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Abstract

An experimental and analytical project to study the design of

vertical, concentric-tube ground-coupled heat exchangers for use

in heat-pump applications is described. The experimental

apparatus consists of a concentric configuration of two 47.7-m

(155-ft) PVC pipes (sealed at both ends with connections so that

hot or cold water could be pumped through the system) with instru-

mentation to measure heat transfer. This heat exchanger was

placed in a 0.20-m (8-in.) inside-diameter well and backfilled

with sand to establish good thermal contact. Heat transfer was

measured for heat-exchanger operation under several sets of

operating conditions. A mathematical model was developed and con-

verted into an ANSI standard FORTRAN IV computer program to simu-

late the operation of the ground-coupled heat exchanger. Data

collected using the experimental apparatus was used to validate

the computer program, and the computer model was then used to

study the effects of variations in heat-exchanger length, diame-

ter, flow rate, and thermal conductivity and the thermal conduc-

tivity of the ground on the heat-exchanger performance. Results

are presented.



1. jNTRODUCTION

The realization that conventional energy resources are limited

urges us to increase our efforts to use non-renewable sources more

efficiently. One of several alternatives available is to search for

energy saving modifications in the existing HVAC processes.

Heat pumps have long been considered as effective devices to

extract heat from or reject heat to the environment. The majority of

heat pumps use ambient air as the heat source and sink, but their

energy efficiency is limited by the thermal capacity and temperature

of the air. Ground water is a better heat source/sink for heat pump

application (due to its superior thermal capacity and stable tempera-

ture), but i is limited because there are areas in the country where

sufficient quality and quantity of ground water are either not avail-

able or the pumping and disposal costs and associated problems make it

economically unattractive. Another alternative is to use the ground

>~~~) ~itself as the heat source and sink for a heat pump.

Extensive research on horizontal ground coupled heat pump systems

was performed in the 1930's and 1940's. The ground coupled heat pump

idea was set aside due to the low cost of energy at that period in

spite of its high potential of energy conservation. At the present

time, horizontal ground coupled heat pumps are popular in Europe where

they are used for heating only applications. These types of systems

have not been used very much in the United States where the heat

exchanger must operate for both space heating and cooling. The
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injection of hot water or glycol solution into a horizontal ground

coupled heat exchanger, as occurs during the cooling season, dries out

the soil around the tube and lowers the thermal conductivity of the

ground, which in turn decreases the effectiveness of the heat

exchanger.

Vertical, concentric tube-in-tube ground-coupled heat exchangers

are an alternative to the horizontal configuration. They were first

proposed by Ambrose [1] for heat pump applications in 1946. Such a

configuration has advantages over a horizontal ground coil:

* it occupies a much smaller amount of surface area, and

* the ground is saturated with moisture a short distance below
the surface and provides a good heat transfer medium for
most of the length of the heat exchanger.

The moisture migration caused by heating the unsaturated soil around a

shallow horizontal heat exchanger will affect only a small section of

a deep well vertical heat exchanger.

Bose et al [2-4] described a geothermal well used for heat pump

application in Oklahoma. While the performance of vertical ground

coupled heat exchangers was shown in their work, little data could be

found that applied to the design of a vertical heat exchanger. Oliver

and Brandy [5] derived a closed form analytical solution for the con-

centrio vertical ground coupled heat exchanger under steady state

operation by assuming an isothermal ground surface 1.0 m (3.3 ft) away

from the center of the heat exchanger. Their theory tends to give an

overly conservative design, however, and in practical application, the -
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ground reaction to heat pump cyclic operation is highly transient and

it is unrealistic to design the heat exchanger based on its steady

state operation.

In this study, a 47.7 m (155 ft) vertical tube-in-tube ground

coupled heat exchanger was installed and tested. A mathematical model

describing the heat exchanger operation, as well as the ground reac-

tion to the energy transfer, was developed and transformed into a com-

puter code to simulate the heat exchanger performance. Four labora-

tory tests were performed with the ground coupled heat exchanger and

also simulated with the computer program to validate the model. A

parametric study was performed with the model to examine the effect

of some design factors on the performance of the heat exchanger. This

computer code is easy to use and is intended as a design tool for

future installation of vertical ground coupled heat exchangers.

2. TEST APPARATUS AD PROCEDURE

A ground couple heat exchanger was installed for testing by the

authors. The test site was core sampled to the depth of 76 m (250 ft)

and the ground was found to be limestone to this depth, except for the

first 5.5 m (18 ft), which was clay. The water table (the level at

which the soil is saturated with water) at the test site was at 4.3 m

(14 ft) below the surface. Two ground core samples, one each from the

top and the bottom of the drilling, were tested for their thermal pro-

perties [6] (which were found to be almost identical):
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k - 3.03 W/m°K (1.751 Btu/h ftOF),

p - 2.7 gm/cm3 (168.5 lb/ft3), and

a - 1.065 J/gm°K (0.255 Btu/lb°F).
P

The material selected for the ground coil itself was schedule 40

PVC pipe. The outer casing had a 0.127 m (5.0 in.) inside diameter

and the inner tube was a 0.025 m (1.0 in.) inside diameter. The ther-

mal conductivity of the PVC pipes was determined experimentally U6e by

steady state heat transfer methods: [6] by steady state heat transfer

methods:

k - 0.175 V/moK (0.101 Btu/h ft°F) for the inner pipe,

k - 0.190 W/mOK (0.109 Btu/h ft°F) for the outer casing, and

p = 1.23 gm/cm3 (77.0 lb/ft3).

The specific heat of PVC was found to be about 1.51 J/gm°K (0.36

Btu/lb°F) [71.

Water was used as the working fluid throughout the tests; its

-4 3
flow rate was kept at 3.15 x 10 m /sec (5.0 gpa). This limit was

established to avoid the transition region of fluid flow so that com-

puter simulations could also be performed. The ground coil inlet

water supply was connected to the laboratory process water supply

mains so that either cold or hot water could be used at a relatively

constant temperature. The inlet water supply was also connected to a

3.8 m3 (1,000 gal.) ice tank so that water close to the freezing

point, OOC (32°F), could be pumped to the heat exchanger for low



temperature inlet water operation. A rotameter was nsed to measure

the flow rate of the water.

Figure 1 shows a schematic of the ground coil used for the tests.

The coil is 47.2 m (155 ft) in length and the annular region between

the pipes has inner and outer diameters of 0.033 m (1.31 in.) and

0.127 m (5.0 in.) respectively. Circular spacers were bonded to the

inner tube and temperature sensors were attached to the spacers. Fig-

ure 1 also shows the depths at which temperature sensors were located

in the annular area between the two pipes, and the location of the

sensors on the outside of the outer tube. Temperature sensors were

also located in pilot holes near the heat exchanger. All the sensors

were 4-wire platinum RID's except those for the inlet and outlet water

temperature measurements which were thermocouples. The RTD's and

thermocouples were calibrated and have accuracies of +0.3°C (+0.5°F)

and +0.5°C (+11F), respectively.

The data acquisition system used in the test consisted of a digi-

tal computer with an 8 K word memory coupled with a floppy disk drive,

an integrating digital voltmeter with an ohm converter, and a reed

relay scanner. The programs used by the computer were written in the

FOCAL language which has had some modifications made which facilitate

data acquisition.

3. !TEOREIMCAL DEVEIPMEPE T
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The fluid from the heat pump is pumped down the center tube, as

shown in Fig. 1, and flows upward in the annulus; it transfers energy

to or from the ground as it rises. The energy transfer between the

fluid and tube wall is by convection when the fluid is flowing and by

conduction when the flow is stopped. The flow of heat within the

walls of the tubes and ground is assumed to be radial conduction with

no vertical heat transfer.

The following assumptions have been made to simplify the

analysis:

1. the fluid is well mixed: its temperature is uniform in the
center tube and in the annular area perpendicular to the
axis of the flowing column,

2. the thermal and physical properties of the fluid, tube, and
ground are constant, or independent of temperature and pres-
sure variations,

3. heat transfer by radiation is neglected, and

4. the entire system has cylindrical symmetry about the axis of
the fluid column.

The following mathematical model was constructed based on energy

balances and the assumptions listed above.

Heat flow in the water within the inner tube and at the tube wall:

Tf 2k T aT

-vl'~+
1 Pct r ar Irr at

eat flo ithin the inner pipe:

Heat flow within the inner pipe:
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a2 T 1 a1 aT (2)
Or2 r 1 r t (rl < r < r <z)

Heat flow in the water in the annulus and at the tube walls:

Tf 2 r2k aOT 2r 3 2 T a (3) aTf
2 2z ( 2 rar 2 ( 2 -r- 2

f f
^3 - r2)pfcP 2 - r2)pfc 3

Heat flow within the outer tube:

aT2
1. aT2 aT 2 (4)

2 + r r a at (r3 < r < r4 0 < z)ar* r 8r a2 at

Heat flow in the ground:

a 2 r aT aT (5)
32 r+ r a1 r (r4 < r r5s,0 < z)

Conditions at initial time (t=O):

T(z) -T(z) -T3() Tf (z) =Tf (z) are known- (6)
1 2

Inlet condition at the surface (z=0):

Tf(tO) - f(t) is a known function of time (7)

End condition at the bottom of the heat exchanger (z-L):
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Tf (t.L) = Tf (tL) (8)

1 2

Boundary condition at the interface between the water and the inner

pipe:

flT, i (9)
-k arl T h(T, - Tf ) l9

1 ar lr~r, Tf - f((.1 ' 1

Boundary condition at the interface between the water in the annulus

and the inner pipe:

aT1 (10)

- 5- | I-r = Tf 2 - Tl)

Boundary conditions at the interface between the water in the annulus

,C and the outer pipe:

'T2
-k 2 r 3 3 h(Tf - T (T -)

:c^ ~ BaBoundary conditions at the interface between the outer pipe and the

ground:

C

T2 T (r-r) (12)

8T2 3 4(13)

k2 ar r-r4 k3 r Irr 4

Bodary ond on at th assud far fld distan fro th h

Bondary condition at the a ed far field diance fro the heat
exchanger:

C
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T3 , T3(z) (r < rS) (14)

Equations (9)-(11) are the boundary conditions for convective

flow. When the fluid flow is stopped, such as between cycles, the

heat transfer mechanism from fluid to tube walls changes from convec-

tion to conduction. The following conditions should be applied under

these circumstances:

Heat flow at the interface between the water and the inner pipe:

fa 2 aT1 (15)

at pCpc r ar I-r 1ft Pfc 1 1

Heat flow between the water in the annulus and the inner and outer

pipes:

aTf2 2r3k aT 2r2kl aT- (16)

at (2 2- r r Irr 23 (2 2 ar r-r2
(rS f3 Pf 3 r 2 )PfCp

Boundary conditions at the interfaces between the water in the inner

pipe and the annulus and the walls of the inner pipe:

T1 I Tf (r-r l ) (17)T1 - -11 (r-r2)(17)

T- T (r-r) (18)
2
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Equations (15-18) assume that the temperatures of the fluid in

the center and annular area are uniform and also do not account for a

contact resistance between the fluid and center tube. Since the ther-

mal conductivity of the center pipe should be kept as small as possi-

ble to minimize the energy short circuiting, the assumptions that

there are no temperature gradients between the water and the walls of

the inner pipe (Eqs. 17 and 18) should not cause any serious error.

Equations (15-18) replace equations (1), (3), and (9) to (11) when the

fluid is still.

The convective heat transfer coefficients for the water in the

annulus need to be calculated depending on the vertical position in

the heat exchanger. These computations are based on the work by Hea-

ton et al [81 with the consideration of developing temperature and

velocity fields. The convective heat transfer coefficient, h, is

shown in Fig. 2 as a function of the distance below the surface for

four different length heat exchangers. At the bottom of the heat

exchanger, where the water in the annulus just starts to rise, the

value of h is very high due to the fact that the velocity and tempera-

ture profiles are just starting to develop. The heat transfer coeffi-

cient then decreases as laminar flow is established as the water rises

in the annulus.

4. OMPUTER MODEL
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A finite difference computer program was written to solve the

mathematical model numerically for either continuous or cyclic opera-

tion. It consists of the five partial differential equations which

describe the temperature distribution in the water, the pipes, and the

ground in terms of time, depth, and the distance from the heat

exchanger. These are coupled radially by the boundary conditions

imposed at the surface interfaces and vertically by the flow of the

working fluid in the heat exchanger. The computer program uses an

explicit solution of a finite difference approximation to this system

of equations to calculate the temperature at fixed nodal points in the

pipes, water, and ground. It employs a fixed time step and a fixed

vertical spacing of nodes used for the solution while permitting a

variable radial spacing of nodes in the ground. A check of the compu-

tations is made by calculating the amount of heat removed from the

ground, pipes, and "resident' water (what is in the heat exchanger at

start up) and comparing it to the heat removed from the system

integrated over tine.(i.e., / mC ATdt).
P

Variable h values were adopted even though the mathematical model

assumes the uniform temperature and velocity profiles. Theoretically,

the h values are different for the inner and outer tube walls of the

annulus, but since the difference is small t8], the values calculated

for the outer tube wall were used for inner tube wall as well. The

fluid flow in the inner pipe is well within the region for turbulent

flow and an appropriate heat transfer coefficient is used (3490TA
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W/n2OK, 615 Btu/h ft2 0F) [9].

The computer program has been written so that it is easy to use

and does not require a familiarity with the partial differential equa-

tions. The input data consists of:

* the geometric specification of the heat exchanger (e.g., the
length, ID's and OD's of the pipes),

* the physical properties of the materials used for the heat
exchanger (e.g.* the density, specific heat, thermal conduc-
tivity),

* the flow rate, density, and specific heat of the working fluid,

* the number of vertical nodes to use, and the number and spacing
of nodes in the ground.

There are also options which allow a uniform initial temperature dis-

tribution in the ground or one that varies with depth. The user can

also specify the inlet water temperature and flow rate as functions of

time. The output from the program consists of a printed summary of

the temperature distribution at fixed time intervals and also the

average capacity of the heat exchanger.

The program is written in ANSI standard FORTRAN IV and requires

21K words of memory. It can require a lot of computer time to perform

a long simulation since it must be able to model very rapidly changing

transients. In most applications, however, the response of the ground

to the heat exchanger approaches an asymptote and it should be possi-

ble to take advantage of this behavior in lieu of performing long

simulations (in excess of 24 hours).

5. TEST RESULTS AND MODEL VALIDATION
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A total of four tests were performed:

1. hot inlet water, about 43°C (110°F), continuous operation;

2. cold inlet water, about 4°C (40°F), continuous operation;

3. hot inlet water, about 43°C (110°F), cyclic operation, (2
cycles/hour with equal on and off times); and

4. cold inlet water, about 1°C (34°F), cyclic operation (2
cycles/hour with equal on and off times).

The temperatures were recorded every 2 minutes during the first,

third, and fourth tests and were recorded every 10 minutes for the

cold inlet water test with continuous operation. The flow rate was

-4 3
kept at 3.15 x 10 m /sec (5.0 gpm) for all the tests.

The ground temperature at the test site was expected to be around

13 to 14°C (55 to 57°F), however, an odd shape for the ground tempera-

ture profile was observed. All points within 6.1 m (20 ft) of the

surface were found to be influenced by the ambient conditions. The

temperature rises with the depth below 6.1 m (20 ft) until it reaches

a maximum of 17.5C (63.5F) at 15.2 m (50 ft), and then decreases

with further depth. The ground temperature at 47.2 m (155 ft) was

around 16.7°C (620F), which was also higher than expected. It is con-

jectured that the elevated and oddly shaped temperature profile was

caused by the heat released from a large building 3.7 m (12 ft) from

the heat exchanger.

6. VALIDATION FOR CQONTUOUS OPERATION
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The ground temperature profile was measured before each test and

was used as the initial conditions for each of the validation runs of

the computer program. The simulations required specifications of con-

vective heat transfer coefficients at the water-tube wall interfaces.

The convective heat transfer coefficient for the inner tube wall was

easily calculated [9] (since this flow is in the turbulent region) and

was equal to 3,490 W/m2OK (615 Btu/h ft20F). The Reynolds number for

fluid flow in the annular region for the hot inlet water tests was

equal to 3,500, which was in the transition zone [10], although it is

close to the laminar region. The Reynolds number for the water in the

annulus for the cold water tests was in the laminar region (Re <

2,200). Consequently, we used the work of Heaton [8] to compute the

heat transfer coefficients for the wells of the annular region, as

previously mentioned.

Figure 3 shows the observed data and computer calculations for

the two tests of continuous operation with hot and with cold inlet

water. The four upper curves show, from the top to down,

* water temperature 46.6 m (153 ft) from the surface,

* water temperature 32.0 m (105 ft) from the surface,

* water temperature 16.8 m (55 ft) from the surface, and

* temperature at the outer edge of the casing 16.8 m (55 ft) from
the surface.

The water and shell temperatures were chosen for validation of the

model because they are the most fundamental measurements taken. These
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curves show the test results for 6 hours of continuous operation with

hot inlet water at 41.7°C (107°F) and then 4 hours of ground recovery.

The solid lines are the calculated temperatures and the markers are

used for the observed temperatures. The curves clearly show that the

water temperature drops as it rises in the annulus between the tubes.

After one hour of operation, the temperature difference between the

inlet and outlet water was 5.4°C (9.8°F). This difference dropped to

4.2°C (7.5°F) after 6 hours, while the inlet water temperature was

maintained constant, which indicates that the heat rejection to the

ground was reduced by 23%. The ground temperature 0.34 m (1.1 ft)

from the outside surface of the outer tube did not change at all dur-

ing this time (measured but not shown on the figure). The shell outer

edge temperature was much lower- than the water temperature because the

PVC pipe has a very low thermal conductivity coefficient, thus the

tube wall acts as a layer of insulation.

After 6 hours of operation, the hot water was turned off in order

to let the ground recover. After 4 hours of recovery, the water tem-

perature in the annulus dropped from over 37.8°C (100°F) to an average

of 25°C (77°F). The ground temperature at 0.34 m (1.1 ft) away from

the coil rose by only 0.11°C (0.20°F) during the recovery period.

At the beginning of the heat exchanger operation, where the water

and shell temperature changed abruptly, the computer program does not

predict the data from the test very well. The model simulates the

experimental results very well, however, after two hours of heat
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exchanger operation as long as the water is flowing. When the water

flow was stopped after 6 hours of operation, though, the computer

model overpredicted the water temperature during the recovery period.

When we added a condition to the program that eliminated the tempera-

ture gradient between the water and the inner wall of the outer cas-

ing, (by setting the water temperature equal to the outside wall tem-

perature), the computer calculation matched the test results very well

as shown by the dashed lines in Fig. 3. The added condition would

underpredict the test result for the first half hour of water tempera-

ture recovery, though. This made the added condition undesirable for

cyclic operation if the "off" cycle time were less than one hour.

It appears that when the water flow is stopped, a temperature

differential between water and the inner wall of the casing persists

but for a period of less than one hour. Since the heat exchanger was

not adequately instrumented to allow further study of this question,

we can only assume that this temperature differential is the source of

the discrepancy between the observed and calculated temperatures.

Figure 3 also shows the data from 10 hours of continuous coil

operation with cold inlet water at around 4.4°C (40°F). This test was

continued for six days of operation and then six days of recovery,

although not all of the data are shown. From the bottom up, these

four curves are:

* water temperature 46.6 m (153 ft) from the surface,
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* water temperature 32.0 m (105 ft) from the surface.

* water temperature 16.8 m (55 ft) from the surface, and

* temperature of the outer edge of the outer pipe 16.8 m (55 ft)
from the surface.

It can be seen that after the first hour of operation, the temperature

profile becomes very stable. The fluctuation of water temperature (as

appears at 2 hours in Fig. 3) was due to minor changes in the inlet

water temperature. The water inlet and outlet temperature differen-

tial was 1.60C (2.8°F) at the end of 10 hours of operation and it was

maintained even after six days of heat exchanger operation. The

ground temperature, at 0.34 m (1.1 ft) away and 16.8 m (50 ft) below

the surface, only dropped 0.60C (1.0F) after six days of continuous

heat exchanger operation. The shell outer edge temperature was much

higher than the water temperature at the same depth as shown in Fig.

3. Again, it shows that PVC has an insulating effect and is not a

good material for this type of operation.

The model predicts the annulus water temperature at all levels

within 0.6°C (l1F) of the test result. It also predicts the casing

outer edge temperature within 0.9°C (1.30F) of the measured tempera-

ture.

Figure 4 shows the observed shell and water temperature recovery

when the water flow was stopped after 6 days of continuous coil opera-

tion for the cold inlet water test. Even though the water temperature

recovered very rapidly at the beginning the temperatures did not

recover to their original temperatures even after six days.



18

1. VALIDATION EOR _f.LIC OPERATION

Figure 5 shows the test results of heat exchanger cyclic opera-

tion with hot and cold inlet water. The water entering the ground

coil was turned on during the first 30 minutes of each hour and then

shut off to allow the ground to recover for 30 minutes. The top two

curves are the water temperature in the annulus and the temperature at

the outer edge of the shell 16.8 m (55 ft) from the surface for the

test with hot inlet water. The bottom two curves are the temperatures

at the same points for the cold inlet water test. Again, the solid

lines are computed temperatures and the markers are observed values.

While the figure only shows the fluctuations of annulus water

temperature 16.8 m (55 ft) below the surface, results indicate that

the fluctuations of temperature occurred at all water levels. This

figure shows that the peak temperature for the hot water test occurred

at the end of each "on" cycle, and that the water temperature started

dropping as soon as the water flow was stopped.

The shell outer edge temperature at 16.8 m (55 ft) below the sur-

face had practically an asymptotic rising or falling trend for the two

tests and only a slight temperature fluctuation was observed during

the cycles. This was caused by two factors, one was the low thermal

conductivity of the PVC material, and the other one was that when the

water flow was stopped, the temperature of the water in the heat

exchanger was still much different than the ground, which caused the

ground temperature near the pipe to change continuously.
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At the beginning of the first cycle, the model underpredicts the

water temperature by almost 2.8°C (S.0°F) for the hot water test.

After this cycle, however, the predictions are within l.ilC (2.0oF) of

the peak temperature. The model overpredicts the water temperature at

the end of "off" cycle by as much as 1.40C (2.50F). The reason seems

to be that the heat transfer mechanism, just after the water flow is

stopped, is not well understood and consequently cannot be modeled

accurately.

Except at the beginning of the first cycle of the cold water

test, where the computer calculation mismatch the test results by

1.4°C (2.5°F), the calculated water temperature match the test results

very well. After 6 hours of cyclic operation, the water flow was

stopped. The model underpredicts the water temperature rise during

this period (not shown in Fig. 5), again due to our lack of under-

standing of the heat transfer mechanism just after the water flow was

stopped.

While the simulations were presented as the water and casing

outer edge temperature 16.8 m (55 ft) below the surface, they match

the annulus water temperature at almost all levels equally well. The

exception to this is the top 3.0 m (10 ft) of the heat exchanger where

the influence of the ambient temperature change and moisture migration

in the unsaturated soil could not be handled by the model.

Based on the results given above, we conclude that the mathemati-

cal model predicts the test results very well when the heat exchanger
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is operated continuously. By changing a boundary condition, the pro-

gram also predicts the coil recovery temperature well if the coil was

allowed to rest for at least one hour. For cyclic operation with a 30

minute recovery period, the model does not predict the coil recovery

rate as accurately as we would like, particularly for hot inlet water.

The calculation of water temperature at the beginning of each "off"

cycles could be improved if we had a better understanding of the heat

transfer mechanism between water and tube wall when the water flow is

stopped abruptly.

The test results indicate that after the first couple of hours of

coil operation the water and shell temperature change steadily, but

slowly, due to the enormous amount of ground mass involved in energy

transfer with the heat exchanger. It was felt that any computer simu-

lation of tests longer than 10 hours of operation was unnecessary for

validation of the model. However, for the design of the ground cou-

pled heat exchangers, the involvement of the seasonal operation will

require long periods of computer calculation of the heat exchanger

performance. It should be possible to abbreviate these computations,

though, by determining the asymptotic behavior of the system and

extrapolating to a critical time, such as when the inlet water tem-

perature or cycling behavior change dramatically, and then resuming

the transient calculations.

8. PARAMETIC ANALYSIS
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A parametric analysis was performed to investigate the effect of

variations in design parameters on system performance. The parameters

involved in the actual system design which are of interest for this

kind of analysis are the inner pipe and outer shell casing materials,

the size of the outer casing pipe, the water flow rate, and the length

of the heat exchanger. The model is limited in its application to

some extent because as we increase the water flow rate, the Reynolds

number will also increase and the flow can change from the laminar to

the transition region (where heat transfer cannot be modelled accu-

rately). Information about the convective heat transfer coefficient,

h, in the transition region is extremely hard to find. The water flow

rate involved in the analysis is therefore limited to 3.15 x 10 4 m/s

(5.0 gpm) or less. The restriction on the maximum flow rate the model

can handle will be higher for other working fluids (e.g. a glycol

solution) than it is for water and may in fact allow all the flow

rates that would be of interest to the user.

Figure 6 shows the effect of the the change of outer casing ther-

mal conductivity values for continuous coil operation with hot inlet

water, 42°C (107oF). It can be seen that when the casing thermal con-

ductivity increases from 0.189 to 6.056 W/mOC (0.109 to 3.5 Btu/h

ft°F), water temperature in the annulus 16.8 m (55 ft) below the sur-

face shows an appreciable drop. In the first hour of operation it

falls from 38.3 to 35.3°C (101 to 95.5°F), although the temperature

differential becomes smaller as the coil operation continues. At the
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end of 5 hours, the temperature varied from 38.7 to 37.3 0 C (101.6 to

99.2°F). The greatest improvement came from the change of thermal

conductivity, k. value from 0.189 to 0.460 W/maC (0.109 to 0.266 Btu/h

ft°F), which corresponds to using high density polyethylene for the

outer casing instead of PVC. Further increases in the casing thermal

conductivity show a diminished effect on water temperature and hence

heat exchanger capacity. The use of metal casings because of their

superior thermal conductivity would not be justified based on this

analysis because their performance is only slightly better while their

cost is significantly higher.

Figure 7 shows the effect of the diameter of the outer casing on

the heat exchanger capacity. These data were computed for heat

exchangers made out of high density polyethylene (solid lines) and PVC

(dashed lines) with inlet water at 420C (107oF), a flow rate of 3.15

x 10 m3/sec (5 gpm), and an inlet water to far field AT of 25C°

(45PO). It indicates that larger casing diameter does improve the

heat exchanger performance, although not in proportion to the increase

in surface area. Table 1 shows this effect for PVC more directly; the

second column is the ratio of the capacities of four points on the top

dashed curve in Fig. 7 to the capacities of the corresponding points

on the middle dashed line. Although the surface area of the heat

exchanger has been increased by 60% the rate of heat rejection for the

0.20 m (8 in.) I.D. heat exchanger is at most 36% larger than that for

the 0.13 m (5 in.) I.D. heat exchanger. The third and fourth columns
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of Table 1 show similar results when a 0.13 m (5 in.) I.D. and a 0.20

a (8 in.) I.D. heat exchanger, respectively, are compared to a 0.076 m

(3 in.) I.D. heat exchanger. The reason that the heat rejection rate

does not move in direct proportion to the ratio of surface areas for

the heat exchangers is the change in water velocities (resulting from

the larger annular area), which affect the Reynolds numbers and hence

the heat transfer coefficients.

Figure 8 shows the effect of ground thermal conductivity on the

heat exchanger performance. Again, the solid lines are for a high

density polyethylene heat exchanger and dashed lines for one made of

PVC. It can be seen that by doubling the ground thermal conductivity

from 3.03 to 6.05 W/m°C (1.75 to 3.50 Btu/h ft°F), the rate of heat

rejection goes up by about 25% when the polyethylene heat exchanger is

run continuously (and by lower percentages when the hear exchanger is

cycled on and off). The corresponding increase for the PVC heat

exchanger is only about 12,% and this again shows the insulating

effects of the PVC pipe used for the outer casing.

Figure 9 has two sets of curves that show the calculated average

capacity per unit length for tube-in-tube vertical ground coupled heat

exchangers as functions of the length of the heat exchanger and of the

operating time and volumetric flow rate. All six of these curves are

for heat exchangers made out of PVC. The three solid lines are for a

-4 3
flow rate of 3.15 x 10- 4 /sec (5 gpm) for continuous operation,

operation at 50% on time (and 3 cycles/hour), and for operation at 33%
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on time (also at 3 cycles/hour). The dashed lines represent the

-4 3
corresponding capacities for a water flow rate of 1.89 x 10 m /sec

(3 gpm). Several things can be observed about the capacity per unit

L length from this figure:

1. it is as much as 90% as high at 1.89 x 10 4 m3 /sec (3 gpm)
as it is at 3.15 x 10 m /sec (5 gpm), and

2. under cyclic operation it does not decrease in proportion to
the operating time (e.g. the heat exchanger rejects 48% as
much heat to the ground when it runs 20 minutes out of each
hour as it does when it runs continuously).

These computations were done for hot inlet water (42°C. 1070F), 16.7°C

(62°F) ground temperature, and schedule 40 PVC for both pipes.

The decrease in heat exchanger performance per unit length is a

result of the variations in the heat transfer coefficients at the

interface between the water in the annulus and the outer casing. In

our application the correlation that was used for the heat transfer in

regions of developing laminar flow gives the heat transfer coeffi-

cients in terms of the distance from the bottom of the heat exchanger.

Consequently, for example, the heat transfer coefficients for the bot-

tom 61 m (200 ft) of a 122 m (400 ft) heat exchanger are the same as

those for the entire length of a 61 m (200 ft) heat exchanger. The

heat transfer coefficients for the top 61 m (200 ft), however, are

significantly less since laminar flow is fully developed, and hence

decrease the average per unit length performance of the heat

exchanger.
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Figure 10 is a plot of the average capacity of a 61 m (200 ft)

-4 3
heat exchanger with a 3.15 x0l m /sec (5 gpm) flow rate at several

inlet water temperature to far field temperature AT's and schedules of

operation (continuous operation, 509 on time, and 33% on time). The

solid lines are for a heat exchanger made out of high density

polyethylene and the dashed lines for PVC. In each case the ambient

ground temperature was assumed to be 16.7°C (620F) and the water tem-

perature into the coil was varied above or below this. The perfor-

^-~~~ mance was found to be independent of the sign of the temperature dif-

ferential and was nearly linear in the temperature differential.

C

9. DISCUSSION AMD CONCLUSION

The mathematical model for the vertical ground coupled heat

exchanger has been validated by laboratory tests for both continuous

C
and cyclic operation. The parametric study shows that using high

thermal conductivity material will increase the amount of energy

exchange between the heat exchanger and ground, but the improvement

becomes negligible when the casing thermal conductivity was close to,

or higher than, that of the ground. In other words it would not be

cost effective to use metal casing for its high thermal conductivity

value.

The parametric study also shows several possible ways of design-

ing a higher capacity heat exchanger:
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1. increase the flow rate of the working fluid,

2. increase the diameter of the outer casing, and

3. increase the length of the heat exchanger.

There are other factors that need to be taken into account, however,

when making any one of these changes independently.

Increasing the flow rate will increase the amount of heat

transfer, due to the increase of convective heat transfer coefficients

between the water and the wall of the casing, but the overall rate of

heat rejection does not necessarily increase in proportion to the flow

rate. The effect of changing the flow rates is greater for long heat

exchangers than it is for short ones and is also more significant dur-

ing cyclic operation than it is for continuous operation. This result

has not been fully explained. A 67% increase in flow rate from 1.89

x 10 m /sec (3 gpm) to 3.15 m /sec (5 gpm) increases the heat

transfer coefficient between the water in the annulus and the outer

casing by from 15-24%. The increase in capacity, however, can be as

small as 6% for a 30 a (100 ft) heat exchanger running continuously to

as high as 56% for a 122 m (400 ft) heat exchanger cycling with a 33%

on time. Heat exchanger operation appears to be limited by the ther-

mal conductivity of the outer casing and the ground under some cir-

cumstances. The ground can only absorb or give up so much heat

regardless of how great the flow rate of water through the heat

exchanger. This limit is reached during continuous operation, even at

low flow rates, and there is nothing to be gained by a higher flow
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rate. Cyclic operation permits some time for the ground to recover in

between periods of heat exchanger operation and consequently the limit

is higher. This amount of heat may not be able to be absorbed or

rejected at the lover flow rates and the flow rate can be the limiting

feature instead of the ground thermal conductivity. Further study is

needed to understand this interaction better.

The length of the heat exchanger affects its capacity and the

effective length of a heat exchanger can be increased by either making

a longer single tube or by putting several heat exchangers either in

series or in parallel. The decreasing heat transfer rate per unit

length of heat exchanger, as shown in Fig. 9, would suggest that

several shorter heat exchangers would be better than a single long

one. Unfortunately this conclusion assumes that each of the multiple

heat exchangers have the same flow rate and entering water temperature

as the single long one. Further analysis shows that the advantage of

multiple heat exchangers over a longer one is very small when these

factors are taken into account.

t (F % (5 Figures 9 and 10 can be used to compare two 61 m (200 ft) PVC

' P heat exchangers with a single 122 m (400 ft) one (under continuous

(L9;n~~\\' rT\~ -4 3
<jv> ' operation with a flow rate of 3.15 x 10 m /sec (5 gpm) and inlet

\N water temperature of 420C (107°F) and 25 C° (45 F° ) inlet water to far

field AT). If the two heat exchangers are connected in series the

first one will have a capacity of 6.59 kW (22,500 Btu/h) and the exit

water temperature can be computed to be 37°C (98°F). This gives a 20



28

C° (36 F°) inlet water to far field AT for the second heat exchanger,

which would then have a capacity of 5.27 kW (18,000 Btu/h). The com-

bined capacity is 11.86 kW (40,500 Btu/h) compared with the 11.72 kW

(40,000 Btu/h) for a single 122 m (400 ft) heat exchanger under com-

parable conditions.

If the heat exchangers are connected in parallel, the flow rate

into each would have to be one half of that for the single longer heat

exchanger in order to be able to compare the two cases. Extrapolation

from the two curves in Fig. 9 gives a capacity of 5.71 kW (19,500

Btu/h) for each of two 61 a (200 ft) heat exchangers at 1.58 x 10-

m/sec (2.5 gpm) for a combined capacity of 11.43 kW (39,000 Btu/h).

This is actually less than the capacity of the 122 m (400 ft) heat

exchanger, although that may be due to the uncertainty resulting from

the extrapolation. Consequently, it appears that if there is an

advantage to multiple heat exchangers over a single long one, it is at

most marginal.

There are several areas in which the computer model needs to be

refined:

* the heat transfer between water in the annulus and the outer cas-

ing during cyclic operation needs to be improved,

* the convective heat transfer when the flow is in the transition

region cannot be modelled as the program is written and a corre-

lation for this region is needed, and

* the heat transfer in unsaturated soil near the surface (where

moisture migration and the influence of the ambient air tempera-

ture affect performance) cannot be modelled accurately and this

effect needs to be accounted for.
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The program is easy to use, however, and the calculations are accurate
as long as these limitations are not strained too much.



I' 30

i^~~ ~REFERENCES

[1] Ambrose, E.R., Progress report on the heat pump, Heating and

Ventilating, 43:12, p. 68, 1946.

[2] Bose, I.E., et al, Experimental results of a low cost solar

assisted heat pump system using earth coil and geothermal well

storage Proceedings of Fourth Annual Heat Pump Technology

*^Js~~ ~Conference, Oklahoma State University, Stillwater, Oklahoma,

1979.

ILt^~~ [3] Bose, I.E., et al, Earthe Coupled and Solar Assisted Heat Pump

System, Fifth Annual Heat Pump Technology Conference, Oklahoma

4Ls.~~ ~State University. Stillwater, Oklahoma, 1980.

[t4 Bose, I.E., et al, Water Source HVAC System Designs Briefing,

t Oklahoma City, Oklahoma. Feb. 1982. Material developed by

School of Tech. and Tech. Extension, DETA, Oklahoma State

University. Stillwater, Oklahoma.

[5] Oliver, J., Brand, H., Thermal Exchange to Earth with Concentric

Well Pipes, Transactions ASAE, 1981, p. 906-910, 916.

[6] Thermal properties of rock and PVC pipes were tested by the Phy-

* sical Propetery Group, Material Science Section, Metals and

Ceramics Division of Oak Ridge National Laboratory.

* [7] Handbook of Chemistry, Lange, revised tenth edition. McGraw

Hill.

[8] Heaton, H.S.. Reynolds, W.C.. Kays, W.M., "Heat Transfer in

Annular Passages. Simultaneous Development of Velocity and Tem-

* perature Field in Laminar Flow, Int. J. Heat and Mass Transfer,

Vol. 7, pp. 763-781, Pergammon Press, 1964.

~* t ~([9] McAdams, W.H., Heat Transmission, Third Edition, 1954, p. 219.

[10] Handbook of Heat Transfer, 1973, pp. 7-27, Edited by Rohsenow,

W.M., Hartnett. J.P., McGraw Hill.



31

Table 1. Comparison of relative heat rejeotion rates fordifferent length and diameter heat exchangers.

Ratio of Surface AreasLength of HX 1.60 1.67 2.67

100 ft 1.36 1.41 1.91200 1.34 1.38 1.85
300 1.32 1.36 1.80400 1.31 1.34 1.75
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