
AN ABSTRACT O THE UHE3IS OF 

Paul Einer Hyde ror the waster o1 science degree in 
Mechanical Engineering. 

Date thesis is presented 

Title: Determination or temperature gradients in clay soil 
surrounding a heut(ppmp ground »cii. 

Redacted for privacy Abstract approved 
Mjor Profeor) 

When the heat pwap is used íor space heating, a 
large source of uniform heat is desired. Sources 
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the soil. Soil is universally available and has fairly 
constant temperatures, but little reliable information is 
available on heat transfer ratos for ground coils. 

Simplified calculations are presented 
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ground coil after any period of operation. 
of changos in time, heat removal rate, and 
conductivity on the calculated tomperature 
shown. A simplified correction method is 
include the effect of ground freezing in t. 

for determining 
heat pump 

The effect 
thermal 
gradient is 
applied to 

ae calculations. 
Refrigerating machinery was connected to a hairpin 

loop ground coil buried at a depth of forty-two inches, 
for one hundred feet outside the engineering laboratory. 
Thermocouples were placed on the coil, and in the 
surrounding soil. The heat pump was operated for a period 
of twenty-two days, and redings of the soil temperatures 
were checked against calculated temperatures. The slope 
of the actual temperature gradient agreed closely \.ith 
the theoretical gradient. The effect of building 
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DEThRLNATION OF TERATURE GkAIJIENTS IN CLAY SOIL 

SUROU1WING A ILAT PU1 GROUN.L COIL 

INTROUUCTÏON 

The heat pump is one o1 the most novel and 

interesting developments in air concLitioning of recent 

years. it serves the purpose of heating in the 

winter anl cooling in the sunimer with no use of fuel 

other than the energy of pumping. There is no need 

for a chimney, nor for fuel storage, and, the heated 

space is free from. smoke, fumes or soot. 

Working on the reverse or the ordinary heat engine 

cycle, the heat pump circulates its workIng fluid 

through a relatively col 

bony or heat source, where 

the fluid absorbs thermal 

energy and vaporizes. The 

vapor Is pumped to a higher 

temperature and pressure. 

At this higher level the heat 

energy absorbed. from the 

source, plus the energy of 

compression, is easily 

transferred to air or water 

for use In space heating. 

This heat loss causes the 

High level 
hea t 

(con den ser) 

Space to be 

heated 
Heat 
Pump 

Low level heat source 

Fig.l. Illustration of 
heat pump principle. 
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working Iluict, which is still under pressure, to condense. 

The pressure is released by passing through an expansion 

valve, and the f luia imriiediately begins absorbing heat 

again so that the process can continue. On the cooling 

cycle the flow or fluia is changed so that heat m.ay be 

withdrawn from the building ano. released In the cold 

body. 

The operation or the heat pump In winter requires a 

large source or heat which should have a relatively 

uniform temperature. Large bodies of water, streams, 

or wells are excellent sources or uniform temperature 

heat with good. transfer characteristics, but are not 

always available. Air is universally available and 

will liberate large amounts or heat, but has the 

disadvantage that the temperature drops at the time when 

most heat is neeuect. Direct use or solar energy may 

be made possible in the future by the heat pump, but is 

not yet practical for space heating. 

Liuch Interest has centered on the use or the earth 

as a heat source. It has the advantage of availability 

and reasonably uniform temperatures. objections to the 

use of ground coils are basea. in part on the damage to 

founa.ations, lawns, ana shrubbery caused by excessive 

grouna freezing. Other objections are raised to the 

necessity for Uigging up the hone owner's yard to place 



the coil. It is questionea. whether he average home has 

surricient land area l'or placement or a large enough 

coli (23, p.6). 

The most serious objection, however, is the lack cI' 

design ctata available in usel'ul l'onu to the heat pump 

engineer. He Is not likely to have knowledge ol' the 

thermal conductivity ol' the soil in a given location. 

Little is known about the eI'i'ect ol' moisture migration, 

uno.erground. water movement, and the latent heat released 

by soil freezing. 

This study will attempt to remove some 01' the 

mystery from the design of ground coils by presenting 

existing conauction theories in more usable l'onu. A 

temperature gradient will be calculated and checked by 

experimental means showing the el'l'ect of factors other 

than heat conduction. 

TH±OirIoAL ,uE'1thk,MINATiur4 oir ' kLUk RVIL'i1S 

A. DeveloDnlent or conduction theory. 

The temperature gradient can be determined 

analytically when the ground coil is considered to be of 

inl'inite length an the soil Is homogeneous. The 

problem is one 01' determIning heat conauction in a 

solia cylinuer with a negative source ol' heat at the 
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center. 

Newnian (5, p.322) o.evelopea equations l'or the temper- 

ature distribution 01' continuous cylinaer or line sources. 
ihe line source equation presentea. by Ingersoll (10, p.339) 

(11, p.14.7) is easier to use ana Is given below: 
Çgl 

T- T - f .. ,.fl - ..SL o27fk 217k X 

-x 

';here 
r d 

x 2/ 
T = soil temperature at any selected aistance £roni 

the pipe, Fahrenheit degrees. 

T0 initial temperature or soil, .?ahrenheit degrees. 

Q heat absorption oi' pipe, Btu per lineal l'oot 
per hour. 

r = distance rroni center line or pipe which may be 
at the surrace 01 the pipe or several reet away, 
reet. 

k = thermal conductivity or the soil, Btu per hour 
per square root per i?ahrenheit degree per root. 
thermal ctil'rusivlty 01' the soil k 

fc 

f density, pounds per cubic root. 
o = specil'ic heat, Btu per pound per ±ahrenheit a.egree. 

& = time since start oi' operations, hours. 
= variable or integration. 

e Napernian base 01' logarithms. 

ualculations have been made (10, p.322) by both methods and 

agree within one percent arter the value 01' X - d 
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is greater than one. Evaluations oI the integral i (x) 

ior various values oí X are listed (10, p.340) (11, p.23-4). 

1. Use o1 logarithmic charts. Vihen the higher 
powers or X are neglected, the relationship between 

2 'r 
and (j as cieterminect by the 

Ingersoll equation can be presented as a straight line on 

semi-logarithmic paper. This straight line 
relationship holcis ror all but the very low values of 

as is shown by Figure 2. Plotted points are 

calculated lrom the equation. 
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Figure 2. Ingersoll line source equation for heat flow In an infinite, 
homogeneous cylinder. 
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2. Temperature gradients. The temperature 

cjifi'erence at any distance from the tube center can be 

aeterm.ined. from Figure 2 l'or a given time 01' operation 

and. l'or constant , When the initial soil temperature 

is Icìown, these values in turn can be plotted as a straight 

line on a semi-logarithmic chart. Thus the temperature 

is proportional to the logarithm of the radius at any 

time 0. 

3. Effect or change in rate 01' heat withdrawal. A 

higher rate o heat removal 

will lower the gradient and 

increase its slope. 

50 

Lower 
I 

I 

4- I - 
e 

, 
a 
E ' 

kjIigh.r Q 
S / 

o.' 

P 0g r 

.iig.3. Temperature 
gradient showing change 
in heat flow. 



4.. Efrect o1 change in thermal conductivity. 
soils or lower conductivity 
the gradient will be both 

lower and. steeper. Since 500 

the converse is also true, 
soils of higher 

cond.uctivities will be able t 
to obtain more heat removal 

at the saine pipe 

temperatures. 

1"or 

, 
Higher k - - / 

/ 

- 

, 
, 

, 

' Lower k 
/ 

, 

o. 
P 

log r 

Fig.4. Temperature 
gradient showing change 
in themal conductivity. 

5. Efrect of time on temperature gradient. 
temperature difference at any 

point, with other conditions 
constant, will be 

proportional to the logarithm 

50 

of the time. Thus the t 
effect of time, when the heat 

removal is constant, is to 
cause a lowering of the 

gradient with no change in 
slope. 

The 

// " Time-'- /, , 
f / 

0 
logr 

Fig. 5. Temperature 
gradient showing chango 
with time for constant 
heat flow. 



When the pipe temperature 

remains constant and 50 
/ / , 
I / / 

equilibrium conaitions have / ,''4" 
I , 

not been reached, the / ,',';::" 
/ ,,,- I,,,-. quantity 01 heat removed o / .-- 

Time- 
I,,,, 

rroìu the soll n unit time ¿4* 

will decrease. Under these 
o. 

conditions the slope o1 the p 
109 r 

gradient will lessen as the 
Fig .6. Temperature 

coil reaches further out into gradient showing change 
with time l'or constant 

the soil l'or sensible heat, evaporator temperature. 

6. Effect of ground freezing. In previous 

consiierations, soil conditions have been assumed constant. 

The freezing of moisture laden soil causes a significant 

increase in thermal conductivity of the soil. This 

change by itself woula both raise and flatten the 

temperature gradient. 

When the soil moisture is large in anount the latent 

heat of fusion causes a change in the rate of heat 

removal at the frozen surface. All of the heat which is 

transmitted to the pipe passes through the frozen soil. 

The heat which passes through the unfrozen soil is equal 

to Q, - , since the latent heat of fusion, Q, is 

picked up at the frozen Interface. This change in Q, 

reduces the slope outside the frozen region. 
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In Figure 7, curve . represents the temperature 

gradient without ground rreezing, and curve D' is the 

gradient when consideration is given to the effect or 

ground freezing. 

B. Calculation o1 temperature gradient with ground 

f re e z I ng. 

It is necessary to account for variations caused by 

ground freezing in determining temperature gradients. 

This problem can be hanuled analytically (20, p.335.), 

but close approximation may be nado by the following 

raethod, Refer to tables I and II. 

The temperature difference at each of several values 

or d.2 is determined from Figure 2. Values determined 

are plotted on serai-logarithrnic paper against values of 

d2. This curve will be a straight line. See curve Ja., 

Figure 7. The value of d2 Is determined from the 

freezing temperature of the soil. The amount of heat 

given to freezing ol the soil, q, is estimated by, 

a - iL d1 rvIL 
II- 4 

E:) 

The value or q thus determined is averaged with 

zero and subtracted from '. since this heat oi fusion does 

not pass through the unirozen soli. The values for kit 

are now multiplied by the ratio to determine a new 
k 



O = 1000 hours 

k - .456 Btu/hr/rt2/°F/ft 

Q, 67 Btu/hr per lineal 
ft 

0126 ft2/hr 

M 2j.8 lbs/ft3 

L 14.4 Btu/lb 

df aiameter of frozen 
soil, feet. 

I nt ial temerature 

Tif i 
- - 

TABLE I 

r-- 

,;, r;i 

h 

11 

al I. IO. 

Jiig.7. Illustration 0k' 
calculation for effect 
01. Cround freezing. 

d ic t)t, Lt ¿t3 

0.01 1260 .74j 109.0 60.9 71.3 69.6 
0.02 630 .685 100. 56.1 65.8 64.2 
0.10 126 .557 81.7 45.6 53.5 52.2 
0.20 63 .501 73.5 41.1 48.1 47.0 
1.00 12.6 .375 55.0 30.7 36.0 35.1 
2.00 6.3 .321 47.0 2o.3 30.6 30.1 
10.00_ 1.2( .195 28.6 lö.0 _18.7 16.2 

TABL1 II 

irial Q. -QI. 
L dz qL 

A O 67.0 1.46 22 59.4 
B 29.7 37.4 .82 6.2 16.7 
o 23.2 43.6 .96 0.4 25.4 
D 24.3 42.7 .94 .0 24.3 
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set of' temperature ctirf'erentials, ana. a new curve, curve B, 

is plotted. From the new curve a new value of' d42 is 

found and used to recalculate q. This time qL is 

averaged with the previous value of to obtain the 

second value for c. Each approximation comes closer 

to the true temperature gradient. 

1. Change in thermal conductivity of frozen soil. 

The temperature gradient has been corrected for the 

latent heat of fusion of ice. The gradient must be 

further corrected in the frozen region for the change in 

thermal conductivity of frozen soil. Vie shall consider 

steady state heat transfer the 

because the ice front is expanding very slowly. The 

flow of' heat is directly proportional to the thermal 

conductivity and. to the temperature drop. The following 

relationship holds: 

from which, 

where 

k4(32-L) k (°-t) 
Q - 

(k \ ¡_Q__ (3Zu_t) 
(3z°- tf)) 

( Q-Q» 

thermal conductivity in frozen soil. 

- 

corrected temperature in frozen soil. 

t uncorrected temperature at any point in frozen 
soil as determined above. 
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The ratio k corrects 1or change in thermal 
kf 

conductivity and the ratio _j corrects for latent heat 

flow through the frozen region. See curve D-D', 

Figure 7. 

2. Temperatureradient change with time. Gradients 

ror any other time will have the same slopes. Each one 

will be shifted horizontally proportionately with the 

logarithm or the time since start of operations. By a 

change in scale the plot nay be changed from temperature 

versus diameter squared, to temperature versus radius, 

although the former makes the above calculations simpler. 



51 

4 

U) 
w 

I- 

w 
Q- I 
w 
I- 

-J 

6ic 
U, 

0.1 0.5 I. 5 IO 50 
DISTANCE FRON PIPE CENTER.- FEET 

1?igure 8. ealoulateci temperature gradients tor heat pump ground coil in clay soil. 

-J 



15 

C. Lioisture content and. thermal Droperties of soil. 

The maximum rate of heat removal is limited by the 

moisture content and thermal properties of the soil. 

Accurate determination 01 these soil conditions requires 

individual testing of the soil at the site, unless it 

can be determined from classification that it is similar 

to another soil for which thermal properties have been 

determined. 

1. soil density. The natural soil density can be 

obtained by digging a hole, obtaining the dry weight of 

the soil removed, and determining its volume by filling 

with measured amounts of dry sand of known density. In 

firm soils the volume may be measured with a standard 

core cutter. 

2. Moisture content. Moisture content is determined 

by measuring the loss in weight following oven drying and 

is expressed as a percent of dry weight. 

3. Specific heat. Specific heat can be determined 

by 

ri lcr 
'J - yI I - Z 

- 

where W1 = dry weight of soil lbs/ft3 

C1 - soil specific heat (0.20 for clay soil) 
Btu/lb/OF 

W2 = moisture content lbs/ft3 
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02 specilic heat or water Btu/lb/°F 

specific heat 01. wet soil Btu/lb/°F 

4. Thermal conductivity. Thermal cond.uctivity o1 

soils can be aeterniineci. in the laboratory by the 

cylindrical ring method (24, pp.129-30), or by a transient 

type or test escribed. by Shannon and Wells 

(21, pp.1044-46). Density and moisture content appear to 

have the greatest inrluence on thermal conauctance with 

density having most importance. For this test, a value 

was calculated by a method presented by Andrew Gemant 

(4, pp.122-3) which gives good. agreement with values 

determined ror the seme type o soil ami moisture content 

by Smith and Yaniauchi (24., p.1.34). 

The recent development (8, pp.129-35) oí a probe 

type instrument lor 

determination or thermal 

conauctivity appears to fill 

the need for use in heat 

pump locations. The probe 

Is internally heated with 

a Imown heat flow rate. A 

time-temperature relationship 

is plotted with readings 

taken from. thermocouples 

located within the sleeve. 

/// TAPE REINFORCO 

THERMOCOUPLE 

- COPPR POWtR LEADS 

, 

- 

A1UMN4UM SLEEVE 

ThERMOCOUPLE JUNCTIONS 

, __-- LENGTH 
DIAu TER 

-- ATER, O 5-- OiipiS P(R FOOT-3 o 

rip 

Fig.9. Thermal 
conductivity probe. 
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A worid.ng chart has been c.eveloped. lor translating 

time-temperature values into thermal conductivity. since 

the test can be completed. within a rew minutes, the 

read.ings are not airected. by moisture migration. The 

instrument has provee its accuracy and. utility in more 

than two years 01 tests at the University of Toronto 

(7, p.126). 

Very little inrormation is available on thermal 

eonauctivities 01 frozen soils. Values are higher than 

for unfrozen soil ana. are related to the moisture 

content. 11aboratory tests are ciifricult, although 

values may be determined from ground. coil test 

installations. The thermal conductivity probe would. 

provicie a more practical method. of determining these 

values. 

APPARATUS AND POI)U 

Experimental data were secured. by operating a heat 

pump with a ground coil, ami obtaining temperatures within 

the soil lor a period. of twenty-two days beginning 

february 26, 1953. 
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iig.1l. View or plot containing ground coil. 

A ground coil was installed as a research project 

ror the engineering experiment station in 1951. One 

hundred. reet or copper tubing was burieci. in a 

hairpin loop 42" below the surrace 01 the ground between 

the uonset huts and. Engineering Laboratory. 
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Thermocouples were ca.rerully installed at three 

separate stations. Leals 

4. were 1nsuaeu ano. were Ground sur ace 

North 
brought to the surrace 

through neoprene tubing. 

The thermocouples viere kept Coil depth 42" 

in position by attachment to 

light wooden jigs which 

extended radially outward 
2 

lrom the pipe at each 
.3 

station. Thermocouple P z .P j 

was solcterea to the tube at 
'4 

each station. V3 and li3 
.5 

were placed three inches 

rrom the tube. All other 6 

spacings were six inches. .ig.l2. Positions or 
thermocouples. 

Three thermocouples were 

placed at separate locations to check the normal ground 

temperature. 

The rerrigerating machinery as installed was replaced 

by the author with a larger unit consisting or a Baker 

4-3A compressor, a one horsepower inauction motor, a 

water-cooled condenser, an a receiver tank. Freon 12 

was used as a working fluid and the flow was controlled by 

an automatic expansion valve. Leaks in the system were 
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repairei, the compressor was overhau1e, an with 

consierab1e difticulty the system was put in operating 

conaition. 

I 

4'I 

ig.1.3. View or heat pump machinery and potentiometer. 
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Ground. temperatures were d.eternuined. by means of a 

potentiometer located in the laboratory. Refrigerant 

pressures were read from permanently installed pressure 

gages. Mercury in glass thermometers were usea to 

measure temperature or the fluid. entering ana leaving the 

compressor, conaenser, and ground. coil. A standpipe was 

set in place to enable ineasureaents to be taken of the 

water table level. Power suppilea to the motor was 

recoraea rrom a watt-hour meter, ana, water flow through 

the condenser was measured. by a calibrated. water Í'low 

meter. 

Readings were taken thrice daily for the first three 

d.ays, twice daily for three days, and. daily for the 

following fifteen d.ays. 

CO1>AISON Oi iXRhkOEM.N . AL RESULT$ 

WITH TROkùT1OAL E(Yi'ATION3 

A. Temperature gradients. 

The slope of' experimentally determined temperature 

gradients agreed closely to expectations. The straight 

line relatIonship was evident from all the separate 

determinations when plotted. on logarithmic charts. 

There ïas no evidence of change in slope of' any of 

the gradients from one reading to another after the first 
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five days ol' operation. Where there was variation in 

temperatures, with time, the variation was uniform at all 

points. Plotted gradients were parallel. Because of 

this similarity, readings l'or each or the thermocouples 

were averaged and form the basis of the temperature 

gradients plotted in Pigure 14. 

The slopes of each or the gradients varied with its 

location. A steeper gradient Is shown in the direction 

of greater heat flow. More heat was absorbed at station 

II than at either of the others due partly to buried steaiii 

lines located in that direction. At each location, more 

heat was withdrawn from the lower earth than from the 

surface. At stations I and II, more heat was withdrawn 

from the direction 01' the laboratory building. 

Each of the graaients showeQ a break in slope at the 

freezing temperature. This change was predicted because 

of increased thermal conductivity 01' the frozen soil. 

A better analysis of the heat flow is given by 

Figure 15. Isothermal lines are plotted at intervals of 

l'ive degrees. The heat flow paths are plotted to cross 

the Isotherinals perpendicularly. They are spaced so 

that the areas in the outer rings are approximately 

square. 1hen so plotted, each heat flow path represents 

the passage of a definite amount of' heat in the direction 
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of the line (11, p.200-i). With this in mind, station 11 

is seen to be absorbing the most heat. Stations I and 

ILL show heat to be coming from the ground below the coil. 

Stations Ï and. II definitely show the effect of' the flow 

from the building. 

Theoretical calculation cannot account for all of the 

variations in heat pickup along the pipe which may occur 

at any given installation, nor is such determination 

necessary. J.l1 that is useful is the average heat pickup 

per unit length of coil. To approximate this average, 

the twelve determined gradients were combined in 

Figure 16. 

There is little variation between the preaicted and 

average temperature gradient, except in the frozen soil. 

The slope 01 the gradient here indicates that a higher 

value should have been used. for thermal conductivity in 

this region. The new value calculated is 1.26 compared 

with .728 assumed, and was used for curves plotted in 

Figure 8. 

B. Temperature change with time. 

Typical curves of temperature versus time are shown 

in Figure 17. The dotted line curve is from calculation 

for the temperature at the pipe surface. Plotted points 

are from data smoothed once by the method or least 
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squares (lb, p.276). 

There was a very marked Increase in soil temperatures 

eighteen hours after startup at station II. This is 

probably explainea. by 

moisture migration. 

Moisture has been shown to 

move in the soil from a warm 

area to a cold area by a 

combination o capillary 

action, evaporation, and 

condensation (25, p.511). 
Temperature drop 

Convection currents and vapor Illustration 
moisture transrer by 

movement alone are o1 minor vapor and capillary 
action. 

importance because o1 the high 

resistance in soils to such movements. Capillary action 

will pull water through a path in the soil. Vïhen the 

advance is broken by an air space, evaporation takes place 

on the Íorward raeniscus, passes the void as vapor, and 

conenses on particles nearer the cold area where capillary 

action ana surlace tension carry the droplet Curther. 

This action ceases when the soil approaches saturation 

because the voids have then been filled. 

Positive evidence or soil saturation was aiforded 

when the author dug down to the coil about ten days after 

startup. The dirt at about a Loot and a halL above the 



coil quite suc1enly became thoroughly wet and gummy. 

It was similar to the soll at the surface after thorough 

saturation by a series or heavy rains. A similar hole 

was dug much deeper a few reet away. The soil from the 

second hole was much dryer and was firm ana. workable. 

The movement or moisture woulu ordinarily slow the 

drop in temperature, but woula. not cause a rise in 

temperature. if the moisture came from an extremely 

warm area, it naturally would carry heat with it. In 

this case, station II is near a buried steampipe 

surrounded. by warm soil. 

Examination of Figure 17 also shows that the soil 

temperatures ao not continue to drop after the first week 

of operation. The probable causes will be discussed. 

A positive minimum is 

temperature at the pipe by 

pressure. Film coefiicle 

or the pipe woula. increase 

the soil further out would 

progressively slower rate. 

set on the aepression of the 

the constant suction 

its on the inside and outside 

the minimum. Temperatures in 

continue to decrease at a 

Normal temperatures in the soil vary according to 

hourly, daily, ana. seasonal climatic changes. Any 

exact measurement or soil temperatures is subject to such 

variations, which could either magnify or nullify a 1ow 
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rate or artiricial change. 

When the earth cy1iner lrom which heat is being 

withctrawn has increased. to such a volume that the natural 
heat being actcleci to it is equal to that being removed at 
its center, the conaition o1 equilibrium has been reached. 
In sorne installations this conuition nay not be reached 

till the end. or the heating season. In this installation 
equilibrium was apparently reachea after seven ays, 
indicating that considerably more heat could have been 

taken rroni the coil. It is probable that ir the run had 

continued uncier less ravorable weather conditions, 
temperatures would have rallen Lurther. It would then 

have been necessary to ciecrease the suction pressure to 

maintain constant heat withdrawal. 

O. Heat addea. to the soil. 

The theory and methods or calculation presented are 
ror the withdrawal o1 heat only, ana cannot account or 

heat added to the soil. They are valid In predicting heat 
quantities until equilibrium is reached., but cannot tell 
the time or temperature at which the drop will cease, 

unless the exact quantities or heat added to the soil are 
known. Where the soil is not expected to recover heat 

until the summer season, design on the basis oi continued 

arop throughout the heating season is valid. Hoviever, 
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ir heat is added to the soll during the season, the unit 

will be overuesigned. 

ÌLr. Kroeker points out, in discussion of the article 

by Guernsey (5, pp.336-7), that heat pumps are operated 

in Oregon with from 15 to 30 percent 01' the ground. coil 

that would. have been ino.icatea by conductivity 

calculations, The calculations mentioned however, 

accounted lor neither the changes due to soil freezing as 

do those presented here, nor ior the heat adaed. by 

rainrall or other means. 

Vlhile it is beyonu the purpose or this article to 

show means or calculating heat added to soil by nature, 

a few sources v;ili be discussed as they pertain to this 

project. 

The steam pipe mentioned earlier 

the heat absorbed by the ground coil. 

cannot be ascertained, but ligures lL. 

is appreciable for the portion of the 

Possibly ten percent or the heat pick 

source. 

will add some of 

The exact amount 

and 15 show that it 

pipe affected. 

ip conies from this 

Rainfall is seen to raise the soil temperatures in 

Figure 18. A rough estimate of the heat added may be 

had by multiplying the amount of precipitation by the 

difference between the mean soil temperature anu the dew 
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point at the time or the rainl'all. This can account ror 

about 6 Btu per hour per root length o1 coil. 

The subterranean flow 01. water can carry large amounts 

Or heat through the soil. The slope in which the coil 

is placel is about 1.5 percent. A flow or rrom lO 

to 1O reet per hour with an average temperature 

dirrerence or 1O°.Ii would bring from 5 to 50 Btu per hour 

per foot length of coil. 

When the soil is moist ana the cola front is 

advancing, berore equilibrium has been reached, the heat 

aad.ea by fusion 01 ice is quite appreciable (21 percent of 

the total in this case). i'he effect increases with the 

moisture content ana with the amount 01. heat being 

removed. After equilibrium has been reached, no further 

credit can be given to the energy used in ice Iorination, 

although the effect of the frozen soil on heat transfer 

rates remains. 

Other sources of heat can be the air and sun on the 

surface and. heat stored deep in the ground. The largest 

source in this case Is probably the engineering laboratory 

building. 'the temperature gradient in the soil prior to 

startup shows the equivalent of a 32 Btu per hour per 

lineal foot source five feet away. The heat pump 

engineer cannot always expect such a ready source 01 heat. 
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D. Comparative design. 

The ellect or the heat added, to the soil can be 

emphasized. by a sample calculation. A heat pump, 

operating uncter cona.itions similar to those 01' the test 

unit, will be usea to heat a small house with the suction 

temperature maintained at 12°F. It will be assumed that 

no heat is acidect to the soil from outside sources during 

the heating season. The heating load or the house 

requires extraction or 87,00,O0O Btu rrom the earth for 

a 4.500 degree-day heating season. This will require a 

10,000 Btu/hr average witha.rawal or heat from the earth. 

k1 = l.2S Btu/hr/ft/° ror frozen soil 

k - .456 Btu/hr/rt/°F 

42.7 Btu/hr/l't coil 

o 5000 kirs. 

ierer to Figure 19. Two points on the new curve 

are known. The temperature at the pipe radius is 120. 

The radius at initial temperature is the same as for the 

curve shown at 5000 hours since this point is aetermined. 

entirely by time an thermal airl'usivity. The freezing 

radius can be found graphically as follows: 



x + 6.5 inches 

1.28 18 
X2 X, 

456 

2.53 x, 

2.53 X, = 6.5 

1.84. 

4.66 

35 

5O --------- 
AY 

32 

EI2Ok1 
09 r 

'ig .19. Temperature 
gradient at 5000 hours 
with constant evaporator 
temperature. 

.he slope is compared. to the slope of the lines on the 

chart. 

= Q., k, ¿t, (Ratio At can be taken at any 
iiazneter). 

= 67 x 1.28 x 8 

.456 27 

: Btu/hr 

The coil length needed. is 10000 287 feet. 
34.9 

Compare this with the length o1 150 feet needed when heat 

is added to the earth as in this test. if the change in 

conductivity o1 the frozen soil were not considered, the 

design length would be 10000 590 reet. A somewhat 
16.9 

larger rate can be attained, for peak loads when the suction 
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teraperature is lowered or the circulation or rerrigerant 

is increased. 

SUGGESTiONS FO FUC1HER STUDY 

This stucty has shown the neea. i'or more iruorination 

on ground coils. A rew suggestions are given ror luture 

study. 

Â. Thermal conductivity tests. 

The report oi a simple and accurate instruient lor 

measuring thermal conductivities in soil by Ir. Hoo-oer 

(7, pp.125-7) makes possible extensive study o1 the 

conductivities ol soil in undisturbed locations. Such 

tests could be conducted at various locations with 

dii'lerent amounts or moisture in the soil and at various 

soil temperatures. I1 such tests were accompanied by 

soll classlilcations they would add. materially to the 

inlormation needed ror design or heat pumps and other 

buried lines where heat transrer is a problem. 

B. Tests with special lulls. 

Higher concLuctivities in the immediate area 01 the 

pipe can either increase the overall ground coil 

temperatures, or increase the heat transl'er per length oI 

coil. A test or coils pith a rew inches 01' high density 
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till around the pipe vouLci 

be of interest. A dense 

sand and gravel aggregate 

would raise the conductivity 35 
rich high 

density fill 
from 1.28 for frozen soil 32 --- -- -- 

.3o 
or .5 for unfrozen soil to 

about 2.5 Btu/hr/rt2/°F. regular earth fill 

5L 

Pipe 6 12 18 
log r - inches 

Fig.20. Uhange in 
gradient with six inch 
high density 1i11 
arouna coil. 

C. Tests with heated pipes. 

Tests o this nature have been conducted with loose 

nil type insulation for steam pipes. Methods of 

analysis based on the line source equation as described 

above, coula be applied to such tests. 

A coil similar to this Installation coula be used 

with steam or hot water to simulate a heat pump on the 

sunainer cooling cycle. Results would be equivalent to 

those obtained. by actual operation. 
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D. Further grounci coil tests. 

It is suggested that il' further tests are desired on 

similar installations that a location be chosen which is 
not influenced, by other man-made temperature gradients. 
Thermocouples shoulci be more plentiful, and should be 

placed at logarithmic distances from the coil. A forty 
or fifty foot length of pipe would be suflicient if 
placed in a straight line, ana woula. afford more 

flexibility with the sarao size of unit than would a 

longer coil. The unit could be allowed to cycle to study 

the effect of heat recovery between cycles. 

CONCLUSION 

1. The use of the Ingersoll line source equation 

with semi-logarithmic charts is an effective tool in 

analysing and solving heat conduction problems for pipes 

buried in soil. 

2. The influence of soil freezing and moisture 

migration, especially on thermal conductivities, cannot 

be ignored in computing ground coil capacities in damp 

soils. 

3. The temperature gradient from the coil can be 

shown as a straight line on senii-logarithinic charts. Its 
slope is raised by an increase in heat flow, and lowered 



by an increase in thermal conductivity. 

4. around coils cannot be designed on the basis of 

conauctivity calculations alone. Consideration must be 

made of additions of heat to the soil by sun, rain, and 

subterranean flow of water. 

5. A small amount of high density fill should 

improve heat withdrawal. Experimental study of this 

factor would be desirable. 
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PP.Ni)IX 

Heat Balance 

Standard proced.ures 

were used. lor calculating 

heat balance throughout the P 

system in order to obtain 

the quantity or heat picked 

up rrom the soil. 

Thermodynamic properties o1 irig.21. 

reon 12 viere taken rrorn 

Woolrich and Bartlett, "Handbook 01 kerrigeration 

Engineering" (26 , p.210-230). 
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List 01. symbols used: 

L length oi stroke, inches 

D cylinder diameter, inches 

compressor speed., rpm 

compressor eri.iciency 

V specilic volume, It3/lb 

temperature gain, °F 

W weight or water, lbs 

M time in ninutes 

h enthalpy, Btu/lb 
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L1W2 
Displacement = 2 x 4. X 172B x V 

= .OiOj'/ x x 
V 

= lbs/nun. 

(onaenser heat (he -h) X 3.13 E 

(94.5 - 25.6) X 3.13 Ev 

(68.9 x 3.13) E. 

215.5 E Btu/nuin. 

Heat gain to 
water ;it 

12.9 x 240 x 59.4. 
1323 

139 Btu/nhin. 

Compre$sor efficiency 

Condenser heat heat gain to water 

215.5 Ev 139 

Ev 64.4% 

Motor work (h -h) X 3.13 Ev 
(97.7 - 82.5) i 3.13 x .644 

30.6 Btu/nuin. 

Ground heat = (hb - ha) X 3.13 Ev 

= (81.8 - 25.6) i 3.13 i .644 

= 113.2 Btu/mm. 
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Heat balance 

Condenser heat Dius heat gains equals ground 

heat plus motor work plus miscellaneous heat 

losses. 

139 heat gains = 30.6 ± 113.2 heat losses 

Net heat gain = 4.8 Btu/mm. 

Solve for Q 

The ground heat pickup used in predetermining 

temperature gradients is heat gain per foot length per 

hour. 

Coil length = 106.5 feet 

ç= 60 
106.5 X ground heat 

Q. 64 Btu/hr per lineal foot coil 

Influence of Rain Water 

Total 1arch rainfall 4.5 inches 

Depth x area = 960 = 360 cubic feet rainfall 
i 

volume x density x temperature differential 

360 ft3 x 62.4 lbs/ft3 x (38° - 25°) 292,000 Btu from 
rain 

292,000 Btu 480 hrs. 604. Btu/hr added by rain 

60i Btu/hr - 106.5 ft coil = 5.72 Btu/hr/ft of coil from 
rain 



DATA SBEET I 

Thermocouple readings ror Station i. in rnillivolts 

LIV 
- 

.022 
+ 

R g. 
o. Horizontal Vertical _____ _____ _____ ______ 

l____ 
_____ 

3 if 

________ 
o 

_______ 
i 

_____ 23 P 4. 5 6 __ 
i .395 .400 .kOO .14.20 .4.35 .460 .390 .395 .405 .435 .455 .4.65 

4 .397 .:398 .350 .410 .4.35 .459 .3LI. .384 .336 .4.20 .449 .4.6e 

7 .4.01 .375 .250 .360 .441 .4.87 .383 .347 .217 .383 .4.56 .4. 

9 .354 .300 .110 .267 .390 .4.50 .320 .265 .063 .307 .414. .457 
12 .262 .180 -.062 .125 .290 .369 .220 .130 -.112 .178 .325 .388 
15 .257 .165 -.070 .110 .275 .377 .210 .110 -.117 .167 .320 .400 
17 .200 .118 -.082 .05 .220 .32, .163 .060 -.151 .118 .270 .350 
19 .234. .134 .075 .243 .347 .197 .085 -.073 .140 .291 .370 
21 .217 .130 -.093 .070 .2j1 .340 .190 .073 -.150 .130 .278 .360 
22 .213 .110 -.085 .050 .210 .348 .175 .ObO -.138 .110 .270 .353 
23 .215 .120 -.0l3 .ObO .22 .34.0 .190 .073 -.133 .115 .263 .351 
24 .213 .110 -.093 .055 .220 .333 .180 .068 -.143 .100 .258 .345 
25 .182 .095 -.032 .060 .200 .312 .155 .055 -.045 .107 .21+5 .330 
27 .205 .115 -.065 .070 .215 .315 .15 .065 -.100 .115 .250 .330 
2ts .205 .110 -.08 .05 .208 .310 .14.8 .055 -.138 .l0&3 .250 .325 
29 .180 .090 -.055 .040 .187 .290 .135 .038 -.085 .08 .225 .310 
30 .175 .087 -.102 .02 .l'/6 .230 .180 .030 -.145 .075 .220 .305 
31 .180 .03'/ -.095 .035 .180 .285 .120 .030 -.138 .080 .222 .303 
32 .175 .080 -.090 .032 .175 .280 .120 .028 -.130 .075 .220 .305 
33 .170 .08e -.03/ -.047 .17b .275 .121 .033 -.055 .090 .220 .303 
34. .170 .090 -.038 .055 .175 .26'/ .118 .03e -.060 .100 .220 .300 
3, .i'/2 .099 -.032 .067 .182 .270 .120 .044 -.060 .112 .228 .305 



DATA SHEET II 

Thermocouple readings for Station II in millivolts 

4. mv 
L. - 

.022 
-r 

Rc3. 
Io. horizontal _____ _____ _____ _____ 

i 
_____ 

2 3 4 5 
_______ 

6 
_______ 

i 2 
____Vertical 

3 P J 5 

i .400 .405 .410 .445 .475 .495 .375 .395 .405 .400 .4.40 .485 

__ 
.495 

4 .750 .750 .647 .244 .752 .837 .738 .709 .453 -.037 .663 .810 .853 

7 .644 .588 .4.30 .068 .549 .700 .592 .493 .220 -.162 .448 .642 .744 

9 .510 .4.43 .270 -.063 .394. .557 .482 .340 .085 -.275 .2C0 .495 .612 

12 .330 .253 .100 -.212 .220 .390 .260 .168 -.070 -.450 .100 .318 .433 

15 .351 .270 .110 -.176 .226 .400 .268 .170 -.058 -.403 .117 .331 .4.49 

17 .285 .21 .051 -.203 .170 .34b .212 .110 -.112 -.4.40 .052 .25& .380 

19 .312 .237 .053 -.180 .193 .362 .24.7 .132 -.080 -.410 .075 .286 .4.00 

21 .29S .233 .065 -.185 .183 .364 .245 .112 -.118 -.435 .068 .273 .395 
22 .302 .221 .065 -.160 .180 .350 .258 .132 -.085 -.390 .063 .270 .395 

23 .315 .232 .076 -.167 .178 .353 .258 .140 -.077 -.4.00 .065 .268 .393 

24 .310 .230 .070 -.165 .170 .353 .252 .14.3 -.080 -.399 .065 .265 .38e 

25 .380 .348 .180 -.050 .275 .4.50 .335 .232 .027 -.25b .160 .370 .4.83 

27 .360 .280 .125 -.120 .220 .395 .275 .180 -.035 -.34.0 .105 .310 .430 

28 .260 .245 .056 -.180 .150 .325 .210 .105 .095 -.415 .050 .245 .370 

29 .345 .265 .110 -.103 .205 .378 .260 .165 -.020 -.310 .100 .300 .4.25 

30 .215 .135 -.020 -.19e .080 .250 .140 .038 -.145 -.300 -.020 .180 .295 

31 .242 .220 .04.0 -.170 .138 .295 .181 .093 -.093 -.395 .025 .227 .350 

32 .278 .218 .072 -.130 .172 .337 .230 .138 -.045 -.338 .088 .280 .408 

33 .385 .30e .157 -.063 .242 .4.0e .300 .205 .015 -.255 .14.5 .340 .4.62 

34- .378 .297 .147 -.073 .232 .397 .286 .190 .005 -.264 .14.3 .325 .4.46 

35 .35e .278 .133 -.088 .215 .376 .270 .175 .000 -.285 .118 .308 .430 



DATA SI11ET III 

Thermocouple readings for Station III in millivolts 

111V 
- .022 

Rd g. 
No. Horizontal ____ Vertical _____ _____ _____ ____ 

i 
____ 2T 4 

_____ 
5 

_____ 
6 

_______ 
i 23 P 4. 5 6 __ 

i .325 .320 .310 .320 .320 .315 .270 .285 .300 .400 .315 .355 .390 
¿f .465 .414 .256 .217 .447 .396 .4.03 .380 .262 -.012 -.072 .403 .502 
7 .418 .340 .170 .126 .391 .315 .334 .297 .168 -.135 -.126 .315 .41+5 

9 .342 .259 .083 .047 .312 .228 .250 .205 .077 -.248 -.193 .234 .318 
12 .238 .143 -.026 -.048 .207 .118 .157 .095 - .027 -.412 -.281 .113 .258 
15 .250 .163 -.015 -.032 .223 .140 .177 .117 -.021 -.394 -.260 .135 .268 
17 .211 .127 -.039 -.055 .200 .093 .14.0 .078 -.045 -.407 -.20 .098 .238 
19 .233 .142 -.018 -.033 .203 .127 .157 .103 -.025 -.37C -.254 .107 .247 
21 .230 .135 -.005 -.037 .208 .125 .188 .110 -.025 -.413 -.261 .115 .250 
22 .230 .141 -.020 -.04 .215 .105 .180 .115 -.030 -.363 -.250 .115 .240 
23 .238 .145 -.013 -.04.0 .215 .125 .200 .118 -.023 -.375 -.245 .110 .243 
24 .238 .140 -.018 -.045 .20e .120 .195 .120 -.030 -.372 -.245 .101 .240 
25 .277 .183 .020 .000 .250 .161 .233 .160 .018 -.240 -.220 .142 .280 
27 .250 .155 .000 -.030 .225 .132 .195 .125 -.005 -.318 -.242 .115 .255 
28 .220 .122 -.025 -.053 .193 .100 .161 .090 -.040 -.398 -.265 .085 .225 
29 .235 .138 .000 -.025 .210 .120 .188 .110 -.000 -.285 -.230 .100 .238 
30 .227 .130 -.005 -.030 .20b .1l5 .180 .110 -.005 -.285 -.232 .095 .233 
31 .205 .110 -.030 -.055 .l33 .092 .150 .080 .040 -.370 -.253 .073 .213 
32 .233 .14]. -.000 -.025 .215 .125 .183 .112 .012 -.282 -.230 .105 .243 
33 .250 .155 .010 -.015 .225 .13b .208 .130 .002 -.222 -.218 .118 .260 
34 .242 .145 .000 -.021 .220 .127 .192 .120 -.002 -.242 -.228 .105 .250 
35 .235 .145 .000 -.030 .215 .125 .190 .115 -.015 -.272 -.237 .100 .240 



DATA SET IV 

Readings at Compressor 

Rda.- 

No. Date Time 

_____________ 

3uction 

_____________ 

i.ischarge 

____________ 

Loi1 temp._ 

______ 

Speed 
rpm 

- 

atertem Water- 
meter 

Watt 
hour 
meter .F t P t in out in out 

:psi. 0F 0F _____ 0F °F cu.1t. Kw _____ 

i 

____ 

28 

_____ 

14:30 0796 75 

4 1 06:30 12 43.5 70 125 56 4.3.5 462 49.0 54.5 1289 90 

7 2 09:15 12 34.i 75 126 61 34.4 463 52.2 57.3 1965 112 

9 3 08:10 12 32.0 76 130 63 32.0 464 53.0 58.4. 2575 132 
12 4 09:00 12 27.0 76 128 63 27.0 465 53.2 59.0 322e 153 

15 5 08:00 12.5 27.4. 90 72 27.4 4.66 71.5 3646 173 

17 6 09:00 12.5 27.3 90 74 27.3 463 72.3 935 196 
19 7 10:24 13 27.0 94. 74 27.0 468 61.5 73.8 4230 218 

21 11:16 12.5 23.5 85 23.5 4.66 55.5 67.7 4.517 240 
22 9 09:13 13 26.0 95 7 26.0 459 62.0 74.0 4770 260 

23 10 11:26 13.5 25.8 96 135 76 25. 467 63.2 75.2 5063 283 

24 11 09:09 13 25.4 95 75 2.4 461 62.0 74.5 5310 303 

25 13 09:13 12.5 31.b 91 139 70 465 bl.0 73.0 5861 345 

27 14 03:39 12.5 27.8 90 lib 72 27. 468 59.5 71.5 6129 366 
28 15 09:49 12.5 2b.1 4 133 68 26.1 462 55.0 67.0 6415 390 

29 16 17:16 12.5 jO.0 92 129 75 30.0 462 61.0 72.8 6772 4.1 

30 17 12;20 14 12.0 94 139 '/6 12.0 462 62.3 74.5 6987 436 

31 1 10:23 13 27.2 94 134 77 27.2 460 62.1 75.0 7227 457 
32 19 09:00 13.5 29.0 97 143 / 29.0 462 64.0 77.0 7465 477 

33 20 09:05 12.7 31. 96 142 77 31. 461 64.4 77.3 7707 499 

34 21 10:00 12.5 32.0 94 142 77 32.0 4.65 63.0 76.2 7957 522 

35 22 09:44 12.2 31.4 B 13 '/3 31.4 460 7.3 ?0.0 819b 43 

'D 
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DATA SIThET V 

Normal ground temperatures - millivolts 

_ mv I20 
- .022 

±(ead.in no. sta. 17 sta. 18 sta. 19 

17 .370 .412 .330 
19 .415 .453 .374 
21 .4.30 .460 .375 
22 .448 .450 .378 
23 .452 .458 .393 
24 .430 .455 .395 
25 .390 .448 .380 
27 .388 .448 .382 
28 .375 .44.3 .372 
29 .345 .431 .345 
30 .328 .423 .344 
31 .335 
32 .330 .4.19 .34.5 

33 .340 .410 .345 
34 .315 .403 .332 
35 .320 .4.03 .332 

Station 17 located. l'ive î'eet south or station II at 
lb" ciepth. 

station 18 located. rive reet south or station II at 
42" depth. 

station 19 locatec. rive reet north oI station III at 
lB depth, 


