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ABSTRACT

A ground-coupled heat pump (GCHP) system having a 200 m (675 ft)

horizontal serpentine ground coil was installed at the Tennessee

Energy Conservation in Housing (TECH) facility. Experimental results

for the 1982-1983 heating season showed a heating seasonal performance

factor (SPF) of 2.60. Had the system been located outside the

conditioned space the SPF would have been 2.04. No auxiliary electric

heat was required.

Soil temperature measurements indicate that the ground near the

pipe never went below 0°C.

A discussion of soil moisture measurement techniques and devices

is included. Moisture sensors have been installed near the coil and

will be used to determine drying trends during the 1983 cooling

season.
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CHAPTER 1. INTRODUCTION

The University of Tennessee Energy, Environment, and Resources

Center has been contracted by the Oak Ridge National Laboratories

(ORNL) for the procurement, installation, maintenance, operation and

instrumentation of a horizontal ground coil heat (GCHP) pump system.

Tech House I at the Tennessee Energy Conservation in Housing (TECH)

Facility incorporates the horizontal ground coil heat pump system.

ORNL contracted with Battelle, Inc. to design the GCHP system for

Tech House I. That design (based on the cooling load) called for a

ground coil pipe length of 700 feet utilizing 1-1/4" IPS polybutylene

pipe. The brine in the ground coil is a solution of water, 20% (by

weight) of methanol, and corrosion inhibitors. In addition to the

design of the GCHP system, Battelle was to recommend an instrumentation

scheme for that system. The existing heat pump was to be utilized with

the exception that the existing water to refrigerant heat exchanger

should be replaced with a Standard Refrigeration, Inc. model KY-500

shell and tube. The heat pump initially used in the system was a

General Electric unit, 30,000 Btuh total cooling and 30,000 Btuh (high

temp.) heating at ARI standard conditions.

As instructed by ORNL, the existing heat pump system was removed

during October, 1982. A TETCO water-to-water heat pump was then

installed. Even though this unit is a heating only heat pump, space

cooling is provided via water valves that redirect the flow of brine

between the ground coil, heat pump, and water-to-air coil.
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The GCHP was utilized during the winter of 1982-83 to provide

space heating for TECH House I. During mid-winter (February 14, 1983)

the existing water-to-air coil was replaced with a larger, more

efficient coil. Data were recorded hourly with few interruptions

throughout the heating season. Those data are presented and discussed

in this report.
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CHAPTER 2. PROJECT HISTORY

A discussion of the project history from the project's inception

through October 31, 1982 is presented in detail in Appendix A.

During October, 1982 it had been determined that the existing

water-to-air coil should be replaced with one that would more closely

match the heat release capability of the heat pump. Due to the time

necessary to procure that coil, it was not installed until halfway

through the 1982-83 heating season.

During the first 2-3 weeks of the heating season, the system would

rapidly (2-4 minutes) build up high head pressure resulting in shut

down of the compressor by the overload protection device. It was

determined that under the existing water and air flow conditions, the

water-to-air coil was not capable of transferring the heat to the space

load at the rate being produced by the heat pump. Hence, it was

decided to replace the water-to-air coil with one that would more

closely match the heat release capability of the heat pump. When the

ground and ambient air temperature had decreased due to the colder

weather, the system was capable of operation (although with high

refrigerant pressures) with the former water-to-air coil.

On November 24, 1982, the ground temperature probes and soil

moisture sensing blocks were dug up and realigned. The original

locations of the temperature sensors extended no further than 6-1/2

inches from the pipe wall. From observations of summer 1982 data it

was concluded that the high density of temperature sensors near the
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pipe did not provide sufficient data to adequately describe the thermal

response of the soil. Upon excavation it was noted that the disturbed

soil was saturated with water. The undisturbed soil, however, was

moist but not saturated.

On December 27, 1982 Geologic Associates, Inc. was contracted to

drill a hole to a depth of ten feet at a location "far field" from the

horizontal ground coil. The exact location of that hole is shown on

Figure 4.2. Soil samples were taken at three different depths while

drilling. A copy of the drilling report can be found in the appendix.

Thermocouples were then placed at one foot intervals in the hole and

then the hole was backfilled. These temperatures will be recorded

manually once every 1-2 weeks to provide far field temperature data

required for the computer simulation of the ground coil system.

On January 1, 1983, Dr. Stan Johnson, Professor of Mechanical

Engineering, began working on the project. He is working with the

graduate students and providing technical assistance for the project.

The new water to air coil for Tech House I was installed on

February 14, 1983. A subsequent check of hourly C.O.P.s indicated a

marked improvement in the thermal performance with the new coil under

comparable conditions. Hourly C.O.P.s of about 2.7 were measured with

the new coil compared with 2.3 measured with the former coil. Also,

the temperature of the brine entering the new coil was about 10°C

cooler than with the former coil (resulting in lower refrigerant

pressures).

Due to the concern about the durability and repeatability of the

initially installed gypsum soil moisture measurement devices, a
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literature survey was conducted on replacement devices. In March, 1983

it was decided to purchase ceramic soil moisture measurement devices.

They will be installed prior to the 1983 cooling season.

The heating system in Tech House I was shut down on April 25,

1983. The cooling system will be activated during the latter half of

May, 1983.

Calibration tests on the gypsum soil moisture blocks as well as

the newly acquired ceramic soil moisture measurement devices have been

conducted. Curves relating the devices' resistivity to soil moisture

content have been developed. Those curves are presented in Chapter 6,

"Soil Moisture Measurements."
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CHAPTER 3. SYSTEM DESCRIPTION

Figure 3.1 is a schematic of the ground coupled heat pump system

in use from September, 1982 to the present time. The heat pump is a

TETCO hydronic, heating only heat pump. Space cooling is accomplished

by re-directing the water-methanol brine with three way valves as shown

in Figure 3.1. The position of the three way valves (controlled

manually) determines the mode of operation (heating or cooling). When

the thermostat engages, the compressor, indoor fan, and brine circulation

pumps are powered.

Both circulation pumps are Gorman-Rupp series 14520 (240 volt)

pumps. The measured flow rates in each loop for each mode of operation

are listed in Table 1.

Table 1. Measured Flow Rates (gpm)

Heating Cooling

Ground Coil 9.6 9.3

Old Fan Coil 7.4 6.7

New Fan Coil 8.9 9.6

A plan view of the ground coil layout is depicted in Figure 3.2.

The pipe is polybutylene nominal 1-1/4" IPS with an inside diameter of

1.380 inches and a wall thickness of 0.120 inches. The pipe length,
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as installed, was measured to be 675 feet. The pipe was buried

approximately four feet deep.

On February 14, 1983, the existing water-to-air coil was replaced

with a larger, more efficient coil. This new coil more closely matches

the heat release capability of the heat pump. According to information

supplied by ORNL personnel, the existing coil is capable of delivering

22,500 BTUH with 102°F entering water at 6.4 gpm and 1100 CFM air flow.

It was estimated that the heat pump will deliver approximately 36,000

BTUH at the flow conditions stated above. The replacement coil will

deliver 36,000 BTUH with 105°F entering water at 9 gpm and 1100 CFM air

flow. The same coil will closely match the cooling load of

approximately 24,000 BTUH by reducing the air flow rate to 800 CFM and

reducing the water flow rate to 4.1 gpm.

It was estimated that the installed cost of the ground coupled

heat pump system was $5290. This estimate is for the ground coil, heat

pump and associated piping and controls and does not include costs for

ductwork. Table 2 shows a breakdown of the costs of the major items

associated with the systems installation. The cost of the heat pump is

the factory cost to an individual buying units in lots less than 100.

In lots of 100 the cost is $1370.
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Table 2. Estimated Ground Coupled Heat Pump Cost Breakdown

1982 dollars
Earth Coil 585

Earth Coil Installation 350
Heat Pump 2500
Water Coil 655

Air Handling Unit 200
Heat Pump & Water Coil Installation 1000

Total $5290
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CHAPTER 4. INSTRUMENTATION

Table 3 is a listing of all the measured parameters fron the

ground coil heat pump system used after September, 1982. All

parameters measured by the data acquisition system (DAS) are assigned a

unique data number. That number is utilized for data retrieval.

Conditioned space dry and wet bulb temperature measurements are

made with solid state temperature transducers. The solid state device

is a two terminal monolithic integrated circuit temperature transducer

which produces an output current that is proportional to absolute

temperature.

All other temperatures are measured with platinum resistance

temperature devices (RTDs) using standard resistance thermometry.

These RTDs were selected for durability, electrical stability, and

linearity.

On November 24, 1982 the RTDs and gypsum blocks in the vicinity of

the pipe midpoint were dug up and repositioned. Figure 4.1 depicts the

new location of these RTDs around the pipe. Figure 4.2, point A,

depicts in plan view the location of these measurements. RTDs #16 and

17 (point D on Figure 4.2) are measuring the temperature of the ground

at the surface, and ten feet deep respectively. RTD #18 located at

point B on Figure 4.2 is installed in contact with pipe wall at 25% of

the pipe length. Point C on Figure 4.2 depicts the location of RTD #19

which is also installed in contact with the pipe but at 75 percent of

the pipe length. Point E is the location of the far-field temperature

measurement (not recorded by the DAS).
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Table 3. Measured Parameters (after September, 1982)

******************************ANALOG SIGNALS****************************

CABLE # RTD # DATA # MEASUREMENT

1 1 120 T1
2 2 121 T2
3 3 122 T3
4 4 123 T4
5 5 124 T5
6 6 125 T6 GROUND TEMPERA-
7 7 126 T7 TURES NEAR PIPE
8 8 147 T8 MIDPOINT (See
9 9 148 T9 Figure 4.1 for

10 10 149 T10 Location)
11 11 150 T11
12 12 151 T12
13 13 152 T13
14 14 153 T14
15 15 154 T15
16 16 155 Surface of ground
17 17 156 Ten feet deep in ground
18 18 157 Temperature of pipe 169 ft from

where it enters the ground (25%
of the Pipe Length)

19 .19 158 Temperature of pipe 506 ft from
where it enters the ground (75%
of the pipe length)

******************** OTHER TEMPERATURE MEASUREMENTS ******************

CABLE # DATA # MEASUREMENT

20 159 GRND i (Temperature of brine entering
the ground coil)

21 160 GRNDo (Temperature of brine exiting
the ground coil)

22 161 Hdry (Space dry bulb temperature)
23 162 Hwet (Space wet bulb temperature)
31 163 Fani (Temperature of brine entering the

water to air coil)
32 164 Fan o (Temperature of brine exiting the

water to air coil)

*************************** DIGITAL SIGNALS *************************

CABLE # DATA # MEASUREMENT

24 67 GRND (Heat flow into/from the ground)
25 66 WTAC (Water to air coil)
27 41 HTPu (Heat pump outdoor unit)
28 36 BLWR (Blower)
29 40 Phtg (Circulation pumps)
30 35 SOLR (Tech house 1 total power)
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Gypsum blocks have been used to measure the moisture content of

the soil. The electrical resistivity of those blocks changes with

moisture content. Figure 4.3 depicts their location prior to November

24, 1983 and Figure 4.4 depicts the positioning after that date.

Four watt-hour meters are used to measure the power consumption of

the heat pump compressor, supply air blower, brine circulation pumps,

and total house power. In each of these meters the revolutions of the

eddy disk are counted by optical sensors. The output of each optical

sensor is digitized and then sent to a summing circuit or counter.

A flow meter and two RTDs form the basis of each water side heat

flow. The heat into/out of the ground, and the water to air coil heat

flow are measured with these devices. The temperature difference,

measured by the two RTDs, is electronically converted to a frequency.

That frequency is then electronically multiplied by the frequency

output of the flow meter. The product of the flow rate and the

temperature difference, which is directly proportional to the heat

flow, is sent to a summing circuit in the DAS.

The digital heat flow and electric power signals from the

different modes of system operation are each accumulated by counters in

the Hewlett-Packard data system, and each hour all counters as well as

all analog signals are scanned, their contents recorded on magnectic

tape and printed on paper. The counters are then zeroed. The magnetic

tape contains then the hourly heat flows, energy consumptions and

specified temperatures in each system as well as complete outdoor

meteorological conditions. Data on these tapes are massaged weekly by

16
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computer software to produce weekly reports of the ground coupled heat

pump system performance.
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CHAPTER 5. THERMAL PERFORMANCE DATA

5.1. Soil Temperature Measurements

A significant factor influencing the performance of the ground

coupled heat pump system is the thermal response of the soil to heat

extraction. Temperature values in the soil were recorded hourly from

19 locations about the pipe field almost continuously throughout the

heating season November '82 - April '83 (See Appendix C).

For analysis, the ground temperature data at each location were

averaged for each day and plotted with time. Figures 5.1 through 5.5

describe the thermal response of the soil during the heating season at

increasing horizontal distances from the pipe. As expected, the

temperature fluctuations of the soil are less prominent as distance

from the pipe increases, and the temperatures increase slightly with

increasing distance from the pipe. The pipe temperatures in different

radial directions from the pipe are illustrated in an isotherm diagram

of the pipe cross section, Figure 5.6. The temperature of the soil

surrounding the pipe did not display radial symmetry about the pipe.

This phenomenon is not unexpected, as the soil nearer the surface is

influenced more by the ambient air temperature.

As distance from the influence of the ground coil is increased,

especially in the downward direction, the pattern displayed by the plot

of soil temperature versus time resembles more closely the character-

istic sine wave pattern describing far field earth temperatures as a
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function of time of year and depth as described by Kusuda (1). Figure

5.7 shows temperature data collected from the earth at a depth of 10

feet at a location near the pipe field. Also plotted on this figure

are data from the far-field soil temperature site. (Point E in Figure

4.2.) In addition an analytical estimate of ground temperatures using

the Kusuda method is shown. From Figure 5.7 one can see that the soil

temperatures at a depth of 10 feet in the pipe field are essentially

the same as the far-field soil temperatures at the same deptn. The

ground heat exchanger has no measureable influence on the soil 6 feet

below the pipe. The analytical estimate predicted using the Kusuda

method, underestimates the ground temperature by as much as 2°C during

the time period shown in the figure. This discrepancy might be partially

explained from the difference of the long term temperature averages of

the soil and the ambient air used in the Kusuda prediction, with the

more recent mild weather experienced at the site. Also, differences

between conditions at the experimental site and those at the nearest

earth temperature station listed in the Kasuda tabulation (in Jackson,

Tennessee) could be a factor. The Kusuda relation 5.1 was curve

fitted to force it to match the far field data, and this equation

can be used to obtain a good estimate of far field temperatures which

were not measured during the experiment.

t =A - BO xp DT )cos( - X -P (5.1)cos D

where:

t is the montnly average earth temperature
e is the time coordinate in hrs beginning January 1
T is the period of the temperature cycle = 8766 hrs
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A is the annual average earth temperature
D is the thermal diffusivity of the soil
X is the depth of the soil

BO is the earth temperature amplitude at the surface
PO is the surface temperature phase angle

5.2. Brine Temperature Measurements

Of particular interest to the performance of the heat pump is the

thermal response of the brine used as the working fluid in the ground

heat exchanger. The brine temperatures entering and exiting the ground

are functions of the heat pump load and ultimately of the ambient air

temperature. The measured brine temperatures were also averaged for an

entire day and plotted against time on Figures 5.8 and 5.9. Indeed,

the peaks of the brine temperature curve match well with those of the

ambient temperature curve, Figure 5.10. The difference in the brine

inlet and exit temperature gives an idea of how well the ground heat

exchanger was able to deliver the heat required. This difference is

shown on Figure 5.11. The difference in the inlet and outlet brine

averaged over an entire day remained essentially constant throughout

the heating season. Had this average delta brine temperature decreased

during the season, one could conclude that the heat extraction from the

ground became more difficult as the season progressed. The average

delta brine temperature being constant indicated that the ground coil

is of adequate length and dimensions to provide for the heating load

experienced thus far.
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5.3. Heat Pump Performance Data

Specific temperatures, heat flows, power consumptions, and weather

data pertinent to the performance of the ground coupled heat pump were

recorded hourly from November 1, 1982 through April 25, 1983. During

that time period, data were obtained during 3961 hours out of a

possible 4200 hours (94.3%). Monthly values are presented in Table 4.

Information regarding downtime can be found in the appendix.

Table 4. Actual & Total Possible Hours of Data

Month Possible Hours Hours of Recorded Data Performance

Nov 82 720 719 99.9%

Dec 82 744 701 94.2%

Jan 83 744 744 100.0%

Feb 83 672 657 97.8%

Mar 83 744 564 75.8%

Apr 83 576 576 100.0%

TOTAL 4200 3961 94.3%

Presented in Table 5 are the monthly and seasonal totals of the

three electric power consuming components of the system, the water side

heat flows, and the number of heating degree days. Of the total

electric power consumed during the season, the blower consumed 14.1% of

the total, the pumps consumed 8.8%, and the compressor, 77.1%.
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Table 5. Measured Electric Power Consumptions and Heat Flows (kwh).

Total System Air Ground °F
Month Blower Pumps Compressor Power Coil Coil days

Nov 82 6b 40 414 520 1054 1007 457

Dec 82 109 68 649 826 1871 1352 592

Jan 83 187 115 1026 1328 2384 1850 845

Feb 83 144 87 714 945 1806 1359 661

Mar 83 66 47 340 453 1040 820 371

Apr 83 61 38 316 415 997 800 364

TOTAL 633 395 3459 4487 9152 7188 3290

The ground coupled heat pump system was capable of providing heat

to the conditioned space throughout the heating season without the need

for auxiliary electric resistance heat as is required in conventional

air to air heat pumps. This phenomenon is of particular interest to

electric utilities. The highest electric demand with the ground coil

heat pump was approximately 5 kW. Had the conditioned space utilized

an air to air heat pump, the peak electric demand could have been as

much as 12 kW.

5.4 Heat Pump Performance Factors

The seasonal performance factor (SPF) is defined as the total

useful heat provided to the conditioned space divided by the total

purchased power required to deliver that heat. Since the ground

coupled heat pump system is packaged in such a manner that it could be

installed either inside or outside the conditioned space, two methods

of calculating the performance are presented. SPFi is the
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performance factor for the case in which the heat pump package and all

other power consuming components (pumps and the blower) are located

within the conditioned space. The ground coupled heat pump system is

presently installed in this manner. The heating SPFi is then

calculated as the sum of the total system purchased electric power and

the ground coil heat flow divided by the total system purchased

electric power.

SPF o is the performance factor for the case in which the heat

pump package and all other power consuming components are located

outside the conditioned space (i.e., a garage). The heating SPFo is

then calculated as the total heat delivered via water to air coil

divided by the total system purchased electric power.

Table 6 presents the SPF values for each month and the entire

heating season. Clearly SPF i is beneficial to the consumer during

the winter, but will be a detriment during the summer months.

Table 6. Seasonal Performance Factors

Month SPF i SPF0

Nov 82 2.94 2.03

Dec 82 2.64 2.27

Jan 83 2.39 1.80

Feb 83 2.44 1.91

Mar 83 2.81 2.30

Apr 83 2.93 2.40

ENTIRE SEASON 2.60 2.04
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When evaluating the monthly trends in the SPF values, one must

remember that a smaller, less efficient water to air coil was utilized

from November 1, 1982 through February 14, 1983.
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CHAPTER 6. SOIL HEAT TRANSFER

6.1. Introduction

Heat flow through the soil occurs by several different mechanisms.

Conduction heat transfer takes place in the solid particles of the

soil, through the water present, and through the air in the soil pores.

Consequently, for a particular type of soil, the effective thermal

conductivity is a function of water content, composition, density, and

temperature.

Heat transfer also occurs through movement of water in both the

vapor and liquid phase. Vapor diffusion is due to vapor pressure

gradients caused by temperature gradients in the soil. Phase change

heat transfer also occurs because the water is evaporated in the warmer

soil regions and condenses in the cooler soil regions. Latent heat

released by freezing of the soil moisture can contribute significantly

to the overall heat transfer.

The liquid water movement in the soil is caused by differences in

water surface tension between the warm and cool soil regions. As the

temperature of the water in the soil increases, the surface tension of

the water decreases. According to Gurr, Marshall and Hutton (2) the

decrease in surface tension causes an increase of the hydrostatic

pressure of the water in the soil. A pressure gradient results and

causes liquid water movement in the direction of decreasing soil

temperature. These mechanisms of heat transfer point out that the

moisture content of the soil has an affect on the thermal conductivity

of soil and ultimatly, the heat transfer through the soil. Throughout

the literature in the field of heat and mass transfer in soils, it has
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been shown that a higher moisture content corresponds to a higher soil

thermal conductivity. Several researchers (3,4,5) have reported that

the largest rate of change in soil thermal conductivity occurs with

temperature changes at low moisture contents. Research in prediction

of thermal conductivity from the moisture content for particular soils

has been conducted by de Vries, Woodside, Gemant and Webb (6,7,8,9).

Other factors that affect the thermal conductivity of a soil are

the thermal properties of the solid material in the soil, the soil

texture and the soil density. Observation by Smith (10), Kersten (11)

and Sepaskhah and Boersma (5) show that if different textured soils are

tested for thermal conductivity at equal moisture contents and

densities, coarse-grained soil such as gravels and sands will have a

higher thermal conductivity than fine-grained soils such as silt loams

and clays. Kersten notes that sandy soils are usually found in nature

with a higher density and a lower mosture content than silt or clay

soils. The net effect of an increase in density and a decrease in

moisture content can cause a decrease in soil thermal conductivity.

Therefore, the difference in effective thermal conductivity, due to

different soil textures, that was observed under laboratory conditions

may not be the same as in soils found in nature.
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The density of the soil is another important factor affecting soil

thermal conductivity. Kersten reported that an increase in density,

with the moisture content remaining constant, will cause the soil

thermal conductivity to increase. An increase in density causes

several things to happen. The amount of solid material per unit volume

increases obviously. But, there is also a reduction in the volume of

the voids present. The void volume reduction causes the soil

permeability to reduce thus causing the moisture movement in the soil

to reduce. Soil density can be altered artificially by man and/or

naturally in situ by swelling or shrinking.

An increase in soil temperature can either increase or decrease

the soil thermal conductivity dependent upon the soil moisture content.

Increasing thermal conductivity is attributed to enhanced vapor

transfer through the air-filled pores. Sepaskhah and Boersma report a

peak increase in thermal conductivity of nearly three times for a

temperature increase of 20°C in silty clay loam when the soil pores are

approximately 35 percent filled with water. When the soil pores are

approximately 45 percent full of water, the increase in thermal

conductivity drops by a factor of one and one half for a temperature

increase of 20°C.

6.2. Measurements

6.2.1. In Situ Soil Thermal Conductivity Measurements

There are two well established methods of measuring soil thermal

conductivity in situ (13). The methods are the sphere method and the
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transient needle method. A spherical shell containting a heater and

temperature measurement devices located on the heater and in the soil

are used in the sphere method. A known steady amount of power is

supplied to the heater until steady-state conditions are obtained. The

temperature measurement devices can be used to determine when steady-

state conditions are achieved by taking temperature measurements at

regular intervals. The soil thermal conductivity is computed by using

the steady-state conduction heat transfer solution of a sphere in an

infinite medium.

The transient needle method uses a heated probe containing a

temperature measurement device. Power is supplied to the heated probe and

temperature is recorded at regular intervals of time. The transient

conduction heat transfer solution of an infinitely-long line source of

heat in an infinite medium is used to compute the soil thermal

conductivity.

Errors in both methods can arise if the heater output is not

constant and if the time-temperature record is not accurate.

Nonuniformities and disturbances of the soil can also cause errors.

Makowski and Mochlinski (12) point out that neither method takes into

account any effect the addition of heat into the soil has on soil

thermal conductivity. The heat addition could be a large source of

error, dependent upon the power output of the heater.

These methods have not been used at the University of Tennessee

Tech Site. Since the thermal conductivity of soil around the heated
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horizontal earth coil is of interest and both methods rely upon the

addition of energy to the soil, it is felt that these methods cannot

differentiate between energy addition from the ground coil pipe and

from the heater of the measurement device.

6.2.2. Moisture Meters

A theoretical estimate of the thermal conductivity of soil can be

made if the soil mineral composition, porosity, and water content are

known. de Vries (6) first presented the method in 1963 and gave

several examples of the actual calculations.

Several types of soil moisture content meters are presently

available on the market. These soil moisture content meters can be

classified as one of three types: suction meters, capacitance meters

and equilibrium meters. A suction meter consists of a water-filled

tube with a porous tip at one end and a gauge at the other end. The

tube is placed with the porous tip into the ground thus allowing water

to move between the meter and soil. When the soil dries, water moves

from the tube to the soil causing a needle deflection on the gauge.

When moisture is added to the soil the needle deflection is in the

opposite direction. These meters give an indication of changes in the

amount of moisture in the soil but not the absolute amount of moisture.

For this reason and also because the meters have a limited depth of

usage, the suction type meter was not used in this research effort.

Capacitance meters are basically an oscillator arranged so the

oscillator frequency is sensitive to the capacitance of a pair of

electrodes mounted in a sensor that is placed in the ground. The walls
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of the sensor are the electrodes and are separated by an insulated gap.

An electric fringe field penetrates the soil in the region of the

insulated gap and connects the electrodes electrically. The fringe

field is sensitive to changes in moisture in the soil and through some

signal conditioning circuits, the soil moisture content can be

determined. The main objections to the use of the capitance meter are

the probe size and the cost.

Equilibrium meters are made of porous material which absorbs and

releases moisture at approximatly the same rate as the surrounding

soil. Electrodes are embedded in the blocks so the resistance of the

block can be measured. The electrodes are treated to prevent any

interference from stray currents in the soil affecting the meter ouput.

The measured electrical resistance changes with the moisture content of

the blocks and thus with the soil moisture content. Therefore, the

soil moisture content can be determined with the assumption that

equilibrium is maintained between the block and soil. The equilibrium

meters are the type selected for this research project.

Two problems encountered with the equilibrium meters are

polarization and deterioration. Polarization can happen if a D.C. ohm

meter is used. Deterioration of the block occurs when acids and/or

salts in the soil attacks the block.

Another problem with any in situ measurement technique is

disturbance of the soil structure. Smith (10) considered the

possibility that soils in the field may have a distinct structure or

laminations which may affect the soil thermal conductivity. He found
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that for most dry soils, the conductivity of undisturbed soil is

greater than the thermal conductivity of the same soil after structure

has been broken down. In some cases, the disturbed soil thermal

conductivity may be twice the value of the restructured sample. The

change in thermal conductivity was not observed in granular soils such

as sand and gravel.

6.2.3. Calibration Procedure

Two types of blocks are undergoing calibration presently. The

difference between the blocks is the type of material used. One type

is made of gypsum and the other type is made of a porous ceramic.

The calibration procedure consists of three main steps: sample

preparation, a resistance measurement of the block and determination of

soil moisture content. The soil used in the calibration procedure was

taken from an area near the horizontal earth coil. The soil has been

classified as sequoya silty clay loam based on information from a 1980

core sample and a 1942 United States Department of Agriculture soil

survey. The soil dry density from the core sample was 84.4 lb/ft 3.

The sample preparation consists of adding a known amount of water

to a known amount of soil on a mass basis. The sample is mixed in

order to make the mixture as homogeneous as possible. The sensor is

then placed in the soil which is then compressed to approximately the

in situ dry soil density.

Some problems were encountered with the sample preparation. At

low moisture contents the soil becomes nonuniform in the moisture
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distribution. Clumps of clay formed but the clumps were broken down as

fine as possible during the mixing process.

Compression of the soil is also very difficult at low moisture

contents. A compression on one side of the soil sample tends to loosen

soil on the opposite side of the sample. A wide object was used to

compress the material in an attempt to avoid the soil loosening.

Several methods of measuring the resistance of the moisture

sensors were attempted. An ohmeter that output 30 volts D.C. for

resistance measurements was tried first. Using this meter caused the

sensors to polarize, in effect, causing the sensors to become

batteries. A second ohmeter that output 1.5 volts D.C. was tried in an

attempt to reduce the polarization of the blocks to an acceptable

level. After using both of the ohmeters, it was felt that the accuracy

of resistance readings was unacceptable and the use of a D.C. ohmmeter

was discarded.

An A.C. ohmeter supplied by the maker of the gypsum block moisture

sensors was also considered. This meter lacked an adequate range, and

was not used.

An A.C. bridge circuit similar to a Wheatstone bridge circuit with

an adjustable resistance or "decade" box was also used. The circuit is

shown in Figure 6.1 (14). Resistance Rx is the block resistance and

R1 is the decade box resistance. Resistances R2 and R3 are

preset equal resistances. When resistance Rx and R1 are equal,

there is no deflection on the galvanometer "G." The decade box is

adjusted until resistances Rx and R1 are equal.
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This method of measuring sensor resistance gives accurate

resistance readings if the decade box is a high quality, accurate

instrument. The decade box used in this research project is accurate

to 0.05 percent of the setting.

An instrument on loan from the Tennessee Valley Authority is also

under consideration. The instrument measures conductance of the

sensors.

Determination of the moisture content of the soil is made by a

weight difference technique. A sample of the soil from near the block

is taken and weighed. The sample is then dried in an oven overnight

and weighed again. The difference in soil weight is assumed to be the

amount of water in the original sample. Since the wet and dry soil

weight and the weight of the water is known, the moisture content can

be calculated on a mass basis.

Figure 6.2 is a plot of the ceramic block moisture sensor

calibration curve as generated using the aforementioned calibration

procedure. A slight problem was encountered while calibrating the

ceramic block involving a small drift of the resistance readings.

This drift was attributed to the possibility of the ceramic blocks not

being completely in equilibrium with the soil. A criterion of a change

in the resistance reading of less than two percent in a one hour

interval was used to determine equilibrium conditions.
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CHAPTER 7. CONCLUSIONS & RECOMMENDATIONS

Data for a complete heating season with the Ground Coupled Heat

Pump system have been obtained with only a small fraction of that data

being discarded. From these data it is concluded that the outdoor coil

has adequate heat transfer capacity to supply the heating needs of TECH

House I during an average winter season. The heating loads were met

without auxiliary electrical resistance heat which would be required by

a conventional air-to-air heat pump system.

The seasonal performance factor (SPF) with the entire heat pump

package located within the conditioned space was 2.60, compared to

1.98 for a state-of-the-art (SOA) air-source heat pump in TECH House

III during the same 1982-83 heating season (16), a 30% better SPF.

These initial results are encouraging in view of the fact that a

smaller, less efficient water-to-air coil was utilized from November

1 through mid-February and, further, that current commercially

available water-source heat pump equipment is not designed for

efficient performance in this ground-coupled application.

Although the capacity of the ground coil was adequate for the

heating season, it is anticipated that the coil may be marginal or

inadequate for the cooling season (See Appendix B). Data gathered

during the 1983 cooling season should confirm or refute this opinion.
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APPENDIX A. Project History September 15, 1981-October 31, 1982

Work on the project began in mid October, 1981 as soon

as the University of Tennessee received the contract (dated September

15, 1981) from ORNL. A literature search was conducted to determine

which transfer fluid and ground coil pipe material would be best suited

for the project. It was determined that thick walled polybutylene pipe

and a water/methanol brine were the better choices of materials. Bob

Fischer of Battelle had also reached the same conclusion. Bids on 900

feet (3 rolls @ 300ft each) of thick walled 1-1/4" polybutylene pipe

were requested by the U.T. purchasing department during the first week

of November, 1981. Low bidder was Vanguard Plastics Inc. with a price

of 659/foot. The pipe was delivered to the TECH Facility on November

30, 1981.

The water-to-refrigerant heat exchanger specified by Battelle was a

Standard Refrigeration Inc. model KY-500. That heat exchanger was also

ordered and received during November, 1981.

UT-EERC received in the first week of December, 1981 the Battelle

report specifying the layout of the ground coil. The design called for

the coil to be at least 700 feet long and buried at least four feet

deep. Due to the lack of sufficient open and flat space for a

serpentine grid, it was determined that the coil should be installed as

an isolated coil with at least six feet between the supply and return

sections.
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On December 8-9, 1981, the ground was trenched to an approximate

depth of four feet and 700 feet of the polybutylene pipe was placed in

the trench. At no point was any pipe run closer than six feet to an

adjacent pipe run. At four points in the loop, the pipe depth was only

3 feet deep due to obstructions in the ground. Those obstructions were

a telephone cable and rocks.

The ground coil was pressurized with water to 30 psig to check for

leaks. After it was determined to be free of leaks, the trench was

backfilled and tamped to eliminate air cavities near the pipe. The

ground was then landscaped and seeded.

In January, 1982, the polybutylene ground coil was connected to

the heat pump system. The ground coil pump, expansion tank, and fill

valves were installed. The methanol and distilled water, provided by

ORNL, were delivered at the end of January.

On February 5, 1982, the system was charged with the methanol/

water solution. The system was then placed in the heating mode and

operation began.

Instrumentation plans were finalized in February. The air side

heat flow (ASHF) measurement (heat delivered to the conditioned space

by the refrigerant-to-air coil) was installed but problems were

encountered when calibration was attempted. The problem was that the

ASHF calibration "constant" was not constant over a range of various

heat inputs. Extenisve tests were made during February. It was

concluded that (1) the old water to air coil still in the supply duct

between the two temperature sensors was causing a significant thermal
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lag in the ASHF measurement and (2) the return air duct (under negative

pressure) was in such poor condition that a significant amount of crawl

space air was being drawn into the duct.

By March 17, 1982 all the required modifications to make the ASHF

measurement work properly were completed. The ASHF was successfully

calibrated the afternoon of the 17th.

Installation and calibration of the watthour meters was completed

on February 23, 1982. The meters measure electric power used by the

(1) heat pump compressor, (2) circulation pump, (3) indoor fan, and (4)

total house.

On March 3, 1982, ORNL delivered the electronics necessary to

measure the energy flow into (GNDi) and from (GNDo) the ground.

Calibration of the GNDi/GNDo energy flow was completed that afternoon.

Also, at the time the flow-rate in the ground loop was determined to be

4.4 gpm. Even though a ground coil flow rate was never specified by

Battelle, it was felt that this flow rate was too low for efficient

operation. An experiment was conducted to ascertain the effect on

ground heat flow with various flow rates. The flow was throttled and

allowed to reach steady state conditions. A graph of the flow rate

versus heat flow out of the ground is shown in Figure A.1. It was then

decided that a larger circulation pump should be installed. ORNL

personnel were to provide that pump.

On several occasions in March the heat pump compressor would build

up high head pressure resulting in shut down of the compressor by the

overload protection device. At other times, the refrigerant in the
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condensor was condensing at only 80-85°F. A faulty refrigerant check

valve was found to be the source of those problems.

During the last week of March, 1982, the compressor locked up.

Apparently, liquid refrigerant had reached the compressor. A new

compressor was ordered as well as an accumulator to prevent liquid from

reaching the new compressor. Also, it was decided that the capillary

tube on the indoor coil should be replaced with an expansion valve.

These repairs and modifications were completed in early May, 1982.

During April, 1982 the cables to connect the ground resistance

temperature devices (RTDs) to the electronic interface in TECH House I

and from TECH House I to the DAS were cut, labeled, and installed. In

early May, 1982 the RTDs for ground temperature measurement were

delivered by ORNL. The RTDs were calibrated and installed on May 5,

1982. Gypsum moisture sensing blocks were also installed in the ground

at the same time. Figure A.2 shows the positioning of the RTDs.

On May 20, a "split spoon" sample of the earth down to ten feet

deep was made. The samples were taken at the surface, 4 feet, and 10

feet deep. The moisture content at those depths was, respectively,

23.8 percent, 25.8 percent, and 27.4 percent. A copy of the results of

that sampling is in Appendix D. The ten foot deep hole was

then utilized for placing of the ten foot deep probe and

the surface probe. Due to an undetected leak in the refrigerant lines,

the system was down from May 28 - June 3, June 5-10 and June 12-16.
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On June 16 the leak was finally discovered and the system was

operational until July 2, 1982.

On June 29 some steady state C.O.P. tests were performed on the

system. It is desired to determine the C.O.P. curve over the range of

operating temperatures. However, during the tests the temperature

range was limited to 35.9°C - 40.0°C.

On July 2, the system automatically stopped operation due to high

refrigerant pressure. Subsequent tests showed that when the fluid

from the ground coil loop entering the condenser reached 41°C the

compressor head pressure was sufficiently high enough to cause the

thermal overload protection device to de-energize the compressor.

On July 13, a circulation pump with a greater capacity than the

original pump was provided by ORNL and installed. The flow rate in the

ground coil with this pump was measured to be 6.0 gpm. (The flow-rate

with the original pump was 4.4 gpm). The higher flow rate mardedly

improved the performance of the system. At a fluid temperature of

41°C, the compressor was consuming 560 watts of power less than with

the former pump. However, the larger pump required 560 watts more

power than the original pump. It was thought that the increased flow

in the ground coil would eliminate the high head pressure problem.

However, on July 17 the system again de-energized due to high head

pressure. Subsequent tests revealed that the thermal overload device

was de-energizing the compressor at a fluid temperature of 44.1°C

entering the condenser.
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On July 19 the ground water-to-refrigerant condenser was valved

off and the outdoor refrigerant-to-air coil valved on. This change was

made because there was a need to keep the building cool and it was

desireable to have conventional cooling data for comparison.

On July 29 it was discovered that on the prior day the electric

power to the TECH Facility had been off for about five hours due to

utility lightning damage. During the same storm lightning also did

extensive damage to the DAS for the entire TECH Facility. Every

digital signal in the DAS was inoperative. Only six of the twenty-one

RTD signals in TECH House I were operative. (The damage was not in the

RTD itself but in the electronic circuitry.) All of the measurements

related to the Ground Coupled Heat Pump Project were repaired by the

end of August, 1982.

The ground water-to-refrigerant condenser was valved on in early

August. However, due to an unknown (at that time) problem, the system

would rapidly develop high head pressures (even at low entering water

temperatures) and consequently the compressor would de-energize as a

result of high head pressure. At that time, ORNL had already decided

to utilize a TETCO water-to-water heat pump. Therefore, the existing

heat pump system was dismantled to make room for the TETCO unit. When

the heat pump system was dismantled a loose piece of brazing was found

in the condenser. Evidently, it had been lodging against the check

valve exiting the condenser, restricting refrigerant flow which

resulted in excessive head pressure.
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Installation of the TETCO water-to-water heat pump was completed

in the early part of October. The piping was charged with a methanol-

water brine (20% by weight of methanol). In the heating mode, the

system would rapidly (2-4 minutes) build up high head pressure

resulting in shut down of the compressor by the overload protection

device. It was determined that under the existing water and air flow

conditions the water-to-air coil in the system was not capable of

transferring the heat to the space load at the rate being produced by

the heat pump. It was decided to replace the water-to-air coil with

one that would more closely match the heat release capability of the

heat pump.

According to information supplied by ORNL personnel, the existing

coil is capable of delivering 22.526 BTUH with 102°F intering water at

6.4 gpm and 1110 CFM air flow. It was estimated that the heat pump

will deliver approximately 36,000 BTUH at the flow conditions stated

above. After a considerable number of attempts at computer selection

for a coil a replacement unit was identified. The replacement coil

will deliver 36,000 BTUH with 105°F entering water at 9 gpm and 1100

CFM air flow. The same coil will closely match the cooling load of

approximately 24,000 BTUH when the air flow rate is reduced to 800 CFM

and the water flow rate is reduced to 4.1 gpm.

During the last week of October, 1982, the system was operated

continuously for 72 hours in the cooling mode. Air entering the

evaporator was preheated with electric resistance heat in order to more

closely match summertime conditions and to provide comfort for the
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building occupants. This test was made in order to analyze ground

temperature response in the vicinity of the ground coil in the heat

rejection mode.
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APPENDIX B. Design Parameter Discrepancies

The installation of the ground coil for TECH House I followed the

design recommendations furnished by Battelle Columbus Laboratories

(15). Approximately 675 feet of pipe buried 4 feet deep

serves as the ground coil for the heat pump. The recommendation for

this pipe length was based on a cooling UA for TECH House I of 626

BTUH-°F or 1.57 tons at 78'F inside and 95°F outside temperature.

It is recommended that the calculations performed by Battelle

Columbus Laboratories to optimize the ground coil be re-done using 3

tons as the design cooling load. At this time, it is felt that the

resulting recommendation on coil length will increase somewhat over 700

feet. The cooling load for TECH House I has been calculated to be 1.83

tons at 78°F inside and 95°F outside temperature. The peak sensible

cooling load when the maximum outdoor temperature was 88°F was measured

to be 2.2 tons. One can reasonably assume that the sensible heat ratio

of TECH House I is on the order of .75. As such, the total cooling

load as measured during the above period of investigation is estimated

to be approximately 2.96 tons. During periods of outdoor temperature

greater than 88°F one would expect the total peak cooling load of TECH

House I to be somewhat greater than 2.96 tons.
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APPENDIX C. Downtimes

Data tapes from the D.A.S. would infrequently give values beyond

the realm of possiblity (usually all 99999.999). 
These values usually

reflected some discontinuity in data collection or 
a general system

shutdown. A criterion was set for deciding whether a day 
had enough

real values to be worthy of record. If a day had 1/2 or more of its

values in error, then the day was not used in analysis.

Days with consistently erroneous values during the 82-83 heating

season (Nov 82 - April 83) are:

12/12/82

12/20/82

2/15/83 Installed to new water to air side coil;

also, D.A.S. was down.

3/9-3/14/83 D.A.S. inoperable
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APPENDIX D Drilling Data GEOLOGIC ASSOCIATES, INC.

Fanklln. Tennese 6IS ) 4-)596 Knoivlle, Tennasu.* &IS 513-)I1 l)

GA File 82-548 DRILLER'S LOG

SHllFTl RErrT f 1ODllImG OPFtATIONS Al ACES Site, Alcoa Highway, Knoxv ille, Tennessee 5

HOL LOCATION located by Bernie McGraw - UT sun 1 DA P 5/20/82

SURFACt ILVATION determined by others ricno CME-55 O1mi NO. 1

D[PIH AT I(CIINIIIG Of SHIFT 0.0 o10T OCK unknown

FOOTAGE fISTIAILID -- OTTOM Of HOLt 10.0

FOOIAGC SAM*LID I10.0 DOIILL . T. Lane

FOOTACGCORID -r H.LtE G. Akins

DEPTH AT (MD OF SHnIF 10.0 DRolUD Fol University of Tennessee

SAMPLING RECORD

N
. FROM TO BLOWS DESCRIlTION ANDI RMARKS

0.0 1.5 3/5/5 Clay, silty, brown and yellowish-brown with traces

of topsoil (fill): moisture content = 23.8%

Auger 1.5 4.0 - Probably as above - moderately firm drilling

2 4.0 5.5 6/6/7 Silt, clayey, yellowish-brown mottled reddish-brown

(natural ground): moisture content = 25.8%

Auger 5.5 8.5 - Probably as above - firm drilling

3 8.5 10.0 5/6/6 Silt, clayey, brown mottled black (natural ground):

moisture content = 27.4%

Bottom of hole @ 10.0 - No refusal

Hole dry upon completion.

_____ __________ __64; I__.



GEOLOGIC ASSOCIATES, INC.

Franklin. Tennesee 615 794-3596 Knoxville. Tennessee 615 573-7313

DRILLER'S LOG
GA File 82-644 DRILLE

SHinfREPORIOFDRIiutIHOPERAMTONSAT U.T. Energy Environmental Resources Center, Alcoa Highway SIT

HOLEuICATION By U.T. Representative SHInF 1st DATE 12/27/82

SURFACE EEVATION By U.T. Representative RIGNO. ATV 550 HOL NO. 2

DEPTH AT BEGINNING OF SHIFT 0 0 TOP ROCK ?

FOOTA^CE FnMI Augered BOTTOM O HOLE 10.0

FOOTAGE SAMPLED 10.0 ORILLER Lane

FOOTAGE CORED NHELPE Akins and Akins

DEPTHT END OF SHIFT 10.0 0 DRItrIoFOR r. Bernie McGraw

SAMPLING RECORD

SpLE SPLE
NO. FROM TO BLOWS DESCRIPTION AND REMARKS

1 0.0 1.5 3/5/6 Light brown silty clay with weathered brown shale

1.5 5.0 __ Brown weathered shale, firm drilling

2 5.0 5.5 51 Brown weathered shale

5.5 10.0 Brown weathered shale, firm drilling

No refusal at 10.0

Hole dry on completion
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