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Abstract

In order to estimate the impact of groundwater flow on performance of geothermal heat exchangers in ground source heat pump systems
an equation of conduction—advection is established for heat transfer in porous media, and an analytical transient solution is obtained for
a line heat source in an infinite medium by means of the Green function analysis. An explicit expression has also been derived of the
mean temperature on circles around the heat source. Dimensionless criteria that dictate the process are summarized, and influence of tf
groundwater advection on the heat transfer is discussed accordingly. Computations show that water advection in the porous medium may
alter significantly the conductive temperatuiistdbution, result in lowerégmperature rises and lead totaagly condition eventually. The
hydraulic and thermal properties of soils and rocks influencing the advection heat transfer are briefly summarized. The analytical solution
has provided a theoretical basis and practical tool for design and performance simulation of the ground heat exchangers.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Ground-coupled heat pump (GCHP) systems are increas-
ingly deployed for heating and air-conditioning in commer-
cial and institutional buildings as well as in residential ones
[1,2]. These systems consist of a sealed loop of pipe, buried
in the ground and connected to a heat pump through which
water/antifreeze is circulate&or the ground-loop heat ex-
changers, vertical borehole configuration is usually preferred
over horizontal trench systems because less ground areas are
required. The vertical ground heat exchanger (GHE) con-
sists of a number of borehed, each containing a U-tube
pipe. The depth of the borehole ranges usually between
40-150 m, and the diameter 0.075-0.15 m. The borehole
annulus should be grouted with materials that provide ther-
mal contact between the pipe and the surrounding soil/rock
and to protect groundwater from possible contamination. the heat pump to operate close to its optimal design point.
The efficiency of GCHP systems are inherently higher than The schematic diagram of a borehole is shown in Fig. 1.
that of air source heat pumps because the ground main- Although low operating and maintenance costs mean
tains a relatively stable source/sink temperature, allowing that these systems generally have attractive life-circle costs,
the construction costs of the GHEs are critical for the
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Fig. 1. Schematic diagrant a vertical borehole GHE.
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Nomenclature
a thermal diffusivity ................... st X coordinate ........oovviiiiii m
c specificheat .................... kg 1K-1 y coordinate ..........ovrii e m
Fo = U?t/a, non-dimensional time Greek symbols
h hydraulichead ........................... m )
k thermal conductivity ............ wh 1K1 & porosity
K hydraulic conductivity . ............... sl n Integration parameter 5
L =k/(upwcw), characteristic |ength _________ m P denSlty .............. FEEEEEREEEEEEEE kg_
N number of boreholes in GHE field 0 =t —to, temperatu_re MSe....ovviiiinn... K
q volumetric flowrate .................. sl e = 21k /qi, dimensionless temperature
q heat flow per unit length of the line ¢ polar angle
SOUrce. . ... w1 T tme ..o $
r radial coordinate . ........................ m  Subscripts
rp boreholeradius.............. ... .. ... m without advection
R = Ur/a, non-dimensional coordinate m multiple borehole
t f[e_mperature .............................. K s solid, steady
to initial temperature .. ...l K w water
T = kpc/(upwew)?, characteristic time . . . . . . .. s _
u advection velocity .................... a1t Superscript
U = upycy/(pc), revised velocity. . ... ... ml - average

system can be assessed and then, optimized in technical angdrocess of heat conduction through the solid matrix and wa-
economical aspects. ter in its pores and heat advection by moving groundwater.
In practice, the boreholes of GHEs may penetrate several One of the primary objectives in the design of reliable
geologic strata. The ability of the vertical borehole ex- GCHP systems is properly sizing the ground heat exchanger.
changer to exchange heat with the ground depends on local lot of efforts have been made to understand and formu-
geology, hydrogeology and other conditions that impact the late the heat transfer process in the GHEs. On this basis
feasibility and economics of tt@CHP systems. Heat trans- @ few tools are commercially available for design and/or
fer between a GHE and its surrounding soil/rock is rather Performance simulation of the GHEs with varying sophis-
complicated and difficult to model for the purpose of siz- tications [3—7]. All of the design tools, however, are based
ing the exchanger or energy analysis of the system. BesidesSIMPly on principles of heat conduction, and do not consider
the structural and geometrical configuration of the exchangerthe implications of groundwater flow in carrying away heat.
a lot of factors influence the exchanger performance, such | N€ réasons for such simplification are the difficulties en-
as the ground temperature distribution, soil moisture con- coUntered both in modeling and computing the convective
tent and its thermal properties, groundwater movement andheat.transf_er and n Iearnmg about the actual groundwater
possible freezing and thawing in soil. The heat dissipation flow in engineering pract_lce.. As a consequence, the gffect .Of
from the pipes in boreholes to far-field ground is a transient the groundwater advection is usually assumed negligible in

. i . . GHE designs so far.
process involving a large domain and complicated geometry.

In general, groundwater flow is beneficial to the thermal
The presence of groundwater makes the heat transfer procesﬁerformance of GHEs since it has a moderating effect on
even more intricate. Water movement in actual *

h Is i P Strear?s "N borehole temperatures in both heating and cooling modes.
underground channels is rare and confined to specific ge-gegiges; the thermal load of commercial and institutional

ological situations. The subsurface, however, generally hasbuildings is often dominated by cooling requirement that
porosity (voids and fractures). The water table is the dividing eans the system rejects more heat into the ground than
line between ground with some air in the pores and ground jt extracts from it. For building in cold climate, a much
that is saturated with water. Below that level, water is held |3rger heating load may als@eur, then, a net heat extraction
and moves between the grains of geologic formations in re- may be accumulated in the lifetime operation of the system.
sponse to hydraulic gradients. Rates of lateral groundwateraccording to the sheer conduction model the required
flow vary, ranging from meter per year to meters per day ground-loop heat exchanger lengths are significantly greater
according to local geologic and hydraulic conditions. High than the required lengths if the annual load were balanced
flow rates will generally be associated with specific strata so as to adequately dissipate the imbalanced annual loads.
types, particularly very coarse gravels or sands. Thus, theOn the other hand, a moderate groundwater advection
heat dissipation in aquifers may be regarded as a coupleds expected to make notable difference in alleviating the
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possible heat buildup around the borehole over time. As awhereKk is the hydraulic conductivity, antl the hydraulic
result, it is desirable to account for the groundwater flow in head. The volumetric flow rate per unit of cross-sectional
the heat transfer model to avoid over-sizing of the ground area,q, is equal to the average linear velocity of the liquid
heat exchangers. over the cross-section.

Among the few reports on the effect of the groundwa- Heat is transported through a saturated porous medium
ter flow found in literature Eskilson [8] has discussed the in a combined mechanism: by conduction through its solid
problem based on a steady-state analytical solution given bymatrix and liquid in its pores as well as by convection of
Carslaw and Jeager [9]. Because the heat dissipation in thehe moving liquid. By applying the law of conservation of
GHEs with or without water advection is characterized as energy to a control volume, an equation for heat transfer in
a transient process covering a long duration, the steady-statehe saturated porous medium can be expressed as:
analysis provides only limited understandings of the ground-
water advection impacts. Chiasson et al. [10] have made apcﬂ + pwew V -Vt =V . (kV1) (2)

. . i ) . wtw
preliminary investigation of the effects of groundwater flow ot
on the heat transfer of vertical borehole heat exchangers andvere k denotes the effective thermal conductivity of the
the ability of current design ahin-situ thermal conductivity ~ porous mediumpc is the volumetric specific heat of the
measurement technigues to deal with these effects. A finiteporous medium, including both the solid matrix and water
element numerical model wasassin solving the transient in its pores, ang,,c,, the volumetric specific heat of water.
two-dimensional combined heat transfer. Thermal perfor- Note in the equation that heat is stored and conducted
mances of a single borehole and & 4 borehole field were  through both the water and soil matrix, but only water
simulated in various geological conditions. No general con- takes part in convection of heat here. The average linear
clusions and correlations among the influencing parametersgroundwater velocity’ over a cross-section of the medium
were obtained due to the discrete nature of the approach. may be determined by the hydraulic head distribution

The work reported here tries to study the combined according to the Darcy’s law if the hydraulic conductivity
heat transfer of conduction and advection in the vertical of the medium is known.
borehole heat exchangers by an analytical approach. Atwo- The effective thermal conductivity and the volumetric
dimensional model similar to Chiasson’s has been solved specific heat of the porous medium are weighted averages of
analytically, and an explicit expression of the temperature those of the saturated water and solid matrix, and can usually
response has been derived describing correlation amongoe determined on basis of its porositas
various factors, which have impacts on this process. The an-
alytical solution results in soe dimensionless parameters, {k = ekw + (1 - &)k (3)
facilitates both qualitative and quantitative analyses of the | P¢ = &Pucw + (1 —&)pscs
process. Besides, the analytical expression can be readily in-  Following the Eskilson’s model [8], a further approxima-
tegrated into existing models and software for design and tion is accepted that the groundwater velocity is uniform in
performance simulation of vertical GHESs since it is much the whole domain concerned and para||e| to the ground sur-
more convenient for computation than any numerical solu- face. The term “advection” is often used to describe such
tions of the problem. a flow. Define the velocity: is in the direction of thex-

coordinate. Then, on the assumption of constant thermal
properties Eq. (2) reduces to
2. Formulation and solution of combined heat transfer

ot ot 2
o U - =avi (4)
2.1. The energy equation for porous media with water t o
advection whereU = upycy/(pc), and the effective thermal diffusiv-
ity a=k/(pc).

As mentioned above, heat transfer in GHEs is compli- And for the steady-state situations Eskilson studied, the

cated and dependent of multiple factors, some of which N€at transfer equatios further simplified to

are hard to grasp accurately @ngineering practice. It is ot )

inevitable to make assumptions and simplifications in the U_x =av ()
study so that impacts of certain factors can be highlighted

and analyzed in detail. In following discussions the ground 2.2. Solution of the line source problem with water
around the boreholes is assumed to be a homogeneouadvection

porous medium saturated by groundwater.

Liquid flow in a porous medium is usually described by |n order to discuss the effect of groundwater advection
Darcy’s law, which can be expressed as on heat transfer of the borehole heat exchangers the authors
dh have derived an analytical solution of the transient problem
q=—-K— 1) under following assumptions:

dx
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(1) The ground is regarded as homogeneous and semi- Eq. (7) reduces to the solution of the steady condition
infinite medium, and its physical properties do not while the time approaches infinity, that is
change with temperature; Ux Ur

(2) The effects of the ground surface as a boundary and thef, (x, y) = i exp( )Ko[ }
finite length of the borehole are neglected. Then, the & 2a 2a
problem may be simplified as two-dimensional; whereKo(z) is the modified Bessel function of the second

(3) As commonly accepted in models for heat transfer in kind of order zero.
vertical GHEs, the borehole is approximated by a line On the other hand, for the spific instance when the
heat source while determining the temperature rise on advection velocityx and, thenU = upycy/(pc), IS zero,

9)

the borehole wall and beyond,; Eqg. (7) reduces to the common temperature response of the
(4) The medium has a uniform initial temperatueg, line source in an infinite medium:
(5) As a basic case of study, the heating rate per length of a 2

the sourcegs, is constant since a starting instant= 0. Oo(r, 7) = ik I(_E) (10)

Eq. (4) of conduction—advectionis the same in mathemat- where Ei(z) is the exponential integral function. As this
ical formulation as the conduction equation with a moving expression indicates, the temperature in the medium will
heat source when the equivalent velodifyis used in the keep rising and no steady condition will be reached when
place of the moving speed of the heat source. The studies orthe time lasts tO |nf|n|ty
conduction with moving heat sources deal with either prob-  SelectL = # = .-k as a characteristic length, aifid=
lems in which heat sources move through a fixed medium, 5 ke as a character|st|c time of the problem. We
or cases of fixed heat sources past that a uniformly mov- — Gpwen) 27.[](0

define the non-dimensional temperature exa@s—s .
ing medium flows. Some monographs [9,11] on heat transfer
have discussed such problems, and presented the solution g€ non-dimensional radial coordinate= - = - and ”0”'
a moving line source on steady conditions. Following the dimensional timeFo = = = UTzf Another dimensionless
same approach, the authors have derived the solution on tranparameter involved is the polar angle, Thus, Eqg. (8) can
sient conditions [12]. When a single line source is deployed be rewritten in a dimensionless form as

at the origin of the coordinates, the temperature rise in the

2
medium,® =t — 1o, of the discussed case can be obtained R cosp R
simply by means of the Green’s function method, and writ- @ (R, ¢, Fo) = exp(—) / 2
ten as
1 R?
x exp[—— - —”}dn (11)
O(x,y,7)= 2 k/( o n 16
TT T — . . . . .
The non-dimensional temperature distribution on steady
[r — Ut — )2+ »2 / conditions is independent of time, which results in
x exp| — e d (6) R cosp R
— e @

Introducing a new parameter= 4a(r —')/r?, in the place
of ¢/, for the integration, we obtain

3. Computation and discussion
r?/(4a)
qi Ux 1 .
O(x,y,7)= 4—kexp o - The temperature responses of above equations can be

4 n computed readily by appropriatgegration schemes, which

1 U2 take much less computing time and assures more reliable
% exp[—— _Zr zn}d 7) precision than numerical solutions of the governing equation

n 16a by the finite element or finite difference methods.

— /%2212 Ori i i
wherer = ,/x? 4+ y2. Orin the polar coordinates it takes the 3.1, Temperature isotherms

form
z/(4m) Eq. (10) indicates that the temperature response to the line
0.1y = AL exp(— cosp 1 source heatlng is symmetric about the origin in a medlum
n without advection. When the water advection plays a role in
the heat transfer, the temperature distributions become two-
1 Uy dimensional with a downstream bias of the temperature rise.
X exp[—; ~ 1622 }d’? (8) Isotherms at different instants are shown in Fig. 2.
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Fig. 3. The temperature rise on a circle around the heat source.

ﬁ is higher than that in the upstream directign= ) due to

2 L 2 4 the heat transfer by advection. It can also be seen that the
difference in the temperature around the circle diminishes
Fig. 2. Isotherms of a line-source in an infinite medium with water With decrease irR. Calculations indicate that the rati®/ @
advection. is restricted between 0.99 and 1.01 as longRass less
than 0.005. In this sense the non-dimensional paranieter
3.2. Temperature variation around a circle and the mean  which is proportional to the advection velocity, may serve
temperature on it as a quantitative index in characterizing the impact of the
groundwater advection; an®l < 0.005 is recommended to
The temperatures on a circle around the heat source arébe a criterion that the impact of water advection on the heat
no longer identical due to the heat carried downstream by transfer may be neglected.
water advection. It is desirable sometimes to know the mean
temperature on such circles, for example, the borehole wall. 3.3. Temperature response over time
The mean temperature can bdided as an integral average
on the circle, which turns out to be The temperature responses are computed according to
- Egs. (10) and (11) and plgtted in 2Fig. 4 against the di-
— 1 . mensionless parametéo/R“ = at/r so as to facilitate
O(R. Fo) = T / OR. ¢.Fo)dy comparison between the models with and without advection.
0 Itis noticeable that theichensionless paramet&r, which
R?/(4Fo) ) may be used to characterize the effect of groundwater ad-
= 10(5) / 1 e [_} — M} dp  (13) vection, makes significant difference in the temperature re-
2 2n 16 sponses. The temperature responses at upstream and down-
stream locations also differ notably especially wheris
according to an correlation aboli(z), the modified Bessel  |arge enough, sag > 0.1. The temperatures at downstream

function of the first kind of order zero: locations ( = 0) rise above that of the reference case of pure
1 n 00 om conduction R = 0) at the early stage of the response, but
—/equ cospldy = Z mziyz =Ip(2) later drop below the referentcemperature and finally turn
4 o2 m) to steady temperatures.

Comparison between Egs. (11) and (13) shows that theg 4 The time to reach the steady state
ratio of the temperature rise at a certain location to the mean
value on the circle at the same distance from the source is

. . . It is one of the prominent features of the heat transfer of
independent of time, that is

the line source with advection that its temperature response

O(R.¢.Fo) exp(X cosy) tends to steady conditions in contrast to the continuous
SR - 1 ) (14) increase to infinity in the refence case where no water
’ 012 flow exists. Although it takes infinitely long time for

Results from Eg. (14) are plotted in Fig. 3, showing the temperature at certaindations to reach the steady
variations in the temperature rise along the circle. It is clear condition in the mathematical sense, itis desirable to define a
that the temperature rise in the downstream directos Q) nominal duration to reach the steady state for the purpose of
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Fig. 4. Temperature responses to the linerse heating with and without water advection.
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Fig. 5. The dimensionless time to reach the steady state. ) N
Fig. 6. The temperature excess on the steady conditions.

practical applications. The nominal steady state at a certalnts — Fo, - T can be estimated accorgito the characteristic

location may be regarded to have been established When;me 7 of particular cases. The characteristic time of various
its temperature excess react®89 of that of the steady  gqq|ggical formations will be discussed in the following
state. According to this definition the nominal duration to ¢qctign.

reach the steady conditiony, is figured out according to The temperature excesses on the steady conditions are
Egs. (11) ?”d (12). Both the dimensional parame&Ls  ghown in Fig. 6. It can be seen again that the steady
and Fo;/R® are shown againsk in Fig. 5. Notice that  temperature excesses at locations with the same distance
Fo, =% = % is independent of, so the curve of  , but different angley differ little as long asR < 0.1.

Fo, versusR reflects the change i, with the horizontal ~ Besides, the steady temperature excesses diminish sharply
distancer. Fo, approaches about 4, @&tends to zero. It with increase inR whenR exceeds unity.

can be seen thdio, increases gently witlR. This means

that the horizontal distance from the heat source make minor3.5. Borehole field and variable heating rate

difference int,. On the other hand, because,/R% =

aty/r? is independent of the advection velocity and Multi-borehole GHEs are more commonly employed
R = upycyr/k is proportional tou, the curve ofFo,/R? in practical applications of the ground source heat pump
versusR indicates the change i with u. The curve shows  systems. The heat transfer process of a single borehole in
that Fo;/R? tends to infinity whenr, i.e., u, approaches the GHE discussed above has provided a foundation for
zero; andFo,/R? decreases sharply with increase i analysis of borehole fields comprising multiple boreholes
This means the advection velocity has a strong impact in arbitrary configurations. The temperature excess at any
on the duration to reach the steady condition. Owing to location in a field with multiple boreholes may be obtained
the fact thatFo; is within a limited range of about 4 to by means of the superimposition principle owing to the
27 asR < 10, which is of the greatest significance in the linearity of the problem defined. Generally, for a ground heat
GHE applications, the duratido reach the steady condition exchanger composed &f boreholes the temperature rise on
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Fig. 7. Isotherms of a borehole field with difeett configurations to the advection direction.

. . . 2 . .
a certain borehole wall can be obtained by summing up all 7 = 2=~ andFo= = %, determine the devia-

the temperature excesses caused by individual U-tubes, i.e. tion of the heat transfer regime under groundwater advection
conditions from that of heat conduction alone. Both the pa-

- N-1 rameters are strong functions of the groundwater flow rate.
Om =0(rp, T) + Z O(ri, @i, ) (15) Of these non-dimensional parametetglays an even more
i=1 decisive role. As indicated by ¢hsolutions, heat transfer of
wherer; andg; denote the distance and polar angle between this problem is dependent on the flow velocity and the ther-
theith borehole and the borehole concerned. mal properties of the medium. Meanwhile, the groundwater
As an example, isotherms in a GHE field withx23 flow is determined by both the local hydraulic gradient and

boreholes are shown in Fig. 7. Two different borehole the hydraulic conductivity of the geologic formations. The
configurations are considered corresponding to the water ad-groundwater flow rate and the thermal properties of soils and
vection direction. Different temperature distribution patterns "0cks encountered in GCHP practices cover substantially
are resulted in due to different interaction of the individual Wide ranges. Values of hydraulic gradient are somewhat
boreholes. Generally, the impacts of advection would be the MOre site-specific. The United States Environmental Protec-
most significant for a field that consisted of a single line of 0N Agency reports a typical range of hydraulic gradient
boreholes oriented perpendicular to the groundwater flow 2lues of 0.0001-0.05 [10]. Some of typical values of the
direction. Thus, it is recommended that the GHE field be nydraulic and thermal properties of soils and rocks may be
oriented to minimize the number of boreholes in the thermal found in literature. The data gummgnzed by Chiasson et al.
shadow of others if the groundwater flow direction is known [10] have t_)een adapted and listed in Table 1 for the burpose
and if the site configuration allows. of p.resentm.g a rough sense on the ord_er of magmtude of
Moreover, variation in load and on-off cycling of the the influencing fagtors of various ggo[oglcal for.mauon;. In
GHE can be considered by superimposition of a series ofthe problem of a line source in an 'r?f'”'te r_ned|um defined
heating pulses [13]. Consequently, the temperature on theabove, no speqﬁc geometric size exists Wh'Ch. May Serve as
borehole wall can then be determined for any instant on a _rep_resentthe Igngth. For engineering appllcathns a cer-
specified operational conditions. In this way the analytical tain I!ne::E)r (t:ilmenstlﬁnlg, SLACT asltge taorleholizhragms, t’;he )
solution presented above can be integrated without difficulty spacing between the boreholes [10], the length of the bore

into existing tools for desian and simulation of GHES in hole field in the direction of flow, or even the mean grain
9 9 size of the porous medium [14] can be chosen as a represen-
ground-coupled heat pump systems as long as adequat

knowledge is available on the local hydrogeology fative size of the problem. In this case t_he non-dimensional
) parameterR. = upycy,y Lo/ k may be defined as the Peclet
number,Pe, in some studies, and serve as a measure of the
relative advection intensityBecause the value of the Peclet
4. Discussion on practical geological conditions number is dependent on the representative length chosen, it
is inconvenient to compare among data from different stud-
While the analytical solutions presented above have laid ies. Here we list in Table 1 only the characteristic size
a theoretical basis, it is critical also to know the groundwa- and timeT in the problem. According to the listed data the
ter flow in certain locations for assessing its impact on GHE non-dimensional paramet&ror Pecan be determined read-
performance. The non-dimensional distance and tife, ily once a representative length is chosen, and quantitative
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Table 1
Typical values of hydraulic and thermal propestief soils and rocks and their characteristiogth and time in conduction—advection heat transfe
Medium K & u k pc L= WL,C“ T= (Wi#
[ms1] mstmyr]  WwWmikl @mB3kl o m] [s )]
Gravel 30E-3 031 30E-5 0.98 14E+6 7.80E-3 87
(946) (2.76E-6)
Sand (coarse) 3E-5 0.385 73E-7 102 14E+6 0.334 153E+5
(23.0) (4.85E-3)
Sand (fine) BE-6 0.40 6.3E-8 103 14E+6 3.90 207E+7
(1.99 (0.656
Silt 14E-7 0.475 14E-9 207 285E+6 353 172E+11
(4.42E-2) (5.45E+3)
Clay 22E-10 047 22E-12 125 33E+6 136E+5 4.86E+16
(6.94E-5) (1.54E+9)
Limestone, dolomite TE-8 0.10 7.7E-10 246 134E+7 763 317E+12
(2.43E-2) (1.01E+5)
Karst limestone DE-4 0.275 10E-6 3.56 134E+7 0.850 272E+6
(3L5) (8.60E-2)
Sandstone 2E-8 0.18 42E-10 450 356E+6 256E+3 5.18E+12
(1.32E-2) (1.64E+5)
Shale 14E-11 00525 14E-13 253 394E+6 4.32E+6 290E+19
(4.42E-6) (9.20E+11)
Fractured igneous and 1.5E-6 0.05 15E-8 461 220E+6 734 257E+9
metamorphic 0473 (815)
Unfractured igneous and 24E-12 0025 24E-14 459 220E+6 A57E+7 10E+21
metamorphic (7.57E=7) (B.17E+13

* Based on an assumed hydraulic gradient of 0.ahnt.
* Saturated with water.

comparison can be carried out on the basis of the solutionsmalized temperature rise is a function of non-dimensional
presented. coordinates and time only. Compared with the conventional

The data in Table 1 show that the hydraulic conductivity, Kelvin's line-source model, which makes no account of the
and then, the advection velocity in the case of identical hy- water advection, this solution indicates that the impact of
draulic gradient, of the gravel and course sand are the highesinoderate groundwater flow on the heat transfer process may
among the various geological formations. It decreases bype prominent. The actual magnitude of the impact, however,
four orders of magnitude as matrix particle sizes decreasedependS mainly on the flow rate, which is characterized by
to silts and a further three orders of magnitude for clays. ine non-dimensional parametr This explicit and concise

Being inversely proportional to the advection velocity, the gy ression can provide an appropriate footing for qualitative
characteristic size of the adetion process varies dramati- and quantitative analysis dfiis impact for vertical ground
cally as well for different formations. On the other hand, the heat exchangers in GCHP systems

characteristic time is inversely proportional to the square of . .
: . y prop 9 The mean temperature on a circle around the line source
advection velocity, and then covers an even broader range.

from a few minutes to 18 years as indicated in the ta- is also derived as a simple function of the radial distance and
ble. Therefore adequate understanding of local geology andt'me’ which is significant in ‘?‘9*”“”'”9 the fcemperature on
groundwater flow is of great importance to estimate the ef- borehole walls for GHE appli¢®ns. It is noticeable that the
fects of groundwater flow on GHE performance. Combined ratio of the temperature rises at certain locations of the same
with discussions in the foregoing sections, the data in Table 1 distance from the source is independent of time.

suggest that the effects of groundwater flow may usually be | The duration for the temperature distribution to approach
neglected except in formations with considerable flow rate 'S steady state under the condition of constant heating rate

such as gravel and coarse sand. has great implications in considering the effect of ground-
water flow. The solution has revealed that the characteristic
timeT = (Wfﬁ,)z and corresponding non-dimensional time

5. Conclusion Fo = £ are also a decisive factor for the transient process.

By means of the superimposition principle this analytical

The analytical solution, Eq. (8), has been derived of solution can be employed readily in determining the temper-

the temperature response around a line source in an in-ature rise in a borehole field with variable heating rates, and

finite porous medium with uniform water advection. The then, integrated into existing software for GHE design and
non-dimensional correlation, Eq. (11), reveals that the nor- simulation.
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Finally, although a rough summery of the thermal and [4] J.E. Bose, J.D. Parker, F.C.dQuiston, Design/Data Manual for
hydraulic properties of various soils and rocks is presented  Closed-Loop Ground Coupled Heat Pump Systems, Oklahoma State
in this paper, proper assessment of the impact of water __ University for ASHRAE, Stillwater, 1985.

advection is often hindered in enaineerin ractice by lack [5] Caneta Research Inc., Commieténstitutional Ground Source Heat
9 gp y Pump Engineering Manual, American Society of Heating, Refrigerat-

of s.ufficient information on groundwatgr row._ Most GHE ing and Air-Conditioning Engieers (ASHRAE), Atlanta, 1995.
designers have not generally found it feasible or cost- [6] H. Zeng, N. Diao, Z. Fang, A finite line-source model for boreholes
effective to obtain the hydrological data required for the in geothermal heat exchangers, Heat Transfer Asian Res. 31 (2002)

assessment. Consequently, more efforts should be made in __ 9%8-567. _ ,
[7] H. Zeng, N. Diao, Z. Fang, Heat Transfer Analysis of boreholes in

underst_andmg_t_he "_nphcatlons _Of praCt'_CaI geological and vertical ground heat exchangersitdrnat. J. Heat Mass Transfer 46
hydraulic conditions in engineering practices. (2003) 4467—4481.
[8] P. Eskilson, Thermal analysis of heat extraction boreholes, Doctoral
Thesis, Department of mathematical Physics, University of Lund,
Lund, Sweden, 1987.
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