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ABSTRACT

GLHEPro is a dedgn tool for commercid building ground loop heat exchangers. The desgn
methodology is based on a amulation that predicts the temperature response of the ground loop heat
exchanger to monthly heeting and cooling loads and monthly pesk hesting and cooling demands over a
number of years  The design procedure involves automaicdly adjusting the ground loop heeat
exchanger dze in order to meet user-spedfied minimum or maximum heat pump entering fluid
temperatures.

The prediction of temperature response has three parts a smple heat pump mode dlows for building
heating and cooling loads to be trandated to heat extraction and heet rgection rates;, the long term
temperature response of a ground loop heat exchanger to heat rgection and extraction is based on a
detailed conduction heat trandfer smulaion developed by Eskilson(1); and short-term temperature
response of the ground loop heat exchanger is edimated with a Smple andyticd gpproximation for the
response of the ground loop heat exchanger to asingle peek heet extraction or rejection pulse.

This paper presents the technical bass of the program and use of the program is illustrated by
performing a ground loop heat exchanger for a 27,000 ft? office building located in Ottawa, Ontario.

INTRODUCTION

A number of design tools for ground loop heat exchangers have been developed in the last decade.
Desgn methodologies avaladle for resdentid ground loop heat exchangers have been reviewed by
Cane and Forgas (2). Yavuzturk (3) provides a more up-to-date review of al available methodologies.
Another design procedure commonly used in the U.S. is described by Kavanaugh (4). GLHEPRO(5) is
amed primaily a desgn of verticd ground loop heat exchangers used with commercid/ingitutiona
buildings.

GLHEPRO was developed in order to make the “Swedish” methodology developed by Eskilson (1)
tractable for U.S. usars. Perhgps one of the most important features of the first verson was support for



inch-pound (IP) units Additiond fesetures for the firg verson incdluded a smple heat pump modd that
alowed the user to enter loads on the heat pump rather than loads on the ground. The version described
in this paper is Verson 3. It is a native Windows 95/98/NT application incorporating a user-friendy
graphica user interface written in Microsoft Visua Basic, and a smulation engine written in Fortran.

BACKGROUND

As the method developed by Eskilson (1) is the basis for much of GLHEPRO, it will be described firgt.
Eskilson's approach to the problem of determining the temperature distribution around a borehdle is
basad on a hybrid modd combining anayticd and numericd solution techniques. A two-dimensond
numerical caculaion is made usng trangent finite-difference equations on a radia-axia coordinate
system for a sngle borehole in homogeneous ground with congant initid and boundary conditions. The
theemd capacitance of the individua borehole dements such as the pipe wadl and the grout are
neglected. The temperature fidds from a sngle borehole are superimposed in space to obtan the
response from the whole borehole fidd.

The temperature response of the borehole field is converted to a set of non-dimensond temperature
response factors, caled g-fundtions. The g-function alows the caculation of the temperaiure change a
the borehole wall in response to a step heat input for a time step.  Once the response of the borehole field
to a dngle sep heat pulse is represented with a gfunction, the response to any abitrary heat
rejection/extraction function can be determined by devolving the heet rejection/extraction into a series of
step functions, and superimposing the response to each step function.

This processis graphicaly demondrated in Figure 1 for four months of hesat rejection.
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Figure 1: Superposition of Piece-Wise Linear Step Heet Inputsin Time.

The basic heat pulse from zero to Q1 is applied for the entire duration of the four months and is effective
as Ql'=Q1. The subsequent pulses are superimposed as Q2'=Q2-Q1 effective for 3 months, Q3 =Q3-
Q2 effective for 2 months and findly Q4'=Q4-Q3 effective for 1 month. Thus, the borehole wall



temperature & any time can be determined by adding the responses of the four step functions.
Mathemdticdly, the superpogtion gives the borehole wal temperature a the end of the " time period

as
¢ (Q-Q,) & -t, o
Tborehole: Tground + a - gg 2 ’_b:
i=1 2pk t H 2
Where:
t=time (9

t= time scle = H/9a

H= borehole depth (m)

k =ground therma conductivity (W/m-°C)
Thorenole = average borehole temperaturein (°C)
Tground = Undisturbed ground temperaturein (°C)
Q = gep heat rgection pulse (W/m)

I, = borehole radius (m)

i = index to denote the end of atime step. (the end of the 1% hour or 2" month etc.)

@

Figure 2 shows the temperature response factor curves (g-functions) plotted versus non-dimensond
time for various multiple borehole configuraions and a dngle borehole.  The g-functions in Fgure 2
correspond to borehole configurations with a fixed ratio of 0.1 between the borehole spacing and the
borehole depth. The therma interaction between the boreholes is stronger as the number of boreholes in

thefield isincreased and as the time of operation increases.
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Figure 2: Temperature response factors (g-functions) for various multiple borehole

configurations compared to the temperature response curve for a single borehole.



The detalled numericd modd used in developing the long time-step g-functions approximates the
borehole as a line source of finite length, so that the borehole end effects can be consdered. The
approximation has the resultant problem that it is only vaid for times etimated by Eskilson to be

2

greater than M For a typicd borehole, that might imply times from 3 to 6 hours. However,
a

much of the data developed by Eskilson does not cover periods of less than a month. (For a heavy,
saturated soil and a 250 ft (76.2 m) deep borehole, the g-function for the single borehole presented in
Figure 2 is only agpplicable for times in excess of 60 days) However, for desgn purposes, it is highly
desirable to account for pesk load conditions. A smple gpproximation is described below.

METHODOLOGY

The desgn methodology is based partly on the g-functions developed by Eskilson, partly on a smple
heat pump modd that represents the ratios of the heat rgected to the ground to cooling provided and
heat extracted from the ground to heating provided, and partly on a smple andyticd approximation for
the response of the gound loop heat exchanger to a single pesk heat extraction or rgection pulse. The
hest pump modd and andyticad approximation are discussed below, before the overal procedure is
described.

Application of Eskilson’s M odel

Eskilson's modd only determines the temperature a the borehole wal. For szing purposes, the
entering fluid temperature to the heat pump is of interest. In order to determine the EFT, firg the
average fluid temperature ingde the borehole must be determined; then the EFT may be determined.
The temperature of the fluid indde the pipes indde the borehole is determined usng a thermd
resstance.  (The thermd capacitance of the pipe, fluid, and grout are neglected) The borehole
resstance is the sum of the convective resstance at the pipe wall, the conductive resstance of the pipe,
and the conductive resstance of the grout. The convective resstance is cdculated with the Dittus-
Bodter correlation. The conductive resstance of the pipe is determined with Fourier's law. The
conductive resistance of the grout filling the borehole is determined from the shepe factor correations
developed by Paul (6). Further detals regarding the borehole resstance caculation may be found in
Yavuzturk and Spitler (7). Once the borehole resstance has been determined, the average fluid
temperature in the borehole may be determined as.

Tf = Tborehole+ Qi RTOTAL (2)

Where:
Thorenole = average borehole wall temperaturein (°C)
T = average fluid temperature in (°C)
Q = current heat rgjection pulse (W/m)

Then, once the average fluid temperature in the borehole has been determined, the entering fluid
temperature to the heat pump may be found from:



Qr jectionnet
Tenterin = 2 : +T (3)
g : f
2me,

Where:
qrejectionnet = the net heat rejection rate (W),

m = the mass flow rate of the working fluid (kg/s)
Cp = Specific heat of the working fluid (kJkg K),
Tentering = the entering fluid temperature to the hest pump (°C).

Heat pump mode

A very smple water-to-air heat pump mode has been developed. In cooling mode, the ratio of heat
reglection to the ground to cooling provided is given by:

qrejection -a +bT

entering

+ CTeitering (4)

cooling

Where:
= the hesat rgjection rate (W),
Geonling = the building cooling load met by the heat pump(s) (W),

a,b,c = coefficients determined by an equation fit of manufacturer’ s catalog deta,
Tentering = the entering fluid temperature to the hest pump (C).

qrejection

In heating mode, the ratio of heat extraction from the ground to heeting provided is given by:

qq'eXIraCtion =u+ VTentering + WTeﬁtering (5)
heating
Where:

qextraction = the heat extraction rate (W),

Oheatng = the building heating load met by the heat pump(s) (W),
u,v,w = coefficients determined by an equation fit of manufacturer’s catalog data,
Tentering = the entering fluid temperature to the hest pump (C).

The building cooling loads and hedating loads are determined in advance by a building smulation
program. The loads are assumed to be met by the heat pump or heat pumps, but since the entering fluid
temperatures are not known a priori, they are determined smultaneoudy with the heat extraction and
rejection rates.

Analytical approximation for the peak pulse

While Eskilson's g-functions are suitable for long (1 week or longer) heat reection/extraction pulses,
they are not intended to be used for shorter periods, such as hourly fluctuations. For most buildings, the
cooling or hesdting load for a pesk desgn day would vary approximady snusoiddly. As an
approximation, the peak load is represented as a rectangular pulse with a user-specified duration. Based
on comparisons with the more-detailled smulation modd presented below, a three-hour duration pulse is
suggested.



Usng the user-specified pesk load on the heat pumps, a pesk heat rgection or extraction pulse is
determined. The response to the pesk pulse is edtimated with a smple anaytical gpproximation to the
line-source modd:

OLI
DTborehoIe QfeJec'ﬂonv Peak l aaét _'y (6)
apk b ¢p

Where:
Qrejection,peak = heat rejection rate, above monthly average hest rgjection rate (W/m)
a = ground thermd diffusivity (mZ/s)

Then, the peek entering temperature may be determined from Equetions 2 and 3. This approximation is
no better than the gfunction might be, if it were cdculated for shorter time steps. More detailed modds
of short time step response are described by Y avuzturk and Spitler (7).

Operation of the Model

The design methodology requires that the user provide the following information:
monthly heeting and cooling loads on the heat pump or heat pumps typicdly determined by a
building energy andysis program;
monthly pesk heeating and cooling loads, again on the heat pumps and typicdly determined by a
building energy analysis program,
information about the heat pump or heat pumps from which the reationship between the
entering fluid temperature to the heat pump and the heat rgected to the ground for a given
cooling load and the heet extracted from the ground for a given heating load can be determined;
thermal properties of the ground;
geometric configuration of the ground loop heat exchanger;
borehole diameter, U-tube diameter, grout therma properties,
therma properties of the working fluid.

Assuming a given borehole depth, and the above information, the average fluid temperaiure in the
borehole a the end of each month, the EFT at the end of each month, and the actud heat rgection rate
for each month are determined smultaneoudy. Then, the responses to the peak pulses are determined
for each month, and the resulting pesk entering fluid temperatures to the heat pump(s) for each month
are determined.

The program dso has a dzing mode where the minimum borehole depth that will meet user-specified
minimum and maximum pesk temperatures is determined by searching with the smulation until the
depth is found that is constrained by ether the minimum or maximum pesk entering fluid temperature.

EXAMPLE

Input Data

In order to provide an example design caculation using GLHEPRO, loads and ground thermd
properties for asample building has been provided by Morrison (8). The building isa 2500 nt office
building designed to the Canadian Modd National Energy Code for Buildings. It islocated in Ottawa,
Ontario, Canada. The proposed location of the borefield is beneath the 24.4 m x 48.8 m parking lot.



The monthly building cooling and heating loads and the monthly peek loads (block loads) are detailed in

Table 1.

Table 1 Summary of Building Loads

Month  |Monthly [Monthly [Monthly |Monthly
Heeting |Cooling (Peak Peak
Load Load Hedting [Cooling
(kW-hr) [(kW-hr) [Load Load
kw) (kW)
1 47908.9 43.4 166.8 5.6
2 32854.3 94.1 155.0 8.5
3 23011.1 0.0 137.2 0.0
4 10438.2| 2215.7 120.8 88.8
5 1961.3] 6369.3 774 112.3
6 200.8| 19384.2 24.6 153.3
7 275 274455 14.4 197.2
8 79.1| 26119.3 25.8 151.8
9 1167.6] 11191.1 74.7 145.7
10 8727.4| 2676.4 128.1 99.6
11 18944.6 39.0 136.6 21.7
12 37938.2 68.0 162.1 12.0

Other details, again specified by Morrison, are:

The Heat trandfer fluid: 20% ethanol

Pipe materid: 1-1/4" HDPE, Schedule 40
Borehole diameter: 150 mm

Borehole grout: Bentonite - 30% solids

Corrdaions for heat pump coefficient of performance (COP) in heeting mode and energy efficiency
raio' (EER) in cooling mode as a function of entering fluid temperature were dso provided. The
resulting curves are shown in Figures 3 and 4.

! Energy Efficiency Ratio isamixed-units measure of heat pump efficiency in cooling mode, used in the U.S. Itisdefined as
Btu/hr of cooling provided per watt of power required. The COP for cooling mode can be found from the EER by
multiplying it by the conversion factor 0.291 W / 1 Btu/hr.
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Input Procedure

Once the input data have been gathered, they can be entered into GLHEPRO. A short discussion of the
input procedure, illustrated by afew screen shots are included below to give the reader an idea of how

the program works. The program is controlled from the main didog box shown in Figure 5. Inthis

case, most of the information required by the program has been entered already. The active borehole

depth is dill to berequired. Details such as borehole radius, borehole spacing, undisturbed ground

temperature, and fluid flow rate are entered directly here. Borehole geometry and heat pump both must
be sdlected from alibrary. User-editable libraries are available for the ground therma properties, heat
transfer fluids, and heat pumps. The borehole thermal resistance can be entered directly, or calculated

using another dialog box.
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Figure 5 Man Didog Box of GLHEPRO

Once the program has been started, the building loads are entered. GLHEPRO can read loads directly

from the BLAST and Trane System Andyzer building energy andyss programs. Alterndtively, the

loads can be pasted in from a spreadsheet, which was the procedure used in this case. They are pasted

into the hest pump loads dialog box, shown in Figure 6.
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Figure 6 Heat Pump Loads Diaog Box

As discussed before, the program uses a smple approximation for the peak loads. They are represented
by the user as a square-wave type pulse, specified by giving the peak cooling and heating load for each
month, and the number of hours for which the peak applies. The default number of 3 hours was chosen
based on a comparison to the detailed short time-step model for afew cases. Never the less, this
approach is not completely generd, and an improved agorithm is atopic for future research.

The borehole thermd resistance is determined using the borehole therma resistance calculator provided
as part of the program. The program assumes that if 1P units are being used, piping will be described in
gandard North American sizes, if Sl units are being used, piping will be described in European DIN
szes. Since, in this case, North American standard sizes were specified, the program mode was changed
from Sl to IP units to determine the borehole thermd resistance. (When switched between units, all
entries are automatically trandated, so that switching back and forth causes no problems.) The borehole
therma resistance didog box is shown in Figure 7. Mogt of the entries are close to self-explanatory.

The borehole spacing follows Paul’ s shape factors, the “B” pacing is generdly assumed reasonable for

a U-tube that is inserted into the borehole without any spacers. The*C” spacing can only be achieved
with a spacer that forces the two pipes againgt the borehole wall.
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Figure 7 Borehole Therma Resstance Calculator Dialog Box — IP version

The borehole configuration is sdlected from alarge (but finite) number of potentia arrangements of
multiple boreholes. These configurationsinclude lines, “L”s, open rectangles, and rectangles. In this
case, with consideration given to the geometry, arectangular configuration of 5 boreholes by 9
boreholes is chosen on a 6.1 m spacing.

Although each library has adightly different interface, the fluid library might be considered reasonably
typica. Different fluid types and concentrations are available. Ethanol was not included in the
digtribution library, so it was added to the user library. 1t can now be selected using the didog box
shown in Figure 8.

The ground therma properties were determined based on a weighted average of the values provided by
Morrison. Since the weighted average depends on the depth, afew iterations were required to find a
congstent conductivity, therma diffusivity, and depth.

For red building designs, heat pumps are usualy chosen from the library. In the event that the heat

pump is not in the library, it can be added by entering catalog data, from which the correlations
described above in the Heat Pump Model section can be determined. In this case, the correlations given
by Morrison were used to develop pseudo-cataog data, which was then used to determine the necessary
GLHEPRO gstyle correations.
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Design Procedure and Results

Once all necessary input data have been entered, the user can proceed with the design. In GLHEPRO
thisis done by choosing the GLHE Size option. Once this has been sdlected, the user will see the didlog
box shown in Figure 9.
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Last rmonth of simulation ; |1 20

Send output data to file © Iglhewin.gll:l

Help | Cancel | (1]

Figure 9 GLHE Size Didog Box




At this point, the user has severd choices that are very important to the outcome of the design. Either
the minimum or maximum entering fluid temperature will control the borehole depth, while dso

affecting the overdl energy consumption. The narrower the temperature band, the more efficiently the
heet pumps will run. However, since the ground loop heat exchanger will be larger with a narrower
temperature band, pumping energy consumption may be increased. Investigation of the tradeoffsis
beyond the scope of this paper. Kavanaugh and Rafferty [9] have presented some metrics for pumping
energy costs.

In this case, we have initidly selected a maximum entering fluid temperature (EFT) to the heat pump of
32°C and aminimum EFT of -2°C. The minimum EFT is sdected based on the freezing point of the
ethanol mixture being about - 11°C. Under design hegting conditions, aDT of 4°C is expected.
Therefore, adesgn minimum EFT of -7°C might be permissible, except that is preferable to have some
margin of safety, say 5°C, which brings usto adesign minimum EFT of -2°C. However, whenever there
isardativey smdl difference between the undisturbed ground temperature and the limiting design EFT,
the design will tend to be very sengtive to the limiting design EFT. In this case, thereislessthan an

11°C difference, and, as will be shown below, the result is very sendtive to the minimum design EFT.

The length of the design period can dso be very important. For cooling dominated buildings typica of
much of the U.S,, the annua heat rejection exceeds the annud hegt extraction. When this occurs, the
entering fluid temperature rises from yeer to year. For this building, there is rdaively little change, as
the annua heet rgjection and annua heat extraction are reasonably balanced.

For our initial design congraints, the program recommends that the 45 boreholes be 84 m deep, as
shown in Figure 10.

s GLHEPRD Results [ [T ]=]

— Borehale nfarmation

Borehole Configuration : RECTAMGULAR COMFIGLURATION
45 5« 9, rectangle

Each Borehole Depth:  84.37 m
Total Borehole Depth ;- 37967 m

Distance between borehole centers : B.1 m

—&verage Temperature

b awirnum Average Temperature : 14,36 °C atMonth 8
Minirurm Average Temperature : 2,43 °C at Month 110

— Peak Temperature
M asimum Feak Temperature : 2521 °C atMonth 19
Minirmurm Peak Temperature :  -1.92 *C at Manth 110

Figure 10 Summary of Results

Additiond results are provided in an output file. These have been plotted in Figure 11 to show the peak
maximum and minimum entering fluid temperatures for eech month. The fact that the amud heet



regjection and extraction are closdy balanced can be inferred from the fact that the annua pesks change
very little from yesr to year.

Heat Pump Entering Fluid Temperatures
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30

25 s ] r r

Time (months)

Figure 11 Monthly hest pump entering fluid temperatures

It isdso useful to examine the sengtivity of the design to the design parameters. In this case, the design
is highly sengtive to the minimum entering fluid temperature. A series of Szeswere caculated for a
range of minimum entering fluid temperatures. Thisrdaionship isilludrated in Figure 12. For this
building, adightly lower design minimum EFT, say just 4°C lower, will dlow a sgnificantly smdler

and less expensive ground loop hest exchanger. It would be well worth the desgner’ stime to refine the
design accordingly.

CONCLUSION

A method for smulating the regponse of the ground to a building with a ground source heat pump
system has been presented. The method takes into account monthly building hesting and cooling loads,
heat pump characteritics, borehole characterigtics and configuration, fluid therma properties, and
ground therma properties. A program in which this methodology has been implemented has been
presented. The program, while powerful in its anayss and design capatiilities, none the less requires
inteligent use. Ascan be inferred from the example, it is quite possible to develop aworking design
that meets a design specification, yet not redly have an optimad design.

Asatopic for future research, development of design tools which can automaticaly optimize the design
while accounting for dl of the interactions should be pursued. In addition, athough not discussed in this
paper, additiond vaidation and testing of this and other programs would be useful.



Required Borehole Depth vs. Design Minimum EFT
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