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Modeling of a geothermal standing column well
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SUMMARY
This paper presents a three-dimensional numerical investigation of a geothermal standing column well (SCW) to carry
out heating simulations during January in four selected locations in Jordan. It is shown that the outlet temperature of
SCW increases with the depth of the borehole. However, the successful choice of the location is of extreme importance
as there is a limit on the outlet temperature that can be achieved at a given location. It is demonstrated that bleeding is
generally eﬀective in increasing the outlet temperature. An optimum range of bleed rate exists around 12–13%. Also,
bleeding is more eﬀective in achieving higher outlet temperatures when used in locations with higher soil porosity.
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1. INTRODUCTION
Ground source heat pump (GSHP) uses either the
ground as a heat source or sink. The system allows
the heat pump to extract or reject heat from and to
the ground. GSHPs are either open- or closed-loop
systems. Open-loop GSHP structure uses a pump
to circulate groundwater through the heat
pump heat exchanger. Closed-loop GSHP system
employs a pump to circulate ﬂuid through pipes
buried horizontally or inserted vertically into
boreholes in the ground [1–3]. The third type is a
groundwater heat pump system that uses ground-

water drawn from wells in a semi-open loop
arrangement which is commonly known as
‘standing column well’ (SCW) system [4]. The
system allows water to be circulated between the
well and the heat pump as shown in Figure 1.
During peak demand periods, the performance can
be enhanced by water bleed. The system can
‘bleed’ or reject part of the water from the heat
pump. However, similar amount of the bleed water
is replaced into the well from the surrounding
aquifer through uniformly slotted casing. The
SCW system received attention because of its
lower installation and running costs. Also, it has
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Figure 1. Schematic diagram of the SCW.

very important applications in commercial and
industrial designs since it gives stable temperatures, especially, in the regions of higher
heating loads. According to Orio [5], the improved
overall performance of the geothermal heat
pump in the areas of the proper geological
and hydrological parameters is the main reason
for the latest increases in the research work on
the SCW.
It is important to point out that Jordan has
enormous geothermal energy resources in many
parts of the country in the form of thermal
underground hot water (wells and thermal springs)
but its use is, exclusively, limited to therapeutic
application. At the same time, Jordan has a serious
energy problem due to full dependency on the
imported oil, which places a huge burden on its
budget. The annual consumption of heavy fuel oil,
diesel fuel, and kerosene adds up to more than
70% of the entire quantity of all fuel consumed,
based on energy equivalent value [6]. Therefore,
Copyright # 2007 John Wiley & Sons, Ltd.

enhancing new and renewable energy utilization in
Jordan has become necessary. Currently, renewable energy accounts for only 2% of energy
use, mostly in the form of solar water heating
systems [7]. Other applications include solar
ponds, small wind farms for electric power
generation, water pumping by windmills and
photovoltaic cells for urban use of electricity
[8, 9]. It was reported that more than 60% of the
energy consumed in the residential sector is used in
space heating. This accounts to about 14% of
annual national energy demand [10]. Therefore,
the country needs to consider geothermal energy
as an energy source. Thermal springs form the
main source of geothermal energy in Jordan with
temperature range of 20–628C: These springs are
distributed along the eastern escarpment of the
Jordan Valley and Dead Sea Basin (200 km).
About 100 thermal wells drilled for water in Dead
Sea–Rift Valley, Area of Azraq Basin and Risha
(Northeast Jordan), the area south of Queen Alia
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Airport have low to intermediate water temperatures. Sunna’ [11] summarized and identiﬁed these
thermal wells and springs.
Extensive research in literature focused on
SCW systems and their applications. For example,
transient heat and mass transfer was investigated
experimentally in SCW system in two wells [12].
In another study, a simpliﬁed mathematical
model was derived to analyze the coupled thermo-hydraulic energy transfer by conduction
and convection in an aquifer surrounding a
thermal well [13]. Rees et al. [4] modeled SCW
numerically. The model was used for a parametric
study to ﬁnd out the eﬀect of the most important
design parameters on the well performance.
Their results showed that the groundwater percentage of bleed is the most important parameter for
improving the well performance. Their work
used a two-dimensional model in the radial–axial
directions, to study ﬂuid and heat transfer in the
SCW. It used ﬁnite volume method in calculating
ground water ﬂow and heat transfer rates
over a one-year operating period. Further simpliﬁed one-dimensional models were also proposed
by Deng et al. [14] and Abu-Nada et al. [15].
Although the previous models give approximate
estimates for the transport quantities in SCW,
they neglect three-dimensional eﬀects encountered
in SCW system [16]. In fact, heat and ﬂuid ﬂows
in SCW are three-dimensional due to the complex
processes encountered in the SCW geometry,
especially if mass bleed is encountered. Also, the
huge diﬀerence in geometrical scale between
the borehole diameter ðD ¼ 0:15 mÞ and surrounding porous medium far away diameter (130 m)
and the depth of the borehole ðL ¼ 50 mÞ; requires
an accurate prediction of transport quantities
at the interface between the borehole and surrounding porous medium. The present work
provides modeling for a SCW to predict ﬂuid
temperature (the inlet ﬂuid temperature to the
heat pump). Besides, it helps in the determination
of the necessary well depth per given heating
load. The inﬂuence of bleed rate on SCW
performance is also examined. Figure 1 shows a
schematic diagram for the SCW connected
to a heat pump. The SCW consists of a borehole
ﬁlled with water and a surrounding porous
Copyright # 2007 John Wiley & Sons, Ltd.

medium (the ground). The surrounding porous
medium is considered as a geothermal reservoir,
which supplies heat to the SCW. Theoretically,
the size of this reservoir is inﬁnity. However,
for simulation purposes the far-ﬁeld radius is
taken equal to 65 m. This value was consistent
with previous work of diﬀerent researchers [4].
The borehole radius is taken equal to 75 mm.
Thus, the ratio of far-ﬁeld radius to the borehole
radius is large enough to ensure that the surrounding porous medium resembles a geothermal
reservoir. The depth of the borehole is taken equal
to 50 m. The length of the suction tube is equal to
48 m, whereas the length of the discharge tube is
equal to 2 m.

2. GOVERNING EQUATIONS
The ﬂow in porous media is assumed steady,
incompressible with constant ﬂuid properties.
The continuity, momentum for ﬂuid and heat
ﬂow in porous media (in r; y; and z directions,
respectively) and energy equations are given as
[17, 18]:
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Equations (2)–(5) can be written in a general
transport equation as
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borehole. The model considered the porous
medium as homogeneous and isotropic. The above
equations are applied throughout the porous
medium surrounding the borehole. However, for
the water inside the borehole (clear ﬂuid ﬂow) the
same governing equations are applicable, but
the value of porosity is set to unity. In this case,
the resistance associated with the porous media
vanishes and accordingly the Darcy and the
Forchheimer terms vanish automatically.
The use of three-dimensional full Navier–Stokes
equations in the current model has many advantages. It mimics the three-dimensional nature of
the ﬂow geometry under study. The non-symmetrical location of suction tube and discharge tube
creates a three-dimensional heat and ﬂow eﬀects.
Also, the three-dimensional formulation is suited
for ﬂow characterized as turbulent ﬂow for high
value of Reynolds number. Although the current
simulation assumes laminar ﬂow, the extension of
the current model to turbulent ﬂow should be easy
by using the three-dimensional formulation.

3. BOUNDARY CONDITIONS
In order to solve the governing equations (i.e.
Equations (6)–(10)), a set of boundary conditions
has to be determined. The boundary conditions
are applied for the city of Salt. However, further
analysis for other places such as Ghor-Saﬁ, Zarqa,
and Shoubak will also be carried out in the
discussion of Results section.
3.1. Far-ﬁeld boundary condition

ST ¼ 0

ð10Þ

The last terms in Equations (7)–(9) represent the
Darcy and Forchheimer terms, respectively. However, the Brinkman term appears in Equation (6)
as the diﬀusion term. The porosity, E; is related to
permeability ðKÞ through the Ergun’s relation [18]
K¼

1 E3 dp2
150 ð1  EÞ2

ð11Þ

The simulation is done by solving the full threedimensional Navier–Stokes equations and energy
equation in the porous medium and inside the
Copyright # 2007 John Wiley & Sons, Ltd.

Temperature distribution in the ground is a
function of time (during the year) and depth below
the ground level. The temperature proﬁle is given
by the following correlation [19]:
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Figure 2 shows the underground temperature
distributions for a couple of locations in Jordan
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Figure 2. Underground temperature distribution for Ghor-Saﬁ and Shoubak.

(Ghor Saﬁ and Shoubak). A similar temperature
distribution can also be presented for another
location (the city of Salt). By using the above
equation, the bottom and top surface temperatures
of the SCW (computational domain), in Salt
during the month of January, are ﬁxed at 1 and
14:98C; respectively.
The velocity boundary condition on the farﬁeld radius is taken as the no-ﬂow boundary
condition:
u¼v¼w¼0

ð13Þ

3.2. Borehole boundary condition
Fluid ﬂow is mainly directed inside the borehole to
increase the water inlet temperature to the heat
pump. In this operation, cold water enters the well
via the discharge tube and then returns at higher
temperature to the heat pump through the suction
pipe, see Figure 1. It is worth mentioning that the
borehole was assumed to be full of water. The
Copyright # 2007 John Wiley & Sons, Ltd.

boundary conditions that are applied to the ﬂuid
domain in the borehole are as follows:
3.2.1. At the inlet. At the inlet of the discharge
tube, the inlet temperature is taken as the
discharge temperature from the heat pump:
Tinlet ¼ 58C

ð14Þ

The velocity at the inlet of the discharge tube is
determined from the mass ﬂow rate leaving the
heat pump, which is estimated as
m
’ inlet
uinlet ¼
ð15Þ
Ad
where Ad is the area of the discharge tube. Note
that both v and w are set to zero at inlet, which
means that the ﬂow is considered to ﬂow straight
downward the borehole. Also, the velocity at the
circumference of the borehole surface is set equal
to zero. The top surface of the borehole (well head)
is considered impermeable where no cross-ﬂow can
occur, which means a no-ﬂow boundary condition
is applied on the borehole well head.
Int. J. Energy Res. 2008; 32:306–317
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3.2.2. At the outlet. The outlet boundary condition is speciﬁed by assuming that the static gauge
pressure at the discharge pipe outlet is equal to
zero
Poutlet ¼ 0

ð16Þ

3.2.3. Walls of the suction and discharge tube. The
walls of discharge and suction tubes are assumed
to be adiabatic surfaces and are impermeable. This
means that the heat ﬂux is set equal to zero and a
no-slip velocity boundary condition is imposed on
the walls.
3.2.4. Walls of the borehole. To couple the borehole model and the surrounding porous medium
model, the heat ﬂux applied to the borehole wall
from the surrounding porous medium is calculated. Then, this heat ﬂux is used as a boundary
condition at the borehole wall in the ﬁnite volume
formulation. In turn, this calculates the borehole
wall temperature and passes this back to the
borehole model.
3.3. Boundary conditions due to bleed rate
Part of the water that exits from the heat pump is
discharged around the borehole. This is known as
bleed. The bleed percentage is deﬁned as the ratio
of water poured into the porous medium around
the borehole to the total water that exits from the
heat pump. The water bleed is assumed homogenous around the borehole. In the present
analysis, bleed is deﬁned in terms of velocity and
temperature boundary condition. The velocity
boundary condition is speciﬁed by dividing the
bleed ﬂow rate by the eﬀective area where the
bleed is taking place. This area is taken as the area
around the borehole with a radius equal to 3 m
around the borehole center line. Thus, the bleed
velocity is given as
m
’ bleed
Vb ¼
ð17Þ
ðpdb2 =4Þ
where db is equal to 3 m. The temperature at bleed
area is assumed equal to the outlet temperature
from the heat pump, i.e. equal to 58C: The
borehole was considered permeable when bleed
rate exist.
Copyright # 2007 John Wiley & Sons, Ltd.
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4. NUMERICAL IMPLEMENTATION
Equations (6)–(10) with the corresponding mentioned boundary conditions are solved using the
ﬁnite volume. The computational ﬂow domain is
decomposed into a set of non-overlapping control
volumes surrounding a grid node, as shown by the
dotted lines in Figure 3. A staggered grid arrangement is used where the velocity components are
evaluated at the faces of the control volume (the
dashed volume in Figure 3). The faces of the
control volume are deﬁned by the lower case
letters in Figure 3 (i.e. e, w, s, n, b, and t).
However, other scalar quantities such as temperature and pressure are evaluated at the center of the
control volume. The governing equations are
integrated over each control volume and are
discretized in terms of the values at a set of nodes
deﬁning the computational mesh (E, W, N, S, B,
and T as shown in Figure 3). The SIMPLE
algorithm is used as the computational algorithm
[20]. For full details of the method see References
[20, 21]. It is worth mentioning that a pressure
correction scheme is used by using the continuity
equation. The continuity equation is expressed as a
Poisson equation for pressure correction for the
ﬂow ﬁeld. The full detail of this procedure is also
given by Patankar [20].
The diﬀusion term in Equation (6) is approximated by second-order central diﬀerence which gives
a very stable solution. However, a second-order

Figure 3. Computational control volume.
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upwind diﬀerencing scheme is adopted for the
convective terms. This scheme uses second-order
extrapolation of two upwind neighbors to determine any transport quantity j: The second-order
upwind term is written in the following general
form for the angular directions:

@ðwjÞ
1
ð3wP jP  4wW jW
¼

@y
2Dy
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þ 3wWW jWW Þ

for w > 0

ð18Þ
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Similar expressions could be written for the r
and z directions. Figure 3 shows the control
volume with the symbols used in Equations (18)
and (19).
A ﬁne grid is used in the borehole and its outer
radius to resolve steep temperature gradients,
while a coarser grid is used at far-ﬁeld radius.
This is done using a grid stretching technique that
results in considerable savings in terms of the grid
size and thus in computational time. The grid
stretching method is done by transforming the
uniform spacing grid points, in the r-direction, into
a non-uniform grid, by using the following
transformation [22]:


sinh½bðRU  AÞ
r¼g 1þ
ð20Þ
sinhðbAÞ
where A is a constant given by [23]:


1
1 þ ðeb  1Þðg=R1 Þ
ln
A¼
2b
1 þ ðeb  1Þðg=R1 Þ

ð21Þ

The governing equations are integrated over the
control volume DrDyDz; for details of integration,
see Versteeg and Malalasekera [21]. The ﬁnal
discretized algebraic ﬁnite volume equations are
written into the following form:

respectively. The symbol j in Equation (22) holds
for u; v; w; or T and symbol b resembles the source
term. The resulting algebraic equations are solved
with tri-diagonal matrix algorithm (Thomas algorithm) with the line-by-line relaxation technique.
For each two-dimensional plane, the line-by-line
Thomas algorithm is applied. Then the calculation
progressed to the next plane in three-dimensional
spaces to cover the whole domain. The convergence criteria were deﬁned by the following
expression:
Pk¼K Pj¼M Pi¼N
k¼1
i¼1 jresidij j
j¼1
5106 ð23Þ
Tol ¼ Pk¼K Pj¼M Pi¼N
jj
j
ij
k¼1
i¼1
j¼1

4.1. Grid testing
Extensive mesh testing was performed to guarantee a grid-independent solution. Eight diﬀerent
meshes were used. A grid size of 110  110  110
grid points (in r; y; and z; respectively) (1 331 000
Elements) ensures a grid-independent solution and
accordingly this grid was adopted in the present
study.
4.2. Nusselt number calculations
The magnitude of the Nusselt number can be
expressed as
hðDÞ
Nu ¼
ð24Þ
k
where h and k are given by the following
equations:
q00w
h¼
ð25Þ
ðTw  Tb Þ

k¼

q00w
dT=dx

ð26Þ

 aE jE  aW jW þ aP jP
¼ aN jN þ aS jS þ aB jB þ aT jT þ b

ð22Þ

where P is the center of cell location and W, E, N,
S, B, and T denote other locations: west, east,
north, south, bottom, and top faces of the control,
Copyright # 2007 John Wiley & Sons, Ltd.

5. RESULTS AND DISCUSSION
The current study was implemented in the
heating mode using the underground temperature
distributions for the month of January in four
Int. J. Energy Res. 2008; 32:306–317
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temperature for the base case of no bleeding to that
achieved with a bleed rate of 13%. This is done for
50 m deep boreholes at the four locations of
interest. It is obvious that bleeding can be eﬀectively
used in all locations to increase the outlet temperature by 3–48C and thus enhancing the overall
performance of the geothermal heat pump.
The eﬀect of bleeding and how it is aﬀected by
the properties of soil around the borehole can be
examined in further detail using Figure 6. It
presents the variation of outlet temperature with
bleed rate for a 50 m deep borehole in Salt with
four diﬀerent values of soil porosity. This ﬁgure
reveals that regardless of the soil porosity, an
optimum range of bleed rate exists around

30
Outlet Temperature, °C

diﬀerent geographic locations in Jordan: Salt,
Shoubak, Zarqa, and Ghor-Saﬁ. The underground
temperature distributions for two of these locations are shown for diﬀerent months around the
year in Figure 2. It is interesting to note that
despite the wide seasonal variation of the surface
temperature, a uniform temperature is achieved in
all four locations around the year at depths
beyond 40 m. However, the actual value of this
uniform temperature varies from one location to
another. For example, it reaches 12 and 258C in
Shoubak and Ghor Saﬁ, respectively.
The ﬁrst parameter that needs to be examined is
the eﬀect of the depth of the borehole on the outlet
temperature. Figure 4 shows the variation of the
outlet temperature with depth for the four locations included in the study. Although it is clear
that the outlet temperature generally increases
with depth, this increase becomes slower at
depths beyond 50 m. This is due to the nature of
the underground temperature distribution discussed earlier. Figure 4 also shows that regardless of the depth of the borehole, there is a limit
to the outlet temperature that can be achieved
at a given location. Consequently, successful
choice of location is of extreme importance
and plays a decisive role in choosing the depth of
the borehole required to achieve a certain outlet
temperature.
The eﬀect of bleeding on the outlet temperature
is presented in Figure 5. It compares the outlet
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Figure 5. Variation of outlet temperature with bleed
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Figures 8 and 9 provide an insight into the heat
transfer characteristics leading to the results
obtained in Figure 6. Figure 8 shows the variation
of Nusselt number in the borehole with depth for
two cases: one without bleeding and the other with
the optimum rate of bleeding that equals to 13%.
The trend is almost identical in both cases where
the Nusselt number increases sharply with depth
to reach a maximum at a depth of 2–3 m and then
starts decreasing until it reaches a nearly constant
level at depths beyond 10 m. This can be explained
by the existence of the discharge pipe outlet at a
depth of 2 m which induces recirculation similar to
that experienced in sudden expansion problems.
As we move away from the vicinity of the pipe
outlet, the recirculation eﬀect diminishes and the

140
120
Nusselt Number

12–13% which yields a maximum outlet temperature. Increasing the bleed rate beyond this range is
either ineﬀective or even counterproductive. It can
also be seen that bleeding becomes more eﬀective
in achieving higher outlet temperatures when used
in locations with higher soil porosity. This can lead
to the conclusion that any eﬀective correlation for
the outlet temperature should not only include the
depth and the underground temperature proﬁle,
but also the bleed rate and the porosity of soil.
The results obtained from this study were
compared to those published by Rees et al. [4].
They are presented in Figure 7, which shows a
non-linear temperature distribution as a function
of bleed rate. Although, the two studies use
diﬀerent parameters, it can be seen that a general
trend exists for both studies. More importantly,
both models indicate that the outlet temperature
from the SCW approaches the far-ﬁeld temperature as bleed rate increases. For example, the
outlet temperature from the SCW for the city of
Salt is around 168C and the underground temperature at 50 m is approximately 178C: This trend
agrees with the results of Rees et al. [4], where an
118C is obtained from their simulation with a 13:
18C far-ﬁeld temperature. Thus, in a general sense
both models are in agreement. Therefore, our
study agrees with that of Reese et al. [4]. The lack
of experimental data (if they exist) limits any
further comparisons to be explained.

80

Zero Bleed

60
40
20
0
0

10

20
30
Depth, m

40

50

Figure 8. Variation of Nusselt number with depth for
diﬀerent bleed rates (Salt location and 0.05 soil porosity).

17

140

15

120
Nusselt Number

Outlet Temperature, °C

13% Bleed

100

13
11
9
present work
Rees et al. 2004

7

Porosity = 0.10

100
80
60
40
20

Porosity =0.05

5

0

5

10

15
20
Bleed Rate, %

25

30

Figure 7. Variation of outlet temperature with bleed rate
for Salt location at 0.05 porosity and 50 m deep borehole
as compared with data obtained from literature.
Copyright # 2007 John Wiley & Sons, Ltd.

0

0

10

20
30
Depth, m

40

50

Figure 9. Variation of Nusselt number with depth for
diﬀerent porosity values (Salt location, 13% bleed rate
and 0.05 soil porosity).
Int. J. Energy Res. 2008; 32:306–317
DOI: 10.1002/er

MODELING OF A GEOTHERMAL STANDING COLUMN WELL

Nusselt number remains nearly unaﬀected. However, it is clear that Nusselt number increases with
bleeding, especially at points deeper than 10 m
where bleeding almost can double the Nusselt
number. This leads to enhanced heat transfer
characteristics which are reﬂected in the higher
outlet temperatures presented in Figure 6. On the
other hand, Figure 9 shows the variation of
Nusselt number with depth with the bleed rate of
13% for two porosity values: 0.10 and 0.05. It is
obvious that the Nusselt number increases as the
porosity of the soil increases, especially beyond
10 m of depth. For example, at a depth of 20 m, a
soil porosity of 0.10 results in Nusselt number
15% higher than that achieved under similar
condition but with a soil porosity of 0.05.
Finally, Figure 10 addresses the justiﬁcation for
the three-dimensional approach employed in the
current study. It shows the temperature distribution around the boundary surface of the borehole
at three diﬀerent depths for the base case of zero
bleed rate and 0.05 soil porosity, implemented in
Salt. It is clear that the temperature in the
borehole is not only dependent on depth, but it
is also a function of the angular position around
the borehole. It can be seen that the temperature in
the borehole increases in the vicinity of the suction
pipe to reach a maximum around y ¼ 240–2708
(direction of y as outlined in the ﬁgure), before
decreasing again to a nearly uniform temperature
on the opposite side of the borehole. However, this
angular variation with temperature becomes less
14
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Figure 10. Temperature distribution around the
borehole surface at diﬀerent depths (Salt location,
no bleeding and 0.05 soil porosity).
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pronounced as the depth increases to reach a more
uniform distribution around the borehole for
depths beyond 30 m. This variation in angular
temperature distribution is due to the asymmetric
location of the discharge tube. Since a homogenous porous media exists, heat would have been
mined uniformly if it were a symmetric borehole
ﬂow. However, since the discharge tube is closer to
one end of the borehole than it is to the other end,
it is creating an angular variation of temperature.
At deeper depths, the discharge eﬀects become
smaller and hence the angular variation of
temperature becomes damped. This result highlights the possible shortcomings of one-dimensional approaches which led to the development of
the current three-dimensional model.

6. CONCLUSIONS AND
RECOMMENDATIONS
A three-dimensional model was developed to
analyze the performance of a SCW. This model
was successfully implemented to carry out simulations of possible application in the heating mode
during the month of January in four selected
locations in Jordan. Simulations revealed that the
outlet temperature of the SCW increases with the
depth of the borehole, but this increase becomes
slower at depths beyond 50 m. It was also shown
that the successful choice of a location is of
extreme importance since there is a limit on the
outlet temperature that can be achieved at a given
location.
The eﬀect of bleeding was also thoroughly
examined. It was demonstrated that although
bleeding is generally eﬀective in increasing the
outlet temperature, an optimum range of bleed
rate exists around 12–13% which yields a maximum outlet temperature. Increasing the bleed rate
beyond this range is either ineﬀective or even
counterproductive. It was also found that bleeding
is more eﬀective in achieving higher outlet
temperatures when used in locations with higher
soil porosity. These conclusions were supported by
the investigation of the variation of the Nusselt
number which was found to signiﬁcantly increase
with bleeding and higher porosities.
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It was demonstrated that the temperature
distribution in the borehole of the SCW is not
only dependent on depth, but also on the angular
position. The angular distribution of temperature
around the borehole becomes nearly uniform only
at depths beyond 30 m. Consequently, one-dimensional simulations need to be carried out with
caution and the three-dimensional approach is
better suited for performance simulation and
analysis.
Finally, a number of recommendations for
possible future work can be considered using the
current model. For example, the eﬀect of the mass
ﬂow rate on the outlet temperature can be
examined. Also, it would be of value to study the
enthalpy extracted from the standing column
because this would include both the temperature
and circulation rate. Moreover, a wider range of
porosities and soil physical properties resulting in
a wider range of permeability values and thermophysical properties can be studied. This is expected
to bring about a better understanding of the
signiﬁcance of geographical location and soil
properties on the outlet temperature and overall
performance of the SCW.

NOMENCLATURE
Ad
b
CF
dp
db
D
h
K
l
L
m
’
Nu
p
qw
r
resid

¼ area of discharge tube ðm2 Þ
¼ source term in the discretized from
of the governing equations
¼ Forchheimer constant ¼ 0:143
¼ diameter of a particle in the porous
medium (m)
¼ bleed radius (m)
¼ borehole diameter (m)
¼ convection heat transfer coeﬃcient
ðW m2 8C1 Þ
¼ permeability ðm2 Þ
¼ depth from ground level (m)
¼ borehole depth (m)
¼ mass ﬂow rate ðkg s1 Þ
¼ Nusselt number
¼ pressure (Pa)
¼ heat ﬂux ðW m2 Þ
¼ radial coordinate
¼ residual
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R1
RU
S
Sr
Sy
Sz
ST
t
tcd
T
Ta
Tb
Tin
Tm
Tmax
Tmin
Tout
Tw
T1
Tol
u
uin
v
Vb
w
z

¼ far away radius (m)
¼ location of the non-uniformly
distributed grid around the borehole
¼ source term
¼ source term in the radial component
of momentum equation
¼ source term in the angular component
of momentum equation
¼ source term in the axial component of
momentum equation
¼ ½source term in the energy equation
¼ day of the year
¼ day of the year when coldest air
temperature occurs
¼ temperature ð8CÞ
¼ temperature amplitude of air ¼ ðTmax
Tmin Þ=2 ð8CÞ
¼ bulk temperature in the borehole ð8CÞ
¼ inlet water temperature to the bore
hole ð8CÞ
¼ mean air temperature ð8CÞ
¼ maximum air temperature ð8CÞ
¼ minimum air temperature ð8CÞ
¼ outlet temperature from the
borehole ð8CÞ
¼ borehole wall temperature ð8CÞ
¼ faraway temperature ð8CÞ
¼ tolerance
¼ axial velocity ðm s1 Þ
¼ inlet water velocity to the borehole
ðm s1 Þ
¼ radial velocity ðm s1 Þ
¼ bleed velocity at the borehole surface
ðm s1 Þ
¼ angular velocity ðm s1 Þ
¼ axial coordinate

Greek letters
as
b
g
E
y
m
n
rf

¼ soil thermal diﬀusivity ðm2 day1 Þ
¼ stretching constant
¼ location of grid clustering (m)
¼ porosity
¼ angular coordinate
¼ dynamic viscosity ðN s m2 Þ
¼ kinematic viscosity ðm2 s1 Þ
¼ fluid density ðkg m3 Þ
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Subscripts
f
in
out
s
1

¼ fluid inside borehole
¼ inlet
¼ outlet
¼ solid (water saturated soil)
¼ far ﬁeld
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