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Yextical Concentric Tube Ground Coupled Heat Exchangers

V. C. Mei and S. K. Fischer*

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 conceatric 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 systcﬁ) with instru—
mentation to measure heat transfe:. 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 simn-‘
late the operation of the ground-coupled heat exchanger. bata
. collected using the experimental appara;ns was used t; 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.
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1. INIRODUCTION

The realization that conventional energy resources are limited
urges us to increase our efforts to use non—-renewsble sources more
efficiently. One of seve;al alternatives available is to search for
enorgy 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 enviromment. The majority of

heit pumps use ambient air as the heat source and sink, but their
energy efficiency is limited by the thermal capacity a#d 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 it is limited because there are areas in the country where
sufficient qnalit} and quantity of ground water are either not avail- ~
able or the pumping and disposal costs and associated problems make it
economically unattractive. Another alternmative is to use the ground

itself as the heat source and sink for a heat pump.

| Extensive research on hori;oﬁtal ground coupled hd;t pump systems
was performed in the 1930‘3 and 1940'8b' The kronnd coﬁpled #eat pump
idea was set aside dnq to ghe léw cost of energy at that period in
spite of its ;igh potential of energy comservation. At the present
time, horizontal ground coupled heat pumps are populat.in Europe where
they are used for heating only applications. These types of systems
have not been used very mu?h 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 effectivemess of the heat
exchanger.

Vertical, concentric’tube-in—tnbe ground—-coupled heat oxchangers
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 horizogtal 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 ot al [2-4] described l.geothOtual well used for heat pump

application in Oklahoma. Vhile the performance of vertical grouand

’

~coupled heat oxchangoers was shown in their work, little data ocould be

found that applied to.tho design of a vertiﬁ;l ﬁong exohnnge:. Oliver
and Brandy [5] derived a closed form analytical solution for the com—
centric vertical ground coupl?d heat exchanger undor'stoady state
operation by assuming an isothermal ground surface 1.0 m (3.3 ft) away
from the ceanter of fho 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 exéhanget 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 perxformed vith'the ground coupled heat exchanger and
also simulated with the computer program to validate the model., A
parametrid 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 gfound coupled heat exchangers.

2. IEST APPARATUS AND PROCEDURE

A ground couple heat exchanger was installed for testimg by the
authors. The test site was core sampled to the depth of 76 m (250 ft)
ﬁnd 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):



7

k = 3,03 W/m°K (1.751 Btu/h £t°F),
3 3
p =2.7 gm/cm” (168.5 1b/ft”), and

cé = 1,065 J/gm°K (0.255 Btu/1b°F).

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 tye PVC pipes was determined experimentally U6e by

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

methods:

k = 0,175 W/m°K (0.101 Btu/h £t°F) for the imner pipe,

k = 0.190 W/m°K (0.109 Btu/h ft°F) for the outer casing, and

p =1.23 gn/ca’ (17.0 1b/£td).

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

Btu/1b°F) [7].

Water was used as the working fluid throughout the tests:; its
flow rate was kept at 3.15 x 10‘-4 m3/sec (5;0 gpm). This limit was
established go avoid the trxansgition region of fluid flow so that com—
puter simulations could also be performed. The ground coil inlet
water supply ;as connected to the 1&bo¥atory prodess water supply
naing so that either céld or hot water could be used at a relatively

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

3

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

point, 0°C (32°F), could be pumped to the heat exchanger for low
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temperature inlet water operation. A rotameter was'nsed to measure
the flow rate of the water.

Figure.l 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 s;nsots were attached to the spacers. Fig-
ure 1 also shows the depths at which temperature semnsors were located
in the annular area between tﬁe two pipes, and the location of the
sensors on the outside of the outer tube. Temperature semsors 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 RID’s and

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

-and +0.5°C (+1°F), respectively.

The data icqnisition 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. THEQORETICAL DEVELOPMENT
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The fluid from the heat pump is pumped down the center tube, as
sﬁown 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
vails 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 umiform in the
center tube and in the annular area perpendiculer to the
axis of the flowing columm,

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

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:

aT aT
1y 2k, 3Ty £ (1)
V1 9z c r, ar lr=z, = ot
Pe p.1 1

Heat flow within the inner pipe:



.-

2
T aT aT (2)
S § + 11 171 (r; < <r,,0 ¢ z)
2 r dr a, at 1 2
ar 1
Heat.flow in the water in the annulus and at the tube walls:
T, 2 aT 21,k aT, , (3)
. -2 5k L , 35y T,
2 9z 2 2 ir r=r 2 2 dr =y
(r3 rz)pfcp 2 (r3 rz)pfcp 3
£ £
Heat flow within the outer tube:
F:] aT, aT (4)
2,12 17
2 + r or o 3t (r3 {r( r4,0 < z)
ir 2
Heat flow in the ground:
a%r aT aT (5)
~3,1°3_1°%;

3 .
2 "roor Ta, ar (T T <r0(2)
ar 3

Conditions at initial time (t=0):

Ti(z) = Ti(z) = Té(z) =iji(:) = T}z(z) are known - (6)

Inlet condition at the surface (z=0):

Tf (t,0) = £(t) is a known function of time )
1

End condition at the bottom of the heat exchanger (ze=L):

aT

N

l
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T (t,L) = T, (t,L) (8)
£ £,

Boundary condition at the interface between the water and the inner
pipe:

aT

%, =+ - -
kL or r=x, By (Ty Tfl)

(9)

Boundary condition at the interface between the water in the annulus
and the inner pipe:

(10)

aT1
-kl 5;? lr-r2 = hz(rfz - Ti)

Boundary conditions at the interface between the water in the annulus
and the outer pipe:

aT
T ] 3 (11)
ky ar ez, h3(Tf2 T,)

Boundary conditions at the interface between the outer pipe and the
ground: ‘ :

(r-r4) (12)

T, =1
- Ca
2 dr rer, 3 dr r=r,

Boundary condition at the assumed far field distance from the hesat
exchanger:



T, = T,(2) (r < zg) (14)

Equations (9)—(11) are the boundary conditions for convective
flow, Vhen the fluid flow is stopped, such as between cycles, the
heat transfer mechanism from fluid to tube walls changes from coanvec—

tion to conduction. The following conditions should be applied under

these circumstances:

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

T
£ 2 aT (15)
1 _ El 1

at pfcpfr1 dr r=r,

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

oT
£ _ 215k, aT, _ 2r,ky 3T, | (16)
at 2 2 ar rsy 2 2 ar r=r
(r3 rs)pfcPf 3 (r3-. 2)pfcpf 2

Boundary conditions at.the interfaces between the water in the inner
pipe and the annulus and the walls of the inner pipe:

Tl - Tfl (rﬂrl) . (}7)
Tl - Tf (:-rz) | (18)
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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 mot 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 emergy 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 coefficiegts for the water in the
agnnlus 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 [8] 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-a;d tempera—
ture profiles are just starting to develop. The heat transfer coeffi-

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

in the annulus,

4. COMPUTER MODEL
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A finite difference computer program was writtea 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
grouand in terms of time, depth, and the distance from the heat
exchanger. These are coupled radially by the boundary conditioﬁs
imposed at the surface interfaces and v;:tically 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';qnations to calculate the temperature at fixed nodal poiats in the
pipes, water, and ground. It empioys'a fixed time step and a fixed
vertical spacing of nodes used for the solution while permitting s
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 cﬁmpn:ing it to the heat removed from the system
integrated over time.(i.e., S ;CPATdt).

Variable h values were adopted‘qven §hqugh the mathematical model
assumes the uniform temperature and velocity profiles. Theoretically,
the h values a;e different for the inner and outer tube walls of the .
annulus, but since the diffetbnca;is small [8], 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 (3490
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¥/m2°K, 615 Btu/h £t2°F) [91.

The computer program has been writtem so that it is easy to use
and does not require a familia:itj 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 coaduc-—
tiv:lty) »

¢ 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 a2 uniform ipitial temperature dis-—
tribution in the ground or one that varies with depth. The nser 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 tige 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 appligationy, however, the respoanse of the ground
to the heutvexchanger approaches an asymptote and it should be ppssi—
ble to take advantage of this behavior in lieu of pe:formi#g 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), comtinuous operation;
2. cold inlet water, about 4°C (40°F), continuous operation;

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

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

The temperstures 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
kept at 3.15 x 1()--4 mslsec (5.0 gpm) for all the tests.

The ground temperature at the test site was expected to be around
13 £o 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 conditioms. The
temperature rises with the depth below 6.1 m (20 ft) until it reaches

a maximum of 17.59C (63.5°F) at 15.2 m (50 ft), and then decreases

with further depth. The gréund temperature at 47.2 m (155 ft) was
around 16.7°C (62°F), which was also higher than expected. It is con-
jbctnted 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. YALIDATION FOR CONTINUOUS 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
ecasily calculatqd [9] (since this flow is in the turbulent region) and
was equal to 3,490 W/m2°K (615 Btu/h ft2°F). 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 zome [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 oporation 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 temperafﬁre 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 inlét 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 operatiom, the temperature difference between the
inlet and outlet water was 5.4°C (9.8°F). This diffe:en;e dropped to
4.,2°C (7.§°F) after 6 hours, while the inlet water temperature was
maintained constant, vhich indicates that the heat rejection to the
ground was reduced by 23%. The-g:onnd temperature 0.34 m (1.1 ft)
from the outside surface of the outer tube did not change at all dur-
.ing this gine (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 turmed off in order

to let the ground recover. After 4 hours of recovery, the water tem—
pérature 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 ogly 0.11°C (O;ZO’F).during the recovery period.

At the beginﬁing of the beat 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

4
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;xchanger 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 li;es in Fig. 3. The added condition would
underpredict the ﬁest 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 ome hour. Since the heat exchanger was
not adequately instrumented to allow further study of this question,

woe 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 continuouns coil
operation with c;ld inlet water at around 4.4°C (409F). This test was
céntinned for six da}s 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 1.6°C (2.8°F) at the end of 10 hours of operatio; and it was
maintained even after six days of heat exchanger operation. The
ground temperature, at 0.34 m (1.1 ft) avay and 16.8 m (50 ft) below
the surface, only dropped 0.6°C (1.0°F) 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 (1°F) of the test result. It also prediots the casing
outer edge temperature within 0.9°C (1.39F) 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.
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1. YALIDATION FOR CYCLIC OPERATION

Figure 5 shows the test results of heat exchanger cyclic opera-
tion with hot and cold inlet watgr. 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 temperatgre 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 thq fluctuations of annulus water
temperature 16.8 m (55 ft) below the surface, results indicate that
the fiuctnations 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) Qelow the sur—
face had practicslly sn asym;totic rising or falling trend for the two
tests and only'a slighx temperature fluctuation was observed during
the cycles. This was caused by.tvo factors, one was the low thermal
conductivity of the PVC material, and tﬁq other ohe 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 nodcl underpredicts the
water temperature by almost 2.8°C (5.0°F) for the hot water test.
After this cycle, however, the predictions are within 1.1°C (2.0°F) of
the peak temperature. The model overpredicts the water temperature at
the end of “off” cycle by as much as 1.4°C (2.5°F,. The reason seems
to b; that the heat transfer mechanism, just after the water flaw 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‘?). the calculated water temperature match the test results
very 'cll.' 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.

Whil‘ the simulations were presented as the water and casing
outer edge temperature 16.8 m (55 ft) below the surface, they match
the annulgs water_témperature 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,nn;atnrated soil could not be handled by the model.

Based‘on the results given above, we conclude that the mathemati—

cal model prediéts the test results very well when the heat exchanger
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is operated continuously. By changing a boundary conditiom, the pro—
gram also predicts the coil recovery temperature well if the coil was
allowed to rest for at least ome 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 beginming of each "off"”
cycles could be improved if we had a better understanding of the heat
t:ansf?r mechanism between water an@ 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 s?eadily. but
slowly, due to the enormous amount of ground mass }nvolved 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 shon}d be possible to abbreviate these computﬁtions.
though, by determining the asymptotic behavior 6f the system and
extrapolating to a cr;tical time, such as when the inict water tem¥ 7
perature of‘cycling behavior change dramatically, and then resuming

the transient calculations.

8. PARAMETRIC 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 iﬂcrease 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 m3/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 oﬁter casing ther—
mal condnctivigy values for continuous coil operation with hot inlet
water, 42°C (107°F). It can be seen that when the casing thermal con—
ductivity increasesrfron 0.189 to 6.056 W/m°C (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 operationm 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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e;d of 5 hours, the temperature varied from 38.7 to 37.3°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/m°C (0.109 to 0.266 Btu/h
f£°F). which corresponds to using high demsity 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 oxchanger capacity. The use of metal casings becanse of their
superior thermal éondnctivity would not be justified based on this
analysis because their performance is only slightly betfer 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
(dash;d lines) with inlet water at 42°C (107°F), a flow rate of 3.15
x 10~* n3/sec (5 gpm), and an inlet water to far field AT of 25C°
(45F°). It indicates that larger casing diameter does improve the
heat exchanger performance, although not in proportiom to the increase
in surface area. Table 1 shows this eff;ct for PVC more directly; the
second column is the ratio of the capacities of four points on the top
dashed curve in Fig. i to the capacities of the correspohding 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 fhat 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
m (8 in.) I.D. heat exchanger, respectively, are compared to a 0.076 m
(3 iﬁ.) 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 foect of ground thermal comductivity on the
heat e;changer performance. Again, the solid lines are for a high
density polyethylene hcat 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 heat exchanger is
cycled on and off). The correspohding 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 l;ngth for tube—in-tube vertical ground coupled h&at
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 limes are for a
flow rate of 3.15 x ].(')‘-4 nslsec (5 gpm) for co?tinnons 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
corresponding capacities for a water flow rate of 1.89 x 10-4 mslsec
(3 gpm). Several things can be observed about the capacity per unit

length from this figure:

1. it is as much as 90% a3 h;;h 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 proportiom 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, 107°F), 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 ethanger.

Consequently, for example, the heat transfer coefficients for the bot-
ton;61 m (200 £t) 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
decregsé.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)
heat exchanger with a 3.15 xlo‘-4 m3/sec (5 gpm) flow rate at several
inlet water temperature to far field temperature AT's and schedules of
operation (continuous operation, 50% 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 (62°F) and the water tem—
perature into the coil was va;icd above or below this. The perfor—-
mance was found to be independent of the sign of the temperatare dif-

ferential and was nearly linear in the temperature differential.

9. DISCUSSION AND CONCLUSION

The mathematical model for the vertical ground coupled heat
exchanger has been validated by laboratory tests for both continuous
and cyclic operation. The p;tanetric 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 accouant, however,
when qaking any one of these changes independently.

Increasing the flow rate will increase the amount of heat
transfer, due to the increase of comvective heat transfer coefficients
between the water and the wall of the casing, but the overall rate of
hcat £ejec£ion does not necessarily increase in proportiom to the flow
rate. The effect of changing the flow rates is greater for long heat
exchanggrk than it is for short'onés and is also more significant dur—
ing>qyc11c operation than it is for continuous operation. This result
has noﬁ been fully explained. A 67% increase in flow rate from 1.89
x 10.-4 mslsec (3 gpm) to 3.15 mslsec (5 gpm) increases the heat
transfer coefficient between the water in the sznnulus and the outer
casing by from 15-24%. The increasse in capacity, however, can be as
small as 6% for a 30 m (100 ft) heat exchanger rumning continuously to
as high as Sé% for a 122 m (400 ft) heat exchanger cycling with a 33%
on time. H;at exchfnger opcrition appears to be limited by the ther—
mal condﬁctivity of the outer casing and the ground nnd;t some cir—
cunstancesf‘ 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 comsequently the limit
is higher. This amount of heat may not be able to be absorbed or
rejected at the lower flow rates and the flow rate can be the limiting
feature instead of the ground thermal conductivity. Further study is
needed to understand this interactio; better.

The length of the heat exchanger affects its capacity and the
offective lengt£ of a héat exchanger can be increased by either making
s longer single tube or by putting several heat exchangers either in
series or in parallel. The decreasing heat ttahsfe£ rate per ;nit
length of heat exchanger, as shown in Fig. 9, would suggest that
several shorter heat exchangers would be better than a'single long
one. Unfort;nately 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 takem into account.

Figures 9 and 10 can be used to compare two 61 m (200 ft) PVC
heat exchangers with a single 122 m ‘400 ft) one (under continuous
operation with a flow rate of 3.15 x 10-4 mslsec (5 gpm) and inlet
water temperature of 42°C (107°F) and 25 C° (45 F°) inlet wa?er 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
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C° (36 F°) inlet water to far field AT for the second heat éxchanger.
which would then have a capacity of 5.27 kW (18,000 Btu/h). The com—
bined capﬁcity is 11.86 xW (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 m (200 ft) heat exchangers at 1.58 x 1 —4

nalsec (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
exéﬁange:. although that may be due to the nnceftainty resulting from
the extrapolation. .Consequently. it appears that if there is an
advahtage to multiple heat exchangers over a single long ome, 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 tramsitionm
region cannot be modelled as the program is writtem 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 accouanted for.
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Table 1, Comparison of relative heat rejection rates for
different length and diamoter heat exchangers,

Ratio of Surface Areas

Length of HX 1.60 1.67 2.67
100 ft 1.36 1.41 1.91
200 1.34 1.38 1.85
300 1.32 1.36 1.80

400 1.31 1.34 © 1,75
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