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Earth as Heat Source and Sink for [Heat Pumps!
By D. M. Vestal, Jr.* and B. J. Fluker*®*, College Station, Tex.

SUMMARY — Results of an in-
vestigation of the earth at shal-
low depths as a heat source and
sink for the heat pump are ypire-
sented. Deseribed are the expari-
mental buried coils tested, the
testing program conducted, the
kind of data obtained, and the
method of daia analysis used.
A buried coil design equation is
derived, A discussion is included
concerning this design equation.

Fifty-seven tests with beth
continuous and intermittent type
runs were completed, Three sep-
arate U-shaped coils of 14-in.,
l-in., and 2-in. diameter, each of
160 ft nominal length, buried
horizontally 5 ft below the
ground surface were tested. Coil

T HE

ATMOSPHERE, surface and

ground water, and the ecarth it- .

sell are three principal media which
may serve as the heat source and
sink of a heal pump system,

tThe data presented here were obtained in
experiments  conducted  for the Texas Electric
Service Co., Ft, Woarth, by the Texas Engincer-
g Experiment Station  cooperatively with  the
Texas Ao & M, Rescarch Foundation,

*Rescarch  Engineer, Texas Engiucering  Ex-
Perimeant Station, Texas A, & M. College System,
. Y Assistant Rescarch Engincer, Texas Enpineer.
ing Experiment Station, Texas A, & M. College
System,

For presentation at the 63rd Annual Meeting
of the AMERICAN SOUCIETY OF HUATING AND AlR-
%A));;umuxmc ENGINEERS, Chicago, February
|

operating temperatures ranged
from 90 to 130 F where the
earth acted as a heat sink while
for heat source operatien coil
temperatures ranged between 20
to 45 F. The circulating fluid
rate of flow produced Reynold’s
numbers from 1000 to 6000.
Data from these tests, ecombined
with data from laboratory tests
of a wide variety of soils, were
studied by dimensional analysis.

An  equation evolved from
the dimensional analysis studies
forms the basis for the develop-
ment of a heat pump buried coil
design procedure. Relerence is
made to the complete proposed
coil design procedure, published
separately.

Increased interest in the heat pump
as a year ‘round air-conditioning sys-
tem has demanded that quantitative
information on ecach of these media
be obtained in order that a designer
may make an engineering evaluation
of the advantages and disadvantages
of each for a particular installation.
Each of the media and combinations
of them have been studied by other
investigators, listed in the DBibliog-
vaphy in the Appendix,i but no

$Planned to be included with this paper when
published i TRANSACTIONS 1957,
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generalized  design - eriteria were
evolved, This paper presents the re-
sulls from an extensive investigation
of the earth at shullow depths as a
heat source and sink for the licat
pump and gives the buried coil de-
sign equation which was developed.
Details of the design method based
on this work were given previcusly.?

The operating characieristics  of
horizontally buried coils of ¥-in,, 1-
in, and 2-in. diameter were ob-
served and studied under controlled
operating conditions. Data were ob-
tained for both the cases where the

carth acted as a heat source, and

where it acted as a heat sink. Results
were combined with data {rom lab-
oratory tests of artificially prepared
soil speeimens and with field meas-
urements ol natursdl soil tempera-
lures into a correlation from which
the previously  mentioned  design
equation and design procedure were
developed,

Equipment and Apparatus

A plot pran ol the field installation
where the buried coil testing program
was conducted is presented in Fig, 1,

iExponent numerals refer to References.
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Construction  of the

&eﬁmz

instrument

house and installation of the frst
four coils. A, B. C and D, was begun
in the spring of 1919. Fach of the
coils A, B, C and D was independent
of the others and was buried hori-
zontally 5 {t below the ground sur-

']" NOTE: ALL COILS ARE COPPER
1
I

B

UNDISTURBED

e LOCATION
Hh—= sooe 1]

—e_ 1" e o
[ r Z COIL'E I.% INSTRUMENT
v { HOUSE

) 75' s | 75

M Prconts — T @ Zoone |

<t e

Fig., 1—Plot plan of field installation

face. Experimental work on these
coils was initiated in November,
1949.

When it became evident {from data
of the first 5 tests of these original
4 coils that the temperature change of
the circulating fluid was too small
to be measured accurately except at
low rates of fluid flow, each pair of
coils of like diameter was connected
with a 10-ft long crossline. The coil
length traveled by the fluid was there-
by increased to a nominal 160 ft as
shown in Fig. 1. All tests after the
first 5 employed the U-shaped ar-
rangement.

In the fall of 1951 the l4-in. di-
ameter coils. designated E and T in
Fig. 1, were added and were buried

" at the same depth as the other coils.

A schematic flow diagram ol the
field installation is shown in Fig. 2.
Additional details of the equipment
and apparatus employed are given in
the Appendix under the heading
Details of Equipment and Apparatus.

Test Procedure

Procedures followed in starting a
test, in extending it over the desired
period of time, and in ending it were
standardized where possible for the
bulk of the buried coil testing pro-
gram. Farly tests in which the fluid
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wax cireulated through only one coil
75 U in length provided the basis for
extablishing many of the standard
operating  procedures. Others were
maodified or became standard as addi-
tional experience accumulated.

The general procedure followed in
beginning a test run and in placing
the buried coil into operation was as

follows.

1. Selection of the Coil Puair to be
Tested :—Selection of a coil pair was gov-
erned  principally by the temperature
pattern in the soil around the coil pair in
question. Sufficient time was alloived be-
tween 2 series of tests on the same pair
to permit the soil temperatures to ap-
proach their natural undisturbed values.
The coil testing plan adopted in which
a series of 3 test runs were completed on
each of the 3 coil pairs in succession
gave ample time for soil temperature re-
covery between series on the same coil.

9. Selection of the Coil Inlet Fluid
Temperature to be Maintained Constant
Throughout the Test Run:—For coil con-
denser type runs, the coil inlet fluid tem-
perature was sclected between the limits
of 90 to 130 F while for coil evaporator
runs the limits were from 20 to 45 F. In
each type of test, the range included coil
temperatures anticipated in the operation
of an actual buried coil heat pump in-
stallation used for comfort space condi-
tioning. Selection of either a condenser
or an evaporator test was governed, as
would be the case in an installation used
solely for comfort space conditioning, by
the seasonal variation of the outside air
temperature. That 1is, circulating fluid
temperatures in the winter months were
selected in the lower temperature range
to simulate coil evaporator operation
while those selected for the summer
months were in the upper temperature
range to simulate coil condenser opera-
tion.

3. Selection of an Average Reynold's
Number and Computation of the Corre-
sponding Rate of Fluid Flow 1o be Main-
tained Constant Throughout the Test Run:
—Normally, a series of 3 tests in succes-
sion were made on the same coil size at
the same coil inlet temperature. Only the
Reynold's number was varied between
tests in a series. Values of 1000, 2500,
and 5000, respectively, were approximated
depending upon the ability of the control-
ling devices to hold a constant fluid tem-
perature and rate of flow.

4. Selection of Either Continuous or
Intermittent Coil Operation:—Fluid was
circulated with no interruption through
the buried coils for the duration of a
continuous coil operation test. In those
tests in which intermittent operation was
employed, 3 different cyeles were devised
lasting 2 hours cach. The 3 intermittent
cyeles were 14 cycle on, designated Case
1; Y cyele on, designated Case 11; and
3 cyele on designated  Case 1L Two
other cases, 1V and VY, combined these
3 basic intermittent cyeles, Case 1V eycele
was composed of Cases I, 11, and 11 in

Heating, Piping & Air Conditioning, August 1

sieeession while Case Voeyele was g,
up of Cases LML and T oin that orde,
Fach of the latter cases, as tests prove,d
was equivalent to ¥ eyele on, desipnate
Case 11, and is reported as such,

The fraction of the eycle on refers y,
the initial part of the 2-hr peviod in whivh
the fluid was circulated through the vy
During the remaining part of the eyele
the fluid flowed through only the 'rmi
bypass line and the particular commey
cirenit involved in order to maintain flow
rate and temperature for the next cyele
Switching of the fluid flow from voil t
coil bypass line and back to the coil wa
accomplished by the simultaneous oppo

R A SV S

COI. 8Y-PASS 6. EVAPORATOR

3

2. WEIR BOX 7. COMPRESSOR

3. RESERVOIR 8. CONDENSER

4. PUMP 9, COOLING TOWER
3. FLOW METER 10, HEATER

Fig, 2—Schematic flow diagram of field
installation

site action of 2 solenoid valves whose
cperation was controlled by an electric
automatic on-off timer.

5. Regulation of Valves in the Fluid
Circuit to Route the Fluid Through the
Desired Flow Path:—Only the manual
chut-off valves routing the fluid throwgh
the coil pair in the desired direction were
initially open. The fluid temperature antd
rate of flow were brought to their prede:
tarmined values by making necessary ad
_justments  whils circulating the fluid
through the appropriate common cireuit
and corresponding coil bypass line, These

conditions first being satisfied, the coil

pair was then put inte operation Iy
simultancously closing the bypass line
solenoid valve and opening the inlt
solenoid valve to the coil.

Prior to placing a coil pair inte
operation by the foregoing procedure.
soil temperatlure measurements wert
made 1o obtain the before-test distri-
butions in the soil surrounding the
coil.  The recording
potentiomelers were switched on inv
mediately before beginning fluid cir
enlation to record the initial temperd
tures of all thermocouple jun(:lion"
Jrach

appropriate

located about the. coil pair.
potentiometer then remained in 0
ation for the duration of the test rut
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and the soil temperature recovery
‘,priod alter the end of the run.

Soil moisture content determina-

tions were made also just prior to
the beginning of fluid circulation in
cach test. Borings in the ditch backfill
vertically above each leg of the coil
pair to be tested were made using a
hand auger of either l-in. or 2-in.
diameter. Soil samples were taken at
cach 14-ft increment to a depth of 5
ft (coil depth). Longitudinal spacing
of the borings above the operating
coils was 18 in, These borings were
continued daily through the duration
of the lest and soil temperature re-
rovery period.
_ Additional borings were made be-
fore test, 2 ft to either side of the
coil leg in the natural scil. The 2-in,
auger was used for the side borings
which were to a depth »f 6 to 8 1L
Soil samples were taken at each 14-
ft increment of depth. Only one side
boring per week per coil leg of the
operating pair was made during the
test and the soil temperature recovery
period after test.

Tests and Data

Of the 57 tests completed on the
buried coil installation, 25 were sim-
ulated coil condenser type runs while
32 were simulated coil evaporator
runs, The tests varied from 5 to 90
days duration. Both intermittent and
continuous flow were investigated
over a range of Reynold’s numbers
from 1000 to 6000 except for 2 runs
which were below 1000 and 2 whose
values were well above 6000. Fluid
inlet temperatures investigated cov-
ered the range from 90 to 130 deg

for simulated condenser type runs_

and from 20 1o 15 deg for simulated
tvaporator runs. A mixture of cthy-
lene glycol and water was circulated
through the coils in all tests.

In Table 1 are listed all simulated
coil condenser type runs with a sum-
mary of their operating conditions
and results. Similarly, the coil evap-
orator type runs are tabulated in
Table 2.

The run designation is given in
column 1 of Tables 1 and 2. The in-
itial buried coil test, a condenser type
run, was designated run D-1 where
D specified the coil tested and the

Heating, Piping & Air Conditioning,

numeral 1 indicated an initial test.
Modification of the run designation
was required for complete identifica-
tion when the tests were changed
from one coil of 75-It length to 2 coil
legs in series of 160-[t total length.
Where 2 letters appear first in a run
designation, those letiers denote the
coil pair tested, the first letter indi-
cating the upstream leg. The numeral
indicates the number of runs of that
type operation involving a particular
coil pair that have been made. A
letter H following the numeral indi-
cates a hot or condenser type run
while a C indicates a cold or evap-
orator type run. Intermittent fluid
flow where employed is denoted by
the final letter I and a case number
indicating the cycle of intermittent
operation as defined carlier.

Column 5 gives the mean operating
temperature ¢f the coil during test.
This temperature is the average of
all arithmetic averages of the coil in-
let and outlet temperatures at each
computation of an instanlaneous rate
of heat transfer, g.

Column 6 is the computed mean
Reynold’s number of the circulating
fluid in the coil during test. Each
of the Reynold’s numbers given are
computed using the inside coil di-
ameter, the average rate of fluid flow

(ﬁ)m%ﬁf 596'2’1%}}1

during the run, and the average fluid
viscosity. The latter quantity in turn
depended upon the average coil oper-
ating temperature given in column 5

and the average ethylene glycol con-
centration of the fluid.

Column 7 gives the difference be-
tween the mean coil operating lem-
perature and the mean thermally
undisturbed soil temperature at coil
depth for the period of the test run.

In column 8 is given the mean
values of a thermal coeflicient of the
soil immediately surrounding the op-
eraling coil. An experimental method,
called the heat meter method,"** was
used to measure the thermal coeffi-
cients, Tests on 14 soils covering a
wide range of soil types were com-
pleted in which thermal coeficients
and thermal moisture migration data
were obtained and correlated. The
resulting correlation, was used to
compute the soil thermal coefficients
given in Tables 1 and 2.

In addition, column 10 in Table 2
gives the maximum radius of soil
freezing in inches which was ob-
served at the midpoint of the up-

Table 1 —— Summary of Simulated Condenser Type Runs

(D) 2) (3) | (1) (5} (6) (7) (8) (9)
Ultimate
’S\O"ﬁ; Rate of
R B I Y VS RS RS e
Rurn Fluid Cite Inlet Fluid Rey- Temp | Coeffi- Btu/hr
No. Circu- oo Torn Temp | nold’s | Diff, cient W
lated Stomon soap °F No. “F | Btu/hr T °F
opped F Per
(sq ft) ft Per
{°F/ft) ft
FE1H-1
Case 1 4.00 7 Jul 52 117.5 106.3 5443 26.4 0.79 64.0 2.42
Case Il 2,00 9 Jul 52 118.4 108.0 5507 27.0 0.79 54.0 2.00
Case I 1.00 10 jul 52 118.4 109.3 S012 28.3 0.78 42.0 1.48
FEtH 7.00 4 Sep 52 123.3 119.3 6861 32.0 0.77 15.3 0.8
FE2H 7.00 11 Sep 52 122.7 121.6 31397 35.0 0.76 15.0 0.43
FE3H 15.25 10 Oct 52 120.9 119.3 16774 35.9 0.75 18.0 0.50
IBH 17.00 11 May so0 120.0 114.8 2050 49.9 0.65 50.0 1.00
BAIH 7.00 18 May 51 130.1 115.7 2210 39.8 .78 47. 1.18
BA2H 7.00 30 May st 130.1 120.2 3790 {1.6 0.72 47.6 114
BAGH 7.00 6 Jun sl 130.1 123.8 6400 43.4 0.71 47.8 .10
BA{H 15.00 8 Aug sl 99.3 95.9 2310 8.2 0.89 10.0 1,22
BASH 7.00 s Aug st 99.5 98.4 3480 9.5 0.88 2.0 0,21
;226;{ | 7.00 22 Aug 5t 100.4 100.0 6260 11.7 0.88 2.0 0.17
1H-
Case I 1,08 10 jun 52 120.2 110.3 5932 36.6 0.73 95.0 2.60
Case I 5.92 16 Jun 52 120.9 1143 51473 39.5 0.72 68.0 1.72
Case HI 5.00 21 Jun 52 120.7 116.0 bEIRS 39.8 0.72 -47.0 1.18
D-1 30.60 16 Dec 9 120.0 111.2 1009 40.5 0.71 6.1 1.
1DH 30.00 4 Mar so 120.0 12,1 1050 50.8 0.63 57.0 L12
1CH 20.92 27 )]un o 120.0 115.3 150 42,9 0.69 46.0 1.07
DCIH 5.77 12 un St 130.1 117, 1590 328 0.75% 32.0 1.59
DC2H 7.00 22 Jun st 129.7 1227 2900 39.3 0.73 46.0 1.17
DC3H 7.00 29 Jun 51 1299 126.5 3950 4.1 .74 47,0 1.17
CDIH 9.7t 9 Jul St 130.1 1215 1700 3.2 0.76 36.0 1.05
CD2H 7.00 16 Jul st 130.3 124.3 380 40.7 0.73 40.2 0.99
CD3H 15.00 31 Jul 1 129.6 126.0 6470 40,9 0.73 1.0 1.00
DCHH 16.00 7 Sep 51 1004 96.8 1250 4.0 0.90 15.0 3.7%
DCsH 17.00 24 Sep st 109§ 107.6 2468 120 0.82 22.0 1,83
RE‘.(‘H | 21.55 10 Oct st i10.8 109.0 5256 13.8 0.81 15.0 1.09
-
Case | 19.00 S Aug S2 1.7 1108 5979 28.8 0.78 90.0 3.13
Case H 7.08 12 Aup 82 1184 115.3 SG47 36 0.77 61.0 1.93
Case IH 6,00 18 Aug 92 119.8 1179 6062 328 0.77 35.0 1,07
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stream coil in runs where the mean
fluid temperature in the coil was
below 32 F.

Data Analysis

Dimensional analysis was utilized
to obtain a correlation of data from
the tests. Five preliminary attempts
were made before an acceptable cor-
relation evolved from the dimensional
analysis study. Variables which were
isolated and evaluated during a test
run and which were incorporated in-
to the final correlation were:

0, Q) AT: k: PCP) L: D'

As applied to the work of this
project the definitions of these quan-
tities are as follows:

6 = hours of operation elapsed after
the beginning of fluid eircula-
tion through a coil pair.

Q = the total instantaneous rate of
heat transfer in Btu per hr be-
tween the circulating fluid and
soil at time 6.

AT = |t — ], the instantaneous ab-
solute difference in Fahrenheit
degree between the average fluid
temperature, ¢, in the coil at
time  and the ambient soil tem-
perature, f:, at coil depth (5 {t)
averaged over the entire operat-
ing period of the run.

k = a thermal coefficient in Btu per
(hr) (sq ft) (deg F per ft) of
the soil at the huried coil sur-
face averaged over the entire
operating period of the run.

pCy = the volumetric specific heat in
Btu par (cu ft) (deg F) of the
soil 2t the coil averaged over the
entire operating period of the
run, p is the wet density of the
soil around the coil while C, is
the wet soil heat capacity.

L = the effective length in feet of the
coil or coil pair being tested.

D = the coil inside diameter, feet.

The final dimensionless grouping
of the above variables was
(Q/ATKL) and (ko/pCoD?).
Similar groups were obtained by
Hadley,? but his definitions of certain
of the variables are different from
the definitions used here. Differences
occur in the definition of the rate of
heat transfer, Q, the temperature dif-
ference, AT, and the time, 6.
Figure 3 is a plot of group (Q/
ATEL) versus group (k0/pC,D?) for

all continuous operation simulated
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condenser type runs, The ordinate
of this curve decrcases monotonically,
The large initial values of the ordi-
nate corresponded to high rates of
heat transfer immediately after be-
ginning fluid circulation through the
coil pair. An approach to stabilized
soil temperature and heat flow con-
ditions was observed as the abscissa
increased. The steady-state conditions
approached are represented in Fig. 3
by the level portion of the data.

If only the horizontal part of the
data in the plot is considered, then
the ordinate is independent of the

group (k6/pC,D?), or
Q/ATEL =1 ..ooovvvinnn. (1)

Rearranging the expression, the
eflective buried coil length is found
to be

L = Q/ATKl ............... (2)

where

I, called the intermittency factor, ig 4
function of the fraction of wunit time thy
fluid is circulating through the coils ang
is equal to the level value of ordinate
approached in the plots of dimensionleg
groups.

Similar plots of the same 2 dimen.
sionless groups were made for the
continuous simulated evaporator type
runs and for each of the 3 cases
of intermittent operation, Equation )
was found to apply in every instance
with the value of the intermittency
factor, /, increasing as the fraction
of unit time on decreased. Figs. 4a
and 4b show the empirical relation.
ship found between [ and the inter.
mittency ratio for condenser and
evaporator type runs, respectively,
Note that an intermittency ratio of
1.0 represents continuous operation,

Table 2 — Summary of Simulated Evaporator Type Runs

M 2) 8] ] o ©) | M _|_® ) (o)
Av Ll{{ltimatfc
t Soi ate o Max
Days IRSES lf}:ﬁ:{ Avg Avg | Avg |Thermal TH“'E Ra-
Run Fluid Circu Inlet | Flud ey- | Tem Coeff- fansfer dius
No. Circu- h Temp | nold’s| Diff, icient Btu/hr 1 “of
lated lation Temp oF oF o Buu/he =1 °F Soil
Stopped ° tu/hr Per 01
{sq ft) ft Per Freez
(°F/ft) ft ing
FEIC 5.00 15 Jan 52 35.6 40.1 1698  25.7 1.00  19.0  0.74 -
FE2C 7.79 23 Jan 52 352 367 5925  29.0 1.00 21.0 0.72 —
EES(C:I 8.00 8 Feb 52 30.0 33.8 2206 34.0 1.00 25.0 0.74 —
FE1C-
Case I 400 12 May 52 446 523 1785 17.4 100 350  2.01 -
Case Il 200 14 May 52 392 459 1898 249 100 32.0 1.29 —
Case III 1.00 15 May 52  41.9 473 1873 243 1.00 27.0 1.11 -
FE4C 5.00 23 Feb 53 232 293 1213 337 100 3.5  0.93 -
FESC 5.00 28 Feb 53 20.8 244 2732 38.0 1.60 37.0  0.97 -
{;Eé(ctr 5.00 5 Mar 53 248 26,6 4064 352 1.00 350  0.99 —
:2C- .
Case I 4.00 14 Apr 53 257 273 4391 403 1.00 450  1.12 Unknowno
Case I 2,00 16 Apc 53 254 265 4446 417 1.00  35.0  0.84 Unknows
Case I 1,00 17 Apr 53 266 274 4590 41,1 100 310  0.75 Unknown
BAIC 9.00 2 Feb st 338 401 734 250 1.00 22.0 0.88 -
BA2GC 7.00 13 Feb 51 338 383 1091 23.9 1.00 20.0 0.84 -
BA3C 7.00 28 Feb 51 33,8 367 1640 247 - 1.00 200 0.81 -
gﬁ;ﬂg{ 6.00 7 Mar S5t 33,8 383 4695 251 1.00 200 0.80 -
Case I 7.00 28 Feb 52 33,1 394 1475 255 1.00 8.0  2.27 -
Case II  7.00 6 Mar 52 33.1 37,6 1442 27.3 1.00 42.0 1.54 -
Case III 7.00 13 Mar 52 334 366 1442 283 1.00 30.0 1.06 -
BASC 7.00 13 Dec 52 199 248 1191 441 1,00 41.0 093  0.007
BAGC 7.00 20 Dec 52 230 248 2876 423  1.00 39.0 0.92  2.30°
g%(c:l 10.00 12 Jan -~ 53 244  25.2 5216 389 1.00 37.0 095  3.00
Case I 8.00 30 Apr 53 228 245 4124 439  1.00 104.0 237  1.007
Case Il 7.00 "7 May 53 194 208 4124 495 1.00 87.0 176  2.007
Case I 7.00 14 May 33 21.6 22,5 4136 48.4 1.00 55.0 1.14 2.7%
1DC 8.00 21 Dec 50 338 342 245 383  1.00 30.0 0.78 -
DCIC 7.00 22 Mar SI 338 365 1030 285 100 265  0.93 -
DC2C 7.00 3 Apr St 39,2 410 2560 30.2 1.00 348  1.13 -
DC3C 892 21 Apr 51 40.1 41,0 4700 290 1.0 365  1.26 -
CDIC 8.96 30 Apr 51 455 464 1240 22.8 100 162  0.71 -
CcD2C 490 5 May 51 455 464 3096 27.8 1.00 192  0.69 -
6?381 3400 26 Nov Ss1  41.0 42.8 525 20,3 1.60 30.0 1.8 -
DCIC-
Case I 17.00 13 May 52 352 403 1306 257 1.00 87.0 3.39 -
Case IT 800 21 May 52 336 36.8 1323 306 1.00 3.0 218
Case III 6,00 27 May 52 34.2 36.7 1315 31.3 1.00 38.0 21 "
DCAC 10.00 20 Mar 53 261 27.9 1491 349 100 330 093 i
DCsC 10.00 30 Mar 53 219 234 1949 41,0 1.00 31.0 076 2.7,
ggsé 10,66 9 Apr 53 219 22,5 3741 436 100 28.0 0464 A0
2C1
Case [ 16,00 7 Jun 53 201 31,0 4955 402 100 910  2.26
Case 1l 8.00 15 Tun S$3 328 342 4800 409 1.00 69.0  1.69 -
Case I 6.00 21 Jun 33 385 394 4769 375 100 57,0  1.32 -
magf 90.88 28 Jan S4 212 23.0 2345 477 100 370 o078 430
ABC. -
Case I 12.00 9 Feb 54 21,7 237 2754 4ot 1.00 83,0 2.07 f’:‘z
Gase 111100 20 Feb 54 221 232 2773 412 100 430 100 L
Case I 1000 2 Mar s4 219 253 2734 397 100 310 o078 2%
o ‘l();")(}
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used. multiplied by design Equation
4 will result in a coil length inereased
sufliciently to make up for the heat
transfer reduction due to the effects
of thermal interference between ad-
jacent coil legs,

Discussion of Results

The buried coil design equation as
given is valid where the soil is un-
frozen and also where the soil [reezes
to some extenl during coil operation.
The maximum radius of soil freezing
observed during an evaporator type
run was 4.5 in.

Effects attributable to soil freezing
were observed only for a short time
at the beginning of a test. All evapo-
rator runs in which the operating tem-
perature was below the freezing point
of soil were included in the dimen-
sional analysis plot. Data from these
soil  freezing runs corresponded
closely to data from nonfrozen runs
following the initial period during
which the radius of soil freezing was
increasing, .

It may be noted that coil diameter
and material do not enter into Equa-
tion 4. Data from tests of all 3 coil
sizes were included in the final analy-
sis. No distinction between data of
different coil sizes was evident, indi-
cating that the eflect of coil diameter
was negligible. The design equation
is considered applicable, therefore, to
coil sizes from 14 to 2 in. in diam-
eter. No coil diameter outside this
range and no coil of material other
than copper was used in the tests,

The rate of fluid flow was such
that the average Reynold’s number
exceeded 1000 in all but 2 test runs.
Data from these 2 runs, 1DC and
BA1C, were excluded from the plots
of dimensionless groups. Because of
the increased difficulty in maintain-
ing a constant rate of (luid flow at
low Reynold’s numbers and in view
of the decreased accuracy in record-
ing {luid inlet and outlet tempera-
tures at relatively low rates of flow,
the Reynold’s number was main-
tained above 1000 for all other tests.
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This value is recommended as the
minimum to he used in coit design
where the data from this work are
used.

It must be emphasized that only
one fluid was cireulated through the
huried coils in all tests. A liquid
solution of ethylene glycol in water
was used exclusively, and the solution
experienced no change of phase while
traversing the coil. For the results
of this work to be strictly applicable
to a design problem, the fluid circu-
lated through the coil must be a
liquid.

Justification for applying the data
to the flow of a boiling or condensing
liquid refrigerant as would be the
case in a direct expansion system
was found in a study of the coil in-
ternal and external heat transfer film
coeflicients.*®"* In the coil tests
studied where liquid was circulated,
the ratio of the inside to outside film
coefficient was greater than 10, This
difference in magnitude rendered
negligible the influence of the inside
film coefficient upon the overall heat
transfer coefficient. Further, for boil-
mg or condensing dichlorodifluoro-
methane the average inside film co-
=fficient was computed by the method
of Baker, Touloukian and Hawkins®
and was found to be larger than those
determined for the water-ethylene
glycol solution assuming the same
rate of heat Jow per unit inside sur-
face area for both types of flow.

These findings show that the re-
sults of this work may be applied to
the design of a buried coil where
either a liquid or where boiling or
condensing  dichlorodifluoromethane
is circulated. The foregoing analysis
also confirmed the fact which was in-
dicated by the dimensional analysis
study that no upper limit of Rey-
nold’s number should be placed on
the data. The inside film coeflcient for
the types of flow discussed normally
increases with Reynold’s number, An
increase in Reynold’s number would
further decrease the already negli-
gibly small influence of the inside
fitm cocfficient upon the rate of heat
transfer between the fluid and the
surrounding soil.

The absolute difference, AT, be-
Lween average coil temperature and
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ambient soil temperature should he
maintained at 25 F or greater in gy
installation. During runs BAH, BA.
SH. BAoll, DCUL DCSH, and DC.
OH in which AT was well below tha
value, difficulty was encountered iy
measuring the small drop in fluid
temperature across the coil. Very
erratic heat flow values were com.
puted for those 6 runs, and their
data were omitted in the final dimen.
sional analysis plot.

Reliability of the result from the
buried coil design equation depends
upon the evaluation of the factors
applying to a particular design prob.
lem and also on the accuracy of the
measured data used in the dimension.
al analysis correlation.

An analysis was made of the errors
involved in measuring the various
quantities in design Equation 2. Iy
the observation of data during a
buried coil test, seemingly small in.
herent instrument errors were en-
countered in the measurement of coil
inlet and outlet fluid temperatures.
All thermocouples at the field site
were calibrated before installation in
a constant temperature bath, the tem-
perature of which was measured with
a mercury-in-glass thermometer of
known calibration. It was found that
the differences, At, between junction
temperatures of coil inlet and coil
outlet thermocouples could be meas
ured correctly to * 0.18 F (or *
0.1 C) at the temperature levels em-
ployed in the coil testing program.
The estimated percentage error in
measuring Al through all the field
runs, based on =# 0.18 F was = 4.0
percent. And the percentage error
would appear to be no greater than
-+ 2 percent in each measurement of
the instantancous rate of fluid flow.
For the majority of runs an even
smaller error was involved.

Assuming that the error in the
value of fluid heat capacity, ¢, ma)
be neglected, and by examining th
equation

Q= wece At
it may be scen that an error in cach

(,'ompulution of instantaneous rate of
heat transfer, Q, was == 6 percent.

If Q) is correct lo == 6 percent, Ry
is correct to == 4 pereent, and k and
L are considered without error, then
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ahe estimated error in the dimension-
fess group Q/ATEL is == 10 percent,
The analysis is applicable to inter-
mittent as well as continuous  coil
operation. In obtlaining the basic de-
sign Equation 2, the dimensionless
group (Q/ATkL) was equated to a
constant, which was called the inter-
mittency factor 1. Thus, the error in
| for any one test run is identical to
that for the group. An independent
check of the average deviation of /
from a mean value for all continuous
operation runs was computed to be
=+ 9 percent. As the fraction of coil
operation per unit time decreased
this average- deviation increased.

For design purposes, the values of
! plotted in Figs. 4a and 4b were
selected with the intention that the
resulting computed coil length be ade-
quate during periods of extreme
loads without auxiliary equipment
to provide supplementary heating or
cooling. The values of I plotted were
the most reasonable values near the
lower limit of the range of [ cor-
responding to each type of test and
cycle of operation.

Coil design for extreme ambient
temperature conditions was the pri-
mary consideration in evaluating the
reference soil temperature. An in-
vestigation of published weather sta-
tion data indicated the greatest need
for cooling occurred consistently in
the months of July and August and
the largest heating requirements were
in January and February. The most
unfavorable soil temperature condi-
tions were found to occur in the
months of August and February?®
Thus, to perform satisfactorily during
those extreme periods the reference
soil temperature, f,, was taken as the
mean soil temperature at coil depth
during August and February for coil
tondenser and evaporator operation,
respectively.

The development of Equation 2,
which resulted from the dimensional
wnalysis of the operating coil data,
into the usable buried coil design
Equation 4 involved data correlations
from laboratory soil heal transfer
tests and thermal moisture migration
phenomena investigations, These cor-
relations were expressed in Equation
3 for the evaluation of a soil thermal
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cocflicient in terms of the initial soil
condition, the ratio of mean coil op-
erating temperature to a relerence
soil temperature, and 2 constants.
The reliability of Equation 3 in ac-
tual practice depends largely upon
the accuracy with which the proper-
ties of the soil at coil depth are
known. Emphasis is placed on the
fact that standard procedures should
be followed by an experienced field
crew where possible in making den-
sity measurements and in obtaining
soil samples at the proposed buried
coil site. It is recommended that the
soil index properties, liguid limit and
plastic limit, which are related to the
constants ¢ and d be measured by ex-
perienced soil technicians.

The refrigeration machine con-
denser and evaporator capacitics are
required in the design equation. Al-
so, the heat loss during the winter
season and the heat gain during the
cooling season of the space to be con-
ditioned must be computed. The pro-
cedures recommended to find the heat
loss or gain are those of ASHAL.
Values determined by these methods,
in general, are conservative. Manu-
facturers ratings at specified op-
erating conditions of a given piece
of equipment are normally safe val-
ues to use in sizing equipment for the
job. In actual practice, however, vari-
ations in operating characteristics
will occur causing a corresponding
change in equipment capacity.

Because the accuracy of various
site and operating equipment quanti-
ties necessary to the design of a
buried coil cannol be estimated, the
constants in Equation 4 were selected
such that the coil length given by
Equation -1 will tend to be slightly
oversized.

As pointed oul previously, no ex-
perimental investigations have been
conducted to veri{y the configuration
factors. It is thought, however, that
these also will produce conservative
coil lengths.
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