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Engineering Aspects of
Soil Heat Extraction

MYRON G. CROPSEY

The sources of heat energy for heat pumps for residential houses
are soil, water, and air. Little is known about the soil as a heat source,
so it is very seldom used. The heat pump engineer should know the
rate at which heat energy can be drawn from the soil at a given tem-
perature. The temperature of the soil depends upon weather conditions
and the previous rate and duration of heat extraction by a heat pump.

The thermal capacitance of the soil and the soil moisture are im-
portant parameters in the soil's facility to store and conserve heat. The
air, sun, and rain are the primary energy sources of the soil. The
"inertia effect" must be large enough to keep the heat pump supplied
during periods of low availability of energy from these sources. The
problem then becomes one of having a sufficient area of soil surface
to secure an adequate supply of energy from the air, sun, and rain and
a large enough soil volume to serve as reserve storage.

This publication analyzes the amplitude, lag, and average tempera-
ture of soil in undisturbed conditions. A method is presented for pre-
dicting soil temperature when heat is withdrawn from the soil by a
heat pump. Several combinations of heat sources, such as soil and air
and soil and solar heat, are compared with heat sources such as city
water, air, and electrical resistance.

Soil Temperatures

Average soil temperatures within the first 30 to 50 feet of the
earth's surface are closely related to local atmospheric conditions. Fig-
ure 1 shows the predicted soil-water temperatures for the United States.
The following quotation appears in the U. S. Geological Survey Water
Supply Paper 520 (5).1 "The temperature of water in the ground at
any place is in general about the same as the mean annual air tempera-
ture. Near the surface, the temperature of the water follows the changes
in air temperature ; with greater depth, the water was at a higher tem-
perature, corresponding to the increased earth temperature with in-
creasing depth."

'Numbers in parentheses refer to References Cited, page 25.
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Figure 1. Approximate temperature of water from nonthermal wells at depths
of 30 to 60 feet.

Crawford (6) sums up the work of a number of other investi-
gators in the following statement: "It appears that rainfall has a definite
modifying effect on soil temperatures, promoting both cooling and
warming, depending on the season and soil condition. . . . Permeable
soils are, of course, affected to a greater extent than impermeable ones
due to the free percolation they permit. Percolation seems to have the
effect of equalizing the temperature of the soil at various depths. . . .

It appears that soil moisture influences radiation, evaporation, specific
heat, thermal conductivity and diffusivity, and heat capacity of the soil."
Fluker (9) states that both rainfall and cloudiness have an effect on
soil temperatures.

Penrod and Stewart (18) determined soil temperatures by an
analysis of periodic transfer of solar energy into the earth. They showed
that only a small fraction of the solar energy received is conducted into
the soil. A large part of the energy received from the sun is reflected,
used in evapotranspiration and photosynthesis, or transferred by radia-
tion and convection away from the soil.

McWhorter and Brooks (15) determined the effect of the sun's
radiation upon soil temperature. They used the daily rise in soil tem-
perature at various depths to estimate the solar radiation received.
Other investigators determined the effect of type of soil covering on
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the soil temperature. Algren (1) stated that sod had a definite insulating
effect. Bouyoucos (2) and Crabb and Smith (4) determined that the
type of soil cover had a definite influence on earth temperatures. Smith
(19) did considerable work on the effect of rainfall on earth tempera-
tures. He concluded "the amount of heat added by rainfall can be
readily computed by using as data the rate of rainfall falling on each
square foot, and the difference between the average air temperatures
and the assumed average for base ground temperature."

Methods
Soil temperatures were measured with thermocouples. Plastic-

covered copper constantan wire thermocouples made of No. 22 wire
were placed at depths of 0.17 feet, 2 feet, 4 feet, 6 feet, 8 feet, 10 feet,
12 feet, and 16 feet. Potentials between copper constantan thermo-
couples in the earth and an ice water bath were read weekly to the
nearest 10 microvolts with a Leads and Northrup potentiometer and
then converted to temperatures. These measurements were taken from
September 1, 1961, to September 1, 1964. Results are shown in Figures
2 through 8.

The experimental area was located on the Oregon State Uni-
versity campus, 75 feet from any building except for a small shelter
located 10 feet away. The soil (silty clay loam) was covered with a
grass sod that was kept mowed. Soil water content was determined
weekly from May 1, 1962, to May 1, 1963, at depths of 0.17 feet, 2
feet, 4 feet, and 6 feet. The average water content for each of these

Figure 2. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of two feet. The data points represent aver-
ages of temperature measurements made on the date shown in
three consecutive years.
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Figure 3. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of four feet. The data points represent aver-
ages of temperature measurements made on the date shown in
three consecutive years.

65 F

66F

55F

50 *F

45 F

46F

REGRESSION CURVE

- - - - - PREDICTED CURVE

AVERAGE TEMPERATUR

JAN MAR MAY JUNE JULY AUG SEP
15 19 30 5 9 14 18 1

Figure 4. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of six feet. The data points represent aver-
ages of temperature measurements made on the date shown in
three consecutive years.
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Figure 5. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of eight feet. The data points represent aver-
ages of temperature measurements made on the date shown in three
consecutive years.
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Figure 6. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of ten feet. The data points represent aver-
ages of temperature measurements made on the date shown in three
consecutive years.
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Figure 7. A comparison of measured and predicted temperatures in undis-
turbed soil at a depth of twelve feet. The data points represent
averages of temperature measurements made on the date shown in
three consecutive years.
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turbed soil at a depth of sixteen feet. The data points represent
averages of temperature measurements made on the date shown in
three consecutive years.
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depths during this period is shown in Table 1. Information on air
temperatures, radiation, and rainfall was obtained from the U. S.
Weather Bureau on the campus, approximately one-fourth mile away
from the experimental area (Tables 2 and 3).

Table 1. AVERAGE SOIL WATER CONTENT, CORVALLIS (MAY 1, 1962,
TO MAY 1, 1963)

Depth

feet

Soil water
content

%
0.17 26.3
2 0 26.3
4 0 41.9
6 0 43.3

Annual temperature amplitude Time lag

feet °F F days days
2.0
4.0
6.0
80

10.0
120
16.0

................................

......................---------

................................

................................
...................

................................

................................

9.8
7.3
5.5
4.2
3.1
2.5
1.6

9.3 188
7.4 34.6
59 52.7
4.7 76.1
3.7 91 2
3.0 1144
1.9 144.7

142
278
41 0
54.2
67.4
806

1070

Soil
1961-1962 1962-1963 1963-1964

depth

feet

Max

°F

Min

°F

Max

°F

Min

°F

Max.

°F

Min.

°F
2.0 -------------- 66.9 43.7 66.4 41.2 672 44.9
4.0 -------------- 63.5 46.3 65.5 446 64.2 46 7
6.0 -------------- 602 48.5 61.4 488 60.7 46.1
80 .............. 593 47.7 60.4 50.5 58.6 46.2

10.0 -------------- 585 51.9 592 516 59.0 50.4
12.0 -------------- 57.9 51.9 599 51.9 56.4 51.1

160 .............. 56.8 530 58.2 53.0 55.9 52.2

Table 2. MEASURED AND PREDICTED ANNUAL TEMPERATURE AMPLITUDE AND
TIME LAG

Depth Measured Predicted Measured Predicted

Table 3. MAXIMUM AND MINIMUM SOIL TEMPERATURES AT INDICATED DEPTHS



I he thermal conductivity and specific heat of the soil were found
by the methods of Kersten (13). The bulk density was obtained from
undisturbed core samples. The water content was obtained by oven
drying field samples.

Results and Analysis
A symmetrical sine curve was fitted to the observed soil tempera-

tures by the regression methods suggested by Bliss (3). Results are
shown in Figures 2 through 8.

Ingersoll and Zobell (12) developed methods based on the Fourier
heat flow equation to calculate the amplitude and lag of the annual
temperature cycle. Examples of the calculations are shown in Ap-
pendix A. The average soil water content varied with depth (Table 1),
and allowance had to be made for the variation in thermal diffusivity
with depth. The thermal diffusivity of the soil at a water content of
26.3% and the amplitude of the air temperature were used to determine
the soil temperature amplitude and lag at a depth of 2 feet. At the 4-foot
depth, the temperature amplitude and lag were computed by using the
diffusivity corresponding to the average water content of 34.1%. At
depths of 6 feet and lower, the thermal diffusivity corresponding to a
water content of 42.3% was used in the calculation of amplitude and
lag of the soil temperature. Table 2 shows the predicted average tem-
perature amplitude and time lag and the corresponding values obtained
from the regression curves fitted to measure values of soil and air
temperatures.

Discussion

There is good agreement at any depth between the temperature
amplitudes determined by the methods of Bliss from actual weekly
soil temperature measurements and those predicted by the Fourier heat
conduction equation from the average annual air temperature and soil
parameters of density, specific heat, and thermal conductivity. The
values of temperature lag in days obtained by these two methods agree
fairly well; however, the differences increase with soil depth.

Results indicate that it is possible to predict the amplitude and
lag of soil temperatures at different depths from the observed air
temperatures and the thermal conductivity, bulk density, and specific
heat of the soil.

The maximum and minimum measured temperatures of the soil
that were recorded for any one year are listed in Table 3. The
greatest difference between these two values for any one year it
shown in Table 4. This difference was compared with two times the
amplitude calculated with the Fourier heat conduction equation. The

In



Table 4. COMPARISON OF CALCULATED TEMPERATURE AMPLITUDE WITH
OBSERVED TEMPERATURE RANGE

°F
25.3

Table 5. AVERAGE AIR AND SOIL TEMPERATURES

Soil Max. minus
depth inm.

feet

Predicted

amplitude x 2

°F

20 ----
40 ---- 20.9

14660

20 0
176
122----

8.0 ---- 12.4

10 0 ---- 8.6
12.0 ------------- ------------------------------ 8.0

9.6
7.6
6.0

t60 ---------------- ... ...................... 5.2 3.6

Average temperature
Depth below Corvallis, Oregon Average temperature

surface Sept. 1, 1961-Sept. 1, 1964 College Station, Texas, 1951-1955
° . oF

feet
Air -------- 51.4

f
69.4

2 ---------- 54 7 74.9

4 ---------- 54.2 745

6 ---------- 54.4 74.2

8 --------- 545 74.1

10 --------- 546 741
12 .-------- 54.4
16 --------- 54.6

Average soil temperature 54.5 74.4

Average air temperature 51 4 694
Average difference 3.1 5.0

two values are not far apart. As might be expected, the greatest dif-
ference occurred at a depth of 2 feet, with a general decrease in dif-
ferences at each lower soil depth.

Table 5 indicates that the average of all soil temperatures from
1961 to 1964 was 54.5° F, while the average air temperature was
51.4° F, a difference of 3.1° F. Other investigators have found a
similar difference between average soil temperatures and average
air temperatures, as can be seen by the results from Texas.

There was not a great variation from year to year in average
soil temperature, average daily radiation received, or average air
temperature (Table 6). The greatest variation was in the total annual
rainfall, and this seemed to have little influence on the soil tempera-
tures.



Table 6. AVERAGE SOIL AND AIR TEMPERATURES, DAILY RADIATION RATE, AND
ANNUAL RAINFALL (CORVALLIS, OREGON)

Period

Sept. 1, 1961 to

Average soil
temperature'
(0-16 0 ft.)

°F

Average air
temperature'

°F

Total
rainfall'

inches

Average daily
radiation rate'

cal/cm' day

Aug. 31, 1962 ----------- 543 504 35 2 3379
Sept. 1, 1962 to

Aug. 31, 1963 ............ 54.3 51.5 409 322.5
Sept 1, 1963 to

Aug. 31, 1964 ----------- 546 51.1 35.3 332.7

' Average weekly temperature readings for each depth were totaled and averaged and then
all the depths were averaged. Any missing data was interpolated between readings.

2 Average of the total per months was averaged for the entire year (U. S. Weather Bureau,
Corvallis). Any missing data for a day was assumed as an average day for that month.

' From the U. S. Weather Bureau, Corvallis.

The Soil as a Heat Source

There have been many formulas and procedures proposed for
estimating the operation of a heat pump from the known thermal
characteristics of the soil and the weather (10, 11, 14, and 16). Few
of these have been checked against an actual heat-pump operation.
Kidder and Neher (14) studied two experimental heat pumps in
the vicinity of Philadelphia. Their results depended upon an "empiri-
cal conductivity," which is obtained from actual field tests of the
particular heat pump. Hadley (10) correlated by dimensional analy-
sis the results from several ground coil installations. He included
many coils of diverse nature, and the analysis seemed to indicate
that the Kelvin heat-source theory was conservative in estimating
the amount of heat that a soil grid would yield. Vestal and Fluker
(20) developed formulas for the operation of a heat pump from
several soil grids. These were not verified against a heat pump heat-
mg a home.

Over a period of years a series of experiments were conducted
at Oregon State University to evaluate the efficiency of soil heat
pump systems. Four small buildings such as the one shown in Fig-
ure 9 were used for the tests. The calculated heat loss was 80.2 Btu
per hour with a 1° F difference between inside and outside tempera-
tures of the structure. The rate of heat loss is approximately one-
tenth the rate of heat loss of a small house.

Experiment 1. Comparison of three grid sizes
The heat exchangers to be tested consisted of lengths of tubing

25, 50, and 100 feet long imbedded in the soil. The heat exchangers
were connected to heat pumps listed as 1/3 HP Freon 12 condensing



Figure 9. Type of house that was heated by a heat pump in these experiments.

units with a rating of 3,680 Btu per hour for 90° F ambient and
40° F suction temperature. The thermostat for the heat pump was
set at 70° F, and a small 1/40 HP fan provided continuous circula-
tion of air within each of the buildings. The tests were run for four
continuous years in the case of the 50-foot tubing, three years for
the 25-foot length, and one year for the 100-foot length.

Each evaporator consisted of s-inch copper tubing placed 4 feet
below ground level in trenches 2 feet wide. The trenches had been
lined with 4-mil black polyethylene sheets and filled to a depth of one
foot. The copper tubing was laid in this trench in a hairpin loop with
tubing centers 21 inches apart. The tubing was covered with a fcot of
soil and the black polyethylene was folded over the top. The remainder
of the trench was filled with soil and soaked with water. Soil samples
taken repeatedly during the winter indicated that the soil moisture
inside the polyethylene remained close to 40%. This figure was used to
select the soil thermal parameters for calculating the temperature of
the soil.

A kilowatt-hour meter recorded the amount of electricity used by
each heat pump system. A temperature record was kept of both inside
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and outside temperatures by means of thermographs. Thermocouples
made of No. 22 plastic-covered copper constantan wire were used to
measure the temperature of the surface of the tubing in the soil. A
record of the undisturbed soil temperature 4 feet below the soil sur-
face and 100 feet away from the heat pump site was kept by use of
the same type of thermocouple. All soil temperatures and kilowatt-hour
readings were taken weekly on the same day and within one and one-
half hour of each other.

Results and Analysis. The average weekly soil temperatures
and the measured temperatures of the tubing surface in the soil are
shown in Figures 10, 11, and 12.

These measurements were first analyzed by the methods of Pen-
rod (19). A sample calculation of this method is shown in Appendix B.
Allowances were made for a hairpin loop according to Ingersoll and
Plass (11). The calculated tubing temperature was obtained by sub-
tracting the calculated temperature drop from the soil temperature
of undisturbed soil at a 4-foot depth. In Penrod's methods, the Inger-
soll line-source formula for a pipe of infinite length was used. Figures
10 and 11 indicate a reasonably close agreement between the results
predicted by this method and the actual tubing temperatures of the
50-foot and 100-feet soil grids.

In a second method of calculation, the formula for a short pipe was
used after allowances were made for a hairpin loop according to Inger-
soll and Plass (11). A sample calculation of this method is shown in
Appendix C. In this method of calculation, the history of the previous
weekly rates of heat withdrawal have only a small effect on the weekly
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Figure 10. Soil temperature for 100 feet of copper tubing (trench length-
50 feet).
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Figure 11. Soil temperature for 50 feet of copper tubing (trench length-25 feet).
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Figure 12. Soil temperature for 25 feet of copper tubing (trench length-
12.5 feet).

temperature. Figure 12 shows the measured tubing temperatures and
those calculated by the short-pipe formula and the infinite pipe formula.
Best agreement for the 25-foot soil grid was obtained with the short
pipe formula.

In Table 7, a comparison is made between the three sizes of soil
heat exchangers, consisting of 100 feet, 50 feet, and 25 feet of finch
copper tubing in the form of hairpin loops. It can be seen that the aver-
age kilowatt hours consumed for a year of operation varied little be-
tween the three sizes of grids. However, the temperature of the tubing
in the soil remained much higher in the case of the 100-foot grid as
compared to the 50-foot and 25-foot grids. The 50-foot grid had a
higher temperature than the 25-foot grid. This indicates that a rather
small soil grid would be satisfactory if auxiliary heat in the form of
resistance units could take over part of the load during extremely cold
weather and prevent low soil temperatures.

Discussion. Calculations of the soil tubing temperatures using the
short-pipe formula agreed well with measured temperatures in the case
of the 25-foot grid. The temperatures for the 50-foot and 100-foot

UNDISTURBED SOIL TEMPERATURE
PIPE TEMPERATURE
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- - PREDICTED(INFINITE PIPE)
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Table 7. COMPARISON OF THE ENERGY CONSUMED PER DEGREE DAYS FOR THREE
LENGTHS OF COPPER TUBING

Degree Energy
days consumed

Lowest
Length of tubing Lowest air

tubing Period temperature temperature

feet kwh/degree °F °F
day

25 1965-66 3,996.0 .290 19.7 21.0
1966-67 4,175.9 .261 25.7 25.0
1967-68 2,785.5 .290 24.7 22.0

50 1964-65 4,460.0 .233 314 10.0
1965-66 3,996.0 .313 25.1 21.0
1966-67 4,175.9 .259 33.6 25.0
1967-68 2,785.5 .284 33 6 220

100 .................... 1963-64 4,794.5 .222 35.5 23.0

grid using the infinite-pipe formula agreed well with observed values.
The short-pipe formula predicted a smaller temperature drop than
the infinite-pipe formula for the same length of tubing and load. The
fact that the short-pipe formula gave better results for the shorter
grid indicates that under practical conditions the smaller the overall
operation of the house and grid, the higher the heat energy ratio of
electrical energy input to thermal energy output.

Experiment 2. Combination of solar and soil heat sources
The idea of using a solar assist to the soil as a heat source for

heat pumps has been proposed and analyzed by Penrod and Prasanna
(17).

In this experiment the four small buildings were maintained at
70° F. Two buildings had the soil as the only source of heat, one having
a grid of 50 feet of finch copper tubing and the other having a grid
of 25 feet of 0-inch copper tubing, each of which were buried 4 feet
in the soil. The other two buildings, or heat exchangers, with grids of
50 feet and 25 feet of finch copper tubing buried 4 feet in the soil
also had solar heat traps. The heat traps had two square feet of area
facing south at an angle of 60 degrees to the horizon. There were no
objects in the immediate vicinity that would shade the traps. The solar
heat traps were in series with the soil heat source, and the refrigerant
passed through the solar trap and then the soil grid when the com-
pressor ran. The refrigerant was directed into the soil and bypassed the
solar heat traps whenever the temperature dropped below 40° F.

The solar traps consisted of a galvanized sheet-iron pan 2 feet
square with an edge 2 inches high all around. The bottom and sides of
the pan were covered with 4 inch of celotex. Eight feet of i-inch copper
tubing was wound in two circuits and put in the bottom of the pan. The



top of the pan was covered with glass, and the inside of the trap and
the outside of the copper tubing was painted a dull black.

The only time the solar trap was adding heat to the system was
when the heat pump was circulating the refrigerant and the temperature
of the surface of the trap was above 40° F.

Results and Analysis. The energy consumption of the four sys-
tems tested is shown in Table 8. For the 50-foot grids, the system with
a solar assist used 27 kilowatt hours less than the system without a
solar assist. For the 25-foot grids, the solar assist saved 73 kilowatt
hours. This higher value could be possible because the unit with 25 feet
of tubing in the soil operated for longer periods of time than the one
with 50 feet of tubing, so the solar trap was in operation more of the
time.

There were 7,250 langleys, or a total of 156.6 kilowatt hours, that
fell upon 2 square feet of trap from October 19 to December 21, 1965.
In the case of the 25-foot section, 46.6% of the solar energy was used,
whereas only 17.3% was used in the case of the 50-foot section.

In the winter, there also was an advantage to using the solar assist;
but due to failure of the unit with 50 feet of soil tubing and the solar
trap, the results were not conclusive.

Table 8 ENERGY CONSUMPTION FOR THE SOLAR-TRAP ASSISTED SYSTEM AND THE
UNASSISTED SYSTEMS

Two sq. ft solar trap No solar trap

50 ft. 25 ft. 50 ft. 25 ft.
Period tubing tubing tubing tubing

kw hr kw hr kzc hr kw hr
Oct. 19, 1965 to

Dec. 21, 1965 ___.___.... 251 0 273 1 278.0 346.0
Dec. 21, 1965 to

March 1, 1966 .......... 462.0' 4239 4368 464.6

Mechanical failure.

Table 9. TEMPERATURES OF THE COPPER TUBING IN THE SOIL FOR THE SYSTEMS
ASSISTED BY SOLAR TRAPS AND THE UNASSISTED SYSTEMS

Two sq. ft solar trap No solar trap

50 ft 25 ft 50 ft 25 ft.
Date tubing tubing tubing tubing

°F °F °F °F
Oct 19, 1965 ................ 53 1 51.0 53.0 56.1

Dec. 21, 1965 ................ 393 34.0 305 384
March 1, 1966 .............. 34.91 27 1 300 16.0

' Mechanical failure.

18



Listed in Table 9 is the temperature of the tubing in the soil for
each system. There is a definite advantage in this respect, as the heat
pumps with the solar assist had higher soil temperatures.

Experiment 3. Combination of air and soil heat sources

Engineers have been interested in the possibility of using air as an
auxiliary source of heat for the heat pump. Cropsey (7) reported on
one test of this method.

An experiment was set up to test the effects of an air coil to add
heat to ground coils during the warmer parts of the day or year. The
objectives of this set-up would be to prevent the build-up of an ice
block, to have a warmer soil temperature, and to improve overall effi-
ciency of the system. The same four buildings used in Experiment 2
were used in this experiment. The heat pump assist consisted of outside
air coils of a calculated capacity of 300 Btu per hour at 101 F tempera-
ture difference. The air coils were parallel with the ground coils.

Table 10 COMPARISON OF THE ENERGY CONSUMPTION IN KILOWATT HOURS PER
WEEK OF THE FOUR SYSTEMS

Air coil assist No air coil assist

50 ft.
Date tubing

25 ft
tubing

50 ft.
tubing

25 ft
tubing

kwh/wk kwh/wk kwh/wk. kwh/wk.
200Oct. 9, 1967 ................. 17.0 19.6 16.2

Oct 16, 1967 ................ 17.7 21.1 17.4 22.0

Oct 23, 1967 ............... 24.8 31.0 23.4 29.4

Oct. 30, 1967 ............... 27.1 33.5 250 302
Nov. 6, 1967 .................. 27.9 37.5 36.8 31.2

Nov. 13, 1967 ................ 20.5 38.4 22.9 30.9

Nov. 20, 1967 ................ 327 43 1 278 31.1

Nov. 27, 1967 ............... 425 47.2 36.2 40.7
Dec. 4, 1967 ............... 41.7 420 36.6 386
Dec. 11, 1967 ............... 41.2 42.8 40.9 400
Dec 18, 1967 ................ 594 51.5 60.7 537
Dec. 26, 1967 ................ 45.2 44.5 58.6 46.8
Jan 2, 1968 .................. 36.7 37.9 39.7 37.5

Jan. 8, 1968 ................. 46.6 448 43 5
Jan. 15, 1968 .............. 39.2 40 7 43 5 '
Jan. 22, 1968 ................ 28.1 32.8 340 '
Jan. 29, 1968 ................ 42.9 490 50.0 51.5

Feb. 5, 1968 .................. 34.0 40.2 41.1 41.0
Feb. 12, 1968 ................ 30.6 39.0 39.4 40.0

TOTAL .................... 655.8 7366 693.7 584.6

Average weekly .......... 34.5 389 36.5 36 5

I On resistance heat.



Thermostats located outside were connected electrically to solenoid
valves that controlled the circuit to the air coils. These valves prevented
the Freon from flowing through the air coils whenever the outside tem-
perature dropped below 50° F. The 25-foot ground coil was obviously
undersized for the heating of these shelters. This experiment was con-
ducted from October 2, 1967, to February 19, 1968.

Results. Table 10 shows the kilowatt-hour consumption per week.
Table 11 shows the average soil-tube temperature.

Due to the failure of the unassisted system with a grid of 25 feet
of coil, the results are not clear. There was some advantage in kilowatt-
hour consumption for the 50-foot grid, but it was not great. Both sys-
tems with outside air coils had higher soil temperature. The house with
25 feet of copper tubing and no air coil assist failed to maintain the
inside temperature and had to be heated by resistance heat from Janu-
ary 8 to 22 when the heat pump did not function.

Table 11. COMPARISON OF THE AVERAGE SOIL TEMPERATURES OF THE AIR COIL
ASSISTED SYSTEMS AND THE UNASSISTED SYSTEMS

Air coil assist No air coil assist

50 ft
Date tubing

°F

25 ft.
tubing

°F

50 ft.
tubing

°F

25 ft.
tubing

°F
Oct 3, 1967 .................. 59 3 53 3 55 5 51 3
Oct 9, 1967 .................. 566 530 554 514
Oct 16, 1967 ................ 548 497 525 484
Oct. 23, 1967 ................ 55.2 50.8 51.0 47.4
Oct. 30, 1967 ................ 53.2 48.2 52.5 448
Nov 6, 1967 .................. 51.7 43.6 49.0 40.2
NOV. 13, 1967 ................ 51 1 478 499 43.6
Nov. 20, 1967 ................ 51 2 43.7 47 1 385
Nov. 27, 1967 ................ 47.3 342 41.8 344
Dec. 4, 1967 .................. 48 7 334 469 342
Dec. 11, 1967 ................ 39.7 296 35.7 28.7
Dec. 18, 1967 ................ 39.4 29 3 362 34.1
Dec. 26, 1967 ................ 44.0 33.7 37.6 31 2
Jan 2, 1968 .................. 39 5 30 8' 31 6 29.62

Jan. 8, 1968 .................. 37.3 27.5 342 28 2'
Jan. 15, 1968 ................ 44.4 30 1 367 31 32

Jan. 22, 1968 ._............. 46.5 422 387 31.5
Jan. 29, 1968 ................ 35.7 36.1 33.0 23.1

Feb 5, 1968 _._ .............. 43 8 28.0 35 8 26.5

Feb. 12, 1968 ................ 39.2 28.7 343 303
Feb. 19, 1968 ................ 464 306 37.7 313
Average ........................ 46 9 383 42.5 36.1

' Only one reading.
2 On resistance heat only



An air coil assist raised the soil temperature and provided only
a small reduction in kilowatt-hour consumption.

Experiment 4. Comparison of air, soil, and combinations of
air and soil heat sources

The heat pump using air as a source of heat has not proved ade-
quate in northern climates and has not operated successfully in marginal
climates without an auxiliary heating system. The purpose of Experi-
ment 4 was to compare soil, soil and air, and air as heat sources for a
heat pump in the vicinity of Corvallis, Oregon.

Four buildings were heated using the following systems:

1. Air alone (evaporator coil)

2. Air (evaporator coil) plus soil (50 feet of #-inch copper tubing
4 feet below the ground)

3. Air (evaporator coil) plus soil (100 feet of s-inch copper tubing
4 feet below the ground)

4. Soil alone (100 feet of #-inch copper tubing 4 feet below the
ground surface)

In each case, the air source was an evaporator coil rated at 4,500
Btu per hour at 10° F temperature difference. Inasmuch as the con-
densing units were rated at 3,680 Btu per hour for 90° F ambient and
40° F suction temperature, this coil should have been adequate. The
soil grids consisted of i-inch copper tubing placed 4 feet below the
surface of the soil in a hairpin loop.

The two heat pumps using soil and air as heat sources had
a thermostat on the outside of the building which shut off the fan on
the evaporator coil whenever the outside temperature dropped below
40° F.

Results. Figure 13 indicates that the system using air alone as
a heat source was considerably more expensive to operate compared
to the other three systems. However, there was only a slight difference
between the soil heat source and the soil-air combinations. Inasmuch
as there was only a small difference between the two soil-air combina-
tions and the 100-foot length of soil grid, there appears to be no ad-
vantage to the combination systems.

It can be seen in Table 12 that by June 1964 there was complete
soil temperature recovery for all systems. The soil temperatures re-
turned to the level of natural soil temperatures that occur with no heat
pump drawing heat from the soil. Incidentally, 1964 was an ideal year
for use of the heat pump. It was continually cool with no extremes.
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Figure 13. Comparison of various sources of heat for a heat pump (December
21, 1963 to March 23, 1964).

Table 12. TEMPERATURES OF THE COPPER TUBING IN THE SOIL FOR THE AIR
EVAPORATOR ASSISTED SYSTEMS AND FOR THE UNASSISTED SYSTEM

Date 100 ft.

°F

50 ft.

°F

100 ft

°F
Dec. 17, 1963 ................ 37.0 36.6 36.8
Dec. 24, 1963 ................ 31.1 35.5 36.2
Dec. 31, 1963 ................ 41.6 451 37.5
Jan. 7, 1964 .................. 36.3 373 40.2
Jan. 14, 1964 ............... 34.4 36.4 38.0
Jan. 21, 1964 ................ 34.5 37.4 43.2
Jan. 28, 1964 ................ 34.7 35.6 41.1
Feb. 4, 1964 .................. 35.7 35.1 372
Feb. 11, 1964 ............... 35 7 37.0 36.7
Feb. 18, 1964 ................ 39.0 40.6 366
Feb. 25, 1964 ---------------- 32.5 36.3 35.6
March 3, 1964 .............. 33 8 33.8 34.8
March 10, 1964 ............ 37.9 34.8 36.9
March 17, 1964 ............ 38.8 37.1 37.4
March 24, 1964 ............ 39.8 355 37.9
June 1, 1964 .................. 51.9 51.8 41.9
June 8, 1964 ------------------ 53.9 53.3 52.6
June 15, 1964 ............... 54.9 54.4 53.5
June 29, 1964 ---------------- 56.1 548 55.1



elemental heating unit that was thermostatically- set to add heat when-
ever the building temperature dropped to 66° F. The third building
was heated by a heat pump using air and soil as heat sources. Water
was circulated in the tubing. The heat source was a 70-foot length of
copper tubing placed 4 feet below the ground in a 35-foot trench, 2
feet wide. The trench was made in a similar inanner to other trenches
in these experiments. The evaporator cooled the circulating Water in the
ground loop and blower coil by a water-to-F'rcon heat exchanger. Cir-
culation was maintained by a pump which pumped water through the
system each time the compressor turned on. Ethylene glycol was added
to the water solution to prevent freezing when the temperature of the

pressor operated.
All four condensing units were HP Freon 12 rated at 3,680 Btu

per hour for 90° F ambient and plus 40° F suction temperature and
each was set thermostatically to maintain 70° F inside the building. The
two evaporator coils were rated as 4.500 But per hour for 10° F tear

and used less energy. The city water unit furnished more heat for less
electrical input than the :oil and air unit. This was particularly true
luring very cold weather. During warmer weather, the soil-and air

combination was many times as efficient as the unit using city water.
One reason the soil-and-air combination did not perform as well as the

Experiment 5. Comparison of electrical resistance heat with
heat obtained by a heat pump
All four of the small buildings were used in this test. A 1,650-watt

circulating electrical-resistance heater was used as the source of heat
in one building. The second one was heated by a heat pump using air
as a source of heat. This building was equipped with a 660-watt sup-

fluid dropped below 32° F. The fourth building was heated by a heat
pump which cooled city water by a Freon-to-water heat exchanger. City
water was run through the heat exchanger whenever the compressor
ran. A solenoid valve in the water line snapped open each time the com-

perature difference. A thermostat stopped the fan on both evaporator
coils whenever the outside temperature dropped below 40° F. The
water-to-Freon heat exchangers were rated at 5,400 Btu per hour for
a suction outlet temperature of 60° F and an entering suction tempera-
ture of 40° F. Two of these heat exchangers were used with bath the
water and Freon passing through in series.

Results. The kilowatt-hour consumption per week for the degree
days per week for the four systems is shown in Table 13. It can be
seen that the heat pump using air as a heat source closely approaches
that of the resistance heat unit. The heat pump using soil and air as
heat sources and the one using city water were very similar in operation

city water unit was because the velocity of water was higher (approxi-



Table 13. KILOWATT HOUR CONSUMPTION FOR THE 1962-1963 RESULTS

Heat exchange systems

Soil and
air using City Resistance Degree

Date a fluid water heat Air days

kwh /hr. kwh, /hr kwh /hr. kwh /hr.
Nov. 29-Dec. 4 .............. 61.1 42.9 76.7 67.8 122.0
Dec. 5-Dec. 11 ................ 33.5 35.2 62.5 49.4 1380
Dec. 12-Dec. 18 .............. 42.2 33.7 61.4 461 116.0
Dec. 19-Dec. 25 .............. 482 39.8 73.6 56.8 157.5
Dec. 26-Jan. 1 ................ 51.1 43 0 76 5 602 158.5
Jan. 2-Jan. 8 .................... 44.1 415 75 3 61.7 171.5
Jan. 16-Jan. 22 526 44.7 85.8 838 206.0
Jan. 23-Jan. 29 52.4 38.3 905 84.4 210.0
Jan. 30-Feb. 5 .. .. 41.6 23 6 724 504 133.0

TOTAL 426.8 342.7 6747 5666 1,413.0

Table 14. COMPARISON OF CITY WATER TEMPERATURE AND WATER
TEMPERATURE OF AN AIR-SOIL HEAT SOURCE

Date 12/5/62 1/1/63 2/5/63 3/5/63 4/2/63 5/7/63

°F °F °F °F °F
City water

temperature .............. 48.2 46.6 46.7 45.6 45 6 59.4
Incoming water

from a soil-air
heat exchanger -------- 49.4 46.2 48.6 51 6 50.0 52.0

mately 11 g.p.m.) than the pump circulation system (7.5 g.p.m.). Table
14 shows that the water circulated in the soil-and-air system actually
was warmer in the early spring than the corresponding water in the city
system. Inasmuch as there were two heat exchangers, or heat transfer
systems, for the soil-and-air system, the efficiency of this system could
be improved by operating it as a direct expansion system in the ground.
This would eliminate one set of heat transfers and should result in a
higher coefficient of performance than in the test shown.



Summary

A fairly close prediction of the amplitude of variation of the tem-
perature in the soil can be made from the regression curve of the air
temperature by use of the Fourier heat conduction equations. The tem-
perature lag of the soil behind the air temperature also can be evaluated
from the Fourier heat conduction equations, but with some error es-
pecially at the lower depths. The average temperature of the soil can
be estimated from the average air temperature, but the average soil
temperature will always be slightly higher, due perhaps to solar radia-
tion and rainfall.

The temperature of the tubing in the soil (from a heat pump using
soil as a source of heat) can be evaluated quite accurately by a modi-
fied form of the methods proposed by Penrod (16). In the case of the
soil grid that was 25 feet long, the formula for a short pipe gave pre-
dicted tubing temperatures closer to actual tubing temperatures than
the formula for an infinite pipe. No doubt this would be true for shorter
tubing grids.

Solar heat, soil, solar heat and soil, air and soil, city water, and air
were tested as sources of heat for a heat pump. The combinations (solar
heat and soil, air and soil) gave little improvement in the overall ratio
of electrical input to heat output in the shelter used, but they did raise
the soil temperatures over a soil source.

The air sources did not give as good a result as a soil source, even
though the refrigerant-to-air heat exchangers were large compared to
the condensing units. The best results were obtained with city water.
Inasmuch as city water would tend to approximate well water tempera-
tures, it is recommended that a person with a good well use it as a source
of heat.
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Amplitude = 9.3 exp
L

Amplitude = 7.4 exl,
[- i) 1 .i().277(

(:026087). (365)

Appendix

Appendix A. Example of calculations of amplitude and lag of the annual
temperature cycle.

(1) Amplitude = A exp C- x

xr T
(2) Lag= -L

2 as

aT

y

A= Average yearly amplitude of air temperature from regression curve
x = depth
a = diffusivity
T= period of the cycle

Sample computations:

For 2 ft. a = .023876

i iT

Amplitude = 12.5 exp
L

-2
(.023876) (365) (24)

2 365 1

Lag = -
2 -, (.023876) (24) )

14.2 days

For 4 ft. a = .026087

(24)

=9.3° F

= 7.4° F

2 365 1

Lag= 14.2+- - 27.8 days
2 -, (.026087) (24)

For 6 ft. a = .02776

2 365
Lag = 27.8 + -- 41.0 days

2 , (.02776) (24)



Appendix B. Sample calculation for a long pipe (modified form of Pen-
rod's method).

AT=
I n=i

Y S I I. .( ,-n+1- ;-n)
27k n=1

where

10 0

n 1,2,3,...n
i = number of intervals such that

i = 1 for the first interval and

i = 2 for the second, etc.

I =I (R) =
R

%xP[-P2] d1

(3 = 0.5 r/Vat
r=distance from center line of pipe (applies to surface of pipe, or to

points several feet away), in units of feet

a = thermal diffusivity of the soil in ft2 per hr

t = time since start of operation, hr

k=thermal conductivity of soil in Btu per (hour) (ft) (° F)
S = rate of heat exchange in Btu per hour per linear foot of tubing

I = value of the integral I ((3) calculated and put into table form by L. R.
Ingersoll and 0. J. Zobel, and A. C. Ingersoll in 1954. The value range
for /3=0.001 to /3=3.10.

1

ATS= -[Si (I5 -I4) +S2 (I4-I3) ...S5I1] for J-in. tubing
27rk

(2) (3.1416) (1.755)
[ (14.67) (5.7139-5.5931)

+ (21.04) (5.5931 - 5.4466) + ... (26.33) (4.8928) ]

OT5 = 16.7 F 1-in. tubing

AT5 = 3.7 F 21-in, radius
AT5 = 20.4 F Calculated increment of temperature of tubing below undis-

turbed soil temperature at 4-ft depth. (Ingersoll line source equation)



Sample Calculations
For 5 weeks data for substitution in Ingersoll line source equation

(A)
For r = 5/16-in. = 0.026 ft

a = 0.03174 sq ft per hr
k = 1.755 Btu per hr (ft) (F)
t = 168 to 5 (168) = 840 hr

Week RA IA (from
Ingersoll tables)

1 0.005641 4.8928
2 0.003988 5.2364
3 0.003257 5.4466
4 0.002821 5.5931
5 0.002523 5.7139

0.5 (0.026)
/3A1 = = 0.005641

\/0.03174 (168)

0.005641
RA2

V2

0.005641
t, e c.

\/3
(B)

For r = 21 in.= 1.750 ft
a = 0.03174 ft2/hr
k = 1.755 Btu/hr (ft) (F)
t = 168 to 840 hr

Week 18B IB
1 0.3789 0.7534
2 0.2673 1.0661
3 0.2182 1.2573
4 0.1890 1.3953
5 0.1690 1.5034

0.5 (1.75)
= 0.3789

x0.03174 (168)

0.3789
RB2 = --, etc.

V 2



5th Week
Kilowatt-hours consumed (5th week) = 21.5 kw-hr = 73,358 Btu
Average weekly temperature = 48.1
Btu to heat the house (5th week), (70 - 48.1) (80.2) 168 = 294,490
Btu per hr

Heat energy ratio = HER =
Heat required to heat house

Electrical energy consumed

294,490
HER= = 4.01

73,358

Heat withdrawn per hour by the soil =

(HER - 1) (heat required per week) (4.01 - 1) (294,490)

HER 168 (4.01) (168)

1316
Heat required per foot of pipe = = 26.3 Btu per ft hr.

50

1316

Appendix C. Sample calculation for a short pipe (modified form of Pen-
rod's method).

q z /' 00
DT = J e -RZdR

47rkR \/1r R

2Vat

Now for line source in a Z direction made up of such points, emitting Q1 heat units.
per unit of time per unit of length, the temperature differential at a distance h
from this line is:

Ql f Z2 dZ foo Z
AT = J e -RZdp

Oak Z; VZ2+R2 VZz+R2 V7r
2VaT

Lp
For VZ2 + R' l 2-\/at < 1 and R <- and Lp < Vat

10

AT
1 L pQ (- p p

L loge
47rk R _\/7rat

in



AT = temperature differential between the temperature at the point under
consideration and the soil temperature, in degrees Fahrenheit

Q1 = rate of heat exchange in Btu per hour per linear foot
R = distance from center line of pipe (applies to the surface of the pipe, or

to points several feet away, in units of feet)
k = thermal conductivity of the soil in Btu per (hour) (foot) (deg F)
Z = points along the length of the length of the pipe, feet

Lp = length of pipe under consideration, feet
a = thermal diffusivity of soil, square feet per hour
t = time since start of operation, hours

R = variable of integration
Sample Calculation (for five weeks)

Q1 = 26.33 Btu per hr (ft)
a = 0.03174 sq ft per hr
a = 3.141
k = 1.755 Btu per hr (ft) (deg F)

Lp = 25.00 ft
t = (5) (168) =840 hr

R1 = 5/16 in. = 0.026 ft
R2 = 21 in. = 1.750 ft

26.33 25.00 25.00
for i-in. tubingOTRl

(4wr) (1.755)
loge

0.026 [ (-rr) (0.03174) (840) ]

ATRI = 8.198 deg F
25.00 25.00

AT,, = (1.194) loge - for 21-in.
1.750 [ (lr) (0.03174) (840)

OTR2 = 2.92 deg F
AT5=ATRI±OTR2= 11.1 deg F

Calculated increment of temperature of tubing below undisturbed soil

temperature at 4-ft depth. Short pipe formula


