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a b s t r a c t

Geothermal applications with waste water in abandoned mines are a sustainable way of recycling wastes
in abandoned facilities for utilizing clean energy. Thermohaline stratification in mine water is significant
to this energy application, because it dominates the heat and mass transport in the mine-water-geologic-
formation system and consequently determines the efficiency and sustainability of geothermal energy
systems. This study addresses six unresolved issues for understanding the formation and evolution of
thermohaline stratification via multiphysics simulations, including effects of key transport parameters on
thermohaline stratification; mechanisms underlying layer-merging; effects of the buoyancy ratio on
thermohaline stratification, and predictions of the initial distributions of temperature and salinity for
thermohaline stratification. Our results showed that the effective kinematic viscosity is the most
dominant transport parameter to determine the layer-merging speed and layer number of thermohaline
stratification, where seven more thermohaline stratification layers could be observed if two orders of
magnitude of this parameter are increased. For layer-merging, relatively “weak” interfaces, which have a
small buoyancy ratio across the neighboring layers, disappear and are eroded first. Our results also
revealed that the buoyancy ratio determines the layer number, where increasing the buoyancy ratio from
2.16 to 4 can induce twenty more layers. The initially linear temperature and salinity distributions in
mine water are needed for predicting the present and future thermohaline stratification, especially the
energy recovery. To meet this need, an approach was proposed to accurately predict such initial distri-
butions via back-calculating field measurements. This study provides insights into understanding the key
energy transport mechanisms in mine water and recommendations for facilitating future implementa-
tions of geothermal energy recovery with mine water dominated by thermohaline stratification.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Geothermal energy is a cleaner and renewable energy resource
used for heating and cooling purposes with little environmental
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impacts (Esen and Yuksel, 2013; Radosław and Uliasz-Misiak,
2019). Recently, geothermal energy recovery from flooded mines
has been receiving increasing research attention. Due to lodes in
deep location, water in abandoned mines is heated by the Earth’s
geothermal energy, so abandoned mines can serve as large-scale
reservoirs of warm water for providing low enthalpy heating en-
ergy with low-level carbon emissions for heating buildings
(Watzlaf and Ackman, 2006), with some cases even for electricity
generation (about 153e197 GWh/year) (Men�endez et al., 2019).
Furthermore, mine water is usually treated as waste materials, it is
thus sustainable, economical, and recyclable with waste materials
and abandoned facilities for geothermal applications (Bakhtavar
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Nomenclature

h water height [m]
H layer thickness [m]
g gravitational acceleration vector [m/s2]
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]
r aspect ratio [-]
w shaft width [m]
U velocity [m/s]
S salinity [%, w/w]
St top salinity [%, w/w]
Sb bottom salinity [%, w/w]
S0 reference salinity [%, w/w]
z elevation [m]

Dimensionless numbers
N buoyancy ratio
l diffusivity ratio
Pr Prandtl number
Ra Rayleigh number
Rac critical Rayleigh number
RaT thermal Rayleigh number
RaS solutal Rayleigh number
Sc Schmidt number

Greek symbols
r0 reference density [kg/m3]
r density [kg/m3]
neff effective kinematic viscosity [m2/s]
bT thermal expansion coefficient [K�1]
bS solutal expansion coefficient [%�1]
aTeff effective thermal diffusivity [m2/s]
aT thermal eddy diffusivity [m2/s]
aSeff effective solutal diffusivity [m2/s]
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et al., 2019).
Since the pioneering work for geothermal energy recovery from

the Springhill coal mine in Canada (Jessop,1995), minewater-based
geothermal applications have been pioneered in some real projects
around the world, such as Germany (Rottluff, 1998), Scotland
(Burke, 2002), Spain (Rodríguez and Díaz, 2009), the U.K. (Burnside
et al., 2016a), Netherlands (Behrooz et al., 2008), and the U.S. (Bao
and Liu, 2019a; Bao et al., 2018a). Hall et al. (2011) reviewed existing
assessment studies at specific sites and concluded that geothermal
energy reserves in undergroundmines ranged from a few hundreds
of kilowatts to hundreds of megawatts. Field measurements
showed that 47.5 MW of thermal power (Bailey et al., 2016) and
260,000 MWh of annual thermal energy (Jard�on et al., 2013) could
be possible with mine water, and a real mine water-geothermal
plant can produce 10 MW of thermal power (Men�endez et al.,
2020). In real applications, the temperature of mine water is key
to determining the efficiency of geothermal energy systems. Field
testing results (Athresh et al., 2016; Farr et al., 2016) indicated that
the water temperature available for geothermal applications
ranged from 10.3 to 18.6 �C. Measurements at other sites also
revealed relatively high average water temperatures of 12.8e24 �C
contrast with the air temperature (Bao et al., 2019; Burnside et al.,
2016b; Loredo et al., 2017). These studies showed the remarkable
potential of geothermal energy recovery from flooded mines.

Though real projects and field measurements have been con-
ducted extensively, attention is needed to understand the natural
mine-water-geologic-formation system, especially the heat and
mass transport in large bodies of mine water. The transport
mechanisms and water temperature variations, particularly the
subsequent water temperature distribution during heat extraction,
determine the overall efficiency and sustainability of the whole
geothermal energy system. As a common type of deep subterra-
nean water bodies, mine water usually has a layered structure
frequently observed in most flooded mines (Bao et al., 2018b;
Johnson and Younger, 2002; Ladwig et al., 1984; Reichart et al.,
2011; Wolkersdorfer, 2008). In this layered structure, both the
temperature and salinity in mine water are stratified into different
layers. Each layer has almost identical temperature and salinity,
which is thus termed thermohaline stratification (see Fig. 1).
Thermohaline stratification is a key to the better design and opti-
mization of geothermal energy systems, because it dominates the
heat and mass transport in mine water to determine the present
and future water temperatures available to heat pumps, conse-
quently, determining the overall efficiency and sustainability of the
systems. Due to thermohaline stratification, the water at deeper
locations is continuously heated by the Earth, which can provide a
few gigawatt hours of annual energy (Wieber et al., 2019). In return,
geothermal energy system parameters, such as water pumping
locations (Zhang et al., 2019) and pumping rates (Luo et al., 2018),
will alter the water temperature and its variations. The selection of
these parameters will influence the energy and mass transport
dominated by thermohaline stratification and consequently the
overall performance of the system. Therefore, a sound under-
standing is thus needed for engineering designs of geothermal
energy systems with mine water, especially for quantifying the
influences of pumping rates and locations, long-term sustainability
and environment considerations, and the interaction between the
natural system and the geothermal energy system.

Double-Diffusive Convection (DDC) is believed to be major heat
and mass transport mechanisms determining the formation of
thermohaline stratification in mine water (Brandt and Fernando,
1995). For DDC in most mine water bodies, cold and fresh water
overlies warm and salty water due to geothermal (temperature)
and geochemical (salinity) gradients. In this condition, the bottom
water with a high salinity can suppress thermal convection in the
vertical direction. This is because the bottomwater moves up while
the top water moves down because the bottom water is less dense
than the top water. Because of the co-existence of the salinity
gradient, a high salinity makes that bottomwater more dense than
the fresh water at the top. Meanwhile, the geothermal gradient
turns to make the bottomwater less dense. Therefore, temperature
and salinity in mine water contribute oppositely, and a sound un-
derstanding of DDC is thus significant to geothermal energy re-
covery with large subterranean water bodies.

A few studies have investigated the formation and evolution of
thermohaline stratification via DDC simulations. Reichart et al.
(2011) numerically modeled DDC flow patterns of mine water.
However, thermohaline stratification was not successfully
observed, and the sale of mine water was very small (i.e., 1 m) in
their model. Therefore, such a scale is not realistic for real mines,
i.e., 1 km or greater. Kories et al. (2004) successfully reproduced
thermohaline stratification via DDC in large bodies of mine water



Fig. 1. Formation and evolution of thermohaline stratification in mine water. The presented results were obtained from the simulation of Hancock Shaft 2 in a depth range
between �450 m and �535 m (water surface ¼ 0). The distributions of temperature and salinity along the shaft axis were obtained at (a) 0 (initial condition), (b) 6 h, and (c) 12.5 h.
The corresponding flow patterns for (b) and (c) are presented in (d) and (e). In this example, the buoyancy ratio N ¼ 2 and the diffusivity ratio (heat/salt) l ¼ 1= 500.
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(around 0.75 km). Their stratification was obtained based on a
condition that the salinity was stratified initially, which however is
not true in reality. Bao and Liu (2019b) succeeded in reproducing
thermohaline stratification in large bodies of mine water (around
1.2 km). Fig. 1 presents an example of the formation and evolution
of thermohaline stratification. The distributions of temperature and
salinity are initially linear (Fig. 1a), and then, two layers sponta-
neously form (see Fig. 1b). Water circulates in each layer individ-
ually (Fig. 1d), and there are significant temperature and salinity
differences between adjacent layers (Fig. 1b). As time elapses, Layer
1 and Layer 2 merge to form one layer with a greater thickness
(Fig. 1c and e).
Despite the above progress, an in-depth understanding of the

heat and mass transport dominated by thermohaline stratification
is still limited. In particular, six issues remain unresolved: (1e3) the
effect of the key transport parameters, i.e., effective thermal
diffusivity, effective kinematic viscosity, and diffusivity ratio, on
thermohaline stratification; (4) mechanisms underlying the layer-
merging event; (5) the effect of the buoyancy ratio on thermoha-
line stratification; and (6) the accurate prediction of the initial
distributions of temperature and salinity, which are needed for
predicting the present and future thermohaline stratification,
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especially the energy recovery from real flooded mines. These six
issues slow down the widespread adoption of this energy appli-
cation with mine water, because thermohaline stratification de-
termines temperature variations in mine water to either negatively
or positively affect the overall sustainability and efficiency of real
geothermal applications. However, the characteristics of thermo-
haline stratification are little understood. Furthermore, from a
practical perspective, addressing these six issues can provide useful
recommendations for geothermal system designs. Such recom-
mendations to facilitate this energy application, however, are
lacking in existing numerical studies.

This study thus addresses the above six issues via multiphysics
simulations. The objective is to provide in-depth insights for un-
derstanding the dominant energy and mass transport mechanisms
in mine water. Although the theory of multiphysics simulations in
this study is the same as that in Bao and Liu (2019b), we conduct
new sensitivity analyses here to understand the characteristics of
thermohaline stratification. Based on that, we will provide useful
recommendations that have not been reported before for engi-
neering designs of geothermal energy systems to facilitate
geothermal applications with mine water. The organization of this
study is detailed as follows. A scientific framework for non-
isosolutal and non-isothermal hydrodynamics is presented in
Section 2.1 and validated against the documented results in Section
2.2. Multiphysics simulations are conducted in Section 3.1 for a real
flooded mine shaft. Based on the simulations, the above six issues
are investigated separately in Section 3, and discussions are
detailed in Section 4.
Table 1
Parameters used in the DDC simulation for water in Hancock Shaft 2.

Material Parameter Value

Mine water Reference temperature (K) 333.15
Reference salinity (%) 15
Reference density (kg/m3) 1088.6
Thermal expansion coefficient (K�1) 5.24 � 10�4

Solutal expansion coefficient (%�1) 6.82 � 10�3

Effective kinematic viscosity (m2/s) 3.95 � 10�3

Effective salty diffusivity (m2/s) 1 � 10�6

Effective thermal diffusivity (m2/s) 4.93 � 10�4

Specific heat (J/(kg K)) 4181

Note: Solutal and thermal properties of mine water are determined according to
Hull et al. (1988); reference temperature and salinity are used in Eq. (3).
2. Theory and method

2.1. Theoretical framework

This section presents a theoretical framework for modeling DDC
in mine water. The continuity equation is formulated as

V ,U ¼ 0 (1)

where U is the water velocity. The momentum equation is formu-
lated by

vU
vt

þU,VU ¼ �Vpd
r0

þ V,
�
neffVU

�
þ r

r0
g (2)

where neff is the effective kinematic viscosity; r is the water den-
sity; r0 is the reference water density; g is the gravitational accel-
eration vector; pd ¼ p� rgz, which is the hydrodynamic pressure; p
is the total pressure; z is the depth; and the absolute value of rgz is
the hydrostatic pressure. The Oberbeck-Boussinesq approximation
(Sezai and Mohamad, 2000) was used to consider the buoyancy
force induced by temperature and salinity differences. With this
approximation, the density r varies linearly with the water tem-
perature T and solute concentration (i.e., salinity) S as

r¼ r0½1�bTðT � T0ÞþbSðS� S0Þ� (3)

where bT is the coefficient of thermal expansion; bS is the coeffi-
cient of solutal expansion; and T0 and S0 are the reference tem-
perature and salinity, respectively.

The energy equation is formulated as

vT
vt

þU,VT ¼ V,
�
aTeffVT

�
(4)

where aTeff is the effective thermal diffusivity. The salinity equation
is governed by

vS
vt

þU,VS ¼ V,
�
aSeffVS

�
(5)

where aSeff is the effective solutal diffusivity.

The water movement is caused by temperature and salinity
differences, which affect the buoyancy force in the dynamic DDC
system. The buoyancy ratio N is used to assess the relative influence
of salinity and temperature on the buoyancy force as

N¼ bSDS
bTDT

(6)

Turbulent flow is common in minewater (Wolkersdorfer, 2008).
To consider this, we assumed constant effective kinematic viscosity
and effective diffusivity values. This assumption is similar to that
employed in the numerical modeling of water circulations in
oceans with constant transport parameters, e.g., Radko et al.
(2014a). For both thermal and solutal diffusion, the effective
diffusivity is the sum of the laminar diffusivity and the eddy
diffusivity. The thermal eddy diffusivity aT can be estimated with
Eq. (7) (Vallis, 2017)

U’T ’ ¼ � aTVT (7)

where U’T ’ is the eddy flux. According toWolkersdorfer (2008), the
maximum water velocity measured from tracer tests was in an
order of 10�2 m=s. aT thus can be assessed with this velocity
magnitude. Similarly, we can estimate the solutal eddy diffusivity
by replacing T and T ’ in Eq. (7) with S and S’. The effective kinematic
viscosity is also the sum of the laminar kinematic viscosity and the
eddy kinematic viscosity. The eddy kinematic viscosity can be
computed based on the turbulent Prandtl number and the eddy
thermal diffusivity. Those transport parameters used in this study
are detailed in Table 1 later in Section 3.1. The governing equations
listed above were discretized and solved using OpenFOAM
(OpenFOAM, 2009) with the PISO algorithm (Oliveira and Issa,
2001).
2.2. DDC framework validation

The above DDC framework was validated here against the
documented results. In detail, the published numerical study (Han
and Kuehn, 1991b) with the laminar flow reproduced experimen-
tally observed steady-state DDC in water in an enclosure (Han and
Kuehn, 1991a). The model setup is shown in Fig. 2a. The vertical-
horizontal ratio is 4.0. The left side was fixed with Tt (low tem-
perature) and Sb(low salinity); while the right side was fixed with
Tb (high temperature) and Sb (high salinity). The top and bottom
sides were set up with no heat and salt fluxes. The initial conditions
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of temperature and salinity in water were uniform Tt and Sb,
respectively. The above initial and boundary values for temperature
and salinity were calculated based on the buoyancy ratio N and the
thermal Rayleigh number RaT strictly following Han and Kuehn
(1991b). The adopted parameters were N ¼ 7:5; RaT ¼ 3:2�
106; the Prandtl number Pr ¼ 8; and the Schmidt number Sc ¼
2000. The simulationwas conducted until temperature and salinity
reached the quasi-steady state. Fig. 2b and c shows the comparisons
of the distributions of dimensionless temperature and salinity
along the vertical center axis of water. The temperature and salinity
distributions obtained in this study are in agreement with the
published numerical results, which indicates the good capacity of
the framework proposed in this study for simulating the natural
DDC process.
2.3. Model development and thermohaline stratification

This section details thermohaline stratification modeling of a
real flooded mine. Hancock Shaft 2 in the Upper Peninsula of
Fig. 2. Comparisons between the present results and the published numerical results (Han
sionless salinity.
Michigan was flooded with water soon after its closure. Thermo-
haline stratification was observed in water in this shaft from field
measurements (Bao et al., 2018b), in which temperature and
salinity (indirectly measured by electrical conductivity) were
stratified into at least two distinct layers along the vertical axis of
Shaft 2. This shaft was chosen in this study to understand the key
mass and heat transport mechanisms dominated by thermohaline
stratification.

Fig. 3 shows the 2D model configuration (Fig. 3b) developed
based on the realistic layout of Hancock Shaft 2 (Fig. 3a). The model
consists of one vertical shaft with a width of 5.8 m and a depth of
1159.2 m. The shaft connects eight horizontal drifts with a length of
50 m. The model geometry was meshed with a resolution of 0.36 m
and 0.4 m in the horizontal and vertical directions, respectively, for
water in the shaft and drifts. A higher resolution of 0.01 m was
adopted on the lateral boundaries of the model to avoid numerical
stability issues in the consideration of the boundary conditions. The
boundary conditions were implemented with lateral heat fluxes
from the surrounding rocks and also from the water flows through
and Kuehn, 1991b): (a) model setup, (b) dimensionless temperature, and (c) dimen-



Fig. 3. Hancock Shaft 2: (a) underground structure layout [modified after (Butler and
Burbank, 1929)] and (b) model configuration and its grid.

Fig. 4. Thermohaline stratification in mine water along the center axis of Shaft
2 at t ¼ 13 h when N ¼ 1.26.
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cracks and fissures in rocks to enter the shaft. In the implementa-
tion, the heat fluxes from rocks on both sides of mine water were
identical because of the same geothermal gradient. For the water
flows through cracks and fissures in rocks, there was a difference
between their lateral heat fluxes on two sides of mine water due to
the overall groundwater movement. More details for implementing
the lateral heat fluxes can be found in Bao and Liu (2019b).

For the initial condition, the temperature was linearly distrib-
uted, i.e., from 282.15 K at the top to 288.35 K at the bottom ac-
cording to field observations (Bao et al., 2018b). The salinity
distribution was also linear. The top salinity St was assumed to be
0.01%, while the bottom salinity Sb was calculated using Eq. (6) with
a prescribed buoyancy ratio N. For example, when N is assumed to
be 1.26 (estimated according to the local hydrologists as freshwater
from Lake Superior is plentiful in the study area), Sb is 0.61%. A
sodium chloride solution was adopted to represent salinity in mine
water because sodium chloride is the primary chemical component
experimentally detected in mine water (Bao et al., 2018b). The
thermal and solutal properties of minewater used in the simulation
are detailed in Table 1. It is noted that the effective thermal and
solutal water properties were estimated by considering the tur-
bulence effect (see Eq. (7) for aT determination) because such an
effect is required for modeling thermohaline stratification (Bao and
Liu, 2019b).

Thermohaline stratification can be observed in Fig. 4 when
N ¼ 1.26. Each layer has almost the same temperature and salinity.
There are significant temperature and salinity differences between
two adjacent layers. The layer numbers and depths are the same for
both the temperature and salinity. The layers in Fig. 4 arise from the
dynamic DDC process with the intrusion caused by the lateral heat
flux (Bao and Liu, 2019b). To evaluate the dominant heat and solute
transport mechanism (i.e., diffusion or convection) in the DDC
process, the Rayleigh number Ra is compared with the critical
Rayleigh number Rac. Because of the co-existence of temperature
and salinity, Ra formulated by Eq. (8) is the sum of the thermal RaT
and solutal RaS

Ra¼RaT þRaS ¼
gbT ðTb � TtÞw3

aTeff neff
þ gbSðSb � StÞw3

aSeff neff
(8)

where w is the shaft width. According to Love et al. (2007), the
critical Rayleigh number Rac in DDC for the onset of convection in a
vertical shaft can be estimated as
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Rac ¼215:6
r4

�
1þ3:84r2

�
(9)

where r is the width-height ratio (w/h) and h is the mine water
height. With the parameters detailed in Table 1, Ra ¼ 1:99� 109 is
lower than Rac ¼ 3:44� 1011. Therefore, diffusion is predominant
in the DDC process. This explains the observed stratification in
Fig. 4. If convection dominates, temperature and salinity in a shaft
will mix very quickly into one layer, e.g., buoyancy-driven flow in a
vertical shaft (Bao et al., 2018b) and an inclined shaft (Bao and Liu,
2016). Therefore, layers could disappear very quickly or even not be
observed in the DDC process if convection dominates.
3. Results

The results are presented in the following subsections to address
the six unresolved issues mentioned in the introduction. Sections
3.1-3.3 and 3.5 investigate the effect of three transport parameters
and the buoyancy ratio on thermohaline stratification. Section 3.4
discusses the layer-merging mechanism. The prediction of initial
thermohaline stratification conditions is presented in Section 3.6. It
is noted that a buoyancy ratio N ¼ 1:26 was used everywhere
except in Section 3.6, in which different N values were estimated
according to local hydrologists to understand the influence of this
factor. Since the numbers and depths of layers for temperature and
salinity are identical (see Fig. 4), only temperature results are pre-
sented while salinity results will be presented only if necessary.
3.1. Effect of effective thermal diffusivity

Thermohaline stratification in Fig. 5 was obtained when RaT is
3:19� 106 and the corresponding effective thermal diffusivity aTeff
is 4.93 � 10�4 m2/s. It was explained in Section 2.3 that diffusion
needs to dominate in the dynamic DDC process so that we can
produce thermohaline stratification. In heat diffusion, the effective

thermal diffusivity aTeff is a key transport parameter and its
Fig. 5. Formation of temperature layers with different aTeff values at two different times. Cor
106.
influence on thermohaline stratification is thus investigated in this
section. For this purpose, aTeff varies while all the other parameters

remain unchanged.
The effective thermal diffusivity determines the layer formation

speed. As shown in Fig. 5, at t ¼ 3 h when aTeff ¼ 4.93e-5 m2/s, no

layers can be observed in Fig. 5a. However, when aTeff increases to

4.93e-4 m2/s and 1.56e-3 m2/s, at least six layers can be seen in
Fig. 5c and more layers (about thirteen) are observed in Fig. 5d. At
t¼ 13 h, layers can be seen in all the considered cases with different
aTeff values, in which the difference is the layer number. Therefore,

the higher the effective thermal diffusivity, the faster the layered
water structure forms.

3.2. Effect of effective kinematic viscosity

The effective kinematic viscosity neff is another key transport
parameter in determining the speed of fluid movement. In this
section, the influence of neff on stratification processes with
different neff values is investigated.

The layer number increases as neff increases. As shown in Fig. 6,
the layer number increases from seven to fourteen when neff in-
creases from 3.95 � 10�4 m2/s to 1.25 � 10�2 m2/s. The reason is
that a higher neff value provides stronger resistance to the fluid
movement. As a result, the water movement caused by convection
with a higher neff value is less significant than that with a lower
value. Due to this reason, the mixing of temperature and salinity in
the layer-merging process becomes slower if neff increases, leading
to a greater layer number.

3.3. Effect of diffusivity ratio

This section investigates the influence of the effective solutal
diffusivity aSeff on thermohaline stratification because aSeff is an

important transport parameter in determining the strength of
salinity diffusion. Due to the co-existence of heat and salt diffusion,
it is more helpful to indirectly investigate the influence of aSeff by
responding RaT values are (a) 3:19� 107, (b) 1:01� 107, (c) 3:19� 106, and (d) 1:01�



Fig. 6. Temperature layers with different values of neff at t ¼ 13 h.
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understanding the influence of the diffusivity ratio (heat/solute)
l ¼ aTeff =a

S
eff on thermohaline stratification. According to the liter-

ature for modeling the dynamic DDC process in oceans (Carpenter
et al., 2012), l should be lower than 1.0 (i.e., heat diffuses faster than
salt). Therefore, l values smaller than 1.0 were considered in this
section. To obtain different l values, aSeff varies while aTeff remains

unchanged.
The diffusivity density ratio controls the layer-merging speed to

determine the layer number. Fig. 7 demonstrates the comparisons
of temperature layers obtained with four different l values, i.e., 1/6,
1/50, 1/250, and 1/1000. The layer number increases from eight to
tenwhen l decreases from 1/6 to 1/1000. The observations in Fig. 7
imply that the layer number is greater if the l value is smaller.

3.4. Mechanisms underlying layer-merging

Layer-merging can be distinctly observed in the evolution of
thermohaline stratification in mine water (see Fig. 1). However,
Fig. 7. Comparisons of temperature layers without considering the l
mechanisms underlying layer-merging have rarely been investi-
gated. This section aims to provide insights into such mechanisms
in large bodies of mine water.

Considering that the scale of mine water is too large to visualize,
we adopted �875~-1159.2 m depth range, which is representative
in thermohaline stratification, to understand layer-merging. Fig. 8
illustrates thermohaline stratification and their corresponding
flow patterns at different times in this depth range. There are three
clear layers at t ¼ 300 min (Fig. 10a). Water circulates in each layer
and the water velocity is very small (around 7 � 10�9 m/s) at the
interface between adjacent layers. When the layer-merging starts
at t ¼ 360 min (Fig. 10b), the water movement tends to break the
interface of Layer 1 and Layer 2. The heat and solute within Layer 1
and Layer 2 mix gradually due to convection. As a result, this
interface is eroded (Fig. 10b) and gradually disappears, leading to
one layer with a greater thickness (Fig. 10c).

It also can be seen in Fig. 10b that the merging of Layers 1 and 2
occurs along the horizontal direction. This horizontal merging
process matches the “B-mode” for merging layers according to the
ateral salinity flux under different diffusivity ratios at t ¼ 16 h.



Fig. 8. Layer-merging process in the evolution of thermohaline stratification and their corresponding flow patterns at (a) 300 min, (b) 360 min, and (c) 615 min. The thermohaline
stratification and their corresponding flow patterns were obtained in the depth range between �875 m and �1159.2 m.

T. Bao et al. / Journal of Cleaner Production 273 (2020) 122989 9
classification of layer-merging modes (Radko et al., 2014b). The “B-
mode” thus dominates layer-merging in the current simulation. It is
noted that the merging process of Layers 1 and 2 does not hurt the
interface of Layers 2 and 3 because the location of the interface and
the thickness of Layer 3 almost remain unchanged, as shown in
Fig. 10b and c.

Layer-merging in mine water in Fig. 8 possibly shares similar
mechanisms with that in thermohaline staircases in oceans. Ac-
cording to a layer-merging theory in oceans (Radko, 2007), layer-
merging via the erosion of “weak” interfaces occurs when the
vertical buoyancy flux decreases with the buoyancy variation
across those “weak” interfaces. This theory implies that the varia-
tion of the difference in the buoyancy force across an interface
between adjacent layers determines if such an interface will be
eroded or not. In the dynamic DDC process in mine water, the
difference in the buoyancy force across an interface is determined
by the buoyancy ratio that controls the convection process. The
buoyancy ratio across any interface determines the buoyancy force
in its two adjacent layers. If that buoyancy ratio decreases, the
salinity difference between these two adjacent layers decreases.
This reduces the suppression to the thermal convection caused by
the salinity difference. Consequently, the difference in the buoy-
ancy force between these two layers decreases. Thus, in Fig. 8, the
variation of the buoyancy ratio N across the interface between
Layers 1 and 2 primarily controls layer-merging.

To further quantitatively illustrate the variation of the buoyancy
ratio during layer-merging processes, we calculated two buoyancy
ratios N12 and N23 across two representative interfaces of Layers 1
and 2 and Layers 2 and 3 using Eq. (6). The calculation adopted the
average values of temperature and salinity of the three layers with a



Fig. 9. Variations of buoyancy ratios with time across two representative interfaces
during the layer-merging process.
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thickness of H1, H2 and H3 in Fig. 9a. For simplicity, it was assumed
that those three thicknesses remain unchanged. As shown in
Fig. 9a, the buoyancy ratios across the interfaces are N12 ¼ 1:116
and N23 ¼ 1:285. Because of N23 >N12, the interface of Layers 1 and
2 is weaker, which will be eroded first. This explains why the layer-
merging process does not hurt the interface of Layers 2 and 3 in
Fig. 8. At t ¼ 360 min, N12 decreases to 0.950 (by 14.9%). N12 further
decreases during the layer-merging process (see Fig. 9). N23 also
slightly decreases with time (by 4.8%). This is because both the
temperature and salinity in Layer 2 increase when Layers 1 and 2
are merging, in which the increase in temperature is more signifi-
cant than that in salinity. By contrast, the temperature and salinity
in Layer 3 almost remain unchanged, leading to a decrease in N23 as
well. However, the decrease in N12 is much greater than that in N23

because the interface of Layers 1 and 2 is weaker than that of Layers
Fig. 10. Effect of buoyancy ratios on thermohaline stratification at t ¼
2 and 3. Therefore, this “weaker” interface is eroded and disappears
first. In summary, the smallest value of N corresponds to the
“weakest” interface, which will be eroded first.

3.5. Effect of buoyancy ratio

The buoyancy ratio determines the overall heat and mass
transport in the vertical direction and also controls the layer-
merging as explained in Section 3.4. The effect of the buoyancy
ratio on thermohaline stratification is thus investigated in this
section. To consider its effect, DT (i.e., 6.2 K) and St (i.e., 0.01%)
remain unchanged while Sb varies to obtain three differentN values
(i.e., 1.26, 2, and 4) assumed according to local hydrologists.

The buoyancy ratio determines the layer number in thermoha-
line stratification. As shown in Fig. 10, the layer number increases
when the buoyancy ratio increases from 1.26 to 4. However, the
smaller the buoyancy ratio, the less the layer number. This is
because the layer-merging process with a high buoyancy ratio is
much slower than that with a low one, leading to more but thinner
layers. Therefore, the layer-merging process is very slow with a
high buoyancy ratio.

3.6. Predicting initial conditions of thermohaline stratification

Field observations from flooded mines proved the widespread
existence of temperature and salinity layers in mine water
(Wolkersdorfer, 2008). For geothermal applications with mine
water, predicting the development of the layered water structure is
essential to tell us temperature variations and distributions in mine
water, which is the key to the efficiency and sustainability of a
geothermal energy system. However, the first step of such pre-
dictions in numerical simulations calls for the acquisition of field
conditions, especially the initial distributions of temperature and
salinity in mine water. Without correct initial conditions, the pre-
dicted layers will not evolve in a realistic way. To resolve this, we
propose an approach by analyzing the field observed temperature
and salinity and based on that, predicting the initial temperature
2.5 days (a) salinity comparison and (b) temperature comparison.
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and salinity distributions. It was assumed that the initial temper-
ature and salinity in mine water are linearly distributed due to
geothermal and geochemical gradients according to Reichart et al.
(2011).

In this approach, we predict the initial distributions by back-
calculating the temperature and salinity picked from the
observed layers in field measurements. Fig. 11 shows the way of
data pick-up and calculations of temperature and salinity co-
ordinates. For each layer and interface, the center coordinates are
calculated first. All the centers of layers and interfaces are then
utilized to predict the initial distributions based on the linear
regression.

To evaluate the proposed approach, we tested three cases shown
in Fig. 12 with different layer numbers. The cases correspond to
t ¼ 25 h (Case 1), 2.5 days (Case 2), and 4.5 days (Case 3), and their
layer numbers are nine, six, and three, respectively. The above
different layer numbers were adopted to consider field conditions
with different layer numbers (Wolkersdorfer, 2008). The initial
distributions of temperature and salinity, which were used to
obtain the results in Fig. 12, will be treated as the true distributions
and compared against the predicted distributions. The linear least-
squares approach was used for the linear regression.

The predicted initial temperature distributions are in good
agreement with the true initial distribution (see Fig. 13a). The
predictions in Cases 1, 2, and 3 highly coincide with the true so-
lution. The difference between the predicted and true temperature
is in general about 0.2 K. The error analysis presented in Fig. 13b
further proves that the error of the predictions is very small. The
ratios between the predicted and true temperatures are almost
equal to 1.0 for all the cases.

The initial salinity distributions can also be accurately predicted
with the proposed approach. As can be seen in Fig. 14a, the pre-
dictions for the three cases almost overlap the true initial distri-
bution, especially those of Case 1 and Case 2. The error analysis
illustrated in Fig. 14b also indicates that the salinity predictions are
accurate in Cases 1 and 2, in which the ratios of the predicted and
true salinity values are very close to 1.0. Though there is a difference
in the salinity prediction in Case 3, this difference is very small
because the ratio difference is less than 0.025 (Fig. 14b). The results
in Figs. 13 and 14 confirm the feasibility of predicting the initial
Fig. 11. Schematic of data pick-up and calculations of temperature and salinity
coordinates.
linear distributions of temperature and salinity and also prove the
high reliability and accuracy of the proposed approach.

4. Discussion

The insights in Section 3 have neither been reported nor
considered in existing geothermal energy applications with mine
water. However, such insights are essential to understanding the
key energy and mass transport mechanisms dominated by ther-
mohaline stratification from a scientific perspective. Furthermore,
these insights are significant for guiding future geothermal system
designs for better utilizing mine water-based geothermal energy
from a practical perspective.

4.1. Insights to explain field observations

The results presented in Section 3.1-3.5 can explain field ob-
servations that are little understood. One critical but inexplicable
field observation is that the layered water structure observed in
many flooded mines, e.g., Vouters Shaft 2 (Reichart et al., 2011) and
others (Wolkersdorfer, 2008), can remain relatively stable with an
unchanged number of layers for a long time. This observation can
be explained with the simulation results for the buoyancy ratio
effect revealed in this study. As indicated in Fig. 10, a high buoyancy
ratio will make the layer-merging process very slow. As a result, a
higher ratio could lead to an unchanged number of layers over a
long period. This observation can also be explained by the sensi-
tivity analysis with the effective kinematic viscosity neff , which also
significantly influences the layer-merging speed, as revealed by the
simulation in Section 3.2. In real mine water bodies, neff could not
be a constant (physically true), but rather be a variable that can
increase to a very high value, depending on the natural water ve-
locity and the water temperature difference caused by geothermal
gradients. Consequently, water layers merge very slowly and the
layer number can remain unchanged for a long time. Though it is
difficult to prove using field tests, this could be examined with a
simple numerical case shown in Fig. 15, inwhich neff increases from
a low value to a high one. Fig. 15a shows the comparison of layers
obtained at different times with the same neff . The number of layers
decreases from nine to six from 1 day to 2.5 days. However, the
layer number remains unchanged when neff increases from
3.95 � 10�3 m2/s to 1.25 � 10�2 m2/s (Fig. 15b). Therefore,
increasing neff can significantly slow down the layer-merging pro-
cess and enable the layer number to stay unchanged for a long time.
In real mine water bodies, neff is very likely to increase to a high
value. This is because a higher value of neff is needed to obtain a
lower value of the Rayleigh number Ra (see Eq. (8)) to ensure that
diffusion is always dominant in the DDC process. As illustrated in
Section 2.3, this condition is required to successfully reproduce
thermohaline stratification.

The results in Sections 3.1-3.5 also provide a new insight that
has never been reported before but can better understand field
observations. That is, though layer-merging could be very slow in
real mine water bodies due to an unchanged layer number lasting
for a long time (Reichart et al., 2011), the layer-merging process is
always in progress. For thermohaline stratification observed in
different flooded mines, the only difference for the development of
thermohaline stratification in those mines is that the stratified
temperature and salinity need different time-scales to evolve and
then approach a quasi-equilibrium state with either a linear or a
uniform distribution (one layer). In this state, the water tempera-
ture at the top, i.e., close to the ground surface, eventually increases
to a higher value compared to the original one due to the water
mixing caused by the dynamic layer-merging events. This is, in fact,
advantageous to the efficiency of the geothermal energy



Fig. 12. Three cases with different layer numbers for the prediction of the initial distributions.

Fig. 13. Predictions of the initial temperature distribution: (a) temperature comparison and (b) error analysis.
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application.
4.2. From theory to better evaluate and facilitate future real
implementations

From a practical perspective, it is significant to accurately pre-
dict the future development of thermohaline stratification in real
floodedmines for better engineered heat extraction. This is because
the development of thermohaline stratification and the geothermal
energy system can interact with each other in a complicated way to
determine the overall performance of the geothermal energy sys-
tem. Thermohaline stratification determines mine water tempera-
tures available to heat pumps and consequently determines the
efficiency of the geothermal energy system. It is also responsible for
the water temperature distribution (i.e., the layered water struc-
ture), which affects the selection of water pumping locations.

In return, the selection of water pumping locations and pump-
ing rates will influence the evolution of thermohaline stratification
by altering the water temperature and its variations. Therefore,
thermohaline stratification plays an important role in real energy
applications; as a result, accurately predicting its development is
particularly significant. As emphasized in Section 3.6, predicting
the initial distributions of temperature and salinity is essentially
needed for this purpose. Based on the initial conditions predicted
with the proposed approach, the current layered water structure in
real flooded mines can be reproduced to very closely real condi-
tions. Based on that, future water temperature distributions (i.e.,
the layered water structure) could be accurately predicted. By



Fig. 14. Predictions of the initial salinity distribution: (a) salinity comparison and (b) error analysis.

T. Bao et al. / Journal of Cleaner Production 273 (2020) 122989 13
contrast, thermohaline stratification predicted with other initial
conditions based on random assumptions could not be that accu-
rate; as a result, the predicted development of thermohaline
stratification could not be used for precisely evaluating the inter-
action between the natural water system and the geothermal en-
ergy system.
4.3. Recommendations for better geothermal system designs

A good design of the geothermal energy system can be achieved
based on the simulation results obtained in Sections 3.1-3.5 for
more efficient heat extraction in the following ways.
Fig. 15. Comparisons of temperature layers: (a) neff ¼ 3:95 � 10�3 m2/s and (b) neff
increases from 3:95 � 10�3 m2/s to 1:25 � 10�2 m2/s. The slim black line at t ¼ 1 day
was obtained when neff ¼ 3:95 � 10�3 m2/s, which serves as the initial condition for
the situation in (b) when neff increases to 1:25 � 10�2 m2/s.
First, the efficiency of the geothermal energy system is deter-
mined by the water pumping location and the pumped water
temperature. To enhance the system’s efficiency, it is better to
select a pumping location with high water temperatures. This can
be achieved by selecting the pumping location in a lower water
layer at a deeper depth, e.g., the third layer in Fig. 15a between
400 m and 600 m. However, the economic depth limit for pumping
water from mines is about 305 m (Liu et al., 2015), beyond which
the pumping cost could exceed the economic gain from the
geothermal energy supply. Therefore, pumping water at a deeper
depth to enhance the system’s efficiency is only economic under
the conditions that at least two layers exist within this depth limit;
meanwhile, the temperature difference between an upper layer
and any lower layers is significant, e.g., 3e5 K. Otherwise, it is better
to keep the pumping location in the upper water layer to save
pumping cost. In fact, the efficiency of the geothermal energy
system is also directly influenced by layer-merging discussed here.
As indicated by this study in Sections 3.1-3.5, layer-merging is a
unique characteristic in thermohaline stratification. Meanwhile,
this characteristic determines the variation of the temperature
distribution. A quicker layer-merging process is beneficial to heat
extraction. This is because pumping locations are usually in upper
water layers close to the ground due to economic considerations. If
layers merge quickly, the warmwater in lower layers will move up
quickly to heat the relatively cold water in upper layers, which can
eventually increase future water temperatures available to heat
pumps in upper water layers.

Second, it is possible to expedite layer-merging in practice by
altering the transport parameters in multiple ways. Considering
that the effective kinematic viscosity neff affects thermohaline
stratification more significantly than the other two parameters,
reducing neff may be a feasible way to speed up layer-merging (see
Fig. 6). This could be achieved by adding chemical solutions in mine
water during heat extraction. Another feasible way is to reduce the
buoyancy ratio N. As indicated in Section 3.4, if values of N across
the neighboring layers are small, the interfaces of these layers are
relatively “weak” and eroded first. Heat extraction can naturally
increase the temperature difference between thewater layer where
the pumping location is selected (i.e., the water pumping layer) and
the neighboring layer. As indicated in Eq. (6), increasing the tem-
perature difference will decrease N. Besides that, adding the eco-
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friendly solute (e.g., salts) to the pumped mine water after heat
extraction can decrease the salinity difference between the water
pumping layer and the neighboring layer. This can further reduce N
across the water pumping layer and the neighboring layer, so that
the layer interface can become “weaker” and disappear more
quickly than that without adding the solute.

Finally, the pumping rate, which is a critical parameter in the
geothermal energy system to determine the system’s overall coef-
ficient of performance (Al-Habaibeh et al., 2018), can also be
regulated to improve the system’s performance. For extracting heat
via widely used open-loop heat pump systems (e.g., Al-Habaibeh
et al. (2018) and Bao et al. (2019)), the pumping rate determines
the rate of pumping water out (to an external heat exchanger) and
sending it back into the mine-water-geologic-formation system
(after heat extraction). At the pumping locations, the water velocity
caused by the pumping action is usually higher than the water
velocity in the natural water movement. This pumping-induced
velocity can significantly accelerate the water mixing and conse-
quently expedite the natural layer-merging process dominated by
either the buoyancy ratio (see Figs. 9 and 10) or the effective ki-
nematic viscosity neff (see Figs. 6 and 15). In particular, the layer-
merging process will become much quicker when a higher
pumping rate (e.g., 0.03 m3/s (Athresh et al., 2016)) is employed
compared with a typically used pumping rate of 0.00082 m3/s (Bao
et al., 2019). This is because a high pumping rate can make the
pumping-induced velocity exceed the water velocity in the natural
water movement (about 10�2 m/s (Wolkersdorfer, 2008)) by one to
two orders. This indicates that the selection of pumping rates can
dominate over the two dominant factors neff and N to control the
speed of layer-merging in the region in the vicinity of pumping
locations, even possibly the whole water region. Therefore, the
selection of relatively high pumping rates is beneficial to enhancing
the system’s overall coefficient of performance by speeding up the
layer-merging process.

However, it is worthwhile to note that the selection of high
pumping rates, especially those with very high values (e.g.,
0.063 m3/s (Raymond and Therrien, 2014)), could change the
layered water structure quickly, which might lead to a temperature
reduction in mine water very rapidly. This adversely influences the
sustainability of the whole geothermal energy system. Future work
is thus needed to evaluate the variations of water temperatures
with different pumping rates by modeling heat extraction. Also,
environmental issues that might be triggered by the above tech-
niques tomake layer-merging quicker. This is because heavymetals
are usually sealed at lower portions of water in mine shafts (Akcil
and Koldas, 2006; Bao et al., 2018b; Hilson, 2000). Such contami-
nants can also be pumped to upper locations of shafts during heat
extraction. Since either groundwater or surface water is connected
to mine water and is water resources to flood mining spaces
(Mativenga and Marnewick, 2018), expediting layer-merging may
contaminate groundwater and surface water. Environmental issues
thus must be carefully evaluated before real implementations.

5. Conclusions

This study addresses six unresolved issues for understanding
the layered structure dominated by thermohaline stratification in
large bodies of mine water. Based on the multiphysics simulations,
the following conclusions can be drawn.

The key transport parameters, i.e., effective thermal diffusivity,
effective kinematic viscosity, and diffusivity ratio, determine the
layer formation speed and the layer-merging speed, in which the
effect of the effective kinematic viscosity is more significant than
that of other two parameters investigated here.

In layer merging, not all the layers merge simultaneously in
common with the erosion of their interfaces. In fact, relatively
“weak” interfaces are eroded and disappear first. These interfaces
are relatively “weak” because the buoyancy ratios across them are
smaller than those of not “weak” ones.

The buoyancy ratio determines the layer number in thermoha-
line stratification. The layer number increases with an increase in
the buoyancy ratio. However, the smaller the buoyancy ratio, the
greater the layer thickness.

An approach was proposed to predict initial linear temperature
and salinity distributions, which are needed for predicting the
present and future thermohaline stratification. The evaluation re-
sults confirmed the feasibility of the predictions of the initial dis-
tributions and proved the high reliability and accuracy of the
proposed approach. The predictions of the thermohaline stratifi-
cation evolution with the predicted initial conditions are more
accurate than those with random assumptions to evaluate the
interaction between the natural water system and the geothermal
energy system.

This study provides in-depth insights to understand the layered
water structure in floodedmines by addressing the above six issues,
which have never been considered in existing geothermal energy
applications with mine water. These insights can not only scien-
tifically explain field observations, but also offer scientific bases for
designing more efficient geothermal systems for mine water and
any other types of subterranean water bodies.

The simulation results also led to recommendations for
enhancing the system’s efficiency. Techniques suggested by the
simulations include changing transport parameters in mine water
bodies, decreasing the buoyancy ratio by adding the eco-friendly
solute to the pumped mine water, and selecting relatively high
pumping rates. Such techniques can speed up layer-merging so that
the relatively warmwater in the lower layers can easily move up to
increase the present and future water temperatures available to
heat pumps in the upper water layers. The selection of water
pumping locations in a lower water layer with a higher tempera-
ture is recommended if such pumping locations are within an
economic limit depth. Beyond this limit depth, it is not economic
for selecting pumping locations at a deeper water depth to enhance
the system’s efficiency. Further work is also needed for good en-
gineering design of geothermal energy systems by understanding
the interaction between geothermal energy systems and the nat-
ural water system via real heat extraction simulations.
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