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DEVELOPMENT OF A VALIDATED 
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PHILIP D • ME'rZ 
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ABSTRACT 

A research program at Broo~~ven National Lab­
oratory (BNL} studies ground coupling, the use 
of the earth as a heat source/sink or storage 
alement for solar heat pump space condi::ion­
ing systems. This paper outlines 'the analy­
tical ~nd experimental research to date toward 
the development of an experimentally ·.ra.Lidated 
model of ground coupling and based on experi­
mental results from December, 1978 to Septem­
ber, 1979, explores sensitivity or present 
model predictions to variations in thermal 
conductivity and other factors. tlays in which 
the model can b~ further refined are discussed. 

L INTROnUCTIOM 

A research program at BNL studies ground cou­
pling, the use of the earth as a heat source/ 
sink or storage element for solar heat pump 
space conditioning systems. ~he 30al cf this 
research program is to determine ::he feasibil­
ity of ground coupling and ii feasibility is 
confirmed, to create a handbook which speci­
fies optimal grounci coupli.'lg devices for vari­
ous climates, soil types and applications. A 
key step toward this goal is ~he development 
of an experimentally validated llodel of ground 
coupling which will facilitate the reliable 
design of optimal ground coupling .jevices on 
paper. 

Recently, as part of this effort, the sensi­
tivit:t of model predictions t~ variations in 
thermal conductivity has been studied. Some 
of these results are presented and discussed 
below. 

2. THE SOLAR GROUND COu~LI~G RESEAaCH PRO­
GRA.'I AT ilR!JOKHA'l'Ql .:-!ATl:O~AL J .. ABCRATORY 

2.1 AnalYtical aesearch 

2.1.1 Literature Search 

The ~Jlar ground coupling research pro~ram at 
!l::L iJegan with a search or the liten.ture in 
technical areas including ground thermal be­
havior, ground coupling, and he~t flow model-

ing. Some of the results of this search were 
discussed previouslyl,2 and are not elaborated 
upon in this paper. 

2.1.2 Heat Flow Modeling 

Initially, analytical models were used ~o 

study both steady-state and time-dependent 
heat flow in simple geometries. Next, finite 
difference equation models were used to solve 
somewhat more realistic problems. Eventually 
a FORTRAN computer program called GROCS was 
written to solve complex three-dimensional 
underground heat flow problems. Some features 
of GROCS include ehe us~ of ZO (at present) 
finite elements or "free blocks" .of earth 
whose tem~eratures are determined by finite 
difference heat flow equations and by heat in­
puts used to simulate the effect of a ground 
coupling device, and :LO "rigged blocks" which 
provide realistic far-field depth and time de­
pendent temperatur·e boundary conditions. The 
major approximations used ~y GROCS at present 
are: 

(1) !wenty finite size free blocks of earth, 
(2) A finite time step interval, 
(3) One constant thermal 'conductivity (k) for 
every block, 
(4) One constant volume heat capacity (co) 
for each blo.;:k, 
(5) Horizontal boundary conditions a finite 
distance from the device modeled, 
(6) Linearly interpolated boundary conditions, 
(7) No consideration of •rariations in ground 
moisture content, of moisture flow, or of 
freezing, 
(8) Weekly heat inputs (for the version which 
produced the results presented in this paper). 

C~pies of the program GROCS as well as an L~­
tegrated GROCS-TRNSYS ?rogram3 are available 
from the author at nom.:.na.L .;est .. 

*WOrk performed under the auspices of the 
Systems Develop!!!ent Division, Office ~i So­
lar Application, U.S. Oepar~ment of Energy. 
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2. 2 Experimental Research 

One group of experiments is designed to mea­
sure underground chermal properties under nor­
lllal conditions, and when perturbed by the in­
fluence of heat flows created by ground cou­
pling devices. Based upon ~ soil property 
e.'Cperiments completed to daclr, the aver.age 
undisturbed thermal properties of the moist 
sandy soil at the solar ground coupling re­
search facility at BNL are: 

cp • l. 7xlo6 J/m~°C (26 •. Btu/ft~°F) 

1.6xl0-6m2/sec (0.062 ft 2/hr) 

where co is volume heat capacity, ~ a k/co is 
diffusivity and k is conouctivity· 

The major experimental effort is the operation 
since December, 1978 of nine heat flow e.'Cperi­
ments. Four of these are buried •Kater tanks, 
and five are fields of buried serpentine plas­
tic pipe in various configurations and lengths 
from 100 to 300 meters (300 feet to 900 feet). 
Three contain an antifreeze solution, and two 
contain pura water. Depths range from 0.6 to 
4 meters (2 feet to 12 feet). Heat is added 
to or withdrawn from each experiment as dicta­
ted by an integrated GROCS-rRNSYS computer 
program which simulates a residential heating 
load, solar heat pump space conditioning sys­
tem, and ground coupling ·device. Each experi­
ment is operated acco.t:"ding to a different 
scenario in order to evaluate the value of 
various strategies for operating ground cou­
pling devices. Heat flows and fluid and earth 
cemperatures are measured. The design, con­
struction, and operation of these experiments 
has been described L,, detail in an earlier 
work~. 

3. ~ODEL VALIDATION 

3 .l 1Jalidation .\oproach 

~odel validation is accomplished as follows: 
A physical model of each experiment suitable 
for GROCS is created. This, together with 
weekly experimental heat addition/withdrawal 
data for the experiment provide the input for 
GROCS along with values of k and co deduced 
from the underground thermal property experi­
ments. The GROCS output is the underground 
temper3ture of each free block at selected 
regular time intervals. These temperatures, 
particularly those of blocks which represent 
a ground coupling device, are compared to 
those eJ<.peri.mentally observed, and the good­
ness of the fit of che GROCS predictions to 
che experimental results indicates che vali­
dity of the model. This procedure has been 
carried out on some of the experimental re­
sults for che oeriod December 3, 1978 to Seo­
tember 15, 19795. Sensitivity of the GROGS. 
model predictions to •;ariations in thermal 
conciucti•1ity and other factors are now e:<plor-

ed for 3 of the 9 experiments. Then, ways in 
which the model can be further improved are 
discussed. 

3.2 Sensitivity of GROGS Temperature Predic­
tions co Variations in Soil-Thermal Conducti­
vity 

3.2.1 Tank Experiments 

Tanks C and E are buried vertical axis cylin­
ders made from precast concrete rings and are 
each 2.4 m (8 ft) high, 2.4 m (8 ft) outer 
diameter and 2.2 m (7 ft 4 in) inner diameter 
placed with their bases 3.7 m (12 ft) deep. 
Since they are identical 1n design, both tanks 
use the 3ama G~OCS physical model. 

Figures 1 and 2 contain the computer vs experi­
mental results f~r Tanks C and E respectively. 
The e.'Cperimental weekly heat withdrawal or ad­
dition data, used as imput for GROGS, is shown 
as a histogram using the right hand scale in 
each figure. The resultant computer generated 
midweek tank temperatures are shown for the 
ground thermal conductivity ~alues indicated 
and compared to tank temperatures from experi­
mental runs selected for typicality and near­
~ess to mid~eek, all using the left hand scale 
in each figure. 

There are two important approxilllation3 whir.h 
affect ~he computer results. First, the com­
puter program evenly divides the weekly heat 
inputs into hourly pieces while the experi­
ments were actually operated a small ftaction 
of the time at high heat flow rates. Second, 
the far-field underground temperatures used 
as boundary conditions in GROGS are historical, 
i.e. based on experimental data averaged ov~r 
a number of years. As discussed previouslyJ, 
the presumed effect of using the historical 
data for computer modeling, as in this paper, 
is to lo~er the computer predicted tempera­
tures for the summer of 1979 by a Eew degrees, 
without altering the winter of 1978-9 results 
significantly. 

Figures ~ and 2 show that for the winter of 
1978-9, che computer generated temperatures 
for all 3 val10es of k shown ar.e •1ery close to 
each other and to the experimental tank tem­
peratures for both tanks. It is interesting 
to note that the Tank C ~linter computer re­
sults are slightly higher than experiment 
while the Tank E •.tinter computer results are 
about equal to or sliiht!y lower than experi­
ment (depenciir.g on k) in viaw of the fact that 
both tanks •1se the same computer model. Note 
also chat the lowest thermal conductivity sim~ 
ulaced usually yields the highest \vinter tank 
temperature predict~ons for both tan~s (this 
was iurther verified with computer runs using 
k=0.69 J/m-sec-'C (0.4 Btu/ft-hr~-;) not 
shown). This means thac given the •..tin;::er of 
1978-9 weekly heat withdrawal data, th com­
puter tank temperatures are more heavi y in­
fluenced by the heat losses to the sur ace of 
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the earth than by the heat experimentally ex­
tracted from ~he ground by the tank. That is, 
winter tank temperatures should increase (as 
observed) with decreasing k if gro~nd surface 
heat losses dominate, but should fall with de­
creasing k if experimental heat extraction 
dominates. Further, although the range of 
conductivities shovn is large, the resultant 
variations in tank temperature are small so 
that this is a small effect. 

As can oe seen from the heat addition histo-
6r~s in Figures 1 and·2, tanks C and E were 
operated diff ~rently durin~ the 3UIIIIIler or 1979 
with tank C usually idle while tank E received 
large heat additions to simulate solar energy 
collection. The tank C ~ummer computer temper­
atures are very ~eakly dependent on k (this 
holds even for k•O. 59 J /rl-sec "C) and average 
about 4"C below the center of the 1979 eXPeri­
mental range. the ~ank E computer temper~ture 
predictions vary quite strongly with conduc­
tivity • . .-ith the best fit provided !ly K"'2 .8 
J/m-sec"C (1.6 Etu/ft-nr•F) :1ielding tempera­
~uree averaging less thar. 3"C below the center 
of the experimental and the next best fit pro­
vided .by k-L 7 J/m-sec'C (LO otl;/ft-h:reF) 
:Jhich yielded :'esults about 4 • C !"!igh. 

Several conclusions can be ~rawn from these 
summer cesu"-ts: 

1. For tank C the computer summer tempera­
tu·res are systematically low for all values of 
k while for L'ank E they are low for the two 
higher k 'ral•.1es shovn. Correcting the error 
caused by using historical far-field data 
should raise all summer temperatures a iew de­
grees, at least partially ~losing this gap. 
2. Of the three values shown, k~2.8 J/m-sec 
•c (1.6 Btu/ft-hr°F) obtained :rom unperturbed 
soil property experiments, as discussed in sec­
tion 2.2, provides the best sing~e fit to the 
data. 
3. the dissimilar operation of these t'WO 
identical tanks provided a sensitive measure 
of the optimal thermal conductivity by re­
moving other variables from consideration. 
:his is evident by noting chat for Tank C the 
summer computer temperatures increase with con­
ductivity while for tank E, they decrease. 
this can be understood by extension of the ar­
gument used acove for the winter results and 
!:leans that the systB'Jiat:i.ca.!.ly low su:nmec com­
puter cemperacures cannot be explained soluy · 
by a lowered c~nductivicy in the summer (such 
as vi.a soil dryi:~g) because lowering ~ .:an im­
prove one fit, but only at the expense of the 
other. 

3.2.2 Field Experiment 

Field C contains 162 m \530 rt) of :1ominal 
size l-1/2" polyethyLene pipe in 3. serpentine 
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array 1.2 m (4 fc) deep with 0.9 ~ (3 ft) 
spacing between pipes in a rectangular area 
roughly 12m (40ft) x 10m (32 fc). 

~!odeling che n~r-pipe behavior of serpentine 
pipe fie~ds solely by finice ~lement mechods 
•..tould require a great increase in che number 
of blocks used in GROCS and a reduction of the 
iteration t~e step. To avoid chis, che meth­
od used co generate che results shown in Fig­
ure 3 uses GROCS to compute che cemperatures 
of che block containing che pipe field. !hen 
a hand calculation based on an effective local 
chermal resistance method which assumes that 
che near-pipe ·:leat flow is appro:<:iJDately 
steady state is used co obtain che average 
fielci fluid cemperatures·. 

Field C :Mas operated using pure wacer from 
December 3, 1978 until February :.6, 1979 when 
an antifreeze s~iution was a~ded. As can be 
seen :rom Figure 3, che computer generaced 
wincer temperacures are \'ery close :ogether 
and •1ery close to the e.'tper:tnencal results 
wich "he lowesc conduccivicy usually yielciin~ 
the· highesc cen:peracure (indJ.cative of low 
heac cxcracticn as above) through week 7 of 
1979. Then, s"arting with week 8, as the 

antifreeze permitted operation below o•c, che 
computer cemperatures are spread out with tem­
peratures now increasing with k. ( indicac:ive of 
high heat extraction) while the temperatures 
predicted by the lowest k value drift downwards 
from the experimental resulcs. !he unperc:urbed 
conductivity value of 2.3 J/m-sec •c (1.6 Btu/ 
ft-hr°F) provides a good fit to all of the 
•Jinter data. (Noce: During periods of high 
heat withdrawal such as •..;eeks 8, .9, 10 and 13, 
che average eJ<perimental fluid cemperature was 
usually near the bottom of the eJ<perimental 
range shown). 

The summer resulcs shown in Figure 3 indicace 
chat conductivities of 2.8 and 1.7 J/m-sec•c 
(1.6 and 1.0 Btu/ft-hr"F) yield temperatures 
averaging about 8 and 3"C respectively below 
the center of the e.'tperi!nental range. The for­
mer error l.s too large to be erased solely b? 
the far-f icld correction so that it appears 
that, in conc:rasc: co the situation observed 
for Tanks C and E, a conductivity significand.y 
lower than the unp~cturbed value provides ~ 
better fit co these field resulcs. Ic is plau­
sible thac soil dr:r::.ng caused by the high r.ear­
pipe heat flu.'t, has reduced the actual k near 
the pipes. 
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4. DISCUSSION AND CONCLUSION 

Results have been presented exploring the sen­
sitivity of the temperature predictions of a 
ground coupling model to variations in thermal 
conductivity for two buried tanks and one ser­
pentine pipe field. A thermal conductivity 
derived from unperturbed soil property experi­
ments, k~Z.8 J/m-see•c (1.6 otu/ft~hr°F) fits 
all the data well except for the summer f~eld 
data ~hich requires a significantly lower con­
ductivity. A hand calculation procedure :or 
pipe Eields which permits the use of a simple 
computer iliodel appears to have considerable 
~~per~ental validity. 

In order co further validate the model more 
careful fitting of computer predictions to 
experimental results is required using actual 
far-field boundary conditions. Experimental 
in situ correlations of k and moisture content 
are needed. A computer model for pipe fields 
cot requiring hand calculations is desirable 
(and on~ is incorporated in the GROCS-TIU!SYS 
program:~). 
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