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Preface

This report is one of a series of three (3) reports describing work
undertaken for ORNL to assess the potential of ground-coil heat pump
technology. The assessment focused on ground-coil heat exchanger
design methods and related models and evaluated the performance and
economics of three major design configurations for ground-coupled
systems. Specific report titles include:

* "State-of-the-Art Survey of Existing Knowledge for the
Design of Ground-Source Heat Pumps"

* "Models for Simultaneous Heat and Moisture Transfer in
Soils"

* "Technical and Economic Feasibility of Horizontal,
Multiple Shallow-Well, and Deep-Well Ground Coupling"

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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STATE-OF-THE-ART SURVEY OF EXISTING KNOWLEDGE FOR
THE DESIGN OF GROUND-SOURCE HEAT PUMPS

ABSTRACT

The objectives of the program reported here were to gather design and
performance information on historical and current ground-coil heat-pump
systems, to assess the adequacy of available design methods, and to
define near-future R&D needs to promote the use of this technology.

The project was generally separated into two parts: (1) a review of the
North American technology conducted by Battelle-Columbus, and (2) a
review of European technology conducted by Battelle-Frankfurt.

The report includes descriptions of basic ground-coil design configurations,
operating experience, design methodologies, and reviews of costs of
existing installations.

It is found that further design-method development efforts are necessary
to provide installers and manufacturers with pertinent design information
in order to stimulate further implementation of ground-coupled heat
pumps in the United States. Furthermore, a research effort is needed to
develop parametric data on the design and performance of a ground-coil
during cooling using heat and moisture models.
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STATE-OF-THE-ART SURVEY OF EXISTING
KNOWLEDGE FOR THE DESIGN OF
GROUND-SOURCE HEAT PUMPS

SUMMARY

A ground-coil heat-pump system is defined as a heat pump in

which the outdoor or evaporator coil either is placed directly in the

ground or exchanges heat with the ground through a secondary fluid (usually

either water or antifreeze solution) which is circulated through the ground

in a closed loop. This differs from an air-source system which uses outdoor

air as a heat source for the evaporator. It also differs from a well-water

system which usually involves bringing well water to the evaporator and

then either reinjecting the well water or discharging it on the surface;

thus, well-water systems can generally be classed as open loop whereas

ground-coil systems can be classed as closed loop. Hybrid systems using

combination ground coil/air source or ground coil/well water are possible,

sometimes desirable, and are currently used in some instances in both Europe

and the U.S today. However, this study concentrated on closed-loop ground-

coil heat-pump technology.

The objectives of this program were to gather design and perfor-

mance information on historical and current ground-coil heat-pump systems,

to assess the adequacy of available design methods, and to define near-

future R&D needs to promote the use of this technology.

The project was generally separated into two parts: (1) a review

of North American technology being conducted by Battelle-Columbus, and (2)

a review of European technology being conducted by Battelle-Frankfurt.

This project uncovered a substantial volume of historic and

current research on ground-coil heat-pump technology. Approximately 30

individual ground-coil heat-pump design and simulation methodologies were

studied. In addition, numerous visits and phone contacts were made through-

out Europe and North America to obtain information on the status of various

ground-coil activities. A newsrelease describing this study was issued

and resulted in a significant number of individuals and local installers

responding with information on their experience and activities in ground-

coil heat-pump systems.
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Ground-coil heat-pump development efforts can be separated into

two general time periods for both Europe and the U.S. The first of these is

post-World War II (1946-1953) during which a number of experimental and

commercial installations were made. A number of design parameters were

evaluated during this time period and some design guidelines were established

including some graphical design procedures based on classical line source

heat transfer theories combined with empirical data. However, in general,

these design procedures were considered inadequate at the time for general

use. Nevertheless, this early work did define and experimentally evaluate

most all reasonable ground-coil configurations being considered today. Valu-

able experimental data have been published from this early work on the effect

of cycling operation on soil heat transfer with sand or clay backfill.

The second time period is post-Arab Oil Embargo (1973 to present).

A number of experimental and design-oriented programs were begun in this

period and many are continuing today. The most notable advancement in

ground heat transport hardware over that of the post-World War II period

involves the use of plastic pipe instead of metal pipe. Advancements have-

also been made in installation methods through the use of motorized

trenchers and drilling machines for installing the ground coil. The advan-

tages of using trenchers has been augmented by the use of flexible plastic

pipe which can be installed in a continuous serpentine horizontal pattern.

This type of system is the most common in use today.

Modern design methods differ from the earlier graphical/empirical

procedures mainly by use of finite element/finite difference ground heat

transport calculational procedures which are made manageable by the availa-

bility of large digital computers.

The most highly developed design models are European. These models

are mostly applicable to horizontal systems for heating-only climates (air

conditioning or summer heat rejection in Europe is generally not as necessary

as in the U.S.). The best of these models can, according to field verifica-

tion studies, account for multiple horizontal coil layers and can effectively

model freezing of the earth around the.coil. Some of these models have been

used to generate practical design information such as the definition of

cost-optimized coil diameters and spacings and guidelines on depth of burial
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to assure adequate summer regeneration of the soil around the buried pipe

to avoid formation of permafrost. These European models are generally not

publicly available at the present time as they are held by private installer/

designers or research/consultant organizations.

Models developed specifically for ground-coil heat pumps in the

U.S. are generally less sophisticated and less developed than the best

European models. For instance, none of the U.S. ground-coil models

accounts for freezing of the soil. However, the U.S. models have been

developed under government sponsorship and are generally publicly available.

One U.S. model was identified that does account for freezing but this was

developed for buried natural gas pipelines and would have to be adapted to

heat pump applications. A Canadian model does account for freezing.

In general, models are least well developed for vertical ground-

coil systems and for systems where summer heat rejection is required, such

as in most of the U.S. Major uncertainties exist regarding suitable design

and installation practices for systems with substantial cooling operation,

due to inability of models to deal with moisture migration and soil reces-

sion away from the coil. A number of pertinent U.S. models of heat and

moisture transfer in soils were developed for other applications. At least

two of these models appear to be well suited, with minor changes, to predict

soil temperatures and moisture content about the ground coil during summer

cooling.

Despite an intense effort of experimental work in the '40s and

'50s in both the U.S. and Europe, no suitable general design guidelines

have been developed. European experience over the last 30 years can be

summarized by a lack of use of these systems due to an economic disadvan-

tage with respect to fossil-fueled heating systems and a lack of suitable,

publicly available, design methods. Modern-day research and development

efforts have utilized plastic tubing and computerized analytical techniques.

Design methods have been developed in the last 10 years based on complex

models that are expensive to use. There are several well-developed proprie-

tary design and application methodologies for northern climates based on

complex models. Simpler models, more suitable for on-site use, have been

developed, but these are inaccurate and therefore no better than rules of
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thumb. Thus, no publicly available design guidelines exist, based on

theory and experiments, which enables the optimum design to be selected

for each installation. In fact, in Europe, the economic optimum is often

used with fossil-fuel backup.

In summary, further design-method development efforts are

necessary to provide installers and manufacturers with pertinent design

information in order to stimulate further implementation of ground-coupled

heat pumps in the U.S. The availability of this information will also help

to minimize the occurrence of inadequately designed systems which could

actually inhibit acceptance of ground-coupled heat pumps. Specifically,

capabilities of U.S. design methods need to be improved to handle freezing

of the soil as the best privately held European models currently do. Design

data for the U.S., similar to that already developed in Europe as mentioned

above, also needs to be developed. Finally, a research effort is needed

to develop parametric data on the design and performance of a ground-coil

during cooling operation using one or more of the heat and moisture models

that were developed for other applications.
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INTRODUCTION

A ground-coil heat pump system is defined as a heat pump in

which the outdoor or evaporator coil either is placed directly in the

ground or exchanges heat with the ground through a secondary fluid

(usually either water or antifreeze solution) which is circulated

through the ground in a closed loop. This differs from an air-source

system which uses outdoor air as a heat source for the evaporator. It

also differs from a well-water system which usually involves bringing well

water to the evaporator and then either reinjecting the well water or

discharging it on the surface; thus, well-water systems can generally be

classed as open loop whereas ground-coil systems can be classed as closed

loop. Hybrid systems using combination ground coil/air source or ground

coil/well water are possible, sometimes desirable, and are currently used

in some instances in both Europe and the U.S. today. However, this study

concentrated on closed-loop ground-coil heat-pump technology.

There are some apparent advantages to ground-coil heat-pump

systems. For instance, the ground exhibits less temperature variation over

the year than the ambient air and thus provides potentially higher heat-

pump efficiency than with air-source systems. Also, a ground-coil system

does not require defrosting as do air-source systems. Well-water systems

offer many of the same advantages but require a good source of well water

and either a separate reinjection well or a surface drainage system which
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is accessible without legal or code restrictions. Thus, ground-coil systems

are believed to have wider applicability than well-water systems although

there are also some locational restrictions on ground coils because adequate

ground moisture must be present to insure good heat transfer between the

ground and the buried coil.

Ground-coil systems present a more challenging design problem

than either air-source or well-water systems. For instance, the performance

of the outdoor coil on an air-source system can be readily predicted once

the outdoor air temperature and humidity are known. Well-water system per-

formance is directly related to the performance of the well which can

generally be determined at the time of drilling with established well testing

techniques. However, the performance of ground-coil systems is highly

dependent on ground heat transfer characteristics. Soil type (clay, silt,

sand, etc.) and moisture content can cause ground thermal conductivities

to vary by orders of magnitude from one part of the country to another, from

one lot to another within the same town, or from one point in time to another

for the same lot. Thus, there are many challenges and uncertainties in

designing and installing ground-coil heat pumps.

The first known record of the concept of using the ground as a

heat source for a heat pump is in a Swiss patent issued in 1912 to Heinrich

Zoelly() Thus, the idea itself is about 70 years old.

Despite Zoelly's 1912 patent, it was not until after World War II

that serious ground-coil development efforts began in both North America and

Europe. This surge in interest lasted until the early 1950's when gas and

oil became widely used as heating fuels.

Starting about 1946 in the U.S., 12 major ground-coil research

projects were undertaken. These projects were all monitored by a joint

Association of Edison Illuminating Companies-Edison Electric Institute (AEIC-

EEI) committee, and the results of these projects were recorded in a series

of articles in the EEI journal(2'3'4). These projects systematically

examined many ground-coil parameters including effects of pipe size,

pipe spacing, depth of burial, and the effects of extended surfaces on the

soil side of the pipe. Thermocouples were buried in the soil to record

soil temperature as a function of time and heat extraction. Experiments

included both vertical and horizontal coil configurations. They also

included direct expansion of refrigerant into the ground coil and the use

I
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of secondary fluids including water and aqueous ethylene glycol antifreeze

solutions. The ground coil itself generally consisted of copper tubing for

direct expansion or cast iron pipe for secondary fluids.

The AEIC-EEI heat pump committee concluded in 1953(4) that "even

with this considerable amount of information (from the 12 research projects

begun in 1946-1948) there is still no apparently workable design equation

which can be used by the individual contractor". The head of the AEIC-EEI

heat pump committee, E. R. Ambrose, summarized experience on ground-coil

heat pumps in 1966(5). Ambrose indicated that an average safe selection

of horizontal ground-coil size is 200 to 400 feet of coil per ton of heat

pump capacity buried 4 ft deep by 4 ft apart. However, Ambrose also concluded

that the earth has not been found to be a practical and dependable heat

source and sink. After a few years, it was found that the space between

the earth and the pipe increased until heat transfer was no longer satis-

factory even when using sand as backfill. This adverse effect does not occur,

however, when the earth is used as a heat source only.

It was also during this time period that Ingersoll and Plass (6)

developed the classic theory for ground pipe heat conduction. This theory

is still used today as the basis for some computer simulation programs both

in the U.S. and Europe which are discussed later in this report.

In Europe during the early '50s, workers in Britain and Germany

were active in ground-coil heat pump research. Notable among these were

Griffiths (7) and Sumner(8) in the U.K. and von Cube (9) in Germany. In

Europe, Sumner and von Cube installed systems for residential heating,

while Griffiths also commenced work on measurements into the properties and

heat transfer within soil.

The von Cube installation (at his own house) is over 25 years

old and is today still in operation recording a heating seasonal performance

factor or an annual average heating coefficient of performance of about 3.

The system uses direct expansion of R-22 in horizontal steel pipes placed

0.5 to 0.8 meters deep. The experience accumulated in this installation has

been of great use in subsequent work on this.type of system.

The next period of intense activity on ground-coil heat pumps

started in Europe in 1974, following the first OPEC oil price rise, and

continues to the present day. In Europe, over 30 R&D projects have been
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identified concerning the development of design methods, installation tech-

niques, or accumulation of operating experience. In addition, over 6,000

horizontal ground-coil installations have been made in Sweden, with an

unknown but significant number of similar installations in Germany. All

the installations are for heating only with all but a few having hydronic

heat distribution systems. Horizontal coils represent the majority of

installations in Europe at present, though R&D on vertical systems has in

recent years been given emphasis because of the need for systems which use

less land area.

In the U.S., the resurgence of activity on ground-coil systems

did not occur until'about 1977 to 1978 when a number of experimental and/or

analytical investigations were begun. These programs involve testing of

a variety of ground-coil variables and, in many cases, solar collectors

have been added creating hybrid systems. In many ways, the current programs

are very similar to the experimental efforts of the 1940s and 1950s. The

general design guidelines developed in the earlier work have, for the most

part, been reaffirmed independently by current experimental programs carried

out under U.S. Department of Energy sponsorship. The most notable difference

in current ground-coil heat-pump practice compared to earlier practice is

the use of plastic pipe which allows continuous serpentine coils.

An unknown number of working ground-coil installations exist in

the U.S., mostly installed by local contractors. Based on a response to a

news release and other contacts made on this project, it is estimated that

possibly as many as 1,000 such systems are active today. Both horizontal

and vertical systems are being commercially installed today. These instal-

lations are widely varied in basic design and, in most cases, were designed

by intuition, many times using "novel or patented ideas".

This project was undertaken with the objective of reviewing

historic and current methods for designing ground-coil heat pumps. The

major effort was directed at reviewing various current design methods in

order to define deficiencies in ground-coil heat-pump design practices.
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BASIC GROUND-COIL DESIGN CONFIGURATIONS

Ground-coil heat pump designs can be broadly classed into two

categories: horizontal and vertical. Within each of these two categories,

a wide variety of possibilities exist for specific geometry, installation

method, materials of construction, and choice of fluid for circulating

through the ground coil. The distinction between whether the system is

horizontal or vertical is generally more important from a performance and

operational standpoint than the other design variables mentioned above.

Horizontal systems are installed relatively close to the surface

where they can be designed so that the ground is essentially self regen-

erating. Thus, the natural heat exchange between the ground surface and

the ambient atmosphere will return the ground to its original temperature

each year despite the fact that the heat pump may extract more heat during

the winter than it rejects during the summer.

Vertical systems on the other hand generally extend below 10 m

deep where the ground conditions are not affected by changes in the ambient

atmosphere. Thus, more care must be taken to ensure a balance between heat

extracted during the winter months with heat added to the ground during the

summer months. This balance can be achieved by adding heat to the ground

during the summer months with heat collectors on the surface (most common

in Europe) or by reversing the heat pump and operating it as an air condi-

tioner during the summer (more common in the U.S.). Regeneration is probably

not required for deep wells located in areas with a high water table.

Horizontal Coils

The single layer horizontal ground coil (Figure 1) is at present

the most common of all ground-coil systems in use today. The ground coil

typically consists of circular plastic or metal tubes of external diameters

between 20 mm and 40 mm laid at depths from 0.5 m to 2.5 m. Tube spacings

vary from 0.6 m to 2.5 m.

Most modern systems today use the serpentine arrangement. This

arrangement is especially attractive when flexible polyethylene or poly-

butylene tubing is used with low cost trenching techniques. Use of flexible
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FIGURE 1. SINGLE-LAYER HORIZONTAL GROUND-COIL CONFIGURATIONS
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tubing minimizes the number of joints and thus leakage problems, and allows

the use of low-cost trenching techniques. A single-pass grid of metal pipe

connected to header manifolds is still used today but was most common in

earlier work before plastic pipe became available. The grid would be expected

to have slightly better thermal performance than the serpentine due to less

thermal short circuiting between the outgoing and return coil sections.

A recent advance in horizontal coil design is to install a double

layer with one layer at about 1 m deep and the other at about 2 m deep.

This technique is currently being employed by Laborelec in Belgium (10 ) and

Oklahoma State University in the U.S.(ll). The Oklahoma State installation

involves laying a flexible pipe first at about 2 m deep, backfilling to

about 1 m deep and then laying the coil back upon itself thus forming the

double layer. The double layer substantially reduces the amount of land

necessary for the installation.

There are also a variety of other types of horizontal (or shallow)

systems being used. One type involves use of a buried tank or buried tank

cluster instead of pipe grids. This type of system is currently being

evaluated by Kaman Sciences under DOE sponsorship (12). Often, buried tanks

will be used in conjunction with either horizontal coils or vertical wells.

The tank serves as a fluid reservoir and as a receiver for solar-heated hot

water.

Other systems involve using air as the medium by which heat is

exchanged with the ground. Heat is withdrawn in these systems from air in

buried tiles, cement block and drainage pipe, porous volcanic soil ( 13), and

corrugated culvert(l4). Another system which is currently being evaluated

at Oak Ridge National Laboratory is based on drawing air through a crawl

space to a conventional air-source heat pump(l5).

Vertical Coils

Vertical ground coils are either of the shallow or deep type.

Shallow coils are more common in Europe than in the U.S. and are placed

about 8 to 10 m deep with about 2 to 9 m between coils. Shallow coils

utilize flexible plastic tubes formed into U-tubes or hard plastic coaxial
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tubes and are arranged either in circular, hexagonal, or rectangular matrices

as shown in Figure 2. Circular arrangements (or hexagonal as an approxima-

tion) are favored because the cylindrical storage area formed has a minimum

surface area and consequently minimal heat loss. This is particularly

important for systems which are charged with heat to beyond the normal aver-

age ground temperature. Metal plate systems have been proposed and theoret-

ically studied, but no installations of this type are known. Plastic solar

collectors are used as buried vertical-plate heat exchangers in one current

U.S. system (12)

Deep vertical coils are presently being installed in Germany,

Sweden, and in the U.S. The German approach is to reach ground water so

that the heat extraction rate per unit of tube length can be considerably

increased. The most common configuration of deep vertical coils utilize

coaxial tubes placed between 50 and 100 m deep depending on the depth of

ground water, type of soil, etc. The Swedish installation, near Goteborg,

uses flexible plastic tubes spaced apart by 10 to 20 cm in a U-tube configura-

tion placed 35 m deep with low temperature solar collectors for regeneration.

This arrangement permits a high storage density, a high storage temperature,

and, consequently, a high COP for the whole system.

In the U.S., deep vertical systems also utilize coaxial U-tubes

placed in direct contact with the ground. The coaxial-tube design appears

to be the most common vertical-coil configuration in the U.S., although an

Oklahoma consortium (Geosystems, Inc., Oklahoma State University, and Ditch
Witch Corporation) are currently experimenting with a lower-cost U-tube coil

configuration in which a polyethylene or polybutylene U-tube is inserted
(16)directly into a hole drilled 30 m deep. ) No particular effort is made to

maintain separation of supply and return tubes within the hole. Figure 3

shows a variant of the coaxial-tube design, installed by Geosystems, Inc.,

in which the well encasement is a 5-inch PVC pipe inserted to a depth of

73 m in a drilled hole. (17) This arrangement can be used with fluid tempera-

tures below feezing with minimum cost for the antifreeze fluid, because the

brine is confined to the U-tube placed within the well encasement. In a

related U.S. program, direct expansion of refrigerant in various configura-

tions of buried copper tubes is being investigated by E Tech, Inc. under

DOE sponsorship.
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Tube Materials and Brines

Most current installations use flexible polyethylene or polybuty-

lene water-service tubing with an outside diameter between 20 and 50 mm.

Water can be used in nearly any kind of tubing, but care must be taken to

prevent freezing. Brines, or aqueous solutions of antifreeze, are usually

used to minimize problems with freezing and extend the operating range of

the heat pump. Of the brines, ethylene or propylene glycol/water is the most

favored even though a concentration of over 20 percent is necessary, resulting

in a high viscosity and pump power.

The selection of the material of construction and of the brine

(or refrigerant) are related. In general, brines have been favored for all

systems with greater than 10 kW heat output while direct expansion (particu-

larly in vertical tubes) is favored for very small systems. Various common

combinations of tube materials and circulating mediums are shown in Table 1.

The properties of most brines relevant to use in heat pump systems are

published by ASHRAE).

TABLE 1. TUBE MATERIALS AND CIRCULATING MEDIA

Tube Material Circulating Medium

Polyethylene, PVC Ethylene Glycol/H 20
Propylene Glycol/H 20

25-33% concentration

Polyethylene, Nylon, CaC12/H20
PVC, Copper

Steel NH3/H20, 7% concentration

Steel, Copper, Nylon Freons (direct expansion)

Steel NH3 (direct expansion)

Polyethylene Methanol/H 20
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Pipe Laying Techniques

There are a number of techniques available for laying both the

horizontal and vertical coils, which involve varying degrees of sophistica-

tion. In all cases, the larger the ground-coil installation, the cheaper

the specific cost of installation by each method, and also more sophisticated

methods can be applied to further reduce the cost.

For horizontal coils, there are four basic installation techniques

which are used as shown in Figure 4. All involve marking out the site, exca-

vation with removal of soil, optional laying of a sand bed*, pipe laying,

backfill, and compression of the site to original form. Specific methodology

and application factors for each method are:

Method A. This method involves excavation by a bulldozer

or excavation of the whole site to a depth

slightly greater than the coil depth, leveling,

laying of a sand bed, laying of the pipe by

hand, backfilling, and compression. Two diffi-

culties with this technique are excavation may

not be possible if the site is small or restricted,

and some of the backfilling must be done manually

to avoid mechanical damage to the pipe by the

machinery. This technique is most appropriate

for extremely sandy or rock soil or where the site

would have to be excavated anyway, such as for

schoolgrounds, parks, or parking lots. This is

the most expensive technique.

Method B. The second method involves excavation of a trench

about 0.3 m wide with a backhoe, laying of a

sand bed, laying of the pipe by hand, backfilling,

and compression. This technique is appropriate

to medium and larger sites and can cope with stony

* Whether or not sand is used depends on tne particular installer. Often in
modern installations, sand is omitted and the excavation is backfilled with
indigenous dirt. Early experiments(4) showed thermal conductivity with sand
to be superior to that with clay during heating (heat extraction) and about
equivalent thermal conductivity for the two soils during cooling (heat
rejection).



13

* ' e~l?:·e:iiic)l ;%lli^ - Sand

Tubes

Method A. Excavation of Whole Site With Bulldozer

Method B. Excavation With Backhoe

Method C. Excavation With Vibratory Plow

Method D. Excavate With Chain Excavator

FIGURE 4. FOUR BASIC INSTALLATION TECHNIQUES
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soils and sites which are relatively restricted,

i.e., where space is not available for stocking

the soil. A variant of this method is to lay the

first pipe in the trench at the full depth which is

then backfilled and compacted to the depth of the

return pipe; the excavator/pipe layer then returns

in the opposite direction to lay this pipe, backfill,

and compact. By this technique, a double pipe array

can be laid without the machine having to maneuver

at the end of each pipe run.

Method C. The third method involves excavation, laying

the pipe, and backfilling in one operation with

a vibratory plow, such as that used for laying buried

electrical or telephone cables. This technique is

the lowest in cost but is restricted to large instal-

lations with a coil depth of no more than 1.0 m and

cannot be used for soils with a high rock content.

Method D. The fourth method utilizes a special purpose chain

excavator to excavate a trench about 0.15 m wide

to a depth of up to 1.8 m. Other installation aspects

are the same as for Method B. This technique is

appropriate to smallest sites and can cope with stony

but not rocky soil.

For vertical coils, there are the following techniques:

(1) Drilling and insertion of pipe (or tubes with a removable

inserter). This is particularly appropriate for deep coils

(>10 m), for large sites, and can be used with all soil types.

(2) Water jet boring with insertion of the pipe (or tubing) in

the hole. This is appropriate for shallow coils (<10 m) in

clay or sandy soils.

(3) Boring by hydraulic ram using a steel tube holding the pipe

or tube to be laid. The steel tube is withdrawn leaving the

pipe in place. This is the most suitable technique for deep

coils (>10 m) in clay or sandy soils.



15

(4) Impact driving of a steel well encasement. The steel

tube serves as the outer tube in a coaxial coil

configuration.

Any voids between the drilled hole and tubing are filled with

properly compacted native soil below the water table and sand above the water

table.
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USE OF SOLAR COLLECTORS WITH
GROUND-COUPLED HEAT PUMPS

The combination of solar collectors with ground-coupled heat

pumps is a relatively recent development. Most of the experimental work

in this area has been done during the period 1973 to present with no refer-

ences to this type of combination of hybrid system in the earlier work

(1946-1953). Penrod proposed sich a hybrid system in 1964(20) and prepared

a design procedure in 1969(21). There are basically two reasons for

combining solar collectors with ground-coupled heat pumps:

(1) The ground can act as a convenient and low-cost

heat storage device for solar energy

(2) By using the ground as a heat sink together with

a heat pump to upgrade ground temperatures to

those high enough for space heating, the solar

collectors can be operated at lower temperatures

and thus higher efficiencies than if the solar

collectors had to be used directly for space

heating or water heating.

Relative to item (1) above, it would be hoped that the ground

could act as a seasonal storage device for solar energy. This would allow

ample storage of solar energy during the summer for use in heating during

the winter. The Europeans in effect accomplish this by using solar energy

during the summer to restore the ground around vertical ground coils to its

original temperature at the beginning of the next heating season. The

European climate requires such regeneration practices because there is no

need for air conditioning during the summer and thus no opportunity to use

the heat pump to regenerate the soil. Horizontal systems will regenerate

naturally during the summer without active collectors.

The work of Bose at Oklahoma State University(17) has shown that

solar energy stored during the summer at above-normal ground temperatures

cannot be effectively carried through the next heating season. The Oklahoma

State work has shown that solar collectors effectively allow about a 1-month

displacement of ground temperature reduction during the heating season, thus

indicating that solar energy might effectively be stored for about one month.
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In 1954, Ingersoll concluded that heat storage in the ground

around a single coil of more than a few hours for off-peak retrieval would

likely prove a failure due to rapid heat dissipation(22).

A popular system being used in Europe today involves the combination

of the "Energy Roof" with ground pipes. The "Energy Roof" involves the use

of very low cost solar collectors which consist of plate fin tubes (resembling

heat exchangers used in wall convectors of hydronic heat exchangers) in-

stalled on the roof of the dwelling and plumbed to the ground coil circuit.

These collectors receive both radiative heat gain and heat gain due to

convection from ambient air. A thermostatic control system allows heat to

flow to the ground when collector temperature is above ground temperature.

The attractiveness of using solar energy with ground-coupled heat

pumps is uncertain. Oklahoma State concluded that as the performance

(seasonal performance factor) of-the heat pump increased, solar collectors

became less attractive( 17). Andrews( 23) concluded, based on work sponsored

through Brookhaven National Laboratory, that low cost/low performance

collectors had little beneficial impact on ground-coupled heat pump per-

formance, and high cost/high performance collectors were always more effective

when used as direct heating systems instead of in series with a ground-coupled

heat pump.
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OPERATING EXPERIENCE

The operating experiences with ground-source heat pumps can be

divided into those directly relating to performance (such as annual perfor-

mance relative to different layouts and earth types) and those experiences

relating to reliability and environment. Horizontal and vertical systems

must also be considered separately because common conclusions cannot always

be drawn. Table 2 summarizes data from various installations which have

been collected from the literature and from discussion with system installers

and researchers.

Horizontal Coils

In general, well designed systems have a heating seasonal perfor-

mance factor (SPF) approaching 3.0 with most systems having an SPF between

2.3 and 2.7 (an exact comparison is not possible because the brine pump power

is not always included). The value of this factor is dependent on performance

of the heat pump at ground-coupled source temperatures as well as performance

of the ground-coupling coil. Since most U.S. water-source heat pumps are

optimized for use at well-water-source temperatures above 50 F, typical

SPF values for present systems in the U.S. probably would be lower. The

major factors affecting performance of the ground-coupling coil are the soil

type and moisture content, pipe pitch and depth, and maximum rate of heat

extraction. Of the soil types, clay and sand are favorable, preferably

(though not necessarily) wet; least favorable is gravelly soil--a high stone

content also involves high installation costs. In general, when the soil

is wet or has a high ground-water level, the type of soil is unimportant.

In unsaturated soil above the water table, migration of moisture away from

the pipe during summer operation can substantially reduce heat rejection

performance. The optimal single-layer pipe layout is between 0.8 and 1.0 m

depth, with the pipe pitch about double the depth (i.e., 1.5 to 2 m spacing).

Beyond 1.5 m depth, regeneration is slow, while about 0.8 m depth, the coil

can be within the region affected by surface cooling and freezing in water.

For some northern locations with cold climates, a pipe spacing of less than

1.5 m results in a solid ice lens between the coils and reduced rate of
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TABLE 2. TYPICAL OVERALL SEASONAL PERFORMANCE FACTORS (SPF) FOR
GROUND-COUPLED HEAT PUMPS

Seasonal
Performance Factor
(Heating, except

Installation Ground Coil as noted)

BMFT Project Single layer horizontal, 1.5 m deep, 2.0
Oggenhausen 2200 m long, polyethylene
Germany, 1976

Cube Single layer horizontal, 0.5 to 2.0 3.1
Germany, 1955 m deep, 170 m long, steel

Schleswag Single layer horizontal, 1.5 m deep, 2.7
Rendslewg 1100 m long
Germany

Agathermia Single layer horizontal, 0.95 m deep, 2.6
Sweden polyethylene

Queens University Single layer horizontal, 1.2 m deep, 2.4
United Kingdom steel

Chalmers University Vertical hexagon U-tube array, 10.5 3.0
"Utby" House m deep, PVC
Sweden

Cube Ing. Union Steel horizontal 3.25
Germany Steel horizontal 3.12

Steel horizontal 3.05

Steel horizontal 3.2

Steel horizontal 3.35

Polyethylene horizontal 3.08

Whitemarsh House Single layer horizontal steel pipe 2.4
Philadelphia, PA with glycol solution, 400 m long,
1948-1950 1-1/2 m deep

Lansdowne House Single layer horizontal steel pipe 2.6
Philadelphia, PA with glycol solution, 400 m long,
1948-1950 1-1/2 m deep

E Tech Single layer horizontal polyethylene Winter 2.0
Atlanta, GA coaxial tubular coil Summer 1.8
1979

Geosystems Double layer horizontal polyethylene, Winter 2.8
Stillwater, OK 2 m and 1.1 m deep Summer 2.7

Cantherm Single layer horizontal polyethylene 2.5 (Guaranteed)
Montreal, Canada <1 m deep 3.0 (Expected)



20

regeneration in the spring. The maximum rate of heat extraction has been

between about 10 W/m pipe length (about 40 W/m2 surface area) and 75 W/m

(225 W/m2 ). The performance is, over a wide band of heat extraction rates,

fairly insensitive to this parameter and the optimum seems to lie at a maxi-

mum value of 30 W/m, with an annual average of about 17 W/m. This is
2achieved when a 10-kW heat pump is used in combination with about 200 m

coil surface area, the coil being placed at 0.8 to 1.0 m deep and with 1.5 m

spacing.

A secondary parameter is the pump power required for the brine

circuit; the best systems require about 5 to 10 percent total energy input

for the pump. Experience has shown that a pipe diameter of 30 to 40 mm

should be used with maximum pipe lengths between 100 and 200 m. The flow

should be just in the turbulent region and care should be taken to ensure

equal distribution of the flow between parallel coil circuits. The brine

concentration should be as diluted as possible, say with a freezing point

between -10 C and -15 C, to minimize pumping losses. Finally, the correct

pump type and sizing is critical since over-dimensioned or low-efficiency

pumps have often been the cause of excessive pump power.

In general, poor performance has usually resulted from bad, over-

optimistic or under-dimensioning of the ground coil or heat pump. This has

often been a result of attempts to minimize investment costs, since experi-

ence has shown that the initial performance factor is not too sensitive to

dimensioning. However, heating capacity after several heating seasons may

fall off in a system operating with a high heat extraction rate per unit length

of pipe due to changes in the soil adjacent to the pipe.

The major sources of unreliability have been leakages of coolant,

entrainment of air in glycol systems, the controls, and the heat pump itself.

The leakage of coolant can be avoided by not using screwed or other mechanical

underground connections, and preferably by the avoidance of all underground

connections. Air entrainment can be eliminated by laying the ground coil

without sharp bends, bedding the coil in sand to avoid constrictions,

bleeding the coil during the run-in period,and having a high enough flow

rate (greater than 0.35 m/s or 1000 m3/h in a 30 mm diameter tube).

The major factors affecting the environment are the production of

permafrost, disturbance of flora and fauna, disturbance of the ground surface,
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and pollution by leakage of coolant. The latter has already been dealt with.

Disturbance of the ground surface can be minimized by placing the coils

deep enough. Permafrost can be avoided by not exceeding the optimum heat

extraction rate. Von Cube's own house installation, though well designed

and near optimum for performance and cost, has produced light furrowing of

the lawn above it. The coil in this case is placed 0.5 to 1 m deep. Further,

the melting of snow and surface ice takes place up to two weeks later than

elsewhere, retarding spring slightly in that part of the garden. Placing

the coil deeper would have increased cost and reduced performance (though

slightly), so that it has to be assumed that some surface disturbance is

likely (at least in areas with vegetation). If the coil spacing and depth

is close to optimum, then permafrost will not occur, nor will the production

of unfrozen areas surrounded by frozen areas occur. These warm traps could

result, it has been suggested, in the destruction of the local microculture

which could not then migrate away from the advancing frost front. The

greatest risk of this occurring is when the coils are placed deep, i.e.,

greater than 1.5 m.

Vertical Coils

The experience on vertical coil systems is much less than for

horizontal systems. The only known well-instrumented installations are in

Sweden and these have only been operational for a few years. The experience

of the Chalmer's installation at Utby is that the vertical ground-coil

system in a clay soil has a SPF similar to optimal horizontal systems, but

requires less than half the surface area. Heat extraction rates lie in the

region of 20 W/m maximum (48 to 227 W/m2 surface area depending on tube

depth). The critical factors affecting performance are, as in horizontal

ground coils, soil properties and moisture content, coil layout, and heat

extraction rates. The regeneration technique is also a significant factor.

For example, at Utby the change from a fancoil unit to a solar/wind collec-

tor produced a significant improvement in the SPF as a result of the

elimination of the fan power. Another factor influencing performance is

the temperature to which the ground store can be heated in summer. This
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directly affects the evaporating temperature during heating. Thus, larger

heat loads can be better matched to this type of unit, as deeper coils with

a smaller store diameter give a lower heat loss and consequently a higher

mean storage temperature. The optimum annual average store temperature, to

maximize the regenerator performance in summer and to minimize the heat loss

in winter, would appear to be about 15 C. As with the horizontal systems,

reliability, in the context of the ground coil itself, is mainly a result of

leaks and air entrainment. Correct design of the coils (to provide natural

venting of air from the coils), careful installation, and joint integrity

are necessary to avoid leaks and air entrainment.

Environmental problems are also possible with vertical systems.

Alternate freezing and heating of the ground around the coil could result

in drying and shrinking of the soil with detrimental effects on the local

environment, ecology, and also performance by increased thermal resistance.

Shrinkage can also result in local collapse, viz. Utby in the first year;

though this can be avoided by designing the coil to minimize ice production.

The heat pump controls should opt for solar (or air) sources when the brine

temperature from the regeneration system is high enough and there is a demand

for heating.

The "Sun-Clay" project by the Chalmers Techniska Hogskola team in

Goteborg is a good example of the use of the best experience in vertical coil
9

systems. This hybrid heating system for a 15,000 m2 school building utilizes

an 800 kW diesel-driven heat pump with heating source provided by a vertical

ground-coil "store" and a 600 m2 array of unglazed solar-collector roof panels.

'The ground-coil "store" consists of a matrix of 30 m long U-tubes placed 36 m

deep in clay with 16-mm-diameter polyethylene supply and return tubes spaced

20 cm apart and placed with 2 m between adjacent U-tubes. The collector pipes

are placed 0.6 m deep and the entire 2200 m2 surface area of the store in

insulated with 30 cm of foamed concrete. The solar panels are made from

black corrugated aluminum with attached copper tubing. The ratio of coil
2

length to collector area was approximately 24 m/m2 .

Effects of Cycling on Soil Heat Transfer

There is some speculation that heat-pump cycling can have a pro-

nounced effect on soil heat transfer.and thus on system performance. Only
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the more sophisticated transient models account for cycling effects on per-

formance. Table 3 presents some experimental data on how soil thermal

conductivity is affected by heat-pump cycling during heating operation.(4)

As can be seen, the effect is to alter the thermal conductivity by a factor

of about 2. During a 650-hr cooling cycling run with 6 hrs "on" and 6 hrs

"off" at a coil temperature of 43.3 C, the equivalent thermal conductivity

was 1.99 W/(m K) with sand backfill and 2.09 with clay backfill.

These results also show some sensitivity to type of backfill. In

general, the effective thermal conductivity was higher with sand backfill for

heating operation and higher with clay backfill for cooling operation.
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TABLE 3. EFFECTS OF HEATING OPERATION ON
OVERALL HEAT CONDUCTIVITY K

AEIC-EEI Program (4) (Kansas State College)( -

Coil Temp. K(d)
Soil Type(b) °C Operating Cycle(c) W/(m K)

Sand -1.1 6 hrs. on/6 hrs. off 2.92
Continuous 1.63

Clay -1.1 6 hrs. on/6 hrs. off 2.16
Continuous 1.11

Sand -6.7 6 hrs. on/6 hrs. off 2.15
4 hrs. on/4 hrs. off 2.60
Continuous 1.59

Clay -6.7 6 hrs. on/6 hrs. off 2.08
4 hrs. on/4 hrs. off 1.89
Continuous 1.66

Sand -12.2 6 hrs. on/6 hrs. off 2.46
Continuous 1.75

Clay -12.2 6 hrs. on/6 hrs. off 2.51
Continuous 1.77

(a) Four copper coils each 16.4 m long. Coils are coaxial
(1/2-in. tube inside 1-1/8-in. tube) buried 1.97 m deep
with either clay or sand backfill extending 0.33 m in all
directions. Direct expansion of refrigerant flowing out
through inside coil and back through annulus. Two coils
buried in sand and two in clay.

(b) Temperatures of sand were drawn down more during "on"
cycle than for clay but recovered more during "off" cycle.
This showed special advantage of sand in cyclic operation.

(c) Test sequence consisted of 1634 hours of cycling operation
followed by continuous operation.

(d) Average K for "on" part of cycle.
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DESIGN METHODOLOGIES

Numerous earth-coil systems have been installed in various

locations of the U.S. and Europe with design configurations based on

experience derived from experimental prototype installations. Other systems

have been designed with more sophisticated approaches using one of about

30 steady-state and transient models uncovered in this program.

Figures 5 and 6 represent design methodologies utilized in the

U.S./Canada and in Europe, respectively, in categories of increasing com-

plexity from left to right in the diagrams. Modeling categories include

rules of thumb, steady-state and transient analytical, lumped parameter,

finite difference in one, two, and three dimensions, and finite element in

two dimensions. A discussion of different approaches within each of these

categories follows.

Experience/Rules of Thumb

Rules of thumb have served well for specific localities where

soil and weather conditions are fairly uniform since design specifications

are based on experience with related installations. However, particularly

in Europe, performance of some systems has suffered due to inability of

the rule-of-thumb designer to properly assess the effect of design compro-

mises -- such as shallower burial depth, lower pitch between tubes, and

higher heat-extraction rates due to shorter tubing length -- used in response

to market pressure to minimize initial costs and reduce land-area require-

ments. Design specifications cannot be extrapolated outside the available

experience with respect to soil and weather conditions, unless the purchaser

is willing to assume risks associated with an experimental prototype

installation. Design optimization can only be conducted slowly over a

period of years with this approach based on changes to experimental systems.

Even then, weather vagaries can easily mask real differences due to design

changes.

Rules of thumb uncovered in this program are given in Table 4.
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TABLE 4. RULES OF THUMB

* Piping Length, m/ton* of heating or cooling

- 66 to 131 (5) (copper/steel piping)

- 98 to 131(16) (plastic piping)

- 33 wetted vertical piping(16)

- 126 European experience (20 w/m average heat-extraction rate per
unit length at a COP of 3.0)

* Burial Depth, m

- 1.3 with cooling

- .50 to .8 without cooling(24 )

* Spacing, m

- 1.3 to 1.6(24)

* Outside Diameter of Piping

- Ground heat flow to piping is independent of diameter(25)

- Size inside diameter to minimize pumping power

* Circulation Rate

- 2 to 4 gpm/ton (0.13 to 0.25 liters per sec/ton)(l7)

- Reynolds Number high enough to be above laminar flow but low
enough to minimize pumping power, i.e., 5,000 to 10,000

* One ton is 12,000 Btu/hr or 3.5 kW.

Steady-State Models

For effective design optimization, a modeling approach is needed

in which performance can be predicted in response to changes in soil and

weather conditions and values for configuration variables. The steady-state

models, indicated on Figures 5 and 6, are the next level of sophistication.

In the U.S., three steady-state horizontal-coil models were developed for

assessment of soil warming with waste heat. The Bondurant model(26),
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developed at the University of Arkansas, computes temperature and moisture

content in radial nodes about the pipe. The Johnson model (27) developed at

Ohio State University, uses line-source theory with superposition to compute

soil temperature for the region between two pipes and the surface. The

Shapiro model 28 , developed at Ohio State University, computes temperature

and moisture content for a rectangular nodal region bounded by vertical

planes through left and right pipes. Two types of steady-state models have

been developed for solution with a calculator in Europe. A vertical-coil

model, EHP*, developed by the European Heat Pump Consultants in Denmark(29),

calculates monthly values of brine and ground temperature with a programmable

calculator (TI-59 with 6 or 7 magnetic cards) from inputs of monthly solar

radiation and heating load, and monthly performance of solar panels and the

heat pump. Constants in the heat transfer equations have to be fitted to

experimental values or values obtained from a more complex model. Accuracy

of this method is unknown and likely to be similar to that for rules of thumb.
(30,31)A horizontal-coil model, LAB1, developed by Laborelec in Belgium 0'

is based on a two-dimensional analytical approximation for heat transfer from

constant line sources in a semi-infinite solid. Thermal resistances for

the soil, tubes, and brine are used in calculation of monthly values of brine

temperature in response to monthly heat extraction rates. In comparison with

results from a transient model, predicted coil lengths were about 22 percent

longer with this model, which was designed for use with a simple pocket

calculator.

Transient Models

Transient models provide time-dependent fluid and ground tempera-

tures and other values that are useful for performance evaluation and design

optimization. These models fall into three main groups depending on the

number of dimensions considered. As shown in Figures 5 and 6, the one-

dimensional group can be further subdivided into analytical, lumped parameter,

and finite difference models. The two-dimensional group can be divided into

* Model acronyms are designations by developer or Battelle.
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lumped parameter, finite difference, and finite element models. The three-

dimensional group includes finite difference models only.

Analytical models include those that rely on a single basic

conduction equation for transient heat flow. Lumped parameter models are

characterized by "lumped" volumes representing various portions of the

ground-coil heat-transfer system. Finite difference models are most

familiar to thermal engineers because (1) the volume nodes in the model

correspond to physical volumes and (2) solution of the governing differential

equations for heat flow from node to node involves a simple energy balance

for each node. The time step with finite difference models must be small

enough to maintain modeling stability in calculation of nodal temperatures

at the centroid of each node. Finite element models utilize mathematical

relationships that provide computational stability with much larger time

steps than used in finite difference models. Stability is more dependent

on thermal properties rather than time step; some mathematical adjustment

of thermal properties may at times be required to achieve an energy balance

in the integral solution at each node. Nodal elements are usually triangu-

lar and temperatures are computed at vertices of the triangles.

One-Dimensional Models

One-dimensional models of ground-coil heat transfer provide the

next level of sophistication above steady-state models and include analytical

models, lumped parameter models, and finite difference models.

Analytical Models. Many of the U.S. design methodologies in the

late '40s to early '60s utilized the Kelvin line-source theory applied to

ground coupling by Ingersoll(6,22,32). This theory is the basis for the

Kalman, Penrod, and Ingersoll-Plass models in the U.S. and the LAB2 model

by Laborelec in Belgium.

The basic integral equation used in this model is Eq. 1.

AT = Qk I e - (1)

1~~~~~~~~~~~~~~~~
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where

AT = difference in temperature of brine and far-field soil at
depth of coil

Q' = rate of heat transfer per ft of pipe

k = thermal conductivity

61 = r/(2Vti)
r = distance from center of pipe

a = thermal diffusivity of the soil

t = time since start of operations

8 = integration variable

Kalman formalized this analytical approach in a computer program at Georgia

Tech(33). The integral in Eq. 1 is solved from polynomial expressions

fitted to tabulated solutions. Results for fluid temperature and ground

temperature adjacent to the pipe are computed for each month for a two-year

period including both cooling and heating seasons. Results from the

second year are used to compute approximate values for life-cycle costs

for the ground-coil components. This program was significantly reduced in

size by Battelle by computing values during heating or cooling seasons in

subroutines.

Kalman improved on the Ingersoll approach by separately accounting

for the thermal resistance of the piping wall. Heat pump performance is

modeled from least-squares polynomial expressions fitted to suppliers'

steady-state performance data for both heating and cooling. Space condi-

tioning loads are modeled with the degree days method. Far-field ground

temperatures at the depth of the piping are computed for each month and a

constant ground thermal conductivity is used. The program also includes

the capability to assess the effect of spacing between piping.

Kalman was unable to obtain experimental data for evaluation of

monthly values; however, integrated values of shorter-term tests agreed

fairly well with values predicted with a modified program. Laborelec esti-

mated that the piping will be oversized in length by 12 to 22 percent with

their LAB2 model, which appears to be based on a similar approach.

Vestal(25) correlated data from numerous heat extraction and

rejection experiments run at Texas A&M which included both steady-state and

cyclic operation using dimensionless groups shown in Eq. 2.
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Q/(AT k L) = f[k o/(p Cp D2)] (2)

where

Q = heat transfer rate at time o

AT = temperature difference between fluid and far-field
ground at depth averaged over run

k = soil thermal conductivity averaged over run

L = piping length

6 = run time

p,Cp = density and specific heat of the soil near the pipe
averaged over run

D = inside diameter of copper coil

From plots of these dimensionless groups, Vestal found that when

soil temperatures and heat flow stabilized following the start of fluid

circulation, the left group in Eq. 1 became independent of the right group

and equal to a value called an intermittency factor I. From this relation-

ship, he derived an expression for the required length of piping shown in

Eq. 3.

L = Q(AT k I) (3)

where

I = experimentally determined value for heat rejection
or extraction which is a function of the fractional
on time.

The error in values for I were estimated to be about 10 percent. A prelim-

inary proposed procedure based on the correlation of experimental data

represented by Eq. 3 was prepared(34).

Hadley had previously presented somewhat similar results from a

correlation of dimensionless variables of transient data from many diverse

experiments at the conclusion of the EEI program (35). Eq. 4 gives this

correlation.

At k L/q = 0.311 loglO[pCp D2/(k)] - 0.3696 (4)

where variables are defined as above for Eq. 2 except

At = temperature difference between the far-field ground
and the coil at time o'

q = a 4-week average heat transfer rate at the peak of
the heating season

e' = time from the beginning of the heating season to
the peak 4-week period.
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Hadley compared predictions of piping length from Eq. 4 with values predicted

by the Kelvin line-source theory using laboratory-measured conductivity

values and concluded that the latter method was over-conservative (in keeping

with Laborelec's estimate of accuracy noted previously).

Lumped-Parameter Models. The American Heliothermal Corporation in

Denver, Colorado, prepared a lumped-parameter computer model of ground-coil

heat transfer as part of a program to explore solar-assisted heat pump

operation(36) and concluded that ground coupling may be an attractive alter-

native. In this program, fluid in the piping and piping material are modeled

as single, though separate, isothermal masses. The soil is modeled as a

series of six volumes concentric about a single pipe with radial width equal

to one-sixth of the depth from the surface to the pipe wall. Figure 7 shows

the nodal geometry of this model. These annuli of soil are assumed to be

surrounded by soil at the far-field ground temperature at the piping depth.

The model assumes constant soil properties.

The program was written in BASIC and includes a heat-pump model

based on least-square polynomial fit of steady-state performance data. The

ground-coil heat-transfer portion of the program was rewritten by Battelle

in FORTRAN in the form compatible with the TRNSYS system simulation program(37).

A stand-alone driver program was prepared by Battelle so that the model could

be used independently from TRNSYS with scheduled heat extraction or rejection.

It is set up for typical day-of-the-month operation with hourly time steps.

No experimental verification of this model is available.

An alternative one-dimensional method is to use an approach in

which the ground coil is simulated by a thin isothermal slab connected by

thermal resistances to surrounding isothermal slabs of ground. The TUD4

model based on this approach is under development by the Technical University

of Denmark at Lynby(38). They hope the model can be used to simulate short-

term response characteristics of the ground-coil system with a sophisticated

heat-pump model. The developers expect to verify this model by comparison

with results from more sophisticated models (TUD2 and TUD3) described in

later sections of this report.
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Finite-Difference Models. Battelle has used a one-dimensional finite-

difference model ONED to compute far-field ground temperatures in the arctic
(39)environment(39) . The analysis predicts soil temperatures with freezing in

response to terrain factors, snow cover, evapotranspiration at the surface,

and meteorological data. Time dependent change in depth of the freeze/thaw

line correlated fairly well with experimental data in several locations.

Finite-difference heat and moisture flow models for other areas of

applications have been developed at one Canadian and six U.S. universities.
The Sophocleous (40) Jury (41) Hauk(42) Cassel (43 ) Dempsey (44 ), and Gee (45)

models predict soil temperatures and moisture content for nodes in the depth

coordinate. The Sophocleous model, developed at the University of Alberta,

can accommodate layered unsaturated and saturated soil. The Dempsey model,

developed at the University of Illinois, accommodates layered, unfrozen and

frozen soil for calculation of freeze/thaw cycles and has a superior modeling

approach for the effect of weather data on temperature and moisture flow at

the ground surface.

The Hartley model(46), developed at Georgia Tech, computes tempera-

ture and moisture content for radial nodes about a buried electrical power

cable. The program is not available in the thesis but is soundly developed

and appears to be capable of predicting the onset of a "runaway" condition

for formation of a dry core about the cable. Surface effects can only be

crudely approximated in this model.

Schlosser at the Technical University of Denmark developed the

TUD1 model(47) in which horizontal coils were simulated by a thin plate

source with uniform heat generation. This model can be used to test short

duration effects such as daily variation in brine temperature from variable

boundary conditions at the surface.

Two-Dimensional Models

Two-dimensional models provide the next level of sophistication in

that heat flows in both the vertical and horizontal planes in the soil due

to surface and piping effects can be modeled. Some of these models are very

detailed and require extensive computing time. Yet with these complex

models, the output results are only as good as the model structure. For

example, the nodal geometry in many models is set up for modeling transient
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heat flow within a slab of earth bounded on either side by adiabatic surfaces

through the center of a coil and through the midpoint between adjacent

coils, at the top by the ground surface, and at the bottom by a constant

temperature or constant geothermal heat flux. Other models are structured

for a single isolated pipe. Ground surface temperature is specified as a

mean annual value, single annual sinusoidal relation, or a value computed

from local terrain and weather parameters. Some models explicitly solve

for local conditions in the vicinity of the pipe while others use a steady-

state analytical solution for heat transfer from the pipe to the nearest

nodal boundaries. Some models allow the user to set up the internal nodal

geometry while the nodal geometry is internally generated in other models.

Only a few models account for freezing, and none of the heat-pump earth-coil

models account for moisture diffusion due to thermal effects. Simulation of

building loads and heat pump performance is very elementary in most models.

Descriptive comments on some of the more significant models listed

in Figures 5 and 6 are provided below. This group includes lumped-parameter

models, finite-difference models, and finite-element models. Not all of

these models are publicly available. Some have never been fully documented

because student developers at universities graduated or funding was lost.

Lumped-Parameter Model. The University of Lund in Sweden is

developing the ULU1 model which characterizes the ground coil by a heat

transfer length and the soil as a cylindrical isothermal volume(48). Temper-

atures of the brine and soil are functions of time only. This model has been

used to study the influence of many parameters, such as various scenarios

for heat rejection or extraction. Local effects in the vicinity of the pipe

are not modeled.

Finite-Difference Models. The Brookhaven National Laboratory has

developed the GROCS model( 4 9) as a user-oriented, self-contained ground-

coupling subprogram for use with TRNSYS to model either a horizontal serpen-

tine coil or a buried tank. To minimize computation time, the model uses

constant soil properties and a comparatively small number of large nodal

volumes. The nodal structure is set up with a network of "free" nodes in
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the vicinity of the plane of the coil. Temperatures at the centroid of each

of these "free" nodes are computed at each time step from an energy balance

by matrix solution of simultaneous equations. The nodal network includes

"rigged" nodal volumes bounding the "free" nodes. Temperature of each of

the "rigged" nodes is computed by interpolation of input values for each

month as a function of depth.

Localized effects near the piping, such as freezing and moisture

migration, are not modeled. Rather, a thermal resistance for heat flow from

the horizontal piping to the centroid of adjacent "free" nodes above and

below the plane of the coil is computed using a steady-state conduction

relationship which provides a means for evaluation of spacing between pipes.

The effect of piping length can be evaluated by varying the length or dia-

meter of the free nodes adjacent to the piping plane. The depth of burial

can be evaluated by altering the depth of the horizontal plane of the

piping. This requires adjustment in depths of adjacent nodes as well.

The program computes outlet brine temperature and soil temperature

for each node in time steps of one hour or less in response to time dependent

mass flow and inlet brine temperature. Values of soil temperature for rigged

blocks are updated at each time step. Multiple layers of piping or reversed-

flow operation can be accommodated when coupled to TRNSYS by specification

of additional components which access the same nodal values. A heat-pump

simulation capability is available as a standard TRNSYS subroutine which

utilizes steady-state performance data.

Battelle has prepared a driver program for GROCS to replace

TRNSYS which provides time dependent heat rejection or extraction from the

piping. At each time step, the brine temperature to the field is computed

by iteration from the known heat flow, fixed circulation rate, and computed

brine temperature from the field. All inlet data arrays required in the

original version are internally computed from a few simple inputs to

facilitate optimization. Effects such as piping length, burial depth or

spacing can now be evaluated by a change in value of that one parameter.

Ground temperature tables in this modified version of GROCS are computed

using the Kasuda relationship( 50). Concentric nodal geometry is used in

this revised version as recommended by Andrews. The plane of the horizontal

piping is represented by an equivalent circular plane as shown in Figure 8.
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Comparison of averaged long-term brine temperatures, conducted by the

developers( 51) and by Oklahoma State University(1 7), has shown fairly good

agreement with computed values.

Another component subprogram in the GROCS program is available

for simulation of heat flow from a buried tank. By elongating the tank,

heat flow from a vertical liquid-filled coil can be simulated. The liquid

in the tank model is assumed to be isothermal.

Battelle-Columbus has developed the CONVEC program for modeling

earth-coupling heat transfer adjacent to a gas pipeline buried in Arctic

soil with underground water movement(52). A forward explicit approach is

used in solving the governing differential equations. This model utilizes

a unique approach for maximizing the time step as the calculation proceeds

while maintaining computational stability. Moisture movement due to hydrau-

lic (but not thermal) effects is modeled but can be suppressed if required.

Thermal properties of the earth are computed as a function of composition,

moisture content, and temperature. The model has a one-dimensional finite-

difference approach for computing ground surface temperature and far-field

ground temperatures as a function of terrain factors, snow cover, and meteor-

ological data. Figure 9 shows the nodal geometry used in the present model,

which is probably too complex for heat-pump earth-coil studies but could be

simplified with changes to input data. As is, the model would provide

extensive detail about an isolated pipe and would be especially suitable

for study of heating operation with freezing.

The CONVEC model has been used to evaluate the effect of sub-surface

water movement on the growth of the freeze zone about a chilled pipeline

under various scenarios of water flow, burial depth, and permafrost conditions.

In a current program, the CONVEC model is being used to evaluate frost-heave

phenomena. Analysis for moisture migration due to thermal effects in Arctic

soil is being developed.

Three two-dimensional finite-difference models of heat and moisture

transfer in soils have been developed at U.S universities for agricultural

application. All of these models compute temperatures and moisture content

for a rectangular nodal region bounded by vertical planes on the left through

the pipe and on the right midway between pipes. Sources and sinks of heat

and moisture at piping nodes are modeled by specifying temperature and
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moisture content at piping nodes. The Ahmed model (53) , developed at Ohio

State University, is soundly developed for a specific experimental apparatus
(54)and would require modification for general use. The Slegel model ),

developed at Oregon State University, and the Schroeder model (55), developed

at Texas A&M University, appear to offer superior modeling capability which

may be adapted for assessment of ground-coil cooling operating with reason-

able effort. Both models compute temperature and moisture flows at the

surface of the ground from weather data. A relatively large timestep of

24 hrs used in examples with the Slegel model indicates that very small time-

steps are not needed for stability--probably due to the use of an implicit

method of solution. The Schroder model is very large ('4000 statements) but

contains sophisticated means to reduce computing time and assure convergence.

The timestep is altered internally and node mesh size is decreased in regions

of high gradients as needed for convergence. The Schroeder model accounts

for gravity effects on moisture flow. Flat, sloped, or mounded surface

topography is modeled using triangular nodes at the surface. Computing time

with either model may be high due to iteration involved with coupled heat

and moisture equations.

The Oak Ridge National Laboratory is developing the Mei/Fischer

model for analysis of ground-coupling heat transfer for isolated vertical

coils(56 ). The coil consists of a tube-within-a-tube with liquid flow into

the center tube and out of the annuli. Convective heat transfer to the

walls of the inner and outer tubes are calculated from input values of the

convective heat transfer coefficient at the inner wall and at the walls

of the annuli. Constant input values are used for the thermal properties

of the fluid, piping, and soil.

Figure 10 shows the nodal network of the Mei/Fischer model which

is internally generated from specified values of piping radii, radius to

undisturbed soil, depth of coil, and number of vertical nodes. Heat rejec-

tion or extraction is simulated by imposing a temperature change using

steady-state heat-pump data.

Cycling behavior of the ground coil was modeled by specifying

operating time as a function of time of day and portion of each hour for

a typical day of the month. The program uses an explicit method to solve

the governing differential equations. Because the nodal geometry includes
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fluid and inner piping nodes, a timestep of less than a second is required

for calculation stability.

Output temperatures are provided for each node at user-controlled

intervals of time. These values include liquid temperatures at up to 10

depths in the inner pipe and in the annuli, inner piping temperatures,

and soil temperatures adjacent to the outer pipe and at five radial distances

from the pipe at each depth.

Experimental validation of this model will be conducted in.1982

by comparison with data from a deep vertical coil being installed at ORNL.

The University of Liege developed a finite-difference model of a

single vertical coil for the Belgian government(57). The model has not been

experimentally verified and work has been discontinued on it.

Claesson at the University of Lund in Sweden developed the ULU2

model for horizontal serpentine coils which utilizes variable soil proper-

ties(58). Surface temperatures are computed as a function of convection,

radiation, and ambient air temperature. Heat extraction is computed as a

function of ambient temperature. Freezing in the vicinity of the pipe is

accounted for by adjustment of soil properties at 0 C.

AGA-Thermia, in Sweden, has developed the YTSIML model for multiple

horizontal serpentine coils from the base provided in the ULU2 model(24' 59 62).

Soil properties are computed as a function of mineral density, quartz con-

tent, dry density, moisture content, and temperature. Freezing is assumed

to occur at 0 C and is modeled by adjusting the properties of the soil from

unfrozen to frozen values. Moisture migration is not modeled. Surface

temperatures are computed from 30-year average weather data.

The YTSIML model simulates heat flow in a cross-section perpen-

dicular to an infinite piping grid divided into rectangular cells. Heat

capacities are lumped to the center of each cell and these centers are

coupled by thermal resistance. Cell dimensions are chosen so that areas

with high thermal gradients have smaller cells. An analytical conduction

equation is used to model heat flow from the coil to nearby cells. Heat-

pump performance is modeled by a simple model. Comparisons with experimental

data show both good short (<10 hrs) and long-term agreement in brine tem-

peratures for heating operation.

Cantherm, a Canadian subsidiary of AGA-Thermia based in Montreal,

has extensively used the YTSIML model to develop application nomographs for
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systems with heat-pump heating and direct cooling with coils buried at less

than 1 m deep(24). A particular concern of the modeling effort is to provide

sufficient coil length and proper burial depth to assure thawing of the soil

about the coil by the start of the following heating season.

Figure 11 shows general features of the Cantherm/AGA-Thermia nomo-

graphs used for sizing heating-only systems. From an on-site soil sample,

the soil is typed in one of five categories and the moisture content is

measured. The nomograph factor is found on the nomograph from the soil

type and moisture content. Then a second line is drawn through the nomo-

graph factor and climate zone, which provides the burial depth and maximum

heat extraction rate per unit area of coil.

In addition to the proprietary design nomographs, the Cantherm

application methodology available to dealers includes extensive proprietary

installation guidelines relating to excavation, backfill, terrain features,

connections, conduits. through walls, alternate serpentine configurations,

parallel loop designs, etc.

The Technical University of Munich in West Germany developed a

model for multiple horizontal serpentine coils(63) which utilizes constant

soil properties. Surface temperatures are calculated as in the ULU2 model.

Heat extraction is modeled by specification of brine temperature. Additional

work is planned to model moisture diffusion.

The Cube-Ingenieur Union has developed the CUBE model for multiple

horizontal serpentine coils(64) which appears to be similar to the TUM model

but is more sophisticated and has been verified. Soil properties are computed

from analytical expressions as a function of time from inputs of soil type

and moisture content as a function of depth. Freezing is assumed to occur

gradually about the freezing point. Experimental data are used for the

latent heat of fusion and the thermal conductivity is adjusted from unfrozen

to frozen values. An analytical conduction relationship is used to model

heat flow from the pipe wall to adjacent soil nodes. Moisture migration is

not modeled.

The Crank-Nicholson mid-difference approach is used in solving the

governing equations. A variable time step is computed during the run as

required for stability with minimum run time as in the CONVEC model.
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Figure 12 shows the nodal geometry for the CUBE model. The rectan-

gular nodal network for the region bounded by a plane through the pipe and

a plane equidistant between pipes is internally generated from inputs of

coil layout and elemental size of the grid.

Time-dependent surface temperatures are computed with analytical

expressions using monthly average weather data. Heat transfer coefficients

are input for convection from the upper surface to the air and from the

brine to the pipe wall. Heat extraction rates are computed with a simple

degree-day model and a simple heat-pump model based on a Carnot efficiency,

ambient air temperature, brine temperature, and appropriate temperature

differences at the heat exchangers.

Outputs printed by the program include brine temperature, ground

temperature distribution, air temperature, heat-pump output and COP, heat-

extraction rate, and total heat extraction to date.

Development of the CUBE program was 80 percent financed by the

German Ministry of Research and Technology (KFA Julich) and prepared under

subcontract by a firm of geophysical engineering consultants (Ing.-Buro

fur Geophysik: Dr. Sattlegger). The program has been compared to experimen-

tal data on undisturbed ground and for a single pipe installation. Agreement

with undisturbed ground data was particularly good when the lower isothermal

boundary was set lower than 10 m. Since the model was not developed for

simulation of single pipes, the maximum possible spacing of 2.8 m was used.

Good agreement of ground temperature profiles was achieved in a comparison

for a complete heating season at the Balstrag installation. The 40 mm O.D. x

10 m long pipe was buried 1.5 m deep in clay.

The CUBE program with a life-cycle economic analysis subprogram

has been used to generate optimal dimensioning and heat extraction values for

heating-only systems such as the following:

* Minimum spacing = 0.8 m

* Optimum depth = 0.5 to 1.0 m (in agreement with AGA-Thermia/
Cantherm values).

Figures 13 and 14 show further optimization results for the first three

types of excavation methods shown on Figure 4 and described on page 12.
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Letters A, B, and C correspond to excavation methods A, B, and C in Figure 4.

Figure 13 shows that the optimum inside coil diameter for polyethylene coil

is in the range of 30 to 40 mm. Figure 14 shows that the optimum maximum

heat extraction rate is in the range of 30 to 40 W/m. The corresponding

annual average heat extraction rate is less than 20 W/m.

Finite-Element Models. The Acres Consulting Services, Ltd. in

Niagara Falls, Ontario, has developed finite-element models for multiple

horizontal coils and multiple vertical coils(65) in a program sponsored

by the National Research Council of Canada. The basis of the numerical

solution in this model is the Galerkin, weighted residual, pseudofunctional

method. The programs were designed to run with 1/2 month timesteps for run

times of three to four years. The nodal structure of each model is very

detailed and triangular elements are used as shown in Figure 15. The

modeling region is bounded by adiabatic planes through the pipe and through

the soil midway between pipes.

Soil properties are computed as a function of dry density,

temperature,and moisture content from fitted relationships for soil typical

of the Niagara Falls area. At the ground surface, temperature and moisture

are specified as annually varying sinusoidal values. Moisture at several

depths is specified and varies linearly from that at depth to the surface

value. Moisture migration is not computed during the run. The model

accommodates freezing with the assumption that moisture in excess of 22

percent would freeze at 0 C and the remaining moisture would freeze at a

temperature computed from an analytical relationship. Snow cover is

accommodated by an adjustment to the surface temperature. Evapotranspira-

tion, radiation, and convection at the surface are not explicitly modeled.

Heat extraction and heat-pump models are similar to that in the

CUBE model. The ACRES models were used to generate performance data on

baseline system configurations which showed the progressive growth of the

frost zone. The developers were unable to explore effects of pipe spacing,

burial depths, and extraction rates as scheduled because of delays in model

development related to model stability. No experimental verification of

the model is available.
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Battelle-Columbus and E. W. Brooker and Assoc. developed the finite-

element Thermal Soil Behavior Model(66) as a predecessor to the CONVEC model.

The solution method employed is the same as in the ACRES model. Other

features of this model are the same as described previously for the CONVEC

model. Battelle abandoned the finite-element potion of this code in develop-

ment of the CONVEC model in order to accommodate underground moisture flow.

A two-dimensional finite-element model of heat and moisture trans-

fer in soils was developed at Colorado State University by Walker(67 ) to

compute temperatures and moisture content in buried thermal energy storage

for solar systems. The program has extensive capabilities but need improved

accuracy in predicting values of moisture content.

The TNO organization of the Netherlands has developed finite-

element models for multiple horizontal coils and multiple vertical coils(68)

The basis of the numerical solution is the Dufort-Frankel method for the

soil and piping elements and the Crank-Nicholson mid-difference method for

the brine flow elements. A proprietary TNO subprogram called BERTRAM is

used for solution of the finite-element equations. The nodal network is

rectilinear with nodes with four and five sides. The boundaries of the

nodal network are the same as in the CUBE and ACRES models. A time step

of 1/2 to 5 hours is used. Soil properties are assumed to be constant

because of the anticipated use of the model in the Netherlands soil where

the water table level is less than 1 m deep in most of the land areas.

Any freezing allowance is accounted for by increasing input values of thermal

conductivity by 1.2 for the soil near the pipe. Surface temperature is a

function of ambient air temperature and undisturbed soil temperature at

0.75 and 1.0 m deep. The heat-extraction and heat-pump models are similar

to those in the CUBE model.

The TNO models have been used for parametric studies concentrating

on conditions in the Netherlands. Experimental data from a few experiments

were used to fit some of the constants in the program but verification with

data from other sources has not yet been conducted.

Schlosser at the Technical University of Denmark developed the

TUD3 and TUD4 finite-element models for multiple horizontal and vertical

coils(4 7). These models are similar except that the TUD3 model accounts
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for freezing and the TUD4 model does not. Figure 16 shows the triangular

elements of these models and end-of-month soil temperatures computed with

the TUD4 model.

The TUD3 model uses an enthalpy balance method so that freezing

does not introduce a discontinuity in the model. Soil temperatures are

computed from the known enthalpy distribution using appropriate thermal

and physical properties.

Surface temperatures are computed from a periodic function for

ambient air temperature fitted to weather data using assumed constants for

convection and radiation. The TUD3 model was adjusted to match measured

undisturbed ground temperature by altering heat transfer constants.

Soil temperatures are solved for in the TUD4 model by Gear's

method, which significantly reduces computing time. This model suffers from

the same weaknesses as the full model: it has been fitted to old weather/

soil data of doubtful accuracy and has not been verified with other data.

Heat-extraction and heat-pump models similar to that in the CUBE program

are used in both models.

Laborelec has developed the LAB3 finite-element model for a

horizontal coil based on an earlier electric-cable ground warming model

which includes freezing but not moisture migration(30,31). A Laborelec

proprietary program is used to solve for temperatures in a nodal network

with triangular elements. Soil thermal capacity is adjusted in the

vicinity of the freezing point to account for the latent heat of fusion

during freezing using the same data as in the CUBE model. Otherwise,

constant soil properties are used. Surface temperatures, heat-extraction

and heat-pump characteristics are computed as in the CUBE model. Verifica-

tion studies of the LAB3 model are being conducted in 1981.

Three-Dimensional Models

The GROCS program developed by Brookhaven National Laboratory can

provide three-dimensional results for a single-pass horizontal coil by

segmenting the length of nodes above and below the plane of the coil. In

this way, variations in brine temperature along the length of a coil can

be studied. Such a model would be useful in evaluating systems which
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extract and reject heat in alternate flow directions. In order to model

such length-of-field effects, the coil configuration should be a single

pass between manifolds rather than serpentine.

Landes and Haslbeck of the Hochschule der Bundeswehr have pre-

pared the HDB three-dimensional finite-difference model for flat-plate

vertical coils for the West German Army 70). The plate surface temperature

is assumed to be equal to the brine temperature which is computed from soil

temperatures and heat demand. Surface temperatures are computed from a

periodic function. Freezing is not modeled. The model has not been verified.

Availability of Design Methodologies

Design methodologies based on experience and rules of thumb will

continue to be used within limited geographic regions. More sophisticated

approaches are needed to properly assess design innovations and applica-

tions outside the known area of experience.

Steady-state models are judged to be of limited usefulness,

since even the most elementary transient model will provide more accurate

results.

The correlations of transient experimental data by Vestal and

Hadley appear to have limited usefulness because of uncertainty in selecting

a representative value for the design temperature difference. Vestal's

proposed design procedure includes a wealth of related application infor-

mation.

The Kalman model is judged to be the most useful of the simpler

transient models in that the model utilizes well known theory (used by

Penrod, Ingersoll-Plass, and others), is set up to provide typical day of

the month performance for both heating and cooling, has a reasonably good

heat-pump model, and contains an elementary life-cycle cost analysis. In

addition, the Battelle-modified version is compact and user-oriented.

The Kalman thesis contains a wealth of application information.

Monthly values computed with the ground-coupling portion of the

American Heliothermal lumped-parameter model were compared to results for

the same design problem computed by the Kalman and GROCS models in a sep-

arate design study. Comparisons of average monthly brine temperatures
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computed by all three models appear to agree reasonably well. The origi-

nal American Heliothermal program contains a stochastic weather model and

a good heat pump model based on least squares fit of steady-state perform-

ance data.

The GROCS program has been available for use with TRNSYS since

September 1979 and is presumably in use by many organizations in conjunction

with the TRNSYS program. TRNSYS provides excellent support programs for

weather data, building loads, and heat-pump performance. The stand-alone

driver program prepared by Battelle coupled to the GROCS horizontal coil

subprograms should simplify the effort in conducting ground-coupling optimi-

zation studies.

The CONVEC model is available for application by Battelle but

would have to be adapted to heat-pump earth-coupling studies. A particularly

strong feature of this model is the calculation of ground surface tempera-

tures and freeze/thaw zones about the pipe.

The Mei/Fischer vertical-coil model will be available from ORNL

after verification studies are completed. This model is more appropriately

applied to deep wells in that it uses constant soil properties. Variable

soil properties and freezing could be accommodated in the model with minor

development effort, if needed, for modeling performance of shallow vertical

coils.

Listings for all of the U.S. heat and moisture models are available

in the literature, except for the Hartley, Cassel, and Gee models. A more

detailed assessment of the heat and moisture models has been prepared by

Battelle. (69)

The ACRES horizontal and vertical-coil models are available for

contract research by the developers. The programs feature a detailed model-

ing capability which includes freezing. No further model development has

been conducted since the original study was concluded in June 1978.

Of the European models, only the YTSIML and CUBE models show some

evidence of becoming publicly available. The TNO and Laborelec models rely

on proprietary subprograms. The University of Lund and Technical University

of Munich models appear to be less sophisticated than the YTSIML and CUBE

models. The Technical University of Denmark models are no longer supported

and may need further development.
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Presently, the Cantherm subsidiary of AGA-Thermia in Canada is

utilizing the YTSIML program in preparation of application materials for

the North American market and wishes to restrict distribution of the program

while establishing a market position.

Reported evidence indicates that the CUBE model may be the most

extensively tested and proven model in use and appears to be available on the

basis of contracted research or outright purchase. The author of the CUBE

model was unable to get continued financing for further model development from

the German government.

A strong feature of both the YTSIML and CUBE models is the capa-

bility of detailed modeling of soil temperatures about the coil with

variable soil properties including freezing. Both programs are weak in

modeling loads and heat-pump characteristics, and neither are suitable for

modeling vertical coils.
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REVIEW OF COSTS OF EXISTING INSTALLATIONS

Experience with marketing ground-coupling heat-pump systems in

the U.S. suggests that the primary additional costs for the ground-coupled

heat-pump system is the installed cost of the ground coil or well itself(l).

The additional cost of the brine pump and refrigerant-to-brine heat

exchanger should be substantially offset in a mature product by eliminating

the outdoor air-to-air coil and fan on conventional air-source units.

Installed cost of ground coils is about $4.60* per m for horizontal

configurations and $25 per m for a deep vertical coil. A trenching cost

of about $3 per m included in the above figure for horizontal coils agrees

with recent experience in two separate experiments in which trenching was

contracted locally at the prevailing rates(71,72).

Installation costs in Germany are much higher than the above values

due to a substantial fee related to acquisition of required permits. Von

Cube(9) conducted a cost optimization in West Germany and determined that

the installed cost of the ground coil could be reduced to about $10 per m

using a plow excavator to install flexible plastic piping. Using this value,

the ground coil is estimated to cost about $120 per kW of heat delivered

to the conditioned space. The ground coil of a 10-kW system installed with

conventional excavation techniques costs about $450 per kW. This value

decreased to $250 per kW for an 80-kW system(73).

Two German companies offer 50 to 100 m deep vertical-coil systems

at $1,500 to $2,000 per bore and $900 to $1,000 per bore. A single family home

would require about four such bore holes.

In Belgium, costs for horizontal ground coils range from $2.4 to

$24 per m and $48 per m for one vertical system(74).

In Sweden, the cost of a ground coil for one 13-kW heating system

was about $129 per kW of heat delivered to the conditioned space(75)

Operating costs for ground-coupling heat-pump systems can be esti-

mated from expected space conditioning loads using a heating seasonal per-

formance factor of 3.0, assuming that pumping power for circulating the brine

is included in that figure. Annual electrical consumption by a ground-

coupled heating system for four German residences was correlated by Eq. 5:

* 1981 dollars.
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E = 0.91 H (5)

where

E = annual electrical consumption per unit of living
area, kWh/m'

H = Heating demand of the residence per unit of
living area, W/m4.

Annual maintenance costs based on 25 years of operation of the Cube system(9)

is estimated to be about $65 or about 1.5 percent of the capital cost of

the system.
¢
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AVAILABILITY OF DESIGN INFORMATION

Under most circumstances, design application information is

obtained from organizations involved in marketing products or services.

The following North American organizations were judged to have significant

recent experience in application of ground-coupling technology.

Company Comments

Alten Northwest Hybrid heating/cooling system with
1134 Poplar P1. S. horizontal 4-inch PVC pipe coupled to
Seattle, WA 98144 unglazed solar collectors. Ethylene-
206/329-9692 glycol/water brine.

Cantherm Heating systems with direct cooling
8089 Trans-Canada Highway using horizontal polyethylene tubing
St. Laurent, Quebec H4S 1S4 and ethylene-glycol/water brine.
Canada
514/334-4870

Genesis Energy Systems Hybrid heating systems with solar
Div. of Hattersly & Sons, Inc. collectors.
3989 Mobil Avenue
Fort Wayne, IN 46895
219/483-7974

E-Tech, Inc. Heating/cooling systems with horizontal
3570 American Drive polyethylene tubing in southeastern U.S.
Atlanta, GA 30341 under contract to U.S. DOE.
404/458-6643

Geosystems, Inc. Heating and cooling systems using poly-
3623 N. Park Drive butylene tubing (horizontal) and PVC
Stillwater, OK 74074 pipe (vertical) and water or propylene-
405/372-6851 glycol/water brine.

Kaman Sciences Corp. Hybrid heating/cooling systems with solar
1500 Garden of the Gods Road collectors and buried tanks.
Colorado Springs, CO 80907
303/599-1500

Trendsetter Industries Heating/cooling systems with polybutylene
10183 Croydon Way tubing irrigated by septic water or
Sacramento, CA 95827 external drip irrigation.
916/361-0107
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In general, there appears to be a lack of design information

available for systems which reject a significant amount of heat to the qround.

Rules of thumb, nomographs, simple analytical correlations, and computer

models have been discussed in previous sections.

Soil properties required in some of the design procedures are

not usually available for local soils; however, fairly extensive data are

available for various soil classifications. Kersten (76) measured thermal

properties of an extensive number of frozen and unfrozen soils and described

appropriate measurement methodology. Property data and correlations for

selected soils, available in the documents on heat and moisture models, are

summarized in the Battelle review of these documents 69) . Other sources of

soil data are included in work by von Cube (9), Kalman(33), Mickley(77)

(78) (79)Havens (78), and Black(79). Specific heat and thermal conductivity of soils

can be calculated by the de Vries method(80'8 1) as a function of water

content, temperature, soil mineralogical composition, and bulk density.

A program for calculating thermal conductivity by this method with a HP-97

programmable calculator has been prepared and validated by Walker(67). A

number of other correlations for thermal conductivity of soils are avail-

able (7'3 4) An in situ method of measurement of soil thermal conductivity

is available(8 '83). Far-field earth temperatures are best obtained from

local measurements; however, several analytical approaches are available(33 50)
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CONCLUSIONS

Conclusions from this survey are discussed in the areas of coil

geometry, system performance, reliability, design methodologies, and design

guidelines.

Coil Geometry

Horizontal serpentine coils have been and at present are the most

common coil configuration, particularly for heating-only systems. With the

availability of regeneration from heat rejection by systems installed in

climates with a substantial cooling need, other coil configurations are

practical. These include multiple shallow vertical coils and horizontal

coils with supply and return tubing in the same trench at different elevations.

Deep well configurations are attractive when sufficient ground space is

unavailable; higher installation cost per unit length of four to six times

that for a horizontal coil is partially offset by an improvement in conduc-

tance to the soil of at least two to three times.(34 )

System Performance

A seasonal performance factor of about 3.0 can be expected for a

properly designed and installed residential ground-coupled heat pump system

in the heating mode and about 2.8 in the cooling mode. This represents

about a 50 percent improvement in seasonal heating performance in comparison

with that for air-source heat pumps and about equivalent cooling performance.

Lower performance can probably be expected from systems installed in the

U.S. using available water-source heat pumps designed for operation at

well-water temperatures of 50 F or higher.

Cycling operation has been found to enhance heat extraction from

the ground for systems designed to operate above freezing because the soil

adjacent to the coil has a chance to recover to far-field conditions. This

transient phenomenon is not well understood. It appears that oversizing of
\

ground-coupled heat pumps with respect to building heating loads may enhance

overall heating system performance.
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Available experimental data from programs conducted in the late

'40's suggest that thermal conductance from the coil to far-field soil

will be improved with sand or clay backfill for heating or cooling, respec-

tively. With sand backfill, moisture migration to the coil during heating

is presumably enhanced with sand backfill. Conversely, with clay backfill,

moisture migration away from the coil during cooling operation is retarded.

Reliability

Long-term (^20 years) durability of buried steel and copper tubing

has been demonstrated. Life expectancy of thin-walled polyethylene and

polybutylene service-water tubing in the heating-only application is

expected to be equally as good; however, present experience is limited to

less than five years. In the cooling application with heat rejection

temperatures exceeding 37.8 C, some cracking of polyethylene tubing has

been experienced upon subsequent cooldown for heating operation. This was due to

localized stresses induced by conformity of the tubing to stones when hot.

Freeze protection is required with water in the loop to avoid

heat exchanger failure, particularly inthe event of a circulating pump

failure in the long term. Some heat exchangers used primarily on well-

water heat-pump systems utilize a concentric copper tube within a

polybutylene tube that is less susceptible to freezing damage. The most

foolproof approach is to use an antifreeze mixture of water and ethylene

glycol, propylene glycol, or calcium chloride.

Receding of the soil from the pipe after a period of several years

was experienced in the late '40s. An understanding of this phenomenon may

be critical to the long-term operating success of these systems, particularly

for systems operating with summer heat rejection.

Design Methodologies

A wide variety of design methodologies are or have been utilized

by system developers. Rules of thumb related to coil length and burial
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depth based on prototype installations have served well for a particular

locality; however, designers need more information to properly assess design

innovations and effect of climatic variables.

Design methods based on line-source theory can provide typical

day of the month values that are useful for optimizing burial depth and

coil length. The Kalman-Georgia Tech model modified by Battelle appears

to be a useful design tool but has not been adequately experimentally

verified.

Lumped parameter models, such as the American Heliothermal model,

utilize rather gross approximations to actual heat transfer conditions in

the soil but can provide useful transient performance information.

Finite-difference and finite-element models predict brine and

soil temperatures for a specific model geometry. The accuracy of predictions

are dependent on the level of detail in the model for nodal geometry, soil

properties, surface effects, heat-pump characteristics, and space-condition-

ing loads. No ground-coupling heat-pump model at present accounts for

moisture migration due to thermal effects.

None of the more complex European models are publicly available

at present for one reason or another. Of these, the YTSIML and CUBE models

appear to be the most sophisticated. The CUBE and CONVEC finite-difference

models and the ACRES finite-element model are available from the developers

for contract work. All of these models include provision for freezing

of the soil near the coil.

The GROCS finite-difference model is a useful design tool for

evaluating weekly or typical day-of-the-month brine temperatures and has

been widely distributed in the U.S. for use as a TRNSYS subprogram. The

stand-alone version of GROCS for a horizontal serpentine coil prepared by

Battelle should be a useful optimization tool. However, in its present form,

GROCS provides little detail in the vicinity of the coil and does not model

freezing.

Heat pump and space-conditioning load models used in most ground-

coupling models are elementary and could be much improved with publicly

available models.
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Design Guidelines

Despite an intense effort of experimental work in the '40s and

'50s in both the U.S. and Europe, no suitable general design guidelines

have been developed. European experience over the last 30 years can be

summarized by a lack of use of these systems due to an economic disadvan-

tage with respect to fossil-fueled heating systems and a lack of suitable,

publicly available, design methods. Modern-day research and development

efforts have utilized plastic tubing and computerized analytical techniques.

Design methods have been developed in the last 10 years based on complex

models that are expensive to use. There are several well-developed proprie-

tary design and application methodologies for northern climates based on

complex models. Simpler models, more suitable for on-site use, have been

developed, but these are inaccurate and therefore no better than rules of

thumb. Major uncertainties exist regarding suitable design and installation

practices for systems with substantial cooling operation, due to inability

of models to deal with moisture migration and soil recession. Thus, no

publicly available design guidelines exist, based on theory and experiments,

which enables the optimum design to be selected for each installation. In

fact, in Europe, the economic optimum is often used with fossil-fuel backup.

In summary, further design-method development efforts are necessary

to provide installers and manufacturers with pertinent design information

in order to stimulate further implementation of ground-coupled heat pumps in

the U.S. The availability of this information will also help to minimize

the occurrence of inadequately designed systems which could actually

inhibit acceptance of ground-coupled heat pumps. Specifically, capabilities

of U.S. design methods need to be improved to handle freezing of the soil

as the best privately held European models currently do. Design data for

the U.S., similar to that already developed in Europe as mentioned above,

also needs to be developed. Finally, a research effort is needed to develop

parametric data on the design and performance of a ground-coil during cooling

operation using one or more of the heat and moisture models that were

developed for other applications.
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RECOMMENDATIONS

Further development of design methods are necessary to provide

installers and manufacturers with appropriate analytical tools and pertinent

design information for stimulating further implementation of ground-coupled

heat pumps in the U.S. The availability of these tools and information

will also help to minimize the occurrence of inadequately designed systems

which could inhibit acceptance of ground-coupled heat pumps.

Specific recommendations for near-term research and development

are:

(1) Capabilities of U.S. design methods need to be improved

to handle freezing of the soil, as the best privately

held models do to extend the range of performance predic-

tions to lower source temperatures encountered in systems

used in northern climates, which are operated with little

or no auxiliary energy.

(2) A research effort should be undertaken to develop para-

metric data on the design and performance of a ground

coil during cooling operation using one or more of the

heat and moisture models developed for other applications.

(3) Appropriate heat-pump and space-conditioning load models

for use in ground-coupling models should be developed from

publicly available methodology.

(4) Available experimental data from historical and current

programs should be analyzed/compiled or, if necessary,

developed for use in development of comprehensive

design guidelines.

(5) Current field experience with polyethylene/polybutylene

service-water piping in ground-coil systems should be

monitored to establish durability of such piping in this

application.

(6) Current field experience with sand, clay, or native-soil

backfill should be monitored to establish recommended

type of backfill for system applications ranging from

heating-only to cooling-only service.
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