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ABSTRACT

NUMERICAL STUDY OF AN UNDERGROUND HEAT TUBE

By
Fauziah Sulaiman

The energy’ consumption of the air-to-air heat
pump can be reduced, especially in winter, by using the soil
as a heat source. A system of buried tube through which air
is passed, has great potential in suppling higher
temperature air than the ambient air, to the outside heat
exchanger of the heat pump.

Heat transfer from the soil to the tube,
including the possibility of formation of ice lenses around
the tube, was investigated over a period of time in a cold
season. Models of ice formation were developed in two types
of tube, the circular tube and the square tube. Latent heat
released due to the formation of ice were included in the
models. cOmppter simulation utilizing finite difference
equations were developed, using the explicit method, where
forward differences were used in time and central
differences were used in space.

The numerical results show the effects of
increasing the moisture content of the soil, increasing the
air flow rate in the tube, and the release of latent heat

when soil free:zes. The formation of ice around the tube



played a significant role in achieving a stabilized output

air temperature at a short time.
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CHAPTER 1

INTRODUCTION

1.1 Background

Due to the rxrising costs of gas and o0il compared
to the cost of electricity, many air-to-air heat pumps have
been installed for residential use. These heat pumps are
used for both cooling and heating. Since electricity is
used to operate the air-to-air heat pumps, a leveling in the
electric utilities throughout the year shows great promise
if electricity can be used for heating as well as cooling.
However, both the heat output of an air-to-air heat pump and
its coefficient of performance are drastically reduced
during operation in very cold weather. Thus, the use of
heat pumps in regions where the heating load dominates the
cooling load has been slow to develop.

In order to improve the performance of a heat
pump, various modifications were made to the heat exchanger.
According to a study by the Oak Ridge National Laboratory
(1), the performance of a heat pump is significantly
improved when the size of the heat exchangers is increased
and the configuration of the heat exchangers is changed.
These configuration changes include the use of larger

evaporator flow rateg, smaller compressor displacement,

1
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smaller motor size for the compressor and the fans and
finally, an increase in the number of refrigerant circuits.
Installation of more efficient fans and increasing the
compressor efficiency also contributes to the improvement in
the performance of the heat pump.

The performance of the air-to-air heat pump is
primarily dependent upon outdoor air conditions. Many
improvements have been made for operation in moderate
climates. However, the problems caused by the operation of
a heat pump in cold weather have never been solved
economically, even with the improvements mentioned above.
Since the air temperature is very low during the winter
months, especially in northern climates, the possibility of
- providing higher temperature air to the outside heat
exchanger of the air-to-air heat pump is considered. This
would result in higher efficiency in the performance of the
heat pump and thus, would significantly increase the heating
load.

1.2 WwWater Systems

Many types of heat pumps have been tested to
provide a higher temperature thermal reservoir. Surface
water and well water systems have been used with
water-to-air heat pumps to provide home heating and cooling
(2). In winter, ground water is warmer than air and in

summer, it is cooler. Therefore, ground water acts as a

heat source in the yinter and a heat sink in the summer.




However, a well must be drilled to tap the water so that it
can be provided to the heat exchanger.
A system installed by a physics professor at Ohio
State University for his home, has been in use for over
twenty-two years without many problems (3). It was
initially meant as an experiment but after achieving the
system’s coefficient of performance of 3.5, it ‘became a
money saver. Another ground water system installed at Bear
Creek, Pennsylvania, has been able to supply hot water for a
2900-square-foot house and to heat a swimming pool (4).
There are some associated problems with the use
of the systens, however, making them economically
unattractive. The quality and the availability of
groundwater makes the use of this system 1limited (5).
Ground water causes scaling problems to the heat exchanger
and the possibility of aquifer depletion is always
threatening. Therefore, another well is probably needed to
.return the water to the aquifer in order to overcome the
problem of aquifer depletion. This.system is also known as
the water reinjection system (see Figure 1). This system
thus becomes uneconomical due to the high drilling costs of
the wells and the restrictions due to the possibility of

ground water contamination when reinjection is used.

1.3 Closed-Loop, Ground-Coupled Systems

Closed-loop ground-coupled systems are divided

into two basic types, horizontal and vertical systems (see
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Figures 2 and 3). A study (6) completed at Oklahoma State
University has shown that a high coefficient-of-performance
can be obtained by using the ground as a source or sink for
a water-to-air heat pump. This is due to the relatively
cool ground temperature in the summer and warm ground
temperature in the winter.

A study (7) has indicated that the horizontal
type which was buried at a depth of 1 meter below the ground
surface, has been able to successfully supply heated water
to a home in Britain. The system has been able to supply

6 Btu annual demand of the residence. Another

the 84 x 10
ground coupled horizontal system, buried 1.3 meters
underground, was tested at Brookhaven National Laboratory
(8). This system has been successful in supplying the
heating demand of a residence at very 1low ambient
temperatures without supplemental heating. The overall
seasonal coefficient of performance of the system was 2.2.
However, the performance of the horizontal type can be
improved by utilizing several pipes and burying at greater
depths.

The geometry of the vertical type is U-shaped,
configured as one deep well or several shallow wells. A
system with six shallow-well, U-tubes of unequal depth,
which was installed at Knoxville, Tennessee, has been able

to achieve an annual performance factor of 2.39, thus

reducing the maximum heating season peak demand (9).
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Another system utilizing thirty-seven shallow vertical
couplings of 10 meters in 1length, was tested in Utby,
Sweden, for determination of the ground’s usefulness for
seasonal heat storage (10). The resulting coefficient of
performance of this system was approximately 3.0.

Oak Ridge National Laboratory has done many
studies, as well as designs, on horizontal and vertical
ground-coupled heat exchangers. One study on a horizontal
ground-coil heat exchanger with soil freezing (11),
indicated that the total energy absorbed by a fluid is
higher when the fluid inlet temperature is lower than 25°F.
The study showed that at the fluid inlet temperature of
26.3°F, the latent heat absorbed was 30.6% and when the
fluid inlet temperature was lowered to 10°F, the latent heat
absorbed increased to 63.9%. Therefore, the increase in the
latent heat was the primary reason for the increase in the
total energy absorbed.

Water is circulated between the heat pump and the
horizontal or vertical tubes that make up the piping system
that absorbs or rejects heat. 1In northern climates where
freezing often occurs, a need of using a mixture of water
and antifreeze is required for the heat pump operation. The
possibility of refrigerant leaks has to be eliminated by
using high quality refrigerant tubes which are quite costly.
Also, small leaks must be repaired, and such work is

difficult when the ground is frozen.
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Because of the high initial cost of both the
horizontal and vertical ground-coupled systems, and the
relatively high cost of maintaining both systems, attention
has been focussed in this study, on the air-to-air heat pump

system.

1.4 Crawl Space Air Systems

Energy stored in the soil beneath a house can
easily be utilized by using a crawl space assisted heat
pump. In Alcoa, Tennessee, such a system (see Figure 4) has
been tested and found to reduce the peak heating load and
the peak cooling load (12). Air is first preconditioned by
the crawl space soil in a recirculation mode before it is
supplied to the outside air-to-air heat pump, therefore,
resulting in a significant increase in the efficiency in the
heat pump. ‘

The study revealed that the crawl space
maintained a temperature near 30°F even when the ambient
temperature dropped below 0°F, thereby reducing peak winter
utility demand whose highest electric demand coincided with
the coldest ambient temperatures. It was also found that a
reduction of 26.3% in the peak heating load purchased energy
and 14.4% in the total heating season purchased energy when
the crawl space assisted heat pump was in use.
Unfortunately, despite the great potential of this system in
Producing higher temperature reservoir, the unavailability

of crawl spaces in many homes is the major drawback.



10

AIR
'N &
—
—_
T
|| HeaT PARTITION
1 pump :
<
ar 1
ouT
#
RECIRCULATING
AIR
TOP VIEW
DWELLING
INSULATION
HEAT
PUMP
AV VD T T T T T T
SIDE VIEW

Figure 4. A Crawl Space Air System.




11

1.5 Buried Tube Air Systems

The energy consumption of the air-to-air heat
pump can be significantly reduced, especially in the winter,
by using the soil as a heat source. The potential of the
soil as a moderator of the cold winter air temperatures has
already been explored widely. Therefore, it is important to
fully understand the heat transfer mechanisms in the soil in
order to obtain the optimum benefits.

A system of buried tubes through which air is
passed can easily be connected to an air-to-air heat pump,
as shown in Figure 5. This system has great potential in
supplying higher temperature air than the ambient air to the
outside heat exchanger of the heat pump and overcoming many
of the problems encountered in the other systems discussed
above (13).

Heat transfer from the soil +*o the tube,
including the formation of ice lenses around the tube, is
investigated over a period of time during a cold period.
Models of ice formation are developed in two types of tubes,
the circular ‘tube and the square tube; this will be
described in detail in chapter 3. Computer simulation
utilizing finite difference equations are developed, using
the explicit method, where forward differences are used in
time and central differences are used in space. Fortran
Seventy-Seven programming language is used to translate the
simulation. Factors that are taken into account include:

the effects of the soil moisture content, the changes 1in
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soil thermal properties according to the temperature and
moisture content of the soil, and the release of latent heat
when soil freezes. Parameters which may be varied are the
moisture content of the soil, the velocity of air in the
tube, the convective heat transfer coefficient, the length

of the tube, and the maximum run time.



CHAPTER 2

THEORETICAL DEVELOPMENT

2.1 Introduction

Two models were developed in order to determine
the heat transfer from the soil to the cold air in the
buried tube. The one-dimensional model has a circular
cross-sectional area and the two-dimensional model has a
square cross-sectional area. The tube is buried 5 feet in
the ground. It was found that during a heating season, heat
transfer does not take place beyond 7.5 feet (14).
Therefore, a volume of 12.5 feet depth, 15 feet in width,
with 50 feet length of the pipe was chosen from which to
extract the heat (see Figures 6 and 7). The initial
temperature distribution in the soil was determined by using
a second order polynomial derived from Neumann’s Theory (;I.S)
for the two-dimensional model. In the one-dimensional
model, the initial temperature distribution in the soil was

assigned to be constant throughout.

2.2 Governing Heat Transfer Equations

The governing equation for the one—dimensional

model is the one-dimensional transient diffusion equation

14



15

[y

“ee

u

‘I 50 ft
TUBE

3

L '

le— 15 £t »

Figure 6. Top View of the Proposed Two-Dimensional Tube.



==

TTINTTI R
<



16

SOIL SURFACE

125 ft

[ Y
5ft z
1»
Y .Y
TUBE
fe— 15 ft »

Figure 7. End View of the Proposed Two-Dimensional Tube.
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where the thermal diffusivity is represented by

- ft%/nr (2.2)

_k
* = pc

and the other parameters are as follows:

= temperature - °F
conductivity - Btu /(ft-hr-°"F)
= density - lbm/ft

0O © »® A1
|

= specific heat - Btu/(lbm-'F)

The governing equation for the two-dimensional model is the

two-dimensional transient diffusion equation

aT [ a°T , ¥“T ]
=a | — + — (2.3)
at ay2 322

Heat transfer in the x-direction is quite small and has been
neglected. Boundary conditions and the initial condition
Needed in the solution of the above diffusion equations will
be presented in a later section.

A finite-difference method, which is often used

1n  solving partial differential equations, was employed
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using forward differences in time and central differences in
space; it is known as the explicit method. Solutions were
obtained by placing a finite number of points in a selected
grid pattern within the soil and air in the tube. At these
points, or nodes, finite-difference equations for the
temperatures were obtained by direct replacement of the
partial differential equations or by an energy balance on an
element. The error of the method is on the order of size of

space step squared and the time step.

2.3 Finite Difference Methods

There are several finite difference methods that
can be used to solve the heat diffusion equations.

Descriptions of some of the methods follow:

1. The Implicit Method is similar to the explicit
method outlined above, but instead, uses a backward
difference approximation for the time step. It has the same
order of error as the explicit method but is stable
unconditionally. However, this method cannot be used to
Solve for a single unknown in terms of previously calculated
Values. It was also found that the method is not efficient

for multi-dimensional problems (16).

2. The Crank Nicolson Method, which is known as the
lmproved implicit method, is also unconditionally stable.

This method averages the forward difference and backward
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difference approximation for the time step. Unfortunately,
this method produces a system which is no longer tridiagonal

and thus, requires unnecessary computations (17).

3. Alternating Direction Implicit Method (ADI) of
Peaceman and Rachford was proposed to overcome the problems
encountered in the explicit and the implicit methods. This
method uses an implicit method in one direction and uses an
explicit method in another direction. It has, however, a
bias on intermediate values and therefore is not to be
greatly trusted (18).

| According to a preliminary study, the purely
explicit method was rated third from a comparison of nine
methods of solving the heat diffusion equation (19). This
was based on relative accuracy, ease of programming,
computation time and computer storage requirement. However,
the explicit method has a stability criterion which must not
exceed 0.5. Due to this, substantial computing time will be
needed since there is a need to employ small time steps.

This is the method selected in this study.

2.4 Boundary and Initial Conditions

The boundary conditions in the one-dimensional

model are as follows:
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1. At r = r, (see Figure 14),

=Kk

h (Tg = Tyaiy) s or

(2.4)
where h is the convective heat transfer coefficient from the
soil element to the air in the tube (the thin wall tube
material was ignored) and ks is the soil conductivity. T

s
and T,ir 2re the temperature of soil and air, respectively.

2. At r = rp (farfield),

T =T (2.5)

where TF is the given constant farfield temperature.

The initial conditions at t = 0 are

(2.6)

where the initial temperature of air and soil are assigned
to be the farfield temperature at all locations.

Boundary conditions for the two-dimensional model

are:
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h’ h’ .
1. At y = h’ and -3 < z < 3 (see Figure 29),
aT
kg a3y h (T, - T,;,) (2.7)

’
(see Figure 18),

) (2.8)

4 4
3. At z = h’ and -% <y«< % (see Figure 21),
aT _ _
kg 3z = 0 (Tg Tair) (2.9)

4. At y =0 and z > h’ and z < -h’,

_— = 0 (2'10)

The initial conditions are:

Tair = Ts(z = tube height)
(2.11)
Ts = Ts(z)
The air inlet condition is:
T,jp(X = 0,t) = 0°'F (2.12)
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As above, h is the convective heat transfer coefficient and
kg is the so0il conductivity. The atmospheric air
temperature is always maintained at O0°F and the soil
temperature at 12.5 feet depth is always set at the deep
soil temperature.

Due to symmetry, heat transfer need only be
calculated on one side with a vertical plane bisecting the
tube longitudinally (see Figure 8). An insulated condition
is being imposed at each end of the tube since heat transfer
there is assumed small and thus ignored (Figure 9). This
condition is considered conservative as there is actually

heat transfer occuring at each end of the tube.

2.5 Convective Heat Transfer Coefficient

The velocity of air flow in the tube is assumed
to be sufficiently high to ensure a turbulent flow. The
turbulent flow in the circular smooth tube is considered to
be fully developed. The Nusselt number is thus calculated
by using the Dittus-Boelter equation (20),

4

Nu_. = 0.023 Reg/5 pr?: (2.13)

D
where ReD is the Reynolds number (based on diameter of the
tube ang average air velocity) and Pr is the Prandtl number.
The convective heat transfer coefficient is thus obtained.

For the Square tube, the same equation is wused but the
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diameter of the circular tube is replaced by the hydraulic
diameter of the square tube.

To be conservative, at the soil surface, free
convection (worst case condition) is assumed. The
correlation used for the calculation of Nusselt number is

obtained by the improved correlations of McAdams (21),
= 1/3
Nu; = 0.15 Ray (2.14)

where Ra, is the Rayleigh number.

2.6 Thermal Properties of the Soil

The soil conductivity and thermal diffusivity are
relatively low in dry soil. However, moisture content in
the soil increases the thermal conductivity and thus
provides for increased heat transfer (22). In addition to
moisture content, soil type and dry density must be known in
order to estimate the thermal conductivity of the soil.
Since there is a large variation even in similar soils, soil
thermal properties were empirically determined.

During the process of freezing, heat capacity of
the soil is significantly high. This is due to the release
of latent heat of fusion in the moist soil. Frozen soil has
the highest thermal conductivity which is 0.833
Btu/ (hr-ft-°F) but a relatively low heat capacity of 0.2
Btu/(lbm-°F). The high thermal conductivity results from

the soil moisture completely changed to ice and that ice is
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more conductive than water. However, heat capacity of ice
is lower than water, thus resulting in low heat capacity.
Thawed soil has relatively low thermal conductivity and heat
capacity which are 0.458 Btu/ (hr-ft-"F) and 0.3

Btu/(lbm-°F), respectively (23).

2.7 Initial Soil Temperature Distribution

Comparison with actual data of Michigan soil
temperatures (24) and Neumann’s theory (25), led to a linear
distribution merged with a second-order polynomial for the
two-dimensional model (Figure 10). It was noted that when
the ground surface is frozen, the temperature variation in
the frozen surface layer of the soil is linear, whereas in
the thawed condition, the temperature variation in the
surface layer is sinusoidal (26). However, this sinusoidal
Variation_does not extend to a significant depth so it was
not taken into account. In the one-dimensional model, the
- temperature in the soil was assigned a constant value equal

to the constant farfield temperature.
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CHAPTER 3

NUMERICAL MODEL

3.1 Introduction

Two types of models were developed, one with
cylindrical coordinates (the one-dimensional model) and the
other with Cartesian coordinates (the two-dimensional
model). The geometry for the numerical models are shown in
Figures 11 and 12. The possibility of ice formation around
the tube was taken into consideration and modelled
appropriately. The two models provide for a comparison with
the two-dimensional model being the more accurate. It is
anticipated that the one-dimensional model may be

sufficiently accurate.

3.2 Basic Equations for the One-Dimensional Model

The equations which describe the heat transfer in

the one-dimensional model are as follows:
1. When the node is at the center of the tube

(Figure 13), the following equation derived from a

Steady-state energy balance is used (see Appendix C):

28
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Figure 11. Geometry for the One-Dimensional Model.
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Figure 12. Geometry for the Two-Dimensional Model.
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Figure 13. Node at the Center of the Circular Tube.
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k _ _ 2hAx kK _ .k k
i+1,0 ~ PaCpaf1l ( Ti,l Ti,o ) + Ti,

T (3.1)

0]

where Pa is the density of air, cpa is the heat capacity of

air, u is the velocity of air and r., is the radius of the

1
tube. The superscript "k" denotes the time and the

subscripts denote x and r, respectively.

2. When the node borders on the tube (Figure 14),
the following equation is obtained with application of the

boundary condition given by equation 2.4 (see Appendix C):

k+1

At k k
T. = h 4nr Ax (T, - T, .)
i,1 Ar [ 1 i,0 i,1

' psn(r1 + z—)ArAxcps
Ar

+ X dm(ry * 308 (r.X_ - 1.X) (3.2)

s2 Axr i,2 i1l ‘

'1

where Pg is the density of soil, cps is the heat capacity of
soil and ksz is the thermal conductivity of soil evaluated
k k (]
at (Ti,j+1 + Ti,j)/z . The calculated temperature will
always be checked to determine if some of the soil is

K+l 32°F and r, < Ar/2 , part of the soil

fr .
ozen 1t Ti,1 ice
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Figure 14.

Node Bordering the Circular Tube.
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element next to the tube will be frozen (Figure 15). The

equation used for the ice formation is (see Aprendix C),

_ At PsCps Ar k+1 K
Arice = p LM 2mR Kx[ ac n(r, *+ E_)ArAx(Ti,l - Ti,l) ]

where L is the latent heat of fusion of water, M is the
moisture content of the soil as a percentage by weight and R
is the radius of ice formed from the center of the tube. If
the element is completely frozen, the element directly next
to it may freeze partially (Figure 16). The following
equation is then used for the ice formation (see Appendix

C):

At PsCps k+1 k
Arice p IM 2nR Ax[ At 2mryArax (Ti,z Ti,z) ]
(3.4)

where ks1 is the thermal conductivity of soil evaluated at

(T’i"j_1 + Tf’j)/z .
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Figure 16. Ice Formed greater than Ar for the Circular
Tube.



37

3. For the remaining soil elements, the following

equation is used (see Appendix C):

Ar
pk+l o At [k ik T R S S
i,] mscps sl Arxr i,j-1 i,J
2n(rj + %E)Ax k k
k
+ .
Ti,5

3.3 Basic Equations for the Two-Dimensional Mcdel

There are several equations that describe the
heat transfer in the two-dimensional model. They are as

follows:

1. As in the one-dimensional model, steady state is
also assumed with an energy balance on the air ele<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>