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Abstract: The concept of recovering geothermal energy from water in abandoned 
underground mines has been gaining momentum worldwide in recent years. This is 
possibly because mine water and surrounding geologic formations can be used for a 
higher-grade geothermal reservoir than other low-enthalpy geothermal applications. 
However, the scientific understanding of this application is still in a preliminary stage, 
leading to a limited number of detailed numerical simulations involving both 
hydrodynamics and physical process in porous materials. This paper pioneers large-scale 
hydrodynamics modeling of mine water coupled with heat transfer between mine water 
and surrounding geologic formations for geothermal applications. For this purpose, a 
numerical model was implemented and validated against documented experiments. Based 
on that, a representative case was simulated to shed light on the question regarding how the 
buoyancy-driven flow is triggered and maintained by the temperature difference that 
results from the geothermal gradient. 
 
INTRODUCTION 
 
Geothermal energy is one of the alternative energy sources, which provides green and 
relatively renewable energy for human demands to make the world towards global energy 
sustainability (Rybach 2003; Lund et al. 2005). One of the attractive applications using 
geothermal energy is electric power generation considering its advantages such as 
environment-friendliness and cost-competitiveness over conventional sources of energy 
(Milora and Tester 1977). Exploring geothermal for the electric power generation needs 
specific qualifications such as a very high enthalpy fluid or vapor; as a result, only a few 
countries (24 more or less) can generate electricity by employing geothermal resources 
(Bertani 2012). Another direct use of geothermal is to heat or cool buildings using 
geothermal heat pumps (Self et al. 2013). Such apparatus can transfer heat from a low 
enthalpy source to a high enthalpy fluid via the fluid circulation in heat pumps to boost 
efficiency for heating /cooling buildings. This type of geothermal application has to drill to 
access a location of heat stored in the geothermal fields, which is only capable of 
implementing the extraction of energy from specific areas of the Earth due to economic and 
technical concerns.  

Underground mining is activated in almost every country and a great number of 
underground mines in numerous counties were closed and abandoned in the past years, 
many of which were flooded with water after closure (Ramos et al. 2015). Due to this 
reason, an interesting and valuable question has been proposed that “Can we take the heat 
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from those abandoned and flooded mines for human demands?” Mine water heated by the 
Earth’s geothermal energy can run through a heat exchanger for humanity’s energy needs, 
which could be an economical, reliable, and environmental option for exploring 
geothermal energy. Practical attempts have been made to answer this question. A realistic 
case of using mine water as a large reservoir of heat in Canada was evaluated, and the 
results of this study confirmed that extraction of energy from mine water in underground 
mines beneath the community was not only feasible to heat or cool commercial buildings, 
but also environmental for atmosphere due to a reduction in carbon dioxide emissions 
(Jessop 1995; Allen et al. 2000). Observations from more investigations also proved that 
water in closed mines contains a great reserve of geothermal energy (10-50 C° ) such as in 
Poland (Malolepszy 2003), Netherlands (Bazargan et al. 2008), Germany (Wieber and Pohl 
2008), and Spain (Loredo et al. 2011). Additional efforts have been made on the estimate of  
thermal output and mine water temperature recovery (Wieber and Pohl 2008), a typical 
investment and corresponding economic paybacks (Raymond et al. 2008), effective and 
suitable geothermal energy recovery systems (Hall et al. 2011), effective velocities of mine 
water (Hasche-Berger 2013), possible environmental impacts (Preene and Younger 2014), 
and a methodology for implementing mine water-based geothermal heat recovery (Ramos 
et al. 2015).  

The scientific understanding of this topic far lags behind its implementation. Though 
not extensively, numerical simulations have been adopted to understand the underlying 
mechanisms. Hamm and Sabet (2010) modeled the hydraulic behavior of the mine 
reservoir and mine water temperature in a production shaft and revealed the impact of 
natural convection, the production flow rate, and the permeability of the surrounding rocks 
on the geothermal potential for exploitations. More efforts are made with the emphasis on 
critical issues, including the state-of-art challenges of numerical modeling of mine water 
for geothermal applications (Renz et al. 2009), the locality for extracting the mine water at 
a required temperature without causing a decrease in the potential of the discharge (Streb 
and Wieber 2011), and the lifespan of the required temperature supply from mine water 
(Arias et al. 2014). However, it is still a great challenge to model a flooded underground 
mine for geothermal energy recovery because of the multiphysical phenomena involved in 
the process, more specifically, a thermo-hydro-diffuso-chemico-mechanical problem (Liu 
et al. 2015). This study pioneers a fully coupled 3D model based upon the Finite Volume 
Element (FVM) to numerically solve the coupled multiphysical processes in the mine 
water-surrounding geologic formations system, with an aim at understanding natural 
convection in mine water. The FVM model was validated against documented experiments. 
Thermo-hydrodynamic modeling of a typical inclined and flooded underground mine shaft 
in the Upper Peninsula (U.P.) in Michigan was developed to shed light on the primary 
physical mechanisms underneath the geothermal application using mine water. 
 
3D MODEL DEVELOPMENT 
 
The governing equations of the system involving a multiphysical process are presented in 
this section. The thermo-hydrodynamic system includes transient natural convective 
motion of water and heat transfer in the system to describe this multiphysical process. For 
the natural convective motion of a fluid, the mass of a moving fluid element is conserved 
by applying the constitutive equation to this element: 
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 ( ) 0
t

ρ ρ∂ + ∇⋅ =
∂

U    (1) 

where ρ  is the fluid density and U  is the velocity. The momentum equation 
corresponding to the Navier-Stokes equations ensures the conservation of momentum for a 
fluid element and is described as: 

 eff eff d eff

( ) 2
( ) [ ( ) ( ) ]

3
T

eI p h
t

ρ ρ μ μ ρ∂ + ∇⋅ −∇⋅ ∇ + ∇ − ∇⋅ = −∇ −
∂

U
UU U U U g   (2) 

where effμ  is the effective viscosity and described by eff laminar turbulentμ μ μ= + ; laminarμ  and 

turbulentμ  are the laminar dynamic viscosity and turbulent viscosity, respectively; I  is the 

identity matrix; eh  is the elevation. dp  is the dynamic pressure, which is corrected by the 

following equation:  

 d ep p hρ= − g   (3) 

where p  is the total pressure; the absolute value of ehρg  is the static pressure. effρ  in 

Eq. 2 is the effective density, which can be represented using the classical Boussinesq 
approximation in which the relationship between the fluid density and the corresponding 
temperature is assumed to be linear associated with the coefficient of thermal expansion 
β :  

 eff ref ref[1 ( )]T Tρ ρ β= − −   (4) 

where refρ  is the reference density, and refT  is the reference temperature. The energy 

within the moving fluid element is also conserved and can be written as in terms of 
enthalpy: 

 eff

( )
( ) ( )

h p
h h p

t t

ρ ρ α∂ ∂+ ∇⋅ − ∇⋅ ∇ = + ⋅∇
∂ ∂

U U   (5) 

where effα  is the thermal diffusivity which is given by eff laminar turbulentα α α= + . h  is the 

specific total enthalpy, which is equal to 
2

0

1

2
h h= + U , where 0h  is the specific enthalpy.  

As heat transfer in the surrounding solid regions is coupled, thermal conduction in the 
solid regions is governed by the equation: 

 s p ( )
T

c k T
t

ρ ∂ = ∇ ⋅ ∇
∂

  (6) 

where sρ  is the solid density, pc  is the specific heat of the sloid, k  is the thermal 

conductivity of the sloid, and T  is the temperature. It is noted that the surrounding solid 
regions were assumed as solid rocks (non-porous materials) for simplicity and the effect 
of temperature on the thermal properties of water was neglected in this study.  
 

The governing equations presented above are solved using an open source FVM 
platform, OpenFoam. Since there is one more variable which is coupled with other 
variables as shown in Eqs 1 to 6, the efficient way to address such a problem is to solve the 
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move up and then to move down along the 277.13 K isotherm due to buoyancy as shown in 
Fig. 3c. The other circulation followed a similar flow pattern obtained at t=5 min. The flow 
patterns at t=15 min show very good agreement with the observed flow patterns in Fig. 3e. 
This phenomenon is also confirmed by the results obtained at t=30 min in Fig. 3b and Fig. 
3d. Due to the heat convection, two separate flow circulations are more obvious. The 
observed flow patterns in Fig. 3f reaffirm this phenomenon with very a good comparison.  
 

 

 
FIG.4. Numerical computed temperatures compared with measured temperatures: 
(a) t=5 min; (b) t=15 min; and (c) t=30 min (measured data are reproduced from 
Braga and Viskanta (1992)). 
 

Good comparisons between the computed and measured temperatures further proved 
the good accuracy of the model. As presented in Fig 4, it can be clearly seen that the 
distributions of computed temperatures match very well with that of measured 
temperatures at all different positions for all different times. A slightly difference in the 
comparison between the computed temperatures and measured temperatures at the bottom 
was primarily caused by heat conduction along the thermocouple probes (Braga and 
Viskanta 1992). This heat conduction is particularly significant at locations close to the 
lower left corner where the density inversion appears. Therefore, the measured 
temperatures are slightly smaller than the computed values.  
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significantly at the beginning and then tends to be uniform. Opposite results were obtained 
in which the temperature at the top increases significantly at the beginning and then tends 
to be uniform. The temperature at the middle almost maintains unchanged. These results 
provide evidence to explain the simulated flow pattern in Fig. 7. The temperature 
distribution along the water body in Fig. 8b also elucidates what showed in the flow pattern 
in Fig. 7. The difference between the temperatures on the top and bottom increases from 10 
K to 2 K as time elapses. The temperature of mine water is mixed and tends to be uniform 
gradually due to the natural convective motion of mine water. This well mixing condition is 
consistent with most field observations in flooded mines (Wolkersdorfer 2008). 
 

 
FIG.8. Numerical computed temperatures: (a) temperature variation at different 
positions, and (b) temperature distribution along the water body. 
 
CONCLUSIONS 
 
A fully coupled 3D thermo-hydrodynamic model was developed using the Boussinesq 
approximation to numerically solve the coupled mutilphysical processes in the mine 
water-geologic formation system. The fully coupled 3D model was validated against a 
documented experiment. Good agreement obtained from the comparison revealed a good 
accuracy of the developed model. Based on that, a realistic case involving 
thermo-hydrodynamics of an inclined and flooded underground mine in the Upper 
Peninsula (U.P.) in Michigan was investigated to shed light on the interesting phenomena 
in mine water induced by natural convective motion of mine water. The simulation results 
exhibited how the buoyancy-driven flow is triggered and maintained by the temperature 
difference in mine water. The results in this study are not only significant to understanding 
the underlying multiphysics mechanisms associated with recovering geothermal energy 
from mine water, but also practically valuable to further geothermal applications by 
efficiently exploring geothermal energy from mine water with more complicated 
underground mine structures. 
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