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Summary

Design, construction and testing of the efficiency of a 500 m3 warm water
pit has been carried through. The aims of the project were:
~ gathering practical experience with the actual realization of the
pilot plant;
~ monitoring of the overall behaviour of the storage system;
- verification and modification of the digital computer program used
to simulate the thermal behaviour of the pit.
The store has performed very well. Only minor unforeseen problems devel-
oped during installation of the floating "gasket" sealing the top lid
at the edges. The results are that good agreement was obtained when com-
paring the measured thermal behaviour with both the numerical and analy-
tical predicted performances.



1. Introduction
The aim of the project has been to show that warm water pits, uninsu-
lated against the soil, are well suited for seasonal heat storage. The
fact that the use of insulation materials are limited to the top surface,
will result in a price reduction when comparing with pits built with insu-
lation of the soil interface.
The project contains the following phases: y
a. Detailed examination of the soil conditions on the site of the pit.
b. Determination of the thermal properties of the soil using the informa-
tion from a).
¢. Design of the pit using the information from a).
d. Construction of the pit.
e. Simulated operations and measurements.
f. Verification of a digital computer program for simulating the thermal
behaviour of the store.
g. Reporting.
The results of phase a), b), and ¢) have been reported earlier (1).

2, Construction of the store

The pit with a pyramidal geometry was dug into the ground from the
ground level. The store/soil interfaces are made waterproof by use of a
2.5 mm polyethylene plastic liner. A photo of the lining work is shown in
figure 2, and a cross section is shown in figure 1.

The floating lid is heat insulated by 0.5 m polystyrene and protected
against evaporation from the pit and .against climatic conditions by use of
a 2.5 mm polyethylene plastic bottom liner and a 1.0 mm butyl rubber liner
for the topside. The lid was constructed in a "dry dock" next to the pit
and was easily floated to the final position. A photo of the final plant
is shown in figure 3. The construction was completed in 3 months during
the summer of 1982.

The ground water level is 40 m below the ground level.

3. Experimentation

Approximately 80 copper constantan thermocouples are being used to
measure temperatures in the water and in the soil under and around the pit.
The thermocouples are arranged in chains which are located in two planes as
shown in figure 4. The location of the thermocouples in the ground in one
of the planes is shown in figure 5.

The temperatures are scanned automatically once an hour. Every day
the data logger system prints all the daily mean temperatures on paper and
on tape (for later transfer to our computer center).

The heat input to the water in the pit is generated by two gas boilers.
The first charge period started in September 1982 with a water temperature
of 15°c.

Because of the limited time being available for experimentaion in this
project, it was decided to accelerate the testing by reducing the charge/
discharge cycle from 365 days to 70 days. Further it was decided to have
total temperature mixing of the water in the store. The charge and dis-
charge cycles can be seen in figure 9.

4. Computer model

A computer program has been constructed based on the method of finite
differences. The program treats the geometry of 1/8 of the pit and the
surrounding soil as indicated in figure 6. The computer code has been con-
structed to be truly 3-dimensional. The enmeshment is shown in figures 5
and 6. The centre points of the volume elements shown are the meshpoints
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used in the simulations. The computer program offers the following faci-

lities:

- initial and boundary conditions can be specified freely;

-~ thermal material properties can be specified separately in every horizon-
tal mesh point plane;

~ s0il temperatures in mesh points and heat loss from the pit to the soil
are calculated at 6-hours time intervals;

~ calculated and measured temperatures are linked in the data base to faci-
litate comparing;

- a yearly simulation cost of about 1.5 CPU minutes on our IBM 3033 com-
puter. '

5. Verification of the computer program
The procedure for determining the thermal properties of the soil has
been explained earlier (1). The values found were the following:

- coefficient of thermal diffusivity o, = 22 mz/yr
-~ coefficient of thermal conductivity A = 1.6 W/m °C §
-~ coefficient of heat accumulation Vipc = 3.0 kWh/°C m? yr?

Using these findings, measured and calculated temperatures have been
compared. As examples the temperatures on the measuring locations 7 and 24
‘shown in figure 5 are traced in figures 7 and 8. It thus appears that the
program can be used in the original form to simulate the thermal behaviour
if this type of pit. (No change in soil assumptions was needed).

6. Storage efficiency

Firstly, the storage efficiency in part of the period of testing is
investigated. The sum of the accumulated heat loss from the pit to the
soil and through the top-1id by conduction is shown in figure 9. (This pa-
rameter is part of the output from the computer program). The heat loss
during the second discharge period from day 145 to day 180 is used, (the
difference between Eoint 2 and 1 in figure 9):

AQ; = 1.72°10"°3 = 4,770 kwh (1)

(85% is lost to the soil and 15% through the top-lid by conduction)

The heat content of the water in the pit being discharged from 60.6°C
to 30°C is (water volume = 540 mS):

AQaee = 19,000 kWh ' (2)

The cooling load measured on the discharge ventilator during this
period:

AQcool = 12,100 kWh (3)

Consequently heat losses in piping, edge transmission and evaporation
losses at the edge of the 1lid have been:

AQ2 = 19,000 - 4,770 - 12,100 = 2,130 kWh (4)

The major part of AQ, is an unaccounted loss due to the sealing of
the 1id at the edges, which has not been included in the computer calcula-
tions.

The storage efficiency:

- AQcool _ 12,100 _ 64% (5)
AQ 19,000
acc
Without this unaccounted evaporation loss, the efficiency would have

been:
n = 74% (6)

Only including the heat loss to the soil, the efficiency will be:
19,000 - 4,770°85% .
= 19,000 = 79% (6a)




Secondly the thermal behaviour during seasonal performance is inve-
stigated. The direct way of using the results of figure 9 goes via the
Fourier number.

Fo = O r ;s where (7)

IJ2
O = coefficient of thermal diffusivity, + = characteristic time and
L characteristic lineary dimension of the pit.

In figure 9 the temperature cycle time from day 110 to day 180 is 70
days, which is taken as the characteristic time.

In seasonal operation t = 365 days.

Now using equation (7)

70 d 365 d
70 days _ , 365 daye (8)
Ll L2
=5
L
2 65
FAK = Ll = 70 = 2.283 (9)

FAK is the lineary scaling factor which must be applied in order to
find a pit which, in seasonal operation, will manifest the efficiencies of
equations (5) and (6). The volume is scaled as follows:

3 3

VOL = VOL < FAK™ = 6,430 m (10)

seasonal 70 days
To get an estimate of the efficiency in seasonal operation for large
pits, the measured efficiencies will be compared to the theoretical effi-
ciencies calculated on the basis of the theory developed by P.N. Hansen (2).
The total heat loss to the soil during a 6-months discharge period in
wintertime is given by equation (13) in (2):

_ - Vipe
AQsoil = A ‘V%r - Ay V1 year
+ (V=) <E\/§—i L year + 2(\/—— Ve - % ))) (L1)

A = the surface area of the store versus the soil
VXBE = the coefficient of heat accumulation of the soil
AV = the temperature amplitude in the store
VB = the average temperature in the store
v original average temperature of the soil
t time in units of years
Q coefficient of thermal diffusivity of the soil
M = the modulus, which is equal to the ratio volume of store ver-—
sus surface area of the store
z = a geometry factor
Not accounting for the heat losses through the top 1id the efficiency
is defined by:
AQ

o
ct of o
e gy
o ® O

- A

accumulated soil

AQaccumulated

In the following it is compared if the equation of the theory (11)
and (12) will provide an efficiency comparable to equation (6a) for the
store of 6,430 m3 being discharged during seasonal operation.

Using values for the test pit (volume = 540 m°> and surface area ver-
sus the soil = 300 m?) one gets:

A = FAK2 - 300 = 1564 m2 (13)

(12)
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540
= 350 FAK = 4.11 (14)
The geometry factor is given in equation (22) in reference (2) to be
z = 2,

Using equation (2) gives:

3 -
AQaccumulated = FAK™ . 19,000 = 226,100 kWh
Inserting in equation (11):

3.0 o
AQsoil = 1564 i <— 15.3°¢C
+ (45.3 ~ 9) <‘§%iﬂii'l/2 + 2<V§~— Vl%)>> (15)
AQ .. = 44,500 kuWh (16)
soil

Inserting in equation (12):
226,100 - 44,500 . .
= 226,100 = 80% (17)
This result has to be compared with equation (6a).
The agreement is seen to very good and it can be concluded that the
analytical expression in equation (11l) is fit for predicting heat losses to
the soil in pit storage systems.

1]

7. Conclusions

The design and construction of a 500 m3 warm water pit was carried out
with the highest priority being placed on securing accuracy in the testing
of the efficiency of the pit during the pilot operations. Thus the detaills
of this design cannot be taken as the technical and economical optimum for
future full scale pits.

To simplify the comparison between the measured thermal behaviour of
the pit and the numerical and analytical predictions of the performance
during the pilot operations, the pit was dug into the ground completely,
thus disregarding the normal procedure of securing dirt balance by placing
excavated dirt as embankments.

The design and construction procedures have given no reason for
changing of future facilities constructed for the same purpose.

The good agreement obtained during the testing between numerical and
analytical predictions and measurements seems to indicate that the proce-
dure fellowed during installation of the measuring points has been satis-
factory. .

Any future pilot plant and some of the first commercial applications
should, perhaps, be equipped with "chains" of thermocouples for temperature
monitoring. The chains should be safeguarded against moisture movements
in the vertical holes drilled for placing of the measuring chains.

The numerical and analytical predictions of the performance of the pit
during operation have been good, and continued observations during the
coming year are expected to document the continued decrease in thermal los-
ses predicted by the analytical studies of the operations.

The minor unforeseen difficulties arising during installation of the
floating "gasket", which were designed to almost prevent evaporation and
excessive heat losses along the joint between the lid and the concrete
edge of the pit, are not expected to occur in full scale pits. The reason
for this is that the 1lid on these pits should be fully fastened to the
edge of the pit, thus making the warm water, stored in the pit, part of a
"closed" system for energy transmission.



References

(1)

Hansen, K.K. and Hansen, P.N. Seasonal Heat Storage in Underground
Warm Water Stores - Construction and Testing of a 500 m3 Store. 1In
Solar Energy Applications to Dwellings - Solar Energy R&D in the
European Community, Series A, Vol. 2, pp. 404-412. (Ed. W. Palz
and C. den Ouden). D. Reidel Publishing Company. 1983.

Hansen, P.N. Analytical Description of the Heat Losses from Under-
ground Thermal Seasonal Heat Stores. Paper presented at the U.S.
Department of Energy Conference "Seasonal Thermal Energy Storage",
October 19-~21, 1981, Seattle, Washington, U.S.A.



elaq

*37d 3883 cW 000G 29Ul JO MSTA TRUOTIDSS ~°| =2JInbTJ

obeureaq obeuteiq

1UDWSD YUM PIZIIRIS PUBS WO O}

sayebaibbe Aejo popuedxy

sbeuteig
sBeuesg 01 W §F 2258 ¥ UDIOISON 3dTH
// ~yAVAY ,/>\<<,>\<< AV TAVIVATATAVAVAVAVANAVAVAVAVAV IV VAV AVAVIVAVAVIVAVS IAVAVIVIVAVATAVAVAVAVA
ausjAyteAiod ww G1'0 é,\/EEEE\iC << JAVAVAVAVAVAVAY;
—— oophig,— g ouoysbe|4 \ v 1eieg

.

1AIng 1042/ uau gy
ayeb-3x00Qq ajqesnop

suaihisAiod pepuedx3z -3gN (w/6Y 02 IN



.

o

7

.
%

.
o

in progress.,

rk

ining wo

2. The 1i

Fig.

£

10on O

where construct

een to the left.

. The "dry dock“
tly

1 plant

lna

-The £
d was undertaken,

ig. 3.
i

F

S

-
P

is par

the 1



*I0SUDS DINISTOW JIOI a9nl @

*uTeyo butansesw sanjexsdwsl I93em O 2 “UTRYD HuTtansesw oanjersdwol TTOS @
*umoys so7dnodowIsyl IO SUIBUD JO UOTIeD0T U3TM 3Td JO MSTA URTg °y *HT1d N L
LT I T T i I T I I T I I T
VLT T L P T T e T T T T e e
Fy e
x y [
W ( ie LL_BNG uo -
W Y-y U0i}09SSs0ID OOWV S W
4, t MOJ Ul suleyd BulInsSeaus |30 uonedoT] o
,,,,,,,,, ; B [ S SN S ISP = DUUAY SUNG, I N 2
v 38 ® ® T v
v ! lVO [ T | v
i .
| w v & EE v
% 8 AS - 9
{ 2Z Bumeip U0 D40 puB g-g UCIIDSSOID 99S) T AvaTVITTTATIAT
Z MOJ Ul suieyd SunNseaw Jo UolesoT ——
LI T T T T T T T T T P T T I I T I T d
, e =2 > ° //
e ot T N
ooe @ N
e 00681 B T —

Do B



*SUOCTAIEe00T ©TdNODoWISDY]) S23IeDTPUT <

*oueTd Te3UOCZTIOY ® UT JUswysswug °g °*BTIg *oueTd TeSTlI®A B UT juswysswuyg °¢ *BTa

wg'se 1

“indwwAs €SI nowsod
pue jzusOYl je au
2 o

L2

& c

i
13
g

Q<
I

e
IEREEN
B

T

o
o
e o
..... " 9z
. ] ] »

S u vz A Le

|
|
|
|
i
!
!
| sz
|
|
{
|
|
|

se ot~
== - - ez
(NBWAT jeorowsE (ArepunoayineuiRs @6 {lgv & os
PUT By} 4O BuI fEwieyy Jo ouy
e Awm 1laler
iz
oz €L TT&zat 0T d 62
1 6 @9 T4t t
o &s Tglot 21
» m” B L ]
o8- s N L 8Z
] £t oL Ge
. gsu “
vz
~ T—1 22
e
N WNN
| N 'z
I R LH» T ige:
8 OL 2L bt 9L 8L OZ e £C ve sz 9z 2
C o

TN




45.00 50.00

40.09
\
Ay
N
g
PR
\
J .
N

35.00
/

// \\ \\\‘ /l

WATER TEMPERATURE ©C
. 25.00 30.00 .
\

&

20.00

15.00

10.00

5.00

0 0 20 J0 40 SO 60 70 B0 80 100 1i0 120 130 140 150 160 170 180 180 200 210 220

Fig. 7. Measured and calculated temperatures in measuring point

location 7 on figure 5.
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Fig. 8. Measured and calculated temperatures in measuring point

location 24 on figure 5.



*PTT do3 ay3 ybnoays pue TTOS 3Yz 03 3Td Y3 WOIJ SSOT

389y pejeTnumode pajelnoled oyl pue 3Td 3so3 92Uyl UuT Sanjexsdwel I9jeMm paanseswu oyl ‘6 “HTJ

SABQ
02z Of¢ 00C 061 08T OL1 031 OST OFI OCT 02T OT 0O 06 08 OL 09 OS O OC O Of Omn
0 \ 5
T o w
i o
! SSOT ammW\\ 8
4 [ ]
0i0b- 7 / M
[ 7 8
m 1 \ 2
) / 8 um
= i / \ [ e
I / A1\ g
WL o5
O QNO“\.Q \ w 3
o i / 8 3
S
= &
8 %
4 \ wl
. , pd =) m
00L-2L 4 f 3
+ o
1 a
| /
i | \ 8
] b \/\
Y \_ / N 8
[+ i P \ N R e V) a
\‘ z HINIVITAWNAL I3IYM
I I N T T I

00°S9



