain the minimum borehole depth. This is a one-dimensional optimization, and a 

unimodal search, such as golden section search, may be used to optimize the active 

borehole depth. In addition, other parameters that may be important such as the fluid 

flow rate, fluid type, and the piping size are investigated. 
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The third objective is to allow the program to size the ground loop heat exchanger 

based on the peak fluid temperatures entering the heat pump. With the addition of peak 

information, GLHEPRO may size systems with better descriptions of the energy demand 

of the buildings, and it will result a more reliable and accurate designs, which satisfy even 

the worst condition. The entering fluid temperature is preferred over the exiting 

temperature by most of the GLHEPRO users. 

The fourth objective is to provide a series of input checks and appropriate advice 

when poor inputs are chosen. The new version of GLHEPRO is intended to be even 

more user-friendly than the version 1.02. Input parameters to be checked include: fluid 

flow rate, maximum and minimum entering fluid temperatures, and peak load 

information. 

The fifth objective is to provide some guidance to the user on borehole resistance. 

This is investigated with a simple model using conduction shape factors. 
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CHAPTER II 

AUTOMATED SELECTION 

There are more than 180 different borehole configurations available in 

GLHEPRO. The configurations are the combinations of different number of boreholes, 

different arrangement of the boreholes, and different B/H values (B/H factor is the ratio 

of the distance between borehole centers, B to the active borehole depth, H). The 

borehole configurations describe the pattern of the boreholes at the surface of the ground, 

which varies in number from one borehole to one hundred boreholes, and includes shape 

such as squares, rectangles, "L's" and U's" etc .. The B/H factor varies from 0.05 to 1.0. 

Also, there are two types ofborehole orientations, vertical and graded. Vertical borehole 

configurations are the configurations that have vertical boreholes. Graded borehole 

configurations have their boreholes inclined outward away from each other, and they are 

not perpendicular to the ground surface. 

It is not an easy task to choose a reasonable and feasible configuration from the 

many possible borehole configurations when using GLHEPRO, and the decision mainly 

depends on the user's experience and some common sense. For this reason, a program 

called 'SELECT' has been written to help the user select from the possible borehole 

configurations for a given set of physical constraints. 
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2.1 Program Description and Implementation 

SELECT is the program to help the user to choose some possible borehole 

configurations according to the field limitations. It was originally written in FORTRAN, 

and translated to C language later for the convenience of implementation of the program 

into GLHEPRO. Appendix 2 contains the SELECT program source code. 

First, the program asks the user to input the physical constraints: maximum field 

length, maximum field width, and maximum and minimum borehole depth. The depth 

range is used to select reasonable configurations according to the total loop length 

requirement. For instance, it is not practical to have one 2000 feet deep borehole, and it 

is not practical to have hundred 20 feet deep boreholes as well. The field length and 

width are the surface dimensional constraints of the borehole field. They describe how 

big the borehole field may be. 

SELECT calculates an average total loop length internally by running GLHESIZE 

three times with different selected borehole configurations. The three borehole 

configurations are chosen based on the building load, and are listed in Table 2-1. The 

choice of borehole configurations has been made heuristically. The average total loop 

length is a rough estimation ofthe size of the ground loop heat exchanger with the given 

heat carrier fluid type, fluid flow rate, heat pump, building loads, borehole diameter, soil 

type, and the undisturbed ground temperature. Though the average total loop length is 

not the actual total loop length requirement for a particular configuration, it gives a 

reasonable first estimation of the ground loop size. However, some configurations may 
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be shown to be feasible which are not feasible. (This will be determined when the user 

runs OLHESIZE on the specific configuration.) Conversely there may be some 

configurations that are feasible, but are not found by SELECT. 

Table 2-1 Category of testing configurations 

Building Category Testing Configurations 

01005 - Nine boreholes in a square 

Peak Load < 20 tons 01705 - Seven boreholes in an L configuration 

(1 ton= 12,000 Btu!Hr) 00905 - Six boreholes in a rectangle 

01110 - Fifteen boreholes in a rectangle 

20 tons ~ Peak Load < 60 tons 01210- Sixteen boreholes in a square 

01505 - 6 x 2 boreholes in a rectangle 

04810-6 x6 (=36) boreholes in a square 

Peak Load ;;::: 60 tons 04910- 8 x 8 (=64) boreholes in a square 

0501 0 - 1 0 x 10 ( = 1 00) boreholes in a square 
-

I 

After the calculation of the average total loop length, SELECT reads in a data file 

which contains the physical descriptions of all ( 146) vertical borehole configurations. It 

describes the number of boreholes, the BIH value, the spacing requirements in the surface 

dimensions according to the BIH factor and the pattern of the boreholes for each 

configuration. An example of the data file is shown below: 
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01310 12 4.000 2.000 0.10 

Figure 2-1 Example of the SELECT data file 

The first item G 1310 is the name of the configuration, it is a "Twelve Boreholes 

in a Rectangle". The second item 12 states that there are twelve boreholes in this case. 

The third and fourth items describe the spacing requirements in terms of the number of 

the distance between the borehole centers for length and width respectively. The last 

item states the B/H factor, 0.1 here means that the ratio of the distance between the 

borehole centers to the active borehole depth is equal to 0.1, or B = 0.1 H. 

SELECT seeks the appropriate borehole configurations from the 146 vertical 

borehole configurations (the graded borehole configurations are not considered here) that 

are likely to meet the user-defined field constraints. Then, it prints out a list of the sorted 

possible borehole configurations according to the total number of boreholes. The 

following equations are employed to compute the borehole depth, the distance between 

the borehole centers, the field length and width requirements. 

H = tot_loop_len I NB (2.1) 

B = H * (B/H) (2.2) 

field_length = space_length * B (2.3) 
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field_ width = space_ width * B 

where 

H = Borehole depth 

tot_loop_len =Total loop length 

NB =Number of boreholes 

B = Distance between the borehole centers 

BIH = Ratio of B to H 

field_length =Field length requirement 

field_ width = Field width requirement 

(2.4) 

space _length= Number of distance, "B" in length direction 

space_ width= Number of distance, "B" in width direction 

The above equations show that once the average total loop length is obtained, the 

depth of each borehole may be obtained, and the distance between the borehole centers, B 

may be computed using the B/H factor. Then, the field length and width requirements 

may be found immediately after the B is calculated. Finally, SELECT checks whether 

the particular configuration satisfies the physical constraints: 

• Is the borehole depth within the desired depth range? 

• Are the field length and width requirements within the surface dimensions? 

SELECT chooses the particular configuration if it satisfies these constraints. 
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SELECT not only provides useful information to the user, but also accelerates the 

optimization process later on. It reduces the number of possible borehole configurations 

from 146 to some reasonable number, such as 10, which depend on the constraints 

provided by the user. It is the first step of the optimization of the life cycle cost of the 

heat pump system, the details are shown in Chapter 3. 

2.2 Example 

The daycare center is used as an example to demonstrate how the selection is done 

by SELECT. The 20% GS4 solution is used as the heat carrier fluid with the flow rate of 

65 GPM. The undisturbed ground temperature is assumed to be 55 °F, and the ground 

assumed to be an average rock soil with the thermal conductivity of 1.4 Btu/(Hr·ft·°F). 

Other input information of the borehole profile is detailed in Appendix 3, which contains 

the GLHEDA T A.DA T file. 

The borehole field is constrained to have surface dimension no greater than 50 ft 

by 50 ft. The maximum depth allowed is 300 ft, and the minimum depth is 150 ft. Using 

these inputs, SELECT gives the following results: 
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SUMMARY OF THE POSSIBLE BOREHOLE CONFIGURATIONS 

Total Loop Length 
Field Length Allow 
Field Width Allow 
Field Depth Allow 

2871.5 ft 
50.0 ft 
50.0 ft 

150.0 - 300.0 ft 

CONFIGURATION 
CODE 

TOTAL NO. OF 
BOREHOLES 

FIELD LENGTH 
REQUIRED 

G1805 10 44.1 
G1305 12 48.9 
G1405 12 36.9 
G1105 15 39.3 
G1205 16 27.9 

Total number of possible borehole configurations 

FIELD WIDTH 
REQUIRED 

44.1 
24.9 
36.9 
20.1 
27.9 

NOTE: G1530 refers to Borehole configuration 15, B/H = 0.30 

5 

FIELD DEPTH 
REQUIRED 

287.2 
239.3 
239.3 
191.4 
179.5 

Table 2-2 Results from SELECT for the daycare center 

First of all, SELECT calculates the average total loop length by using the average 

value of the three testing cases, which is 2871.5 ft in this case. Then SELECT reads in 

the data file which contains the physical description of the borehole configuration, and 

checks whether the configuration satisfies the specified field constraints. SELECT goes 

through each of the 146 possible configurations, and finds 5 feasible borehole 

configurations for the daycare center under the field constraints stated above. The 

following example illustrates the selection process. 

G 11 05 is one of the feasible configurations, it has fifteen boreholes in a rectangle, 

and the ratio of the distance between borehole centers and the active borehole depth 

(B/H) is equal to 0.05. Since the average total loop length is 2871.5 ft, and there are 15 

boreholes, the active borehole depth is simply equal to 2871.5/15 = 191.4 ft, which is 
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within the specified depth range. Once the borehole depth is found, the distance between 

the borehole centers, B can be determined using the B/H ratio (0.05), B = 191.4*0.05 = 

9.57 ft. Since this configuration is 15 boreholes in a rectangle, it indicates that there are 5 

boreholes in the length direction, and 3 boreholes in the width direction. Hence, the 

required field length is equal to 4*9.57 = 38.3 ft. The same procedure is done for the 

field width requirement, and it is equal to 19.1 ft. It shows that both the field length and 

width requirements satisfy the specified field surface constraints (!5: 50ft). Therefore, 

G 1805 satisfies the field constraints, and it is a feasible configuration for the daycare 

center. One may notice that the calculated field length and width requirements, 38.3 ft 

and 19.1 ft respectively are 1 ft less than that in the result printout shown above. It is 

because SELECT applies this 1 ft as a rough estimate to account for the space 

requirement for the boreholes. The same selection process is done for the other 

configurations, and each of the selected possible configuration satisfies the specified field 

constraints. 

One should pay attention that the average total loop length is only the average of 

the three pre-selected configurations. It is not the actual total loop length requirement for 

a particular selected configuration. For instance, the total loop length requirement for the 

Configuration G 1105 is 2798.3 ft, which is slightly less than the average value; and for 

Configuration G 1805, the actual total loop requirement is 2988.3 ft, which is about 4% 

higher than the average value. So, it is possible that SELECT will choose some 

configurations which may not ultimately fit in the user-constrained area. However, it 
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quickly finds a small subset which is likely to work, and may still significantly reduce the 

user's effort. 
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CHAPTER III 

OPTIMIZATION WITH BOREHOLE DEPTH AS THE VARIABLE 

This chapter presents an examination of optimal design of GLHE' s with borehole 

depth, fluid flow rate, and pipe diameter as independent variables. Initially, the borehole 

depth was intended as the independent variable to optimize. Further investigation 

showed that that the optimal borehole depth was generally constrained to be the minimum 

depth required to meet the minimum or maximum fluid temperature. Then other 

variables were considered for significant potential for optimization, though no general­

purpose optimization routines were developed for the other variables 

3.1 Methodology 

The objective function is chosen to be the life cycle cost. This includes the first 

installation cost and the annual operating cost. The mathematical expression of the life 

cycle cost (LCC) is given as: 

LCC = FIC + N * AOC (3.1) 
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where 

LCC = Life cycle cost 

FIC = First installation cost 

N = Series present worth factor 

AOC = Annual operating cost 

3.1.1 First Installation Cost 

The first installation cost of the heat pump system is estimated to be the total of 

• drilling cost 

• heat pump cost 

• circulating pump cost 

• pipe cost 

It is difficult to write a function describing drilling cost, as they are highly 

variable with region of the country, size of the job, geology, etc. A first attempt is made 

here by treating the drilling cost as the sum of two components, a per foot cost and a per 

hole cost. The user must specify the per foot cost and the per hole cost. The heat pump 

cost and circulating pump cost are also assumed to be constant here. The sum of the first 

cost is formulated as: 

FIC =(Drilling Cost /ft) * (Total Loop Length) 

+(Drilling Cost/borehole)* (Total Number of Boreholes) 

+(Heat Pump Cost)+ (Circulating Pump Cost) 
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+(Piping Cost/ft) * (Total Piping Length) (3.2) 

Total Loop Length= H * NB (3.3) 

where 

H = Active borehole depth where heat exchange takes place 

NB =Total number of boreholes 

To account for the U-tubes, and account approximately for the header piping 

between the boreholes, the total piping length becomes 

Total Piping Length= 2 * {Total Loop Length+ (BH • H • NB)} 

(3.4) 

where 

BH = ratio of the distance between borehole centers to the 

active borehole depth 

This is a rough estimate and does not include all header costs. It does take into account 

the effect of spacing the boreholes further apart though. 
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3.1.2 Present Worth 

To compare the life cycle cost, it is necessary to determine the present worth of 

the annual operating cost. Assume that the annual operating cost of the heat pump 

system during its life span is a constant, the series present worth factor translates the 

value of this series of uniform amount of annual operating cost into the present worth 

(Stoecker, 1989). The series present worth factor is given by 

N = [(l+i)"- 1] I [i(l+i)"] 

where 

N = Series present worth factor 

i = y = Yearly interest rate 

n =Number of the years 

(3.5) 

The ground loop heat pump for this study is assumed to be in operation for 20 

years. For optimization purposes, it is necessary to calculate the present worth of20 

years of operating cost of the ground loop heat pump and circulating pump. 

3.1.3 Annual Operating Cost 

The annual operating cost of the ground loop heat pump is the sum of the 

operating cost for the heat pump and the operating cost for the circulating pump. 
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AOC TOT= AOC HP + AOC CP (3.6) - - -

where 

AOC_TOT =Total annual operating cost 

AOC_HP =Annual operating cost for heat pump 

AOC_CP =Annual operating cost for circulating pump 

The annual operating cost for the heat pump is obtained by using the power 

requirements determined by GLHESIM. The annual operating cost for the circulating 

pump is obtained by considering the power requirements to account for the head losses in 

the pipe flow. 

A. Annual Operatin2 Cost for Heat Pump: 

The power requirement to operate the heat pump is determined by GLHESIM, 

based on the coefficients obtained by curve fitting the data from the heat pump 

manufacturer. A quadratic curve is used to determine the power required for heating and 

cooling as follows: 

Power for cooling (kw) = Qc( d + e(EFT) + f(EFTl) (3. 7) 

Power for heating (kw) = QH(x + y(EFT) + z(EFT/) (3.8) 

where 

Qc = Cooling loading per month 
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QH = Heating loading per month 

EFT = Entering fluid temperature to heat pump 

d, e, f, x, y and z = Coefficients obtained from curve fit 

Once the power requirements are found for the heat pump, the annual operating 

cost is given by the following formula: 

120 

AOC_HP = (1/10) * { I [Power_HP *(Days/month)* (24 hours/day)* 
month= I 

(Cost/KWH)]} (3.9) 

where 

AOC _ HP = Annual operating cost for heat pump 

Power_ HP = Average monthly power requirement by heat pump 

Days/month= Number of days in a particular month 

Cost/KWH = Electricity cost per KWH 

The power requirement for the heat pump is the sum of power requirements in 

both cooling and heating modes. In order to have a good prediction of ground loop heat 

pump performance, this optimization calculates the power required for the heat pump for 

10 years (120 months) by GLHESIM. To apply the series present worth factor, we have 

to take the average monthly values of the 1 0 year operating cost. 
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B. Annual Operatin~ Cost for Cjrculatin~ Pump: 

Before determining the power required by the circulating pump, the head loss of 

piping system has to be calculated first. The head loss is given by 

H={~) 
y2 

2g 
(3.10) 

The value of the friction factor (t) can be determined using the empirical formula 

taken from Bose (1985) as follows: 

• For laminar flow 

f= 64 
Re 

• For turbulent flow 

f = 0.3164 
Re0.25 

0.221 
f = 0.0032 + Re0.237 

where 

for Re up to 105 

for 105 < Re < 3x106 

H = Head loss in piping (m) 

f = Friction factor 

L =Total pipe length in a circuit (m) 
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D = Pipe inside diameter (m) 

V =Fluid velocity (m/s) 

g =Gravity (9.8 rn!s2
) 

VDp 
Re = Reynolds number= --

J.l 

V =Fluid velocity (m/s) 

D =Pipe inside diameter (m) 

p = Fluid density (kg!m3
) 

J.1. = Fluid viscosity (N s/m2
) 

After calculating head loss, the required power for circulating pump can be 

calculated from the following formula: 

Power_CP (watt)= {pgQ(H_TOT)} I 11 (3.14) 

where 

Q =Fluid volume flow rate (m3/s) 

H_TOT =Total head loss in system (m) 

11 =Typical heat pump efficiency (assumes 0.8 here) 
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Note that head loss due to elbows and other fittings is neglected in the calculation 

ofH TOT. The loss due to elbows and other fittings is relative insignificant compare the 

loss due the long straight pipe in GLHE. 

The annual operating cost of the circulating pump can computed once the power 

requirement is found. The annual operating cost of the circulating pump is given by the 

formula similar to the one for the heat pump. 

12 

AOC CP = L {Power_CP *(Days/month)* (24 hours/day)* 
month= I 

(Cost/KWH)} (3.15) 

where 

AOC _ CP = Annual operating cost for circulating pump 

Power_ CP = Power requirement by circulating pump 

Days/month = Number of days in a particular month 

Cost/KWH= Electricity cost per KWH 

3.1.4 Optimization 

The life cycle cost of the vertical ground loop heat pump system can be 

minimized by varying parameters such as borehole depth, fluid flow rate, pipe diameter, 

and fluid flow circuit etc. For this study, the active borehole depth where heat transfer 

takes place was initially chosen as the variable to optimize. Since the ground-loop heat 
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pump system requires the minimum borehole depth to keep the fluid temperature exiting 

the heat pump within a temperature range specified by the user, a constant is placed on 

borehole depth (minimum borehole depth). 

Since only one variable, active borehole depth is optimized, a golden section 

search is chosen to perform this one-dimensional optimization to minimize the life cycle 

cost for the heat pump system. While keeping everything else constant, the minimum 

value of objective function (life cycle cost) is searched by varying the borehole depth 

between the minimum depth and maximum depth specified. The objective function in 

this case is a unimodal function. As explained by Stoecker (1989), a unimodal function is 

one having only one peak (or valley) in the interval of interest. In this case, it means that 

there is only one minimum life cycle cost for the system in the specified range of 

borehole depth. 

The concept of a golden section search in one-dimension is explained by Press, et. 

al. (1992) It guarantees that each new function evaluation will bracket the minimum to 

an interval of0.61803 (Rgolden) times the size ofthe preceding interval after self­

replicating ratios have been achieved. At each stage, it brackets three points, the next 

point to be evaluated is that which is a fraction 0.38197, (1- Rgolden) into the larger ofthe 

two intervals (measuring from the central point to the triplet). A simple algorithm is 

listed below: 

1. Given a unimodal function,/ with boundaries, a and c, pick a point, b between 

a and c randomly to form a bracketing triplet. (Note: if start out with a 
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bracketing triplet whose segments are not in the golden ratios, the procedure 

of choosing successive points at the golden mean point of the larger segment 

will quickly converge you to the proper, self-replicating ratios). 

2. Place an observation point 0.38197/0 in the larger of the two intervals 

(measuring from the central point of the triplet). 

3. Repeat step 2 until a desired interval is reached. 

3.1.5 Program Description 

The golden section search has been implemented into a FORTRAN program, 

called OPTIMIZE.FOR (refer to the program listing in Appendix 4) to determine the 

minimum life cycle cost of the ground-loop heat pump system. First, the program reads 

in the economic data input by the user as show below: 

Multiplier of the First Installation Cost (FIC), a 

Number of years, n . 

Annual interest rate (%) 

Drilling cost per borehole ($) 

Drilling cost per foot ($) 

Electricity cost per KWH ($) 

Heat pump cost ($) . 

Circulating pump cost ($) 

Number of boreholes per circuit 

Minimum borehole depth (ft) 

Maximum borehole depth (ft) 

Inside diameter of the pipe (in) 

Piping cost per foot ($) .... 

Table 3-1 Economic data for optimization 
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1.000 

20.000 

8.000 

0.000 

4.000 

0.110 

5000.000 

1000.000 

4.000 

114.030 

150.000 

1. 554 

0.560 
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Other input data comes from GLHEDATA.DAT for the Daycare Center, shown in 

Appendix 2. 

It calculates the series present worth factor (N) by using the annual interest rate 

and the number of years. Then, it starts the Golden Section Search as described above to 

bracket the minimum life cycle cost. This search process will continue until the 

bracketing interval is acceptably small (0.1 ft in this case). Finally, it outputs the 

minimum life cycle cost, as well as the corresponding borehole depth in a file called 

OPTIMIZE.OUT (refer to Appendix 5). 

OPTIMIZE.FOR includes the following subroutines to determine the annual 

operating cost for the heat pump, annual operating cost for the circulating pump, and the 

first installation cost: 

1. HP AOC 

2. CP AOC 

3. FICOST 

4. GLHESIM 

Determines the annual electricity cost of the Heat Pump based 

upon the power requirements calculated by GLHESIM. 

Determines the annual electricity cost of the circulating pump. 

Determines the first installation cost of the heat pump system. 

It is called by the subroutine HP _AOC to determine the power 

requirements for the heat pump. GLHESIM reads in the data file, 

GLHEDAT A.DAT 

42 

_L 



3.1.6 Optimization with Multiple Borehole Configurations 

Minimization of the life cycle cost of the ground-loop heat pump is done with the 

co-operation of SELECT, GLHESIZE, and OPTIMIZE. Both SELECT and GLHESIZE 

are implemented in GLHEPRO. 

SELECT basically helps the user to choose the possible borehole configurations 

and appropriate BIH (ratio of the distance between borehole centers to the active borehole 

depth) value for a given set of physical constraints: field length, field width, maximum 

and minimum field depth.. It determines whether a particular configuration is acceptable 

for the set of the constraints. Then, it will print out a list of the sorted possible borehole 

configurations according to the total number ofboreholes. The average total loop length 

is provided internally inside GLHEPRO by calling 'GLHESIZE' several times to obtain 

the average value. The program accelerates the optimization process by reducing the 

number of possible borehole configurations from 185 to some reasonable number, such as 

10, which depends on the constraints provided by the user. 

After SELECT chooses a reasonable number of possible borehole configurations, 

GLHESIZE is then used to check each of these possible configurations to determine 

whether the active borehole depth of these configurations are actually within the range of 

the field depth specified by the user. Recall that SELECT only approximately estimates 

total loop length. 

Then, OPTIMIZE is used to minimize the life cycle cost for each of the remaining 

possible configurations, and compares the minimum cost for each configuration to 

determine which one results the minimum life cycle cost amount of them. 
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As mentioned above, a daycare center near Oklahoma City, OK will be used as an 

example to demonstrate how the optimization with multiple borehole configurations is 

done. 

3.2 Example 

SELECT was run for the daycare center described in Section 1.4. The detailed 

results are shown in Appendix 6. Using the physical constraints: field length= 30 feet; 

field width= 30 feet; range of field depth= 30 to 150 feet; and the average total loop 

length = 1510.4 feet., 7 possible borehole configurations are chosen. Table 3-2 

summarizes the results. 

Table 3-2 Summary of results from SELECT 

Configuration Number of Boreholes Configuratio 
Code n 

G1305 12 3 x4 

G1405 12 in a square 

G1105 15 3x5 

Gl210 16 4x4 

G1205 16 4x4 

G4810 36 6x6 

G4710 50 5 X 10 
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Then, GLHESIZE was used to check each of the above 7 possible borehole 

configurations to determine whether they actually satisfy the range of field depth, which 

ranges from 30 to 150 feet. Table 3-3 summaries the results: 

Table 3-3 Summary of the validating results using GLHESIZE 

Configuration Actual Borehole Depth Status 
Code (ft) 

G1305 163.69 Fail 

G1405 162.53 Fail 

G1105 153.85 Fail 

G1210 114.03 OK 

G1205 149.62 OK 

G4810 69.70 OK 

G4710 58.14 OK 

Table 3-3 shows that the first three configurations do not satisfy the field depth 

constraint (maximum depth::; 150ft) when validated by GLHESIZE and resulting the 

actual borehole depths. So, the total number of possible configurations is down to 4. 

Once the actual possible borehole configurations are found, OPTIMIZE is used to 

perform the minimization of the life cycle cost for each of the above 4 renaming 
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configurations. Table 3-4 summarizes the results by running the OPTIMIZE, using the 

1.5" nominal size high-density polyethylene, SDR-11 pipes. 

Table 3-4 Summary of the results from OPTIMIZE 

Configuration # borehole/circuit Min. LCC ($) depth (ft) 
Code 

G1210 4 33797.21 114.07 

G1205 4 34952.23 149.65 

G4810 4 33837.88 69.73 

G4710 5 34655.79 58.18 

From Table 3-4, it indicates that the Configuration G 1210 ( 16 boreholes, 4 by 4, 

BIH = 0.1) has the lowest minimum life cycle cost with the corresponding depth of 

114.07 feet. Also, one may notice that the minimum costs occur at the minimum depth 

requirement by each configuration. It seems that the piping cost, annual operating cost 

for the circulating pump, and the drilling cost offsets the benefit of the lower annual 

operating cost for the heat pump with longer borehole depth. Even with assumptions of 

very high electricity cost (11 cents/KHW), very low drilling cost ($1/ft, and drilling cost 

per hole = 0), the same results are observed. 

Figure 3-1 shows how the life cycle cost varies with borehole depth for the 

Configuration 1210, with 4 boreholes per circuit (refer to Appendix 7). 
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Figure 3-1 Life Cycle Cost Vs. borehole depth for Configuration G1210 

3.3 Other Independent Variables 

Further investigation showed that that the optimal borehole depth was generally 

constrained to be the minimum depth required to meet the minimum or maximum fluid 
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temperature. Then other variables were considered for significant potential for 

optimization, they are: fluid flow rate and pipe diameter. 

3.3.1 Pipe Diameter 

In order to investigate the effect of piping size on LCC, five different piping sizes 

were used with configuration G1210 for daycare center, with 6 inch borehole diameter, 

and 4 boreholes per circuit (i.e. 4 circuits in parallel). The results are shown in Table 3-5. 

Table 3-5 Life Cycle Cost of different piping sizes 

Nominal Size (in) $1ft Min. LCC ($) 

3/4 0.20 48896.71 

1 0.28 37655.53 

1 1/4 0.41 34142.59 

1 1/2 0.56 33797.21 

2 0.78 33992.37 

Table 3-5 shows that the 1 1/2 inch pipe results in the lowest life cycle cost. 

Increasing the piping size decreases the head loss in the system, and thus lowers the 

annual operating cost of the circulating pump. But at the same time increasing the piping 
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size, increases the first installation cost due to the higher unit price for the larger pipes. 

For this case, it turns out that the optimum piping size is 1 I /2 inch. 

3.3.2 Fluid Flow Rate 

Heat pumps require a sufficient fluid flow rate to keeping from overheating. Fluid 

flow rate has a significant impact on the annual operating cost of the circulating pump. 

Lowering the flow rate, lowers the total head loss in the system, and hence lowers the 

annual operating cost of the circulating pump. On the other hand, lowering the flow rate, 

increases the size of the ground loop heat exchanger, and thus increases the first cost. In 

general, a common rule of thumb is to use 2.5 gallons per minute per tons ( 12,000 

Btu/hour) ofthe maximum load on the heat pump. Flow rates vary from 0.5 to 3.5 GPM 

per tons of the peak cooling load on the heat pump (25 tons for the daycare center) were 

simulated, and the results are shown in the Table 3-6 below: 
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Table 3-6 Summary of the Life Cycle Cost with different flow rates 

GPM/ton max. Flow rate, Min. depth (ft) MinLCC 
load GPM ($) 

0.5 12.60 117.34 32090.94 

1.0 25.20 115.19 32563.54 

1.5 37.80 114.56 32881.50 

2.0 50.40 114.24 33268.11 

2.5 63.00 114.03 33797.21 

3.0 75.60 113.90 34514.88 

3.5 88.20 113.80 35456.63 

From the above table and Figure 3-2, one may notice that the minimum borehole 

depth requirements for the flow rate from 0.5 to 3.5 GPM per tons of the peak load on the 

heat pump do not have significant difference, less than 4 foot. It seems that inside the 

range of the depth constraint, lower the flow rate, lower the annual operating cost of the 

circulating pump, and hence lower the life cycle cost of the system. However, the heat 

pump performance was assumed to be only a function of entering water temperature, not 

flow rate. The curve fits of heat pump performance were for a specific flow rate, and the 

same curve fit was used for all flow rates. Further investigation, utilizing a more 

sophisticated heat pump model, is probably warranted. 
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CHAPTER IV 

PEAK LOADS AND ENTERING FLUID TEMPERATURE TO THE 

HEAT PUMP 

4.1 Introduction 

GLHEPRO version 1. 02 uses the monthly average fluid temperature exiting the 

heat pump to size the ground loop heat exchanger (GLHE). Conversations with users 

have indicated that they would prefer to size the GLHE based on the peak fluid 

temperature entering the heat pump. While there are several ways this could be done, it 

was decided to not modify GLHESIZE. (GLHESIZE uses average monthly fluid 

temperature exiting the heat pump as its design criterion.) Instead, the average monthly 

exiting temperature corresponding to a peak entering fluid temperature was estimated. In 

order to accommodate this, a number of changes to GLHEPRO were required. They 

include: conversion of the peak entering fluid temperature to the average entering 

temperature and conversion of the average entering fluid temperature to the exiting 

temperature. 

The only new information required by the user is the peak load information, which 

is shown in Table 4-1. The peak information helps to simulate a real heat pump system 

with better sizing accuracy. It is also used to enhance the program, such as flow rate 

checking, and finding the initial guess of the active borehole depth. 
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Peak load Month 
Peak Hourly Loads 
Hours at Peak 

Heating 

2.000 
166700.000 

8.000 

Cooling 

8.000 
309400.000 

8.000 

Table 4-1 Sample of peak information in GLHEPRO Version 2.00 

4.2 Methodology 

The capability of being able to account for the peak loads when sizing the ground 

loop heat exchanger, with the desirable feature ofbeing able to design the system based on 

the entering fluid temperature to the heat pump have been implemented in the GLHEPRO 

version 2.00. Peak load is treated as a pulse superimposed with the average loads using 

the methodology developed by Eskilson, 1987. The conversions between the peak 

temperature (T peak) to the average temperature (T average), and from temperature exiting 

from the heat pump to the temperature entering the heat pump (T entering) are described in 

Section 4.2.1 to 4.2.4. Figure 4-1 is a schematic drawing which illustrates the 

relationship between the temperatures with and without peak loads. 
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Figure 4-1 Comparison of average and peak temperatures for cooling case 

(Tout= Fluid temperatute entering to the heat pump) 
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4.2.1 Tpeak,entering to Taverage,entering 

Figure 4-1 shows that in order to convert a peak temperature to an average 

temperature to account for the peak loads, three ~ Ts must be to calculated. The 

following pseudo-code is used to estimate the T average,entering, given the T peak,entering, peak 

information (peak cooling and heating loads, number of hours at peak, and the months 

where peaks occur), with the average monthly heating and cooling loads. 

IF peak load is equal to 0 (meaning the user did not enter a value) 

T average,entering = T peak,entering 

ELSE 

T average,entering = T peak,entering - ~ T (for cooling) ( 4.1) 

T average,entering = T peak, entering + ~ T (for heating) ( 4. 2) 

END IF 

~ T is the total offset of the peak temperature from the average temperature, which 

is shown in Figure 4-1. The following summary is the steps used to compute ~ T for peak 

cooling. Similar steps are used to compute the ~ T for the heating case. 

1. Convert the average monthly heating and cooling loads to hourly loads in the 

month where peak cooling occurs. 

2. Calculate the ratio of heat rejected to the ground to the cooling load, and the 

ratio of heat extracted from the ground to the heating load. 
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3. Calculate the average hourly heat rejection and heat extraction. 

4. Calculate the net heat rejection, i.e., 

average heat rejection - average heat extraction 

5. Calculate the peak hourly heat rejection. 

6. Calculate the pulse heat rejection, i.e., 

peak heat rejection - net heat rejection 

7. Calculate the total offset, d T using the following equations: 

dT = -dT1 + dT2 + dT3 (4.3) 

~T, ~ ±[ ~~:~";] (4.4) 

d T 2 = Qpulse_ fOJ I L {ln( 4at) - r} 
4;rk fb1 

(4.5) 

~T, ~ ±[ :·~:·] (4.6) 

where 

m Cr = Fluid flow rate * fluid heat capacity 

L = Initial guess of the total loop length 

= 150 *tons of peak load on the heat pump 

k = Thermal conductivity 

a = Thermal diffusivity 

rb = Borehole radius 
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y =Euler's constant(~ 0.5772) 

If .1Tz < (.1T3- .1Tl), .1T is set to zero 

Equation 4.5 comes from Eskilson's thesis (1987), it is an approximate analytical 

solution that describes the temperature change at the end of a single heat extraction pulse. 

The final total loop length L is determined by iterating between the initial guess value and 

the value reported by the simulation routine based on 10 feet accuracy. 

4.2.2 Taverage, entering to Taverage, exiting (before simulation) 

The average temperature exiting from the heat pump, T average,exiting before the 

simulation can be computed using Equations 4.7 and 4.8. The conversion from the 

entering temperature to exiting temperature is necessary because the simulation program, 

GLHESIZE, requires Taverage,exiting to size the system as the temperature constraint. 

T average, exiting - T average, entering + 
Qnet_ rej 

(for cooling) (4.7) . 
mcP 

T average, exiting T average, entering -
Qnet_ abs 

(for heating) (4.8) = . 
mcP 

where Qnet_rej, Qnet_abs can be calculated using the steps described in section 4.2.1 

above with the T average,entering temperatures. 
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4.2.3 Taverage,exiting to Taverage,entering (after simulation) 

After the simulation is complete, the average exiting maximum and minimum fluid 

temperatures are reported by simulation program, GLHESIZE or GLHESIM. In order to 

report the user with the entering fluid temperatures, Equations 4.9 to 4.12 are applied to 

convert the exiting temperatures to the entering temperatures. One may notice that the 

conversion here is different from that in section 4.2.2, and it is in a more complicated 

form. The reason is because the heat pump performance is based on the entering fluid 

temperature. In section 4.2.2, the entering fluid temperature is readily available, it is 

straight forward to use this temperature to calculate the heat rejection or extraction. In 

this section, in order to find the entering temperature, it is necessary to compute the net 

heat transfer, however it is also a function of the entering fluid temperature. Therefore, a 

quadratic equation is resulted. 

Case A (cooling): 

T average, entering T average, exiting -
Qnet_rej 

(4.9) 

mcP 

Qnet_rej = Qcool_avg *{a+ b*Taverage,entering + c*(Taverage,entering)
2

} 

- Qheat_avg * { u + v*T average,entering + w*(T average,entering)
2

} 

(4.10) 

By substituting Equation 4.10 into Equation 4.9, we have the quadratic equation 

as a function of the average entering fluid temperature for cooling. Then, the entering 
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temperature, T average,entering can be computed by solving the resulting quadratic equation. A 

positive root is selected. 

Case B (Heating): 

T average, entering T average, exiting + 
Qnet_abs 

(4.11) 
mcP 

Qnet_abs = Qheat_avg * { u + v*Taverage,entering + w*(Taverage,entering )2
} 

- Qcool_avg *{a+ b*Taverage,entering + c*(Taverage,entering)2
} 

(4.12) 

where: a, b, c =Heat pump performance coefficients for cooling mode 

u, v, w = Heat pump performance coefficients for heating mode 

(Note: If the heat pump coefficients a or u equals zero the resulting equation is not in a 

quadratic form. So instead of solving a quadratic equation the linear equation is solved.) 

4.2.4 Taverage,entering fO Tpeak,entering 

The average entering fluid temperature is converted back to the peak entering 

temperature before reporting to the user as shown in the below pseudo-code, which is 

similar to that shown in section 4.2.1. 

IF peak load is equal to 0 
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ELSE 

END IF 

T peak, entering - T average,entering 

T peak,entering = T average,entering + .:1 T (for cooling) 

T peak, entering = T average, entering - d T (for heating) 

(4.13) 

(4.14) 

where dT is calculated using the procedures described in section 4.2.1. 

4.3 Example 

The daycare center is used as an example to demonstrate how the fluid 

temperature conversions between peak and average, entering and exiting are done in 

GLHEPRO version 2.00. by running GLHESIZE. The desired maximum fluid 

temperature entering the heat pump is set to 90°F, and the minimum temperature is set to 

35°F. The simulation is run for 10 years. The building loads and other input information 

ofthe heat pump system are detailed in Appendix 3, GLHEDATA.DAT. 

Figure 4-2 is the summary illustrating how all the conversions are done. First, the 

specified maximum entering fluid temperature (90°F), and the minimum entering fluid 

temperature (35°F) are converted to the average entering temperatures. The L1Ts are 

14.43 and 4.36 °F for maximum and minimum temperatures respectively, computed using 

equations 4-3 to 4-6, which are described in Section 4.2.1. Then, the average entering 
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temperatures are converted to the average exiting temperatures using the Equations 4. 7 

and 4.8. Before running GLHESIZE, the allowed exiting temperature range is 38.56 to 

77.77 °F. After the simulation is complete, the returned the exiting temperature range is 

47.75 to 77.77 °F, which satisfies the desire range specified. Next, the exiting average 

temperatures are converted to the average entering temperature using the equation in 

section 4.2.3. Finally, the average entering temperatures are converted to the peak 

entering temperatures before report to the user. The maximum temperature is 87.85°F, 

which is below the specified upper bound, 90°F. The minimum temperature is 44.28°F, 

which is above the specified lower bound, 35°F. To meet the specified temperature range, 

the total loop length of the ground loop system is about 23 00 feet. 
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4.4 Length of Peak Pulse 

The length of a peak pulse (hours at peak) is critical to estimate the temperature 

difference between the fluid temperatures with and without the peak load (AT2). The 

longer the length of a peak pulse, the larger the AT 2, and hence the smaller the allowed 

average exiting temperature range. The smaller average exiting temperature range may 

require a longer total borehole loop-length. For instance, using the inputs shown in 

Appendix 3, GLHEDATA.DAT for the daycare center, the borehole loop-length 

decreases about 13% when the "hours at peak" decreases from 8 to 4 hours. Figure 4-3 

and Figure 4-4 show the sensitivity of the length of a peak pulse. The total temperature 

offset (AT) in Figure 4-3 is obtained by running GLHESIM. While keeping the total 

borehole loop length constant, hours at peak change from 0 to 12 hours to show the 

temperature rise. The total loop length in Figure 4-4 is obtained by running GLHESIZE. 

While keeping the peak temperature constant, change the hours at peak from 0 to 12 

hours to show the increase of the loop length requirement. Both Figure 4-3 and Figure 4-

4 show significant change in AT and L as the length of the peak pulse increases. 
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Figure 4-4 Total loop length Vs. length of peak pulse 

A typical profile of an annual average monthly loads is shown in Figure 4-5. From 

the figure, one can identity that August has the largest heat rejection to the ground. One 

may notice that the monthly load is represented by a constant average value. But for a 

real-life building, such as the daycare center, the actual loads vary from day to day, and 

hour to hour. A fictitious set of representative hourly loads for a month are shown in 

Figure 4-6. 
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Figure 4-6 Actual hourly load in a month 

Using the daycare center as an example, the actual hourly load in the design day is 

shown in Figure 4-7. 
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Figure 4-7 Hourly cooling at the design day 

In order to account for the peak hourly load, a rectangular pulse is employed, 

which attempts to represent the peak loads shown in Figure 4-7. The question is what is 

the length of a rectangular pulse with amplitude equal to the peak hourly load that will 

give a rise in temperature equivalent to the actual hourly design loads? Ideally, a more 

detailed simulation would be done, but it is beyond the scope of the current investigation. 

Therefore, a brief investigation is made here to estimate the length of the pulse that will 

give a temperature rise equivalent to the actual hourly loads. 

A simple algorithm is used to estimate an appropriate length of the peak pulse for 

the daycare center in August. Assume that the maximum entering fluid temperature is 90 
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op. Once the hourly load in the design day is estimated, ~ T can be computed using 

Equation 4.3 as discussed in Section 4.2.1. Furthermore, assume that the temperature of 

the fluid is at the monthly average at midnight before the peak day. The results are shown 

in Table 4-2. 
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Table 4-2 Hourly load at design day and the ~ Ts 

Hours Actual Hourly Average Hourly Superimposed I 

Load (Btu/Hr) Load (Btu/Hr) ~T (°F) I 

1 to 4 0 57392.5 -1.96 
5 to 8 1023.3 57392.5 -3.16 

9 to 12 176954.5 57392.5 2.15 
13 to 16 280775.0 57392.5 8.97 
17 to 20 72246.5 57392.5 5.90 

' 21 to 24 0 57392.5 1.51 
- -

The superimposed ~Tis plotted against the hour in Figure 4-8. 
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From Figure 4-8 and Table 4-2, one can identify that the maximum temperature 

rise experienced by the heat pump is 8.97 °F between Hour 13 and 16. This means that 

the single peak pulse should have length which results in a total temperature offset of8.97 

°F . By running GLHESIM with the total loop-length equals that used to estimate the ,1. T 

(Note: active borehole depth= total loop-length I number of boreholes), the equivalent 

length of the peak pulse is found to be about 6.3 hours. 

There are different ways to estimate the length of a peak pulse, the method used 

here may not be the best, but it provides some understanding of the hours at peak for the 

daycare center. Due to only one real building is studied here, no general guidance or rule 

of thumb can be provided. In order to provide more general guidance, more real-life 

buildings should be investigated. Ideally, a more detailed simulation should be performed, 

but it will require much more tightly-coupled building energy analysis and ground loop 

heat exchanger design program that are currently available. 
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CHAPTERV 

INPUT CHECKING AND ADVISING 

To make the GLHEPRO program more user friendly, a series of input checks and 

appropriate advice were desired to aid users of the program. Input parameters to be 

checked include: fl~id flow rate, maximum and minimum temperatures, and peak load 

information. 

5.1 Flow Rate 

Fluid flow rate is an essential input to the GLHEPRO, it describes the volume 

flow rate of the heat carrier fluid inside the ground loop heat pump system. It should not 

be undersized, but it is not wise to be grossly oversized as well. When undersizing the 

flow rate, a longer borehole depth is required to prevent the working fluid temperature 

from dropping or exceeding a user-defined temperature range, which is obviously not 

cost effective. On the other hand, when the flow rate is grossly oversized, it increases not 

only the initial equipment cost, but also the operating cost due to the higher pumping 

power resulting from the higher fluid flow rate. The common rule of thumb is to use 2.5 

-3.0 gallons per minute per ton of the maximum load on the heat pump. 
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A problem with GLHEPRO 1.02 is that if a user attempts to simulate a large 

system with the default flow rate of 1 GPM, GLHESIM and GLHESIZE will crash. In 

version 2.00, if the user forgets to enter the appropriate value, or enters a grossly 

undersized value, GLHEPRO will give the user a warning message, as well as a 

suggestion for the fluid flow rate. The suggestion is based on the building loads, and 

applies the rule of thumb mentioned above, 2.5 GPM per ton of the maximum load on the 

heat pump. Hence, if the user for any reason does not know a reasonable fluid flow rate 

to input in the program, and wants the program to suggest a reasonable value, the user 

just leaves the default value, and the program will give the warning message, which 

includes a flow rate suggestion based on the building loads. The flow rate input checking 

and advising procedures is detailed below. 

If the peak of the building loads has been specified by the user, the program 

compares the peak heating and cooling loads. Once the comparison is done, the larger 

value of the peak heating and cooling loads is used to compute the fluid flow rate using 

the formula below: 

flow rate = 2.5 * (peak load I 12,000) (5.1) 

If the peak information is not included, the program will search for the largest value 

among the twelve pairs of the heating and cooling monthly loads. Then it converts the 

monthly average load to hourly load, and calculates the flow rate based on this average 

hourly load by using the formula above. This flow serves the minimum flow rate 
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requirement, if the user inputs a flow rate less than this value, the program gives a 

warning message and this suggested value. If the user ignores this warning and 

suggestion, and insists on using a smaller flow rate, the program will continue after 

displaying the warning. 

The Daycare center serves as an example to illustrate how the flow rate checking 

is done. The building load information is listed below: 

Monthly Loads 

Month Heating(Btu) Cooling(Btu) 
***************************************************** 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Peak Hourly Loads 
Hours at Peak 
Peak load Month 

29940000.000 
23910000.000 
17920000.000 

8233000.000 
1386000.000 

364500.000 
25350.000 
11140.000 

874300.000 
5782000.000 

19540000.000 
25250000.000 

Peak Information 

Heating 

166700.000 
8.000 
2.000 

725200.000 
358600.000 

1769000.000 
4817000.000 

13990000.000 
29130000.000 
38870000.000 
42700000.000 
18570000.000 
11080000.000 

374800.000 
495400.000 

Cooling 

309400.000 
8.000 
8.000 

Table 5-l Summary of the monthly loads and the peak information from BLAST 
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First, the program sees that the peak information is included, it compares the peak 

heating and cooling loads. It finds that the peak cooling load is higher than the peak 

heating load, so the cooling load is used for the flow rate calculation: 

flow rate= 2.5 * (peak load I 12,000) 

flow rate= 2.5 * (309400/ 12,000) 

flow rate = 64.4 GPM 

If the user inputs the flow rate less than 64.4 GPM, the program gives the warning 

message as shown Figure 5-1: 

Your current building loads suggest that you need 

a fluid flow rate of approximately 64.4 gal/min. 

Figure 5-1 Flow rate warning and suggestion 

If the peak information is not included, the peak loads are set to zero, and 

GLHEPRO will seek the largest value among the average monthly heating and cooling 

loads. In this case, cooling load in August is the largest value, hence the flow rate 

calculation will be based on this value. Notice that before the flow rate is computed, the 

cooling load is converted from monthly to hourly: 
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hourly load= 4270000/31/24 = 57392.5 

flow rate= 2.5 * (57392.5/12,000) 

flow rate = 12.0 GPM 

Note that this flow rate is much smaller than the one predicted using the peak loads. This 

is one reason why the peak information is important. 

5.2 Check on Maximum I Minimum Temperatures 

GLHEPRO Version 2.00 allows the user to specify the maximum fluid 

temperature entering the heat pump, and the minimum fluid temperature entering the heat 

pump. Whether the maximum temperature or the minimum temperature is critical, 

depends on the building loads and the defined temperature range. In general, a cooling 

dominated building rejects more heat to ground than it extracts on an annual basis, so the 

heat will build up in the ground where the ground heat exchanger is installed and the area 

nearby. So, the maximum temperature should be a concern from the design stand point. 

Similarly, for a heating dominated building, the minimum temperature should be the 

focal point to consider. 

Also, the user-defined maximum and minimum temperatures cannot be too close 

to the undisturbed ground temperature (Tug). It is obvious that ifthe user-defined 
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temperatures are very close to T ug• an infinite loop length is required for the heat pump 

system. In GLHEPRO Version 2.00, the user-defined minimum and maximum 

temperatures will need to have the temperature clearance of at least 5 °F after accounting 

for the peaks (refer to Section 4.2). If either IT max,avg_exiting - T ugl or IT min,avg_exiting - T ugl 

less than 5 °F, a warning message is given to the user, and it suggests the user to redefine 

the temperature range to avoid an unrealistic borehole loop length requirement. It states 

whether the maximum temperature or the minimum temperature needs to be redefined 

and what is the appropriate range after accounting for the peak loads. 

Besides the common sense limit of 5 °F between the maximum I minimum 

temperature and the undisturbed ground temperature, there are absolute temperature 

limits as shown in Figure 5-2. 

Undisturbed Ground Te~np_er~_turE! 

A min 

Temp 

Total Loop Length 

Figure 5-2 Asymptotic boundary of the temperatures 
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Theoretically, an infinite amount of pipe would raise the minimum temperature to 

asymptotic minimum temperature, Amim and decrease the maximum temperature to 

asymptotic maximum temperature, Amax· But for the computational convenience, these 

asymptotic boundaries can be obtained by using a relatively 'long' pipe, such as several 

miles. Both the maximum fluid temperature (T max), and the minimum temperature (T min) 

approach fixed finite values after that total loop length. 

GLHEPRO uses a Newton-Raphson convergence algorithm to find the loop 

length that corresponds to the desired temperature range. Newton-Raphson uses the ratio 

ofthe function value (temperature as a function ofloop length) to the derivative of the 

function (rate of change in temperature compared to change in loop length) to determine 

the next loop length to examine, i.e. Lnew = Lold- T(old) I T'(old). If the change in 

temperature per foot of loop length is very large, it will only change the loop length a 

small amount. If the change in temperature is very small, it will change the loop length a 

great deal. This allows it to converge quickly to the correct temperature. However, ifthe 

desired temperature is inside the asymptotic boundaries (between Amax and Amin in Figure 

5-2), the convergence scheme will never reach it. GLHEPRO recognizes this condition 

by noticing that changing the loop length results in no change in temperature (or in other 

words, when the derivative ofthe function, T'(old) equals zero). Technically, there 

should always be at least a small change in temperature, but due to the limitations of 

computers, any number below a certain value is considered to be zero. At that point, no 

matter how much the loop length is increased, the temperature will not change. The 
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temperature where this occurs is the asymptotic boundary for either T min or T max 

whichever was being calculated at the time. 

If the user specifies a desire maximum temperature below the asymptotic 

boundary of the maximum temperature, Amax• a similar warning will be given: 

The maximum bound must be above 70. Set the maximum 

temperature at least 70 or higher. A higher maximum temperature 

will result in shorter total loop length. 

Figure 5-3 Sample warning for maximum/minimum temperature checking 

5.3 Peak Load Information 

Information about the peak loads needs to be realistic and accurate when running 

the GLHEPRO Version 2.00. If the peak information is misentered, or ignored, the 

program will give senseless results. Therefore, an algorithm is developed to prevent this 

problem. 

IF Peak Load or Hours at Peak (Cooling or Heating) ~ 0 THEN 

Give warning message 
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ELSE 

END IF 

Allow user go back to the load input screen to reset peak 

information 

ELSEIF Peak Load :s; Average Load THEN 

END IF 

Give warning message 

Set Peak Load = 1.2 * Average Load 

Allow user go back to the load input screen to reset 

peak information 

Continue to run simulation program 

After allowing the user go back to the load input screen to reset the peak information, if 

the hours at peak still less than zero, or the peak loads still less than the average loads, 

GLHEPRO give a warning message again, then continue to run the simulation program 

and ignore the peak loads. Refer to Table 5-1, if we set the peak heating load to zero, the 

following warning will be given: 
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If you wish to design for peak temperature instead of monthly temperature, 

you should set the 'Peak Heating Load ' to some value greater than 0 

Figure 5-4 Sample warning for peak load information checking 
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CHAPTER VI 

BOREHOLE THERMAL RESISTANCE CALCULATION 

One of the user input parameters to GLHEPRO is the "Borehole Thermal 

resistance". As claimed by Eskilson ( 1987), the borehole thermal resistance is one of the 

most important parameter of a heat extraction borehole. 

The borehole thermal resistance is the resistance between the heat carrier fluid and 

the borehole wall. The total resistance depends on the borehole radius, the thermal 

conductivity of the grouting material inside the borehole outside the pipes, the thermal 

conductivity of the piping, and the spacing between the pipes and the borehole wall etc. 

The thermal resistance also depends on the thermal resistance over the borehole wall and 

between the bulk fluid in the pipes and the inner pipe wall with different expressions for 

laminar and turbulent flow. The cross-section view of a typical borehole is shown in 

Figure 6-1. 

For the purpose of understanding the local thermal processes in the borehole and 

its immediate vicinity, one must comprehend the relationship between the borehole 

geometry and thermal properties and its resistance. But unfortunately, there is no simple 

model available that can be used directly to predict the borehole thermal resistance for a 

given borehole diameter or radius, its geometry, thermal conductivity of the grouting, and 

thermal conductivity of the pipes. 
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Figure 6-1 Top view of a typical borehole 

6.1 Methodology 

The aim of this study is to establish a relationship between the thermal resistance 

of a borehole and its geometry, grouting conductivity, etc. Conduction shape factors will 

be employed to estimate the borehole resistance. However, at present no experimental 

data is available which may be used to validate the model. Furthermore, the use of 

conduction shape factors, which assume isothermal surfaces, causes some significant 

errors as the heat exchanger pipe gets close to the borehole wall. Therefore, the material 
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in this chapter must be considered tentative. When experimental data is available, the 

model may be validated and/or calibrated, as necessary. 

Tb 

Rl2,Total 

-) 
q12 

Figure 6-2 Heat flow and thermal resistance diagram for a borehole 

84 

_..._ 



The total thermal resistance of the borehole Roorehote is defined by Equation 6 .1. 

Roorehole = ~ T I ( Qt + Q2) 

Where 

(6.1) 

~T = 

Qt. Q2 = 

Tb 

Tn 

Ta 

= 

= 

overall temperature difference 

T b - (T n + T a) I 2 

heat transfer from the ground outside the borehole 

to the pipes 

ground temperature around the borehole 

temperature of the downward flowing fluid 

temperature of the upward flowing fluid 

In accordance to Eskilson ( 1987), each depth z and time t, the heat transfer between the 

pipes and the ground around the borehole may be approximates as steady state. The 

steady-state heat balance equations are 

Qt - Q2 = (T b- T n) I Rt,totat - (T n - T a) I Rt2,totat 

Q2 + Q12 = (T b - T a) I R2.totat + (T n - T a) I RI2,totat 

(6.2) 

(6.3) 

Where 

Qt2 heat transfer from the downward channel to 

the upward channel 
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R1,total = 

R2,total = 

Rl2,total= 

total resistance (from the ground around the 

borehole to the downward channel) 

total resistance (from the ground around the 

borehole to the upward channel) 

total resistance (from the downward channel to 

the upward channel) 

From the above equations, the sum of q1 and q2 can determined. The equation is 

ql + q2 = (qJ-qJ2) + (q2+ql2) 

= ((Tb-T n)IRJ,totaJ)- (Tn-T a)IRJ2,totaJ) 

+ 

((Tb-T a)IR2,totaJ) + (Tn-T a)IRJ2,totaJ) (6.4) 

The total resistance: R1,totaJ, R2,totah and R12,total are defined by Equations 6.5, 6.6 and 6.7: 

Rl,total = R1 + Rother 

R2,total = R2 + Rother 

R12 total = R12 + 2.0*Rother 

(6.5) 

(6.6) 

(6.7) 

Where the Rother is the sum of the conduction resistance ofthe pipe and convection 

resistance of the inside pipe wall to the bulk fluid, which is described as 
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Rother = Rcond + Rconv (6.8) 

Rcond = ln(rJri) I (2nkL) (6.9) 

Rconv = 1 I (2nriLhc,i} (6.10) 

where 

r0 , ri =Inside and outside radius of a pipe 

L = Borehole depth 

hc.i = convective heat transfer coefficient 

The resistance in Equation 6.5, 6.6 and 6. 7 can be determined by using the conduction 

shape factors, S. In order to model the borehole with two pipes in it, three different 

shape factors need to be used, and the summary is as shown in Table 6-1. 

Table 6-1 Summary of the conduction shape factors, S 

Physical System Conduction Shape Factor, S 

Eccentric cylinders of length L S1 = S2 = 2nL I (cosh-1((r1
2+r/-D2)1(2r1r2))) 

Two isothermal cylinders buried in infinite S12 = 2nL I (cosh-1((01/ -r1 2 -r/)1(2rlr2))) 
medium 

I 

R1 = 1 l(k1 S1) (6.11) 

R2 = 1 l(k2 S2) (6.12) 
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R12 = 1 l(k12 S12) 

D = Radius of borehole 

(6.13) 

(6.14) 

Also, S1 is equal to S2, hence, R1 is exactly equal to R2 if the thermal conductivity is 

assumed to be uniform, i.e., k1 = k2 = k12 = kgrout =thermal conductivity of the grouting. 

The convective heat transfer coefficient, hc,i in Equation 6.10 calculated using the 

Equation 6.15 and 6.16. 

Nu = 0.023 * Re0
·
8 * Pr0

.4 

hc.i = Nu * kfluid I di 

where 

Pr = 7.88 (Prandtl number of water at 60 °F) 

kfluid = 0.344 (Water at 60 °F) 

di = diameter of the pipe 

Re = Reynolds number = V * di I v 

where 

V = Flow rate of the fluid 

v = Kinematic viscosity 

(6.15) 

(6.16) 

The thermal and physical properties of water at 60 °F have been utilized, and the flow is 

assumed to be fully developed turbulent flow inside a smooth pipe. 
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Once the shape factors are calculated, the total resistance can be easily obtained. 

Then, use Equation 6.4 to find the sum of q1 and q2, and substitute the sum into Equation 

6.1 to compute the borehole thermal resistance, Roorehole· The above methodology is 

implemented in a FORTRAN computer program, BORERES.FOR (refer to the Appendix 

8). The input variables are summarized as follow: 

Table 6-2 Summary of the input variables in the program 

Variable Name Meaning 

kg rout Thermal conductivity ofthe grouting, Btulhr*ft*°F 

kpipe Thermal conductivity ofthe pipe, Btulhr*ft*°F 

v Volume flow rate of the hear carrier fluid, GPM 

rnominal Nominal size ofthe pipe, inch 

rb Radius of the borehole, inch 

Space Spacing between the pipe and borehole wall, inch 
~-~ 

The program calculates the borehole resistance, Roorehole. Table 6-3 gives the most 

common polyethylene pipe sizes used in ground heat exchanger design. 
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Table 6-3 Polyethylene pipe sizes 

Option Number Nominal Size (in) Outside Diameter Inside Diameter (in) 
(in) 

1 3/4 1.050 0.860 

2 1 1.315 1.077 

3 11/4 1.660 1.358 

4 11/2 1.900 1.554 

5 2 2.375 1.943 

6.2 Results and Discussion 

Several parameters were studied by using the program BORERES.FOR, their 

results will be discussed below. The results were obtained by keeping all the input 

variables into the program constants except the parameter of interest. The results may not 

be quantitatively useful, but they show the trend, as well as the magnitude of the changes. 

From the discussions below, one may find that the Conduction Shape Factor 

method is able to establish relationships between the borehole resistance and grouting 

thermal conductivity, piping thermal conductivity, fluid flow rate, piping size, borehole 

radius, and the spacing between the pipe and the borehole wall. 
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6.2.1 Grouting Conductivity (kgrouJ 

It is quite obvious that grouting inside the borehole has direct and significant 

impact on the overall thermal resistance of the borehole. Figure 6-3, shows that the 

thermal resistance of the borehole increases sharply as the thermal conductivity of the 

grouting material decreases, especially in the lower range ofkgrout· The change ofRoorehole 

from kgrout = 1.5 to kgrout = 0.3 is more than 150%. The common grouting material is 

Bentonite clay, it has a typical value of0.74 Btulhr*ft*°F. This study shows that it is 

extremely important to develop a grouting material with higher thermal conductivity to 

enhance the heat transfer by reducing the borehole resistance. Physical properties also 

need to pay attention when choosing a grouting material, such as the ease of backfiling, 

etc. 

INPUT VARIABLES: 

kgrout = ? (dependent variable) 

kpipe = 0.225 

V=20 

rnominal = 1 inch (option 2) 

rb = 3 

space= 0.5 

91 



0.35 
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[ 
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0 
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I!! 0.1 
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kgrout (Btu/(hr*ft*F)) 

Figure 6-3 Grouting Conductivity (kgrouJ Vs. Borehole thermal resistance (Rborrhole) 

6.2.2 Pipe Conductivity (kp;p) 

The thermal resistance of the pipes inside the borehole (kp;pe) affects the heat 

transfer between the heat carrier fluid inside the pipe and its surrounding. Figure 6-4 

shows that the borehole resistance Rborehole decreases as kp;pe increases. As the 

conductivity increases, heat is easier to transfer through the pipe wall. In other word, the 

overall resistance decreases. Therefore, a piping material with higher thermal 

conductivity is desired for the application in ground-loop heat exchanger. Currently, the 

common piping material for GLHE is high density polyethylene (HDPE), its typical 

thermal conductivity value is about 0.202 Btulhr*ft*°F. Polyethylene offers a good 
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balance of physical properties, allowing optimal pipe thickness, providing a reasonable 

thermal conductivity. 

INPUT VARIABLES: 

kpipe = ? (dependent variable) 

kgrout = 0.74 

V=20 

rnominal = 1 inch (option 2) 

rb = 3 

space= 0.5 

0.3,---------------------------------------------~ 

0.25 -~ 
\. 0.2 ~ 

~ -m 
0.15 [ 

Gl 
0 

0.1 ~ e 
0 

.CI 
0:: 0.05 

0 
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 

kpipe (Btu/(hr*ft*F)) 

Figure 6-4 Pipe Conductivity (~ipe) Vs. Borehole thermal resistance (Roorehole) 
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6.2.3 Fluid Flow Rate (V) 

Fluid flow rate affects the heat transfer between the bulk fluid and the inner pipe 

wall. Ideally, a fully developed turbulent flow should be used for a heat exchangers to 

enhance heat transfer. The higher the fluid flow rate, the better the development of a 

turbulent flow, and hence the better the heat transfer. Figure 6-5 shows that the overall 

borehole thermal resistance (Roorehote) decreases significantly as the flow rate (V) 

increases, especially when the flow rates smaller than 5 GPM. When the flow rate greater 

than 5 GPM, the turbulence inside the pipe is well developed, and hence the change of 

Rt,orehole is negligible. It supports that the flow rate should be large enough to cause 

turbulence inside the pipe to help to maintain good heat transfer between the circulating 

fluid and the inside pipe wall. 

INPUT VARIABLES: 

V = ? (dependent variable) 

kgrout = 0.74 

kpipe = 0.225 

rnominal = 1 inch (option 2) 

rb = 3 

space= 0.5 
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Figure 6-5 Fluid flow rate (V) Vs. Borehole thermal resistance (Roorrhole) 

6.2.4 Pipe nominal size (r nominaJ 

Pipe size affects the borehole thermal resistance the same way as the fluid flow 

rate. Smaller pipes promote more turbulence inside the pipe, and hence better heat 

transfer, and lower overall borehole thermal resistance. Figure 6-6 shows the borehole 

thermal resistance for five piping sizes. It shows exactly what is expected, smaller the 

pipe, smaller the borehole thermal resistance. 

INPUT VARIABLES: 

rnominal = ? (dependent variable) 

!<grout= 0.74 
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kpipe = 0.225 

V=20 

rb = 3 

space= 0.5 

0.25 

- 0.2 
~ 
\. 
.c 
~ 0.15 .. 
lXI 
[ 

CD 0.1 0 .c e 
0 
.a 0.05 0:: 

0 
0.5 1.5 2 

r_nominal (in) 

Figure 6.6 Pipe nominal size (rnominal) Vs. Borehole thermal resistance (RborehoJe) 

6.2.5 Borehole radius (r,) 

Figure 6-7 shows that the larger the borehole, the larger the borehole thermal 

resistance. The reason is because a larger borehole requires more grouting inside the 
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borehole, and hence has more thermal resistance. Also, a larger borehole, smaller the 

conduction factors according equations in Table 6-1. 

INPUT VARIABLES: 

rb = ? (dependent variable) 

kgrout = 0. 74 

kpipe = 0.225 

V=20 

rnominal = 1 inch (option 2) 

space= 0.5 

0.2 ,---------------------------, 

-
~ 
.1! 

! 
[ 0.15 

.!! 
0 
.1! 
! 
_g 
a:: 

0.1 ~--------~------------------------------------~ 
1.5 2.5 3.5 4.5 5.5 6.5 

rb (in) 

Figure 6-7 Borehole radius (rb) Vs. Borehole thermal resistance (Rborehole) 
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6.2.6 Spacing between pipe and borehole wall (space) 

Figure 6-8 show that the overall borehole thermal resistance increase significantly 

as the spacing between the pipe and the borehole wall increases. As expected, as the 

spacing increases, thermal resistance between the pipe and the borehole wall increases, 

due to more grouting between. Also, as mentioned earlier, this model assumes an 

isothermal surface for each cylinder, therefore the borehole thermal resistance is highly 

(and artificially) dependent on the this spacing. 

INPUT VARIABLES: 

space = ? (dependent variable) 

kgrout = 0.74 

kpipe = 0.225 

V=20 

rnominal = 1 inch (option 2) 

rb = 3 
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Figure 6-8 Spacing between pipe and borehole wall (space) Vs. 

Borehole thermal resistance (Rborehole) 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

This chapter summarizes the conclusions that can be drawn from the previous 

chapters, and gives recommendations for potential further work and for improvements. 

The following conclusions can be drawn from this study: 

1. Automatic selection of the borehole configuration is implemented in the new 

GLHEPRO version 2.00 by using the program, called SELECT. SELECT helps the 

user to choose from the many possible configurations according to the field 

constraints. 

2. A FORTRAN program, OPTIMIZE, has been written to minimize the life cycle cost 

ofthe ground-loop heat pump system. Some of the important parameters have been 

studied: 

• For the cases evaluated, the results show that the minimum life cycle cost is 

always coincident with the minimum borehole depth. The much higher first 

cost offsets the benefit from the lower annual operating cost with longer 

borehole depth. 

• The optimal piping size depends on the fluid flow rate inside the pipe, and 

piping cost. The optimal piping size for the daycare center is 1.5 inch. 

• The results suggest that the lower the flow rate, the lower the life cycle cost. 
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3. GLHEPRO Version 2.00 incorporates algorithms that allow the user to enter a peak 

load and a desired peak entering fluid temperature. These should be useful 

extensions. One area that requires further research is the length of the peak pulse. 

4. Some checking and advising have been implemented in the GLHEPRO version 2.00: 

• Fluid flow rate checking 

• Temperature setting checking 

• Peak load information checking 

5. A FORTRAN program, BORERES has been written to predict the borehole thermal 

resistance for a given borehole radius, its geometry, thermal conductivity of the 

grouting, and thermal conductivity of the pipes by using the methodology of the 

Conduction Shape Factor. 

Recommendations for further study and development of GLHEPRO include: 

1. Convert the current DOS version of GLHEPRO to WINDOW version, which should 

have better user interface. 

2. Implement a muti-variate optimization search in GLHEPRO, so the optimization 

process will be easier and more useful. Independent variables to be optimized should 

at least include: borehole depth, fluid flow rate, fluid type, piping size. 

3. Develop additional borehole configurations and methods for interpolating between 

the configurations. 
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4. Develop a methodology to estimate the nwnber of hours at peak automatically. 

Alternatively, the actual hourly load profile could be used in the conjunction with a 

detailed short-time step model of the ground loop heat exchanger. 

5. Validate this Shape Factor model by other methods or experimental data. 
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#include cstdiooh> 
#include cstringoh> 
#include cstdliboh> 
#include cconiooh> 

II NDATA is 146, but the FORTRAN program used indices from 1-1460 
II If arrays are defined as having 146 entries inC, the indices range from 0-
1450 
II Therefore, at the expense of one extra entry for each array, we save 
ourselves 
II some thinking by just allocating 147 entries, with indices from 0-1460 0 0 
#define NDATA 146 
//void david_read(char code[NDATA+1] [6], int *nboreho, float *lmulti, float 
*wmulti, float *bh); 
//void david_sort(int count, char code[NDATA+1] [6], int *nboreho, float *1, 
float *w, float *h); 
void david_read(char **code, int *nboreho, float *lmulti, float *wmulti, float 
*bh); 
void david_sort(int count, char **code, int *nboreho, float *1, float *w, float 
*h); 

// PROGRAM SELECT 
void select (float tl, float Lallow, float Wallow, 

float Dallow, float D_min, char use_select) 
//main() 

{ 
II IMPLICIT REAL(A-Z) 
// INTEGER I, COUNT, NDATA, NBOREHO 
II PARAMETER (NDATA = 146) 
// DIMENSION NBOREHO(NDATA), LMULTI(NDATA), WMULTI(NDATA), BH(NDATA), 
II + B(NDATA), L(NDATA), W(NDATA), H(NDATA) 
// CHARACTER CODE(NDATA)*S, USE_SELECT*1 

int i, count, *nboreho; 
float *lmulti, *wmulti, *bh, *b, 

*1, *w, *h, 

char 
char 
FILE 

/*tl, Lallow, Wallow, Dallow, D_min,*/ Ltemp; 
/*code[NDATA+1] [6] ,*/ /*use_select,*/ buf[132]; 
**code; 
*unit1; 

nboreho 
lmulti 
wmulti 
bh 
b 
1 
w 
h 
code 

(int *)malloc((NDATA+1)*sizeof(int)); 
(float *)malloc((NDATA+1)*sizeof(float)); 
(float *)malloc((NDATA+1)*sizeof(float)); 
(float *)malloc((NDATA+1)*sizeof(float)); 
(float *)malloc((NDATA+1)*sizeof(float)); 
(float *)malloc((NDATA+l)*sizeof(float)); 
(float *)malloc((NDATA+l)*sizeof(float)); 
(float *)malloc((NDATA+l)*sizeof(float)); 
(char **)malloc((NDATA+l)*sizeof(char *)); 

for (i=O; i<=NDATA; i++) 
code[i] = (char *)malloc(6 * sizeof(char)); 

// OPEN (UNIT= 1, FILE= 'SELECToOUT', STATUS 
unit1 = fopen("selectoout","w"); 
if (unitl !=NULL) 

{ 

II IF (USE_SELECT oeqo 'N') THEN 

128 

'UNKNOWN') 
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STOP ' ' 
END IF 

II 
II 
II 
II 
II 

Cannot nicely do above statement. Replace with 
if .. endif surrounding rest of subroutine and using the 
opposite condition. 

if (use_select == 'Y') 
{ 

II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 

PRINT * 1 'Enter the physical (field) constraints : ' 
cprintf("Enter the physical (field) constraints : \r\n"); 
PRINT * I ' Length : ' 
cprintf(" Length : "); 
READ * 1 Lallow 
buf[O] = 132; 
Lallow = atof(cgets(buf)); 
PRINT *I 'Width : ' 
cprintf("\r\n Width : "); 
READ * 1 Wallow 
Wallow= atof(cgets(buf)); 
PRINT *1 'Maximum Depth :' 
cprintf("\r\nMaximum Depth : "); 
READ *I Dallow 
Dallow = atof(cgets(buf)); 
PRINT * 1 'Minimum Depth :' 
cprintf("\r\nMinimum Depth : "); 
READ * 1 D_min 
D_min = atof(cgets(buf)); 
cprintf("\r\n\n"); 

II CALL READ(CODE 1NBOREH0 1LMULTI 1WMULTI 1BH) 
david_read(code~nboreho~lmulti 1 wmulti 1 bh); 

II WRITE (1 15) 
fprintf(unit1 1 " 

CONFIGURATIONS\n\n"); 
I I PRINT 5 

SUMMARY OF THE POSSIBLE BOREHOLE 

cprintf ( " SUMMARY OF THE POSSIBLE BOREHOLE 
CONFIGURATIONS\r\n\n"); 
115 FORMAT (15X 1 'SUMMARY OF THE POSSIBLE BOREHOLE CONFIGURATIONS') 

II WRITE (1 110) TL 
fprintf(unit1 1" Total Loop Length 

II PRINT 101 TL 
cprintf ( " Total Loop Length 

1110 FORMAT <II 1 2X 1 'Total Loop Length 

if (Lallow < Wallow) 
{ 

II Ltemp = Lallow 
Ltemp = Lallow; 

II LalloW =Wallow 
Lallow = Wallow; 

II Wallow= Ltemp 
Wallow = Ltemp; 
} 

if (Dallow < D_min) 
{ 
Ltemp 
Dallow 
D min 

Dallow; 
D_min; 
Ltemp; 
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II WRITE (1,20) Lallow 
fprintf(unitl, 11 Field Length Allow 

II PRINT 20, Lallow 
cprintf( 11 Field Length Allow 

1120 FORMAT (2X, 'Field LENGTH Allow 

II WRITE (1,25) Wallow 
fprintf(unitl, 11 Field Width Allow 

II PRINT 25, Wallow 
cprintf( 11 Field Width Allow 

1125 FORMAT (2X, 'Field WIDTH Allow 

II WRITE (1,30) Dallow 

\lO.lf ft\n 11 ,Lallow); 

\lO.lf ft\r\n 11 ,Lallow); 
', F6.1,2X, 'ft') 

\lO.lf ft\n 11 ,Wallow); 

\lO.lf ft\r\n 11 ,Wallow); 
', F6.1,2X, 'ft') 

fprintf(unitl, 11 Field Depth Allow 
PRINT 30, Dallow 

\lO.lf - \.lf ft\n\n 11 ,D_min,Dallow); 

II 
cprintf( 11 Field Depth Allow UO.lf - \.lf 

ft\r\n\n 11 ,D_min,Dallow); 
1130 FORMAT (2X, 'Field DEPTH Allow 

II WRITE (1,35) 

WIDTH 
II 

fprintf(unitl, 11 CONFIGURATION 
FIELD DEPTH\n 11 ); 

PRINT 35 
cprintf ( 11 CONFIGURATION 

FIELD DEPTH\r\n 11 ); 

', F6.1,2X, 'ft',ll) 

TOTAL NO. OF FIELD LENGTH 

TOTAL NO. OF FIELD LENGTH 

FIELD 

FIELD 
WIDTH 
1135 
II 

FORMAT ( 2X, I CONFIGURATION I , 4X, I TOTAL NO. OF I , 4X, I FIELD LENGTH I , 

+ 4X, I FIELD WIDTH I, 4X, I FIELD DEPTH I) 

II WRITE (1,40) 
fprintf (unitl, 11 CODE BOREHOLES 

REQUIRED REQUIRED\n 11 ); 
I I PRINT 40 cprintf ( 11 CODE 
REQUIRED REQUIRED REQUIRED\r\n 11 ) ; 

cprintf( 
REQUIRED 

CODE 
REQUIRED\r\n 11 ); 

BOREHOLES 

REQUIRED 

BOREHOLES 

REQUIRED 

1140 
II + 

FORMAT (6X, 'CODE', lOX, 'BOREHOLES', ex, 'REQUIRE', 9X, 'REQUIRE', 
ex, • REQUIRE •) 

II WRITE (1,45) 

fprintf(unitl, 11 ================================================================= 
============\nil); 
II PRINT 45 

cprintf( 
11=============================================================================\r 
11) i 

1145 FORMAT (lX, '====================================================', 
II + '=========================',ll 

II COUNT= o 
count = 0; 

II DO 100 I = l,NDATA 
for (i=l; i<=NDATA; i++) 

{ 
II H(I) = TL I NBOREHO(I) 
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if (nboreho[i] ! = 0) h [i] = tl/nboreho[i]; 

II B(I) = H(I) * BH(I) 
b[i] = h[i] * bh [i]; 

II L(I) = B(I) * LMULTI (I) + 1. 0 
l[i] = b[i] * lmulti [i] + 1. 0; 

II W(I) = B(I) * WMULTI(I) + 1.0 
w[i] = b[i] * wmulti[i] + 1. 0; 

II IF ( (H(I) .LE. Dallow) .AND. (H(I) .GE. D_min) .AND. 

II + (L (I) .LE. Lallow) .AND. (W(I) .LE. Wallow)) THEN 
if ( (h[i] <= Dallow) && (h [i) >= D_min) && 

(l [i) <= Lallow) && (w[i) <= Wallow) ) 

II COUNT= COUNT+ 1 
count++; 

// CODE(COUNT) = CODE(!) 
strcpy(code[count), code[i)); 

II NBOREHO(COUNT) = NBOREHO(I) 
nboreho[count) = nboreho[i); 

II L(COUNT) = L(I) 
1 [count) = 1 [i); 

II W(COUNT) = W(I) 
w [count) = w [i); 

II H(COUNT) = H(I) 
h[count) = h[i); 

// ENDIF 
} 

//100 CONTINUE 
} 

// CALL SORT(COUNT,CODE, NBOREHO, L, W, H) 
david_sort(count,code,nboreho,l,w,h); 

II DO 200 I = 1, COUNT 
for (i=1; i<=count; i++) 

{ 
// WRITE (1,50) CODE(!), NBOREHO(I), L(I), W(I), H(I) 

fprintf(unit1," %5s %3d %6.1f 
%6.1f\n", 

code[i), nboreho [ i) , 1 [i), 
h[i)); 
// PRINT 50, CODE(I), NBOREHO(I), L(I), W(I), H(I) 

cprintf( " %5s %3d %6.1f 
%6.1f\r\n", 

h[i)); 
//SO 
//200 

II 

code[i), nboreho [ i J , 1 [i], 

FORMAT (6X,AS, 12X,I3, 11X,F6.1, 10X,F6.1, 10X,F6.1) 
CONTINUE 
} 

WRITE (1, 55) 

%6 .lf 

w[i), 

%6.1f 

w[i), 

fprintf(unit1,"================================================================= 
============\n"); 
/1 PRINT 55 

cprintf( 
"=============================================================================\r 
") ; 

//55 FORMAT (1X, '====================================================', 
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II + '=========================',/) 

// IF (COUNT .EQ. 0) THEN 
if (count == 0) 

{ 
II WRITE (1,60) 

fprintf(unit1,"There is no possible borehole configuration for the set 
of field constraints.\n"); 
// PRINT 60 

cprintf( "There is no possible borehole configuration for the set 
of field constraints.\r\n"); 
//60 FORMAT (2X, 'There is no possible borehole configuration for the', 
II + ' set of field constraints', /) 

/I ELSE 
else 

II WRITE (1,65) COUNT 
fprintf(unit1," Total number of possible borehole configurations 

%3d\n\n",count); 
// PRINT 65, COUNT 

cprintf( 
%3d\r\n\n",count); 

" Total number of possible borehole configurations 

//65 FORMAT (2X, 'Total number of possible borehole configurations', 
II + I = ', !3, /) 

II END IF 
} 

I I END 
fprintf(unit1,"NOTE: G1530 refers to Borehole configuration 15, B/H 

0. 30\n"); 
cprintf( 

0.30\r\n"); 
"NOTE: G1530 refers to Borehole configuration 15, B/H 

} // End of if (use_select 
fprintf(unit1,"\f"); 
fclose(unit1); 

'y') 

} //End of if that checked for open files. 
II End of subroutine 

II SUBROUTINE READ(CODE,NBOREHO,LMULTI,WMULTI,BH) 
//void david_read(char code[NDATA+1] [6], int *nboreho, float *lmulti, float 
*wmulti, float *bh) 
void david_read(char **code, int *nboreho, float *lmulti, float *wmulti, float 
*bh) 

{ 
// IMPLICIT REAL(A-Z) 
// INTEGER I, NDATA, NBOREHO 

int i; 
FILE *unit10; 
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II PARAMETER (NDATA = 146) 
// DIMENSION NBOREHO(NDATA), LMULTI(NDATA), WMULTI(NDATA), BH(NDATA) 
II CHARACTER CODE(NDATA)*S 

char buf[132]; 

II OPEN (UNIT= 10, FILE= 'SELECT.DAT', STATUS 'OLD') 
unit10 = fopen ("select .dat", "r"); 

if (unit10 != NULL) 
{ 
for (i=1; i<=NDATA; i++) 

II DO 100 I = 1, NDATA 
// READ (10,10) CODE(I), NBOREHO(I), LMULTI(I), WMULTI(I), BH(I) 
//10 FORMAT (AS, 5X,I3, 5X,F6.3, SX,F5.3, 5X,F4.2) 

fgets(buf,130,unit10); 
strcpy(code[i] ,strtok(buf," ")); 
nboreho[i] = atoi(strtok(NULL," ")); 
lmulti[i] = atof(strtok(NULL," ")); 
wmulti[i] 
bh[i] 

CONTINUE 

atof(strtok(NULL," ")); 
atof(strtok(NULL," ")); 

//100 

fclose(unit10); 
} 

II RETURN 
I I END 

} 

// SUBROUTINE SORT(COUNT,CODE, NBOREHO, L, W, H) 
//void david_sort(int count, char code[NDATA+1] [6], int *nboreho, float *1, 
float *w, float *h) 
void david_sort(int count, char **code, int *nboreho, float *1, float *w, float 
*h) 

{ 
//C 
//C 
// IMPLICIT REAL(A-Z) 

float holdl, holdw, holdh; 
// INTEGER I, J, PTR, COUNT, FIRST, LAST, NBOREHO, HOLDN 

int i, j, ptr, first, last, holdn; 
// DIMENSION NBOREHO(COUNT), H(COUNT), L(COUNT), W(COUNT) 
// CHARACTER CODE(COUNT)*S, HOLDC*S 

char holdc[S]; 

// LAST= COUNT 
last = count; 

// DO 100 I = 1, COUNT-1 
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for (i=1; i<= count-1; i++) 

I I PTR = I 
ptr = i; 

II FIRST= I + 1 
first = i + 1; 

II DO 200 J = FIRST, LAST 
for (j=first; j<=last; j++) 

{ 
II IF (NBOREHO(J) .LT. NBOREHO(PTR)) PTR = J 

if (nboreho[j] < nboreho[ptr]) ptr = j; 
11200 CONTINUE 

I I HOLDN = NBOREHO (I) 
holdn = nboreho[i]; 

I I HOLDC = CODE (I) 
strcpy(holdc,code[i]); 

I I HOLDL = L (I) 
ho1d1 = 1[i]; 

I I HOLDW = w ( I) 
ho1dw = w[i]; 

I I HOLDH = H (I) 
ho1dh = h[i]; 

II NBOREHO(I) = NBOREHO(PTR) 
nboreho[i] = nboreho[ptr]; 

II CODE(!) = CODE(PTR) 
strcpy(code[i] ,code[ptr]); 

II L(I) = L(PTR) 
1 [i] = 1 [ptr]; 

I I w (I) = w ( PTR) 
w[i] = w[ptr]; 

II H(I) = H(PTR) 
h[i] = h[ptr]; 

II NBOREHO(PTR) = HOLDN 
nboreho[ptr] = ho1dn; 

II CODE(PTR) = HOLDC 
strcpy(code[ptr] ,ho1dc); 

I I L (PTR) = HOLDL 
1[ptr] = ho1d1; 

I I W (PTR) = HOLDW 
w[ptr] = ho1dw; 

II H(PTR) = HOLDH 
h[ptr] = ho1dh; 

11100 CONTINUE 
} 

I I RETURN 
I I END 

} 
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Borehole Profile and Monthly Loadings Table 

Active Borehole Depth 
Borehole Radius . . . 
Thermal conductivity of the ground. 
Volumetric heat capacity of the ground. 
Volumetric heat capacity of the fluid 
Undisturbed ground temperature. 
Borehole thermal resistance 

150.000 
3.000 
1.400 
35.000 
62.403 
55.00 
0.173 
65.000 
65.549 

Mass flow rate of the fluid 
Density of the fluid. . 
G-function filename . . . . 

c:\glhepro\GFUNC\g1310.gfc 
Units of input data (1 = IP, 2 = SI). 
Units of output data (1 = IP, 2 = SI) 

1 

1 

Monthly Loadings 

Month Heating Cooling 

January 29940000.000 
Febraury 23910000.000 
March 17920000.000 
April 8233000.000 
May 1386000.000 
June 364500.000 
July 25350.000 
August 11140.000 
September 874300.000 
October 5782000.000 
November 19540000.000 
December 25250000.000 

The first month you want data for 
The last month you want data for. 
Desired exiting fluid temperature 
The desired temp is (1=min, 2=max) . 

725200.000 
358600.000 

1769000.000 
4817000.000 

13990000.000 
29130000.000 
38870000.000 
42700000.000 
18570000.000 
11080000.000 

374800.000 
495400.000 

Heat pump curve fit equations and coefficients: 

Cooling: Heat of Rejection 
Power 

a = 1.136980 
b = -0.000831 
c = 0.000031 
d = 0.039846 
e = -0.000235 
f = 0.000009 

QC[a+b(EFT)+c(EFT~2)] 

QC[d+e(EFT)+f(EFT~2)] 
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Heating: Heat of Absorption 
Power 

a = 0.965324 
b = -0.009141 
c = 0.000092 
d = 0.009275 
e = 0.002710 
f = -0.000027 

QH[a+b(EFT}+c(EFTA2}] 
QH[d+e(EFT}+f(EFTA2}] 

Output data will be sent to: daycare.out 

B/H = 10 
Fluid type currently entered:GS4/Water, 20% 

Heatpump Manufacturer: Florida Heat Pump, SL Series 
Heatpump Model: SL260 

Ignore this line----------------------: 

Peak Hourly Loads--Heating: 
Hours at Peak------Heating: 
Peak load Month----Heating: 

166700.000 Cooling: 
8.000 Cooling: 
2.000 Cooling: 
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C***C INCLUDE 'fgraph.fi' 

PROGRAM OPTIMIZE 

C*********************************************************************** 
C* 
C* PROGRAM: OPTIMIZE 
C* 
C* LANGUAGE: FORTRAN 
C* 
C* PURPOSE: 
C* 
C* 

To determine the minimum life cycle cost of 
a ground loop heat pump (first cost and 
operating cost) using Golden Section Search. 

C* 
C*********************************************************************** 
C* 
C* MAJOR ASSUMPTIONS: None 
C* 
C* DEVELOPER: David Yeung 
C* 
C* 
C* 

Jefferey D. Spitler, Ph.D., P.E. 
Oklahoma State University 

C* DATE: August 28, 1995 
C* 
C* INCLUDE FILES: None 
C* 
C* SUBROUTINES CALLED: HP AOC 
C* 
C* 
C* 
C* FUNCTIONS CALLED: 
C* 
C* REVISION HISTORY: 
C* 

CP AOC 
FICOST 

None 

None 

C* REFERENCE: 
C* 
C* 
C* 

Numberical Recipes in FORTRAN, 2nd edition 
William H. Press, et al., 
Cambridge University Press, 1992. 

C*********************************************************************** 

IMPLICIT REAL(A-Z) 
INTEGER ITER, ITERMAX 

R = 0.61803399 
ITERMAX = 200 

OPEN (UNIT=1, FILE='ECON.DAT', STATUS='UNKNOWN') 
READ (1,50) a 
READ (1,50) n 
READ (1, 50) int ann 
READ (1, 50) COST BH 
READ (1, 50) COST FT 
READ (1, 50) COST KWH 
READ (1,50) COST HP 
READ (1,50) COST CP 
READ (1,50) NB_CIR 
READ (1,50) D_MIN 
READ (1,50) D_MAX 
READ (1,50) ID PI 
READ (1,50) COST PI 
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C***C 

C***C 

CLOSE (1) 

OPEN (UNIT=2, FILE='OPTIMIZE.OUT', STATUS='UNKNOWN') 

OPEN (UNIT=3, FILE='DETAIL.OUT', STATUS='UNKNOWN') 

WRITE (2, 100) 
WRITE (2, 110) a 
WRITE (2,120) n 
WRITE (2, 121) int ann 
WRITE (2, 130) COST BH 
WRITE (2, 140) COST FT 
WRITE (2, 150) COST KWH 
WRITE (2, 160) COST HP 
WRITE (2, 170) COST CP 
WRITE (2,171) NB_CIR 
WRITE (2,180) D_MIN 
WRITE (2,190) D_MAX 
WRITE (2' 191) ID PI 
WRITE (2,192) COST PI 
WRITE (2, 200) 
WRITE (2' 210) 

AX = D MIN 
ex = D MAX 

C***Pick a starting point between D_MIN and D_MAX randomly 
BX =AX+ 0.2*(CX-AX) 

XO =AX 
X3 = ex 
IF (ABS(CX-BX) .GT. ABS(BX-AX)) THEN 

X1 = BX 
X2 = BX + (1. -R) * (CX-BX) 

ELSE 
X2 = BX 
X1 = BX - (1.-R)*(BX-AX) 

END IF 

C***Compute the series present worth factor, SPWF. 
C***(NOTE: The interest is compounded annualy, not monthly) 

int_ann = int_ann/100. 

C***C 

9 
C***C 

SPWF = ((1.+int_ann)**n-1.)/(int_ann*(1.+int_ann)**n) 

write (3,9) SPWF 
format(/, 2x, 'series of present worth factor, SPWF 

C***Convert in to m 
ID PI = ID PI*0.0254 

C***CALCULATE LCC1 
H = X1 
CALL HP_AOC(H, COST_KWH, GPM, NB, BH, RHO, AOC_HP) 

f7. 3, I I l 

CALL CP_AOC(H, GPM, ID_PI, NB, BH, RHO, NB_CIR, COST_KWH, AOC_CP) 
CALL FICOST(H, NB, BH, COST_FT, COST_BH, COST_HP, COST_CP, 
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+ 

C***C 

11 
12 
13 
14 
15 
C***C 

COST_PI, FIC) 

AOC TOT = AOC HP + AOC CP - - -
LCC1 = a*FIC + SPWF*AOC TOT 

write (3,11) aoe_hp 
write (3,12) aoe_ep 
write (3,13) fie 
write (3,14) aoe tot 
write (3, 15) lee1 

format(2x, 'h = x1', 5x, 'aoe_hp 
format(2x, 'h = x1', 5x, 'aoe _ep 
format(2x, 'h = x1', 5x, 'fie 
format(2x, 'h = x1', 5x, 'aoe tot -
format(2x, 'h = x1', 5x, 'lee1 

f10.2) 
flO .2) 
flO .2) 
f10.2) 
f10.2, //) 

C***CALCULATE LCC2 

C***C 

21 
22 
23 
24 
25 
C***C 
C* 

C* 

H = X2 
CALL HP_AOC(H, COST_KWH, GPM, NB, BH, RHO, AOC_HP) 
CALL CP_AOC(H, GPM, ID_PI, NB, BH, RHO, NB_CIR, COST_KWH, AOC CP) 
CALL FICOST(H, NB, BH, COST_FT, COST_BH, COST_HP, COST_CP, 

+ COST_PI, FIC) 

AOC TOT = AOC HP + AOC CP - - -
LCC2 = a*FIC + SPWF*AOC TOT 

write (3, 21) aoe_hp 
write (3,22) aoe_ep 
write (3, 23) fie 
write (3,24) aoe tot 
write (3, 25) lee2 

format(2x, 'h = x2', 5x, 'aoe_hp 
format(2x, 'h = x2', 5x, 'aoe_ep 
format (2x, 'h = x2', 5x, 'fie 
format(2x, 'h = x2', 5x, 'aoe tot 
format(2x, 'h = x2', 5x, 'lee2 

WRITE (2, 220) X1, LCC1, X2, LCC2 

ITER = 1 

flO .2) 
f10.2) 
f10.2) 
f10.2) 
f10.2, //) 

1000 IF (ABS(X3-XO) .GT. 0.1) THEN 
C 1000 IF (ABS(LCC2-LCC1) .GT. 0.1) THEN 

IF (LCC2 .LT. LCC1) THEN 
XO = X1 
X1 = X2 
X2 = R*X1 + (1.-R)*X3 
LCC1 = LCC2 

C***CALCULATE LCC2 WITH THE NEW X2 
H = X2 
CALL HP_AOC(H, COST_KWH, GPM, NB, BH, RHO, AOC_HP) 
CALL CP_AOC(H, GPM, ID_PI, NB, BH, RHO, NB_CIR, COST_KWH, 

+ AOC_CP) 
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C***C 

31 
32 
33 
34 
35 
C***C 
C* 

C* 

CALL FICOST(H, NB, BH, COST_FT, COST_BH, COST_HP, COST_CP, 
+ COST_PI, FIC) 

AOC TOT = AOC HP + AOC CP - - -
LCC2 = a*FIC + SPWF*AOC_TOT 

write (3, 31) aoe_hp 
write (3, 32) aoe_ep 
write (3, 33) fie 
write (3, 34) ace tot 
write (3, 35) lee2 

format(2x, 'h = new x2', 5x, 'aoe_hp 
format(2x, 'h = new x2', 5x, 'aoe_ep 
format(2x, 'h = new x2', 5x, 'fie 
format(2x, 'h = new x2', 5x, 'ace tot 
format(2x, 'h = new x2', 5x, 'lee2 

WRITE (2' 220) X1, LCC1, X2, LCC2 

ELSE 
X3 = X2 
X2 = X1 
X1 = R*X2 + (1.-R)*XO 
LCC2 = LCC1 

flO .2) 
f10.2) 
f10.2) 
flO .2) 
f10.2, //) 

C***CALCULATE LCC1 WITH THE NEW X1 
H = X1 

C***C 

41 
42 
43 
44 
45 
C***C 
C* 

C* 

CALL HP_AOC(H, COST_KWH, GPM, NB, BH, RHO, AOC_HP) 
CALL CP_AOC(H, GPM, ID_PI, NB, BH, RHO, NB_CIR, COST_KWH, 

+ AOC_CP) 
CALL FICOST(H, NB, BH, COST_FT, COST_BH, COST_HP, COST_CP, 

+ COST_PI, FIC) 

AOC TOT = AOC HP + AOC CP - -
LCC1 = a*FIC + SPWF*AOC TOT 

write (3' 41) aoe_hp 
write (3 '42) aoe_ep 
write (3' 43) fie 
write (3' 44) ace tot 
write (3, 45) lee1 

format (2x, 'h = new x1', 5x, 'aoe_hp 
format (2x, 'h = new x1', 5x, 'aoe_ep 
format (2x, 'h = new x1', 5x, 'fie 
format (2x, 'h = new x1', 5x, 'ace tot 
format (2x, 'h = new x1', 5x, 'lee1 

WRITE (2, 220) X1, LCC1, X2, LCC2 

END IF 
ITER = ITER + 1 
IF (ITER .LT. ITERMAX) THEN 

GOTO 1000 
ELSE 
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GOTO 2000 
END IF 

END IF 

C* 
2000 WRITE (2, 230) 
C* 

IF (LCCl .LT. LCC2) THEN 
LCC MIN = LCCl 
X MIN = Xl 

ELSE 
LCC MIN = LCC2 
X MIN = X2 

END IF 

C* 
WRITE (2, 240) LCC MIN 
WRITE (2,250) X MIN 

C* 
CLOSE (2) 

50 FORMAT (60X, Fl0.3) 
100 FORMAT (30X, 'OPTIMIZE.OUT') 
110 FORMAT (II,SX, 'Multiplier of FIC, a = ', Fl0.2) 
120 FORMAT ( SX, 'Number of years, n = ', Fl0.2) 
121 FORMAT ( SX, 'Annual interest rate = ', FlO. 2, 2X, ' (%) ') 

130 FORMAT ( Sx, 'Drilling cost per borehole = ', Fl0.2, 2X,' ($) ') 
140 FORMAT ( Sx, 'Drilling cost per foot = ', Fl0.2, 2X,' ($) ') 
150 FORMAT ( Sx, 'Electricity cost per KWH = ', Fl0.2, 2X,' ($) ') 
160 FORMAT ( Sx, 'Heat pump cost = ', FlO. 2, 2X, ' ($) ') 

170 FORMAT ( Sx, 'Circulating pump cost = ', Fl0.2, 2X,' ($) ') 
171 FORMAT ( SX, 'No. boreholes per circuit = ', Fl0.2) 
180 FORMAT ( Sx, 'Minimum field depth = ', Fl0.2, 2X,' (ft) ') 
190 FORMAT ( Sx, 'Maximum field depth = ', FlO. 2, 2X, ' ( ft) ') 
191 FORMAT ( SX, 'Inside diameter of the pipe= ', Fl0.3, 2X,' (in)') 
192 FORMAT ( SX, 'Piping cost per foot = ', FlO. 3, 2x, ' ($) ') 

200 FORMAT (I I' lOX, I Xl', lOX, I LCCl'' lBX, I X2 I ' lOX, I LCC2 I) 
210 FORMAT ( SX, '================================================' 

220 
230 

... 

+ 

FORMAT 
FORMAT 

240 FORMAT 
250 FORMAT 

END 

'============') 
4X, Fl0.2, 4X, Fl0.2, lOX, F10.2, 4X, Fl0.2) 
sx, '================================================'' 

'============', ll 
SX, 'The MINIMUM LIFE CYCLE COST 
SX, 'BOREHOLE DEPTH 

I ' Fl 0 . 2 ' 2X' I ( $) I ) 

',F10.2, 2X,'(ft)') 

SUBROUTINE HP_AOC(H, COST_KWH, GPM, NB, BH, RHO, AOC_HP) 

C*********************************************************************** 
C* 
C* PROGRAM: HP AOC 
C* 
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C* LANGUAGE: FORTRAN 
C* 
C* PURPOSE: 
C* 
c* 

To determine the annual electricity cost of the 
heat pump based upon the power requirements 
calculated by GLHE_SIM. 

C* 
C*********************************************************************** 

C* 
C* MAJOR ASSUMPTIONS: 
C* 
C* DEVELOPER: 
C* 
C* 
C* 
C* DATE: 
C* 
C* INCLUDE FILES: 
C* 

None 

David Yeung 
Jefferey D. Spitler, Ph.D., P.E. 
Oklahoma State University 

August 29, 1995 

None 

C* SUBROUTINES CALLED: GLHE SIM 
C* 
C* FUNCTIONS CALLED: None 
C* 
C* REVISION HISTORY: None 
C* 
C*********************************************************************** 

C* 
C* INPUT VARIABLES: 
C* H 
C* 
C* COST KWH 
C* 
C* OUTPUT VARIABLES: 
C* GPM 
C* NB 
C* BH 
C* 
C* RHO 
C* AOC HP 
C* 

Borehole length over which 
takes place 
Rate of electricity in KWH 

heat extraction 

Volume flow rate of the fluid 

(ft) 
($) 

(gpm) 

The number of boreholes in the current 
Ratio of the distance between borehole 
centers to the active borehole depth 
Density of the fluid (lbm/ftA3) 

($) Annual electricity cost of heat pump 

C*********************************************************************** 

IMPLICIT REAL(A-Z) 
INTEGER I, J, MONTHS 
PARAMETER (MONTHS=300) 
DIMENSION ELECTRIC(O:MONTHS), DAYS(l2) 

CALL GLHESIM(H, GPM, NB, BH, RHO, ELECTRIC) 

days(l)=31. 
days(2)=28. 
days(3)=31. 
days(4)=30. 
days(5)=31. 
days(6)=30. 
days(7)=31. 
days (8) =31. 
days(9)=30. 
days(l0)=31. 
days(ll)=30. 
days(l2)=31. 
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AOC HP = 0.0 
J = 0 
DO 100 I = 1,120 

J = J + 1 
AOC_HP = AOC_HP 
IF (J .EQ. 12) 

100 CONTINUE 
AOC HP 

RETURN 
END 

AOC_HP/10. 

+ ELECTRIC(I)*days(J)*24.*COST_KWH 
J = 0 

SUBROUTINE CP_AOC(H, GPM, ID_PI, NB, BH, RHO, NB_CIR, COST_KWH, 
+ AOC_CP) 

C*********************************************************************** 

C* 
C* PROGRAM: CP AOC 
C* 
C* LANGUAGE: FORTRAN 
C* 
C* PURPOSE: 
C* 

To determine the annual electricity cost of 
the circulating pump. 

C* 
C*********************************************************************** 

C* 
C* MAJOR ASSUMPTIONS: 
C* 
C* DEVELOPER: 
C* 
C* 
C* 
C* DATE: 
C* 
C* INCLUDE FILES: 
C* 

None 

David Yeung 
Jefferey D. Spitler, Ph.D., P.E. 
Oklahoma State University 

August 29, 1995 

None 

C* SUBROUTINES CALLED : None 
C* 
C* FUNCTIONS CALLED: 
C* 
C* REVISION HISTORY: 
C* 
C* REFERENCE: 
C* 
C* 
C* 

None 

None 

Design/Data Manual for Closed-Loop Ground 
Heat Pump System, J.E. Bose, et. al., 
ASHRAE, Oklahoma State University, 1985. 

C*********************************************************************** 

C* 
C* INPUT VARIABLES : 
C* H 
C* 
C* GPM 
C* ID PI 
C* NB 
C* BH 

Borehole length over which heat 
takes place 
Volume flow rate of the fluid 
Inside diameter of the pipe 
The number of boreholes 

extraction 

Ratio of the distance between borehole 
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C* centers to the active borehole depth 
C* RHO Density of the fluid (lbmlftA3) 

C* NB CIR No. boreholes per circuit 
C* COST KWH Rate of electricity in KWH ($) 
C* 
C* OUTPUT VARIABLES: 
C* AOC CP The electricity cost of heat pump. {$) 

C* 
C*********************************************************************** 

IMPLICIT REAL(A-Z) 
DIMENSION DAYS(12) 

g = 9.807 
PI = 3.1415927 

C***Assume the fluid viscosity 
MU = 0.001 

print *, bh 
print *, id_pi 
TOT LEN = NB*H 

0.001 N slmA2 (water at about 20 C) 

C***Account for the pipes between the bolehole centers 
TOT_LEN = TOT_LEN + BH*H*(NB+1.) 

C***Total length = 2*TOT_LEN because of the U tube 
TOT LEN = 2.*TOT LEN - -

C***Compute number of circuits in parallel 
NC = AINT(NBINB_CIR) 
print *, nc 

C***Total loop length per circuit = TOT LEN I ( number of circuits) 
CIR_LEN = FLOAT(TOT_LEN I NC) 

C***Convert ft to m 
CIR LEN = CIR LEN*0.3048 - -
print *, CIR LEN 

C***Convert lbmlftA3 to kglmA3 
C RHO= RH0*16.01847 

print *, rho 
C***Convert gpm to mA3Is 

Voldot = GPM*0.0000631 
print *, GPM 
print *, Voldot 

C***Volume flow rate in a circuit = Voldot I (number of circuit) 
Voldot = FLOAT(Voldot I NC) 
Vel= Voldoti((PI*ID_PI*ID_PI)I4.) 
print *, vel 
Re = RHO*Vel*ID_PIIMU 
print *, re 
IF (Re .LT. 2000.) THEN 

f = 64.1Re 
ELSEIF ((Re .GE. 2000.) .AND. (Re .LT. 1.ES)) THEN 

f = 0.3164I(Re**0.25) 
ELSEIF ((Re .GE. 1.ES) .AND. (Re .LT. 3.E6)) THEN 

f = 0.0032+0.221I(Re**0.237) 
ELSE 

PRINT*, 'UNABLE TO COMPUTE THE FRICTION FACTOR' 
PRINT*, 'Rough estimation is used' 
f = 0.0032+0.221I(Re**0.237) 

END IF 
print *, f 
Head= f*(CIR_LENIID_PI)*Vel*Vell(2.*g) 
print *, head 
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C***Account for the other head losses, include the loss through the pump 
Head = Head/0.8 
print *, head 
POWER = RHO*g*Voldot*Head 
print *, power 

C***Convert Watt to kW 
POWER = POWER/1000. 
print *, power 

days(1)=31. 
days(2)=28. 
days(3)=31. 
days(4)=30. 
days(5)=31. 
days(6)=30. 
days (7) =31. 
days (8) =31. 
days(9)=30. 
days(10)=31. 
days(ll)=30. 
days(12)=31. 

AOC CP = 0.0 
DO 100 I= 1,12 

AOC_CP = AOC_CP + POWER*days(I)*24.*COST_KWH 
100 CONTINUE 

print *, aoc_cp 
print * 
print * 
print * 
RETURN 
END 

SUBROUTINE FICOST(H, NB, BH, COST_FT, COST_BH, COST_HP, COST_CP, 
+ COST_PI, FIC) 

C*********************************************************************** 

C* 
C* PROGRAM: FICOST 
C* 
C* LANGUAGE: FORTRAN 
C* 
C* PURPOSE: 
C* 
C* 

To determine the first installation cost of the 
heat pump system. 

C*********************************************************************** 

C* 
C* MAJOR ASSUMPTIONS: 
C* 
C* DEVELOPER: 
C* 
C* 
C* 
C* DATE: 
C* 

None 

David Yeung 
Jefferey D. Spitler, Ph.D., P.E. 
Oklahoma State University 

August 30, 1995 
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C* INCLUDE FILES: None 
C* 
C* SUBROUTINES CALLED: None 
C* 
C* FUNCTIONS CALLED: None 
C* 
C* REVISION HISTORY: None 
C* 
C*********************************************************************** 

C* 
C* INPUT VARIABLES : 
C* H 
C* 
C* NB 
C* BH 
C* 
C* COST FT 
C* COST BH 
C* COST HP 
C* COST CP 
C* COST PI 
C* 
C* OUTPUT VARIABLES : 
C* FIC 
C* 

Borehole length over which heat extraction 
takes place (ft) 
The number of boreholes 
Ratio of the distance between borehole 
centers to the active borehole depth 
Drilling cost per foot ($) 
Drilling cost per borehole ($) 
Unit cost of the heat pump ($) 
Unit cost of the circulating pump ($) 
Piping cost per foot ($) 

First installation cost of heat pump system ($) 

C*********************************************************************** 

IMPLICIT REAL(A-Z) 

TOT LEN = NB*H 
C***Account for the pipes between the bolehole centers 

TOT_LEN = TOT_LEN + BH*H*(NB+l.) 
C***Total length = 2*TOT_LEN because of the U tube 

TOT LEN= 2.*TOT LEN 

+ 
FIC 

RETURN 
END 

(COST_FT*(NB*H)) + (COST_BH*NB) +COST HP +COST CP 
+ (COST_PI*TOT_LEN) 

C***C INCLUDE 'fgraph.fi' 

SUBROUTINE GLHESIM(H_TEST, GPM, NB, BH, RHO, ELECTRIC) 

C***C INCLUDE 'fgraph.fi' 

C***C PROGRAM GLHESIM 

C*********************************************************** 

C* 
C* PROGRAM: GLHESIM 
C* 
C* LANGUAGE: FORTRAN 
C* 
C* PURPOSE: To simulate the average fluid temperature, 
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C* 
C* 
C* 
C* 
C* 

the inlet fluid temperature, and the outlet 
fluid temperature for a given heating load 
and borehole profile for a user defined period 
of time. 

C*********************************************************** 
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...........__ 

OPTIMIZE.OUT 

Multiplier of FIC, a = 1. 00 

Number of years, n = 20.00 

Annual interest rate = 8.00 (%) 

Drilling cost per borehole = .00 ($) 

Drilling cost per foot = 1. 00 ($) 

Electricity cost per KWH = .11 ($) 

Heat pump cost = 5000.00 ($) 

Circulating pump cost = 1000.00 ($) 

No. boreholes per circuit = 4.00 

Minimum field depth = 114 0 03 (ft) 

Maximum field depth = 150.00 (ft) 

Inside diameter of the pipe = 1.554 (in) 

Piping cost per foot = .560 ($) 

X1 LCC1 X2 LCC2 

121.22 33961.23 132.22 34211.91 

118.48 33885.81 121.22 33961.23 

116 0 78 33843.90 118.48 33885.81 

115 0 73 33823.43 116 0 78 33843.90 

115 0 08 33812.14 115 0 73 33823.43 

114 0 68 33805.90 115 0 08 33812.14 

114.43 33802.43 114.68 33805.90 

114 0 28 33800.29 114.43 33802.43 

114.18 33798.91 114 0 28 33800.29 

114.12 33798.07 114 .18 33798.91 

114 0 09 33797.54 114.12 33798.07 

114 0 07 33797.21 114 0 09 33797.54 

============================================================ 

The MINIMUM LIFE CYCLE COST 

BOREHOLE DEPTH 

33797.21 ($) 

114.07 (ft) 
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SUMMARY OF THE POSSIBLE BOREHOLE CONFIGURATIONS 

Total Loop Length 

Field Length Allow 

Field Width Allow 

Field Depth Allow 

1510.4 ft 

30.0 ft 

30.0 ft 

30.0 - 150.0 ft 

CONFIGURATION 

CODE 

TOTAL NO. OF 

BOREHOLES 

FIELD LENGTH 

REQUIRED 

FIELD WIDTH 

REQUIRED 

FIELD DEPTH 

REQUIRED 

============================================================================= 
G1305 12 26.2 13.6 125.9 

G1405 12 19.9 19.9 125.9 

GllOS 15 21.1 11.1 100.7 

G1210 16 29.3 29.3 94.4 

G1205 16 15.2 15.2 94.4 

G4810 36 22.0 22.0 42.0 

G4710 50 28.2 13.1 30.2 

============================================================================= 
Total number of possible borehole configurations 7 

NOTE: G1530 refers to Borehole configuration 15, B/H 0.30 
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series of present worth faetor,spwf= 9.818 

h = 121.22 m 

h = x1 aoe_hp = 2290.86 

h = x1 aoe_ep = 114.74 

h = x1 fie = 10342.73 

h = x1 aoe tot = 2405.60 

h = x1 lee1 = 33961.23 

h = 132.22 m 

h = x2 aoe_hp = 2265.88 

h = x2 aoe_ep = 125.14 

h = x2 fie = 10736.49 

h = x2 aoe tot = 2391.02 

h = x2 lee2 = 34211.91 

h = 118.48 m 

h = new x1 aoe_hp = 2295.80 

h = new x1 aoe_ep = 112.14 

h = new x1 fie = 10244.29 

h = new x1 aoe tot = 2407.94 

h = new x1 lee1 = 33885.81 

h = 116.78 m 

h = new x1 aoe_hp = 2299.34 

h = new x1 aoe_ep = 110.53 

h = new x1 fie = 10183.45 

h = new xl aoe tot = 2409.87 

h = new x1 lee1 = 33843.90 
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h = 115.73 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 
h = new x1 lee1 = 

h = 115.08 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 
h = new x1 lee1 = 

h = 114.68 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 
h = new x1 lee1 = 

h = 114.43 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 
h = new x1 lee1 = 

h = 114.28 m 

h 

h 

new x1 

new x1 

aoe_hp 

aoe_ep 

2302.08 

109.54 

10145.85 

2411.61 

33823.43 

2303.91 

108.92 

10122.61 

2412.83 

33812.14 

2305.11 

108.54 

10108.25 

2413.66 

33805.90 

2305.90 

108.31 

10099.37 

2414.21 

33802.43 

2306.38 

108.17 
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h 

h 

h 

new x1 

new x1 

new x1 

fie 

aoe tot 

lee1 

h = 114.18 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 

h = new x1 lee1 = 

h = 114.12 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 

h = new x1 lee1 = 

h = 114.09 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 

h = new x1 lee1 = 

h = 114.07 m 

h = new x1 aoe_hp = 
h = new x1 aoe_ep = 
h = new x1 fie = 
h = new x1 aoe tot = 

h = new x1 lee1 = 

10093.89 

2414.55 

33800.29 

2306.68 

108.08 

10090.50 

2414.75 

33798.91 

2306.86 

108.02 

10088.40 

2414.88 

33798.07 

2306.97 

107.99 

10087 .11 

2414.96 

33797.54 

2307.04 

107.97 

10086.31 

2415.01 

33797.21 
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PROGRAM BORERES 
C*********************************************************************** 

c 
c 
c 
c 
c 
c 
c 
c 
c 

PROGRAM : 

LANGUAGE : 

PURPOSE : 

BORERES 

FORTRAN 

This program uses the Conduction Shape Factor method 
to calculate the overall borehole thermal resistance 
for the giving geometry and the thermal properties. 

C*********************************************************************** 

c 
C MAJOR ASSUMPTIONS : None 
c 
C DEVELPOER : David Yeung 
C Jefferey D. Spitler, Ph.D., P.E. 
C Oklahoma State University 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

DATE : May 12th, 1995 

INCLUDE FILES : 

SUBROUTINES CALLED 

FUNCTIONS CALLED 

REVISION HISTORY 

REFERENCE : 

None 

None 

None 

None 

- Thermal Analysis of Heat Extraction 
Boreholes. Per Eskilson, Dept. of 
Mathematical Physics, University of 
Lund, Sweden, June 1987. 

- Heat Transfer, Fifth Edition. 
Holman, J.P., McGraw Hill Book Company, 
1981. 

C*********************************************************************** 

c 
C INPUT VARIABLES 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

kgrout : Thermal conductivity of the grouting 
(Btu/hr*ft*F) 

kpipe : Thermal conductivity of the PIPES 
(Btu/hr*ft*F) 

V : Volume flow rate of the fluid (GPM) 
OPTION NUMBER : Nominal size of the pipes, (1 - 5) 
rb : Radius of the borehole (inch) 
space : Spacing between the pipes and the borehole 

wall (inch) 

C*********************************************************************** 

c 
C OUTPUT VARIABLES 
c 
c 
c 

Btr : borehole thermal resistance (F/(Btu/(hr*ft))) 

C*********************************************************************** 

c 
IMPLICIT REAL (A-Z) 

159 



c 
c 

c 
PI = 3.14159 

C Asks the user to provide the input variables 

c 
PRINT*, 'Enter the thermal conductivity of the grouting, 

+ 'kgrout (Btu/hr*ft*F)' 
PRINT*, 'NOTE : Typical value for Bentonite clay is ' 

+ '0.740' 
READ 10, kgrout 

10 FORMAT (F10.0) 
IF (kgrout .EQ. 0.0) THEN 

kgrout = 0.740 
PRINT 20, kgrout 

20 FORMAT (F8.4) 
END IF 
PRINT*, 'Enter the thermal conductivity of the PIPES, kpipe', 

+ ' (Btu/hr*ft*F) ' 
PRINT *, 'NOTE : Typical value for Polyethylene pipes ' 

+ '(high density) is 0.225' 
READ 10, kpipe 
IF (kpipe .EQ. 0.0) THEN 

kpipe = 0.225 
PRINT 20, kpipe 

END IF 
PRINT*, 'Enter the volume flow rate of the fluid, V 
READ *, VOL 

(GPM) I 

1000 PRINT*, 'Select the OPTION NUMBER for the nominal size of ', 
+ 'the pipes :' 

PRINT * 
PRINT * 

Option Number 
1 

PRINT * 
PRINT *, 
PRINT * 
PRINT * 
READ*, OPTION 
IF (OPTION .EQ. 1) 

doin = 1. OS 

tin= 0.095 

2 
3 
4 
5 

THEN 

ELSEIF (OPTION .EQ. 2) THEN 
doin = 1.315 
tin = 0.12 

ELSEIF (OPTION .EQ. 3) 
doin = 1. 66 
tin= 0.151 

ELSEIF (OPTION .EQ. 4) 
doin = 1.9 
tin= 0.173 

ELSEIF (OPTION .EQ. 5) 
doin = 2.375 
tin = 0.216 

ELSE 

THEN 

THEN 

THEN 

Nominal Size (inch) 
3/4 

1 
1 1/4 
1 1/2 

2 

PRINT*, 'This option is not available, check the', 
+ 'OPTION NUMBER!!!' 

GOTO 1000 
END IF 
PRINT *, 'Enter the RADIUS of the borehole, rb (inch)' 

READ *, rbin 
PRINT*, 'Enter the spacing between the pipes and the borehole ' 
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c 

c 
c 

c 

c 

c 

c 

+ 'wall, space (inch)' 
READ*, spacein 

IF (rbin .LT. (doin+spacein)) THEN 
PRINT*, 'WARNING!!! Impossible Configuration' 
PRINT*, ' OUTER PIPE RADIUS is too BIG ! ! ! ' 
PRINT *, I OR 
PRINT * 
PRINT * 
PRINT * 

BOREHOLE RADIUS is too SMALL ! ! ! ' 
OR 

SPACING between the pipes and the', 
+ ' borehole wall is too BIG ! ! ! ' 

GOTO 1000 
END IF 

CFACTOR = 12.0 

ro = doin I (2.0*CFACTOR) 
ri = ((doinl2.0)-tin) I CFACTOR 
di = 2.0 * ri 
rb = rbin I CFACTOR 

rpipe1 = ro 
rpipe2 = ro 

space = spacein I CFACTOR 
D1 = rb - (rpipe1+space) 
D2 = rb - (rpipe2+space) 
D12 = 2.0*rb - (rpipe1+space) (rpipe2+space) 

C Calculates the conduction shape factors 
c 

c 

c 

U1TEMP = (rpipe1**2+rb**2-D1**2)1(2.0*rpipe1*rb) 
U2TEMP = (rpipe2**2+rb**2-D2**2ll(2.0*rpipe2*rb) 
U12TEMP = (D12**2-rpipe1**2-rpipe2**2)1(2.0*rpipe1*rpipe2) 

IF (U1TEMP .GE. 1.0 .AND. U2TEMP .GE. 1.0 .AND. 
+ U12TEMP .GE. 1.0) THEN 

S1 = 2.0*PI I (LOG(U1TEMP+SQRT(U1TEMP**2-1.0))) 
S2 = 2.0*PI I (LOG(U2TEMP+SQRT(U2TEMP**2-1.0))) 
S12 = 2.0*PI I (LOG(U12TEMP+SQRT(U12TEMP**2-1.0))) 

ELSE 
PRINT *, 'The conduction shape factor, S is undetermined' 
PRINT*, 'Check the option of pipes, radius of the borehole,' 
PRINT*, 'and the spacing between the pipes and the borehole ' 

+ 'wall' 
GOTO 1000 

END IF 

PR = 7.88 
kfluid = 0.344 
Mdot = (VOL*0.1337I60.0) * 62.3426 
V = Mdot I (PI*ri**2) 
RE = v * di I 7.5264E-4 
PRINT *, RE 

C f = (0.790 * LOG(RE) - 1.64)**(-2) 
c NU = (fi8.0)*(RE-1000)*PR I (1+12.7*SQRT(fi8.0)*(PR**(213)-l)) 

NU = 0.023 * (RE**0.8) * (PR**0.4) 
hci = NU * kfluid I di 
PRINT*, hci 
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c 

c 

c 

RCOND 
RCONV 

LOG(rolril I (2.0*PI*kpipe) 
1.0 I (2.0*PI*ri*hci) 

R1 = 1.0 I (kgrout*S1) 
R2 = 1.0 I (kgrout*S2) 
R12 = 1.0 I (kgrout*S12) 

ROTHER = RCOND + RCONV 
R1TOTAL = R1 + ROTHER 
R2TOTAL = R2 + ROTHER 
R12TOTA R12 + 2.0*ROTHER 

c 
C Assign arbitary values to the temperatures (they will cancel 

c each other other out) 

c 

c 

c 

c 
c 

Tb = 55.0 
Tf1 = 80.0 
Tf2 = 60.0 

SUMq1q2 = ((Tb-Tf1liR1TOTAL- (Tf1-Tf2)IR12TOTA) + 
+ ({Tb-Tf2)/R2TOTAL + (Tf1-Tf2liR12TOTA) 

DT = Tb- (Tf1+Tf2ll2.0 

BTR = DT I SUMq1q2 

PRINT *, '***********************************************' 

PRINT 100, BTR 
100 FORMAT (I,2X,F10.5, 3X,' (FI(Btul(hr*ft))) ',ll 

c 
c 

STOP 
END 
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