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H I G H L I G H T S

• Address a key scientific question for geothermal application with mine water.

• Reproduce the layering phenomenon in mine water for the first time.

• Obtain a numerical framework for design and analysis of the energy innovation.

• Identify layer-merging events and factors such as critical buoyancy ratios.
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A B S T R A C T

This study addresses a key scientific issue that remains unresolved in the past three decades for recovering
geothermal energy from flooded mines. This issue is that no scientific explanation is available for the layering
phenomenon of both temperature and salinity in large bodies of subterranean water (e.g., mine water), i.e.,
thermohaline stratification, which is commonly observed in mine water. Such a layering phenomenon, however,
is very significant to the geothermal application by determining the temperature distribution and consequently
the energy reserve and efficiency. For this purpose, multiphysics simulation with unique non-isothermal and
non-isosolutal hydrodynamics is adopted to predict the formation and evolution of thermohaline stratifications
in large bodies of mine water. The multiphysics simulation, for the first time, succeeded in reproducing the
formation and evolution of thermohaline stratifications with a theory assuming lateral double-diffusive intru-
sions to mine water. The simulation results revealed that the evolution of thermohaline stratifications involves
the layer-merging event, in which several small layers gradually merge to form layers with a larger thickness.
The results also indicated that the buoyancy ratio is a key parameter for producing clear thermohaline strati-
fications in large bodies of mine water and its critical value was suggested to be 1.0. To successfully reproduce
thermohaline stratifications, the required condition was concluded to be the lateral heat flux with a difference
between the lateral heat fluxes, while the lateral salinity flux was not required. It is the first time, to the best of
our knowledge, that the layering phenomenon in large-scale subterranean water bodies has been successfully
reproduced and explained scientifically. This study will provide a solid scientific basis for the efficient and
sustainable use of large bodies of subterranean water in flooded mines for geothermal energy recovery.

1. Introduction

As an alternative energy source, geothermal energy provides green
[1], sustainable [2], eco-friendly and renewable energy [3] for
humanity’s energy demands. Geothermal energy can be used for electric
power generation due to its advantages, such as environment-friendli-
ness and cost-competitiveness over conventional sources of energy [4].
Exploring geothermal energy for electric power generation needs

specific qualifications, e.g., a very high enthalpy fluid or vapor; as a
result, only specific locations in about 24 countries could generate
electricity with geothermal resources [5]. Another direct use of geo-
thermal energy is to heat or cool buildings using geothermal heat
pumps in the U.S. [6] and around the world [7]. Such pumps can
transfer heat from materials (e.g., water and soils) with the low en-
thalpy to a high enthalpy fluid via the circulation of a working fluid in
heat pumps [8], which thus can enable heating/cooling of buildings

https://doi.org/10.1016/j.apenergy.2019.01.049
Received 24 May 2018; Received in revised form 17 December 2018; Accepted 4 January 2019

⁎ Corresponding author.
E-mail addresses: tbao@mtu.edu (T. Bao), zhenl@mtu.edu (Z.L. Liu).

Applied Energy 237 (2019) 566–580

Available online 11 January 2019
0306-2619/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2019.01.049
https://doi.org/10.1016/j.apenergy.2019.01.049
mailto:tbao@mtu.edu
mailto:zhenl@mtu.edu
https://doi.org/10.1016/j.apenergy.2019.01.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2019.01.049&domain=pdf


with energy from the low enthalpy (temperature) source. Conventional
applications of geothermal heat pumps involve the heat exchange be-
tween working fluids in pipes and the surrounding ground (e.g., bore-
hole) in ground-coupled heat pump applications or the heat exchange
between working fluids in pipes and water in wells in ground-water
heat pump applications. To obtain a higher energy efficiency, such di-
rect use of geothermal energy requires drilling to access deep locations
that have a greater temperature difference with the working fluids. This
may raise economic and technical concerns in some areas because of
the significant investments in geothermal borehole/well constructions
and uncertainties in borehole/well drilling.

Underground mining exists in almost every country. A great number
of underground mines in numerous counties were closed and aban-
doned in the past decades, and many of them were flooded with water,
either naturally or artificially, after their closure [9]. Flooded mines are
usually hundreds or even thousands of meters deep in the ground. The
water in the mines, i.e., mine water, can reach the lower portions of
shafts and drifts with high temperatures and can be continuously he-
ated by the Earth’s geothermal energy, leading to a stable high

temperature contrast with the air without additional drilling work. Due
to this benefit, increasing research attention has been paid to the re-
covery of geothermal energy from flooded mines for geothermal ap-
plications since the pioneering work in Canada in 1989 [10]. Mine
water with high temperatures can run through a heat exchanger for
heating or/and cooling buildings. This novel concept offers more ben-
efits than the conventional ground-coupled heat pump applications and
ground-water heat pump applications. First, mine water offers much
better heat transfer and a much higher energy reserve by greater orders
because tens or hundreds of million cubic meters of mine water pro-
vides an enormous bulk and mobile medium for energy storage and
transfer than that of soils and water in wells used in the conventional
ones. Also, mine water is currently treated as a useless material and
isolated from daily life, the use of mine water for geothermal applica-
tions is thus safe, green, relatively renewable, adaptable, and eco-
friendly. Finally, as mentioned above, abandoned mines with mine
water are existing facilities, therefore, no extra cost is needed for their
construction, which saves a significant amount of expenditure com-
pared to the conventional ones.

Nomenclature

hrf rock-flow heat transfer coefficient [W/m2/K]
hf

T flow-flow heat transfer coefficient [W/m2/K]
hf

S salt transfer coefficient [m/s/%]
g gravitational acceleration vector [m/s2]
G heat or salt gradient [K/m or %/m]
Fr rock heat flux [W/m2]
Ff

T flow heat flux [W/m2]
Ff

S flow salt flux [m/s]
FΔ f

T flow heat flux difference [W/m2]
FΔ f

S flow salt flux difference [m/s]
t time [s]
p total pressure [Pa]
pd hydrodynamic pressure [Pa]
T0 reference temperature [K]
T temperature [K]
Tt top temperature [K]
Tb bottom temperature [K]
Td temperature difference [K]
U velocity [m/s]
S0 reference salinity [%, w/w]
S salinity [%, w/w]
St top salinity [%, w/w]

Sb bottom salinity [%, w/w]
R represents Tt or Sb [K or %]
z elevation [m]

Dimensionless numbers

N buoyancy ratio
Nc critical buoyancy ratio
Le Lewis number
Pr Prandtl number
Ra Rayleigh number
Sc Schmidt number

Greek symbols

ρ density [kg/m3]
ρ0 reference density [kg/m3]
νeff effective kinematic viscosity [m2/s]
βT thermal expansion coefficient [K−1]
βS solutal expansion coefficient [%−1]
αT thermal eddy diffusivity [m2/s]
αeff

T effective thermal diffusivity [m2/s]
αeff

S effective solutal diffusivity [m2/s]

Fig. 1. Typical thermohaline stratifications from field measurements (modified after [29]).
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Practical attempts have been made for exploring mine water as a
renewable geothermal resource. A realistic utilization of a flooded mine
as a large reservoir of heat was implemented in Canada [10]. This ap-
plication proved that the extraction of energy from flooded mines be-
neath the community for heating/cooling buildings is not only feasible
but also environment-friendly due to a stable high temperature contrast
with the air provided by mine water and a reduction in carbon dioxide
emissions [11]. Observations from later field measurements or eva-
luations of available geothermal data, such as in Poland [12], Nether-
lands [13], Germany [14], and Spain [15], also revealed that the water
in closed mines contains a great reserve of geothermal energy. Addi-
tional efforts also have been made to investigate several essential as-
pects of the application: the thermal energy reserve and the later energy
replenishment from the surroundings [14], typical investments and
corresponding economic paybacks [16], effective and suitable geo-
thermal energy recovery systems [17], effective velocities of mine
water [18], and potential environmental impacts [19]. Currently, the
performance of real applications has also been evaluated via measure-
ments of temperatures in mine water. In the U.K., two real installations
of tapping geothermal energy from a single shaft in Markham [20] and
Wakefield [21] revealed that the mine water temperature did not vary
during the long-term heat extraction period. These studies confirmed
the high sustainability and reliability of heating buildings with mine
water.

Despite the above progress in real installations, the scientific un-
derstanding of geothermal energy recovery from flooded mines is still
far behind its implementations. Numerical studies have been carried
out to understand the sustainability of the heat extraction from flooded
mines, e.g., a period of 50 years for extracting heat [22] and the sus-
tainable energy extraction rate [23], and the heat transport mechan-
isms underlying temperature variations in mine water for the applica-
tion using a hydraulic model [24], a hydrogeological and thermal
model [25], and a thermo-hydrodynamic model [26]. However, the
dominant heat and mass transport mechanisms in large bodies of sub-
terranean water, i.e., mine water spontaneously stratifies into layers
with different temperatures and salinities [27], have not been explained
in those published studies. As shown in Fig. 1, the layering phenom-
enon produced by such dominant mechanisms demonstrates that each
layer has an approximately uniform temperature and salinity. Sig-
nificant changes in the temperature and salinity occur at the interface
between two adjacent layers. This observation indicates that mine
water is possibly mobile and well-mixed in each individual layer. This
layering phenomenon is termed the thermohaline stratification that
may share similar evolution mechanisms for thermohaline staircases in
oceans [28]. The thermohaline stratification could play a crucial role in
the geothermal energy recovery. For extracting heat with mine water,
an open-loop heat pump is widely used in practice, e.g., two installa-
tions in Markham [20] and Wakefield [21]. Since the thermohaline
stratification governs the temperature distribution and variation in
mine water, it determines the spatial distributions and temporal var-
iations of the temperature in the water. The available water tempera-
ture directly determines the efficiency of the heat pumps and conse-
quently that of the whole geothermal systems. The long-term variation
of the water temperature determines whether the geothermal applica-
tion is sustainable in a long run. More importantly, the decision-making
on the pumping locations and pumping rates for the design and op-
eration of the geothermal energy system will, in return, affect the en-
ergy and mass transport dominated by the thermohaline stratification.
One possible scenario is that geothermal energy recovery using mine
water can even possibly break the thermohaline stratification in some
cases, which may bring forth either beneficial or adverse impacts on the
energy application. However, all of these are just guesses due to the
lack of a sound understanding of the natural mine water system. The
major reason is that there has been no explanation for the layered water
structure, which is the major heat and mass transport in mine water,
let alone studies for the interaction of the geothermal system with the

natural mine water system. Therefore, it is urgent and essential to ob-
tain an understanding of the major heat and mass transport mechanisms
in mine water. Based on that, we can design geosystems and predict
their behavior.

Though not extensively, a very few numerical studies have been
carried out to understand the heat and mass transport mechanisms in
water mine for understanding thermohaline stratifications. Hamm and
Sabet [30] modeled the hydraulic behavior of the mine reservoir and
mine water temperature in a production shaft to reveal the influences of
the natural thermal convection on the geothermal energy recovery.
However, this model [30] simulated the natural thermal convection
without considering salinity transport. Both heat and salinity transport
processes need to be considered as mine water movement is driven by
the buoyancy force that is determined by heat and salinity simulta-
neously. This coupled process for mine water movement is called the
Double-Diffusive Convection (DDC). Heat and salinity transfer si-
multaneously in mine water with different diffusivities and more sig-
nificantly affect the vertical density gradient of mine water in the op-
posite way [31]. Warm water is less dense than cold water, while salty
water is more dense than fresh water. Reichart et al. [32] numerically
investigated the DDC process in mine water with a focus on testing
thermal and solutal convections using a 2-Dimensional (2D) model.
However, the computational scale of mine water was too small (around
1m) to reflect the real dimensions (around 1 km or greater) in natural
water bodies and the thermohaline stratification was not successfully
obtained. Therefore, the formation of thermohaline stratifications in
large bodies of subterranean water is an unclear scientific issue that
remains unresolved in the past three decades due to the complexity of
the physical transport mechanisms.

In this study, we address this unresolved but key scientific issue
using a fully coupled DDC numerical model. The main objective is to
predict the formation and evolution of thermohaline stratifications in
large bodies of subterranean water (around 1.2 km), which is of great
significance for the utilization of mine water for geothermal applica-
tions. This study is organized as follows. A theoretical framework for
the coupled model is described first and then validated against docu-
mented results. Then, two hypotheses for the formation of thermohaline
stratifications in oceans are introduced and discussed. Afterward,
multiphysics simulation with unique non-isothermal and non-isosolutal
hydrodynamics is conducted using the validated model. Based on the
simulation, the primary physical mechanisms are investigated and in-
depth discussions are made to shed light on the formation and evolution
of thermohaline stratifications in the large-scale mine water from a
scientific perspective.

2. Theory and method

2.1. Mathematical formulation

This section outlines a theoretical framework for modeling the DDC
process in mine water. Due to the temperature and salinity gradients,
mine water moves naturally with double diffusion in the underground
mining spaces. In this situation, mine water is assumed to be Newtonian
and incompressible except for the gravity. The continuity equation for
the mass conservation is formulated as

∇ =U· 0 (1)

where U is the velocity of mine water. The conservation of momentum
for the fluid element is formulated using the following equation

∂
∂

+ ∇ = −
∇

+ ∇ ∇ +
t

p
ρ

ν
ρ
ρ

U U U U g· ·( )d
eff

0 0 (2)

where νeff is the effective kinematic viscosity of mine water, ρ is the
density of mine water, ρ0 is the reference density of mine water, g is the
gravitational acceleration vector, and pd is the hydrodynamic pressure
and given by
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= −p p ρgzd (3)

where p is the total pressure, z is the elevation, and ρgz is the hydro-
static pressure. To consider the buoyancy force induced by temperature
and salinity differences, the Oberbeck-Boussinesq approximation [32]
is used, in which the density ρ varies linearly with the temperature T
and solute concentration S of mine water:

= − − + −ρ ρ β T T β S S[1 ( ) ( )]T S0 0 0 (4)

where βT is the coefficient of thermal expansion, βS is the coefficient of
solutal expansion, and T0 and S0 are the reference temperature and
salinity, respectively.

The energy conservation of the moving fluid element is formulated
as

∂
∂

+ ∇ = ∇ ∇T
t

T α TU· ·( )eff
T

(5)

where αeff
T is the effective thermal diffusivity of mine water. The

transport of solutes within the moving fluid element is governed by

∂
∂

+ ∇ = ∇ ∇S
t

S α SU· ·( )eff
S

(6)

where αeff
S is the effective solutal diffusivity of mine water.

In the dynamic DDC system, both temperature and salinity de-
termine the water movement via controlling the buoyancy force. To
evaluate the relative influence of salinity and temperature on the
buoyancy force, the buoyancy ratio is defined in the system using the
following equation

=N
β S
β T

Δ
Δ

S

T (7)

where SΔ and TΔ are the salinity and temperature differences along the
vertical axis of a shaft.

The governing equations presented above were discretized and
solved using an open-source finite volume method platform,
OpenFOAM, which utilizes different schemes for discretization. The
time was discretized using the Euler scheme. The Gaussian linear in-
tegration was used for discretizing all the gradient and divergence
terms. The discretization for the Laplacian terms was the Gaussian
linear scheme with limited corrections. Details regarding the dis-
cretization of the governing equations can be found in Ferziger and
Peric [33]. The PISO algorithm was used in this study to solve the

Model in this study

Model by Lee and Hyun [36]

-300 -150 0 150 300

Y

0

0.5
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1.5

2
(a) (b) (c)

Fig. 2. Comparisons between the results from the model in the current study and the numerical results from Lee and Hyun [36]: (a) dimensionless temperature
contour, (b) dimensionless salinity contour, and (c) dimensionless horizontal velocity vs dimensionless vertical axis.
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iteration of the coupled system [34], which applies one predictor step
and two corrector steps to obtain a desired accuracy of the pressure and
velocity.

2.2. Numerical model validation

In this section, the theoretical framework developed in Section 2.1 is
validated against documented numerical results. DDC was experimen-
tally investigated [35] in a rectangular enclosure under a vertical salt
gradient and a horizontal temperature gradient to reveal the tempera-
ture and salinity distributions within the enclosure when the steady
state of DDC was reached. A numerical study [36] was conducted later
to verify the observations from the experiment [35] by indirectly
comparing the DDC flow pattern. The numerical study provided tran-
sient DDC results and was conducted in a rectangular enclosure with an
aspect ratio of (vertical 0.04m; horizontal 0.02m) 2:1 under a vertical
salt gradient and a horizontal temperature gradient. Different buoyancy
ratios were investigated and transient simulation calculations were
continued until the quasi-steady state was reached to approximate the
steady DDC results of the experiment [35].

The simulation in this section is designated for model validation via
comparisons against the numerical results [36]. The same dimensions
as [36] were used. The adopted parameters for the simulation are as
follows: the buoyancy ratio =N 3; the Rayleigh number =Ra 107; the
Prandtl number =Pr 7; and the Lewis number =Le 100, i.e., the
Schmidt number =Sc 700. For the initial condition, the initial tem-
perature within the enclosure was uniform with Tt , while the initial
salinity was linearly distributed from St (top wall) to Sb (bottom wall).
For the boundary condition, the left wall and the right wall were set up
with no solutal flux but with fixed temperatures of Tb and Tt , respec-
tively; the top wall and the bottom wall were set up with the no thermal
flux but with fixed salinities of St and Sb, respectively. The above initial
and boundary values for the temperatures and salinities were calculated
based on N and Ra strictly following Lee and Hyun [36]. 0.1 s was
selected as the time step. The grid used for the simulation consisted of
50 and 100 identical cells in the horizontal and vertical directions,
respectively. The grid resolution was 4× 10−4 m.

Shown in Fig. 2 are the comparisons between the results computed
by the model in this study and the published numerical results [36].
The dimensionless temperature contour, salinity contour, and the hor-
izontal velocity distribution are in good agreement with the published
numerical results [36]. Due to a small buoyancy ratio, i.e., =N 3, the
thermal convection dominants the water movement in the whole en-
closure. Therefore, the salinity in the interior enclosure is well mixed to
be uniform by the thermal convection. The salinities on the top and
bottom boundaries are fixed and different from the salinity in the in-
terior enclosure. Due to this salinity difference, the iso-solutal lines are
located in very small regions adjacent to the top and bottom walls. The
good agreement in Fig. 2 indicates the good capacity and accuracy of
the newly developed model in Section 2.1 for simulating the DDC
process.

2.3. Hypotheses of thermohaline stratification

The layering phenomenon is commonly observed in oceans where
temperature and salinity vary vertically in a step-like shape [37], which
is thus called thermohaline staircases in oceans. This phenomenon is
associated with dynamic DDC due to the existence of temperature and
salinity simultaneously. Two types of DDC can occur if large-scale
gradients of temperature and salinity exist in the vertical direction: (1)
the salt-finger (warm and salty water overlies cold and fresh water) and
(2) the diffusive convection (cold and fresh water overlies warm and
salty water). As the salt-finger is more common and vigorous in the
ocean [38], this type, therefore, has been investigated more extensively
than the diffusive convection for understanding the formation of ther-
mohaline staircases in oceanic regions.

To date, two hypotheses, which have been proven by numerical
studies to some extent, are available to explain the formation of ther-
mohaline staircases. Merryfield [37] proposed that thermohaline
staircases arise from double-diffusive intrusions caused by lateral
temperature and salinity gradients. Radko [39] recently proposed the
second hypothesis that thermohaline staircases are caused by the
gamma instability driven by variations in the ratio of the turbulent heat
and salt fluxes. For thermohaline staircases modeling in oceans, the
second hypothesis (i.e., the gamma) has succeeded in simulating ther-
mohaline staircases in the large-scale oceanic water circulation with a
water surface area of 1000 km2 and a water depth of 1 km [28].

As for mine water, its dynamic DDC belongs to the diffusive con-
vection due to the geothermal (temperature) and geochemical (salinity)
gradients. Though less discussed in oceanography, the major cause of
thermohaline staircases in the diffusive convection (i.e., second DDC
type) is believed to be similar to that in the salt-finger (i.e., first DDC
type) [28]. For thermohaline staircases of the salt-finger obtained with
the second hypothesis [39], the key step is that the gamma is ensured to
be a variable rather than a constant to successfully produce thermo-
haline staircases [28]. This gamma is primarily governed by tempera-
ture and salinity differences between the ocean surface and ocean
bottom. As bottom temperature and salinity keep unchanged, the sur-
face temperature and salinity are required to vary in order to obtain a
variable gamma. A variable gamma is common in oceans because of the
wide ocean surface influenced by solar irradiance. However, due to the
narrow water surface area constrained by shaft configurations and the
negligible influence of solar irradiance, the value of the gamma in mine
water is very likely to be a constant. This implies that the second hy-
pothesis could not be used to explain the formation of thermohaline
stratifications in mine water. Therefore, we adopt the first hypothesis to
predict the formation of thermohaline stratifications in the large bodies
of mine water in the following. That is, the major cause for the layering
phenomenon in mine water is hypothesized to be the double-diffusive
intrusion induced by lateral temperature and salinity fluxes.

2.4. Model configuration for layering simulation

The Hancock mine located in the Upper Peninsula (U.P.) of
Michigan was flooded with water after its closure due to the high level
of the groundwater table. According to field observations in the U.P.
from Hancock Shaft 2 [29], there are at least two layers in mine water
and each layer has an approximately uniform temperature and salinity
(indirectly measured by electrical conductivity) (see Fig. 1). Therefore,
Hancock Shaft 2 was chosen for the simulation in the following sub-
section.

Fig. 3 shows the 2D model configuration and its grid developed
based on the realistic underground mine layout of the Hancock mine
according to Butler and Burbank [40]. The model was configured to
have grids with a resolution of 0.4m for the mine water body in the
shaft and drifts, and with a very high resolution of 0.01m for regions on
boundaries. One reason for this configuration is that our trial calcula-
tions showed that the DDC flow structure depends on the resolution of
grids, therefore, thermohaline stratifications could not be observed
with a low resolution of grids (e.g., 1 m in the horizontal direction).
Another reason is that such a high resolution of grids on boundaries is
helpful for ensuring the numerical stability when we consider the
double-diffusive intrusion due to lateral heat and salt fluxes.

The initial temperature and salinity within large bodies of mine
water were assumed to be linearly distributed with the depth along the
shaft axis. The temperature varies from 282.15 K to 288.35 K according
to field measurements [29]. It is worthwhile to mention that the mine
water temperatures in this mine are relatively low for heating buildings,
though the economic benefits with such temperatures have been con-
firmed in a local demonstration project running since 2009 [41]. Higher
water temperatures or a more balanced heating need, e.g., in a region
with higher air temperatures, may enhance the economic benefits of the
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geothermal application with mine water significantly. For salinity in the
Hancock mine, the top salinity St was assumed to be 0.01%, while the
bottom salinity Sb was calculated with Eq. (7) based on the known
buoyancy ratio N , St , and the temperature difference TΔ (i.e., 6.2 K). Sb
at the bottom is 0.61% and 1.91% when N is equal to 1.26 and 4.0,
respectively. Such two N values were estimated according to the local
hydrologists and will be used in this study in Section 3.1.

The boundary conditions were implemented with the double-diffu-
sive intrusion due to lateral temperature and salinity fluxes. The mass of
mine water was assumed to be constant because the Hancock mine was
flooded with groundwater soon after its closure and the current water
level in the shaft reaches to its adit, leading to a stable water level.
Therefore, only the lateral influx to mine water was considered. Fig. 4
shows the schematic of the boundary conditions for the simulation. In
Fig. 4a, there is neither heat nor salt flux on the top surface or at the
bottom. In the lateral directions, heat flux exists on both sides and will
influence the temperature distribution of mine water. Heat flux values
from rocks on the lateral boundaries (i.e., Fr in Fig. 4a) are identical due
to the same geothermal gradient. In addition to the influx from rocks,
the temperature of mine water can also be influenced by the heat flux
(i.e., Ff

T) from the water flows through cracks and fissures in rocks. It is
thus beneficial to consider the thermal coupling between mine water
and these water flows through rocks. However, the consideration of

dr
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0.4 m

shaft width=5.8 m
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Fig. 3. 2D model configuration and grid.
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(a) (b)

Fig. 4. Schematic of the boundary conditions of mine water body in the shaft with double-diffusive intrusions by lateral temperature and salinity fluxes: (a) the whole
process of intrusions and (b) linear distribution of fluxes with depths.

Table 1
Parameters used in the DDC simulation.

Material Parameter Value

Mine water Reference density (kg/m3) 1088.6
Reference temperature (K) 333.15
Reference salinity (%) 15
Specific heat (J/(kg K)) 4181
Effective viscosity (m2/s) 3.95× 10−3

Thermal expansion coefficient (K−1) 5.24× 10−4

Solutal expansion coefficient (%−1) 6.82× 10−3

Effective thermal diffusivity (m2/s) 4.94× 10−4

Effective solutal diffusivity (m2/s) 1×10−6

Note: Thermal and solutal properties of mine water are determined from [44].
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Fig. 5. Vertical distributions of temperature and salinity along the center axis of
Shaft 2 when N=4 at t=4.5 days.
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such a thermal coupling is very difficult. The first difficulty is that heat
convection exists at the interface between mine water and the water
flows through rocks. To solve this, heat convection between them was
not considered directly and we assumed that only heat conduction ex-
ists at their interface. Instead, heat convection will be indirectly con-
sidered using a high value of the heat transfer coefficient between mine
water and these water flows through rocks. The second difficulty is that
the locations, where the water flows enter the shaft through any cracks,
fissures, and faults in rocks, are unpredictable due to the complexity of
the underground mine configurations. To resolve this difficulty, as
shown in Fig. 4b, a linear distribution of the heat flux with the depth on
the lateral boundaries was assumed. This assumption can cover all
possible locations for the water flows to enter the shaft through cracks,
fissures, and faults in rocks.

The influx to the mine water is also directly related to the overall
groundwater movement through this shaft. The groundwater from the
Jacobsville sandstone aquifer will flow in the direction toward the
Keweenaw fault and toward the greatest depth [42], which is located
toward the top of the U.P. of Michigan. This can give the groundwater a
northeastern movement through the shaft, leading to the heat flux to

the mine water during this overall groundwater movement. To consider
this influx, we assumed that there is a difference between the lateral
heat fluxes (i.e., FΔ f

T).
As for the salt flux (i.e., Ff

S), the initial salinity of mine water can be
influenced by the water flows through rocks only. Similar to the heat
flux, we assumed that the distribution of the salt flux is linear with the
depth and there is a difference between the lateral salt fluxes (i.e., FΔ f

S).
Due to the same geothermal (temperature) and geochemical (salinity)
gradients for the water flows through rocks, FΔ f

T and FΔ f
S in Fig. 4(a)

can be obtained when the top (i.e., =z 0) temperature and salinity of
the water flows through rocks to the two lateral boundaries are dif-
ferent. Mathematically, the above assumptions linked to the double-
diffusive intrusion due to lateral fluxes in Fig. 4 are described using the
following formulations
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where hrf is the heat transfer coefficient between mine water and rocks,
hf

T is the heat transfer coefficient between mine water and the water
flows through rocks, hf

S is the salt transfer coefficient, R is the top (i.e.,
=z 0) temperature of rocks, the top temperature of the water flows

through rocks, or the top salinity of the water flows through rocks on
the two lateral boundaries, r z( ) is the linear function of either tem-
perature (i.e., r z( )T ) or salinity (i.e., r z( )S ) in terms of depth z, and G is
either the geothermal gradient or geochemical gradient. For Hancock
Shaft 2, the parameters considering the above boundary conditions
with Eq. (8) were set up as follows.

The top temperatures of rocks and the water flows through rocks of
one lateral boundary (e.g., left) have the same value of 282.15 K, while
the top temperature of the water flows through rocks of the other
boundary (e.g., right) is 282.65 K, leading to a 0.5 K temperature dif-
ference to consider FΔ f

T . The top salinity of the water flows through

rocks of one lateral boundary, which has the top temperature of
282.15 K, is 0.01% and the top salinity on the other boundary is 0.06%,
resulting in a 0.05% salinity difference to consider Ff

S. Rocks and the
water flows through rocks have the same geothermal gradient of

× −5.35 10 K/m3 as that of mine water. The water flows through rocks
have the same geochemical gradient of × −5.18 10 \% /m4 as that of
mine water when N=1.26. hrf was assumed to be 1 W/(m K)2 due to
the low velocity of mine water caused by the natural thermal convec-
tion according to [43]; while =h 50 W/(m K)f

T 2 and = −h 10 m/(s \%)f
S 4

were assumed, for which heat convection between mine water and the
water flows through rocks was not considered directly as illustrated
above and this high value of hf

T thus was used to indirectly consider
such convection. It is noted that there has a vertical heat flux from deep
bottom rocks to influence the temperature of mine water at the bottom
surface. However, the bottom surface area in contact with the bottom
rocks is much smaller than that of the surrounding rocks. Also, the
value of hrf is small. Therefore, this vertical heat flux was assumed to be
negligible.

It is also significant to properly determine the effective kinematic
viscosity and effective diffusivities. For large bodies of mine water in
this study, we did not consider a turbulence model directly. Instead, the
effective kinematic viscosity and effective diffusivities were assumed to
be constant following a similar treatment in the numerical modeling of
large-scale water circulations in oceans, e.g., Radko et al. [28]. For both
effective thermal and solutal diffusivities, the effective diffusivity is the
sum of the eddy diffusivity and the laminar diffusivity. For the thermal
eddy diffusivity αT , Eq. (9) can be used to estimate its magnitude [45]

′ ′ = − ∇T α TU T (9)

where ′ ′TU is the eddy flux. According to Wolkersdorfer [27], the
maximum velocity of mine water measured from tracer tests is in a
magnitude of −10 m/s2 . αT thus can be estimated under this velocity
magnitude. Similarly, the solutal eddy diffusivity can be estimated by
replacing T in Eq. (9) with S. The effective kinematic viscosity is also
the sum of the eddy kinematic viscosity and the laminar kinematic
viscosity. The eddy kinematic viscosity can be calculated based on the
eddy thermal diffusivity and the turbulent Prandtl number. All the
material properties of mine water used in this study are tabulated in
Table 1. Field measurements for chemical concentrations [29] showed

Fig. 8. Flow patterns of mine water in the region between = −z 365 m and
= −z 579.5 m: (a) t=25 h and (b) t=2.5 days.
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that sodium chloride is the primary chemical component in mine water.
We, therefore, assumed the salinity in mine water represented by so-
dium chloride only for simplicity.

3. Results and discussion

3.1. Thermohaline stratification formation and evolution

In this section, multiphysics simulation with non-isothermal and
non-isosolutal hydrodynamics is conducted using the validated model
detailed in Section 2.2. This multiphysics simulation uses the material
properties and the initial and boundary conditions introduced in
Section 2.4 to predict the formation and evolution of thermohaline
stratifications in mine water in Hancock Shaft 2.

Shown in Fig. 5 is the vertical distributions of temperature and
salinity along the center axis of Shaft 2 when N=4 at t=4.5 days. It is
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Fig. 10. Formation and evolution of stratifications for salinity when N=1.26: (a) t=0, (b) t=25 h and (c) t=2.5 days.
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seen that thermohaline stratifications spontaneously occur and a
“staircase” shape is exhibited. Each staircase represents an individual
layer that has almost the same temperature and salinity. There are
significant temperature and salinity gradients between two adjacent
layers. The number of layers and the depth to form layers are highly
identical for both temperature and salinity. This indicates that the
double-diffusive intrusion caused by the lateral temperature and sali-
nity fluxes can lead to thermohaline stratifications in large bodies of
mine water.

The predicted velocity of mine water in the simulation also coin-
cides with that of field measurements. Fig. 6 presents the variations of
mine water velocity with respect to time in the center axis at

= −z 470 m. The maximum velocity is around 1 cm/s, which is highly
consistent with the maximum magnitude of mine water velocity (i.e.,
0.01 m/s) from field tracer tests [27]. As can be seen in Fig. 6, mine
water velocity varies significantly before 15 h, while the variation of

mine water velocity tends to be less significant after 15 h. This is be-
cause, initially, both temperature and salinity in mine water vary
considerably due to the lateral double-diffusive intrusion, leading to the
significant water movement with high velocities. As time elapses, re-
latively stable layers form so that mine water orderly circulates in each
layer with relatively low velocities.

To clearly illustrate the formation of thermohaline stratifications,
Fig. 7 shows the evolution of stratifications for salinity in the elevation
region between = −z 360 m and = −z 579.6 m at different times. At

=t 7 h, layers with different thicknesses are observed (Fig. 7a). As time
elapses from 7 h to 25 h, the number of layers decreases. These ob-
servations in Fig. 7 indicate that layers merge gradually. Some of the
small layers merge to form layers with a larger thickness, leading to a
decrease in the number of layers. This phenomenon is similar to the
layer-merging event in oceans obtained in the simulation with the
gamma instability [28] introduced in Section 2.3.

The flow patterns in the same region can help illustrate variations of
heat and mass in mine water, which trigger the formation and evolution
of stratifications. As shown in Fig. 8, mine water is not stagnant and
moves due to temperature and salinity differences. Mine water circu-
lates to form separate layers (Fig. 8a). The water moves relatively fast
within individual layers in the clockwise direction; while the velocity is
very slow at the layer interfaces (Fig. 8b). As time elapses from t=25 h
to t=2.5 days, the layer-merging happens and layers 1 and 2 merge to
form one layer with a larger thickness. These observations of flow
patterns in Fig. 8 clearly explain the layer-merging event for the salinity
distributions and variations in Fig. 7.

Thermohaline stratifications can also be successfully reproduced
with a small value of the buoyancy ratio N. Fig. 9 shows the evolution
of stratifications for temperature along the center axis of Shaft 2 when
N=1.26. For calculating this N value, TΔ remains unchanged while SΔ
decreases to be 0.6%. As shown in Fig. 9a, the initial temperature is
linearly distributed. As time elapses, the smooth temperature distribu-
tion evolves to layers with significant temperature differences between
layers (Fig. 9b and c). The layer-merging events also happen to form
layers with a larger thickness by merging small layers. This interesting
phenomenon can also be observed in Fig. 10 for salinity. The dis-
tribution of salinity evolves from the smooth linear distribution to
layers with the stratified distribution, and then some of the layers
merge into larger ones. As time further elapses, the thermohaline
stratification presented in Fig. 11 has the same structure as the field

Fig. 13. Salinity contours in the elevation region between = −z 960 m and
= −z 1159.2 m: (a) t=4h and (b) t=16 h.
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observations in Fig. 1 with a few (2 or 3) layers.
Typical temperature and salinity contours are another way to di-

rectly show the heat and mass distribution within mine water. As shown
in Fig. 12a, the temperature of each layer is almost the same. A sig-
nificant temperature change exists between any two layers, which is
consistent with stratifications in Figs. 9 and 10. At t=16 h, layers 1 and
2 merge to form one layer that has the uniform temperature but a larger
thickness (Fig. 12b). Similar observations also can be obtained in
Fig. 13 for salinity contours. A clearly significant salinity gradient is
observed between layers (Fig. 13a). Then, one large layer forms via
merging layers1 and 2 when t=16 h, as shown in Fig. 13b. These
observations clearly show the formation and evolution of stratifications

and layer-merging events in large bodies of mine water.
Observations presented in Figs. 5–13 clearly reveal the key heat and

mass transport mechanisms for the formation and evolution of ther-
mohaline stratifications. Dynamic DDC with the lateral double-diffusive
intrusion (i.e., heat and salt fluxes) essentially triggers mine water
movement to form layers of temperature and salinity from the smooth
linear distributions. In each layer, the temperature and salinity will
approach a constant value, making all the water appear as several
layers with significant gradients. Then, some of the layers merge to
form layers gradually with a larger thickness. The mechanisms inferred
from the above observations well explain thermohaline stratifications
in large bodies of mine water in field observations (see Fig. 1).

T z  (K/m)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

D
ep

th
 (m

)

(b) Temperature gradient for N=0.9   

T (K)

282 284 286 288
-1200

-1000

-800

-600

-400

-200

0
(a) Temperature for N=0.9   

Layer A

Critical line

Layer B

Layer A

Layer B

Fig. 15. Distributions of temperature along the center axis of Shaft 2 for N=0.9 at t=5h: (a) temperature distribution and (b) absolute vertical temperature
gradient.

Tz  (K/m)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

D
ep

th
 (m

)

(b) Temperature gradient for N=0.95   

T (K)

282 284 286 288
-1200

-1000

-800

-600

-400

-200

0
(a) Temperature for N=0.95   

Layer B

Layer A

Layer C

Layer D

Critical line

Fig. 16. Distributions of temperature along the center axis of Shaft 2 for N=0.95 at t=5h: (a) temperature distribution and (b) absolute vertical temperature
gradient.

T. Bao, Z.L. Liu Applied Energy 237 (2019) 566–580

576



For real heat extraction, one key consideration to determine the
efficiency of heat pumps for extracting heat is the mine water tem-
perature available to the pumps, which is determined by the tempera-
ture distribution in mine water and the pumping location. In addition,
the variation of the temperature distribution (i.e., layered water
structure) that is affected by the pumping rate and location and the
natural energy and mass transport will further determine the future
water temperatures available to the heat pumps. This will determine
both the efficiency and sustainability of the whole geothermal appli-
cation.

To be more specific, the thermohaline stratification can interact
with the pumping location selection in a very complicated way. It is
well known that the efficiency of heat pumps for heating can be en-
hanced by adopting a high water temperature. Therefore, the selection
of the pumping location in the middle layer in Fig. 11 is better than that
in the top layer. The use of such a deep pumping location in the middle
layer, however, will make the pumping cost exceed the economic gain
from the geothermal innovation, because the depth of the pumping

location exceeds the economic limit depth of 305m for pumping water
according to a real application [41]. In fact, it is unnecessary to reach
the middle or bottom layer to obtain a high water temperature. This is
because, though slowly, the layers naturally merge; and consequently,
the warm water in the middle or bottom layers will eventually move up
to heat the relatively cold water in the top layer. Due to this reason, the
water temperature in the top layer will increase naturally, even without
heat extraction. Also, if the pumping location is in the top layer, heat
extraction will reduce the water temperature in this layer. This essen-
tially increases the temperature difference between the top and middle
layers (i.e., N between the two layers decreases), as a result, further

Tz  (K/m)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

D
ep

th
 (m

)

(b) Temperature gradient for N=1   

T (K)

282 284 286 288
-1200

-1000

-800

-600

-400

-200

0
(a) Temperature for N=1   

Critical line

Fig. 17. Distributions of temperature along the center axis of Shaft 2 for N=1 at t=5 h: (a) temperature distribution and (b) absolute vertical temperature gradient.
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speeds up the layer-merging process.
In addition, the pumping rate will in return affect the layer-merging.

This is because a pumping velocity is usually much higher than the
natural mine water velocity. This high pumping velocity will sig-
nificantly force the water movement to mix water with different tem-
peratures and expedite the layer-merging. One possible scenario is that
a high pumping rate could break the thermohaline stratification. As a
result, the water temperature at the pumping location increases because
the low-temperature water in the top layer mixes with the high-tem-
perature water from lower layers. This is, however, beyond the scope of
this study and further studies are needed to confirm the possibility and
discuss the potential implications of such events on the efficiency and
sustainability of the geothermal application with mine water.

3.2. Critical buoyancy ratio for thermohaline stratification

In oceans, no salt-finger staircases have been observed when the
critical buoyancy ratio Nc is smaller than 0.5 and Nc needs to be larger

than 0.59 to obtain thermohaline staircases [28]. In this section, we
explore the critical buoyancy ratio Nc for the formation of thermohaline
stratifications in large bodies of mine water. As the temperature layers
are highly identical to the salinity layers in thermohaline stratifications
(see Fig. 11), we only focus on the evolution of the temperature dis-
tribution in this section.

Fig. 14 presents the evolution of the temperature distribution along
the center axis of Shaft 2 when N differs. As shown in Fig. 14a, tem-
perature layers cannot be observed during the first 5 h when =N 0.6.
This N value is almost the same as the critical buoyancy ratio of 0.59 for
thermohaline staircases in oceans. The results in Fig. 14a imply that
such a low value of N fails to provide enough salinity difference-in-
duced buoyancy force to suppress the thermal convection. Therefore,
the thermal convection is significant in the whole dynamic DDC process
when =N 0.6. As N increases to 0.8, as shown in Fig. 15b, a few layers
may form in local regions, but they are very obscure. Clear layers are
observed at the same calculation time when =N 1, as shown in
Fig. 15c. The preliminary observations in Fig. 15 reveal that Nc for the
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formation of clear layers in mine water is greater than 0.8 but smaller
or equal to 1.0.

In order to accurately obtain Nc for thermohaline stratifications in
mine water, =N 0.9, =N 0.95, and =N 1 were investigated. Fig. 15a
shows the temperature distribution for =N 0.9 at t=5h. Two clear
temperature layers, i.e., Layer A and Layer B, can be observed. The
absolute vertical temperature gradient for the same N is shown in
Fig. 15b. It is seen that the vertical temperature gradient is very close
and smaller than 0.01 K/m within Layer A and Layer B. This is because
if a temperature layer forms, the temperature in each layer is almost the
same, leading to a very small vertical temperature gradient within each
layer. Based on this, 0.01 K/m was adopted as the critical value for a
criterion for the layer determination. In this criterion, a temperature
layer forms if the vertical temperature gradient is smaller than 0.01 K/
m within a vertical depth range (i.e., a temperature layer). No layers
form beyond 0.01 K/m.

For =N 0.95 at t=5h, four temperature layers, i.e., Layers A-D,
can be easily identified based on the criterion (see Fig. 16b). The
number of layers increases when N increases from 0.9 to 0.95. As shown
in Fig. 17b, nine layers can be clearly determined in the whole region at
the same calculation time when N increases to 1.0. The results from
Figs. 15–17 indicate that obscure layers can still be observed at the
same calculation time when the value of N is equal to 0.95. Once N is
equal to 1.0, clear layers can be observed in the whole region. There-
fore, the critical buoyancy ratio Nc is suggested to be 1.0 for producing
layers in mine water with a clear structure that is very similar to field
observations in Fig. 1.

3.3. Is the lateral double-diffusive intrusion required for thermohaline
stratifications?

According to the first hypothesis [37] introduced in Section 2.3, the
major cause for the formation of thermohaline staircases in oceans is
the double-diffusive intrusion due to lateral temperature and salinity
fluxes. As for large bodies of mine water, this hypothesis has been
proven by the transient simulation detailed in Section 3.1. The intrusion
due to the lateral salinity flux is common in oceans due to the salt
transport by water circulations. It is also possible in some mines flooded
by salty underground water, e.g., abandoned mines in southwestern
Indiana in the U.S. [46]. However, the lateral salinity flux is possibly
negligible to water in some mines, where the salinity of mine water is
the same as fresh groundwater or surface water, e.g., flooded mines in
the U.P. of Michigan. Therefore, this raises an interesting question: “Are
the lateral temperature and salinity fluxes required for the formation of
thermohaline stratifications in large bodies of mine water?” Such a
question will be answered in this section with N=1.26.

The lateral salinity flux is investigated first. For the purpose, no
salinity flux was applied to the lateral boundaries. The temperature
distributions in Fig. 18 reveal that thermohaline stratifications can still
form without the lateral salinity flux. By comparing the temperature
layers with and without the lateral salinity flux, we found that the only
difference is the different layer numbers. The reason is that considering
the lateral salinity flux will increase the salinity in the mine water
environment, which essentially increases the buoyancy ratio N, as a
result, suppressing the thermal convection for merging layers. There-
fore, the layer-merging process caused by the thermal convection be-
comes slow and the layer number with the lateral salinity flux is larger
than that without such a flux. Therefore, the lateral salinity flux is not
required for the formation of thermohaline stratifications. In fact, the
lateral salinity flux considered in the above simulation in Section 3.1
(e.g., Figs. 7, 9 and 10) is negligible. This is because the mass transfer
coefficient (i.e., = −h 10 m/(s \%)f

S 4 ) is very small. Accordingly, the
amount of salinity intruded into the mine water environment via the
lateral salinity flux Ff

S calculated with Eq. (8) is very small.
To investigate whether the lateral heat flux (i.e., Ff

T) from the water
flows through rocks is required or not, the heat flux was not applied to

the lateral boundaries. Comparisons of temperature distributions with
and without the lateral heat flux in Fig. 19 reveal that the lateral heat
flux Ff

T is a required condition. In addition to that, a difference between
the lateral heat fluxes (i.e., FΔ f

T in Fig. 4a) is also required. As shown in
Fig. 19, the temperature distribution without the lateral heat flux is
linear and almost the same as the original distribution. A similar ob-
servation can be obtained for the situation without FΔ f

T . Temperature
layers can only be observed if FΔ f

T is considered.
Since the formation of thermohaline stratifications requires the

lateral heat flux with FΔ f
T , it is helpful to understand how FΔ f

T influ-
ences the formation and evolution of thermohaline stratifications. For
this purpose, the value of FΔ f

T varies, which can be calculated using the
temperature difference Td between the lateral boundaries using the
below equation

⎧
⎨⎩

= −

= −

F h r z r z

T r z r z

Δ ( ( ) ( ))

( ) ( )
f
T

f
T T T

d
T T

,1 ,2

,1 ,2 (10)

where r z( )T,1 is the linear temperature function with depths for the one
lateral boundary and r z( )T,2 is the linear temperature function with
depths for the other lateral boundary. As introduced in Section 2.4, the
water flows through rocks have the same geothermal gradient of

× −5.35 10 K/m3 . Therefore, = −T r z r z( ) ( )d
T T,1 ,2 can be obtained,

which is a constant and independent of depth z.
The influence of FΔ f

T on thermohaline stratifications is significant,
as shown in Fig. 20. At the same calculation time, the higher the value
of FΔ f

T , which is calculated with a higher Td, the smaller the number of
layers. This is because a higher FΔ f

T will increase the temperature in the
mine water environment, which decreases the buoyancy ratio N, con-
sequently, expediting the thermal convection for merging layers.
Therefore, the layer number becomes smaller with an increase in FΔ f

T . It
is also seen in Fig. 20a that no layers form underTd =0.1 K, when FΔ f

T is
very small. However, as shown in Fig. 21, layers can be clearly observed
when time elapses from 11 h to 19.5 h, though the layers are very small.
This indicates that the formation and evolution of thermohaline stra-
tifications under a small FΔ f

T is very slow.
The above simulation results in this section reveal that two condi-

tions are required to reproduce thermohaline stratifications in large
bodies of mine water: (1) the lateral heat flux and (2) a difference be-
tween the lateral heat fluxes (i.e., FΔ f

T). The value of FΔ f
T determines

the speed for the formation and evolution of thermohaline stratifica-
tions. At the same calculation time, the smaller the value of FΔ f

T , the
greater the layer number.

4. Conclusions

No scientific explanation is available for the layering phenomenon
of both temperature and salinity in large bodies of subterranean water
(e.g., mine water), i.e., thermohaline stratification, which is commonly
observed in mine water. Such a phenomenon, however, is very sig-
nificant to the application of geothermal energy recovery from flooded
mines by determining the temperature distribution and consequently
the reserve and efficiency of the energy resource. This study addresses
this key scientific issue by predicting the formation and evolution of
thermohaline stratifications in large bodies of mine water via multi-
physics simulation with unique non-isothermal and non-isosolutal hy-
drodynamics.

The simulation, for the first time, succeeded in explaining the key
heat and mass transport mechanisms in the dynamic double-diffusive
convection process and reproducing the layering phenomenon in large
bodies of mine water. The simulation results proved that the double-
diffusive intrusion caused by lateral temperature and salinity fluxes can
lead to thermohaline stratifications in the large-scale mine water with
initially linear distributions of temperature and salinity. In the evolu-
tion of thermohaline stratifications, the layer-merging event is in-
volved. Some of the small layers gradually merge to form layers with a
larger thickness, leading to a decrease in the number of layers.
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The simulation results also revealed that the buoyancy ratio is a key
parameter for producing clear thermohaline stratifications in the large-
scale mine water and its critical value was suggested to be 1.0 based on
the proposed criterion for the layer determination. To successfully re-
produce thermohaline stratifications in large bodies of mine water, the
lateral salinity flux was found to be a not required condition. The re-
quired condition is the lateral heat flux. In addition, a difference be-
tween lateral heat fluxes is also required. Thermohaline stratifications
can be observed as long as the lateral heat flux with a difference be-
tween the lateral heat fluxes is considered.

No research has been reported prior to the current study for scien-
tifically explaining the formation and evolution of thermohaline stra-
tifications. It is the first time, to the best of our knowledge, that ther-
mohaline stratifications in large-scale subterranean water bodies have
been successfully reproduced. This will provide a solid scientific basis
for the geothermal application using subterranean water. It is believed
that this scientific breakthrough is significant for the future design of
recovering geothermal energy from flooded mines (e.g., target tem-
perature layers and mine water pumping locations) considering ther-
mohaline stratifications in an efficient, sustainable, and economical
way.
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