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Abstract

In order to estimate the impact of groundwater flow on performance of geothermal heat exchangers in ground source heat pum
an equation of conduction–advection is established for heat transfer in porous media, and an analytical transient solution is ob
a line heat source in an infinite medium by means of the Green function analysis. An explicit expression has also been deriv
mean temperature on circles around the heat source. Dimensionless criteria that dictate the process are summarized, and influ
groundwater advection on the heat transfer is discussed accordingly. Computations show that water advection in the porous m
alter significantly the conductive temperature distribution, result in lower temperature rises and lead to a steady condition eventually. Th
hydraulic and thermal properties of soils and rocks influencing the advection heat transfer are briefly summarized. The analytica
has provided a theoretical basis and practical tool for design and performance simulation of the ground heat exchangers.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Ground-coupled heat pump (GCHP) systems are incr
ingly deployed for heating and air-conditioning in comm
cial and institutional buildings as well as in residential on
[1,2]. These systems consist of a sealed loop of pipe, bu
in the ground and connected to a heat pump through w
water/antifreeze is circulated. For the ground-loop heat ex
changers, vertical borehole configuration is usually prefe
over horizontal trench systems because less ground are
required. The vertical ground heat exchanger (GHE) c
sists of a number of boreholes, each containing a U-tub
pipe. The depth of the borehole ranges usually betw
40–150 m, and the diameter 0.075–0.15 m. The bore
annulus should be grouted with materials that provide t
mal contact between the pipe and the surrounding soil/
and to protect groundwater from possible contaminat
The efficiency of GCHP systems are inherently higher t
that of air source heat pumps because the ground m
tains a relatively stable source/sink temperature, allow
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Fig. 1. Schematic diagram of a vertical borehole GHE.

the heat pump to operate close to its optimal design po
The schematic diagram of a borehole is shown in Fig. 1.

Although low operating and maintenance costs m
that these systems generally have attractive life-circle co
the construction costs of the GHEs are critical for
economical competitiveness of GCHP systems in the hea
and air-conditioning market. It is important to work o
analytical tools by which the thermal behavior of any GC
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Nomenclature

a thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

c specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

Fo = U2τ/a, non-dimensional time
h hydraulic head . . . . . . . . . . . . . . . . . . . . . . . . . . . m
k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

K hydraulic conductivity . . . . . . . . . . . . . . . . m·s−1

L = k/(uρwcw), characteristic length . . . . . . . . . m
N number of boreholes in GHE field
q volumetric flow rate . . . . . . . . . . . . . . . . . . m·s−1

ql heat flow per unit length of the line
source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−1

r radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m
rb borehole radius. . . . . . . . . . . . . . . . . . . . . . . . . . . m
R = Ur/a, non-dimensional coordinate
t temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t0 initial temperature . . . . . . . . . . . . . . . . . . . . . . . . K
T = kρc/(uρwcw)2, characteristic time . . . . . . . . s
u advection velocity . . . . . . . . . . . . . . . . . . . . m·s−1

U = uρwcw/(ρc), revised velocity . . . . . . . . m·s−1

x coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
y coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

ε porosity
η integration parameter
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

θ = t − t0, temperature rise. . . . . . . . . . . . . . . . . . K
Θ = 2πkθ/ql, dimensionless temperature
ϕ polar angle
τ time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

Subscripts

0 without advection
m multiple borehole
s solid, steady
w water

Superscript
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system can be assessed and then, optimized in technica
economical aspects.

In practice, the boreholes of GHEs may penetrate sev
geologic strata. The ability of the vertical borehole e
changer to exchange heat with the ground depends on
geology, hydrogeology and other conditions that impact
feasibility and economics of theGCHP systems. Heat tran
fer between a GHE and its surrounding soil/rock is rat
complicated and difficult to model for the purpose of s
ing the exchanger or energy analysis of the system. Bes
the structural and geometrical configuration of the exchan
a lot of factors influence the exchanger performance, s
as the ground temperature distribution, soil moisture c
tent and its thermal properties, groundwater movement
possible freezing and thawing in soil. The heat dissipa
from the pipes in boreholes to far-field ground is a trans
process involving a large domain and complicated geom
The presence of groundwater makes the heat transfer pr
even more intricate. Water movement in actual “streams
underground channels is rare and confined to specific
ological situations. The subsurface, however, generally
porosity (voids and fractures). The water table is the divid
line between ground with some air in the pores and gro
that is saturated with water. Below that level, water is h
and moves between the grains of geologic formations in
sponse to hydraulic gradients. Rates of lateral groundw
flow vary, ranging from meter per year to meters per d
according to local geologic and hydraulic conditions. H
flow rates will generally be associated with specific str
types, particularly very coarse gravels or sands. Thus
heat dissipation in aquifers may be regarded as a cou
d

l

l

s

process of heat conduction through the solid matrix and
ter in its pores and heat advection by moving groundwat

One of the primary objectives in the design of relia
GCHP systems is properly sizing the ground heat exchan
A lot of efforts have been made to understand and for
late the heat transfer process in the GHEs. On this b
a few tools are commercially available for design and
performance simulation of the GHEs with varying soph
tications [3–7]. All of the design tools, however, are bas
simply on principles of heat conduction, and do not cons
the implications of groundwater flow in carrying away he
The reasons for such simplification are the difficulties
countered both in modeling and computing the convec
heat transfer and in learning about the actual groundw
flow in engineering practice. As a consequence, the effe
the groundwater advection is usually assumed negligib
GHE designs so far.

In general, groundwater flow is beneficial to the therm
performance of GHEs since it has a moderating effec
borehole temperatures in both heating and cooling mo
Besides, the thermal load of commercial and institutio
buildings is often dominated by cooling requirement t
means the system rejects more heat into the ground
it extracts from it. For building in cold climate, a muc
larger heating load may also occur, then, a net heat extractio
may be accumulated in the lifetime operation of the syst
According to the sheer conduction model the requi
ground-loop heat exchanger lengths are significantly gre
than the required lengths if the annual load were balan
so as to adequately dissipate the imbalanced annual lo
On the other hand, a moderate groundwater advec
is expected to make notable difference in alleviating
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possible heat buildup around the borehole over time. A
result, it is desirable to account for the groundwater flow
the heat transfer model to avoid over-sizing of the gro
heat exchangers.

Among the few reports on the effect of the groundw
ter flow found in literature Eskilson [8] has discussed
problem based on a steady-state analytical solution give
Carslaw and Jeager [9]. Because the heat dissipation i
GHEs with or without water advection is characterized
a transient process covering a long duration, the steady-
analysis provides only limited understandings of the grou
water advection impacts. Chiasson et al. [10] have ma
preliminary investigation of the effects of groundwater flo
on the heat transfer of vertical borehole heat exchangers
the ability of current design and in-situ thermal conductivity
measurement techniques to deal with these effects. A fi
element numerical model was used in solving the transien
two-dimensional combined heat transfer. Thermal per
mances of a single borehole and a 4× 4 borehole field were
simulated in various geological conditions. No general c
clusions and correlations among the influencing parame
were obtained due to the discrete nature of the approac

The work reported here tries to study the combin
heat transfer of conduction and advection in the vert
borehole heat exchangers by an analytical approach. A
dimensional model similar to Chiasson’s has been so
analytically, and an explicit expression of the tempera
response has been derived describing correlation am
various factors, which have impacts on this process. The
alytical solution results in some dimensionless paramete
facilitates both qualitative and quantitative analyses of
process. Besides, the analytical expression can be readi
tegrated into existing models and software for design
performance simulation of vertical GHEs since it is mu
more convenient for computation than any numerical s
tions of the problem.

2. Formulation and solution of combined heat transfer

2.1. The energy equation for porous media with water
advection

As mentioned above, heat transfer in GHEs is com
cated and dependent of multiple factors, some of wh
are hard to grasp accurately inengineering practice. It i
inevitable to make assumptions and simplifications in
study so that impacts of certain factors can be highligh
and analyzed in detail. In following discussions the grou
around the boreholes is assumed to be a homogen
porous medium saturated by groundwater.

Liquid flow in a porous medium is usually described
Darcy’s law, which can be expressed as

q = −K
dh

(1)

dx
e

-

s

whereK is the hydraulic conductivity, andh the hydraulic
head. The volumetric flow rate per unit of cross-sectio
area,q , is equal to the average linear velocity of the liqu
over the cross-section.

Heat is transported through a saturated porous med
in a combined mechanism: by conduction through its s
matrix and liquid in its pores as well as by convection
the moving liquid. By applying the law of conservation
energy to a control volume, an equation for heat transfe
the saturated porous medium can be expressed as:

ρc
∂t

∂τ
+ ρwcw

⇀
V ·∇t = ∇ · (k∇t) (2)

were k denotes the effective thermal conductivity of t
porous medium;ρc is the volumetric specific heat of th
porous medium, including both the solid matrix and wa
in its pores, andρwcw the volumetric specific heat of wate
Note in the equation that heat is stored and condu
through both the water and soil matrix, but only wa
takes part in convection of heat here. The average lin
groundwater velocity

⇀
V over a cross-section of the mediu

may be determined by the hydraulic head distribut
according to the Darcy’s law if the hydraulic conductiv
of the medium is known.

The effective thermal conductivity and the volumet
specific heat of the porous medium are weighted averag
those of the saturated water and solid matrix, and can us
be determined on basis of its porosityε as{

k = εkw + (1− ε)ks

ρc = ερwcw + (1− ε)ρscs
(3)

Following the Eskilson’s model [8], a further approxim
tion is accepted that the groundwater velocity is uniform
the whole domain concerned and parallel to the ground
face. The term “advection” is often used to describe s
a flow. Define the velocityu is in the direction of thex-
coordinate. Then, on the assumption of constant the
properties Eq. (2) reduces to

∂t

∂τ
+ U

∂t

∂x
= a∇2t (4)

whereU = uρwcw/(ρc), and the effective thermal diffusiv
ity a = k/(ρc).

And for the steady-state situations Eskilson studied,
heat transfer equation is further simplified to

U
∂t

∂x
= a∇2t (5)

2.2. Solution of the line source problem with water
advection

In order to discuss the effect of groundwater advec
on heat transfer of the borehole heat exchangers the au
have derived an analytical solution of the transient prob
under following assumptions:



1206 N. Diao et al. / International Journal of Thermal Sciences 43 (2004) 1203–1211

emi
ot

the
the

r in
ine

on

h of

at-
ing

s on
ob-
um,
ov-
sfer
ion o
the
tran
yed
the

ned
rit-

e

tion

nd

e

f the

is
will
hen

e

s

ady

n be
h
iable
tion

line
ium
e in
two-
rise.
(1) The ground is regarded as homogeneous and s
infinite medium, and its physical properties do n
change with temperature;

(2) The effects of the ground surface as a boundary and
finite length of the borehole are neglected. Then,
problem may be simplified as two-dimensional;

(3) As commonly accepted in models for heat transfe
vertical GHEs, the borehole is approximated by a l
heat source while determining the temperature rise
the borehole wall and beyond;

(4) The medium has a uniform initial temperature,t0;
(5) As a basic case of study, the heating rate per lengt

the source,q1, is constant since a starting instant,τ = 0.

Eq. (4) of conduction–advection is the same in mathem
ical formulation as the conduction equation with a mov
heat source when the equivalent velocityU is used in the
place of the moving speed of the heat source. The studie
conduction with moving heat sources deal with either pr
lems in which heat sources move through a fixed medi
or cases of fixed heat sources past that a uniformly m
ing medium flows. Some monographs [9,11] on heat tran
have discussed such problems, and presented the solut
a moving line source on steady conditions. Following
same approach, the authors have derived the solution on
sient conditions [12]. When a single line source is deplo
at the origin of the coordinates, the temperature rise in
medium,θ = t − t0, of the discussed case can be obtai
simply by means of the Green’s function method, and w
ten as

θ(x, y, τ ) = ql

4πk

τ∫
0

1

(τ − τ ′)

× exp

[
−[x − U(τ − τ ′)]2 + y2

4a(τ − τ ′)

]
dτ ′ (6)

Introducing a new parameter,η = 4a(τ −τ ′)/r2, in the place
of τ ′, for the integration, we obtain

θ(x, y, τ ) = ql

4πk
exp

(
Ux

2a

) r2/(4aτ)∫
0

1

η

× exp

[
−1

η
− U2r2η

16a2

]
dη (7)

wherer = √
x2 + y2. Or in the polar coordinates it takes th

form

θ(r,ϕ, τ ) = ql

4πk
exp

(
Ur

2a
cosϕ

) r2/(4aτ)∫
0

1

η

× exp

[
−1 − U2r2η

2

]
dη (8)
η 16a
-

f

-

Eq. (7) reduces to the solution of the steady condi
while the time approaches infinity, that is

θs(x, y) = ql

2πk
exp

(
Ux

2a

)
K0

[
Ur

2a

]
(9)

whereK0(z) is the modified Bessel function of the seco
kind of order zero.

On the other hand, for the specific instance when th
advection velocityu and, thenU = uρwcw/(ρc), is zero,
Eq. (7) reduces to the common temperature response o
line source in an infinite medium:

θ0(r, τ ) = − ql

4πk
Ei

(
− r2

4aτ

)
(10)

where Ei(z) is the exponential integral function. As th
expression indicates, the temperature in the medium
keep rising and no steady condition will be reached w
the time lasts to infinity.

SelectL = a
U

= k
uρwcw

as a characteristic length, andT =
a

U2 = kρc

(uρwcw)2 as a characteristic time of the problem. W

define the non-dimensional temperature excessΘ = 2πkθ
ql

,

the non-dimensional radial coordinateR = r
L

= Ur
a

and non-

dimensional timeFo = τ
T

= U2τ
a

. Another dimensionles
parameter involved is the polar angle,ϕ. Thus, Eq. (8) can
be rewritten in a dimensionless form as

Θ(R,ϕ,Fo) = exp

(
R cosϕ

2

) R2/(4Fo)∫
0

1

2η

× exp

[
−1

η
− R2η

16

]
dη (11)

The non-dimensional temperature distribution on ste
conditions is independent of time, which results in

Θs = exp

(
R cosϕ

2

)
K0

[
R

2

]
(12)

3. Computation and discussion

The temperature responses of above equations ca
computed readily by appropriateintegration schemes, whic
take much less computing time and assures more rel
precision than numerical solutions of the governing equa
by the finite element or finite difference methods.

3.1. Temperature isotherms

Eq. (10) indicates that the temperature response to the
source heating is symmetric about the origin in a med
without advection. When the water advection plays a rol
the heat transfer, the temperature distributions become
dimensional with a downstream bias of the temperature
Isotherms at different instants are shown in Fig. 2.



N. Diao et al. / International Journal of Thermal Sciences 43 (2004) 1203–1211 1207

ter

are
by

ean
all.
e

l

the
ean
e is

ng
lear

t the
hes

r
rve
the
o
eat

g to
di-

tion.

ad-
re-

down-

m
ure
but
n

r of
nse
ous
er
r
y
ne a
e of
Fig. 2. Isotherms of a line-source in an infinite medium with wa
advection.

3.2. Temperature variation around a circle and the mean
temperature on it

The temperatures on a circle around the heat source
no longer identical due to the heat carried downstream
water advection. It is desirable sometimes to know the m
temperature on such circles, for example, the borehole w
The mean temperature can be defined as an integral averag
on the circle, which turns out to be

Θ(R,Fo) = 1

π

π∫
0

Θ(R,ϕ,Fo)dϕ

= I0

(
R

2

) R2/(4Fo)∫
0

1

2η
exp

[
−1

η
− R2η

16

]
dη (13)

according to an correlation aboutI0(z), the modified Besse
function of the first kind of order zero:

1

π

π∫
0

exp[zcosϕ]dϕ =
∞∑

m=0

z2m

22m(m!)2 = I0(z)

Comparison between Eqs. (11) and (13) shows that
ratio of the temperature rise at a certain location to the m
value on the circle at the same distance from the sourc
independent of time, that is

Θ(R,ϕ,Fo)

Θ(R,Fo)
= exp

(
R
2 cosϕ

)
I0

(
R
2

) (14)

Results from Eq. (14) are plotted in Fig. 3, showi
variations in the temperature rise along the circle. It is c
that the temperature rise in the downstream direction (ϕ = 0)
Fig. 3. The temperature rise on a circle around the heat source.

is higher than that in the upstream direction (ϕ = π ) due to
the heat transfer by advection. It can also be seen tha
difference in the temperature around the circle diminis
with decrease inR. Calculations indicate that the ratioΘ/Θ

is restricted between 0.99 and 1.01 as long asR is less
than 0.005. In this sense the non-dimensional parameteR,
which is proportional to the advection velocity, may se
as a quantitative index in characterizing the impact of
groundwater advection; andR < 0.005 is recommended t
be a criterion that the impact of water advection on the h
transfer may be neglected.

3.3. Temperature response over time

The temperature responses are computed accordin
Eqs. (10) and (11) and plotted in Fig. 4 against the
mensionless parameterFo/R2 = aτ/r2 so as to facilitate
comparison between the models with and without advec

It is noticeable that the dimensionless parameterR, which
may be used to characterize the effect of groundwater
vection, makes significant difference in the temperature
sponses. The temperature responses at upstream and
stream locations also differ notably especially whenR is
large enough, say,R > 0.1. The temperatures at downstrea
locations (ϕ = 0) rise above that of the reference case of p
conduction (R = 0) at the early stage of the response,
later drop below the referencetemperature and finally tur
to steady temperatures.

3.4. The time to reach the steady state

It is one of the prominent features of the heat transfe
the line source with advection that its temperature respo
tends to steady conditions in contrast to the continu
increase to infinity in the reference case where no wat
flow exists. Although it takes infinitely long time fo
the temperature at certain locations to reach the stead
condition in the mathematical sense, it is desirable to defi
nominal duration to reach the steady state for the purpos
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Fig. 4. Temperature responses to the line-source heating with and without water advection.
rtain
hen

y
to

inor

t
to

o
he
n

c
ous
ng

s are
ady
tance

arply

ed
mp
le in
for

les
any
ed

the
eat
on
Fig. 5. The dimensionless time to reach the steady state.

practical applications. The nominal steady state at a ce
location may be regarded to have been established w
its temperature excess reaches0.99 of that of the stead
state. According to this definition the nominal duration
reach the steady condition,τs , is figured out according to
Eqs. (11) and (12). Both the dimensional parametersFos

and Fos/R
2 are shown againstR in Fig. 5. Notice that

Fos = τs

T
= (uρwcw)2τs

kρc
is independent ofr, so the curve of

Fos versusR reflects the change inτs with the horizontal
distancer. Fos approaches about 4, asR tends to zero. It
can be seen thatFos increases gently withR. This means
that the horizontal distance from the heat source make m
difference in τs . On the other hand, becauseFos/R

2 =
aτs/r2 is independent of the advection velocityu, and
R = uρwcwr/k is proportional tou, the curve ofFos/R

2

versusR indicates the change inτs with u. The curve shows
that Fos/R

2 tends to infinity whenR, i.e., u, approaches
zero; andFos/R

2 decreases sharply with increase inR.
This means the advection velocityu has a strong impac
on the duration to reach the steady condition. Owing
the fact thatFos is within a limited range of about 4 t
27 asR < 10, which is of the greatest significance in t
GHE applications, the duration to reach the steady conditio
Fig. 6. The temperature excess on the steady conditions.

τs = Fos · T can be estimated according to the characteristi
timeT of particular cases. The characteristic time of vari
geological formations will be discussed in the followi
section.

The temperature excesses on the steady condition
shown in Fig. 6. It can be seen again that the ste
temperature excesses at locations with the same dis
r but different angleϕ differ little as long asR < 0.1.
Besides, the steady temperature excesses diminish sh
with increase inR whenR exceeds unity.

3.5. Borehole field and variable heating rate

Multi-borehole GHEs are more commonly employ
in practical applications of the ground source heat pu
systems. The heat transfer process of a single boreho
the GHE discussed above has provided a foundation
analysis of borehole fields comprising multiple boreho
in arbitrary configurations. The temperature excess at
location in a field with multiple boreholes may be obtain
by means of the superimposition principle owing to
linearity of the problem defined. Generally, for a ground h
exchanger composed ofN boreholes the temperature rise
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Fig. 7. Isotherms of a borehole field with different configurations to the advection direction.
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a certain borehole wall can be obtained by summing up
the temperature excesses caused by individual U-tubes

θm = θ̄ (rb, τ ) +
N−1∑
i=1

θ(ri , ϕi, τ ) (15)

whereri andϕi denote the distance and polar angle betw
theith borehole and the borehole concerned.

As an example, isotherms in a GHE field with 2× 3
boreholes are shown in Fig. 7. Two different boreh
configurations are considered corresponding to the wate
vection direction. Different temperature distribution patte
are resulted in due to different interaction of the individ
boreholes. Generally, the impacts of advection would be
most significant for a field that consisted of a single line
boreholes oriented perpendicular to the groundwater
direction. Thus, it is recommended that the GHE field
oriented to minimize the number of boreholes in the ther
shadow of others if the groundwater flow direction is kno
and if the site configuration allows.

Moreover, variation in load and on-off cycling of th
GHE can be considered by superimposition of a serie
heating pulses [13]. Consequently, the temperature on
borehole wall can then be determined for any instant
specified operational conditions. In this way the analyt
solution presented above can be integrated without diffic
into existing tools for design and simulation of GHEs
ground-coupled heat pump systems as long as adeq
knowledge is available on the local hydrogeology.

4. Discussion on practical geological conditions

While the analytical solutions presented above have
a theoretical basis, it is critical also to know the groundw
ter flow in certain locations for assessing its impact on G
performance. The non-dimensional distance and time,R =
,

-

e

r
L

= uρwcwr
k

andFo = τ
T

= (uρwcw)2τ
kρc

, determine the devia
tion of the heat transfer regime under groundwater advec
conditions from that of heat conduction alone. Both the
rameters are strong functions of the groundwater flow r
Of these non-dimensional parameters,R plays an even mor
decisive role. As indicated by the solutions, heat transfer o
this problem is dependent on the flow velocity and the th
mal properties of the medium. Meanwhile, the groundwa
flow is determined by both the local hydraulic gradient a
the hydraulic conductivity of the geologic formations. T
groundwater flow rate and the thermal properties of soils
rocks encountered in GCHP practices cover substant
wide ranges. Values of hydraulic gradient are somew
more site-specific. The United States Environmental Pro
tion Agency reports a typical range of hydraulic gradi
values of 0.0001–0.05 [10]. Some of typical values of
hydraulic and thermal properties of soils and rocks may
found in literature. The data summarized by Chiasson e
[10] have been adapted and listed in Table 1 for the purp
of presenting a rough sense on the order of magnitud
the influencing factors of various geological formations.
the problem of a line source in an infinite medium defin
above, no specific geometric size exists which may serv
a representative length. For engineering applications a
tain linear dimension,Lc , such as the borehole radius, t
spacing between the boreholes [10], the length of the b
hole field in the direction of flow, or even the mean gr
size of the porous medium [14] can be chosen as a repre
tative size of the problem. In this case the non-dimensio
parameterRc = uρwcwLc/k may be defined as the Pec
number,Pe, in some studies, and serve as a measure o
relative advection intensity. Because the value of the Pec
number is dependent on the representative length chos
is inconvenient to compare among data from different s
ies. Here we list in Table 1 only the characteristic sizeL

and timeT in the problem. According to the listed data t
non-dimensional parameterR or Pecan be determined read
ily once a representative length is chosen, and quantita
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Table 1
Typical values of hydraulic and thermal properties of soils and rocks and their characteristic length and time in conduction–advection heat transfer

Medium K ε u* k** ρc L = k
uρwcw

T = kρc

(uρwcw)2

[m·s−1] [m·s−1 (m·yr−1)] [W ·m−1·K−1] [J·m−3·K−1] [m] [s (yr)]

Gravel 3.0E−3 0.31 3.0E−5 0.98 1.4E+6 7.80E−3 87
(946) (2.76E−6)

Sand (coarse) 7.3E−5 0.385 7.3E−7 1.02 1.4E+6 0.334 1.53E+5
(23.0) (4.85E−3)

Sand (fine) 6.3E−6 0.40 6.3E−8 1.03 1.4E+6 3.90 2.07E+7
(1.99) (0.656)

Silt 1.4E−7 0.475 1.4E−9 2.07 2.85E+6 353 1.72E+11
(4.42E−2) (5.45E+3)

Clay 2.2E−10 0.47 2.2E−12 1.25 3.3E+6 1.36E+5 4.86E+16
(6.94E−5) (1.54E+9)

Limestone, dolomite 7.7E−8 0.10 7.7E−10 2.46 1.34E+7 763 3.17E+12
(2.43E−2) (1.01E+5)

Karst limestone 1.0E−4 0.275 1.0E−6 3.56 1.34E+7 0.850 2.72E+6
(31.5) (8.60E−2)

Sandstone 4.2E−8 0.18 4.2E−10 4.50 3.56E+6 2.56E+3 5.18E+12
(1.32E−2) (1.64E+5)

Shale 1.4E−11 0.0525 1.4E−13 2.53 3.94E+6 4.32E+6 2.90E+19
(4.42E−6) (9.20E+11)

Fractured igneous and
metamorphic

1.5E−6 0.05 1.5E−8 4.61 2.20E+6 73.4 2.57E+9
(0.473) (81.5)

Unfractured igneous and
metamorphic

2.4E−12 0.025 2.4E−14 4.59 2.20E+6 4.57E+7 1.0E+21
(7.57E−7) (3.17E+13)

* Based on an assumed hydraulic gradient of 0.01 m·m−1.
** Saturated with water.
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The data in Table 1 show that the hydraulic conductiv
and then, the advection velocity in the case of identical
draulic gradient, of the gravel and course sand are the hig
among the various geological formations. It decreases
four orders of magnitude as matrix particle sizes decre
to silts and a further three orders of magnitude for cla
Being inversely proportional to the advection velocity, t
characteristic size of the advection process varies drama
cally as well for different formations. On the other hand,
characteristic time is inversely proportional to the squar
advection velocity, and then covers an even broader ra
from a few minutes to 1013 years as indicated in the ta
ble. Therefore adequate understanding of local geology
groundwater flow is of great importance to estimate the
fects of groundwater flow on GHE performance. Combin
with discussions in the foregoing sections, the data in Tab
suggest that the effects of groundwater flow may usually
neglected except in formations with considerable flow r
such as gravel and coarse sand.

5. Conclusion

The analytical solution, Eq. (8), has been derived
the temperature response around a line source in an
finite porous medium with uniform water advection. T
non-dimensional correlation, Eq. (11), reveals that the
t

malized temperature rise is a function of non-dimensio
coordinates and time only. Compared with the conventio
Kelvin’s line-source model, which makes no account of
water advection, this solution indicates that the impac
moderate groundwater flow on the heat transfer process
be prominent. The actual magnitude of the impact, howe
depends mainly on the flow rate, which is characterized
the non-dimensional parameterR. This explicit and concise
expression can provide an appropriate footing for qualita
and quantitative analysis ofthis impact for vertical ground
heat exchangers in GCHP systems.

The mean temperature on a circle around the line so
is also derived as a simple function of the radial distance
time, which is significant in determining the temperature o
borehole walls for GHE applications. It is noticeable that th
ratio of the temperature rises at certain locations of the s
distance from the source is independent of time.

The duration for the temperature distribution to appro
its steady state under the condition of constant heating
has great implications in considering the effect of grou
water flow. The solution has revealed that the character
time T = kρc

(uρwcw)2 and corresponding non-dimensional tim

Fo = τ
T

are also a decisive factor for the transient proces
By means of the superimposition principle this analyti

solution can be employed readily in determining the temp
ature rise in a borehole field with variable heating rates,
then, integrated into existing software for GHE design a
simulation.
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Finally, although a rough summery of the thermal a
hydraulic properties of various soils and rocks is presen
in this paper, proper assessment of the impact of w
advection is often hindered in engineering practice by l
of sufficient information on groundwater flow. Most GH
designers have not generally found it feasible or c
effective to obtain the hydrological data required for
assessment. Consequently, more efforts should be ma
understanding the implications of practical geological a
hydraulic conditions in engineering practices.
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