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1. Introduction
Standing column wells (SCW) are a type of ground heat exchanger (GHE) that may be used
with ground source heat pump (GSHP) or underground thermal energy storage (UTES) systems.
SCWs are “open-loop” ground heat exchangers that draw ground water from the bottom of the
well and, after passing it through a heat pump or heat exchanger, return it at the top of the well.
Water circulating down the borehole wall exchanges heat with the surrounding ground.
Compared to closed-loop ground heat exchangers, standing column wells have three important
advantages that allow for increased heat transfer and, consequently, less required borehole
length and lower first cost. First, standing column wells have lower borehole thermal resistance
than closed-loop ground heat exchangers because the working fluid is in direct contact with the
borehole wall. Typical values for borehole resistance of closed-loop grouted heat exchangers
are on the order of 0.1-0.3 m-K/W. In SCWs, fully turbulent flow results in values of borehole
thermal resistance around 0.0005-0.005 m-K/W. Second, they benefit from groundwater flow
in and out of the surrounding formation that is induced by pumping and density differences
between the groundwater in the well and that in the surrounding ground. Third, in locations
where it is permissible to bleed off some of the water drawn from the well, the induced flow of
groundwater into the borehole significantly enhances the heat transfer.
Though SCWs have been in operation since the 1970s, there is relatively little published
research on this type of GHE. SCW models are needed to support design software and energy
calculation software. But only a few SCW models have been developed and several of these are
too computationally expensive to be directly useful for design or energy calculations.
One of the first SCW models (Yuill and Mikler 1995) utilized a simple groundwater flow
model to estimate the groundwater flow induced by pumping in and out of the borehole. Then a
one-dimensional finite difference model which accounted for heat conduction and advection
was used to analyze the heat transfer. As presented, the model did not account for bleed or
convective resistances inside the borehole. Rees et al. (2004) developed a two-dimensional
finite volume model and Ng et al. (2010) developed a three-dimensional finite volume model.
Both models are capable of modeling bleed and accounting for convective resistances inside the
borehole. Both models used separate grids to model the heat transfer in the borehole and the
surrounding ground; the two solution domains are coupled together and solved iteratively. The
grid size and iteratively coupled solution technique requires significant computational time,
making either model too computationally intensive for direct use in either design software or
energy calculation software.
A computationally efficient model which is more suited to be used in design tools or energy
analysis programs is the one-dimensional SCW model developed by Deng et al. (2005). Though
it is computationally efficient, there are some aspects of the model that have not been
thoroughly investigated. These include its assumption of isotropic aquifers with homogeneous
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bleed throughout the entire depth of the borehole. Also, the borehole thermal resistance does
not adequately account for the effects of thermal short circuiting.
The subject of this paper is an intermediate level SCW model. The quasi-two-dimensional
model is based on the finite volume method. It has two intended applications. First, it may be
usable within a design tool and allow accounting for vertical variation of undisturbed ground
temperature, inhomogeneous bleed, and thermal short circuiting. Second, it may be used to tune
parameters for the one-dimensional SCW model developed by Deng, et al. (2005), which may
then be used in design tools or energy calculation software. This paper presents the model and
some preliminary results showing the effects deviations from one-dimensional behavior.

2. Methodology
The model utilized here is referred to as quasi-two-dimensional; the two dimensions are radial
and axial, but in the axial direction, only the energy transport by advection (i.e. that associated
with the water flowing downwards in the annulus and upwards in the dip tube) within the
borehole is considered. Neither heat conduction nor advection in the ground is considered in
the axial direction. This approximation is suitable because the temperature and hydraulic
gradients are much larger in the horizontal direction that those in the vertical direction. (Yuill
and Mikler 1995)
Like other models, this model has to treat both the ground and the borehole, and they are treated
differently as described below. However, a key feature of this model is that the equations for
both the ground and the borehole are combined into a single matrix and a customized solution
procedure that takes advantage of the sparsity is utilized to give a highly computationally
efficient solution.
The surrounding ground is modeled as a quasi-two-dimensional domain and the heat transfer is
calculated using the 1 dimensional energy equation for a porous medium given by Domenico
and Schwartz (1990):
𝜕𝑇

𝜕𝑇

𝜕2 𝑇

1 𝜕𝑇

𝛼 𝜕𝑡 + 𝛽𝑉𝑟 𝜕𝑟 = 𝑘𝑒 [ 𝜕𝑟 2 + 𝑟 𝜕𝑟 ]

(1)

The effective thermal conductivity of the ground (ke) accounts for the relative fractions of rock
and water in the formation:
𝑘𝑒 = (1 − 𝑛)𝑘𝑟 + 𝑛𝑘𝑙

(2)

Pumping and buoyancy induce groundwater movement in the surrounding formation. The
resulting advection is not considered explicitly, but the approach used by Deng et al. (2005) is
used to account for this advection in the surrounding ground. Deng (2004) correlated an
enhanced thermal conductivity (ken) to the effective thermal conductivity (ke) and the hydraulic
conductivity (kh) of the surrounding ground:
𝑘𝑒𝑛 = 𝑘𝑒 (0.0413𝑘𝑒2 − 0.3226𝑘𝑒 + 51779.7923𝑘ℎ2 + 635.209 𝑘ℎ + 1.6551)

(3)

To account for this advection the effective thermal conductivity (ke) in Equation 1 is replaced by
the enhanced thermal conductivity (ken). The advection that occurs due to bleed is represented
explicitly.
The borehole and ground are combined into a single nodal network as shown in Figure 1. The
borehole is modeled using a simplified resistance network similar to the approach used by De
Carli et al. (2010). The heat balance equations for each segment of the borehole are given in
Table 1. For the ground, Equation 1 can be discretized for each horizontal layer using a fully
implicit finite different method as follows:
𝑇(𝑖+1,𝑗)− 𝑇(𝑖,𝑗) 𝑇(𝑖,𝑗)− 𝑇(𝑖−1,𝑗)
−
∆(𝑖)
∆(𝑖−1)

∆(𝑖)

1
𝑟(𝑖)

+ (

−

𝛽 𝑇(𝑖+1,𝑗)− 𝑇(𝑖−1,𝑗)
)
𝑘𝑒𝑛
∆(𝑖)+ ∆(𝑖−1)

2

=

𝛼 𝑇(𝑖,𝑗)− 𝑇 ′ (𝑖,𝑗)
𝑘𝑒𝑛
∆𝑡

(4)

Innostock 2012
The 12th International Conference on Energy Storage

Table 1 Heat balance equations in the borehole

1. Heat balance on the
outer surface of the dip
tube (Tds)

𝑇𝑤𝑑 (𝑗) − 𝑇𝑑𝑠 (𝑗)
𝑇𝑤𝑎 (𝑗) − 𝑇𝑑𝑠 (𝑗)
+
=0
𝑟
1
ln( 𝑑𝑜 )
𝑟𝑑𝑖
1
2𝜋𝑟𝑑𝑜 ℎ𝑜 ∆𝑧
+
2𝜋𝑟𝑑𝑖 ℎ𝑖 ∆𝑧 2𝜋𝑘𝑑 ∆𝑧

2. Heat balance on the
water in the dip tube
(Twd)
3. Heat balance on the
water in the annulus
(Twa)

𝑇𝑑𝑠 (𝑗) − 𝑇𝑤𝑑 (𝑗)
𝑇𝑤𝑑 (𝑗 + 1) − 𝑇𝑤𝑑 (𝑗)
=0
𝑟𝑑𝑜 +
𝑚̇𝐶𝑝
ln( )
𝑟𝑑𝑖
1
+
2𝜋𝑟𝑑𝑖 ℎ𝑖 ∆𝑧 2𝜋𝑘𝑑 ∆𝑧
𝑇𝑤𝑎 (𝑗 − 1) − 𝑇𝑤𝑎 (𝑗)
𝑇𝑑𝑠 (𝑗) − 𝑇𝑤𝑎 (𝑗)
𝑇(1, 𝑗) − 𝑇𝑤𝑎 (𝑗)
+
+
=0
1
1
(𝑗)𝐶
𝑚̇
𝑝
+ 𝑚̇𝑏 (𝑗)𝐶𝑝
2𝜋𝑟𝑑𝑜 ℎ𝑜 ∆𝑧
2𝜋𝑟𝑏 ℎ𝑜 ∆𝑧
T(1,j) – Borehole wall temperature

4. Coupling between
borehole and ground

𝑇(1, 𝑗) − 𝑇𝑤𝑎 (𝑗)
+ 2𝜋𝑟𝑏 ∆𝑧 𝑞"(𝑗) = 0
1
2𝜋𝑟𝑏 ℎ𝑜 ∆𝑧
Top layer: Set 𝑇𝑤𝑎 (0) to be equal to the inlet temperature
Bottom layer: Set 𝑇𝑤𝑑 (𝑛 + 1) = 𝑇𝑤𝑎 (𝑛)

5. Boundary nodes

Figure 1 Borehole and ground nodal network

Equation 4 is coupled with the borehole equations using the heat flux at the borehole wall while
the far field temperatures are used as boundary conditions. At the borehole wall T (i-1, j) is
obtained using the heat flux at the borehole wall as follows:
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𝑇(𝑖 − 1, 𝑗) = 𝑇(𝑖 + 1) −

2𝑞"∆(𝑖)
𝑘𝑒𝑛

(5)

At the outer boundary of the domain T (i+1, j) is set to be the far field temperature, which is a
function of depth and the geothermal gradient. Near-surface annual variations in temperature
are neglected because they typically have little influence on the ground below the water table.
Based on a sensitivity analysis, the grid has been developed to minimize computational time
while maintaining sufficient accuracy. The grid spacing in the vertical direction is fixed at 10
m. For each horizontal layer, an expanding grid, similar to that used by Deng (2004) but with
half the number of grid points in the radial direction is used; each ground layer is divided into
65 cells and the domain radius is 180 m.
Thus for each horizontal segment there are three equations representing the heat transfer in the
borehole, one equation for the coupling between the borehole and ground and 65 equations for
the heat transfer in the ground. Thus a 500 m deep SCW with a grid spacing of 10 m in the
vertical direction will have a total of 3450 equations. Though there are 3450 equations, each
equation has no more than five non-zero coefficients. Hence to save memory they are stored in a
(3450, 5) array and are solved using a customized decomposition method to maximize
computational efficiency. Temperature dependent bleed control strategies have also been
incorporated in the model where the user can specify minimum and maximum heat pump
entering or leaving water temperatures below and above which bleed can be activated.
During bleed the linear ground water velocity (Vr) in each ground node is obtained using
Equation 6.
𝑉𝑟 (𝑖, 𝑗) = −

1
𝑚̇ 𝑏 (𝑗)
𝑛 2𝜋𝑟(𝑖)∆𝑧(𝑗)𝜌𝑤

(6)

In a particular horizontal layer j the 𝑚̇ 𝑏 term is constant throughout and the value of Vr(i,j)
decreases as the radius increases according to Equation 6. In the case of homogeneous bleed the
𝑚̇ 𝑏 term is uniform for all the horizontal layers. However in the case of bleed through a single
fracture the 𝑚̇ 𝑏 term has a value of zero for all the horizontal layers except the layer
representing the fracture. In the case where bleed occurs only in a certain section of the
borehole, the 𝑚̇ 𝑏 term has a uniform value for all the horizontal layers representing that section
and a value of 0 for the rest. Initially this model assumes a homogenous and isotropic aquifer.
However if the properties such as porosities, thermal conductivities and hydraulic conductivities
are available for anisotropic and heterogeneous aquifers this model can be easily modified to
simulate it.

3. Results and Discussion
The quasi-two-dimensional model was validated against data obtained from a 467 m deep SCW
in Haverhill, MA. See Deng (2004) for further description of the data set. The ground properties
are chosen based on the geology of the area since a thermal response test was not performed.
Figure 2 shows the comparison of the exiting water temperatures for the available experimental
data and the model. The RMSE error between the model and the available data was found to be
around 0.4 °C which is acceptable considering the uncertainties associated with the ground
properties.
One objective of the model was to have a run time that would be reasonable for use in a design
tool or to estimate parameters for a faster one-dimensional model. The detailed fully-twodimensional model used by Rees, et al. (2004) took weeks to run on a (circa 2001) fast desktop
computer when implemented in Fortran. For the current model, implemented in an interpreted
language (Visual Basic for Applications), a typical annual simulation with hourly time steps for
a 500 m deep SCW coupled with a heat pump using a successive substitution method takes
approximately 4.5 minutes to run on a fast desktop computer that is a few years old. If the SCW
model is run as a standalone model the computational time is around two minutes. For
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Exiting Water
Temperature (°C)

comparison, the one-dimensional model, also implemented in the same interpreted language,
takes about 10 seconds to run when coupled with a heat pump model.
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Figure 2 Validation of model

Another objective of the model is to be able to analyze the effects of inhomogeneous bleed in an
SCW. The analysis of inhomogeneous bleed involved simulating three different bleed
configurations. The first configuration had homogeneous bleed through the top half of the
borehole, the second configuration had homogeneous bleed through the bottom half of the
borehole and the third configuration had bleed through a single fracture. For all configurations
the heat pump entering water temperature (EWT) was compared with that of the configuration
with no bleed and uniform bleed throughout the entire depth of the borehole. To make a fair
comparison the heat pump load and all SCW parameters like the depth, water flow rate, ground
thermal conductivity, etc. were kept constant. The heat pump loads were obtained for a small
commercial building with 1320 m2 of conditioned space and a weather file for Boston, MA
using building simulation software BLAST. A description of the building is available in
Yavuzturk (1999). The SCW parameters are shown in Table 2 and the annual hourly building
loads are shown in Figure 3. Due to the availability of hourly building loads the time step size
for the SCW was set to 3600 s.
Building Load (KWh)

100
50
0
-50
-100
0

2000

4000
Time (Hours)

6000

8000

Figure 3 Building loads for Boston, MA (cooling loads are negative)
Table 2 SCW Parameters

Parameter

Value

Parameter

Value

Borehole depth

400 m

Hydraulic conductivity

0.00075 m/s

Borehole diameter

152.4 mm

Porosity

0.1

Dip Tube O.D

101.6 mm

Ground volumetric heat capacity

2700 KJ/m3-K

Dip Tube I.D

88.9 mm

Undisturbed ground temperature

10 °C

Dip Tube Thermal 0.1 W/m-K
Conductivity (PVC)

Bleed rate

10 % (0.2 L/s)

Water Flow rate

2 L/s

Ground thermal conductivity

2.33 W/m-K

Geothermal Gradient

0.005 °C/m
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Figure 4(a) shows the heat pump entering fluid temperature (EWT) for the configurations with
homogeneous bleed throughout the entire depth, top half and bottom half of the borehole when
the SCW is operating in heating mode. When compared with the case of no bleed it can clearly
be seen that the cases with bleed have higher (more favorable) values of EWT. Of the different
homogeneous bleed configurations analyzed the configuration with bleed through the bottom
half has the best performance while the configuration with bleed through the top half has the
poorest performance. This is largely due to the geothermal gradient since for the configuration
with bleed through the bottom half the bleed driven advection is concentrated where the ground
temperatures are higher while for the configuration with bleed through the top half it is
concentrated where the ground temperatures are at their lowest. These differences in heat pump
EWT will increase with an increase in the geothermal gradient and borehole depth.
The same trend is observed when bleed through a single fracture is simulated. It can be seen in
Figure 4(b) that the deeper the fracture the higher is the heat pump EWT. This is because it is
assumed that the entire bleed driven advection is concentrated along the fracture and the water
is entering the borehole at the temperature of the ground at the location of the fracture. However
the configurations with homogeneous bleed are found to have better performance than the
configurations with fractures. This is due to the significantly lower heat transfer in the regions
of the borehole excluding the fracture due to the absence of bleed driven advection.
The results shown in Figures 4(a) and 4(b) have several important practical implications. The
fact that the “bleed throughout” configuration lies roughly half way between the top-half bleed
and bottom-half bleed suggests that the performance is not significantly degraded when the
bleed comes through only half of the borehole. Yet, when it is reduced to the extreme case of
the bleed coming through a single large fracture, the performance is significantly degraded.
Therefore, it seems that a significantly large fracture zone is required to match the performance
predicted by the one-dimensional model of Deng et al. (2005). Further work is needed to define
this limit, but in the meantime, model users may wish to exercise caution if the fracture zone is
a small fraction of the borehole depth. Another implication is that a drawdown test may
estimate how much bleed is permissible, but that information alone may not be sufficient.
12

Heat Pump EWT (°C)

Heat Pump EWT (°C)

12
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Top Half

6
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8
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6
4

400

100

(a)Homogeneous bleed configurations

200
300
Time (Hours)

400

(b) Bleed through fractures

Figure 4 Impact of different bleed configurations on heat pump EWT

Figures 5(a) and (b) show the temperature distributions in the ground surrounding the borehole
when the system is operating in the peak heating conditions. The bottom portion of the borehole
in Fig 5(a) is warmer since there is bleed driven advection in that region while in Fig 5(b) there
is no bleed driven advection in the bottom half which results in the comparatively lower
temperatures. The sudden change in temperatures around the center in Figure 5(b) is due to the
quasi-two-dimensional assumption since the layers above have bleed driven advection while the
layers below do not. In practice this change will be more gradual. Thus aquifers with better
recharge properties at the lower regions will be better suited in heating dominant climate since
the bleed driven advection is greater where the ground temperature is warmer but for cooling
dominant climates this will be a disadvantage.
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(a)Homogeneous bleed throughout

(b) Homogeneous bleed through top half

Figure 5 Ground Temperature distributions for homogeneous bleed

Another objective of the quasi-two-dimensional model is to be able to analyze thermal short
circuiting in the borehole. Thermal short circuiting in an SCW is defined as the reduction in heat
transfer rate due to heat transfer between the water in the dip tube and that in the annulus. In this
paper, we present some results of a small parametric study. The borehole length and dip tube
thermal conductivity were found to be the only parameters that influenced the thermal short
circuiting significantly. The ground properties such as thermal conductivity, hydraulic
conductivity, porosity, etc were found to have no effect on the thermal short circuiting. The
effect of bleed was also found to be insignificant. The dip tube thickness was found to have a
minor effect on the thermal short circuiting but not as significant as the dip tube thermal
conductivity or the borehole length.
To investigate the effect of dip tube thermal conductivity on thermal short circuiting an SCW
with a 150 mm borehole was sized to maintain a minimum heat pump EWT of 6 °C for the
building loads shown in Figure 3 and the other parameters are the same as shown in Table 2.
The flow rate was chosen such that the maximum temperature difference across the heat pump
during heating mode would be 5° C in order to avoid freezing of the water in the SCW. The first
case analyzed assumed an adiabatic dip tube (no short circuiting) while the second and third
cases had PVC (kd = 0.1 W/m-K) and HDPE (kd = 0.4 W/m-K) dip tubes respectively. Figure 6
shows the required borehole depths for a DR9 100 mm dip tube. When the PVC dip tube is
used the required borehole depth is found to increase by 15 m due to thermal short circuiting
and it increases a further 45 m if an HDPE dip tube is used. The same analysis was done for
DR7 and DR13 dip tubes and the results did not vary significantly. Very small differences in
required borehole depths were observed if the 100 mm dip tube was replaced with a 75 mm dip
tube keeping the borehole diameter constant.
Required borehole depth (m)

600

500
400
300
200
100
0

Adiabatic Dip Tube

PVC Dip Tube
Case

HDPE Dip Tube

Figure 6 Effect of dip tube thermal conductivity on thermal short circuiting
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Figures 7 (a) and (b) show the temperature distributions in a 400 m deep borehole for cases with
PVC and HDPE dip tubes at hour 377 when the SCW is operating in heating mode. It can be
seen that the temperature difference between the water at the bottom and top of the dip tube is
small (≈ 0.13 °C) for the PVC dip tube while it is much larger for the HDPE dip tube (≈0.41 °C)
as expected. These temperature differences are found to increase with increase in borehole
depth. Though it is obvious that the thermal short circuiting will increase with the dip tube
thermal conductivity and the borehole length the effect on heat pump EWT is of particular
interest.
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(a) Temperature distributions for PVC dip tube
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(b) Temperature distributions for HDPE dip tube

Figure 7 Temperature distributions inside the borehole

Heat Flux (W/m)

The losses due to thermal short circuiting were found to be directly proportional to the
temperature difference between the water temperatures at the top and the bottom of the annulus.
Hence larger heat fluxes resulted in greater short circuiting while an increase in the flow rate
resulted in a decrease in the short circuiting. To investigate the effect of borehole depth on
thermal short circuiting a single heat flux profile (Figure 8) based on the building loads shown
in Figure 3 for a 500 m deep borehole were used and the model was run by varying the borehole
depths keeping all other parameters constant for two different cases. In the first case the flow
rate in the borehole was kept constant while in the second case the flow rate was adjusted such
that the maximum temperature difference across the heat pump during heating mode is 5 °C. In
the analysis a DR9 100 mm dip tube was used and the analysis was done for dip tube thermal
conductivities corresponding to PVC and HDPE materials. Figures 9 (a) and (b) show the
changes in minimum heat pump temperature for PVC and HDPE dip tubes when compared to
an adiabatic dip tube (no short circuiting). The change in minimum heat pump EWT is much
greater for the HDPE dip tube in both cases. The case with constant flow velocity shown in
Figure 9(a) has larger changes in the minimum heat pump EWT. This is because the total heat
transfer in the borehole increases with an increase in borehole depth when the heat flux is kept
constant. This results in the temperature difference across the SCW also increasing since the
flow rate is constant. In Figure 9(b) when the flow rate is scaled with the borehole depth the
drop in minimum heat pump EWT is found to be almost constant for the PVC dip tube while it
is larger for the HDPE dip tube. The sudden drop in minimum heat pump EWT between 300 –
400 m for the PVC dip tube in Figure 9(b) is because the increase in flow rate results in the flow
in the annulus transitioning from the transition region to fully turbulent flow resulting in greater
heat transfer between the water in the dip tube and the water in the annulus.
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Figure 8 Heat Flux Profile (cooling load is negative)
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Figure 9 Decrease in minimum heat pump EWT due to short circuiting

4. Conclusions and Recommendations
In this paper the development of a quasi-two-dimensional model is described. The main
objective of this model was to be able to analyze the two-dimensional heat transfer in the
borehole and also inhomogeneous bleed configurations in a computationally efficient manner.
The analysis of inhomogeneous bleed configurations showed some sensitivity to the depth at
which the bleed was occurring, with bleed concentrated toward the bottom of the borehole being
better for heating. Looking at the extreme case of all bleed entering the borehole through a
single large fracture suggests that caution be exercised when the bleed is entering through a
small fracture zone. The thermal short circuiting was found to depend significantly on the dip
tube thermal conductivity and borehole depth as expected. The losses associated with thermal
short circuiting are not very significant for a PVC dip tube but are considerable for a HDPE dip
tube when the borehole is being sized to avoid freezing of the water.
Recommendations for future research:







Currently the one-dimensional SCW model by Deng et al. (2005) is best suited by
nature of its speed to be incorporated in design tools and in energy calculation software.
However it is based on the assumption that the water in the borehole is well mixed
which results in an overprediction of the total heat transfer in the borehole. Research is
needed to develop a correlation or other formulation of an effective borehole resistance,
based on quasi-two-dimensional results that can be used with the one-dimensional
model. Such an effective borehole resistance could include the effects of the actual
vertical temperature distribution and short circuiting.
Further research is needed to identify the limits of the homogeneous bleed assumption
currently used in the one-dimensional model. It may be possible to develop some type
of correction to the one-dimensional model to account for inhomogeneous bleed.
Practical methods for identifying the effects of small fracture zones in the field should
be developed. These would go beyond a drawdown test. Further investigation to see if
a thermal response test combined with a drawdown test could be used to adequately
characterize the SCW performance.
Implementation of the quasi-two-dimensional SCW model in design tools or energy
calculation software may be feasible if it is implemented in a compiled language, e.g.
Fortran. This should be further investigated.
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Nomenclature:
Cp – Specific heat of water (J/kg-K)
i – Node number in radial direction
j – Node number in vertical direction
ke– Effective thermal conductivity of ground (W/m-K)
ken – Enhanced thermal conductivity (W/m-K)
kd – Dip tube thermal conductivity (W/m-K)
kh – Hydraulic conductivity (m/s)
kr – Thermal conductivity of solid rock (W/m-K)
kl – Thermal conductivity of water (W/m-K)
hi – Convection coefficient in the dip tube (W/m2-K)
ho – Convection coefficient in the annulus (W/m2-K)
n – Ground porosity (-)
q” – Heat flux at the borehole wall (W/m2)
r(i)- Radius at node i measured from center of borehole (m)
rdi – Dip tube inner radius (m)
rdo – Dip tube outer radius (m)
rb –Borehole radius (m)
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Vr – Linear ground water velocity (m/s)
T’ – Temeprature at previous time step (°C)
Twd – Temperature of water in the dip tube (°C)
Twa – Temperature of water in the annulus (°C)
Tds – Dip tube outer surface temperature (°C)
𝑚̇ - Total mass flow rate (kg/s)
𝑚̇(𝑗)- Mass flow rate entering node j from previous
node in the annulus
𝑚̇𝑏 (𝑗) - Mass flow rate of water entering node j in
the annulus due to bleed (kg/s)
Greek symbols
α – Volumetric heat capacity of the ground (J/m3K)
β – Volumetric heat capacity of water (J/m3-K)
ρs – Density of rock (kg/m3)
ρw – Density of water (kg/m3)
Δ – Grid spacing in radial direction (m)
Δz – Grid spacing in the vertical direction (m)

