


ignored even when the fluid flow is in the laminar region; (3) that the con- top coil to farfield boundary is between Zi and Z2. Since Z2 is usually not
tinuous coil fluid temperature change indicates that the strength of the line less than 1.5 m, assumption (4) is probably true for most of the soil region
source will not be constant along the coil; and (4) that the effect of the around the two coils. Due to the small temperature differentials along the
seasonal temperature variation at depth is generally ignored so that the coil wall and soil in axial direction and low thermal conductivity values of
problem can be treated as radially symmetrical. Detailed modeling work the coil and soil, assumption (5) is acceptable.
of ground coil operation has been accomplished for vertical concentric tube
type heat exchangers [2], and for a single horizontal coil [3], which have Upper coil: (a) Fluid:
eliminated the drawbacks of line source application. Recently it was found

IaT. 2K OT aT1, (1)that by burying multi-coils in the same trench, the trenching cost could be V - + ' f u (
cut drastically [4], and thus make the ground coil heat pump systems x Or aa
more competitive. For analysis of multi-coils in a single trench, the effect
of thermal interference could become very important. The thermal (b) Coil wall:
interference problem can be easily taken care of by line source theory.
However, in order to describe the coil operation with thermal interference 2T, I dTp 1 aTT, (2)

_T1_ + (2)more realistically, it has to be modeled in detail mathematically. r2 r r a, at
In this paper, the operation of a two-coil trench ground-coupled heat

pump system was analyzed for winter heating season application. A
(c) Boundary conditions:three-dimensional mathematical model based on energy conservation is

formed. The model considers the fluid flow inside the coil, coil material
and size, coil cyclic operation, and the effect of coil thermal interference. At r =

A computer code, based on the model, has been completed. A simula-
tion run of the University of Tennessee's field experimental data [5] for 28 h(T T) a (3)
days, by inputting the experimental ground coil inlet fluid temperature asp r,
a function of time, indicated excellent prediction of the test results of the
energy exchange between the coil and ground. A parametric study of the At r =
effect of the fluid inlet position has also been performed.

MATHEMATICAL FORMULATION 2,rK T a T,(r, (4)
2wK9 ^r I\ = Kfo I-r d'(

The model is based on energy balance. Figure 1 shows the schematic
of the coil arrangement. The following assumptions have been made to
simplify the analysis: (1) the soil is homogeneous and the soil thermal T, = Tp(5)
properties are constant, (2) the fluid temperature and velocity are uniform
at any coil cross section, (3) the temperature distribution in both coils is Equation (5) assumes that there is no contact resistance between the coilEquation (5) assumes that there is no contact resistance between the coilradially symmetrical, (4) the coils are buried deep enough so that a circu- and the soil, which is true for grund coil winter operation where the voids
lar farfield boundary could be formed with the center located on lower coil between soil and coil will be filled by moisture.
and Z2 as the radius, and (5) the axial heat transfer in soil and coil wall is
neglected. Lower coil:

For winter operation, assumption (1) is close to the real ground condi-
tions because the ground top layer is usually saturated with moisture. (d) Fluid:
Assumption (2) is also true because of the large coil length-over-diameter
ratio. The coil wall is usually very thin. With the well mixed fluid flow,
assumption (3) would only cause a negligible error in coil wall temperature V 2 K , T (6 )
calculation. Since Zi is usually over 0.9 m, assumption (4) would be a ax rIlpfCpr dr at

good assumption for a single coil [6]. For a two-coil arrangement, there is
not enough field experimental data to confirm the assumption. However, (e) Coil wall:
except for the part of the soil on top of the top coil, the distance from the

I2Tp, + I Tpl 1 aTp, (7)
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(f-) Soil:
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Fig. 1. Schematic of two-coil arrangement. h(Tp7-T/,) = Kp aTp l1 (9 )
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At r = r2: where Tfo is a known function of time, t, which actually represents the
heat pump model. For a given water-source heat pump, with known

aTp 2, aT,(r,) (0) operating conditions and inlet fluid temperature, the exit fluid temperature
27rKp dr [, = K, dO (ground coil inlet fluid temperature) can be easily calculated from the heat

pump published capacity data. While the line source theory needs to
specify the strength of the source, this model only needs the ground coil

T, = Tp, (11) inlet fluid temperature as the input. It will then calculate the amount of
energy exchange between the coil and ground.

The model described so far is for the ground coil with circulating fluid.where Eq. (11) assumes that no contact resistance exists between coil and
soil. During the "off cycle period, the fluid velocity is 0. Since the heat capa-

city of the fluid in the coil is very small, Eqs. (3) and (9) can be written
~At~ ~ Z ~~=~ ~ Zl~,~ ~ 9 = 00~: into the form at r = rl,:

At Z = ZI, 0 = 0:

(12) Tf, = T, (16)T, = TP. (12)

At r = rF(farfield): and at r r

Tf, = Tp, (17)
-((13)

TF = TA - DT-exp -Z (13)
TA5Dix 766,j (3 Since the above equations are all of low order, they are relatively easy

to solve numerically. A finite difference computer code based on the
above model was written.

[ 27rto, - I COMPUTER MODEL
'Cosl - Z 18766 8766,

A finite difference scheme was written to solve the mathematical model
numerically. Figure 2 shows the construction of the mesh. In this case,

where Eq. (13) is the Kusuda and Achenbach correlation [7] for ground ORN-OG 86-806ORNL-OWG 86-o061
temperature calculation at different depths. If there is a known natural
ground temperature profile below the surface to a depth of twice Z2, Eq. - _ I
(13) can be replaced by the known temperature profile. L e,
(h) Initial conditions (t = 0): _ A et

Tf. = Tf,(x) (14) /RFIELO
10 - / BOUNDARY

Tfl = Tfi(X) / /

TpT " Tpl(r,x) /7 \

UPPER\
T, = T,,(r,x,O) COIL

where Tfi,, Ti, Tfn, Tp,, and T,, are known functions of x, r and 0. For
the coil to start the operation, these initial temperatures can be easily cal- 4
culated by Eq. (13) or from the ground temperature profile if it is known.

(i) Fluid inlet conditions: 2
1 @ - LOWER

COIL
Tf(t,x = O )

= Tfo(t) (15)
Fig. 2. Mesh scheme of two coil arrangement.
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the radial interval between points 5 and 6 and between points 6 and 7 are The following list provides the properties of the coil, soil, and fluid:
selected to be equal. The angular interval Ago is selected so that point 13
is very close to 4 = i/2 (see Fig. 1). Coil length 116 m two coil trench

For the upper coil, the temperatures of fluid and coil wall are marched and 116 m single coil
up to the coil outside edge. For the lower coil, the soil temperatures are trench
also marched, except at point 6, which is equal to the upper coil outside Coil burial depth two coil section,
edge temperature. Soil temperatures at points 15 and 16 can be marched 1.22 m top coil and
because the temperatures at points 5, 6, 7, 12, 13, and 14 have already 1.83 m lower coil;
been calculated. Since points 5, 15, 13, 16, and 7 all have the same dis- single coil section
tance from the upper coil. the energy absorbed by the upper coil can be 1.52 m
easily calculated. All the other calculations are fairly routine. Coil size 4.09 cm ID and 4.83

Two time steps are used. The first is quite small and is used for the cm OD
fluid and coil wall, because the coil wall is very thin. The second time Coil material polybutylene
step, which is substantially larger, is used in the soil region. Coil thermal conductivity 0.216 W/(m.K)

Coil specific heat 2174 J/(kg.K)
MODEL VALIDATION DISCUSSION Fluid water

Thermal conductivity of fluid 0.594 W/(m.K)
The computer code was used to simulate the field test results provided Secc heat of fluid 4190 J/(g-K)

Specific heat of fluid 4190 J/(kg-K)
by the University of Tennessee [5]. The hourly measurement of fluid and Soil satured

Soil saturated clay
farfield ground temperatures (up to 3.05 m below surface) were provided. Soil thermal c y 2.11

Soil thermal conductivity 2.181 W/(m-K)The hourly fraction of heat pump "on" time was determined by the frac- Soil thermal difusivity 0.5 m/
Soil thermal diffusivity 0.0035 m:/h

tion of heat pump power consumption over that at steady-state operation. Flow rate 1.522 m3/
Hourly energy absorbed from the ground, and coil fluid flow rate, were
also provided. Figure 3 shows the coil layout. It can be seen that part of The fluid flow entered the top ground coil and exited a the lower coil.

The fluid flow entered the top ground coil and exited at the lower coil.
the layout is two-coil trench and the rest is a single coil trench. This A total of 28 days were simulated. Figure 4 shows the comparison of

A total of 28 days were simulated. Figure 4 shows the comparison of
ground coil setup made the computer simulation more difficult. The code calculated and measured daily energy absorbed from the ground. The cal-calculated and measured daily energy absorbed from the ground. The cal-
was modified to include the simulation of the single coil section.was modified to include the simulation of the single coil section. culated values are about 15% less than the measured ones. Figure 5 shows

the comparison of calculated and measured fluid temperature at exit posi-

ORNL-OWG 85-16609A tion. It can be seen that the match is good until the heat pump 'off"
period becomes long. Since the fluid temperatures were measured indoors,

t~~/~~~~~~~~~ ~once the heat pump was "off," the fluid temperature started approaching
/ONE \ SINGLE TRENCH WITH 1 PIPE;
i PIPE- l DEPTH VARIES 1.2-1.8 m
IN B. BECAUSE OF OBSTRUCTIONS 110 I
TRENCH IN GROUND - 36 -

\ --- MEASURED 33 to
90 --- CALCULATED 30

HOUS 5 \\EH I I I I I I80 270

DEPTH,D C H 0 1 2 24 0

DEPTH, f.8m gr21o

FENCE18
Ui 50 w

TWO PIPES I 40
INroom temperature. However, the model still considers that the fluid tem12

T ,perature can only approach ground temperature, which is much lower than

20 i
w I w

TECH 10 I0
HOUSE 5 \" TECH I I I I 1 [ I

GROUNOCOIL HOUSE 5 0 2 4 6 8 10 12 14 16 1820 22 24 26 28 30

TIME (d)

Fig. 4. Comparison of measured and calculated daily energy absorption

from ground.

FENCE
room temperature. However, the model still considers that the fluid tem-
perature can only approach ground temperature, which is much lower than
the room temperature. Figure 5 also indicates that calculated fluid tem-
peratures are generally lower than the measured ones. One explanation is
that the ground temperatures at different depths are actually higher than
the measured farfield temperatures. Since part of the coil is buried along-

Fig. 3. Plan view of the University of Tennessee horizontal ground coil side the house, as shown in Fig. 3, the effect of the house on the ground

layout. temperature should be considered. This also explains why the calculated
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ORNL-OWG 86-7955 Figure 7 shows the cumulative energy absorbed from the ground by

15 I I I I -I I I I I_ 58 each coil section. Since the single-coil section has the same trench length
14 HT P P OF as the two-coil section, it can be used to estimate the improvement of the

13,,~ _HEAT PUMP OFF - 56
1_3l- coil performance due to an extra coil laid in the same trench by comparing

-' 12 - the total energy exchange in the single-coil section to that of the two-coil
11(1~~~~~~~~ ~~52s'z~~t~ a 11 - tt~/ \ / 5S ~~ wsection. Figure 7 indicates that the two-coil section, for 28-day coil opera-

0 -o 0- 50> B (- tion, can absorb 60% more energy than the single-coil section. This figure

9v;~~ S "-- ^ r
o48 X ~ _ is, however, expected to drop when the coil operation continues beyond 28

a.;~8 _§ *» _- ^ >46* , 6 . ~days, because the thermal interference effect becomes more and more seri-
L _ 6 >

_7. 44 
-

- ous. This result is consistent with the field experiment data reported by
-S 6

_~ ,~--_ -~42 Hughes et al. [4].
0g _ _ 40 9
34 - 4 0

.. -- MEASURED - 38 ORN.-OD, 86-7951
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Fig. 5. Comparison of measured and calculated fluid temperature /

at coil exit o 200

daily energy absorption from the ground is conservative compared with the
measured values. 0o I I I I I

0 2 4 6 8 10 12 14 6 18 20 Z2 24 26 28 30
Figure 6 shows the calculated soil temperature distribution after 28 TIME (d)

days of coil operation in two coil section. It clearly indicates the thermal

interference effect. The temperature profile cannot be validated due to the Fig. 7. Energy absorption from ground by each section of coils.

lack of field experimental data. However, it does indicate the ability of

the computer code. Figure 8 shows the effect of coil performance if the inlet fluid location
is switched from the upper coil to the lower coil. The total energy

ORNL-OWG 86-7950 absorbed was reduced by almost 25% compared with the simulation run,

DISTANCE AWAY FROM COIL (in) mainly due to ineffective use of the upper coil.
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.O6oC(60.8 F Fig. 8. Comparison of calculated total energy absorption from ground

a /,1.5~ -"--- ^17.0c(62.6SF with different fluid inlet positions.

3.-5 ---- ---- = 14017.65'Co63.77 140

_'~~~~~ ---------- CONCLUSION

4.0 - 160 A set of partial differential equations describing the operation of a

o Q05 1. 1.5 2.0 2.5 ground coil coupled heat pump system with thermal interference from the
DISTANCE AWAY FROM COIL (m) adjacent coil leg was solved numerically. This model differs from the

traditional line source approach by calculating the energy exchange
Fig. 6. Calculated ground temperature distribution after 28-day coil between the coil and the soil, while the line source approach requires

operation. knowledge of the strength of the source.
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The model was used to simulate the University of Tennessee's ground
coil field experimental results for 28 days with very good match in daily
energy absorption from the ground. The average error over a 28-day
period is less than 16% with the calculated values on the conservative side.

The two coil trench does increase the energy absorption over the single
coil arrangement which occupies the same size of ground area. For better
design, the fluid should enter the top coil. Otherwise, a decrease in coil
performance would result. due to ineffective use of the upper coil.

Ground coil design has long been dominated by line source methods.
They are simple to use, and can easily handle the thermal interference
problem. However, the requirement to estimate the source strength makes
this approach more or less dependent on past design experience. If no
such local experience exists, the design of ground coil with line source
theory tends to become extremely conservative. This model can more real-
istically simulate the ground coil operation with thermal interference effect
and variable farfield boundary conditions. This model, although it con-
sumes more computer time, can be used to check the ground coil design
with other methods if it is not used for design purposes.

REFERENCES

1. Ingersoll, L. R., and Plass, H. J., "Theory of the Ground Pipe Heat
Source for the Heat Pump," ASHVE Trans, 54, 339 (1948).

2. Mei, V. C., and Fischer, S. K., A Theoretical and Experimental
Analysis of Vertical, Concentric-Tube Ground-Coupled Heat
Exchangers, ORNL/CON-153, Oak Ridge National Laboratory,
Oct. 1984.

3. Mei, V. C., Theoretical Heat Pump Ground Coil Analysis with
Variable Ground Farfield Boundary Conditions,' J. AIChE, 32, 7,
1211-15 (1986).

4. Hughes, P. J., et al., "Results of the Residential Earth-Coupled Heat
Pump Demonstration in Upstate New York," ASHRAE Trans, 91
(2B), 1307-25 (1985).

5. Personal communication with W. S. Johnson, B. A. McGraw, R. N.
Baugh, and W. Griffith, The University of Tennessee Energy,
Environment, and Resources Center, Knoxville, 1986.

6. Freund, E. A., and Whitlow, G. S., "Earth Source Heat Pump:
Characteristics, Design, and Operation," J of AIEE, Jan. 1959.

7. Kusuda, T., and Achenbach, P. R., 'Earth Temperature and Ther-
mal Diffusivity at Selected Stations in the United States," ASHRAE
Trans, 71(1), 61-75 (1965).

4 6




