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Multiphase flow and transport processes in the subsurface
environment are extremely important in a number of indus-
trial and environmental applications at various spatial and
temporal scales. Thus, it is necessary to identify, understand,
and predict these processes to improve the production of
conventional and unconventional oil and gas, to increase
the safety of geological sequestration of carbon dioxide
and nuclear waste disposal, and to make remediation of
contaminated aquifers more effective.

Thepast decades have seen remarkable growth in research
related to multiphase flow and transport in porous and
fracture media [1–4]. Numerical models have been widely
used to understand, predict, and optimize complex physi-
cal fluid flow processes combined with chemical, thermal,
mechanical, and biological interactions occurring between
fluids and the reservoir rocks [5–7]. Nevertheless, theoretical
and practical challenges remain considerable. First, advanced
mathematical models are needed to robustly and efficiently
analyze the vast variety and complexity of multiphase pro-
cesses. Second, application of these models to actual field
site remains challenging, specifically in areas that involved
strongly coupled processes, such as compressed gas energy
storage, energy recovery from geothermal reservoirs as well
as from coalbed methane, and gas hydrate deposits.

This special issue discusses some of the latest research
outcomes in two parts: (1) theoretical fundamentals of mul-
tiphase flow and transport related numerical methods and
laboratory experiments and (2) field applications to complex
subsurface environments. We received 24 submissions, 13 of

which passed the initial assessment and review process. A
brief summary of this issue is given in the following.

For the theoretical fundamentals, we have the follow-
ing:

(1) The paper by Y. Hou et al. investigated the anomalous
dispersion of nonreactive solute particles in immobile
zones and estimated the waiting time distribution.
The study demonstrates that the distribution of wait-
ing time in different dead-end pores having the
similar power-law decline at early time and transiting
to an exponential decline in the end. The anomalous
dispersion is highly dependent on the sizes of immo-
bile zones.

(2) The paper by Y. Ning et al. discussed the effects on
the uranium leaching efficiency of the lignite from the
solid/liquid ratio, CO

3

2−/HCO
3

− ratio, the leaching
reagent concentration, and oxidants. They found the
optimal solid/liquid ratio and CO

3

2−/HCO
3

− ratio
that lead to the maximum uranium leaching rate.

(3) The paper by N. Liu et al. presented numerical
simulation by an integrated wellbore-reservoir sim-
ulator (T2Well) to investigate the leakage problem
along open fractures. Darcy’s law in open fractures
is validated by comparing the momentummodel and
corresponding EPMmodel of various apertures.

(4) The paper by J. Huo et al. presented a decoupling
approach by linear algebraic manipulations of the
stoichiometric coefficients of the chemical reactions
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to reduce the number of equation variables and sim-
plifying the reactive source in the reactive transport
model of pyrite oxidative dissolution.

(5) The paper by J. Han et al. conducted numerical
simulations to reproduce the bare silt soil drying
process to quantitatively understand the evolutions of
variables involved in the evaporation process during
different stages of evaporation.

(6) Thepaper by Y.Dai et al. developed an incompressible
two-phase (crude oil and water) flow model incorpo-
rating interfacial forces and nonzero contact angles to
accurately describe the flow characteristic of fracture
scale displacements of immiscible fluids.

(7) The paper by Y. Li et al. investigated the influences of
the well screen length on compressed air energy stor-
age in aquifers (CAESA) system performance using
an integrated wellbore-reservoir simulator T2WELL.

(8) The paper by J. Piao et al. compared coupledwellbore-
reservoir and conventional equivalent porous media
models to investigate dynamic behavior of CO

2
in a

wellbore and storage formation during geologic CO
2

sequestration. The study demonstrates the impor-
tance of accounting for the complex thermodynamic
behavior of CO

2
as it travels along the injection well

and interacts with the surrounding formation. Cou-
pled wellbore-reservoir effects may strongly affect the
conditions near the injection interval and thus the
injectivity, salt-precipitation potential, and other fac-
tors determining the performance and sustainability
of CO

2
injection.

For the field applications, we have the following:

(9) The paper by Y. Yu et al. performed reactive transport
simulations to analyze the geochemical interactions
between CO2, formation fluid, and host rock of the
major formations in the Ordos Basin and assess
the CO2 trapping capabilities for the Shenhua CO2
capture and sequestration (CCS) project in China.

(10) The paper by C. Dai et al. performed numerical
simulations of production from a shale gas reservoir
in the Sichuan Basin in China to analyze the pro-
duction characteristics. They quantified the relative
contributions of free and adsorbed gas to the total
production rate. Moreover, they discussed the roles
that the matrix, natural fractures, and the stimulated
reservoir volume play in the recovery of natural
gas, which determines the accuracy with which each
of these components needs to be characterized or
controlled.

(11) The paper by Y. Yuan et al. conducted multiphase
fluid-flow model to investigate the gas production
performance from the layered hydrate reservoirs by
depressurization at the offshore production test site
of the Eastern Nankai Trough. They found that the
dissociation zone is strongly affected by the verti-
cal reservoir’s heterogeneous structure and shows

a unique dissociation front. The beneficial produc-
tion interval scheme should consider the reservoir
conditions with high permeability and high hydrate
saturation.

(12) The paper by Q. Ge et al. conducted numerical simu-
lationCl− in porewaters through the aquitard-aquifer
system to understand the transport mechanism of
natural tracer migration in North Jiangsu coastal
plain, China.

(13) The paper by L. Dong et al. established an evaluation
index system to quantitatively assess the risk degree
for underground goafs considering uncertain factors
in mines. This developed system is further applied
in 37 underground goafs in Dabaoshan mine, which
provides an efficient guidance to both reduce the
accident risk and improve the mining environment.
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For investigating the wellbore flow process in CO2 injection scenarios, coupled wellbore-reservoir (WR) and conventional
equivalent porous media (EPM) models were compared with each other. In WR model, during the injection, conditions for the
wellbore including pressure and temperature were dynamically changed from the initial pressure (7.45–8.33MPa) and temperature
(52.0–55.9∘C) of the storage formation. After 3.35 days, the wellbore flow reached the steady state with adiabatic condition; temper-
ature linearly increased from the well-head (35∘C) to the well-bottom (52∘C). In contrast, the EPM model neglecting the wellbore
process revealed that CO2 temperature was consistently 35∘C at the screen interval. Differences in temperature fromWR and EPM
models resulted in density contrast of CO2 that entered the storage formation (∼200 and ∼600 kg/m3, resp.). Subsequently, theWR
model causing greater density difference between CO2 and brine revealed more vertical CO2 migration and counterflow of brine
and also developed the localized salt-precipitation. Finally, a series of sensitivity analyses for theWRmodel was conducted to assess
how the injection conditions influenced interplay between flow system and the localized salt-precipitation in the storage formation.

1. Introduction

As an approach for decreasing CO2 emissions into the atmo-
sphere, geologic carbon storage (GCS) is one of considerable
solutions for relieving global climate change [1]. While oper-
ating GCS projects, CO2, directly captured during industrial
processes at fossil-fuel power plants, was injected through
the wellbore and stored within the specific geologic forma-
tion covered by low-permeability caprock [2–4]. Until now,
numerous GCS projects have been or are being conducted
at various scales around the world to validate the safety of
GCS technology [5]. For example, several pilot-scale projects
were successfully completed CO2 injection at a rate of 10,000
metric tons per year; these projects included Frio, Texas
[6], Nagaoka, Japan [7], Ketzin, and Germany [8] as well as
Regional Carbon Sequestration Partnership’s (RCSP) Phase
II program implemented by the US Department of Energy
[9, 10]. In addition to pilot-scale projects, commercial-scale

projects where CO2 was injected at an approximate rate of
1 million metric tons per year were completed or also in
operation: Sleipner project in North Sea [11], Weyburn CO2-
EOR Project in Canada [12], In Salah Project in Algeria [13],
and Illinois Basin-Decatur Project which is one of the Phase
III projects of US Department of Energy’s RCSP [14].

During the demonstration of such pilot- or commercial-
scale GCS projects, transported CO2 from the sources (e.g.,
coal-based power plants) must be injected through the
wellbore, which is the pathway connecting the ground surface
to the targeted subsurface formation [15]. Here, the wellbore
is the connected open pipe while the subsurface formation
is regarded as porous media. Due to the difference in their
inherent configurations, within the wellbore, the inertial
force is much greater than the viscous force, implying that
Reynold’s number can be significantly large [16]. Solution
approaches to solving CO2 transport are also different in each
other.Within the wellbore, CO2 transport belongs to the pipe
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flow, which requires a solution of the Navier-Stocks equation
[17]. On the other hand, once CO2 enters porous storage
formations, CO2 transport must be explained by Darcy’s
law [18]. Furthermore, CO2 injection wells were typically
drilled over 1 km while penetrating multiple geologic forma-
tions. Therefore, while CO2 migrated through the wellbore,
large variations in pressure and temperature could cause
to change in CO2 phase and its thermophysical properties
[19, 20].

As described, due to complexities involved during the
wellbore processes, a number of studies previously drew
attention and suggested that, during the CO2 injection activ-
ity, profiles of both pressure and temperature in the wellbore
could change dynamically [21–27]. For example, Lu and
Connell [21] suggested that the wellbore fluids could exhibit
multiphase (supercritical, liquid, gaseous CO2, and brine)
concurrently experiencing their phase changes. Furthermore,
both CO2 and brine could experience thermal alteration
caused by frictional loss, thermal conduction, convection,
and Joul-Thomson heating/cooling [22, 27–29]. Due to such
complex alteration processes, both bottom-hole pressure and
temperature would be significantly different from ones at the
well-head. Subsequently, altered pressure and temperature
profiles would significantly affect thermophysical properties
of CO2 such as density, viscosity, enthalpy, internal energy,
and solubility [19, 26, 30–32].

When thermophysically altered CO2 entered the stor-
age formation, the brine within porous media would be
displaced. Subsequently, the dry-out zone would be devel-
oped in the vicinity of the injection well where residual
brine evaporated to dry-CO2 while precipitating the solid
salt [33, 34]. Previously, numerous studies including both
experimental [35–37] and numerical studies [34, 38–41]
evaluated development of dry-out zone and associated salt-
precipitation. Among them, Oh et al. [36] conducted core-
flooding experiments and captured the salt-precipitation at
the core-inlet by using SEM images. In addition, Kim et
al. [39] and Guyant et al. [40] used numerical approach
to elaborate the salt-precipitation processes according to
conditions for both the injection well and storage formation.
In particular, within low injection rate and high permeability
of the storage formation, buoyancy effect on CO2 became
dominant, and consequently, the localized salt-precipitation
was developed [41] concurrently elevating pressure around
the injection well [42]. Most importantly, development of the
localized salt was dependent on the degree of buoyancy force
on CO2 plume, which was governed by the injection rate
and thermophysical properties of CO2. Even though thermo-
physical CO2 properties could be changed significantly after
CO2 experiencing the wellbore processes, only a few studies
were considered the wellbore processes impacting on CO2
behavior in the storage formation [22, 24, 43–45].

For example, a number of previous studies neglected the
wellbore flow process or interpreted the wellbore flow by
adopting Darcy’s law after assigning adequate rock properties
[46–48]. This approach is called equivalent porous media
(EPM) model. The primary reason for such simplification
arises from technical difficulties solving both the wellbore
and porous media flow at the same time. Nevertheless, it

is recognized that fully coupled wellbore-reservoir models,
capable of accounting for nonisothermal two-phase (CO2 and
brine or water) flow, are necessary to evaluate the influence of
wellbore flow on injected CO2 within the storage formation
[44, 49]. Due to this reason, the purpose of this study was
to advance current understanding related to the wellbore
flow process by investigating the change of both pressure and
temperature profiles within the wellbore, and subsequently,
CO2 migration, and resulting accumulation of solid salt in
the storage formation.

2. Method

2.1. Conceptual Model. In order to evaluate differences
between equivalent porous media (EPM) and coupled
wellbore-reservoir (WR) models, two base-cases which were
two-dimensional radially symmetric and nonisothermal
models (Case 1 and Case 2) were employed (Figures 1(a) and
1(b)). Case 1 adopted the conventional EPM approach for
simulating both an injection well and a storage formation
while Case 2 utilized the WR model for simulating the
injectionwell which coupled to the storage formation. In both
cases, CO2 was injected into the storage formation which
was the 40m thick high-permeability (𝑘) formation (𝑘 =3 × 10−13m2 and 𝜙 = 0.25) overlaid by the 50m thick
low-𝑘 sealing caprock (𝑘 = 1 × 10−17m2 and 𝜙 = 0.2).
These formations were positioned at a depth of 690m below
the ground surface, and their radial extent was 10,000m.
The storage formation was divided vertically into 10 layers
(each layer with 4m thickness) while the overlying sealing
formation was divided into 5 layers having individually 10m
thickness. Then, they were horizontally discretized to 200
columns with the logarithmic increment from the injection
well; the specific number and size of grid-blocks to the radial
direction are shown in Figure 1.

For the initial condition, the hydrostatic pressure was
assigned with the gradient of 10.58 kPa/m (top: 7.45MPa
to bottom: 8.33MPa), and the geothermal gradient of
0.046∘C/m was assigned with assuming the surface tem-
perature of 20∘C (model top: 52.0∘C to bottom: 55.9∘C). In
addition, the dissolved NaCl mass fraction in the ambient
brine was uniformly 15% with zero CO2 saturation. For the
boundary conditions, both top and bottom boundaries were
assigned to be no-flow condition without assigning the con-
ductive heat flow at the bottom boundary; temperature field
in the model was dominantly governed by the geothermal
gradient assigned to lateral boundaries. The conductive heat
flows were neglected because buoyant CO2 plume holding
different temperature typically governed the temperature
field adjacent to CO2 plume and the injection well. Fur-
thermore, the right-most side of the targeted formation at
10,000m was set to be the Dirichlet boundary. By assuming
the Dirichlet boundary, it was expected that the pressure
pulse after reaching this boundary would be affected.

The primary difference between Case 1 and Case 2
was the condition for the left boundary assigned to the
storage formation where CO2 was injected. In Case 1 (EPM
model), without the wellbore, CO2 was injected into 10
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Figure 1: Schematic diagrams delineating the 2-dimensional radial models. (a) Case 1 targeted to evaluate the EPMmodel and (b) Case 2 is
for the WR model.

grid-blocks located at the left-most boundary with 1 kg/s
injection rate (a total injection rate was 10 kg/s) during 1,095
days (3 years) (Figure 1(a)). The temperature of the injected
CO2 was maintained at 35.0∘C, assuming that CO2 velocity
within the wellbore was fast enough to ignore conductive
heat transfer from surroundings. Additionally, since there
was no wellbore, it was assumed that the Joule Thompson
effect was negligible. The ambient temperature based on
assigned geothermal gradient was 54.2∘C to 55.9∘C in the
storage formation. In Case 2 (WR model), for simulating
CO2 transport through the wellbore, the wellbore consisting
of 84 grid-blocks was added to the left-most boundary
from the ground surface to the bottom of target formation
(Figure 1(b)). The diameter of the wellbore was set to 0.2m.
From the ground surface to the depth of 690m (the top of
the sealing formation), the 69 grid-blocks with the individual
vertical size of 10m were assigned without coupling to the
surrounding formation. However, conductive heat exchange
between the wellbore and the surrounding formation was
considered by calculating semianalytically [24, 49]. From

the depth of 690m to 780m, the wellbore consisting of 15
grid-blocks was connected to the storage formation with
the same dimension (sealing formation: 5 layers and storage
formation: 10 layers). Among 15 grid-blocks, only 10 grid-
blocks connected to the storage formation were considered
to be the screen interval where CO2 mass was injected into
the storage formation. Dry CO2 was injected from the well-
headwhere the temperature of injectedCO2 and the injection
rate was maintained at 35.0∘C and 10 kg/s, respectively. In
both models, the relative permeability and capillary pressure
were modeled with Corey’s curves [50] and van Genuchten
function [51], respectively.Themathematical expressions and
input parameters for Corey and van Genuchten functions
were presented in Table 1.

Finally, in addition to Cases 1 and 2, 6 subcases of Case2 were developed to evaluate different injection conditions
for the WR model (Table 2). Three parameters including
the injected CO2 temperature, the injection rate, and the
wellbore diameter were determined to analyze the role of the
wellbore process on injected CO2. Particularly, the injected
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Table 1: Parameters and properties used in the basecase model.The
definitions of symbols are explained in nomenclature.

Parameters for formation Values
Permeability

Storage formation 3 × 10−13m2
Sealing formation 1 × 10−17m2

Porosity
Storage formation 0.25
Sealing formation 0.2

Salinity 15%
Surface pressure 1.01 × 105 Pa
Pressure gradient 10,577.8 Pa/m
Surface temperature 20∘C
Temperature gradient 0.0461∘C/m
Thermal conductivity 2.51W/m⋅∘C
Parameters for injection Values
Injection rate 10 kg/s
Injection temperature 35∘C
Wellbore diameter 0.2m
Parameters for transport Values
Relative permeability Corey’s model

𝑘𝑟𝐺 = (1 − 𝑆)2(1 − 𝑆2); 𝑘𝑟𝐿 = 𝑆4𝑆 = (𝑆𝐿 − 𝑆𝑙𝑟)/(1 − 𝑆𝑙𝑟 − 𝑆𝑔𝑟)𝑆𝑙𝑟 = 0.3, 𝑆𝑔𝑟 = 0.05
Capillary pressure van Genuchten model

𝑃𝑐 = −𝑃0 ((𝑆∗)−1/𝜆 − 1)(1−𝜆
)

𝑆∗ = (𝑆𝐿 − 𝑆𝑙𝑟) / (𝑆𝑙𝑠 − 𝑆𝑙𝑟)
Storage formation 𝜆 = 0.46, 𝑆𝑙𝑟 = 0.2, 1/𝑃0 = 1 × 10−4 Pa−1
Sealing formation 𝜆 = 0.25, 𝑆𝑙𝑟 = 0.2, 1/𝑃0 = 1 × 10−5 Pa−1

Table 2: Description of sensitivity scenarios.

Case
Injection

temperature
(∘C)

Injection rate
(kg/s)

Wellbore diameter
(m)

Case 2 35 10 0.2
Case 2-1 45 10 0.2
Case 2-2 60 10 0.2
Case 2-3 35 5 0.2
Case 2-4 35 50 0.2
Case 2-5 35 10 0.13
Case 2-6 35 10 0.05

CO2 temperatures were selected from relatively high values
(35∘C–60∘C) even though the high injected CO2 temperature
will cause a high energetic cost because of heating up CO2
[52].

2.2. Numerical Simulator. In this study, two simulators were
compared; one for the EPM model applying to Case 1 was
TOUGH2/ECO2N [53, 54] and the other for the WR model
in Case 2 was T2Well/ECO2N [24, 55]. TOUGH2 is the

numerical simulator capable of simulating nonisothermal
multiphase and multicomponent fluids in multidimensional
porous and fractured media [53]. The ECO2N is a fluid
property module that describes the thermophysical prop-
erties of H2O-NaCl-CO2 system [54, 56]. T2Well/ECO2N,
which is the suite of the TOUGH2/ECO2N, is the integrated
simulator capable of accounting for bothwellbore and storage
subdomain where they are controlled by different governing
equations [24]. Specifically, the viscous flow within the
wellbore was predicted from one-dimensional momentum
equation while porous media representing the storage for-
mation were simulated with two-dimensional multiphase
version of Darcy’s law.

For the specific details regarded to TOUGH2, Pruess
et al. [53] can be referred. Here, the governing equations
related to T2Well/ECO2N are only explained; the primary
governing equations representing mass, energy, andmomen-
tum within the wellbore and the storage formation are listed
in Table 3. As shown in Table 3, the primary difference
between porous medium and the wellbore is consideration of
both kinetic (u2𝛽/2) and potential (g𝑧 cos 𝜃) energy terms in
the energy flux and accumulation equations of the wellbore
model. Therefore, while CO2 migrates through the wellbore,
variations in both potential and kinetic energies interactively
change the energy state of CO2 within the wellbore. Addi-
tionally, fluid velocities within the wellbore are determined
by the mixture velocity (𝑢𝑚) and the drift velocity (𝑢𝑑),
which is calculated from the Drift-Flux-Model (DFM) [57].
Specifically, 𝑢𝑚 is calculated by solving following momentum
equation [55]:

𝜕𝜕𝑡 (𝜌𝑚𝑢𝑚) + 1𝐴 𝜕𝜕𝑧 [𝐴 (𝜌𝑚𝑢2𝑚 + 𝛾)]
= −𝜕𝑃𝜕𝑧 −

Γ𝑤𝑓𝜌𝑚 u𝑚 u𝑚2𝐴 − 𝜌𝑚𝑔 cos 𝜃,
(1)

where 𝛾 is expressed with the following equation: 𝛾 =(𝑆𝐺/(1−𝑆𝐺))(𝜌𝐺𝜌𝐿𝜌𝑚/𝜌∗2𝑚 )[(𝐶0 −1)𝑢𝑚 +𝑢𝑑]2, which explains
the slip between gas and liquid phases. Subsequently, 𝑢𝑑 is
calculated with a function of gas saturation (𝑆𝐺) and other
fluid properties:

𝑢𝑑 = (1 − 𝐶0𝑆𝐺) 𝑢𝑐𝐾(𝑆𝐺, 𝐾𝑢, 𝐶0)𝑚 (𝜃)𝐶0𝑆𝐺√𝜌𝐺/𝜌𝐿 + 1 − 𝐶0𝑆𝐺 . (2)

In (2), the characteristic velocity (𝑢𝑐) indicates the rising
velocity of gaseous bubble in a liquid column and 𝑚(𝜃)
denotes the inclination effect of thewellbore.The function for𝐾(⋅) is used for smooth transition of drift velocity between the
bubble rising stage and the filmflooding stage. Other terms in
(2) can be found in the nomenclature. Further details about
the T2Well/ECO2N simulator can be found in Pan et al. [55].

In regard to the salt-precipitation process occurring
adjacent to the injection well, a number of previous stud-
ies have been conducted with TOUGH2/ECO2N [34, 38–
42]. However, only a few studies considered the influence
of salinity on both wellbore and reservoir flow [25, 58].
In TOUGH2/ECO2N, the salt-precipitation occurred when
water vaporized into dry supercritical CO2, which was
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Table 3:Governing equations utilized inT2Well/ECO2N,which represents fluids through thewellbore and storage formation.Thedefinitions
of symbols are explained in nomenclature.

Description Equation

Conservation of mass and energy 𝑑𝑑𝑡 ∫𝑉𝑛𝑀
𝜅𝑑𝑉𝑛 = ∫

Γ𝑛

F𝜅 ⋅ n 𝑑Γ𝑛 + ∫
𝑉𝑛

𝑞𝜅𝑑𝑉𝑛
Mass accumulation 𝑀𝜅 = 𝜙∑

𝛽

𝑆𝛽𝜌𝛽𝑋𝜅𝛽, for each mass component 𝜅
Mass flux F𝜅 = ∑

𝛽

u𝛽𝜌𝛽𝑋𝜅𝛽, for each mass component 𝜅
Porous medium

Energy flux F𝑁𝐾1 = −𝜆∇𝑇 +∑
𝛽

ℎ𝛽𝜌𝛽u𝛽
Energy accumulation 𝑀𝑁𝐾1 = (1 − 𝜙)𝜌𝑅𝐶𝑅𝑇 + 𝜙∑

𝛽

𝜌𝛽𝑆𝛽u𝛽
Darcy velocity u𝛽 = −𝑘𝑘𝑟𝛽𝜇𝛽 (∇𝑃𝛽 − 𝜌𝛽g) Darcy’s Law for each phase 𝛽, with 𝑃𝛽 = 𝑃𝐺 + 𝑃𝑐

Wellbore

Energy flux F𝑁𝐾1 = −𝜆∇𝑇 +∑
𝛽

𝜌𝛽𝑆𝛽u𝛽 (ℎ𝛽 + u2𝛽2 + g𝑧 cos 𝜃)
Energy accumulation 𝑀𝑁𝐾1 = ∑𝛽 𝜌𝛽𝑆𝛽 (𝑈𝛽 + u2𝛽2 + g𝑧 cos 𝜃)

Phase velocity
𝑢𝐺 = 𝐶0 𝜌𝑚𝜌∗𝑚 𝑢𝑚 +

𝜌𝐿𝜌∗𝑚 𝑢𝑑 Drift-flux model

𝑢𝐿 = (1 − 𝑆𝐺𝐶0)𝜌𝑚(1 − 𝑆𝐺)𝜌∗𝑚 𝑢𝑚 − 𝑆𝐺𝜌𝐺(1 − 𝑆𝐺)𝜌∗𝑚 𝑢𝑑 Drift-flux model

Source: modified after Pan et al. [49].

accounted for the equations of states developed by Spycher
and Pruess [32]. The precipitation of salt is able to cause
to reduction in both porosity and permeability adjacent
to the injection well. In this work, reduction of porosity
and permeability due to the salt-precipitation was calculated
using a “tubes-in-series” model [53, 59].

𝑘𝑘0 = 𝜃
2
𝑠

1 − Γ + Γ/𝜔2
1 − Γ + Γ [𝜃𝑠/ (𝜃𝑠 + 𝜔 − 1)]2 (3)

𝜃2𝑠 = 1 − 𝑆𝑆 − 𝜙𝑟1 − 𝜙𝑟 (4)

𝜔 = 1 − 1/Γ1/𝜙𝑟 − 1 , (5)

where 𝑘/𝑘0 denotes the permeability reduction factor. 𝜔 is
calculated by two independent geometric parameters such as
fraction of original porosity (𝜙𝑟 = 𝜙/𝜙0) and fractional length
of pore body (Γ). According to few previous studies, both 𝜙𝑟
and Γ were set to be 0.8 [38, 39].
2.3. Gravity Number. The buoyancy effect is one of the
significant factors for determining distribution of both CO2
plume and associated salt-precipitation [41, 42]. In order to
quantitatively assess distribution of salt-precipitation in two
cases, the gravity number (𝑁𝑔V) was chosen for evaluating the
buoyancy effect on the CO2 plume in the storage formation.

𝑁𝑔V defined below measures the degree of strength of gravity
to viscous forces [60]:

𝑁𝑔V = 𝑘V𝐿 𝑠Δ𝜌g𝐻𝑢𝑖𝜇 . (6)

where 𝑘V is the vertical permeability, 𝐻 is the thickness of
the storage formation, and 𝐿 𝑠, as a characteristic length, is
chosen to be equal to the horizontal length of the storage
formation. Δ𝜌 is the density difference between CO2 and
brine, 𝑢𝑖 is the total averaged velocity to the horizontal
direction predicted from grid-blocks between wellbore and
storage formations, and 𝜇 is CO2 viscosity. In (6), greater𝑁𝑔V
indicates dominance of the gravity force on CO2 plume [61].

3. Comparison of EPM and WR Models
(Case 1 versus Case 2)

3.1. Analyses of Wellbore Flow Conditions

3.1.1. Characterization of Multiple Stages in the Wellbore. In
Case 1 (EPM model), CO2 holding constant temperature of
35.0∘C was injected into the storage formation (formation
pressure from 7.95MPa to 8.33MPa) at a constant rate of
10 kg/s throughout the simulation time (Figure 1(a)). Follow-
ing the injection conditions, CO2 injected into the storage
formation was in supercritical phase consistently preserving
its density and viscosity approximately larger than 600 kg/m3
and 5.0 × 10−5 Pa⋅s, respectively.
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In Case 2 (WR model), CO2 holding 35.0
∘C was injected

from the well-head at a rate of 10 kg/s (Figure 1(b)). Once
CO2 was entered from the well-head, it transported through
the 780m depth wellbore (Figure 2(a)) while experiencing
thermal disequilibrium processes such as heat convection,
conduction, frictional effect, and Joule-Thomson effect [21,
27]. Consequently, the temperature of CO2 reaching the
well-bottom was changed from 35.0∘C (at the well-head)
to approximately 52.0∘C. Due to such dynamic disturbance
in both temperature and pressure within the wellbore, the
thermodynamic properties of CO2 entering from the well-
head were also different with ones reaching the well-bottom.

Figures 2(b)–2(d) showed changes in CO2 saturation,
pressure, and temperature throughout the wellbore during
100 days after CO2 injection began. According to CO2 satu-
ration profile in Figure 2(b), three stages were characterized.
Stage I (0 to 1.2 × 10−5 day (=1 sec)) defined the status of the
wellbore where brine was fully saturated in the well; both
pressure and temperature remained hydrostatic and geother-
mal gradient conditions, initially assigned to themodel (Stage
I in Figures 2(c) and 2(d)). During Stage II (1.2 × 10−5 day
(=1 sec) to 1.2 × 10−2 day (=17.3min)), the wellbore transited
from single (or brine) to multiphase conditions where both
brine and CO2 coexisted; the dynamic interface (dashed
purple-line in Figures 2(c) and 2(d)) between injected CO2
and brine was developed. In addition, the phase transition
of CO2 from gaseous to supercritical phase was observed at
a depth of 468m for the first time (3.2 × 10−3 day), which
dynamically evolved with time (Figure 2(b)). Approximately
after 3.35 day, gaseous CO2 in the wellbore completely
transited to supercritical phase.

Immediately after CO2 injection began at Stage II, CO2
suddenly pushed brine from the well-head, and therefore,
increase in CO2 saturation was observed at the well-head
(Figure 2(b)). Due to the encroachment of CO2 from thewell-
head, brine positioned at the well-bottom needed to enter the
storage formation in which permeability (3 × 10−13m2) and
capillary pressure were significantly smaller and larger than
the wellbore ones, respectively. Because of contrasts in both
permeability and capillary pressure between the wellbore and
storage formation, the pressure at the wellbore was built
up and reached its peak at 2.3 × 10−4 day (Figure 2(c)).
Then, subsequent pressure reduction implies that brine at
the well-bottom was getting entered the storage formation
with continuous CO2 injection from the well-head. Gradual
decrease in the wellbore pressure was observed until the
wellbore was completely replaced by CO2 at 1.2 × 10−2 day
(Figure 2(c)).

The temperature profile was somewhat similar to pressure
one. At Stage I, temperature ranged from the well-head
to well-bottom was 20.0∘C to 56.0∘C (Figure 2(d)). Then,
CO2 with temperature of 35.0∘C was injected from the well-
head. While 35.0∘C CO2 displaced the brine from the well-
head, relatively warm brine (approximately 50.0–56.0∘C)
positioned at the bottom of the wellbore entered the storage
formation (Stage II). Concurrently, low-temperature brine
(20.0∘C) was pushed from the well-head to the deeper part of
the wellbore by injected CO2. While the injected CO2 pushed

low-temperature brine downward, diverse thermal processes
including thermal convection, conduction, frictional effect,
and Joule-Thomson effect occurred concurrently. However,
because thermal convection representing the movement
of shallow cold-brine toward the well-bottom was more
dominant than other thermal effects, overall decrease in
temperature was observed in the wellbore.

Immediately after Stage III at 1.2 × 10−2 day, the wellbore
was completed replaced by the injected CO2. Soon, both
pressure and temperature increased together (6.9 × 10−2 day).
This positive relationship can be attributed to Joule-Thomson
effect ((𝜕𝑇/𝜕𝑃)𝐻), which defines change in temperature
during (de)compression of CO2 based on its counterpart
of pressure change under the isenthalpic condition [62].
After 3.35 day, profiles for both pressure and temperature
reached the steady-state condition while CO2 in the wellbore
completely became supercritical phase (Figure 2(b)). In sum-
mary, due to thermal processes such as frictional effect, heat
conduction, and Joule-Thomson effect, temperature of CO2
which entered the storage formation reached approximately
51-52∘C, which was greater than injected CO2 (35

∘C) but
lower than temperature (54-55∘C) of the storage formation.

3.1.2. Variations inThermophysical Properties of Injected CO2.
Figure 3 showed contours for density, viscosity, specific
enthalpy, and Joule-Thomson coefficient of CO2 dependent
on temperature and pressure, which were predicted from
Span and Wagner [63]. Figures 3(a) and 3(b) delineated
relativelywide ranges covering pressure from0 to 30MPa and
temperature from 0 to 200∘C. Therefore, appropriate ranges
for pressure (6 to 10MPa) and temperature (20 to 80∘C) were
selected, and CO2 injection condition was examined for both
cases (Figures 3(c) and 3(d)).

The CO2 injection condition for Case 1 (EPM model;
purple symbols) was plotted at 1,095 days (Figure 3(c)).
After 1,095 days, pressure from the top to the bottom of the
storage formation was changed from 9.16 to 9.26MPa while
maintaining 35∘C. At this condition, the injected CO2 was
completely supercritical phase with relatively large density
(approximate 650 kg/m3) and viscosity (approximate 5.2 ×
10−5 Pa⋅s) (Figure 3(c)).

For Case 2 (WRmodel), 4 profiles were selected; one was
at the end of Stage II (1.2 × 10−2 day in Figure 2(b)) imme-
diately after the wellbore was completely filled with CO2;
at this time, the injected CO2 experienced phase transition
from gaseous to supercritical phase at 155m depth (Point
A in Figures 2(b) and 3(c)). Presence of both gaseous and
supercritical CO2 within the wellbore resulted in dynamic (or
nonlinear) profile of CO2. At the well-head, temperature and
pressure were 35∘C and 6.96MPa, which was plotted below
the critical point (31.1∘C and 7.38MPa) of CO2.Then, at 155m
(Point A) temperature dropped to 32.6∘C (Δ𝑇 = −2.4∘C)
while pressure increased to 7.37MPa (Δ𝑃 = +0.4MPa).
Similar to Han et al. [27] and Lu and Connell [21], decrease in
CO2 temperature occurred in the wellbore due to heat con-
duction with the surrounding formation; the temperature of
the surrounding formation was 27.1∘C in this depth. From the
ground surface to 155m, gaseous CO2 in the wellbore holds
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Figure 2: Changes in thermophysical properties of CO2 within the wellbore during 100 days; (a) a schematic diagram delineating CO2
transport within the wellbore and associated thermal effects; profiles for (b) CO2 saturation [-], (c) pressure [Pa], and (d) temperature [∘C].
The two white dotted lines define the initiation of each different stage while injected CO2 is displacing the brine in the wellbore (1.2 × 10−5
(=1 sec) and 1.2 × 10−2 (=17.3min)). The yellow dashed line in (b) represents the interface between gaseous and supercritical CO2 phase. The
purple dashed lines shown in (c) and (d) indicate the dynamic interface between CO2 and brine.

its density from 219 to 326 kg/m3, viscosity from 2.0 × 10−5
to 2.3 × 10−5 Pa⋅s, and Joule-Thomson coefficient decreasing
from 9.1 to 8.2∘C/MPa. Deeper than 155m, gaseous CO2 tran-
sited to supercritical phase. Both temperature and pressure
increased nonlinearly while deviating from isenthalpic lines
(300–350 kJ/kg in Figure 3(d)), implying that supercritical
CO2 in the wellbore did not reach the adiabatic condition yet;

thus, various thermal processes including thermal conduc-
tion and friction actively affected CO2 temperature. When
CO2 arrived at the well-bottom, its temperature reached
52.2∘Cwith elevated pressure of 9.5MPa. Compared to Case 1
(35∘C), CO2 temperature at the well-bottom increased (Δ𝑇=)
+17.2∘C. Due to significant discrepancy in CO2 temperature
from these two cases, thermodynamic properties of CO2were
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Figure 3: Contours of (a) density [kg/m3] and viscosity [10−5 Pa⋅s] and (b) enthalpy [kJ/kg] and Joule-Thomson coefficient [∘C/MPa] in 𝑃-𝑇
space. Gray box represents a suitable condition for the wellbore during geologic CO2 sequestration (𝑃: 6 to 10MPa and 𝑇: 20 to 80∘C). (c) and
(d) represent contours for density, viscosity, enthalpy, and Joule-Thomson coefficient in 𝑃-𝑇 regime suitable for the wellbore. Purple symbols
represent the conditions for CO2 injection in Case 1. Green symbols and lines represent the conditions for the wellbore in Case 2.

also different which affected the behavior of CO2 transport in
the storage formation.

The other three profiles (91, 365, and 1,095 days) were
selected during Stage III. These profiles were paralleled to

isenthalpic lines, implying that CO2 within the wellbore
reached the adiabatic condition (Figures 3(c) and 3(d)). In
this condition, Joule-Thomson effect on CO2 temperature
would be more significant than any other thermal processes
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Figure 4: Distribution of CO2 saturation [-] shown as color contours and CO2 density [kg/m
3] as dashed lines at a series of times (91, 365,

1,095 days). (a), (b), and (c) were simulated from the EPM model (Case 1) while (d), (e), and (f) were from the WR model (Case 2). The
isodense lines represent the magnitude of density which follows the legend shown in (b) and (e).

[21]. As seen in Figure 3(d), Joule-Thomson coefficient
having positive values decreased from 8.8 to 6.4∘C/MPa as
approaching to the well-bottom; positive values of Joule-
Thomson coefficient imply the adiabatic heating with CO2
compression, and its effect was relatively large at the shallow
depth. All these three profiles revealed that gaseous CO2
filled the small portion of the well-head even after the arrival
of the adiabatic condition. In addition, it is observed that
the wellbore pressure slightly decreased with time; the small
drop of the well-bottom pressure between 91 and 1,095 days
was (Δ𝑃=) −0.2MPa (9.5 to 9.3MPa). Correspondingly, CO2
density and viscosity at the well-bottom were decreased,
(Δ𝜌=) −19.9 kg/m3 (311.7 to 291.8 kg/m3) and (Δ𝜇=) −0.1 ×10−5 Pa⋅s (2.5 to 2.4 × 10−5 Pa⋅s), respectively (Figure 3(c)).

Overall, when comparing to CO2 density and viscos-
ity from Case 2 (WR model), Case 1 (EPM model) was
680.0 kg/m3 and 5.4 × 10−5 Pa⋅s, respectively, at 1,095 days.
As seen, discrepancies in thermophysical properties of CO2
were significant when two different injection schemes were
used even with the same injection rate. This discrepancy
became primary reasons for different distribution of CO2
plume within the storage formation and subsequently the
patterns for the salt-precipitation, which will be discussed in
following section.

3.2. Analyses of Storage Formation Conditions

3.2.1. Patterns for CO2 Migration in the Storage Formations.
Figure 4 showed the distribution of CO2 saturation after

91, 365, and 1,095 days of CO2 injection; Figures 4(a)–4(c)
and Figures 4(d)–4(f) were simulated with the EPM model
(Case 1) and WR model (Case 2), respectively. Comparing
two cases, the same mass of CO2 was injected into the
storage formation (9.46 × 108 kg during 1,095 days), and
consequently, CO2 plume migrated the equal distance of
1,048m at the interface between the caprock and storage
formation (Figures 4(c) and 4(f)). Nevertheless, at the bottom
of the storage formation, the frontal location of CO2 plume
was different (82.7m and 66.9m for Case 1 and Case 2,
resp.), implying that more CO2 migrated vertically in Case2, and therefore, more counterflowing brine was developed.
According to (6),𝑁𝑔V for each case was calculated and listed
in Table 4. As expected,𝑁𝑔V in Case 2 (2.76) was greater than
Case 1 (2.20), implying that the buoyancy force acting on the
CO2 plume was greater in Case 2.

In Case 1, density and viscosity of CO2 in the storage
formation were greater than ∼600 kg/m3 (Figures 4(a)–4(c))
and ∼5.0 × 10−5 Pa⋅s, respectively (contour lines of CO2
viscosity were not plotted because they were similar to the
isodense lines). However, density and viscosity decreased
to ∼200 kg/m3 and ∼2.0 × 10−5 Pa⋅s, respectively, while
approaching to the margin of the CO2 plume. In Case 2,
CO2 density was relatively small, showing the range of 200
to 300 kg/m3 (Figures 4(d)–4(f)); CO2 density greater than
300 kg/m3 appeared only next to the injection well until 91
days (Figure 4(d)). In addition, CO2 viscosity ranged from
2.4 × 10−5 Pa⋅s adjacent to the wellbore to 2.0 × 10−5 Pa⋅s at
the margin of the CO2 plume. Differences in CO2 properties
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Table 4: Predicted gravity number for multiple cases as well as associated parameters used in (6).

Case Time
(d)

𝑢𝑖
(m/s)

𝜌brine
(kg/m3)

𝜌CO2
(kg/m3)

𝜇
(Pa⋅s) 𝑁𝑔V

Case 1 91 3.80 × 10−3 1097.7 557.4 4.5 × 10−5 2.33
365 3.84 × 10−3 1098.1 575.8 4.6 × 10−5 2.17
1,095 3.89 × 10−3 1098.5 571.0 4.5 × 10−5 2.20

Case 2 91 8.73 × 10−3 1088.3 294.7 2.4 × 10−5 2.78
365 9.03 × 10−3 1084.7 287.2 2.4 × 10−5 2.74
1,095 9.41 × 10−3 1097.1 277.0 2.3 × 10−5 2.76

Sensitivity Scenarios
Case 2-1 1,095 1.09 × 10−2 1096.5 248.0 2.2 × 10−5 2.56
Case 2-2 1,095 1.26 × 10−2 1095.0 223.6 2.2 × 10−5 2.32
Case 2-3 1,095 5.23 × 10−3 1097.5 251.4 2.2 × 10−5 5.36
Case 2-4 1,095 2.49 × 10−2 1098.1 486.5 3.6 × 10−5 0.51
Case 2-5 1,095 9.27 × 10−3 1097.2 280.4 2.3 × 10−5 2.77
Case 2-6 1,095 4.07 × 10−3 1098.5 570.7 4.5 × 10−5 2.12
𝜌brine, 𝜌CO2 , and 𝜇 are the average value of brine density, CO2 density, and CO2 viscosity in the storage formation, respectively.

such as density and viscosity in these two caseswere amplified
even after more CO2 was injected into the storage formation.

3.2.2. Patterns for Salt-Precipitation and CO2/Brine Flow. At
the dry-out zone, different patterns for the salt-precipitation
also appeared in these two cases (Figure 5). Here, the
“dry-out zone” was defined as a zone where brine had
been replaced by injected CO2, and consequently, its CO2
saturation approximately reached unity [34]. At the front of
the dry-out zone (the interface of dry-CO2 and brine), pure
H2O is continuously vaporized while remaining the solid salt
in the pore. Degree and configuration of precipitated salt
were governed by two factors; one was the migration speed
of the dry-out front, which was governed by viscous force
(e.g., injection rate and horizontal permeability of the storage
formation).Theotherswere factors governing buoyancy force
(e.g., CO2 density, the rate for counterflowing brine, and
vertical permeability of the storage formation). Additionally,
the amount of salt (or salinity) supplied by the counterflowing
brine also governed the amount of precipitated salt [37].

In Case 1 (EPMmodel) following the conventional mod-
eling approach (1 kg/s of CO2), distribution of horizontal CO2
flux along the radial distance was almost uniform (e.g., 4.4 ×
10−3 kg/(s⋅m2) at 9.04m at 1,095 days) (Figures 5(a) and 5(b)).
In contrast, the counterflowing brine with its magnitude
of 1.5 × 10−7 kg/(s⋅m2) flew opposite to CO2 flux at 9.04m
(Figure 5(c)). The detailed snap-shots of the growing salt-
precipitation were plotted at 91, 365, and 1,095 days in Figures
6(a)–6(c). As seen, the salt was uniformly accumulated
throughout the entire thickness of the storage formation
with its saturation of approximately 0.04. Correspondingly,
the average permeability reduction (𝑘/𝑘0) calculated from
(3) was 65.1% in 1,095 days. Slightly elevated salt saturation
appeared at both nearby the wellbore and the interface
between sealing and storage formations. Adjacent to the
wellbore, the salt saturation increased to be 0.06 due to the

complete vaporization of residual brine. At the interface of
the sealing formation, the salt saturation was increased due
to H2O vaporization from the inflowing brine. According
to Kim et al. [39], residual brine flew from the sealing
formation to the dry-out zone where brine was completely
displaced by injected dry-CO2 (Figure 5(c)). Consequently,
the maximum salt saturation and the 𝑘/𝑘0 reached 0.078 and
39.2%, respectively.

TheWRmodel (Case 2) was able to predict the profiles for
both horizontal and vertical CO2 mass flow rates within the
wellbore (Figure 5(d)). Above the interface (740m) between
the storage and sealing formations, the vertical CO2 mass
flow rate was consistently 10 kg/s because the wellbore was
fully cased (red circle in Figure 5(d)). However, once CO2
entered the screened interval (740 to 780m), the vertical
CO2 mass flow rate decreased with the depth almost linearly
and finally reached zero at the well-bottom. In this interval,
the horizontal CO2 mass flow rate reflected the actual CO2
injection rate (blue circles in Figure 5(d)). As seen in Figures
5(a) and 5(d), the actual CO2 injection rates from both
cases were different; in Case 2, the actual CO2 injection
rates were larger at the upper storage formation except the
interface similar to Vilarrasa et al. [64] and decreased toward
the well-bottom. However, throughout the entire thickness,
the average actual CO2 injection rate was the same as the
injection rate assigned to Case 1 (i.e., 10 kg/s).

Due tomagnitude difference of actual CO2 injection rates
throughout the screen interval, both viscous and buoyancy
forces differently acted on CO2 plume between Case 1
and Case 2 [44]. Furthermore, relatively warm CO2 (e.g.,
52∘C) entered from the wellbore to the storage formation
also amplified the buoyancy effect on CO2 plume (Fig-
ure 3(c)). Due to these reasons, in Case 2, the injected
CO2 plume rose rapidly, inducingmore counterflowing brine
flux (5.0 × 10−6 kg/(s⋅m2) at 8m at 1,095 days) along the
bottom of the storage formation (Figure 5(f)). Because of
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Figure 5: Flux patterns for CO2 and brine near the injection well after the injection of 1,095 days. (a) and (d) predicted CO2 mass flow rate
[kg/s] within grid-blocks representing the wellbore; blue circles are horizontal CO2 mass flow rate from the wellbore to the storage formation
and red symbols are vertical CO2 mass flow rate within the wellbore. (b) and (e) indicate CO2 flux [kg/(s⋅m2) ] with CO2 saturation. (c) and
(f) indicate brine flux [kg/(s⋅m2) ] with salt saturation. The arrows indicate directions for both CO2 and brine flux, and the colors represent
their magnitude.

strong buoyancy effect on the CO2 plume, the configuration
of the dry-out zone where the salt was precipitated was
nonuniform. In particular, the localized salt-peak was devel-
oped due to additional supply of salinity by counterflowing
brine.

At the zone where the localized salt was precipitated, the
maximum salt saturation reached almost equal to porosity
(0.25) implying significant deterioration of permeability; the
cumulated salt-barrier restricted horizontal propagations of
both CO2 and pressure, consequently reducing effective-
ness of the injection well. Figures 6(d)–6(f) showed the
development of salt-precipitation at 91, 365, and 1,095 days.
According to Figure 6(f), it is distinct that the lower part of
the dry-out front stopped expanding after 365 days when the
localized salt-peak was developed.

4. Sensitivity Analyses for WR Model

In order to further evaluate the influence of wellbore pro-
cesses on complete CO2 injection scenarios and associated

salt-precipitation, sensitivity analyses were conducted by
varying the injection conditions such as injected CO2 tem-
perature, injection rate, and wellbore diameter.Then, outputs
from developed sensitivity scenarios were compared relative
to the base-case representing Case 2 (Table 2).
4.1. Effect of Injected CO2 Temperature at theWell-Head. Case2 (35∘C), Case 2-1 (45∘C), and Case 2-2 (60∘C) were designed
to evaluate the influence of injected CO2 temperature while
fixing the injection rate of 10 kg/s and the wellbore diameter
of 0.2m. After 1,095 days, CO2 profiles predicted from three
cases became parallel to isenthalpic lines, implying that CO2,
after completely displacing brinewithin thewellbore, reached
the adiabatic condition (Figure 7(a)). While constraining the
injection rate, different injected CO2 temperature resulted
in prediction of different well-head pressures (𝑃Case 2 =7.24MPa, 𝑃Case 2-1 = 7.54MPa and 𝑃Case 2-2 = 7.79MPa).
Nevertheless, the well-bottom pressures were relatively con-
sistent (𝑃Case 2 = 9.26MPa, 𝑃Case 2-1 = 9.29MPa, 𝑃Case 2-2 =9.30MPa). Within the wellbore, the hydrostatic pressure
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Figure 6: Distribution of salt saturation [-] shown as color contours and the dry-out front as dashed lines at a series of times (91, 365, and
1,095 days). (a), (b), and (c) were simulated from the EPMmodel (Case 1), but (d), (e), and (f) were from the WR model (Case 2).
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Figure 7: (a) Changes of CO2 properties (density [kg/m
3] and enthalpy [kJ/kg]) within the wellbore and (b) development of salt saturation

[-] and built-up pressure [MPa] at the bottom layer.The small figure represents both horizontal and vertical CO2 mass flow rate [kg/s] within
the wellbore at three different injection temperatures (35, 45, and 60∘C) after 1,095 days.
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(𝑃bottom) at the well-bottom can be expressed to be 𝑃bottom =𝑃head + 𝜌CO2g𝐻. The same injection rate (10 kg/s) indicates
that 𝑃bottom should be consistent at all cases. However, the
magnitude of the second term (𝜌CO2g𝐻) at the right-side
varied because 𝜌CO2 decreased with the increase in injected
CO2 temperature; for example, 𝜌CO2 at the well-bottom was
291.8 kg/m3, 251.6 kg/m3, and 216.8 kg/m3 in Cases 2, 2-1,
and 2-2, respectively. While maintaining the same 𝑃bottom,
decrease in 𝜌CO2g𝐻 resulted in elevated 𝑃head as appeared in
Figure 7(a). Due to this reason, CO2 existed as gaseous phase
adjacent to the well-head in Case 2, but nomore gaseous CO2
was present as the injected CO2 temperature was increased.

Within the storage formation, all cases showed the accu-
mulation of localized salt, but the peak was closer to the
well as the injected CO2 temperature decreased (Figure 7(b));
the localized salt-peak was positioned at 4.89m, 5.16m, and
6.37m in Case 2 (35∘C), Case 2-1 (45∘C), and Case 2-2
(60∘C), respectively. Previously, Kim et al. [41] noted that
the localized salt-peak was developed closer to the injection
well as the buoyancy effect was stronger (or greater 𝑁𝑔V,
greater temperature). As seen, in our study, calculated 𝑁𝑔V
of Case 2, Case 2-1, and Case 2-2 was 2.76, 2.56 and 2.32,
respectively (Table 4).The relationship between injected CO2
temperature and 𝑁𝑔V was inconsistent with the previous
premise defining that less dense (or warm) CO2 promoted
verticalmigrationmore. According to theMass Flux equation(𝐹𝐾 = ∑𝛽 u𝛽𝜌𝛽𝑋𝐾𝛽 ) shown in Table 3, if CO2 completely
displaced brine adjacent to the wellbore (assuming a single-
phase and single-component), the Mass Flux equation can
be simplified to be the FCO2

= uCO2𝜌CO2 . Here, average
horizontal CO2 mass flow rate (Ir) is expressed to be Ir =
FCO2

⋅ 𝐴 𝑖. In this study, Ir was 1 kg/s at 10 grid-blocks of
the screen interval and the interface area (𝐴 𝑖) of the grid-
blocks was fixed to be 2.51m2. Correspondingly, FCO2

was
constant, resulting in the fact that any change in 𝜌CO2 should
accompany variation in uCO2 . For example, in Case 2, Case2-1, and Case 2-2 increase in the injected CO2 temperature
accompanied the decrease in 𝜌CO2 , which resulted in elevated
uCO2 within the storage formation.

Subsequently, in (6), increase inuCO2 , whichwas included
in the denominator, decreased 𝑁𝑔V even if Δ𝜌 increased
due to increasing the injected CO2 temperature. Due to this
complicated relation, increase in injected CO2 temperature
ultimately decreased the buoyancy effect onCO2 plumewhile
enhancing viscous force (or enhancing uCO2). Additionally,
the magnitude of the salt-peak (solid-line) was similar in
all cases (approximately 0.19), implying that different CO2
temperature did not cause to variation in the size of the salt-
peak. Nevertheless, the location of the salt-peak was different
and also coincident to the realm where the pressure (dot-
dashed) was built up, implying that the salt-peak served as
a local barrier which prevented the propagation of pressure
pulse to the far-region.

4.2. Effect of Injection Rate. The effect of injection rate on
the wellbore process and associated salt-precipitation was
investigated throughout Case 2-3 (5 kg/s), Case 2 (10 kg/s),
andCase 2-4 (50 kg/s) (Table 2). After 1,095 days, CO2 profiles

in all cases reached the adiabatic condition (Figure 8(a)). At
the well-head, greater injection rate pushing more CO2 to
the well-bottom induced larger well-head pressure (𝑃Case 2-3
= 7.10MPa, 𝑃Case 2 = 7.24MPa, and 𝑃Case 2-4 = 8.06MPa).
Likewise, the well-bottom pressure was elevated (𝑃Case 2-3 =
9.03MPa, 𝑃Case 2 = 9.26MPa, and 𝑃Case 2-4 = 11.63MPa).

Under the adiabatic condition, change in pressure accom-
panied variation of temperature. For example, CO2 profile in
Case 2-4 (50 kg/s) approximately lied along ∼5∘C/MPa con-
tour line for Joule-Thomson coefficient shown in Figure 3(d).
Considering that such a high injection rate minimized
thermal exchange between CO2 within the wellbore and
the surrounding formation, pressure difference (Δ𝑃Case 2-4
= 11.63 − 8.06 = 3.57MPa) between the well-bottom and
well-head resulted in change of temperature Δ𝑇Case 2-4 =∼5∘C/MPa × 3.57MPa = ∼17.85∘C), which was similar to
the model-predicted temperature difference (Δ𝑇Case 2-4 =
17∘C) between the well-bottom (52∘C) and well-head (35∘C)
(Figure 8(a)). For Cases 2-3 (5 kg/s) and 2 (10 kg/s), CO2
profiles for relatively small injection rates fell on large Joule-
Thomson coefficient (8.7∼7.3∘C/MPa) shown in Figure 3(d).
By applying the same principle, it can be concluded that
the wellbore dynamic model reasonably proved temperature
disturbance on CO2 under the adiabatic condition.

Within the storage formation, the salt-peak only occurred
when the injection rate was small (Cases 2-3 and 2 in
Figure 8(b)). In particular, the smaller injection rate caused
to the development of the salt-peak closer from the wellbore.
For example, in Case 2-3, the localized salt-precipitation was
developed at 0.65m from the injection well by surrounding
the half of the screen interval (from the well-bottom to
760m). Similarly, in the magnified figure of Figure 8(a),
CO2 profile in Case 2-3 was not linear at the well-bottom;
the slope of CO2 profile was different from 760 to 780m
due to the development of salt-barrier. Because the salt-
barrier was developed immediately next to the wellbore, the
horizontal CO2 mass flow rate became almost zero (blue
circles in the small figure of Figure 8(b)). Without CO2
entering the storage formation, the built-up pressure was
small (Δ𝑃 = 0.5MPa; from 8.3MPa to 8.8MPa) (blue dot-
dashed line in Figure 8(b)).This negligible change in pressure
within the storage formation implies that the developed salt-
barrier effectively segregated the pressure propagation from
the wellbore to the storage formation.

In high injection rate (Case 2-4, 50 kg), the elevated
viscous force minimized the development of the salt-peak.
Therefore, the salt-accumulation horizontally extended to
27.1m while developing the uniform salt saturation of 0.03
(Figure 8(b)).The pressure in the storage formation increased
due to high injection rate but decreased logarithmically from
the wellbore. In the wellbore, vertical CO2 mass flow rate
decreased linearly from 740m to the well-bottom (orange
dashed line in the small figure of Figure 8(b)).Meanwhile, the
horizontal CO2 mass flow rate was 5 kg/s in each grid-block
except at the interface of the seal and the well-bottom. Finally,
the calculated 𝑁𝑔V of Case 2-3 where the dry-out front was
only extended to 0.65m was the largest (5.36), but the𝑁𝑔V of
Case 2-4 was only 0.51 with the extended dry-out front to be
27.10m (Table 4).
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Figure 8: (a) Changes of CO2 properties (density [kg/m
3] and enthalpy [kJ/kg]) within the wellbore and (b) development of salt saturation

[-] and built-up pressure [MPa] at the bottom layer. The small panel represents both horizontal and vertical CO2 mass flow rate [kg/s] within
the wellbore at three different injection rates (5, 10, and 50 kg/s) after 1,095 days.

4.3. Effect of Wellbore Diameter. In this study, after fixing
the injected CO2 temperature (35∘C) and rate (10 kg/s), the
wellbore diameter was varied at Case 2-6 (0.05m), Case2-5 (0.13m), and Case 2 (0.2m) (Table 2). As shown in
Figure 9(a), CO2 profiles of both Case 2 and Case 2-5 were
almost parallel to isenthalpic lines, indicating the arrival
of the adiabatic condition. CO2 profile of Case 2-5 was
slightly shifted from Case 2; discrepancies were Δ𝑃well-head =
0.06MPa, Δ𝑃well-bottom = 0.01MPa, and Δ𝑇well-bottom = 0.52∘C,
respectively. Similarly, magnitudes of vertical and horizontal
CO2 mass flow rates were nearly the same, and thus, both
configuration of the precipitated salt-barrier and built-up
pressure were almost equivalent (Figure 9(b)). 𝑁𝑔V for Case2 and Case 2-5 also showed similar values, 2.76 and 2.77,
respectively (Table 4).

When the wellbore diameter decreased furthermore to
0.05m (Case 2-6), CO2 profile was changed significantly
(Figure 9(a)). First of all, the pressure profile was overturned.
Previously, both Case 2 and Case 2-5 revealed that the
wellbore pressure was elevated with increase in depth, and
thus, the well-bottom pressure was the highest. However,
in Case 2-6, the well-head pressure was the highest one
(9.9MPa after 1,095 days), and the pressure decreased along
the depth, reaching to 9.1MPa adjacent to the interface
(746m depth) (the magnified figure in Figure 9(a)). Below
746m, the pressure overturned with increasing both (ΔP=)
0.2MPa and (ΔT=) 0.4∘C to the well-bottom. In order
to understand pressure overturn within the wellbore, it is

important to understand the relationship between gravitation
and frictional forces.

While CO2 migrates through the wellbore, both gravity
and frictional forces must leverage each other. Here, the
gravitational force can be calculated from F𝑔 = 𝜌CO2𝑉CO2g;𝑉CO2 is CO2 volume. The frictional force (F𝑓 = 𝜏𝑤Γ𝑤𝑙𝑤)
can be obtained by multiplying the shear stress (𝜏𝑤) to the
perimeter of wellbore (Γ𝑤 = 𝜋𝑑, 𝑑 is the wellbore diameter)
and the wellbore length (𝑙𝑤). Considering that the wellbore is
completely filled with CO2 after 1,095 days, the shear stress
(𝜏𝑤) can be calculated with the following equation [55]:

𝜏𝑤 = 12𝑓𝜌CO2 uCO2  uCO2 . (7)

Here, the friction coefficient (𝑓) is dependent on the
Reynolds number (Re = 𝜌CO2𝑢CO2𝑑/𝜇CO2) within the
wellbore. Then, F𝑓 can be expressed as

F𝑓 = 𝜏𝑤Γ𝑤𝑙𝑤 = 12𝑓𝜌CO2 uCO2  uCO2Γ𝑤𝑙𝑤. (8)

As described before, the vertical mass flow rate is Ir = FCO2
⋅𝐴 = 𝜌CO2uCO2

𝜋(𝑑/2)2. Subsequently, Ir can be rearranged by
replacing uCO2 in F𝑓 shown in

F𝑓 = 8𝑓 I2𝑟𝜌CO2𝜋𝑑3 𝑙𝑤. (9)
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Figure 9: (a) Changes of CO2 properties (density [kg/m
3] and enthalpy [kJ/kg]) within the wellbore and (b) development of salt saturation

[-] and built-up pressure [MPa] at the bottom layer.The small figure represents both horizontal and vertical CO2 mass flow rate [kg/s] within
the wellbore with three different wellbore diameters (0.05, 0.13, and 0.2m) after 1,095 days.

When the CO2 injection rate was constant at the well-
head, the vertical CO2 mass flow rate (Ir) was also invariable
from the well-head to the interface (the orange dashed line in
the small figure of Figure 9(b)). At constant Ir, (9) represents
the fact that F𝑓 is dependent on friction coefficient (𝑓), CO2
density (𝜌CO2), and wellbore diameter (𝑑) and length (𝑙𝑤). In
particular, the third power of wellbore diameter (𝑑3) in (9)
indicates that the wellbore diameter can influence F𝑓 more
than any other parameters. For example, when the wellbore
diameter was decreased 4 times from 0.2m (Case 2) to 0.05m
(Case 2-6), the average F𝑓 per unit depth between the well-
head and 746m increased from 0.5 N/m to 16.0 N/m (32
times). However, the average Fg per unit depth decreased
from 82.2 N/m to 13.8 N/m (approximately 6 times). As
seen, when the wellbore diameter was sufficiently small (e.g.,
0.05m), F𝑓 was large enough to exceed Fg, which induced the
overturn of the pressure profile.

Within the wellbore, the pressure relationship between
two grid-blocks next to each other can be written as 𝑃2𝐴 =𝑃1𝐴 + F𝑔 − F𝑓. Here, 𝑃1 is the pressure of the grid-block 1
positioning above the grid-block 2, and𝐴 is the cross-section
area between two grid-blocks. When F𝑓 was greater than F𝑔
(F𝑓 > F𝑔), 𝑃1 should be greater than 𝑃2 (𝑃1 > 𝑃2), indicating
that the well-head pressure was the largest along the wellbore
and decreased with the depth, as seen in Case 2-6.The similar
pressure profile along the wellbore was also observed by Pan
et al. [24] who simulated the wellbore processes at a 100 kg/s
injection rate.

Interestingly, at Case 2-6 (0.05m), pressure was increased
again with the depth below 746m (the magnified figure in
Figure 9(a)). It can be attributed to decrease in vertical CO2
mass flow rate (Ir) at the screen interval where horizontal
CO2 mass flow rate increased (the orange circle in the small
figure of Figure 9(b)). Decrease in Ir induced a decrease
in F𝑓 as seen in (9). Therefore, at the screen interval, Fg
overcame F𝑓 in turn; for example, from 746m to the well-
bottom average Fg and F𝑓 per unit depth were 13.3N/m and
3.9N/m, respectively.

In additional to the pressure profile, the temperature
profile along the wellbore was also perturbed due to the
variation in thewellbore diameter. Different fromCases 2 and2-5, CO2 profile in Case 2-6 was not situated at the isenthalpic
condition; from the well-head to 746m, temperature change
was negligible (ΔT =0∘C), and from746m to thewell-bottom
CO2 temperature was slightly increased (Δ𝑇 = 0.4∘C) (the
magnifiedfigure in Figure 9(a)). From thewell-head to 746m,
no change in CO2 temperature indicates that CO2 in the
wellbore did not experience major thermal disturbances due
large vertical CO2 velocity. However, below 746m, decrease
in Ir accompanied the reduction of uCO2 , resulting to slight
enhancement of thermal conduction between storage forma-
tion and the wellbore. Nevertheless, due to lack of thermal
perturbation in Case 2-6, temperature of CO2 entering the
storage formation was almost the same to one for Case1 (EPM model) (Figures 3(c) and 9(a)). Thermophysical
properties of CO2 entering the storage formationwere similar
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to each other. As shown in Figure 9(b), the dry-out front
expanded to similar distance (8.61m) to Case 1 where the
dry-out front expanded to 9.04m without developing the
localized salt-precipitation (Figure 5(c)). The calculate 𝑁𝑔V
was also similar to each other (Case 2-6: 2.12 and Case 1:
2.20), which implies that the injection condition from the
small diameter wellbore could mimic one for Case 1 (EPM
model) under the specific conditions.

4.4. Gravity Number versus Dry-Out Front. Development of
salt-barrier and its extent from thewellbore were governed by
dominance between buoyancy and viscous forces, which was
estimated from gravity number (𝑁𝑔V) (Table 4). Interestingly,𝑁𝑔V revealed the negative relationship with the extension
of the dry-out front (Figure 10); the threshold of the 𝑁𝑔V
developing the localized salt-barrier was approximately 2.3.
At that time, the extent of localized salt-barrier was less than
8m from the injection well. In Case 1 (the EPM model),
the 10 grid-blocks imitated the wellbore where CO2 flow was
solved with Darcy’s law (Figure 1(a)). Here, the salt saturation
uniformly extended to 9.04m from the wellbore without
developing the localized salt-precipitation (the star symbol in
Figure 10).Whereas inCase 2 (diamond symbol) adopting the
WRmodel,𝑁𝑔V increasedwhile developing the localized salt-
barrier, and the dry-out front became smaller than 4.89m.

For the sensitivity study of the wellbore diameter, both
predicted 𝑁𝑔V and dry-out extent were almost the same in
both Case 2 (0.2m) and Case 2-5 (0.13m). However, when
the wellbore diameter decreased further to 0.05m (Case

2-6), the viscous force became dominant in the storage
formation. Consequently, the salt was precipitated uniformly
to 8.61m. Indeed, the 0.05m diameter wellbore behaved
similarly to Case 1 (EPM model). Effect of the injected CO2
temperature was minimal (Case 2, Case 2-1, and Case 2-2)
(Figure 10).While the temperature of injected CO2 increased,
CO2 density was decreased, which resulted in elevated CO2
velocity (uCO2) within the storage formation (see discussion
in Section 4.1). Due to the elevateduCO2 , viscous force became
dominant, and thus, the dry-out front was extended further
(Case 2-1: 5.16m and Case 2-2: 6.37m).

Finally, sensitivity analysis with the injection rate (Case2-3, Case 2, and Case 2-4) revealed that the injection rate
plays a significant role in the dry-out zone extent and
development of the localized salt-precipitation (Figure 10).
When the injection rate decreased to the 5 kg/s, the localized
salt-barrier was developed immediately adjacent to wellbore
(0.65m). Consequently, the salt-barrier prevented the CO2
entering the storage formation. On the contrary, the large
injection rate (50 kg/s) significantly enhanced viscous force
of CO2 plume in the storage and extended the dry-out front
to the furthest distance (27.10m) in all cases without the
development of localized salt-precipitation.

5. Discussion

The numerical studies varying multiple CO2 injection sce-
narios were conducted to elaborate the relationship between
the wellbore process and associated changes occurred within
the storage formation. Due to the complex involving wellbore
flow and the salt-precipitation, the dynamic changes of CO2
properties and wellbore conditions were necessary to be
evaluated. Here, the transient, coupled wellbore-reservoir
model aided to simulate the CO2 flow more precisely than
conventional EPM model for various injection scenarios in
geologic CO2 sequestration. For example, migration patterns
of CO2 plume, which was governed by thermodynamic
properties of CO2, could affect the storage capacity and
possibly leakage potentials [65]. The resulting development
of the localized salt-barrier was able to significantly influence
the injectivity [40, 41].

In the simulation studies, a few limitations were included.
The injected CO2 temperature at the well-head was cho-
sen to be higher than the critical temperature. Therefore,
the injected CO2 from the well-head was always to be
supercritical state. However, in the field implementation, the
high CO2 temperature implies high energetic cost requiring
for heating up CO2 [52]. Therefore, for the consideration
of economically optimum CCS operations, the injection
of gaseous CO2 should be evaluated using the wellbore
dynamic model too. In addition, dependent on conditions
of the storage formation, the rate of conductive heat transfer
between CO2 plume and formation fluid would be differ-
ent as well as the magnitude of salt-precipitation [66]. In
this work, assigned temperature and pressure gradients in
the model were greater than ones for typical sedimentary
basins. In particular, conditions for the storage formation
such as temperature, pressure gradients, and the injection
depth were referred from the first pilot-scale CO2 injection
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project at Yeong-il embayment in Korea, which is located
close to the tectonically active region in Japan [67]. Due
to consideration of relatively warm and pressurized storage
formation, CO2 plume behavior within both the wellbore and
the storage formation could be different from CO2 injected
in conventional sedimentary basins. Finally, even if this
study did not consider, properties of the storage formation
involving permeability, porosity, heterogeneity, burial depth,
and lithology of the storage formation could influence CO2
flux entering from the wellbore to the storage formation and
resulting salt-precipitation. Nevertheless, such effects were
not considered here, but they are equally important to be
evaluated.

6. Conclusions

TheWRmodel (Case 2) was selected to simulate fluid flows in
both thewellbore and the storage formation. Additionally, the
EPMmodel (Case 1)was compared to theWRmodel (Case 2)
for evaluating any discrepancies (Figure 1). After considering
the wellbore flow process, entering CO2 mass flow rate,
CO2 phase, and thermodynamic properties at the screen
interval can be predicted more accurately. Consequently,
the patterns of CO2 plume and salt-precipitation at the
storage formation showed different distribution between two
cases. The precipitated salt in Case 2 served as a barrier
to prevent horizontal propagation of CO2 plume from the
injection well and also deteriorate the injectivity. Then, the
transient, coupled wellbore-reservoir model can simulate the
CO2 flow more precisely than conventional EPM model
for various injection scenarios in GCS. Additionally, under
the different injection conditions (injected CO2 temperature,
injection rate, and wellbore diameter) the simulation results,
such as pressure build-up, CO2 migration, and patterns of
salt-precipitation, showed various values. Therefore, through
a series of multiple simulations, it can be concluded that
the wellbore flow processes can play an important role in
the CO2 injection scenarios and significantly influence the
changes which occurred by CO2 injection in the storage
formation. The dynamic changes of CO2 properties and
wellbore conditions are necessary for modeling the CO2
migration and development of salt-precipitation at the stor-
age formation. For example, patterns of CO2 plume, which
was determined by thermodynamic properties of CO2, can
particularly affect the storage capacity and possibly leakage
potentials. In addition, development of the localized salt-
barrier can significantly influence the injectivity. Therefore,
this study not only deepens understanding of wellbore flow
process but also can provide theoretical support for the
commercial-scale of CO2 injection projects.

Nomenclature

𝐴: Cross-sectional area, m2𝐶0: Shape factor𝐶𝑅: Heat capacity of the rock, J/kg⋅K
g: Acceleration of gravity vector, m/s2

𝑓: The fanning friction coefficient,
dimensionless

F: Mass or energy flux vector, kg/m2⋅s or W/m2ℎ: Specific enthalpy, J/kg𝑘: Permeability, m2𝑘0: Initial permeability, m2𝑘𝑟: Relative permeability, m2𝐾𝑢: Kutateladze number𝑀: Mass accumulation term, kg/m3
n: Outward unit normal vector𝑃: Pressure, Pa𝑃0: The strength coefficient𝑃𝑐: Capillary pressure, Pa𝑞: Mass or heat source term, kg/m3⋅s or W/m3𝑆: Saturation𝑆𝑔𝑟: Supercritical-phase CO2 residual saturation𝑆𝑙𝑟: Brine residual saturation𝑆𝑙𝑠: Saturated brine saturation𝑡: Time, s𝑇: Temperature, ∘C
u: Velocity, m/s𝑈: Internal energy, J/kg𝑉𝑛: Volume, m3𝑋: Mass fraction𝑧: 𝑍-coordinate (positive upward), m.

Greek Letters

Γ: The fractional length of the pore
bodies, mΓ𝑛: Area of closed surface, m2Γ𝑤: The perimeter of the well
cross-section, m𝜃: Angle between wellbore and vertical
direction, ∘𝜆: Thermal conductivity, W/∘C⋅m𝜆: The parameter depending on pore
geometry𝜇: Dynamic viscosity, kg/m⋅s𝜌: Density, kg/m3𝜌∗𝑚: Profile-adjusted average density,
kg/m3𝜌𝑚: The density of the gas-liquid mixture,
kg/m3𝜙: Porosity𝜙𝑟: The fraction of original porosity at
which permeability is reduced to zero𝜙0: Initial Porosity.

Subscripts and Superscripts

𝛽: Phase index𝑑: Drift𝐺: Gas𝜅: Component index𝐿: Liquid𝑚: Mixture𝑁𝐾1: Energy component
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𝑅: Rock𝑟𝛽: Relative for phase 𝛽𝑆: Solid.
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Pressure, Salinity and In situ Conditions on CO2 Injection into
Saline Aquifers,” Transport in Porous Media, vol. 84, no. 3, pp.
799–819, 2010.

[39] K.-Y. Kim, W. S. Han, J. Oh, E. Park, and P.-K. Lee, “Flow
Dynamics of CO2/brine at the Interface Between the Storage
Formation and Sealing Units in a Multi-layered Model,” Trans-
port in Porous Media, vol. 105, no. 3, pp. 611–633, 2014.

[40] E. Guyant, W. S. Han, K.-Y. Kim, M.-H. Park, and B.-Y.
Kim, “Salt precipitation and CO2/brine flow distribution under
different injection well completions,” International Journal of
Greenhouse Gas Control, vol. 37, pp. 299–310, 2015.

[41] K.-Y. Kim, W. S. Han, J. Oh, T. Kim, and J.-C. Kim, “Charac-
teristics of salt-precipitation and the associated pressure build-
up during CO2 storage in saline aquifers,” Transport in Porous
Media, vol. 92, no. 2, pp. 397–418, 2012.

[42] K. Pruess and N. Müller, “Formation dry-out from CO2
injection into saline aquifers: 1. effects of solids precipitation
and their mitigation,” Water Resources Research, vol. 45, no. 3,
Article IDW03402, 2009.

[43] M. Bahonar, J. Azaiez, and Z. Chen, “Transient nonisothermal
fully coupled wellbore/reservoirmodel for gas-well testing, part
1: Modelling,” Journal of Canadian Petroleum Technology, vol.
50, no. 9-10, pp. 37–50, 2011.

[44] D. Liu, Y. Li, S. Song, and R. Agarwal, “Simulation and analysis
of lithology heterogeneity on CO2 geological sequestration
in deep saline aquifer: a case study of the Ordos Basin,”
Environmental Earth Sciences, vol. 75, pp. 1–13, 2016.

[45] K. Rasmusson, C.-F. Tsang, Y. Tsang et al., “Distribution of
injected CO2 in a stratified saline reservoir accounting for
coupledwellbore-reservoir flow,”Greenhouse Gases: Science and
Technology, vol. 5, no. 4, pp. 419–436, 2015.
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Anomalous dispersion of solute in porous media can be explained by the power-law distribution of waiting time of solute particles.
In this paper, we simulate the diffusion of nonreactive tracer in dead-end pores to explore the waiting time distributions. The
distributions of waiting time in different dead-end pores show similar power-law decline at early time and transit to an exponential
decline in the end. The transition time between these two decline modes increases with the lengths of dead-end pores. It is
well known that power-law distributions of waiting time may lead to anomalous (non-Fickian) dispersion. Therefore, anomalous
dispersion is highly dependent on the sizes of immobile zones. According to the power-law decline, we can directly get the power
index from the structure of dead-end pores, which can be used to judge the anomalous degree of solute transport in advance.

1. Introduction

Anomalous dispersion widely exists in solute transport in
ground water or in other porous media [1–7], which makes it
difficult to simulate solute transport by traditional advection-
dispersion equation. In recent years, scholars have developed
a few models to describe the anomalous transport such as
continuous time randomwalk (CTRW) [8–12] and fractional
advection-dispersion equation [13–16]. The simulations by
CTRW can agree well with the experimental data by fit-
ting the transfer probability density function 𝜑(𝑥, 𝑡) [2, 17].
Assume 𝜑(𝑥, 𝑡) has the form 𝜑(𝑥, 𝑡) = 𝜙(𝑥)𝜓(𝑡), where 𝜓(𝑡)
denotes the waiting time distribution between two successive
jumps. Corresponding to anomalous transport, 𝜓(𝑡) should
follow a power-law decline, that is, 𝜓(𝑡) ∼ 𝑡−1−𝛼 with 0 < 𝛼 <
2 [17]. Many researchers have investigated the form of 𝜓(𝑡)
by simulating the transport of solute in porousmedia [18–21],
which may show power-law decline. However, fitting param-
eters from transport data in complex fluid fields are not
suitable to uncover the physical mechanism of the power-law
decline. An alternative way for the investigation of the form
of 𝜓(𝑡) is to directly simulate the motion of solute particles
in immobile zones. In this paper, we construct the dead-
end pores as immobile zones and simulate the waiting time
distributions to explore the modes of solute transport.

𝜓(𝑡) is more likely to show an exponential decline than
a power-law decline because particles in stagnant zones are
determined by diffusion equation. As many experiments
show, an anomalous transport eventually converts to a
Fickian process [2, 19]. Consequently, in the mathematical
models, the power-law decline is often truncated arbitrarily
by an exponential decline in the assumption of 𝜓(𝑡) [4, 9].
However, why does there exist a power-law decline of waiting
time distribution? When does a power-law decline begin
to convert to an exponential decline? In addition, it is not
clear which factors determine the value of the power index
𝛼. To explore the general form of waiting time distribution
function, we directly simulate 𝜓(𝑡) in dead-end pores. In this
paper, we select three types of dead-end pores. By these dead-
end pores with different sizes and shapes, we aim to get a
universal form of 𝜓(𝑡), which may show both the power-law
part (corresponding to anomalous transport) and the expo-
nential decline part (Fickian transport). In addition, fromour
simulations, we expect to get the index 𝛼 which describes
the anomalous degree.

2. Method of Simulation

In the framework of CTRW model for solute transport, the
distribution of waiting time between two successive jumps
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Figure 1: The schematic diagram of mobile zone and immobile zone. Three types of dead-end pores, that is, straight tube, bent tube, and
hemisphere, represent the immobile zones.

determines whether the dispersion is anomalous or not. For
simplicity, skipping over the displacement distribution 𝜙(𝑥)
of jumps, we only investigate the waiting time distribution
𝜓(𝑡). In our physical picture, waiting events happen when
nonreactive particles are trapped in immobile zones. Dead-
end pores are typical immobile zones. The flow velocity in
a dead-end pore is zero and solute particles escape only by
diffusion. The waiting time is the period from entering a
dead-end pore to moving out of it. We consider three types
of dead-end pores: straight tube, bent tube, and hemisphere
as illustrated in Figure 1. These three dead-end pores lie
above the flow tube which represents the mobile zone. Tracer
particles on the interface between the flow tube and dead-
end pores may enter the dead-end pore by diffusion. We
begin to count waiting time when the particles pass through
interfaces to dead-end pores and end countingwhen particles
pass through interfaces to the flow tube.

For simplicity, we use the surviving probability𝑃(𝑡) in the
immobile zone to describe the waiting time distribution𝜓(𝑡);
the relation between them can be written as

𝑃 (𝑡) = 1 − ∫
𝑡

0
𝜓 (𝜏) 𝑑𝜏 = ∫

∞

𝑡
𝜓 (𝜏) 𝑑𝜏, (1)

or Ψ(𝑡) = −𝑑𝑃(𝑡)/𝑑𝑡. Compared to 𝑃(𝑡), Ψ(𝑡) fluctuates
more violently as the derivative enlarges the fluctuations of
simulated values of 𝑃(𝑡).
𝑃(𝑡) can be directly calculated by counting the number

of particles in the dead-end pores and the particles will not
be tracked when they move out of immobile zones. Then,
𝜓(𝑡) is obtained from the derivative of 𝑃(𝑡). However, the
probability𝑃(𝑡) is very small when the time is large, especially
if 𝑃(𝑡) decreases in an exponential form. By conventional
particle tracingmethodwith each particle of the sameweight,
𝑃(𝑡) is proportional to the number of particles staying in
the immobile zone. The number corresponding to small 𝑃(𝑡)
is zero or fluctuates violently. To simulate 𝑃(𝑡) in a wide
range, variable weight for tracing particles is adopted in this
paper. In recent years the pruned-enriched method has been

developed to simulate the random walk with variable weight
[22–24]. We use the pruned-enriched method to adjust the
weight according to𝑃(𝑡). At the beginning of simulation, each
particle is released at the interface between the flow tube and
dead-end pores with the sameweight𝑊(0) = 1. Consider the
case that the simulated particle is still in the dead-end pore at
the time 𝑡 = 𝑛Δ𝑡. Define 𝑟 = 𝑊(𝑡)/𝑃(𝑡). If 𝑟 > 1, this particle
is split in Int(𝑟) (the integer part of 𝑟) copies and each copy
continues to diffuse with a new weight𝑊new = 𝑊(𝑡)/Int(𝑟).
If 𝑟 ≤ 1, we continue to simulate the diffusion of the particle
with probability 𝑟 = 1/Int(1/𝑟) and the new weight 𝑊new
is adjusted to𝑊(𝑡)/𝑟. In other words, the simulation of the
particle is ceased with the probability 1 − 𝑟. 𝑃(𝑡) is updated
in every step. By the scheme of variable weight, the smallest
probability we could simulate can be reduced bymany orders
of magnitude. In the whole range of simulated time, the
number of samples for each 𝑡 has a nearly uniform distri-
bution. Without the scheme of variable weights, the number
of visited samples is proportional to 𝑃(𝑡) and decreases
sharply with 𝑡, which leads to violent oscillation of simulated
𝑃(𝑡).

3. Results and Discussion

For most heavy metal ions, the order of magnitude of
diffusion coefficient is about 10−10m2/s. In this paper, the
diffusion coefficient of solute is set to be 4 × 10−10m2/s.
When tracer particles enter the dead-end pores through the
interface, we start the time. When particles escape from the
dead-end pores, the tracing process of this particle will be
terminated. For simplicity, particles after escaping from a
dead-end pore cannot be allowed to enter the same dead-
end pore again because they drift in the flow tube (mobile
zone). Firstly, we consider the surviving probability 𝑃(𝑡) in
large dead-end pores. The lengths of straight tube and bent
tube are both taken 10mm and the radius of hemisphere
is taken 15mm. Figure 2 shows the power-law decrease of
simulated𝑃(𝑡) and𝜓(𝑡).The𝑃(𝑡) and𝜓(𝑡) in bent tube and in
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Figure 2: The power-law form of the surviving probability 𝑃(𝑡) and the waiting time distribution Ψ(𝑡) in dead-end pores at early time. The
power 𝛼 approximates to 0.5 for each type of dead-end pore.

hemisphere are reduced by the factor 1/2 and 1/4, respectively,
which makes the comparison in Figure 2 clear without
altering the power law. We take the values of power from
the data of 𝑃(𝑡) because 𝜓(𝑡) has more violent fluctuations.
During the time interval 10 s–104 s, 𝑃(𝑡) decays in a power
law, that is, 𝑃(𝑡) ∼ 𝑡−𝛼. Corresponding to straight tube, bent
tube, and hemisphere, the value of 𝛼 is 0.50, 0.49, and 0.52,
respectively. They are close to 0.5. Thus, it is reasonable to
suppose that the power 𝛼 is approximately equal to 0.5 in
these three types of dead-end pores.

Let us discuss the physical meaning of the simulated
results. This power-law form of 𝑃(𝑡) with 𝛼 = 0.5 results
in anomalous dispersion, which can also be described by
time-fractional advection-dispersion equation (tFADE). If
the waiting time distribution has the form 𝜓(𝑡) ∼ 𝑡−1−𝛼, the
concentration 𝐶(𝑥, 𝑡) can be written as [25]

𝜕𝐶 (𝑥, 𝑡)
𝜕𝑡 = 0𝐷1−𝛼𝑡 𝐿 [𝐶 (𝑥, 𝑡)] , (2)

where 0𝐷1−𝛼𝑡 is the fractional Riemann-Liouville operator;
that is,

0𝐷1−𝛼𝑡 𝑓 (𝑡) = 1
Γ (𝛼)

𝜕
𝜕𝑡 ∫
𝑡

0
𝑑𝜏 𝑓 (𝜏)
(𝑡 − 𝜏)1−𝛼 . (3)

Here, 𝐿[𝐶(𝑥, 𝑡)] is the operator representing dispersion.
Therefore, the fractional order of time derivation is about 0.5
if anomalous dispersion is caused by solute trapping in long
dead-end pores.

The sizes of above dead-end pores are set large in the
simulations. Let us consider the dead-end pores with short
length. Tracer particles can jump out of them easily. Which
form does surviving probability density 𝑃(𝑡) show? To inves-
tigate it, we set the length of straight tubes to be 1mm, 2mm,
3mm, and 4mm, respectively. The diffusion coefficient is the

same as above. The simulated 𝑃(𝑡) and 𝜓(𝑡) are illustrated in
Figure 3. At the early time, 𝑃(𝑡) and 𝜓(𝑡) in each straight tube
decrease with the power law. As time increases, 𝑃(𝑡) and 𝜓(𝑡)
deviate from the power-law decline. The shorter the length
is, the earlier the deviation happens. Therefore, anomalous
dispersion strongly depends on the sizes of dead-end pores.
The duration of anomalous dispersion becomes longer as the
length of dead-end pore increases.

Now let us consider the form of 𝑃(𝑡) at large time in small
dead-end pores. We also investigate three types of dead-end
pores, that is, straight tube, bent tube, and hemisphere, but
their sizes are shortened.The length of straight tube and bent
tube is set to be 2mm and 3mm, respectively. The radius
of hemisphere is set to be 3mm. Using the particle tracing
method with viable weight, we can simulate the surviving
probability 𝑃(𝑡) with a high resolution. Figure 4 shows that
log(𝑃(𝑡)) and log(𝜓(𝑡)) are linear with time 𝑡 in every type of
dead-end pore, which indicates the exponential decline when
𝑡 is large. The exponential decline can be easily explained by
immobile-mobile model [26] by neglecting the variability of
concentration in immobile zones, which reads

𝜕𝐶im (𝑥, 𝑡)
𝜕𝑡 = −𝛽 (𝐶im − 𝐶m) , (4)

where 𝐶im and 𝐶m represent the concentration in dead-end
pores (immobile zones) and in flow tube (mobile zones),
respectively. 𝐶im(𝑥, 𝑡) is proportional to 𝑃(𝑡). If 𝐶m = 0
at large 𝑡 because of drift with water flow, 𝐶im decreases as
𝐶im ∼ 𝑒−𝛽𝑡, that is, an exponential decline.

From simulations above, we can see that surviving prob-
ability 𝑃(𝑡) decreases with time in a power law at early time
and in an exponential form at large time. The power law
with 𝛼 ≈ 0.5 corresponds to an anomalous dispersion, while
the exponential decline corresponds to a Fickian dispersion.
Therefore, it is important to determine the transition time
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Figure 4: The exponential decrease of 𝑃(𝑡) and Ψ(𝑡) at large time for each type of dead-end pore.

𝑇𝑡 at which the decline transits from a power law to an
exponential form. To get the transition time 𝑇𝑡, we first
calculate the exponent 𝛽 in (4). 𝑇𝑡 has a close relation
with the reciprocal of 𝛽. For simplicity, we use a straight
tube as the dead-end pore. The diffusion equation about the
concentration 𝐶(𝑥, 𝑡) in the tube can be written as

𝜕𝐶 (𝑥, 𝑡)
𝜕𝑡 = 𝐷m

𝜕2𝐶 (𝑥, 𝑡)
𝜕𝑥2 (0 ≤ 𝑥 ≤ 𝐿) , (5)

where 𝐿 is the length of the straight tube and 𝑃(𝑡) =
∫𝐿
0
𝐶(𝑥, 𝑡) 𝑑𝑥. The interface between the straight tube and the

mobile zone is located at𝑥 = 0. As tracer particlesmove out of

the straight tube, they are not allowed to enter again because
of drift with flow. Consequently, the boundary condition at
𝑥 = 0 can be set as 𝐶(0, 𝑡) = 0. The condition of reflecting
boundary at 𝑥 = 𝐿 is written as 𝜕𝐶(𝑥, 𝑡)/𝜕𝑥|𝑥=𝐿 = 0. By the
method of variable separation, 𝐶(𝑥, 𝑡) has the form 𝐶(𝑥, 𝑡) =
𝑋(𝑥)𝑒−𝛽𝑡 and we can get the minimum of 𝛽; that is,

𝛽min = 𝜋
2𝐷m
4𝐿2 . (6)

Other eigenvalues of 𝛽 are much larger than 𝛽min and the
modes with large 𝛽 decrease more rapidly than the mode
with 𝛽min. Neglecting the modes with large 𝛽, 𝛽 in 𝐶(𝑥, 𝑡) =
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Table 1: The comparison between the 𝛽 fitted by 𝑃(𝑡) ∼ 𝑒−𝛽𝑡 and the 𝛽min of (6).

𝐿 (mm) 𝛽 (s−1) 𝛽min (s
−1) 𝛽/𝛽min

1 9.72 × 10−4 9.87 × 10−4 0.98
2 2.44 × 10−4 2.47 × 10−4 0.99
3 1.08 × 10−4 1.10 × 10−4 0.98
4 6.10 × 10−4 6.20 × 10−4 0.99

𝑋(𝑥)𝑒−𝛽𝑡 approximates to 𝛽min. We fit the 𝛽 of straight tubes
of different length according to𝑃(𝑡) ∼ 𝑒−𝛽𝑡 and compare them
with the values of 𝛽min calculated from (6). Table 1 shows the
values of 𝛽 and 𝛽min. The two sets of values are very close.
In hemisphere dead-end pores, 𝛽 can also be approximated
by 𝛽min as the tube despite replacing 𝐿 with 𝑅 and adding a
coefficient.

Now let us discuss the transition time 𝑇𝑡 at which the
decline of𝑃(𝑡) transits from a power-law form to an exponen-
tial decline form. In Figure 3, 𝑇𝑡 is the time when the curve
deviates from the straight line. Comparing the transition
time 𝑇𝑡 to 1/𝛽 in Table 1, we can find that 𝑇𝑡is located in
the range of time [1/2𝛽, 1/𝛽]. Since 𝛽 is very close to 𝛽min
(illustrated in Table 1), 𝑇𝑡 is approximately proportional to
the square of length 𝐿 and inversely proportional to 𝐷m
as shown in (6). As 𝑇𝑡 represents the transition time from
power-law decline to exponential decline, the enduring time
of anomalous dispersion has the same relationwith the length
𝐿 and𝐷m as that in (6).

4. Conclusions

In this paper, we investigate the waiting time distribution
𝜓(𝑡) of nonreactive solute particles in immobile zones, which
are represented by dead-end pores. Three types of dead-
end pores, straight tube, bent tube, and hemisphere, are
simulated. When a dead-end pore is large enough, 𝜓(𝑡)
follows a power-law distribution, that is, 𝜓(𝑡) ∼ 𝑡−1−𝛼. All
the simulated dead-end pores in this paper show that the
values of 𝛼 are very close to 0.5. According to CTRW theory,
this power-law distribution results in anomalous dispersion
[17, 25]. If dead-end pore is finite,𝜓(𝑡) follows an exponential
decrease finally. Therefore, the transport is anomalous at
early time and is Fickian at later time. The transition time
𝑇𝑡 is proportional to the square of the length of dead-end
pores and inversely proportional to the diffusion coefficient
of solute. From CTRW theory, we could use 𝑇𝑡 to sign
the transition time from anomalous transport to Fickian
transport. Thus, we can draw the conclusion that anomalous
transport phenomena will be more easily observed in the
porous media with large immobile zones.

In practice, dead-end pores may be very long, such as the
fractures in fracture porous media. In this case, the waiting
time distribution can seem as a power-law distribution
during the whole observation period. Therefore, anomalous
dispersion lasts for the whole observation period.The power-
law distribution of 𝜓(𝑡) has a close relation with fractional
dispersion equation [25]. According to our simulations, the
fractional order of time derivative approximates to 0.5 when

using tFADE (i.e., (2)) to describe this class of anomalous
dispersion.
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Due to the ultralow permeability of shale gas reservoirs, stimulating the reservoir formation by using hydraulic fracturing technique
and horizontal well is required to create the pathway of gas flow so that the shale gas can be recovered in an economically viable
manner. The hydraulic fractured formations can be divided into two regions, stimulated reservoir volume (SRV) region and non-
SRV region, and the produced shale gas may exist as free gas or adsorbed gas under the initial formation condition. Investigating
the recovery factor of different types of shale gas in different region may assist us to make more reasonable development strategies.
In this paper, we build a numerical simulation model, which has the ability to take the unique shale gas flow mechanisms into
account, to quantitatively describe the gas production characteristics in each region based on the field data collected from a shale
gas reservoir in Sichuan Basin in China. The contribution of the free gas and adsorbed gas to the total production is analyzed
dynamically through the entire life of the shale gas production by adopting a component subdivisionmethod.The effects of the key
reservoir properties, such as shale matrix, secondary natural fracture network, and primary hydraulic fractures, on the recovery
factor are also investigated.

1. Introduction

With the growing demand on cleaner energy to sustain the
global economy, the exploration and development of natural
gas have attracted wide attention in the recent years. Shale
gas, as a newly developed unconventional energy source, is
expected to play a more important role. Shale formations
are widely distributed in the earth’s crust. The Global Shale
Gas Initiative estimates that there are 688 shale formations in
142 basins worldwide. This provides vast potential space for
shale gas to be accumulated in biogenicmanner, thermogenic
manner, or the combined biogenic-thermogenic manner [1].
The Energy Information Administration (EIA) in 2013 esti-
mated approximately 7,300 tcf shale gas resources in 137 shale
formations in 41 countries that are technically recoverable,
and 32% of the total estimated natural gas resources are in
shale formation [2]. The most distinctive characteristics of
shale gas reservoir are its extremely low permeability and

porosity, which had made the shale formation be treated as
source rock and seal previously. However, with the applica-
tion of advanced technologies, such as multistage hydraulic
fracturing and horizontal wells, it is possible to develop the
organic-rich shale reservoir in an economic viable manner.

The flow mechanisms during the shale gas production
are much more complicated than those in conventional
gas reservoir due to the complex multiscale gas transport
mechanisms in the stimulated shale gas reservoir. The shale
gas can be adsorbed on the organic matter, and thus the
desorption may be crucial for the ultimate gas recovery in
shale formation if the organic content in the shale matrix
is high [3]. The desorbed gas combined with free gas in
intergranular pores needs to transport through the dominant
nanopores in the shale matrix. Since the mean free pat of
the gas molecule can be smaller than the pore radius in
the nanopores, the diffusion can greatly improve the gas
transport speed in this process which is now characterized by

Hindawi
Geofluids
Volume 2017, Article ID 7818346, 12 pages
https://doi.org/10.1155/2017/7818346

https://doi.org/10.1155/2017/7818346


2 Geofluids

Knudsen diffusion. Many corrections to obtain the apparent
permeability of shale matrix have been proposed to take
the non-Darcy flow behavior and gas slippage effect into
account [4–6]. The gas can then be travelled through a
complex fracture network induced by hydraulic fracturing
stimulation process, which creates a high permeable region
called stimulated reservoir volume (SRV) [7, 8]. Mainly, two
types of fractures are involved in this SRV region: the widely
distributed reactivated preexisting natural fractures with
complex geometry and the newly created sparsely distributed
hydraulic fractures with relatively less complex geometry.
When these two types of fracture system are well connected,
the SRV region with enhanced permeability can greatly
improve the well performance in low-permeable reservoirs
[9, 10].

Numerical simulation of shale gas production is chal-
lenging. Generally, there exist two common conceptual
approaches in the literatures: the dual/multiple poros-
ity/permeability model and discrete fracture model. The
dual-porosity model proposed by Warren and Root [11]
has been widely used in well-connected small-scale fracture
systems, such as natural fracture system [12–16]. In this
approach, the reservoir is characterized by two overlapping
continua to represent fractures and matrix. The flow interac-
tion between these continua is described by using a transfer
function called the shape factor. Due to the simplification on
the complex geometry of the fractures, this approach cannot
account explicitly for the effect of the individual fractures
on the flow characteristics. Discrete fracture model method
(DFM) can overcome the limitation of dual porosity method
and take the realistic fracture geometry into account [17]. It
is common to use unstructured grid during the simulation of
the fluid flow process to make the grid system consistent with
the geometry of each fracture. Due to the computational cost
of this approach, DFM is usually applied when a small num-
ber of large-scale fractures play dominant roles in fluid flow.
Recently, the embedded discrete fracture method (EDFM)
has gained more interests when numerically characterizing
the fractured reservoir [18, 19]. The conception of EDFM
was proposed by Lee et al. [20, 21] by taking advantage of
both dual-porositymodel and discrete fracturemodel. EDFM
characterizes the medium matrix by using structured grid
and embeds the discrete fractures into the matrix grid by
handling the intersection between fractures and matrix; thus
all the issues associated with the mathematical difficulties of
unstructured grid vanish.

The United States leads the shale gas production world-
wide. EIA estimates that 15 trillion cubic feet of natural gas
were produced in 2016 from shale gas wells, which takes up
47% of total natural gas production. China is the third coun-
try that commercializes the shale gas production after US and
Canada, and Fuling shale gas play has been the dominant
shale gas reservoir in China by far since its beginning of
shale gas production in 2012. The shale gas production in
China is still at its early stage, and the influence of many
key reservoir properties and hydraulic fracturing design
parameters on the well performance remains unclear. In this
paper, we built a dual-porosity-based numerical model that
is capable of considering the above special flow mechanisms

to investigate contributions of free and adsorbed gas to the
total production and the effect of the matrix permeability,
the number of hydraulic fracturing stages, the conductivity of
primary hydraulic fractures, half-length of primary hydraulic
fractures, and the conductivity and development level of
secondary fracture network on the recovery factors in SRV
and non-SRV regions according to the field data collected
from a shale gas field in Sichuan Basin. All these investi-
gations are crucial to the reasonable design of development
plan for shale gas production. A component subdivision
method implemented in the UNCONG simulator is used
to explicitly characterize the free gas and adsorbed gas
produced from SRV and non-SRV regions, which makes the
sensitivity analysis presented here unique andmore complete
compared with the previous works based on commercial
simulators.

The rest of the paper is arranged as follows: the math-
ematical and numerical model to describe the gas flow
process in the specified shale gas reservoir and the component
subdivision method to differentiate the effect of free gas and
adsorbed gas are presented in Section 2; the contributions
of free gas and adsorbed gas to the total gas production are
analyzed by using “component subdivision method” and the
influences of reservoir properties and hydraulic fracturing
parameters on the well performance are studied in Section 3;
and finally conclusions are drawn based on all the analysis
results in Section 4.

2. Methodology

2.1. Mathematical Model of the Fluid Flow. The entire shale
gas reservoir system is divided into two types of media based
on the concept of dual-porosity model: matrix and fracture
system. The gas flow model in each type of medium is built
based on its distinctive flow characteristics. The existence
of massive nanopores in shale reservoirs leads to a large
amount of gas adsorbed on the pore walls in the shale matrix.
The amount of adsorbed gas can vary from 35 to 58% in
Barnett shale to 60–85% in Lewis shale [22]. In reality, when
the desorbed gas combined with free gas flows in the shale
reservoir, it is difficult to differentiate them and quantify their
contributions to the total gas production in the wellhead
separately. However, it is crucial to understand the dynamic
production characteristics of adsorbed gas and free gas in
order to design the reasonable strategy to develop shale
gas. To explicitly characterize the contribution of these two
types of shale gas, we adopted the “component subdivision”
method proposed by Yang et al. [23], where the free gas
and adsorbed gas are numerically treated as two different
components and they can be marked separately but modeled
simultaneously as a unified flow system.Thismethod is based
on the compositional reservoir simulation model. The basic
principle to build the flowmodel is the mass conservation for
each component in different medium.

In the shale matrix, for a specific component 𝑐, the mass
conservation law can be written as

∫ 𝜕𝜕𝑡 [𝜙 (𝑆𝑔𝑦𝑐𝜌𝑔)] 𝑑𝑉 + ∫ (𝑦𝑐𝑞𝑔) 𝑑𝐴 + (𝑞𝑠𝑐) = 0, (1)
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where 𝑉 and 𝐴 are the control volume and area, 𝜙 is the
porosity, 𝑆𝑔 is the saturations of gas, 𝜌𝑔 are the mole densities
of oil and gas, 𝑦𝑐 is the mole fraction of gas, 𝑞𝑔 is the mole
flux of gas, and 𝑞𝑠𝑐 is mole flux of the adsorbed component 𝑐
entering the matrix pore, and it can be computed as

𝑞𝑠𝑐 = 𝜌𝑚 (𝐶𝑐0 − 𝐶∞𝑐 ) 1Δ𝑡 , (2)

where 𝜌𝑚 is the matrix density, Δ𝑡 is the time interval, 𝐶𝑐0 is
the initial adsorption concentration during this time interval,
and𝐶∞𝑐 is the equilibrium adsorption concentration.𝐶∞𝑐 can
be determined based on the Langmuir isothermal adsorption
curve:

𝐶𝑐 = 𝑉𝐿𝑐 𝑦𝑐𝑃𝑔𝑃𝐿𝑐 + ∑𝑐 𝑦𝑐𝑃𝑔 , (3)

where 𝑉𝐿𝑐 is the Langmuir volume representing the maxi-
mum adsorption volume of the shale matrix and 𝑃𝐿𝑐 is the
Langmuir pressure representing the pressure at which 50% of
the Langmuir volume can be adsorbed.

In the fracture system, for a specific component 𝑐, the
mass conservation equation can be written as

∫ 𝜕𝜕𝑡 [𝜙 (𝑆𝑔𝑦𝑐𝜌𝑔)] 𝑑𝑉 + ∫ (𝑦𝑐𝑞𝑔) 𝑑𝐴 + (𝑞𝑊𝑐 ) = 0. (4)

One main difference of flowmechanisms between matrix
and fracture system is that there is no need to take the
adsorption effect in the fracture system because the fractures
essentially act as the main flow path, not a storage space
as the matrix does. In addition, it is required to take
the intersections between the fractures and wellbore into
consideration to accurately characterize the fracture flow, and𝑞𝑊𝑐 is the mole flux to describe this effect. The flow between
matrix and fractures can be considered as the fluid exchange
between two different control volumes and can be computed
as the flow term (𝑦𝑐𝑞𝑔). The flux between two adjacent cells
can be estimated via Darcy’s law:

(𝑞𝑔)𝑖𝑗 = 𝜌𝑔𝑘𝑟𝑔𝜇𝑔 𝑇𝑖𝑗 [Φ𝑖 − Φ𝑗] , (5)

where 𝑘𝑟𝑔 is relative permeability, 𝜇𝑔 is viscosity, and Φ𝑖 −Φ𝑗 is the potential difference between cells 𝑖 and 𝑗. The
transmissibility𝑇𝑖𝑗 is calculated by volume-weighted average.

𝑇𝑖𝑗 = (𝑉𝑖𝑘𝑖 +
𝑉𝑗𝑘𝑗)
−1 , (6)

where 𝑉𝑖 and 𝑉𝑗 are the volumes of cells 𝑖 and 𝑗, while 𝑘𝑖 and𝑘𝑗 are the apparent permeabilities of cells 𝑖 and 𝑗, respectively.
In dual-porosity-dual-permeability (DPDP) model, the

transmissibility between a matrix cell and its corresponding
fracture cell is defined as

𝑇𝑚𝑓 = 𝑉(𝑓𝑥𝑘𝑥𝐿2𝑥 + 𝑓𝑦𝑘𝑦𝐿2𝑦 + 𝑓𝑧𝑘𝑧𝐿2𝑧 ) , (7)

where𝑉 is the grid volume.The fracture spacing along the 𝑥,𝑦, and 𝑧 directions is represented by 𝐿𝑥, 𝐿𝑦, and 𝐿𝑧 and 𝑘𝑥,𝑘𝑦, and 𝑘𝑧 are the matrix permeability of the three directions,
respectively. 𝑓𝑥, 𝑓𝑦, and 𝑓𝑧 are dimensionless parameters
related to the geometric information of fracture, which are
equal to 𝜋2 for sugar cube model.

The flow between hydraulic fracture andwell is calculated
by the following equation:

(𝑞𝑔)𝑖,well = 𝜌𝑔𝑘𝑟𝑔𝜇𝑔 ∙ wi ∙ 𝑘𝑖 [Φwell − Φ𝑖] , (8)

where wi is well index which represents the conductivity
between well and the hydraulic fracture and Φwell − Φ𝑖 is the
potential difference between well and cell 𝑖. In an orthogonal
grid, one option is to use Peaceman’s formula to compute well
index.

If the well is parallel to 𝑧 direction,
wi𝑧 = 2𝜋𝐷𝑧 ⋅ √𝑘𝑥𝑘𝑦

𝑘𝑧 [ln (𝑟0,𝑧/𝑟𝑤) + 𝑠] ,

𝑟0,𝑧 = 0.28[(𝑘𝑦/𝑘𝑥)
1/2 Δ𝑋2 + (𝑘𝑥/𝑘𝑦)1/2 Δ𝑌2]1/2

(𝑘𝑦/𝑘𝑥)1/4 + (𝑘𝑥/𝑘𝑦)1/4 .
(9)

If the well is parallel to 𝑦 direction,
wi𝑦 = 2𝜋𝐷𝑦√𝑘𝑥𝑘𝑧

𝑘𝑦 [ln (𝑟0,𝑦/𝑟𝑤) + 𝑠] ,

𝑟0,𝑦 = 0.28[(𝑘𝑧/𝑘𝑥)
1/2 Δ𝑋2 + (𝑘𝑥/𝑘𝑧)1/2 Δ𝑍2]1/2
(𝑘𝑧/𝑘𝑥)1/4 + (𝑘𝑥/𝑘𝑧)1/4 .

(10)

If the well is parallel to 𝑥 direction,
wi𝑥 = 2𝜋𝐷𝑥√𝑘𝑦𝑘𝑧

𝑘𝑥 [ln (𝑟0,𝑥/𝑟𝑤) + 𝑠] ,

𝑟0,𝑥 = 0.28[(𝑘𝑧/𝑘𝑦)
1/2 Δ𝑌2 + (𝑘𝑦/𝑘𝑧)1/2 Δ𝑍2]1/2

(𝑘𝑧/𝑘𝑦)1/4 + (𝑘𝑦/𝑘𝑧)1/4 ,
(11)

where 𝑟𝑤 is well radius. 𝐷𝑥, 𝐷𝑦, and 𝐷𝑧 are the projection
lengths of the perforation interval onto the 𝑥-axis,𝑦-axis, and𝑧-axis; 𝑠 is the skin factor; Δ𝑋, Δ𝑌, and Δ𝑍 are the size of the
fracture grid block.

As mentioned before, the Knudsen diffusion needs to be
considered into the gas transport in shale matrix. This effect
can be described by adding a correction term to the apparent
permeability under the same pressure gradient:

𝑘𝑎𝑘∞ = 1 +
𝑏𝑃 , (12)

where 𝑘𝑎 and 𝑘∞ are the apparent permeability and the
intrinsic permeability, respectively, 𝑃 is the reservoir pres-
sure, and 𝑏 is the correction coefficient of Knudsen diffusion.
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The correction coefficient can be determined through fitting
the experiment data.

Non-Darcy flow may occur in high permeable area,
such as hydraulic fractures. In reservoir simulation, the phe-
nomenon of non-Darcy flow is characterized by Forchheimer
equation:

𝑇𝑖𝑗 ⋅ [Φ𝑔,𝑗 − Φ𝑔,𝑖] = 𝑘𝑟𝑔𝜇 𝑥𝑐,𝑔𝑞𝑐,𝑔;𝑖𝑗

+ 𝐶𝛽𝜌𝑔 ( 𝑘𝐴 𝑖𝑗)
(𝑞𝑐,𝑔;𝑖𝑗)2
[𝑥𝑐,𝑔𝜌𝑔]2 ,

(13)

where 𝐶 is the unit converge unit converter and 𝛽 is
Forchheimer coefficient. Forchheimer coefficient also can be
measured through experiment data fitting.

2.2. Component SubdivisionMethod. In order to quantify the
distributions of free and adsorbed gas in different regions,
“component subdivision” method is used. The free and
adsorbed gas from SRV and non-SRV region are treated as
different components with the same PVT features in (1),
namely, SRV free gas, SRV adsorbed gas, non-SRV free gas,
and non-SRV adsorbed gas, respectively. The PVT features
are calculated by flash calculation according to PR Equation
of State in this study. According to Langmuir equation (3),
one component’s adsorbed content is in equilibrium with
its partial pressure in the vapor phase. In the component
subdivision method used here, a specific type of shale gas
(free or adsorbed gas) produced from a specific region (SRV
or non-SRV) is treated as an independent “component”; it
should be in equilibrium with the total methane’s partial
pressure rather than its own partial pressure. The mole
fraction of methane gas 𝑦𝑐 can be defined as

𝑦𝑐 = 𝑦1 + 𝑦2 + 𝑦3 + 𝑦4, (14)

where 𝑦1, 𝑦2, 𝑦3, and 𝑦4 represent the mole fractions of
free gas from SRV region, adsorbed gas from SRV region,
free gas from non-SRV region, and adsorbed gas from non-
SRV region. Langmuir equation (3) in component subdivided
method is modified as

𝐶𝑐 = 𝑉𝐿𝑐 (𝑦1 + 𝑦2 + 𝑦3 + 𝑦4) 𝑃𝑔1.0 + ∑𝑐 𝑦𝑐𝑃𝑔 . (15)

In the beginning of the shale gas production, only free gas
flows into the wellbore and no adsorbed gas has been pro-
duced yet; thus the mole fractions of adsorbed components,𝑦2 and 𝑦4, need to be set as zero.

2.3. Numerical Model of the Shale Gas Reservoir. To imple-
ment the mathematical model developed above, we built a
numerical model based on dual-porosity-dual-permeability
(DPDP) concepts to investigate the effects of all parameters
on the well performance. The reservoir properties data
used in this numerical model were obtained from the field
measurement data in a shale gas reservoir located in Sichuan
basin. These productive marine shale formations are mainly
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Figure 1: Numerical model of the shale gas reservoir.

Table 1: Key properties of shale reservoir model.

Property Value
Reservoir dimension 1060m × 600m × 50m
Grid system 332 × 61 × 6
Matrix porosity 4.05%
Matrix permeability 1 × 10−4mD
Secondary fracture network porosity 0.45%
Secondary fracture network permeability 5 × 10−4mD
Secondary fracture spacing 30m
Primary hydraulic fracture conductivity 0.1mD⋅m
Primary hydraulic half-length 150m
Pressure gradient 1.55
Langmuir pressure 6MP
Langmuir volume 2.5m3/t

lower Silurian Longmaxi and Ordovician Wufeng with the
burial depth of 2,500 meters and formation temperature
of 85∘C. Almost all the wells are hydraulically fractured
horizontal wells with multiple transverse fractures. Here,
we built a single-well model by using the simulation code
UNCONG developed by Li et al. [24] as shown in Figure 1,
and the key shale reservoir properties are listed in Table 1
for the base model used in the following analyses. All the
main formation properties used in this study are collected
from well logging and lab experiments in the Fuling shale
gas play. It is assumed that the length of the horizontal well
is 1000m with 30 hydraulic fracturing stages.The half-length
of the hydraulic fractures is 150m.The hydraulic fractures are
depicted as black lines in Figure 1, which are characterized
by using local grid refinement method in the numerical
models. Due to the natural fracture reactivation after the
hydraulic fracturing, there would be a secondary fracture
network around the primary hydraulic fractures. Here, we
used the spacing between two fracture layers to represent the
complexity or the developed level of the secondary fracture
network as done inWarren and Root [11].The less the spacing
is, the more complex or developed the secondary fracture
network is. In Figure 1, the secondary fracture network is
depicted in red color, and it also indicates the coverage area of
the SRV region. The non-SRV region as depicted in Figure 1



Geofluids 5

5 10 15 20 25 300
Time (year)

0

1

2

3

4

5

6

7
Pr

od
uc

tio
n 

ra
te

 (×
1
0
3
Ｇ

3
/d

ay
)

0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

To
ta

l p
ro

du
ct

io
n 

(×
1
0
8
Ｇ

3
)

UNCONG GPR
CMG GPR

UNCONG GPT
CMG GPT

Figure 2: Comparison results of UNCONG and CMG.

in blue color has not experienced any stimulation and thus
holds the properties of the shale matrix. According to the
geological and well logging data, the original-gas-in-place
(OGIP) is 4.76 × 108m3 and the adsorbed gas takes up 40%
of the OGIP, and the OGIP in the SRV region and non-SRV
region is, respectively, 2.25 × 108m3 and 2.52 × 108m3.

We first validated our simulator UNCONGby comparing
the simulation results with those obtained through commer-
cial simulator CMG on the basis of the base case. Figure 2
shows the production rate and total production of gas from
UNCONG and CMG. As can be observed in the Figure,
the results of production rate obtained from UNCONG are
very similar to those obtained from CMG. There are slight
differences in the comparison results of total production,
especially in the late stage of the total production curve,
due to the accumulation effect of the total production with
time, but the accuracy of the UNCONG simulator can be
accepted. The main reason why we used UNCONG but not
CMGor other commercial simulators is that they do not have
the ability to quantify the contribution of different types of
gas produced from different regions. This function has been
developed in UNCONG and can aid us to implement the
sensitivity analysis in this work.

3. Result Analysis

3.1. Contributions of the Adsorbed and Free Gas to the Produc-
tion. The adsorbed gas and free gas production behaviors are
investigated explicitly and separately by using the “compo-
nent subdivision” method. In the base model, the horizontal
well is producing shale gas at the prescribed production rate
of 60,000m3, and the minimum bottomhole pressure is set
as 6MPa, which is consistent with the working condition
in Fuling gas field. Figure 3 depicts the characteristics of
adsorbed, free, and total shale gas production in terms of both
production rate and cumulative production. It indicates that,
under this working schedule, this well can produce shale gas
stably in the first 4 years and then the production starts to
decline. The cumulative production after 30 years can be as
much as 1.81 × 109m3.

To clearly show the contributions of the adsorbed and
free gas on the total production, the entire production life of
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Figure 3: The production rate and cumulative production of base
model.

this well is divided into three stages based on its production
characteristics: the first stage starts from the beginning to the
end of the stable production; the second stage starts from the
beginning of the production decline and ends after 10 years
of production; and the third stage covers the period when the
shale gas production enters its late stable production.

As shown in Figure 4, in the first stage, the shale gas can
be produced at relatively stable rate of roughly 6 × 104m3,
and the total gas production is dominated by free gas in
the SRV region. With decreasing the reservoir pressure, the
free gas production starts decreasing and the gas used to be
adsorbed on the matrix begins to desorb and the adsorbed
gas production climbs up. At the end of the first stage,
the production rate of the adsorbed gas approaches to the
maximum at the rate of 6.5 × 103m3. Our finding is consistent
with Wang [25] who states that the existence of adsorption
gas has a more obvious effect on the production decline in
the early stage and this is contrary to the common belief
that the adsorption gas becomes important only when the
average pressure in the reservoir drops to a certain level. In
the second stage, the production rate starts declining. Due
to the relatively easy depletion of the free gas, most of the
free gas has been produced in the first stage, which leads the
contribution of the adsorbed gas to become more obvious
in the second stage. In the third stage, the production rate
remains at a low level. The produced gas is dominated by the
free gas in the non-SRV region. At the end of the 30 years,
73.76% of the total production rate is composed of the free
gas in the non-SRV region.

Figure 5 indicates that, during the 30-year production
period, the cumulative gas production is composed of the free
gas in the SRV region with 67.57%, free gas in the non-SRV
region with 20.81%, the adsorbed gas in the SRV region with
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Figure 5: The fractions of free gas and absorbed gas in SRV and
non-SRV regions in terms of cumulative production.

10.22%, and the adsorbed gas in the non-SRV region with
1.40%. The free gas still greatly dominates the overall shale
gas production, even though the adsorbed gas takes up 40%
of the OGIP.

3.2. The Effect of the Matrix Permeability on the Recovery
Factor. After analyzing the production dynamics in the above
section, we focused on the effect of the postfracturing reser-
voir properties on the recovery factor in different regions, that
is, the ratio of recovered gas at a specific production time
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Figure 6: The effect of matrix permeability on the recovery factor
in SRV region.

and original-gas-in-place in the SRV and non-SRV regions.
For the purpose of result presentation, we divided the 30-
year production period into three 10-year intervals so that
the dynamic change of the recovery factor can be better
studied.

To investigate the effect of matrix permeability, we
selected 3 typical values in the range of the field observed
matrix permeability in the shale gas reservoir: 1 × 10−4mD, 1× 10−5mD, and 1 × 10−6mD, respectively. Figure 6 shows the
effect of the matrix permeability on the recovery factor in the
SRV region. The result implies that the matrix permeability
can severely affect the recovery factor in the SRV region,
and the recovery factor in the SRV region decreases with
decreasing the matrix permeability. Along the time line, the
recovery factor decreases dramatically, which is understand-
able due to the rapid production decline in the ultra-low-
permeable reservoir. In the non-SRV region, the effective
recovery is largely determined by the matrix permeability,
since the hydraulic fracturing stimulation has no effect on
this part of the reservoir. Figure 7 shows the effect of the
matrix permeability on the recovery factor in the non-SRV. In
general, it shows the same tendency as that in the SRV region,
that is, the lower the matrix permeability is, the smaller
the recovery factor is. However, one noticeable point in this
analysis is that the shale gas in the non-SRV region almost
cannot be recovered at all when the matrix permeability is
lower than 1 × 10−6mD.

3.3. The Effect of the Secondary Fracture Network Properties
on the Recovery Factor. In this section, the effect of the
properties of the secondary fracture network on the recovery
factor in different region of shale gas reservoir is investigated.
Two main properties, the density and the permeability of the
secondary fracture network, are selected here.
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As mentioned before, the density of the fracture network
can be described by using the spacing of the fracture layer
in the dual-porosity model. Here, we used 5 different values
of fracture layer spacing, 10, 15, 20, 25, and 30, respectively.
Figure 8(a) shows the effect of the secondary fracture network
density on the recovery factor in SRV region. It can be
found that the effect of secondary fracture network density
on the recovery factor in the SRV region is not obvious for
the base case, where matrix permeability is 1 × 10−4mD.
For comparison purpose, a new simulation based on the
matrix permeability of 1 × 10−5mD is performed. When
the matrix permeability is decreased, the effect of secondary
fracture network density on the recovery factor becomes
more profound. It indicates that it is not helpful to create
a more complex secondary fracture network to improve the
recovery factor in the SRV region if the matrix permeability
in this region is already relatively high. Figure 8(b) shows
the effect of the secondary fracture network density on the
recovery factor in the non-SRV region. It can be found that
the complex fracture network is always helpful to improve the
recovery factor in the non-SRV region, since it increases the
contact area with the non-SRV region.

To investigate the fracture network permeability on the
recovery factor in different regions, 4 typical values are
selected in this analysis. They are 0.001mD, 0.005mD,
0.01mD, and 0.1mD, respectively. Figure 9 shows the analysis
results. It indicates a similar tendency to the effect of the
fracture network complexity. Improving the permeability of
the fracture network has a more profound effect on the
non-SRV region than on the SRV region. If the hydraulic
fracturing cannot create the primary fractures but only a sec-
ondary fracture network, then it is obvious that the secondary
fracture network permeability can have a severe effect on
the recovery factor in both SRV and non-SRV regions, as
shown in Figure 10. However, it also can be observed that

the recovery factor can be very small when the secondary
fracture network permeability is low, which indicates that
the creation of primary hydraulic fractures can alleviate the
requirement on the secondary fracture network permeability.
Therefore, in practice, it would be more favorable to create
primary hydraulic fractures with moderate complex and
permeable secondary fracture network than to just create a
more uniform fracture network.

3.4. The Effect of the Primary Hydraulic Fracture Properties on
the Recovery Factor. Three main properties of the hydraulic
fractures on the recovery factor are investigated in this
section. They are the number of hydraulic fracturing stages,
fracture conductivity, and the half-length of the hydraulic
fractures, respectively. For the stages number, simulation
results based on three cases are compared, 10, 20, and 30.
Figure 11 shows the effect of the stage numbers on the
recovery factors in SRV and non-SRV regions. It can be
found that the recovery factors in both SRV and non-SRV
regions are not influenced when the number of the hydraulic
fracturing stages is decreased from 30 in the base case to
20. However, when further reducing the stage numbers to
10, the recovery factors are severely affected. To search for
the reason behind the phenomenon, the pressure distribution
with the different stage numbers is plotted in Figure 12 (the
pressure distribution with stage number of 20 is very similar
to that with 30 and thus it is not plotted). It can be observed
that the pressure drops uniformly along the horizontal well
(it forms a large blue rectangle) when the stage number is
30, but the pressure drawdown when the stage number is
10 forms several sections (small blue rectangular) and each
section is separated relative to the others. Recall that our
horizontal well is 1000m, and each hydraulic fracturing stage
is associated with secondary fracture network with the width
of 30m on one side. The spacing between two hydraulic
fractures is about 33.3m if the stage number is 30. Therefore,
the pressure system associated with each primary hydraulic
fracture is well connected. However, the spacing between
two hydraulic fractures is about 100m if the stage number
is 10. It means that there would be a 40m wide space which
is not stimulated by hydraulic fracturing process, and thus
the pressure system associated with each primary hydraulic
fracture is independent of the others. In the design of the
hydraulic fracturing, it requires increasing the stage number
to create a fracture system (including primary hydraulic
fractures and the reactivated natural fractures) that can form
a well-connected SRV region, and it is not worthy of further
increasing the stage number when this requirement can be
satisfied.

Four typical values of hydraulic fracture conductivity are
selected to investigate the effect on shale gas production.They
are 0.1, 0.5, 1, and 10mD⋅m, respectively. Figure 13 shows the
effect of the hydraulic fracture conductivity on the recovery
factor in different regions. It can be seen that in general
higher hydraulic fracture conductivity is favorable to improve
recovery factors in both SRV and non-SRV regions.

The half-length of the hydraulic fractures has an effect on
the SRV area and thus on the estimation of the OGIP in SRV
and non-SRV regions. Here, three cases of designed hydraulic
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Figure 8: The effect of secondary fracture network density on the recovery factor: (a) SRV region and (b) non-SRV region.
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Figure 9: The effect of secondary fracture network permeability on the recovery factor: (a) SRV region; (b) non-SRV region.

fracture half-length are selected, that is, 150m, 130m, and
110m., and the corresponding OGIPs in SRV region are 2.25× 109m3, 1.95 × 109m3, and 1.65 × 109m3. Figure 14 shows
the effect of the half-length of the hydraulic fractures on
the recovery factors in SRV and non-SRV regions. It can be
observed that the half-length only has a moderate effect on
the recovery factor in SRV region. But the effect of half-length
on the recovery factor in non-SRV region is profound. With

the increase of the half-length, the recovery factor in the non-
SRV region increases.

4. Conclusion

This work built a numerical model to analyze the gas
production characteristics in shale gas reservoir and used the
field data collected from a shale gas play in Sichuan Basin
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Figure 10:The effect of secondary fracture network permeability on the recovery factor without primary hydraulic fractures: (a) SRV region;
(b) non-SRV region.
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Figure 11: The effect of primary hydraulic fracturing stage number on the recovery factor: (a) SRV region; (b) non-SRV region.

in China to investigate the influence of various factors on
the production characteristics. It leads to the following key
findings:

(1) The contribution of adsorbed gas and free gas from
different regions to the total gas production was
explicitly and separately studied by using a “compo-
nent subdivisionmethod.” Free gas in the SRV region
dominates the initial gas production. The adsorbed

gas production increases as the pressure of the shale
reservoir gradually decreases and approaches the
maximumvalue at the end of the initial stable produc-
tion stage.When gas production declines, the produc-
tion of adsorbed gas can alleviate the decline level by
compensating the sharp decline of free gas production
in the SRV region. When the gas production comes
into the late stable production stage, the free gas in
the non-SRV region dominates the gas production.
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Figure 12: The pressure distribution with different hydraulic fracturing stage number: (a) 10 and (b) 20.
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Figure 13: The effect of primary hydraulic fracture conductivity on the recovery factor: (a) SRV and (b) non-SRV regions.

In terms of the cumulative production, free gas is the
main component in the total gas production.

(2) The shale matrix permeability in the SRV region has a
profound effect on recovery factor in the SRV region
as matrix permeability in the non-SRV region does to
recovery factor in the non-SRV region. Highermatrix
permeability has a positive effect on the recovery
factor.

(3) The density and the permeability of the secondary
natural fracture network have more obvious effect on
the recovery factor in the non-SRV region than that
in SRV region.The existence of the primary hydraulic

fractures is necessary even if a well-connected sec-
ondary natural fracture network can be created by
hydraulic fracturing.

(4) The stage number of the hydraulic fracturing needs
to be sufficiently large to create a unified pressure
system along the horizontal well. The conductivity
and half-length of the primary hydraulic fractures
have positive effects on the recovery factor in both
SRV and non-SRV regions.
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Na
2
CO
3
/NaHCO

3
mixtures with different oxidants were used to leach uranium in the lignite which was obtained from Lincang,

Yunnan province. The experimental results showed that the optimal solid/liquid ratio and CO
3

2−/HCO
3

− ratio for uranium
leaching were 1 : 20 (g/mL) and 2 : 1, respectively.With the increase of carbon concentration from 0.1mol/L to 1.1mol/L, the leaching
efficiency of uranium increased from 14.64% to 42.39% after 6 h leaching. The oxidants could significantly enhance the uranium
leaching efficiency,whichwas up to 72.23%by injectingO

2
at 1.5 L/min after 12 h leaching.Theoxidative leaching process of uranium

from the lignite was better fitted to the pseudo-second-order reaction model. The sequential extraction results illustrated that
the oxidants could effectively enhance the leaching of organic matter bound uranium in the lignite, which was decreased from
76.86mg/kg to 9.00mg/kg by injecting O

2
. The infrared spectrum analysis demonstrated that the corresponding transmittance at

about 3197 cm−1 was prominently reduced after the oxidative leaching, which intimated that the phenolic and alcoholic hydroxyl
might be the main functional groups combined with uranium in the lignite.

1. Introduction

The radiation pollution caused by the consumption of the
uranium-bearing coals has gradually aroused great public
concern [1]. The average uranium content of coals in China
was 2.31mg/kg based on analyses of 1535 coal samples [2].
Though the content of uranium in coals is relatively low,
high abundance of uranium in coals was found in some
regions of China. The concentration of uranium in the Late
Permian coals was 111mg/kg from the Heshan coalfield of
southern China [3], and it was 153mg/kg in the lignite from
the Yanshan coalfield of Yunnan province [4]. Moreover,
the uranium content of coals could be extremely high in
individual regions that could be used as uranium resources.
For instance, the uranium concentration in coals from theYili
Basin of Xinjiang province was up to 7207mg/kg [5].

In order to reduce the environment pollution, some study
tried to leach the uranium from the combustion products of
the uranium-bearing coals in recent years [6, 7]. However,
the uranium leaching efficiency generally decreased with the
increase of combustion temperature and time [8]. To prevent

the reduction of the leaching efficiency, the combustion
process needs to be strictly controlledwhile leaching uranium
from the combustion products. In addition, although the
uranium tends to be concentrated in the bottom ash and fly
ash during the coal combustion [9], some of the fine particles
containing uranium (especially the submicron particles) were
difficult to be captured by the air pollution control devices,
and those fine particles usually diffused into the air and led
to uranium pollution in the environment [10].

Considering the environmental pollution caused by
uranium-bearing coals and the potential economic value
of the uranium in the coals, leaching uranium from the
uranium-bearing coals such as lignite can efficiently reduce
the radiation pollution and brings economic benefits. The
study of the leaching of uranium from coals has been started
since the 1950s [8] and the leaching reagents were mainly
sulfuric acid, nitric acid, and other inorganic acids. However,
these techniques could bring new problems. As the organic
matter in coals partially dissolves in the leaching reagent
during the acid leaching process, it is difficult to separate
the liquid phase from the solid leaching residue. Moreover,
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the coals are difficult to be reused after leaching with the
inorganic acids.

Otherwise, the effect of the oxidants on the uranium
leaching was studied as well. It has been proved that the
oxidants could enhance the leaching efficiency of uranium.
U(IV) in the tailing could be oxidized to U(VI) by air, H

2
O
2
,

O
3
, NaClO

3
, H
2
SO
5
,MnO

2
, andKMnO

4
[11–13].The study of

Shlewit and Alibrahim [14] revealed that the removing ratio
of uranium in the phosphate polluted soil increased from30%
to 60% by adding H

2
O
2
. Francis et al. [12] found that the

uranium leaching efficiency in the soil increased by about 10%
when adding 20mg/g KMnO

4
.

The objective of the study is to enhance the uranium
leaching efficiency based on the premise that the coals after
leaching are suitable for reuse. Therefore, the CO

3

2−/HCO
3

−

systems with different oxidants were used to leach uranium
in the lignite, which was obtained from Lincang, Yunnan
province. Specifically, we sought to determine the following:

(1) The effect of the solid/liquid ratio (S/L ratio), CO
3

2−/
HCO
3

− ratio, the leaching reagent concentration, and
oxidants on the uranium leaching efficiency of the
lignite

(2) The kinetics and the mechanism of the uranium
leaching process in the lignite.

2. Methods and Techniques

2.1. Materials. The lignite from Lincang City, southwest of
Yunnan province, China, which contained 102.10mg/kg ura-
nium,was used in this study.The lignite sampleswere ground,
using a Hubei Geological Research Laboratory GSXX-4
planetary ball mill, to a homogeneous dry powder of less
than 200mesh.The chemical compositions of the lignite were
analyzed by a PANalytical Axios mAX X-ray fluorescence
(XRF) spectrometry (Table 1).

30% aqueous H
2
O
2
, NaClO solution with 5% available

chlorine, KMnO
4
, K
2
S
2
O
8
, NaHCO

3
, and Na

2
CO
3
were

purchased from the SinopharmChemical Reagent Company.
All the chemicals used in the experiments were of analytical
purity grade. High purity O

2
(99.5%) was purchased from the

Wuhan Iron and Steel (Group) Corporation.

2.2. Analytical Method. The total uranium content in the
lignite was determined by the method from Dai et al. [15]
and the modified sequential extraction procedure proposed
by Xiong et al. [16] was used to analyze the speciation of
uranium in the lignite. The concentration of uranium was
analyzed using a PerkinElmer Sciex ELAN DRC-II induc-
tively coupled plasma-mass spectrometer (ICP-MS). Fourier
transform infrared (FTIR) spectra of the samples were
recorded between 400 and 4000 cm−1 at a constant temper-
ature (20∘C) on a Nicolet 6700 FTIR spectrometer. pH was
measured using aThermo Orion model 868 pH-meter.

2.3. Carbonate/Bicarbonate Leaching Experiment. Various
S/L ratios, CO

3

2−/HCO
3

− ratios, and the concentrations of
the leaching reagent were designed to determine the opti-
mal conditions for the alkaline leaching of uranium from the

Table 1: Chemical compositions of the lignite (wt.%) (ash basis).

Na
2
O 0.221

MgO 1.552
Al
2
O
3

19.026
SiO
2

40.335
P
2
O
5

0.094
SO
3

10.543
K
2
O 2.399

CaO 6.349
TiO
2

0.829
MnO 0.545
Fe
2
O
3

17.023
NiO 0.135
CuO 0.064
ZnO 0.055
GeO
2

0.126
As
2
O
3

0.09
Rb
2
O 0.049

SrO 0.078
Y
2
O
3

0.064
ZrO
2

0.022
WO
3

0.106
PbO 0.053
Cl 0.109
U 0.134

lignite. The temperature and the shaking speed in the leach-
ing experiments were 25∘C and 150 r/min, respectively. The
leachates were centrifuged at 5000 r/min for 5min and the
supernatants were collected for the uranium content analy-
sis. The uranium leaching efficiency was defined as the ratio
of the uranium content in the leaching solution to the total
amount of uranium in the lignite, expressed as a percentage.

2.4. Oxidative Leaching Experiment. Under the optimal S/L
ratio andCO

3

2−/HCO
3

− ratio, four oxidants, whichwere 30%
aqueous H

2
O
2
, NaClO solution with 5% available chlorine,

KMnO
4
, and K

2
S
2
O
8
, were selected to assess the effect of

oxidation on the leaching efficiency of uranium from the
lignite. In the experiment, the concentration of the leaching
agent was 0.5mol/L. Besides, the dosage of H

2
O
2
and NaClO

solution was defined as the volume ratio of the oxidant to the
leaching agent, while the dosage of KMnO

4
and K

2
S
2
O
8
was

defined as the mass ratio of the oxidant to the lignite sample.

2.5. Kinetic Experiment. Kinetic experiments were con-
ducted using 0.5mol/L of the leaching agent with the optimal
S/L ratio, CO

3

2−/HCO
3

− ratio, and the oxidant dosage for a
period of 24 h. In addition, high purity oxygen (99.5%) was
injected to the leaching agent at a constant rate of 1.5 L/min
in order to compare the leaching efficiency. Samples were
collected at different predetermined time intervals to evaluate
the kinetic performance of the uranium leaching process.

The leaching of uranium can be interpreted as the
uranium desorption from the lignite. The pseudo-first-order
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equation and the pseudo-second-order equationwere applied
to investigate the leaching kinetic [17].

The pseudo-first-order equation can be formulated as
follows:

d𝑄
𝑡

d𝑡
= −𝑘
1
(𝑄
𝑡
− 𝑄
𝑒
) , (1)

where 𝑘
1
is the rate constant and𝑄

𝑒
and𝑄

𝑡
are the solid-phase

concentrations of uranium in the lignite at equilibrium and
any time 𝑡. With the initial condition of 𝑄

𝑡
= 𝑄
0
at 𝑡 = 0, (1)

is integrated and yields the following:

𝑄
𝑡
= 𝑄
𝑒
+ (𝑄
0
− 𝑄
𝑒
) exp (−𝑘

1
𝑡) . (2)

The value of 𝑄
𝑡
is calculated according to

𝑄
𝑡
= 𝑄
0
−
(𝐶
𝑡
− 𝐶
0
) 𝑉
𝐿

𝑚
𝑠

, (3)

where 𝐶
0
is the initial concentration of uranium in the

leaching solution (mg/L), 𝐶
𝑡
is the concentration of uranium

in the leaching solution at 𝑡 (mg/L), 𝑉
𝐿
is the volume of the

leaching solution, and𝑚
𝑠
is the mass of the lignite.

The pseudo-second-order equation is expressed as fol-
lows:

d𝑄
𝑡

d𝑡
= −𝑘
2
(𝑄
𝑡
− 𝑄
𝑒
)
2
, (4)

where 𝑘
2
is the rate constant. With the initial condition of

𝑄
𝑡
= 𝑄
0
at 𝑡 = 0, (4) is integrated and yields

𝑄
𝑡
= 𝑄
𝑒
+
𝑄
𝑒
− 𝑄
0

𝑘
2
𝑡 (𝑄
𝑒
− 𝑄
0
) − 1
. (5)

According to the kinetic equations, the rate constants (𝑘
1

and 𝑘
2
) and the theoretical capacity of the uranium leaching

efficiency were computed using the nonlinear fitting.

2.6. Leaching Mechanism Analysis. The leachates collected
from the kinetic experiments were centrifuged at 5000 r/min
for 5min and the residues washed with deionized water were
taken for the sequential extraction and FTIR analysis. The
mechanism of uranium leaching from the lignite was ana-
lyzed based on the comparisons of the sequential extraction
for the uranium speciation in the lignite before and after
leaching. Furthermore, FTIR spectra were used to investigate
the leaching process.

3. Experimental Results

3.1. The Effect of S/L Ratios on the Uranium Leaching of
the Lignite. The leaching efficiency of uranium in 0.5mol/L
Na
2
CO
3
solution under various S/L ratios is shown in

Figure 1. After 6 h reaction, the leaching process tends to be
in equilibrium. The results indicate that, with the decrease
of S/L ratio, the leaching efficiency of uranium increases
gradually and is up to 20.54 ± 0.46% at the optimal S/L ratio
of 1 : 20 g/mL. However, a further decrease of S/L ratio does
not lead to an observable increase of the uranium leaching
efficiency.
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Figure 1: The leaching efficiency of uranium in 0.5mol/L Na
2
CO
3

solution at various S/L ratios.

3.2. The Effect of the Concentration of Leaching Agents and
the CO3

2−/HCO3
− Ratio on the Uranium Leaching Efficiency.

Figure 2 shows the leaching efficiency of uranium by different
concentration of the leaching agents andCO

3

2−/HCO
3

− ratio
at the optimal S/L ratio after 6 h leaching. It can be observed
that the leaching efficiency of uranium increases with the
concentration of the leaching agent. The maximum uranium
leaching efficiency of the 0.1mol/L, 0.3mol/L, 0.5mol/L,
0.7mol/L, 0.9mol/L, and 1.1mol/L leaching agent is 15.21%,
19.28%, 23.74%, 26.30%, 40.69%, and 42.39%, respectively.
Themain reaction in the solution can be expressed as follows
[11]:

UO
2

2+ + 2HCO
3

− + CO
3

2−

→ UO
2
(CO
3
)
3

4−
+ 2H+

(6)

With the increase of NaHCO
3
in the leaching agent,

the ultimate pH of the leaching agent gradually declines (as
shown in Figure 3). As the concentration of the leaching agent
ranges from 0.5mol/L to 1.1mol/L, the maximum leaching
efficiency of uranium is achieved when the CO

3

2−/HCO
3

−

ratio is 2 : 1, which can be the optimal CO
3

2−/HCO
3

− ratio
for the leaching of uranium in the study. Furthermore, the
ultimate pH in the leaching experiment under the optimal
CO
3

2−/HCO
3

− ratio is around 9.70. Some studies have shown
that [UO

2
(CO
3
)
3
]4− could combine with OH− to produce

sodiumdiuranate precipitation at pHvalues above 11 (see (7)).
Santos and Ladeira [18] found out that, in the pH range of 9∼
10.2, the precipitation of sodium diuranate could be reduced
by using NaCO

3
/NaHCO

3
mixture, which is similar to the

result obtained in our study

2UO
2
(CO
3
)
3

4−
+ 14Na+ + 6OH−

→ Na
2
U
2
O
7
↓ + 6Na

2
CO
3
+ 3H
2
O

(7)

3.3. The Effect of the Oxidant on the Uranium Leaching
Efficiency. Figure 4(a) compares the uranium leaching effi-
ciencies at different dosages of oxidants after 6 h leaching. In
the experiment, the concentration of the leaching agent was
0.5mol/L and the CO

3

2−/HCO
3

− ratio was 2 : 1. The results
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Figure 2: The leaching efficiency at various leaching agent concentrations and mixture ratios.
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Figure 3: The ultimate pH at various leaching agent concentrations
and mixture ratios.

indicate that the oxidants can enhance the uranium leaching
efficiency. It is concluded that the optimal dosage of KMnO

4

and K
2
S
2
O
8
is 2 wt.% while the corresponding leaching

efficiency of uranium is 34.71% and 50.45%, respectively.
Besides, the optimal dosage of H

2
O
2
(30% aqueous solution)

and NaClO solution (5% available chlorine) is 1 vol.% with
the corresponding leaching efficiencies 39.57% and 41.26%,
respectively.

Moreover, as the dosage ofNaClO solution increases from
4 vol.% to 16 vol.%, the ultimate pH in the solution continu-
ally increases from 9.97 to 11.65 (Figure 4(b)) as the hydrolysis
of ClO−, which leads to the occurrence of (7) and reduces the
uranium leaching efficiency from 41.98% to 29.88%. Besides,
the oxidative leaching experimentwith a high dosage ofH

2
O
2

cannot be carried out, as the leaching agent reacts violently
with H

2
O
2
(which is actually a weak acid) at a dosage of 16

vol.%. Furthermore, the ultimate pH of the leaching solutions
containing KMnO

4
and K

2
S
2
O
8
is reduced very slightly.



Geofluids 5

20

30

40

50

60
Le

ac
hi

ng
 e�

ci
en

cy
 (%

)

0.5 1 2 4 8 16
Oxidant dosage (%)

KMnO4 NaClO
H2O2

K2S2O8

(a)

0.5 1 2 4 8 16
Oxidant dosage (%)

9

10

11

12

pH

KMnO4 NaClO
H2O2

K2S2O8

(b)

Figure 4: The effect of the oxidant on the uranium leaching efficiency and the ultimate pH.

3.4. Kinetics of the Leaching of Uranium from the Lignite.
Figure 5 depicts the time variation of the uranium leaching
efficiency from the lignite. The results show that the sig-
nificant increases in the leaching efficiency of uranium are
correlated with the addition of oxidants. In the experiment
without adding any oxidant, the leaching process approaches
equilibriumwithin 4 h and the corresponding uranium leach-
ing efficiency is only 29.10%. On the contrast, the leaching
process reaches equilibrium at the shortest time of about 2 h
with the addition of 1 vol.%H

2
O
2
(30% aqueous solution) and

the leaching efficiency is up to 43.51%. On the other hand,
the equilibrium time of about 6 h is needed for the leaching
process with the addition of 2 wt.% KMnO

4
and K

2
S
2
O
8
,

the corresponding leaching efficiency of which is 42.35% and
48.34%, respectively. Furthermore, under the condition of
adding 1 vol.% NaClO solution (5% available chlorine) and
injecting O

2
at a constant rate of 1.5 L/min, it takes about 12 h

for the leaching process to attain the equilibrium state and,
correspondingly, the uranium leaching efficiency of 52.06%
and 72.23% is achieved, respectively.

Figure 6 displays the kinetics of the leaching of uranium
from the lignite. The pseudo-first-order and pseudo-second-
order equations that are applied to describe the kinetics of
the leaching process and the kinetic parameters are listed in
Table 2. The correlation coefficients (𝑟2) of the two kinetic
equations reveal that the leaching process with the five
oxidants is better fitted to the pseudo-second-order model,
in which the maximum 𝑟2 is 0.989 under the condition of
injecting O

2
. On the contrary, the leaching process without

oxidant is better fitted to the pseudo-first-order model and
the corresponding 𝑟2 is 0.957. The better applicability of the
pseudo-first-order model may be due to the strong affinity
of the lignite to uranium, which also shows that the leaching
efficiency ismainly dependent on the amount of the leachable
uranium in the lignite.

Further analysis of the values of 𝑄
𝑒
shows that when

the leaching process reaches the equilibrium state, the solid-
phase-concentration of uranium in the lignite samples is
much lower in the oxidative leaching process with the five
oxidants, which tally with the experimental results. Thus, the
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Figure 5: The leaching efficiency of uranium from lignite over a
period of time.

use of the oxidant to enhance the leaching of uranium from
the lignite is an effective option, not only because the oxidant
can oxidizeU(IV) to the significantlymore solubleU(VI), but
also because it can degrade the organic matter in the lignite
to reduce the speciation which is difficult to leach, such as the
organic matter bound uranium. This is what we are going to
discuss in the following sections.

3.5. Sequential Extraction Experiment. Figure 7 shows the
contents of the speciation of uranium in the lignite sam-
ples before and after leaching experiment by the sequential
extraction procedure. The result indicates that the main
speciation of uranium in the original lignite is the organic
matter bound, which significantly decreased in the oxidative
leaching process. At the conditions of adding H

2
O
2
, K
2
S
2
O
8
,

NaClO, andO
2
, the organicmatter bounduranium is reduced

from 76.86mg/kg to 38.89mg/kg, 27.27mg/kg, 25.72mg/kg,
23.39mg/kg, and a minimum of 9.00mg/kg, respectively,
while, in the experiment without adding any oxidant, it is
decreased to 45.34mg/kg only.

Otherwise, the reduction of the Fe-Mn oxides bound,
sulfide bound, and aluminosilicate bound uranium in the
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Table 2: Kinetic parameters for the leaching of uranium from the lignite.

Run Experimental data Pseudo-first-order kinetic Pseudo-second-order kinetic
Ce (mg⋅L−1) Qe (mg⋅kg−1) Q

0
(mg⋅kg−1) k

1
(h−1) Qe (mg⋅kg−1) r2 Q

0
(mg⋅kg−1) k

2
(kg⋅mg−1⋅h−1) Qe (mg⋅kg−1) r2

(a) 3.76 27.00 97.77 0.40 27.32 0.988 100.65 0.0065 18.13 0.989
(b) 2.76 46.88 93.41 0.60 51.13 0.874 99.84 0.028 49.14 0.935
(c) 2.47 52.75 97.19 0.74 54.03 0.940 101.94 0.028 51.05 0.973
(d) 2.44 53.28 99.97 1.49 55.29 0.965 102.48 0.054 52.78 0.982
(e) 2.09 60.30 97.10 0.96 60.04 0.892 101.63 0.053 58.79 0.937
(f) 1.43 73.50 102.75 1.23 71.92 0.957 104.37 0.12 72.67 0.861
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Figure 6: Kinetics of the leaching of uranium from the lignite.
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leaching experiments is similar. In addition, a small amount
of [UO

2
(CO
3
)
3
]4− in the leachate can be adsorbed onto the

lignite sample, which will easily be desorbed again during
the sequential extraction procedure. Therefore, the contents
of the water soluble and carbonates bound uranium in the
lignite samples increase slightly after leaching.

The reduction of the organic matter bound uranium
shows significant positive relationship with the correspond-
ing uranium leaching efficiency, which illustrates that the
leaching efficiency mainly depends on the leaching of the
organic matter bound uranium in the lignite.

Among the five oxidants, the reduction of the organic
matter bound uranium in the lignite by injecting O

2
is much

more efficient, and the main reasons can be explained as
follows: (1) dissolved oxygen (DO) consumed during the
leaching process can be continuously supplied by the injec-
tion of O

2
at a constant rate of 1.5 L/min, which maintains

a supersaturated state of DO in the leaching agent; (2) the
lignite sample agitated by the injection of O

2
is well-mixed in

the leaching agent, which increases the contact area between
the powdered lignite samples, the leaching agent, and O

2
and

therefore enhances the oxidative leaching.

3.6. FTIR Analysis. Figure 8 compares the FTIR spectra
of the lignite samples before and after oxidative leaching.
The main bands in the infrared spectrum of the original
lignite and corresponding assignments are as follows: (1) the
intense band at about 3197 cm−1 is attributed to the O-H
stretching vibrations of alcohols and phenols; (2) the band at
about 2919 cm−1 is caused by the C-H stretching vibrations
of aliphatic structures; (3) the band at about 1610 cm−1 is
assigned to the C=C stretching vibrations of aromatic rings;
(4) the band at about 1437 cm−1 is ascribed to the C-H
bending vibrations of aliphatic groups; (5) the band at about
1278 cm−1 can be attributed to the C-O stretching of phenolic
groups; (6) the band at about 1031 cm−1 is generally attributed
to C-O stretching of ethers and phenols [19–21]. According to
the spectrum, the original lignite is rich in oxygen-containing
functional groups and aromatic rings.
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Figure 8: The FTIR spectra of the lignite before and after oxidative
leaching.

In the infrared spectra of the lignite after oxidative
leaching, the peak at about 3197 cm−1 significantly reduces,
which indicates that the content of hydroxyl groups in
alcohols and phenols decreases by oxidation. The infrared
spectra adsorption peaks at 2919 cm−1, 1610 cm−1, 1437 cm−1,
1278 cm−1, and 1031 cm−1 also experience a decrease in the
oxidative leaching process with O

2
, H
2
O
2
, and K

2
S
2
O
8
.

The lignite belongs to the low rank coal with a low degree
of coalification, which contains a large quantity of humic acid
and fulvic acid. It has been studied previously that humic
acid provides a lot of functional groups which are able to
combine with the metal ions, including the carboxyl [22],
phenolic hydroxyl, and alcoholic hydroxyl [23]. In the study,
the phenolic hydroxyl and alcoholic hydroxyl groups may
be the major functional groups combined with uranium. We
conclude that the main reason for the enhancement of the
uranium leaching efficiency is the effective degradation of
these functional groups by the oxidants.

4. Conclusions

In this study, the effects of the S/L ratio, CO
3

2−/HCO
3

−

ratio, the leaching reagent concentration, and oxidants on
the uranium leaching efficiency of the lignite were discussed.
Some conclusions can be drawn as follows.

(1) The leaching of uranium from the lignite by
Na
2
CO
3
/NaHCO

3
mixture is efficient under the optimal

solid/liquid ratio and CO
3

2−/HCO
3

− ratio, which are 1 : 20
(g/mL) and 2 : 1, respectively.

(2) The five oxidants, H
2
O
2
, NaClO, KMnO

4
, K
2
S
2
O
8
,

and O
2
, can significantly enhance the leaching of uranium
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in the lignite. And the use of O
2
is the most efficient option

which increases the leaching efficiency up to 72.23% after 12 h
reaction.

(3) According to the kinetic results, the pseudo-second-
order model is suitable to describe the kinetics of oxidative
leaching process, and themaximum 𝑟2 is 0.989 in the leaching
experiment by injecting O

2
.

(4)The organicmatter bound uranium, which is themain
speciation of uranium in the lignite, can be effectively reduced
from 76.86mg/kg to 9.00mg/kg by injecting O

2
.

(5) The FTIR analyses indicate that the phenolic and
alcohol hydroxyl functional groups combined with uranium
in the lignite are observably reduced by the oxidants, which
may lead to the enhancement of the leaching efficiency of
uranium.
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The Shenhua CO2 capture and sequestration (CCS) project has achieved its goal of injecting 100,000 tons/year CO2 into the saline
aquifers of the Ordos Basin. This study analyzes the geochemical interactions between CO2, formation fluid, and host rock of
the major formations in the Ordos Basin, assesses the CO2 trapping capabilities, and predicts the final mineral forms of injected
CO2. Reactive transport simulations are performed using a 2D radial model, which represents a homogeneous formation. The
results show that 80% of injected CO2 remains as free supercritical gas in each formation after injection, while most of CO2 is
sequestrated in different carbonate mineral assemblages after 10,000 years. The CO2 mineral trapping capacities of the Shiqianfeng
and Shihezi formations are smaller than the Liujiagou formation. Calcite, dawsonite, and siderite are stable CO2 trapping minerals,
while dolomite, ankerite, and magnesite are not. The increase in porosity and permeability of the three formations in the first
100 years agrees with the observation from the Shenhua CCS Project. Also the decrease in porosity and permeability after 100
years shows agreement with other modelling studies using the similar methods. These results are useful for the evaluation of the
geochemical process in long-term CO2 geological storage.

1. Introduction

The global average surface temperature growing in decades
has increased the worries about global warming [1]. The
excess emission of greenhouse gas (mainly CO2) is consid-
ered as the principal culprit [2, 3]. Therefore, CO2 capture
and sequestration (CCS) has been proposed—especially CO2
geological storage (CGS), which becomes one of the most
effective methods to mitigate the greenhouse effect [4, 5].

Among CGS studies, the migration patterns of CO2 and
geochemical responses induced by CO2 injection have been
focused on. The results indicate that physical properties
of fluid and host rock control the way CO2 moves, while
chemical processes dominate the fate of CO2 [6–8]. Factors
affecting CO2 migration mainly include the following: (1)
density difference of fluid; (2) penetration pathway; (3)
capillary pressure; (4) injection rates; and (5) formation pres-
sure [9–11]. However, CO2 plume beneath caprocks barely

moves without injection pressure as driven force, although
molecular diffusion/dispersion and convective mixing occur
in the CO2 bearing zone. After injection, the CO2-water-rock
interactions dominate the CO2 trapping mechanisms, which
have great effect on the long-term safety of CO2 geological
storage.

CO2-water-rock interactions have been widely studied
with laboratory experiment and numerical simulation. Sev-
eral researchers have investigated the reactive transport
processes based on field conditions. Cipolli et al. [12] studied
the CO2 injection into the serpentine in Italy by EQ 3/6. Gaus
et al. [13] modelled the CO2 diffusion through the caprock
at the Sleipner project using PHREEQC. Audigane et al. [14]
simulated the CO2 injection into a saline aquifer at the Sleip-
ner project using TOUGHREACT. These studies indicate
that dissolution of host rock contributes to the CO2 mineral
trapping.The pattern ofmineral dissolution and precipitation
is different under different field conditions [7, 8, 15].
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Some other studies have focused on several specific
minerals involved in CO2-water-rock interactions. Xu et
al. [16–18] simulated the CO2-water-rock interactions using
TOUGHREACT; they found dissolution of calcite and alu-
minosilicate and precipitation of ankerite, dawsonite, siderite,
magnesite, calcite, and dolomite.Wigand et al. [19] conducted
experiments under in situ conditions of the Bunter Sandstone
Formation in Europe and observed dolomite dissolution and
smectite precipitation. Okuyama et al. [20] simulated the
CO2-water-rock interactions induced by CO2 injection in
the Tokyo Bay area by TOUGHREACT, and dissolution of
plagioclase and precipitation of dawsonite were observed.
Their studies indicate that dissolution of carbonate minerals
is regarded as dominant reaction in a short time [21, 22].
Meanwhile, precipitation of trapping minerals depends on
the primary mineral assemblages [23].

For a specific site or formation, CO2-water-rock inter-
actions are different due to different hydrogeochemical
conditions, which are worth investigating to enhance our
understanding of CO2 evolution in each CGS project. The
Shenhua CCS Project has finished its goal of injecting
100,000 tons/year CO2 into the onshore saline aquifers of the
Ordos Basin by the end of 2013, with CO2 captured from the
Shenhua Direct Coal Liquefaction Company [24]. As the first
integrated CGS project in China, the Shenhua CCS Project
has attracted extensive research interest. Wang [25] and Yang
[26] explored the mechanism of reactions between the CO2
fluid and the Shiqianfeng/Shihezi formation in the Ordos
Basin, using a high pressure reactor simulating the under-
ground conditions. Tao [27] investigated the mineralization
of CO2 in the Liujiagou formation using the same equipment.
However, experimental studies are limited by time scales, and
CO2 mineral trapping that immobilizes CO2 permanently is
a long-term process.

The objective of this study is to investigate the long-term
CO2-water-rock interactions based on the three formations
at the Shenhua CCS site. In addition, pH changes and
mineral dissolution/precipitation caused by CO2 injection
are analyzed. The supercritical CO2 flow and geochemical
reactions are modelled by TOUGHREACT, which coupled
simulate subsurface multiphase fluid and heat flow, solute
transport, and chemical reactions. Furthermore, the sim-
ulated geochemical processes in the three formations are
compared with other experimental and modelling studies.
The results from this study can be useful for the evaluation
of long-term CO2 geological storage and the geochemical
process for practical implementations of CCS.

2. Geological Setting

The Shenhua CCS Project is located in the east section of the
northern Yishan Slope in the Ordos Basin, which is an ideal
place for large-scale CO2 storage in geological formations
in China [28]. The Triassic and Permian sandstone of the
Ordos Basin are recognized as deep saline aquifers that have
significant potential for CO2 geological sequestration. The
sedimentary thickness is more than 1500m from Ordovician
to Lower Triassic in the study area. Five reservoir-caprock
assemblages (Liujiagou, Shiqianfeng, Shihezi, Shanxi, and

Majiagou) have been identified according to the previous
studies [24, 29]. In this study, the Liujiagou, Shiqianfeng,
and Shihezi formations are selected as the target layers for
simulations (Figure 1), because they are major formations
for CO2 geological storage at the Shenhua CCS Project [24].
The fractures in the three formations are less developed with
minor sizes and have little impact on the CO2 geological
storage [30].

2.1. Formation Characterization. The Liujiagou formation is
at depths of 1576–1699m. The interbedded seal is 5–15m
thick and discontinuous, characterized as silty mudstone
or muddy siltstone. The reservoir formation is 123m thick
mainly composed of arkoses and lithic feldspathic sandstone.
The porosity and permeability of the reservoir are 6.3–10%
and 0.02 × 10−15–2.81 × 10–15m2, respectively [24, 27, 30].

The Shiqianfeng formation is situated at depths of
1699–1990m. The caprock is 26.2–103.6m thick and char-
acterized as silty mudstone or muddy siltstone, which is
relatively continuous.The reservoir is 292m thick andmainly
composed of floodplain feldspathic quartz sandstone, with
porosity and permeability 5–12.9% and 0.1 × 10−15–6.58 ×
10–15m2, respectively [24, 25, 30].

The Shihezi formation is located at depths of 1990–2232m.
There is relatively pure mudstone in the upper Shihezi
formation as a 116m thick regional seal.The reservoir is 126m
thick and mainly composed of feldspathic quartz sandstone
and feldspathic litharenite. The porosity and permeability of
the reservoir are 8.8–12.6% and 1.23 × 10−15–5.99 × 10–15m2,
respectively [24, 26, 30].

The details of mineral composition of the three forma-
tions and selected secondary minerals are given in Table 1.
Considering the availability of kinetic data, we adjust the
primary minerals used in the simulations referring to Xu et
al. [18, 31]. According to the equilibrium batch modelling
and previous studies of CO2-water-rock interactions [7, 31],
almost all the possible secondary minerals are considered
in the simulations. The average temperature and pressure
gradient of the study area are estimated as 30∘C/km and
100 bar/km, respectively.

2.2. Formation Fluid Chemistry. In the Liujiagou formation,
the groundwater is dominated by Ca-Na-Cl water type and
highly mineralized with a total dissolved solid content (TDS)
of 56 g/L. In the Shiqianfeng formation, the groundwater is
also dominated by Ca-Na-Cl water type and highly miner-
alized with a TDS of 31.2 g/L. In the Shihezi formation, the
groundwater is dominated by Na-Ca-Cl water type and lowly
mineralized with a TDS of 9.39 g/L. The details of aqueous
chemical concentrations are given in Table 2 [26, 27, 32].

Before simulating CO2 injection, batch simulations are
conducted to equilibrate the primary minerals with in situ
water at the formation temperature and CO2 partial pressure.
The resulting water chemistry is used as the initial aqueous
concentrations for reactive transport simulations [18, 33].

3. Simulation Methods
3.1. Governing Equations. TOUGHREACT is a comprehen-
sive nonisothermal multicomponent reactive fluid flow and
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Period System Series
Cenozoic Quaternary Grayish yellow gravel layer

Cretaceous

Lower
Upper
Middle 300–530

47–169

Light brown and o�-white middle-�ne and coarse
sandstone intercalated with brownish yellow and
brown silty mudstone and pelitic siltstone
Light brown and o�-white middle-�ne and coarse
sandstone intercalated with yellowish-brown, purple
brown, blue gray pelitic siltstone
Light brown and o�-white middle-�ne and coarse
sandstone intercalated with yellowish-brown, purple 
brown, blue gray silty mudstone

Purplish red and brick red mudstone mixed with thin
limestone or nodule layer

Light grayish green, yellowish green, grayish purplish
red feldspathic quartz sandstone mixed with purplish
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Figure 1: Lithologic and stratigraphic sequence of the Ordos Basin, illustrating the positions and geological characteristics of the main
injection formations (modified from Li et al. [29]).

geochemical transport simulator [18] used in this study.
The multiphase flow, heat flow, and chemical transport are
governed by the principle of mass (energy) conservation.The
general conservation equation can be written as follows:

𝜕𝑀𝜅
𝜕𝑡

= −∇𝐹𝜅 + 𝑞𝜅, (1)

where the subscript 𝜅 is the mass component or heat compo-
nent,𝑀𝜅 is the mass or energy of component 𝜅, t is the time,

𝐹𝜅 denotes themass or heat flux, and 𝑞𝜅 is the sources or sinks.
The calculation here contains the component in all phases.

After space and time discretization, the governed equa-
tions for fluid flow are transformed to a set of coupled
nonlinear algebraic equations and can be solved by Newton-
Raphson iteration methods [18]. The thermodynamic vari-
ables such as fluid velocities and phase saturations are
obtained and used for chemical transport simulation.
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Table 1: Mineral composition of formations [25–27] and possible secondary minerals used in the simulations.

Minerals of formations Mineral modelled Chemical composition Volume fraction (vol.%)
Liujiagou Shiqianfeng Shihezi

Primary minerals
Quartz Quartz SiO2 27 65 66
Alkali-feldspar K-feldspar KAlSi3O8 14 9 0
Plagioclase Oligoclase Ca0.2Na0.8Al1.2Si2.8O8 24 16 6
Illite Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 17 4.5 18.5
Kaolinite Kaolinite Al2Si2O5(OH)4 6 0 0
Chlorite Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 8.5 0 0

Smectite Smectite-Na Na0.290Mg0.26Al1.77Si3.97O10(OH)2 1.75 1.25 1.75
Smectite-Ca Ca0.145Mg0.26Al1.77Si3.97O10(OH)2 1.75 1.25 1.75

Calcite Calcite CaCO3 0 3 3
Dolomite Dolomite CaMg(CO3)2 0 0 3

Secondary minerals
Magnesite MgCO3
Albite NaAlSi3O8
Siderite FeCO3
Ankerite CaMg0.3Fe0.7(CO3)2
Dawsonite NaAlCO3(OH)2
Hematite Fe2O3
Halite NaCl

Anhydrite CaSO4

Table 2: Aqueous concentrations of in situ water [26, 27, 32] and initial aqueous concentrations for simulations.

Components Liujiagou Shiqianfeng Shihezi
(mg/L) (mol/kg H2O) (mg/L) (mol/kg H2O) (mg/L) (mol/kg H2O)

Na+ 7816 1.09 4560 4.19 × 10−1 2356 1.97 × 10−1

Ca2+ 14511.02 1.32 × 10−2 6450 5.66 × 10−2 1067.33 2.70 × 10−5

Mg2+ 894.6 7.09 × 10−7 198.72 5.59 × 10−13 4.47 2.25 × 10−5

K+ 34.15 6.84 × 10−5 24.453 1.82 × 10−3 76.42 2.87 × 10−5

Fe2+ 2.24 1.02 × 10−4 19.04 1.25 × 10−5 27.47 9.52 × 10−11

Cl− 39739.84 1.12 17940 5.06 × 10−1 5339.34 1.50 × 10−1

SO4
2− 2075.01 3.93 × 10−4 1940 1.85 × 10−2 46.28 2.26 × 10−7

HCO3
− 25.22 1.77 × 10−3 56.852 6.50 × 10−4 520.26 4.57 × 10−2

AlO2
− 0.1845 1.32 × 10−8 0.00324 2.77 × 10−8 0.0057 7.59 × 10−8

SiO2(aq) 1.18 5.15 × 10−4 708 5.89 × 10−4 19.5 6.63 × 10−4

pH 7.03 6.68 7.92
Temperature 55∘C 62∘C 67∘C
Note. Data under mg/L are aqueous concentrations of in situ water; data under mol/kg H2O are the initial aqueous concentrations for simulations.

To reproduce a geochemical system, the concentrations of
aqueous complexes composed of basis species are expressed
as

𝑐𝑖 = 𝐾−1𝑖 𝛾
−1
𝑖

𝑁𝑐

∏
𝑗

𝑐V𝑖𝑗𝑗 𝛾
V𝑖𝑗
𝑗 , (2)

where c is the molal concentration of aqueous compo-
nents, 𝛾 is the thermodynamic activity coefficient, K is the
equilibrium constant, subscripts i and j mean the index of
the aqueous complexes and basis species, respectively, the
subscript i also means the 𝑖th reaction to composing the 𝑖th

aqueous complexes, V𝑖𝑗 is the stoichiometric coefficient of jth
basis species in the 𝑖th reaction, and𝑁𝑐 is the total number of
basis species.

For the dissolution and precipitation of equilibrium
minerals, the mineral saturation ratio is expressed as

Ω𝑚 = 𝐾−1𝑚
𝑁𝑐

∏
𝑗=1

𝑐V𝑚𝑗𝑗 𝛾V𝑚𝑗𝑗 , (3)

where subscript 𝑚 is the equilibrium mineral index and 𝐾𝑚
is the corresponding equilibrium constant. Meanwhile the
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Figure 2: Schematic representation of the 2D radial model.

dissolution and precipitation of kineticminerals aremodelled
with a rate expression given by Lasaga et al. [34]:

𝑟𝑛 = ±𝑘𝑛𝐴𝑛
1 − Ω

𝜃
𝑛


𝜂
, (4)

where k is the rate constant, A is the specific reactive surface
area,Ω is the kineticmineral saturation ratio which is defined
as (3), subscriptn is the kineticmineral index, and parameters
𝜃 and 𝜂 are determined from experiment or taken as equal to
one.

Reactions involving aqueous and gaseous phases are
assumed to be at equilibrium and the governing equation
according to the Mass-Action Law is as follows:

𝑝𝑓Γ𝑓𝐾𝑓 =
𝑁𝑐

∏
𝑗=1

𝑐V𝑓𝑗𝑗 𝛾
V𝑓𝑗
𝑗 , (5)

where p is the partial pressure of gas and Γ is the gas fugacity
coefficient.

Porosity changes of the medium are directly calculated
from the volume changes as a result of mineral precipitation
and dissolution [18]. The calculation of permeability changes
in TOUGHREACT depends on the medium type.

3.2. Model Setup and Simulation Parameters. In this study,
we focus on the long-term CO2-water-rock interactions in
reservoir; therefore we simplify the three formations as
homogeneous sandstones. A two-dimensional (2D) radial
model is applied with thickness of 100m and an external
radius of 10 km (Figure 2). The model contains 10 layers in
the vertical direction, and it is divided into 101 radial grid
elements logarithmically increasing from the injection well
in the radial direction. The injection well is modelled as a
circular grid element of 𝑅 = 0.2m, while the outermost
grid is specified with a large volume of 1050m3 representing
an infinite lateral boundary. The top and bottom boundaries
of the model are regarded as impermeable layers. Similar
models have been used in previous studies [8, 31, 33]. The
injection interval is 40m thick at the bottom of the injection
well. CO2 is injected into the formation at a constant rate
of 3.17 kg/s for three years. The fluid flow and geochemical
transport simulation are running for 10,000 years, which
is a reasonable time scale for CO2 long-term sequestration
[15, 33, 35, 36].

The hydrogeological and petrophysical parameters are
based on the actual underground conditions.The initial pres-
sures of the Liujiagou, Shiqianfeng, and Shihezi formations

are 16MPa, 18.9MPa, and 21MPa, respectively, while the
temperatures are 55∘C, 62∘C, and 67∘C, respectively. The
initial mineral compositions and aqueous concentrations are
presented in Section 2. The initial porosities of the Liujiagou,
Shiqianfeng, and Shihezi formations used in the simulations
are 10%, 12.9%, and 12.6%, while the permeabilities are 2.81 ×
10–15m2, 6.58 × 10–15m2, and 5.99 × 10–15m2, respectively.
Alkali-feldspar and plagioclase are modelled as K-feldspar
and oligoclase, and smectite is regarded as a combination
of 50% smectite-Na and smectite-Ca referring to previous
studies [16, 17]. Capillary pressure and relative permeability
are calculated from the models of van Genuchten [37] and
Corey [38].The details are given in Table 3. Other parameters
are taken from Xu et al. [31].

4. Results and Discussion

4.1. Time Evolution of CO2 Trapping Mechanisms. Injected
CO2 can be directly trapped as free-gas (supercritical fluid) by
low-permeability caprocks and then dissolves into ground-
water and reacts with rock minerals leading to precipitation
of carbonates [16]. The whole process can be classified
as three trapping mechanisms: free-gas trapping, solubility
trapping, and mineral trapping. Using TOUGHREACT as
the simulator, the abundance of CO2 trapped in different
mechanisms can be calculated from

𝑀𝑔CO2 = ∑
𝑛=1

(𝑉𝑛𝜙𝑛Sg𝑛Dg𝑛) (6)

𝑀𝑙CO2 = ∑
𝑛=1

(𝑉𝑛𝜙𝑛Sl𝑛Dl𝑛𝑋CO2) (7)

𝑀𝑠CO2 = ∑
𝑛=1

(𝑉𝑛 (1 − 𝜙𝑛) SMCO2) , (8)

where the superscripts 𝑔, 𝑙, and 𝑠 indicate CO2 trapped as
free-gas, aqueous phase, and minerals, respectively, 𝑀CO2 is
the CO2 trapping capacity, the subscript n is the index of grid
blocks,V is the volume, 𝜙 is the porosity, Sg and Sl are the gas
saturation and liquid saturation, Dg and Dl are the density
of gas and liquid phase, 𝑋CO2 is the mass fraction of CO2 in
aqueous phase, and SMCO2 is CO2 mineral trapping capacity
per unit volume medium.

The evolution of CO2 trapping mechanisms of the three
formations over time is shown in Figures 3(a), 3(b), and 3(c).
During the injection period (the first three years), the CO2
trapping mechanisms in the three formations are similar.
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Table 3: Hydrogeological parameters of the three formations used in this study.

Parameters Liujiagou formation Shiqianfeng formation Shihezi formation
Permeability (m2) 2.81 × 10−15 6.58 × 10−15 5.99 × 10−15

Porosity 0.100 0.129 0.126
Pore compressibility (Pa−1) 4.5 × 10−10 4.5 × 10−10 4.5 × 10−10

Rock grain density (kg/m3) 2600 2600 2600
Temperature (∘C) 55 62 67
Pressure (MPa) 16 18.9 21
Salinity (wt.%) 6 3 0.9
Residual gas saturation, 𝑆gr 0.05 0.05 0.05
Residual liquid saturation, 𝑆lr 0.3 0.3 0.3
van Genuchten, 𝑃0 (kPa) 19.61 19.61 19.61
van Genuchten, 𝜆 (1/Pa) 0.457 0.457 0.457

The CO2 free-gas trapping and CO2 solubility trapping keep
growing, while the CO2 mineral trapping remains inactive.
At the end of injection period, 80% of injected CO2 remains
as free-gas in each formation.Then the CO2 free-gas trapping
decreases, while the CO2 solubility trapping continues rising
up. The CO2 mineral trapping in the three formations starts
at the 100 years and the final CO2 mineral trapping capacity
is almost the same (nearly all the CO2 gases are trapped in
minerals at 10,000 years).

Standard deviation is usually used to quantify the dis-
persion degree of a set of data [39]. In this study, there are
three CO2 amounts for the three formations under each CO2
trapping mechanism. They are regarded as a set of data,
the standard deviation of which is calculated to quantify
the difference among the three CO2 amounts. As shown
in Figure 3(d), each line denotes one trapping mechanism.
The standard deviations of the three trapping mechanisms
increase greatly from 100 years, which corresponds to the
beginning of CO2 mineral trapping. After that then the
difference of mineral trapping capacities becomes the largest.
The different CO2 mineral trapping capacities affect the CO2
amounts of the other two trapping mechanisms. Thus the
standard deviation peaks of the three trapping mechanisms
occur at about 1000–2000 years. It can be concluded that the
evolution of CO2 trapping mechanisms is dominated by the
CO2-water-rock interactions in a large time scale (more than
1000 years). CO2-water-rock interactions should be the key
factor for the evaluation of long-termCO2 geological storage.

To assess the CO2mineral trapping capability of the three
formations, we calculate the abundance of CO2 sequestrated
in minerals (Figure 4) using

𝑀CO2min𝑎 =
𝑛max

∑
𝑛=1

(𝑉𝑛 (1 − 𝜙𝑛) 𝑉𝑎𝑊CO2min𝑎𝜌rock) , (9)

where the superscript 𝑎 means the CO2 trapping mineral,
𝜌rock is the density of the host rock 2600 kg/m3, and𝑊CO2min𝑎
is the molecular weight percent of CO2 in mineral a.

CO2 is injected into the formation at the constant rate of
3.17 kg/s (100,000 tons/year) for three years, and thus the total
amount of injected CO2 in each formation is 3 × 108 kg. At
the end of simulation, the CO2 mineral trapping capacities of

the Liujiagou, Shiqianfeng, and Shihezi formations are 2.99
× 108 kg, 2.85 × 108 kg, and 2.79 × 108 kg, respectively. In
the Liujiagou formation, the amounts of CO2 immobilized in
calcite, dawsonite, and siderite are 2.07 × 108 kg, 4.61 × 107 kg,
and 4.59 × 107 kg, respectively. In the Shiqianfeng formation,
the amounts of CO2 immobilized in calcite and dawsonite
are 1.84 × 108 kg and 1.01 × 108 kg. In the Shihezi formation,
the amounts of CO2 immobilized in calcite, dawsonite, and
magnesite are 1.49 × 108 kg, 1.42 × 107 kg, and 1.16 × 108 kg,
respectively (Figure 4). It can be inferred that calcite is a
common CO2 trapping mineral, while dawsonite, siderite,
and magnesite precipitation depend on specific formation
conditions.

4.2. pH Changes. CO2 dissolution induces a series of acidic
reactions, lowering the pH of the formation water. Figure 5
shows the pH spatial distribution of the Liujiagou formation
at different times, which is similar to the cases of the
Shiqianfeng and Shihezi formations (not shown). Figure 5
also infers the spatial distribution of CO2 plume. We select
points A, B, and C to represent CO2-rich zone and near-well
and far-well zone and take point C as a reference point.

As shown in Figure 6, pH at points A and B falls
sharply during the injection period (the first three years)
and increases distinctly after hundreds of years. The changes
of pH at point A lag behind point B because point B is
beneath point A, which is closer to the injection interval. It
can be concluded that the decrease in pH is caused by CO2
dissolution (Reaction 1 in Table 4), while the increase in pH is
resulting frommineral dissolution (Reaction 2–5 in Table 4).

We take the pH at different times as a set of data
and calculate the standard deviations to show the different
buffering degrees in the three formations. For the Liujiagou,
Shiqianfeng, and Shihezi formations, the buffering degrees
are quantified as 1.447, 0.977, and 0.318 at point A and
1.814, 1.376, and 1.160 at point B, respectively. Hence, the
descending order of the amounts of dissolved minerals for
the three formations is as follows: the Liujiagou formation,
the Shiqianfeng formation, and the Shihezi formation.

4.3. Mineral Dissolution. Point C is regarded as a reference
point in far-well zone, mineral dissolution and precipitation
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Figure 3:The evolution of the injected CO2 in different trapping mechanisms for the Liujiagou formation (a), the Shiqianfeng formation (b),
and the Shihezi formation (c) and the evolution of standard deviations for different trapping mechanisms (d) over time.

of which are not affected by CO2-water-rock interactions.
Then we deduct the changes in mineral and ion of point C
from points A and B to analyze the geochemical reactions
induced by CO2 injection (Figures 7, 8, and 9). Figure 7
shows the mineral dissolution induced by CO2-water-rock
interactions in the three formations, which is consistent with
the quantified pH buffering degrees in Section 4.2.

Oligoclase, smectite-Ca, and illite are common initial
minerals in the three formations. As shown in Figure 7,
oligoclase dissolves steadily and supplies Ca2+ andMg2+. The
amounts of dissolved oligoclase at point A are very close to
that at point B. However, more dissolved oligoclase occurs in
the Liujiagou and Shiqianfeng formations due to the higher
initial oligoclase abundance. Smectite-Ca firstly precipitates
with sufficient Ca2+ and Mg2+ in the first 5000 years. Then
it dissolves to provide Ca2+ and Mg2+, which are needed
for precipitation of other minerals. Illite only dissolves at

point A in the Liujiagou and Shiqianfeng formations that
can release Mg2+ and K+. K-feldspar is an initial mineral
in both the Liujiagou and Shiqianfeng formations, while it
only dissolves at point B of these formations and supplies
K+ (Figures 7(b) and 7(d)). Chlorite only dissolves in the
Liujiagou formation as an initial mineral, releasingMg2+ and
Fe2+ (Figures 7(a) and 7(b)). In addition, as albite is a selected
secondary mineral in the three formations, the decrease in
volume fraction of albite (Figures 7(e) and 7(f)) is due to the
greater precipitation of albite at point C than at points A and
B, which suggests CO2 is unfavorable for albite precipitation.

It can be inferred that oligoclase and smectite-Ca are
Ca2+ sources in the three formations. Mg2+ is supplied by
smectite-Ca, illite, and chlorite in the Liujiagou formation,
smectite-Ca and illite in the Shiqianfeng formation, and
smectite-Ca in the Shihezi formation. K+ in the Liujiagou and
Shiqianfeng formations is provided by illite and K-feldspar
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Table 4: The main dissolution reactions in this study.

Reaction 1: dissolution of CO2:
CO2(gas)↔ CO2(aq); CO2(aq) + H2O↔H2CO3; H2CO3 ↔H+ + HCO3

−; HCO3
− ↔H+ + CO3

2−

Reaction 2: dissolution of chlorite:
Mg2.5Fe2.5Al2Si3O10(OH)8 + 10H+ ↔ 2.5Mg2+ + 2.5Fe2+ + Al2Si2O5(OH)4 + Si(OH)4 + 5H2O
Reaction 3: dissolution of oligoclase:
CaNa4Al6Si14O40 + 6H+ + 19H2O↔ Ca2+ + 4Na+ + 3Al2Si2O5(OH)4 + 8Si(OH)4
Reaction 4: dissolution of illite:
K0.6Mg2.5Al1.8(Al0.5Si3.5O10)(OH)2 + 5.6H+ + 1.8H2O↔ 2.5Mg2+ + 0.6 K+ + 1.15Al2Si2O5(OH)4 + 1.2Si(OH)4
Reaction 5: dissolution of albite
2Na(AlSi3)O8 + 2H+ +9H2O↔ 2Na+ + Al2SiO5(OH)4 + 4H4SiO4
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Figure 4: The amounts of CO2 sequestrated in minerals for the Liujiagou formation (a), Shiqianfeng formation (b), and Shihezi formation
(c) at different times.

dissolution, respectively. Fe2+ is only provided by chlorite in
the Liujiagou formation.Na+ is sourced fromoligoclase in the
three formations.

Figure 8 shows the changes in aqueous concentrations
induced by CO2-water-rock interactions. As mentioned

above, mineral dissolution might increase the concentrations
of Na+, Fe2+, Mg2+, Ca2+, and K+ in the formation water.
However, the concentration changes of K+ and Fe2+ in the
three formations remain zero (Figure 8).The changes ofMg2+
in the Liujiagou and Shihezi formations remain zero after 400
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Figure 5: The pH spatial distribution of the Liujiagou formation at different times.

years and 200 years, respectively. Themaximum reduction of
Ca2+ occurs in the Liujiagou formation and the minimum
in the Shihezi formation (Figures 8(a), 8(b), 8(e), and 8(f)).
The concentration of Na+ in the Liujiagou and Shiqianfeng
formations decreases in the first 30 years and then increases
with a different extent (Figures 8(a), 8(b), 8(c), and 8(d)). For
Shihezi formation, Na+ increases after 100 years (Figures 8(e)
and 8(f)). It can be inferred that the aqueous concentration
changes are affected not only by mineral dissolution but also
by mineral precipitation. Then we investigate the mineral
precipitation combinedwith aqueous concentrations changes
in Section 4.4.

4.4. Mineral Precipitation. In the Liujiagou formation (Fig-
ures 7–9(a-b)), illite and K-feldspar are initial minerals. It
can be inferred from the changes in the concentration of
K+ (Figures 8(a) and 8(b)) that K-feldspar precipitation at
point A is due to illite dissolution, while precipitation of
illite at point B results from K-feldspar dissolution. Similarly,
ankerite and siderite precipitate with chlorite dissolution
providing Fe2+. More chlorite dissolves at point A compared

to point B due to lower pH, leading to more ankerite and
siderite precipitation at point A. Precipitation of ankerite also
needs Ca2+ and Mg2+, which suggest that more Ca2+ and
Mg2+ are provided at point A compared to point B.

For the Liujiagou formation (Figures 7–9(a-b)), Ca2+ is
released by oligoclase dissolution constantly, which is used for
precipitation of smectite-Ca, calcite, and ankerite in the first
5000 years. During this period, Ca2+ provided by oligoclase
dissolution and consumed by smectite-Ca precipitation at
point A is close to that at point B (Figure 8(a, b) and
Figure 9(a, b)). Hence the minor precipitation of calcite at
point A leftmore Ca2+ for precipitation of ankerite than point
B. In addition, smectite-Ca and ankerite all disappear at the
end of simulation so that the final calcite abundances at points
A and B are consistent.

The concentration of Mg2+ in the Liujiagou formation
firstly increases due to chlorite dissolution.Then smectite-Ca
and illite dissolution also provide Mg2+ at point A. Mean-
while, Mg2+ at point B is released by minor dissolution of
smectite-Ca and chlorite and consumedby illite precipitation.
Hence, there is more Mg2+ at point A for precipitation of
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Figure 6: The evolution of pH at point A and point B for the
Liujiagou, Shiqianfeng, and Shihezi formations over time.

ankerite. Na+ released by oligoclase dissolution at point A
is close to that at point B. Then the larger increase in Na+
at point A can be explained by additional albite dissolution
and minor smectite-Na precipitation. Dawsonite precipitates
at both points A and B with sufficient Na+ and high CO2
saturation. However, CO2 moves upward by buoyance in
the near-well zone (point B) so that dawsonite at point B
disappears at the end of simulation.

In the Shiqianfeng formation (Figures 7–9(c-d)), illite
and K-feldspar are also initial minerals. The changes in
concentration of K+ also remain zero.Therefore, all dissolved
illite is transformed into K-feldspar at point A as the case in
the Liujiagou formation. However, K-feldspar precipitation
also occurs at point B due to illite dissolution providing K+ in
the first 5000 years, and after that then K-feldspar dissolves to
supply K+ for illite precipitation. It can be inferred that illite
is transformed into K-feldspar with higher CO2 saturation
and lower pH (Figure 6) in the Liujiagou and Shiqianfeng
formations, while it reverses with lower CO2 saturation and
higher pH. Besides, precipitation of ankerite and siderite does
not occur without chlorite providing Fe2+.

For Shiqianfeng formation (Figures 7–9 (c-d)), Ca2+ is
also released by oligoclase and used for precipitation of
smectite-Ca and calcite in the first 5000 years.Then smectite-
Ca dissolves to provide more Ca2+ for calcite precipitation.
At the end of simulation, the final calcite abundance at
point A is consistent with that at point B. Mg2+ released
by illite dissolution is used for precipitation of smectite-Ca
and smectite-Na in the first 5000 years. Then smectite-Ca
dissolves to supply Mg2+, which is used for precipitation of
smectite-Na at point A and precipitation of smectite-Na and
illite at point B.Thus minor smectite-Na precipitation occurs
at point B than pointA.Na+ released by oligoclase contributes
to the precipitation of smectite-Na and dawsonite. There is

more dawsonite precipitates in the Shiqianfeng formation
than the Liujiagou formation, without ankerite and siderite
immobilizing the injected CO2. As a result, there are less
Na+ and minor smectite-Na precipitation in the Shiqianfeng
formation.

In the Shihezi formation (Figures 7–9(e-f)), illite is an
initial mineral, while K-feldspar is not (Table 1). Thus illite
might be the only K+ source. However, it does not dissolve to
provideK+ forK-feldspar precipitation at pointA (Figure 7(e)
and Figure 9(e)) with low pH and high CO2 saturation
(Figures 5 and 6), although 18.5% (volume fraction) of host
rock is illite (Table 1). Also, there is no K+ exchange between
illite and K-feldspar at point B (Figures 7(f) and 9(f)).
Ankerite and siderite does not precipitate because there is no
chlorite (Table 1) supplying Fe2+.

For Shihezi formation (Figures 7–9(e-f)), Ca2+ released
by dolomite is consumed by precipitation of calcite in the
first 50 years. Then calcite exchanges Ca2+ with dolomite
in the next 150 years. However, calcite and dolomite are
unstable due to low pH and high CO2 saturation, and both of
themdisappear after 200 years.Then calcite precipitates again
with pH increases due to dissolution of oligoclase and albite.
Mg2+, after an initial increase due to dolomite dissolution, is
consumed by precipitation of smectite-Na and smectite-Ca.
Na+ released by oligoclase and albite is used for precipitation
of smectite-Na and dawsonite.More dawsonite precipitates at
pointA compared to point B due to the higherCO2 saturation
at point A.

Mineral dissolution and precipitation induced by the
injected CO2 are analyzed by comparison of the three obser-
vation points (points A, B, and C) in the three formations.
It can be inferred that quartz sandstones in the Shiqianfeng
and Shihezi formations have lower pH buffering capacity.
Illite and K-feldspar exchanged K+ when they are both initial
minerals. Chlorite is a key initial mineral providing Fe2+
for precipitation of ankerite and siderite. Calcite, dawsonite,
and siderite are stable CO2 trapping minerals, while ankerite,
dolomite, and magnesite are not.

4.5. Distribution of Mineral Abundance. As described in
Sections 4.2–4.4, the CO2-water-rock interactions are mostly
affected by variations in the initial mineral compositions.The
mineral abundance changes at the end of simulation induced
by CO2-water-rock interactions are further analyzed in this
part.

Figure 10 shows the mineral distribution of the three
formations in the radial direction at the end of simulation
at depths of −5m and −55m. According to pH changes and
mineral alteration, the modelling system can be divided into
three regions, which are CO2 bearing zone, low gas saturation
zone, and far-well zone. The initial mineral compositions
of the three zones are the same. However, much more
significant dissolution and precipitation of minerals occur
in CO2 bearing zone compared with far-well zone. Besides,
CO2 bearing zones at the end of simulation are also similar
in shape to the CO2 plume at the end of injection period
(Figures 10 and 5), which indicates that the injected CO2
barely moves after injection.
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Figure 7: The evolution of dissolved minerals at points A and B for the Liujiagou formation (a, b), Shiqianfeng formation (c, d), and Shihezi
formation (e, f) over time.
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Figure 8:The evolution of changes in aqueous concentrations at points A and B for the Liujiagou formation (a, b), Shiqianfeng formation (c,
d), and Shihezi formation (e, f) over time.
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Figure 9: The evolution of mineral abundance changes at points A and B for the Liujiagou formation (a, b), Shiqianfeng formation (c, d),
and Shihezi formation (e, f) over time.
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Figure 10: Mineral abundance of the Liujiagou formation (a, b), Shiqianfeng formation (c, d), and Shihezi formation (e, f) at the depths of
−5m and −55m after 10,000 years.

To identify the mineral dissolution and precipitation
induced by CO2-water-rock interactions, we compare min-
eral abundances of CO2 bearing zone with far-well zone
(Table 5). For silicate minerals, quartz and smectite-Na
precipitate and oligoclase and smectite-Ca dissolve impacted
by CO2-water-rock interactions in the three formations. For

carbonate minerals, the CO2 trapping mineral assemblages
and abundances of the three formations are different, which
can be seen in Table 5 for details.

4.6. Porosity and Permeability Changes. Porosity changes
of the formation are directly calculated from the volume
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Table 5: The changes in abundance of mineral dissolution and precipitation after 10,000 years.

Minerals modelled Chemical composition
Mineral dissolution (↑) and precipitation (↓)

Liujiagou Shiqianfeng Shihezi
−5m −55m −5m −55m −5m −55m

Primary minerals
Quartz SiO2 ↓ ↓ ↓ ↓ ↓ ↓
K-feldspar KAlSi3O8 ↓ ↑ ↓ ↑ ↓ ↓
Oligoclase Ca0.2Na0.8Al1.2Si2.8O8 ↑ ↑ ↑ ↑ ↑ ↑
Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 ↑ ↓ ↑ ↓ ↓ ↓
Kaolinite Al2Si2O5(OH)4 ↑ ↓ ↓ ↓ / /
Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 ↑ ↑ / / / /
Smectite-Na Na0.290Mg0.26Al1.77Si3.97O10(OH)2 ↓ ↓ ↓ ↓ ↓ ↓
Smectite-Ca Ca0.145Mg0.26Al1.77Si3.97O10(OH)2 ↑ ↑ ↑ ↑ ↑ ↑
Calcite CaCO3 ↓0.83% ↓0.84% ↓0.81% ↓0.79% ↓1.68% ↓1.69%
Dolomite CaMg(CO3)2 / / / / ↑ ↑

Secondary minerals
Albite NaAlSi3O8 ↓ ↓ ↓ ↓ ↑ ↑
Ankerite CaMg0.3Fe0.7(CO3)2 / / / / / /
Dawsonite NaAlCO3(OH)2 ↓1.30% / ↓2.35% ↓0.43% ↓1.42% ↓1.15%
Siderite FeCO3 ↓0.45% ↓0.16% / / / /
Magnesite MgCO3 / / / / ↓0.04% ↓0.03%
Note. ↓ represents mineral precipitation; ↑ represents mineral dissolution; / represents nonexistent; data beside ↓ and ↑ is the volume fraction changes of
minerals.

changes as a result of mineral precipitation and dissolution.
As shown in Figure 11, porosity and permeability increase
within the first 100 years and then decrease in the three
formations.Themaximum reduction of porosity and perme-
ability occurs in the Shiqianfeng formation. It can be inferred
that higher proportion of quartz in host rock is unfavorable
for injectivity enhancing in large time scale.

The vertical distributions of porosity changes induced by
CO2-water-rock interactions at different times are shown in
Figure 12. A column of model grids at a distance of 98.3m
from the injection well are selected to represent CO2 bearing
zone.

In the Liujiagou formation, porosity increases in the first
100 years and then decreases constantly. The larger decrease
in porosity occurs at the top of the Liujiagou formation due to
higher CO2 saturation. However, the porosity at the top of the
Liujiagou formation is greater than other parts at 5000 years
due to ankerite dissolution. For the Shiqianfeng formation,
porosity decreases with time. The increase in porosity in the
first 100 years in Figure 11 is not shown in Figure 12, because
single time points are used in Figure 12.The larger decrease in
porosity at the top of the Shiqianfeng formation also occurs
due to higher CO2 saturation. But the greater porosity at the
top of the Shiqianfeng formation occurs at 1000 years because
of minor precipitation of quartz and kaolinite. In the Shihezi
formation, porosity decreases after the initial increase within
the first 100 years.

4.7. Comparisons with Previous Studies. Regarding the Shen-
hua CCS Project, the CO2-water-rock interactions of major
formations (the Liujiagou formation, the Shiqianfeng for-
mation, and the Shihezi formation) have been studied by

experimentalmethods [25–27], which shows good qualitative
agreement with our studies.

For the Liujiagou formation, we conduct the modelling
at a temperature of 55∘C and a pressure of 16MPa, while
Tao [27] uses the temperatures of 60–100∘C and the same
pressure 16MPa in the CO2-water-rock interaction experi-
ment. Dissolution of K-feldspar, oligoclase, and chlorite and
precipitation of siderite within the experimental period of
1–25 days are observed. This is well consistent with our
results inmuch longer simulation period. For the Shiqianfeng
formation and the Shihezi formation, Wang [25] and Yang
[26] conduct experiments at temperatures of 55–100∘C and
the same pressures of 18MPa for 24 days. The minerals that
dissolve and precipitate in the experiments agree with our
simulations.

Besides, more minerals are dissolved rather than precip-
itated in the experiments, which may lead to the porosity
increase. This shows good agreement with our results that
porosity and permeability increase in the first 100 years,
which is also consistent with the observed increasing injectiv-
ity at the Shenhua CCS demonstration project. However, we
have also found the decreases in porosity and permeability
after a long time of simulation (after 100 years). This might
be because the experiment is limited by time scale so that we
could not predict the long-term CO2-water-rock interactions
and related porosity changes.

We also compare our results with previous modelling
studies [14, 16, 40, 41]. The decreases in the porosity and
permeability of the three formations after 100 years agrees
with the simulation results of Xu et al. [16] and Wang et al.
[41].We find that theCO2mineral trapping is affected by rock
types of injected formations, especially the content of quartz.
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Figure 11: The evolution of changes in porosity (a) and permeability (b) at point A for the three formations over time.

0

−20

−40

−60

−80

−100D
ep

th
 fr

om
 th

e t
op

 (m
)

0.09 0.1 0.11 0.12 0.13

Porosity

Liujiagou
0 years

100 years
1000 years
5000 years

10000 years

ShiheziShiqianfeng

Figure 12: The vertical distributions of porosity changes in CO2 bearing zone of the three formations at different times.

The volume fractions of quartz in the Shiqianfeng and Shihezi
formations are 65% and 66%, respectively, which makes
CO2 mineral trapping capacities smaller than the Liujiagou
formation. This is also demonstrated by Xu et al. [16] and
Audigane et al. [14], and they found limited CO2 sequestrated
by mineral trapping due to the high quartz content in the
formations.

It can be seen that K+ exchanges between illite and
K-feldspar when both of illite and K-feldspar are primary
minerals in our study. However, this is different fromXu et al.
[16] that they found illite and K-feldspar precipitation simul-
taneously.The differences can be explained by the fact that K+
is only from illite andK-feldspar in Liujiagou and Shiqianfeng
formations, while the dissolution of glauconite could provide
K+ for both illite and K-feldspar [16]. Chlorite as primary
mineral provides Fe2+ and Mg2+ for precipitation of ankerite
and siderite, which is consistent with Yang et al. [40] and
Wang et al. [41]. The CO2 trapping minerals are as follows:
calcite, dawsonite, and siderite in the Liujiagou formation;

calcite and dawsonite in the Shiqianfeng formation; calcite,
dawsonite, and magnesite in the Shihezi formation. These
trapping minerals are also observed in the above studies.

5. Conclusions

CO2 geological storage in deep saline aquifers has great
potential for reducing CO2 emissions in China. The
Shenhua CCS Project has finished its goal of injecting
100,000 tons/year CO2 into the onshore saline aquifers of
the Ordos Basin by the end of 2013. As the CO2-water-
rock interactions have great effect on the long-term CO2
geological storage, geochemical modelling for the three
injected formations of the Shenhua CCS Project is conducted
for 10,000 years in this study. The results show the following.

(1) 80% injected CO2 remains in the three formations
as free-gas at the end of injection period. Then CO2 plume
beneath caprocks barely moves without injection pressure
as driven force. The differences of CO2 phase partition
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among the three formations (as free-gas, aqueous phase,
and minerals) increase greatly from 100 years and peak at
1000–2000 years. CO2-water-rock interactions should be the
key factor for the evaluation of long-term CO2 geological
storage.

(2) The CO2 trapping mineral assemblages and abun-
dances in the three formations are different. Total CO2
mineral trapping capacities of the Liujiagou, Shiqianfeng,
and Shihezi formations are 2.99 × 108 kg, 2.85 × 108 kg, and
2.79 × 108 kg, respectively, which suggests quartz sandstone
formations have lower CO2 mineral trapping capability. The
CO2 trapping mineral assemblages are as follows: calcite,
dawsonite, and siderite in the Liujiagou formation; calcite and
dawsonite in the Shiqianfeng formation; calcite, dawsonite,
and magnesite in the Shihezi formation. And calcite, daw-
sonite, and siderite are stable CO2 trapping minerals, while
dolomite, ankerite, and magnesite are not.

(3) The increase in porosity and permeability of the
three formations in the first 100 years is consistent with the
observed increasing injectivity at Shenhua CCS Project. The
decrease in porosity and permeability after 100 years shows
agreement with other modelling studies using the similar
methods.

Numerical simulation of geochemical reactions depends
on the precision and availability of the equilibrium constants,
kinetic parameters, and properties of fluids and host rocks.
More work about getting these parameters through experi-
ments should be done. Numerical simulation not limited by
time scale can predict a long-term scene. In the future we
may have more field data to revise the models and gradually
build the big data for CCS. More sensitivity analysis about
the mineral assemblages will help to better understand the
geochemical reactions. In the current stage, the results in this
study have been compared with other studies; they can be
useful for the evaluation of long-term CO2 geological storage
and the geochemical process for practical implementations of
CCS.
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Understanding fluids migration and leakage risk along the fault zone is necessary to guarantee the safety of CO2 geological storage.
The validity of Darcy’s law gets challenged in dealing with the flow in open fractures since the occurring of turbulence flow. In this
study, we develop a 2D model with usage of T2Well, an integrated wellbore-reservoir simulator, to investigate the leakage problem
along open fractures which are embedded in a fault zone from the deep injection reservoir to shallow aquifers. The results record
a positive feedback of gas expansion and pressure response in fracture, which causes a quick downward propagation of highly gas
saturated zone from the top of fracture and an easy gas breakthrough in the shallower aquifers. The decreasing of aperture size
of fracture significantly enhances the leakage rates in fracture, but with less influences as aperture increases. In comparison, the
Equivalent Porous Media models show a good approximation with the momentummodel of large apertures but poor for the small
one. Nevertheless, the differences are small in terms of final CO2 distribution among various aquifers, suggesting that Darcy’s law
may be still “effective” in solving flow problem along fractures in a constant injection system at a large time scale.

1. Introduction

Injection of CO2 into deep saline aquifers for CO2 geological
storage (CCS) is considered as an effective technology to
mitigate greenhouse gas emission. Leakage through existing
fault into shallow groundwater aquifers, which occurs in
many natural systems (e.g., [1–4]), is an important risk
associated with CCS. Many numerical studies highlight this
risk [4–9]. Pruess and Garcia [10] investigate CO2 discharge
along a fault zone by a simplified 1D model of constant
boundary conditions, to find that fluids dynamics in the fault
zone are mainly constrained by relative permeability and
capillary function. Lu et al. [11] set up a 2D fault model and
use time-varying boundary conditions to investigate the risk
of CO2 leakage through a fault. The results suggest that fault
permeability is the most sensitive factor affecting both CO2
and brine leakage rate. Some studies further investigate the
impacts of spatial heterogeneity about hydraulic parameters
distribution in the fault zone onCO2 leakage dynamics. Vialle
et al. [6] develop a 2Dmodel of CO2 leakage along a fractured

cap rock, introduce heterogeneities in the initial permeability
field of fractured damage zone, and find that the leakage of
CO2 into upper aquifer does not spread uniformly but most
likely show one or several points’ source leaks. Rinaldi et
al. [12] suggest that the presence of hydraulic heterogeneity
in the fault would influence the pressure diffusion when
investigating the effect of hydraulic properties variation
within a fault zone embedded in a multilayer sedimentary
system. Jeanne et al. [9] get similar conclusion when studying
the impact of hydraulic-property variations on fluids flow
along a fault zone by two damage-zone models. They find
that CO2 is trapped in the fault zone and obtain a high
fluid overpressure if the heterogeneous model is used. In
contrast, the homogeneous model predicts an easy migration
of CO2 with lower overpressure. By recognizing the fact
that fracture is usually the major flow pathway in a fault,
a few researchers recently introduce the discrete fracture
network (DFN)model to study fluids flow through fault zone
or fractured rocks [13–15]. In general, these models divide
reservoir system into fracture network and matrix rocks and
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approximate a fracture as open space bounded by parallel
plates. The equivalent permeability of a fracture is usually
estimated using the cubic equation [16].

In the above studies, the fault is all assumed to be a
kind of porous media so that the flow can be described by
Darcy’s law even in the models with preferred flow path such
as open fractures. However, a fracture is fundamentally an
open space bounded by two walls. Under some conditions,
the aperture could be larger enough so that the flow in the
fracture becomes turbulence or the momentum term is no
longer negligible compared with the friction term. In this
situation, Darcy’s law is no longer proper to describe the flow
dynamics and the full Navier-Stocks momentum equation
would be needed. Furthermore, when freeCO2 phase evolves,
the flow dynamics become more complicated because of
complicated phase interference (e.g., gas-lifting phenomena)
which may not be accounted by a Darcy law based model.

In this paper, we will present a numerical modeling study
of CCS induced leakage from the deep injection aquifer to
the shallow aquifer usingT2Well [17], an integrated reservoir-
wellbore simulator that solves the compressible two-phase
Navier-Stocks momentum equations for flow in the subdo-
main of open space (e.g., well or fracture). The hypothetical
leakage problem is formulated as a 2D problem (𝑋𝑍-plane)
so that the flow in open fractures can be simplified as a 1D
problem to facilitate the usage of T2Well. The focus is on
the impacts of open fractures on the possible leakage flow
dynamics and under what conditions the flow in the open
fracture can be properly approximated as Darcy flow.

2. Method

2.1. Concept Model and Numerical Grid. The problem we are
interested in is the possible leakage through a fault from a
deep injection aquifer to the shallow ones due to the injection
of CO2 (Figure 1). We take a profile of the system with a
thickness of 2m in 𝑌-direction as our model that can be
simplified as a 2D leakage problem without losing generality
(Figure 1). As shown in Figure 1, in the 𝑋𝑍-plane, there are
two sets of aquifers.The two shallow aquifers (Aquifers 3 and
4), separated by an aquitard in vertical direction, are open to
constant boundary conditions on the left end but bounded
by the fault at the right end. The two deep aquifers (Aquifers
1 and 2), also separated by an aquitard in vertical direction,
are bounded by the fault at the left end. The fault zone is
located at the distance of 4500m from the left boundary and
500m from the right boundary of the model. Aquifer 1 is the
injection aquifer where a horizontal injection well is drilled
at its right and bottom end for successive injection of CO2
with a constant rate of 0.25 kg/s per unit meter for 5 years.
As the pressure and CO2 plume reach the fault, they may
propagate further into the shallow aquifers (3 and 4). Aquifer
2 may serve as a buffer zone (or thief zone) in some degree
depending on the pressure conditions at the nearby fault.
The fault zone provides the critical pathway in this leakage
problem. It is widely expected that the major flow pathway in
a fault zone is the well-developed fracture network. Because
flowmodelingwith detailed geometry of the fracture network
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Aquifer 2

Aquifer 3

Aquifer 4

Caprock 1

Caprock 2

Aquitard

Fault zone

Wellbore

X

Z

13
00

m

4500 m 500 m

Fracture
zone

Constant-pressure boundary
Impervious boundary

{

Figure 1: Concept model of CO2 leakage along the fracture zone
developed in the middle of a fault area which offsets and connects
two sets of aquifers, the deep Aquifers 1 and 2 and shallow Aquifers
3 and 4. Open fractures of different apertures may grow inside
the fracture zone and work as a fast pathway for CO2 leakage. A
horizontal well of 2m length is drilled at the right and bottom side
of Aquifer 1 for 5 years’ CO2 injection.

is often not practical (if not possible), we approximate the
major flow pathway as a virtual fracture. The virtual fracture
can represent different fracture network (i.e., the major flow
pathway) with its effective aperture. To do so, we first define a
fixed fracture zone in the numerical grid (e.g., 5 cm width in𝑥-coordinate) and then use perimeter of the virtual fracture,
D, and the effective porosity of the fracture zone, 𝜙, defined as
the fraction of the area occupied by fracture and total cross-
section area of the fracture zone. Figure 2 shows the sketch
of the virtual fracture model. As shown in Figure 2, with
being fully fractured in 𝑌 direction of the fracture zone, the
porosity can be calculated as the ratio of fracture aperture,ℎ, over the width, 𝑤, of facture zone. The fracture perimeter,Γ, can be calculated as Γ = 2 × (ℎ + 𝑙). For example, a
fracture aperture of 1 cmwidth (Case 1 in Figure 2) will result
in a porosity of 0.2 and perimeter of 402 cm. If the aperture
decreases to be 1mm (Case 2 in Figure 2), the corresponding
porosity is 0.02 and perimeter 400.2 cm. Similarly, we can
have a porosity of 1.0 and perimeter of 410 cm if the effective
fracture aperture is 5 cm. In this way, the virtual fracture as
represented as the fracture zone can be seen as a lumped flow
pathway representing the entire fracture network in the fault.

Figure 3 represents the mesh we construct based on
the concept model. The dimension extends from −4500m
to 500m in 𝑥-axis and −1500m to −200m in 𝑧-axis. The
fault zone located at the zero in 𝑥-axis is composed of a
0.05m wide fracture zone and several surrounded damage
zones of width closing to 1m. The horizontal resolution
of the grid varies from 0.05m near the fracture to the
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Figure 2: A cross-section (𝑋𝑌-plane) view of the fracture zone and relationships of the fracture aperture, ℎ, and perimeter, Γ, and the porosity,𝜙, of the fracture zone in different cases of various aperture sizes. Note that the cross-section of the fracture zone remains unchanged in our
numerical grid (2m in length, 𝑙, and 5 cm in width, 𝑤) but the size of the virtual fracture (the blue colored area) can change and is defined
by the perimeter of fracture space and the effective porosity of fracture zone and the ratio of fracture space over the total cross-sectional area
of the fracture zone. In picture, the block-shaped area denotes the solid impermeable rocks in the fracture zone. In Case 1, a fracture of 1 cm
wide aperture would have a perimeter of 402 cm (2 × 200 + 2 × 1 cm) and a porosity of 0.2 (1 × 200 cm2/5 × 200 cm2). The small aperture case
(ℎ = 1mm) shown in Case 2 results in a porosity of 0.02 and perimeter of 400.2 cm. In particular, in Case 3, where a fracture fully develops
among the fracture zone, its aperture finally equals the width of fracture zone of 5 cm, and the porosity becomes 1.0.
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Figure 3:Mesh discretization based on the conceptmodel shown in Figure 1. Picture (a) shows a full view of the grid in which a CO2 injection
well (the cyan star) is located at the right bottom side of Aquifer 1. Picture (b) is the zoom view of the fault zone, comprising a 0.05m wide
fracture zone in themiddle and (highlighted by the cyan solid line) several surrounded damage zones of width closing to 1m.The observation
points B1, B2, and B3 are located at 𝑍 = −1290, −975, and −410m, respectively (𝑋 = 0.0m).

maximum of 50m and 500m at the right and left boundary,
respectively. Table 1 gives all hydraulic parameters of the
porousmedias used in this study while the information about
fracture zone is summarized in Tables 2 and 3. The rock
properties of porous media derive from the wellbores drilled
at the Yaojia formation in SanZhao depression of Songliao

Basin, China. Commonly distributed sandstone strata with
high porosity and permeability and the coupled upper shale
of poor hydraulic property in Yaojia formation make the
reservoir suitable for oil and CO2 storage. In this study, we
select a large porosity and corresponding permeability for the
aquifers and small ones for aquitard, clays, and cap rocks,
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to guarantee the most of injected CO2 can be sequestrated
among aquifers instead of other media.

Before CO2 injection, the whole system is saturated with
water and under hydrostatics pressure. Surface temperature
is 20∘C and the temperature gradient is set to be 3∘C/100m.
As shown in Figure 3, three points B1, B2, and B3 are located
at the bottom (𝑍 = −1290m), middle (𝑍 = −975m), and
top (𝑍 = −410m) of the fracture to monitor the pressure
responses there associated with CO2 injection. In addition,
the fluids status and flow dynamics at injection well and
the interfaces between the fracture and each aquifer are also
monitored.

2.2.The Numerical Simulator. We use T2Well/ECO2N [17] to
simulate the fluid and heat flow associated with the leakage
problems in this study. T2Well is an integrated reservoir-
wellbore simulator. The major governing equations used in
T2Well are listed in Table 4. As shown in Table 2, for the
subdomain of porous media (e.g., formations), the multiple
phase version of Darcy’s law is used to obtain the phase
velocity whereas the phase velocities are calculated as a
function of the mixture velocity and the drift velocity in the
subdomain of wellbore. By applying the empirical Drift Flux
Model (DFM), the two-phase momentum equations can be
simplified as a single momentum equation in terms of the
mixture velocity:

𝜕𝜕𝑡 (𝜌𝑚𝑢𝑚) + 1𝐴 𝜕𝜕𝑧 [𝐴 (𝜌𝑚𝑢2𝑚 + 𝛾)]
= −𝜕𝑃𝜕𝑧 −

Γ𝑓𝜌𝑚 𝑢𝑚 𝑢𝑚2𝐴 − 𝜌𝑚𝑔 cos 𝜃,
(1)

where 𝐴 is the cross-sectional area of the wellbore and the
term 𝛾 = 𝑆𝐺(𝜌𝐺𝜌𝐿𝜌𝑚/𝜌∗2𝑚 )[(𝐶0 − 1)𝑢𝑚 + 𝑢𝑑]2/(1 − 𝑆𝐺) is
caused by slip between the two phases. The terms 𝜌𝑚, 𝑢𝑚,
and 𝜌∗𝑚 are the mixture density (𝜌𝑚 = 𝑆𝐺𝜌𝐺 + (1 − 𝑆𝐺)𝜌𝐿),
the mixture velocity (𝑢𝑚 = [𝑆𝐺𝜌𝐺𝑢𝐺 + (1 − 𝑆𝐺)𝜌𝐿𝑢𝐿]/𝜌𝑚),
and the profile-adjusted average density of the mixture (𝜌∗𝑚 =𝑆𝐺𝐶0𝜌𝐺 + (1 − 𝑆𝐺𝐶0)/𝜌𝐿). Γ is the perimeter of the cross-
section, and 𝑓 is apparent friction coefficient, a function of
wall roughness and flow regime.

The details of the approach used in T2Well for modeling
flow in wellbore can be found in the manual or other related
papers [17–19] and would not be duplicated here. However,
we have slightly modified the code to adapt the simulator
to the case of fracture flow because the open space of a
fracture is not of a circular shape as in the case of a wellbore.
The momentum equation (1) uses the general terms, the
perimeter D, and the cross-section area 𝐴, which should
have no problem to apply to any geometric shape of open
space including the rectangle shape of a fracture. The major
difference is in the friction coefficient, 𝑓, which is calculated
as a function of local Reynold number, the wall roughness,
and the effective diameter of the pipe in T2Well [18, 19]:

𝑓 = 64
Re

for Re ≤ 2400,

1
√𝑓 = −4 log [

3𝜀/𝐷𝑒3.7 − 5.02
Re

log(3𝜀/𝐷𝑒3.7 + 13
Re
)]

for Re > 2400,
(2)

where 𝜀 is the roughness of the wellbore and the Reynold
number Re is defined as

Re = 𝜌𝑚𝑢𝑚𝐷𝑒𝜇𝑚 , (3)

where 𝜇𝑚 is the mixture viscosity. In both (2) and (3), the
effective diameter 𝐷𝑒 can be seen as the critical length for a
pipe. Therefore, the modification we made is to let T2Well
use the aperture in the place of the effective diameter in
calculation of theReynold number and the friction coefficient
for the subdomain of open fractures.

ECO2N is a TOUGH2 EOSmodule formodeling thermal
physical behaviors of the H2O-CO2-NaCl system (Pruess,
2005) and has been widely used in modeling flow problems
associated with CCS. In this study, we use an updated
version of ECO2N (i.e., Version 2.0, Pan et al., 2017) which
provides more accurate calculations of the thermal physical
properties of the CO2-rich phase and can be applied to
higher temperature range than the previous version (i.e.,
Version 1.0). Following the convention of ECO2N, we will
call the CO2-rich phase gas phase thereafter although it
could actually be gaseous, liquid, or supercritical CO2 with
dissolvedwater depending on local pressure and temperature.

3. Results and Discussions

3.1. CO2 Migration Dynamics in Case 1 (Aperture = 1 cm).
Injection of CO2 increases the pressure at the injection
point first (Figure 4). The pressure propagates quickly from
injection point to the left end of Aquifer 1 which causes water
to start flowing out from Aquifer 1 to the fault at about 0.1
days (Figure 5). The pressure responses at different depth in
the open fracture (i.e., at Points B1 through B3) are almost
identical indicating that the pressure propagation through
the open fracture is much faster than through the porous
formation (Figure 4). However, the responses in terms of
gas phase saturation are very different. The gas saturation at
shallow depth in the fracture can be higher than that at the
injection well (Figures 4(a) and 4(d)) while the gas saturation
at B1 (the deepest point in the fracture) is still below 0.012 at
end of simulation (Figure 4(b)).

After about 4 days, CO2 starts to flow into the fault as
dissolved CO2 in water (Figure 5). This period lasts for 254
days before breakthrough of gas phase. During this period,
the CO2-dissolved water flows up along the fracture and
quickly reaches the top of fracture. As a result, the mass
fraction of the dissolved CO2 increases with time but its
contour line is close to vertical above Aquifer 1 (Figure 6(a)).

Gas phase occurs first at bottom of the open fracture at
day 257.9 although the gas saturation is very low (Figure 6(b)).
The bubbling region expands to the depth of 700m almost
immediately although in much lower overall gas saturation
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Figure 4: Pressure buildup and gas saturation changes at injection well and monitor points during CO2 injection in Case 1.

G
as

/li
qu

id
 p

ha
se

 m
as

s fl
ow

 ra
te

 (K
g/

s)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

To
ta

l C
／

2
m

as
s fl

ow
 ra

te
 (K

g/
s)

100

10−5

10−10

10−15

10−20

10−25

10−30

10−4 10−3 10−2 10−1 100 101 102 103

Time (d)

Gas phase
Liquid phase
Total C／2

−0.05

Figure 5: Mass flow rate evolution of the gas/liquid phase and total CO2 at the outlet of Aquifer 1 in Case 1.



Geofluids 7

Table 2: Parameters of fracture zone in momentum models.

Case name Aperture Roughness Capillary function Relative permeability

Case 1 1 cm 4.5 ⋅ 𝑒 − 4m None Linear functions𝑆gr = 0, 𝑆lr = 0, 𝑆ls = 1Case 2 1mm
Case 3 5 cm

Table 3: Parameters of fracture zone in EPMmodels.

Case name Porosity 𝐾𝑋 (m2) 𝐾𝑍 (m2) Capillary function Relative permeability

Case 4 0.2 1.0 ⋅ 𝑒 − 12 1.67 ⋅ 𝑒 − 6
None Linear functions𝑆gr = 0, 𝑆lr = 0, 𝑆ls = 1Case 5 0.02 1.67 ⋅ 𝑒 − 9

Case 6 1.0 2.08 ⋅ 𝑒 − 4

at day 258.2. After that, the gas saturation in the region
gradually increases until a more significant increase occurs in
the neighborhood of the 730m depth where CO2 transforms
from supercritical to gaseous phase, which results in a large
expansion.This period ends at day 258.5 as the bubble region
suddenly reaches the top of the open fracture and, as a result,
the overall gas saturation below 700m depth decreases. The
occurring of gas phase at top of the open fracture, where the
pressure is the lowest in the fracture, starts positive feedback
that results in a quick expansion of high gas saturation region
downward (Figures 6(b) and 6(d)).This positive feedback can
be described as follows.With increase of gas phase saturation
at top of the fracture, the overall density of fluid mixture
decreases significantly because the density of gas phase is
much smaller than the aqueous phase. As a result, the gravity
applied on the fluid below reduces greatly. This will in turn
greatly reduce the pressure there which will cause more
dissolved CO2 to escape from the aqueous phase and the gas
phase to occupy more volume. This process can go on until
the difference in density between the gas phase and liquid
phase is not large enough to make large change in gravity
force due to change in gas saturation.

This downward propagation of high gas phase saturation
region in the fracture has great impacts on the sequence of
CO2 breakthrough into each aquifer (Figure 7).The gas phase
flow into aquifer occurs first at the shallowest aquifer (Aquifer
4) and then Aquifer 3 (deeper than Aquifer 4) about 11 days
later (except a short lived inflow at day 258.5). For much
deeper aquifer (Aquifer 2), there is no significant gas flow
although it is the first aquifer in the leakage pathway after
Aquifer 1. This is mainly because the gas saturation at that
depth is too low (Figure 6(d)).

The change in fracture pressure associated with the quick
expansion of the high gas saturation region in the fracture
shows great impacts on the flow dynamics between the
fracture and the aquifers since the fracture is opened to
multiple aquifers at various depths. Although the gas flow
from Aquifer 1 to the fracture increases with time and the
liquid flow decreases in general and then tends to stabilize
at certain level, such increase or decrease occurs at step-
like way associated with some oscillations (Figure 7(a)). Such

oscillation is more profound at shallower depths (Figures
7(c) and 7(d)) and can even be found in the liquid flow rate
between the fracture and Aquifer 2 (Figure 7(b)).

The profile of Reynold number shows that the flow in
fracture is still mostly laminar flow with the maximum
Reynold number < 2400 in the fracture (Figure 8(a)). The
higher Reynold number region almost overlaps the gas phase
dominant region while the Reynold number decreases with
depth mainly because the velocity decreases with depth due
to fluid leaking to Aquifers 3 and 4 on its way to top
(Figures 8(a) and 8(c)). However, there are small regions
where the momentum term is important because the ratio of
themomentumover friction term is closing to or excesses 1.0.

As shown in Table 5, after one year’s injection, 77% of
the injected CO2 is still in Aquifer 1 and about 20% leaks
into shallow aquifers, among which Aquifer 4 shows much
potential to steal CO2 than Aquifer 3. However, at end of
5 years’ injection, only 20.2% of the injected CO2 stays in
Aquifer 1 while 42.5% leaks into Aquifer 3 and 35.3% into
Aquifer 4 (Table 6). The time dependent characteristics of
CO2 mass distribution in each aquifer reflects the impacts
of fluids dynamics at different time scale. Finally, there is no
gas phase CO2 sequestrated in Aquifer 2 with the increase
of injection duration, although the dissolved CO2 slightly
increases.

3.2. Impact of Fracture Aperture. In a real fault, the fracture
network development could vary widely depending on local
stress field and other factors. We did a series of simulations
of the same leakage process using the fracture aperture
as the parameter characteristic of the given open fracture
systemdeveloped in a fault. Two additional cases with smaller
(Case 2, 1mm) or larger (Case 3, 5 cm) apertures, shown in
Figure 2 and Table 2, are simulated to investigate how the
aperture affects the CO2 migration along fracture, in terms
of pressure responses, gas saturation, fluids dynamics, and the
final CO2 distributions in aquifers. The smaller aperture case
represents a scenario with a poor fracture network developed
in the fault whereas the larger aperture case represents the
other end. As shown in Figure 9(a), the injection pressure
quickly increases with time in all cases until the gas phase
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Table 4: Equations applied for different regions in T2Well.

Description Equation

Conservation of mass and energy
𝑑𝑑𝑡 ∫𝑉

𝑛

𝑀𝜅𝑑𝑉𝑛 = ∫
Γ
𝑛

F𝜅 ∙ 𝑛𝑑Γ𝑛 + ∫
𝑉
𝑛

𝑞𝜅𝑑𝑉𝑛

Mass accumulation
𝑀𝜅 = 𝜙∑

𝛽

𝑆𝛽𝜌𝛽𝑋𝜅𝛽, for each mass component

Mass flux F𝜅 = ∑
𝛽

𝑋𝜅𝛽𝜌𝛽u𝛽, for each mass component

Porous media

Energy flux F𝜅 = −𝜆∇𝑇 +∑
𝛽

ℎ𝛽𝜌𝛽u𝛽
Energy accumulation 𝑀𝜅 = (1 − 𝜑) 𝜌𝑅𝐶𝑅𝑇 + 𝜑∑

𝛽

𝜌𝛽𝑆𝛽𝑈𝛽
Phase velocity u𝛽 = −𝑘𝑘𝑟𝛽𝜇𝛽 (∇𝑃𝛽 − 𝜌𝛽g) Darcy’s Law

Wellbore

Energy flux 𝐹𝑁𝐾1 = −𝜆∇𝑇 +∑
𝛽

𝜌𝛽𝑆𝛽𝑢𝛽 (ℎ𝛽 + 𝑢
2
𝛽2 + 𝑔𝑧 cos 𝜃)

Energy accumulation 𝑀𝜅 = ∑
𝛽

𝜌𝛽𝑆𝛽 (𝑈𝛽 + 𝑢
2
𝛽2 + 𝑔𝑧 cos 𝜃)

Phase velocity
𝑢𝐺 = 𝐶0 𝜌𝑚𝜌∗𝑚 𝑢𝑚 +

𝜌𝐿𝜌∗𝑚 𝑢𝑑 Drift Flux Model

𝑢𝐿 = (1 − 𝑆𝐺𝐶0) 𝜌𝑚(1 − 𝑆𝐺) 𝜌∗𝑚 𝑢𝑚 − 𝑆𝐺𝜌𝐺(1 − 𝑆𝐺) 𝜌∗𝑚 𝑢𝑑

Table 5: CO2 mass distribution in percentage among each aquifer after one year’s injection.

Aquifers Gas phase CO2 Dissolved CO2 Total CO2
Aquifer 1 64.60% 12.40% 77.00%
Aquifer 2 0.00% 0.03% 0.03%
Aquifer 3 7.03% 2.57% 9.60%
Aquifer 4 9.05% 3.03% 12.08%

Table 6: CO2 mass distribution in percentage among each aquifer at end of five years’ injection.

Aquifers Gas phase CO2 Dissolved CO2 Total CO2
Aquifer 1 17.86% 2.33% 20.19%
Aquifer 2 0.00% 0.08% 0.08%
Aquifer 3 32.78% 9.72% 42.50%
Aquifer 4 27.36% 7.93% 35.29%

reaches the fault. After that point, the injection pressure
increases much slowly because the leaking fluid accesses the
lower resistance pathway (i.e., the open fracture). Different
from the other cases, the injection pressure in the small
aperture case (Case 2) significantly drops after that point
which is companioned with the similar pressure drop at
bottom of the fracture and very fast pressure increase at top
of the fracture (Figures 9(b) and 9(c)). In view of overall

pressure response in the fracture profile shown in Figures
9(e) and 9(f), Case 2 is also different from other cases that
the pressure greatly increases at top andmeanwhile decreases
at bottom of the fracture. This is most likely because the gas
saturation in fracture in Case 2 is much higher than other
cases (Figures 10 and 6(d)) so that the resistance to gas flow
is much smaller in Case 2 than in the other cases (Figure 11).
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Figure 6: Distributions of the dissolved CO2 mass fraction 𝑋CO2liq, gas saturation 𝑆𝑔, and gas phase flow rate 𝑉Gas along the fracture profile
in Case 1 during the few days around the breakthrough of CO2-rich phase at 258th day. Note that the fraction of dissolved CO2 constantly
becomes saturated if gas phase CO2 evolves, working as a flag to trace the occurrence of two phases in fracture.

On the other hand, the fracture aperture shows great
impacts on the flow dynamics in the fracture after two-phase
flow has been established. The Reynold number increases as
the aperture decreases from 1 cm (Case 1) to 1mm (Case 2)
because of increase in velocity (Figures 12(a) and 8(a)). How-
ever, the increase is quite small compared with Case 1 so that
the maximum Reynold number is still below 2400 to prevail
a laminar flow in the fracture. What is different is that the
ratio of momentum term over friction becomes quite small
as aperture decreases from 1 cm (Case 1) to 1mm (Case 2),
suggesting that the friction of side wall of fracture dominates
fluids flow in the fracture other than the momentum term.
In contrast, the Reynold number significantly increases over
2400 accompanied with momentum/friction ratio greater
than 1.0 when aperture increases from 1 cm (Case 1) to 5 cm
(Case 3). At these conditions, the fluids flow is of high
turbulence and the momentum term becomes important in
controlling the fluids flow rate in the fracture.

The larger the fracture aperture is, the earlier the gas phase
arrives to the fracture from the injection well (Figure 13(a))
mainly because larger aperture means less resistance to fluid
flow.The difference is quite small when the aperture increases

from 1 cm (Case 1) to 5 cm (Case 3) though. In contrast, when
the aperture reduces from 1 cm (Case 1) to 1mm (Case 2),
occurring of the gas phase flow from Aquifer 1 to the fracture
delays about 5 days but the mass flow rate quickly exceeds
those in the case with larger aperture after gas phase reaches
top of the fracture. This is consistent with pressure response
pattern at fracture bottom (Figure 9(b)) that the pressure is
much higher in Case 2 than in the other cases before gas
phase breakthrough and the pressure in Case 2 after that
point quickly drops to below those in other cases. As a result,
the liquid phase flow rate fromAquifer 1 associated with CO2
breakthrough drops slowly to be higher values than other
cases in Case 2 (Figure 13(b)). The similar trend in terms of
gas flow rate into shallow aquifers (Aquifer 3 and 4) can be
found for aperture reduced to 1mm, that is, Case 2 (Figures
13(c) and 13(d)). However, the occurring of gas flow into
shallow aquifers delays as the aperture increases from 1 cm
(Case 1) to 5 cm (Case 3) although the gas flow rate quickly
approaches similar values in these two cases.

In general, the liquid phase mass flow rate decreases with
time as the gas phase mass flow rate increases in all cases
(Figure 14). The exemption is Case 2 (1mm) where much
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Figure 7: Phases mass flow rate at the interfaces of fracture and various aquifers in Case 1 before and after gaseous CO2 breakthrough.

higher liquid flow rate into Aquifer 4 (including two peaks
that exceed the rate during single liquid phase period) is
found. This could be because the liquid is being lifted by the
higher gas velocity in this smaller aperture case.The gas phase
flow into Aquifer 2 is not significant in all cases probably
because of very low gas saturation in the fracture at that
depth. However, the liquid flow rate into Aquifer 2 shows
different characteristics as aperture decreases from 1 cm to
1mm (Figure 15). In general, the liquid flow rate is higher in

the small aperture case (Case 2) before gas CO2 enters the
fracture especially at the early injection stage (e.g., 50 days),
which is also supposed as the reason for the higher amount of
dissolved CO2 stored in Aquifer 2 at end of 5 years’ injection
(Figure 16). With gas CO2 breakthrough, the liquid reversely
flows out from Aquifer 2 in Case 2 while other cases fail to
observe this phenomenon. This is most likely because of the
sudden pressure loss occurring at the fracture nearby Aquifer
2 as a result of the quick expansion of gas bubble zone at top
of the fracture.
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Figure 8: Profiles of Reynold number and the ratio of momentum over friction gradient at top zone of the fracture in Case 1 before and after
gas phase evolves.

Despite many differences in flow dynamics caused by the
fracture aperture during the first year of injection, especially
during phase transition period in the fracture, the final
distributions of the injected CO2 are very similar for all

cases (Figure 16). This is because the gas flow rates into each
aquifer approach the same values after first year (Figure 17),
indicating that the fracture aperture only affects the flow
dynamics at early time, especially during the phase transition
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Figure 9: Pressure responses of CO2 breakthrough at injection well and the fracture.
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Figure 10: Gas saturation changes in the fracture in Case 2 and Case 3 associated with CO2 breakthrough.
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Figure 11: Distributions of gas velocity in the fracture profile for Cases 1 to 3 as gaseous CO2 evolves.

period in the fracture, but it has insignificant effects on the
quasi-steady state leakage corresponding to a fixed injection
rate adapted in this study.

3.3. Equivalent PorousMedia (EPM)Approximation. Inmany
modeling studies of leakage through open fractures in a fault,
the EPM approximation is often used that the Darcy law
is assumed to be valid for describing the flow dynamics in
open fractures. We have made a few EPM models of the
same problem with the effective permeability of the open
fractures, 𝑘𝑓 being estimated as a function of the fracture
aperture, ℎ, suggested by Zimmerman and Bodvarsson [20]
and Witherspoon et al., 1980:

𝑘𝑓 = ℎ212 . (4)

The effective permeability of fracture zone, 𝑘𝑒, can then be
calculated as follows:

𝑘𝑒 = 𝑘𝑓 ∙ 𝜙 + 𝑘𝑚 ∙ (1 − 𝜙) , (5)

where 𝜙 is the “porosity” of fracture zone, defined as the frac-
tion of void space in fracture zone and 𝑘𝑚 is the permeability
ofmatrix rocks surrounding the virtual fracture. In this study,
a value of zero is preferable for 𝑘𝑚 since the virtual fracture
is the only pathway for CO2 leakage along the fracture zone.
The calculated effective permeability of the fracture zone for
Cases 4, 5, and 6 is shown in Table 3. Cases 4, 5, and 6 are
corresponding to Cases 1, 2, and 3, respectively.

Figure 18 shows the differences of pressure response at
the injection well and monitor points in the fracture for two
pairs’ cases (Case 1 versus Case 4 and Case 2 versus Case 5)
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Figure 12: Changes of Reynold number and momentum/friction ratio in the fracture of Case 2 and Case 3 when CO2 breakthrough occurs.

of the same aperture but different models. The pressure in
large aperture cases (ℎ = 1 cm in Case 1 versus Case 4)
is similar although the EPM model records a bit higher
pressure at injectionwell and the bottomof fracture after CO2
breakthrough.With aperture increases from 1 cm to 5 cm, the
pressure responses in Case 3 and Case 6 are almost identical
(though they are not shown here to avoid too much crowd).
However, when it comes to the small aperture cases (ℎ =1mm in Case 2 versus Case 5), big differences are observed
that (1) the injection pressure drops slowly in EPM model
but fast in momentum model after CO2 breakthrough; (2)
the pressure of EPM model before CO2 breakthrough at the
bottom of fracture (B1 point) is much lower and drops less in
response with the CO2 breakthrough as compared with the
momentum model; (3) what is more, the pressure in EPM
model gets less increase when gas CO2 reaches the top of
fracture (B3 point).

These differences of pressure response further determine
the various characteristics in terms of fluids flow dynamics at
each aquifer/fracture interface (Figure 19). Overall, the larger
aperture cases (ℎ = 1 cm in Case 1 versus Case 5) show good
approximations between twomodels while showing bad ones
for the small aperture cases (ℎ = 1mm in Case 2 versus
Case 4). For instance, Case 2 records a much higher gas and
liquid phase flow rate from Aquifer 1 and gas phase leak rate
into Aquifer 3 and Aquifer 4 when gas phase arrives at the
top of fracture, in contrast with the small values predicted by
EPMmodel (Case 4).

These seemingly strange results that the flow in larger
fracture can be modeled by EPM better than in smaller
fracture are for reasons. In general, larger fracture has less
resistance to flow so as to be easy to develop high velocity
flow regime which often causes turbulence flow and complex
two-phase flow phenomena which may not be modeled
properly by Darcy’s law-based EPM model. However, in this
particular study, the fracture is only the middle pathway
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Figure 13: Fluids dynamics at the outlet/inlet of each aquifer in Cases 1–3 at early time (up to 300 days) after CO2 breakthrough.

between porous aquifers and the mass flow rate is limited
by the fixed injection rate. Under this condition, the large
aperture will result in smaller velocity because of larger cross-
section area or volume of the fracture (Figure 11). As a result,
the gas velocity in the larger aperture cases (e.g., 1 cm and
5 cm) is too small to enhance the liquid flow in the fracture for
the given injection rate adapted in this study. However, when

the aperture is reduced to 1mm (Case 2), the gas velocity
is high enough (Figure 11) to enhance the liquid flow in the
fracture (Figure 19). This so-called gas-lifting effect cannot
be captured by a Darcy’s law-based EPMmodel even though
the overall resistance of the fracture to flow can be described
by the effective permeability. Therefore, whether or not the
EMP model is a good approximation not only depends on
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Figure 14: Fluids dynamics in Cases 1 to 3 at the interface of Aquifer 4 and the fracture with CO2 breakthrough.
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the geometry of the fractures but also depends on the flow
conditions in a particular system.Nevertheless, from the view
of CO2 distribution among various aquifers at the end of
5 years’ injection, the differences become quite small with
aperture changes, suggesting that Darcy law may be still
“effective” in solving fluids flow along fractures at large time
scale, especially when the fractures are only an intermediate
pathway between two porous media formations like the one
studied here.

4. Conclusions

Fault area is one of the most concerns in conducting CCS
projects for the safety of storage. Complex network of
fractures developed in a fault area as a result of tectonic or
anthropogenic activities may work as the fast pathway for
CO2 migration to favor a channel flow especially when two-
phase flow occurs. In this study, we set up a 2Dmodel of CO2
leakage through a fault zone (simulated as a virtual vertical
fracture) which connects two sets of aquifers at different
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Figure 16: CO2 mass distribution into each aquifer at the end of 5 year’s injection in percentage.

depth.Themomentum equation is applied for the calculation
of fluids velocity in the fracture, with the DFM model to
handle phase interactions in possible two-phase flow. Our
motivation is to figure out what the differences are about
channel flow and Darcy flow in open fractures and under
what conditions the flow in the open fracture can be properly
approximated as Darcy flow.

The results indicate that injection of CO2 quickly
increases the pressure in reservoir to facilitate the migration
of water and gas into the fracture. When gas enters the
fracture, it firstly evolves at the bottom at very low saturation
and then quickly flows upward. Once it reaches the top,
the bubble expands quickly because of low pressure which
increases the local gas saturation and reduces the average
density of the gas-liquid mixture.This will lower the pressure
below and causes the increases of gas saturation there due to
escape of the dissolved gas and expansion of the gas phase.
Such positive feedback will propagate downward until the
density difference between the gas phase and the aqueous
phase becomes small or the local mass fraction of gas com-
ponent becomes very small. As a result, the occurring of gas

phase flow into Aquifer 4 is earlier than Aquifer 3 although
Aquifer 3 is below Aquifer 4. With aperture decreases from
1 cm to 1mm, the friction force increases and, as a result,
the momentum/friction ratio sharply decreases, although the
Reynold number gets less influenced and remains below
2400 to prevail the laminar flow in the fracture. In contrast,
when aperture increases from 1 cm to 5 cm, the Reynold
number and momentum/friction ratio significantly increase
to be the maximum of 15000 and 10, respectively, suggesting
the occurrence of turbulent flow. In case of small aperture
(1mm), the gas phase velocity is high enough to enhance the
liquid flow in the fracture by gas-lifting effects. As a result,
the fracture dries quickly and the pressure drops quickly
after two-phase flow developed in the fracture in this small
aperture case. The differences of pressure responses further
lead to diverse gas saturation profiles along fracture as well
as the fluids dynamics of each aquifer. At the end of 5 years’
injection,more dissolvedCO2 is stored inAquifer 2 of Case 2.

With the relative small injection rate adapted in this study,
the Equivalent Porous Media (EPM) model was found to
be a good approximation of open fracture flow in cases of
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Figure 17: Fluids dynamics at the outlet/inlet of each aquifer in Cases 1–3 for whole time scale of CO2 injection.

larger apertures but becomes poor if the aperture is reduced
to 1mm. The major reason is that, in the latter case, the
gas velocity is high enough to enhance the liquid flow (i.e.,
the gas lifting) in the fracture which cannot be simulated
by the EPM. Therefore, whether or not the EMP model is a
good approximation not only depends on the geometry of
the fractures but also depends on the flow conditions in a
particular system.

In terms of CO2 distribution among various aquifers at
the end of 5 years’ injection, the differences due to different
aperture is quite small except for the dissolved CO2 in
Aquifer 2. This is because the open fracture is only the
intermediate pathway sandwiched by porous aquifers. Even
though the early time flow dynamics, especially during the
phase transition period, could be very different, the long
term quasi-steady state flow would be quite similar for the
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Figure 19: Differences of fluids dynamics at the outlet/inlet of each aquifer between momentum model and corresponding EPM model of
various apertures.

given constant injection rate because the leakage is finally
controlled by the high resistant media (i.e., the aquifers).
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Gas hydrates are expected to be a potential energy resource with extensive distribution in the permafrost and in deep ocean
sediments.Themarine gas hydrate drilling explorations at the Eastern Nankai Trough of Japan revealed the variable distribution of
hydrate deposits. Gas hydrate reservoirs are composed of alternating beds of sand and clay, with various conditions of permeability,
porosity, and hydrate saturation. This study looks into the multiphase flow behaviors of layered methane hydrate reservoirs
induced by gas production. Firstly, a history matching model by incorporating the available geological data at the test site of the
Eastern Nankai Trough, which considers the layered heterogeneous structure of hydrate saturation, permeability, and porosity
simultaneously, was constructed to investigate the production characteristics from layered hydrate reservoirs. Based on the validated
model, the effects of the placement of production interval on production performance were investigated. The modeling results
indicate that the dissociation zone is strongly affected by the vertical reservoir’s heterogeneous structure and shows a unique
dissociation front. The beneficial production interval scheme should consider the reservoir conditions with high permeability
and high hydrate saturation. Consequently, the identification of the favorable hydrate deposits is significantly important to realize
commercial production in the future.

1. Introduction

Natural gas hydrate (NGH) is solid crystalline compound
in which gas molecules are encaged inside the lattices of
ice crystals under proper thermodynamic conditions [1, 2].
In nature, the dominant gas in NGH is methane, which
forms at low temperature and high pressure with extensive
distribution in the permafrost and in deep marine sediments
[1, 3, 4]. The evaluation results show that the global quantity
of hydrocarbon gas hydrates varies widely between 1015 and
1018 STm3 (ST represents the standard conditions) [2, 5]. As
an unconventional energy resource, the exploitation of NGH
has attracted significant interest around the world [6].

Gas production from hydrate-bearing sediments (HBS)
could be realized by dissociating solid-state hydrate into
fluid phases (e.g., gas and water). Multiple methods have
been proposed and employed to decompose hydrate for gas
recovery from the HBS, such as depressurization, thermal
stimulation, gas exchange, and the use of hydration inhibitors
(such as salts and alcohols) [2, 5–8].The above methods have

been compared in terms of energy efficiency, economic and
technological feasibility, and environmental performance [1,
4, 9, 10]. Past laboratory and field tests and numerical studies
showed that depressurization is the most potential method
for gas recovery from HBS, while the other methods may
be suitable for enhancing recovery or reservoir stimulation
[4, 11, 12].Theobvious advantages of depressurizationmethod
include its simplicity and technical effectiveness [2, 13].

In order to seek the most technically and economically
feasible method for production from the hydrate deposits,
numerical simulation was considered the best way to achieve
this objective. Moridis et al. [1, 2] investigated the gas pro-
duction potential from Class 1 and Class 2 hydrate deposits
through depressurization. They found that large volumes
of gas can be produced at high rates for long times from
Class 1 hydrate deposits by using conventional technology.
Li et al. [14] investigated the effects of confined formation
permeability on the gas production potential from marine
hydrate deposit. They indicated that the hydrate deposit with
impermeable boundaries was expected to be the potential gas
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production target. Huang et al. [15] investigated the effects
of geologic conditions on the hydrate dissociation and gas
production through depressurization. Their results indicated
that permeability, porosity, and initial hydrate saturation have
significant effects on gas production performance. Hou et al.
[16] numerically investigated the production characteristics
of gas hydrate deposits by cyclic hot water stimulation with
a separated-zone horizontal well. They indicated that the
method combining depressurization and thermal stimulation
can improve the hydrate production effectively. Based on the
latest geological data in the Eastern Nankai Trough, the long-
term production behavior was investigated by Sun et al. [17]
and Konno et al. [4]. Both of their results indicated that the
gas production rate is expected to increase with time and the
simulated water recovery rate cannot match field measured
data. In addition, the geomechanical behaviors (such as
seafloor subsidence and sand production) of the marine HBS
induced by gas production have been widely studied [3, 7, 18–
21]. The geomechanical analysis indicated that the spatial
evolution of the temperature, pressure, hydrate saturation,
and gas saturation is the most relevant to the geomechanical
behavior of HBS.

The above research has properly promoted the devel-
opment of gas production from hydrate deposits; however,
most of previous numerical studies assume homogeneous
reservoirs with a single layer due to absence of substantial
geological structure and field test data, resulting in inaccurate
estimation of gas productivity and reservoir characteristics.
In fact, the marine gas hydrate drilling explorations at the
Eastern Nankai Trough of Japan and in Shenhu area of the
South China Sea revealed the variable distribution of hydrate
deposits. Gas hydrate reservoirs are composed of alternating
beds of sand and clay in sediments with various conditions
of permeability, porosity, and hydrate saturation [22, 25].
Consequently, the development of suitable geological model
is critical to identify the dissociation layers and dissociation
front induced by depressurization, which are key factors to
ensure the success of the next long-term offshore production
test [3, 4, 19, 22]. Additionally, the sensitivity analyses of gas
production potential in previous studies were concentrated
on production pressure, reservoir permeability, porosity,
hydrate saturation, thickness, and initial temperature and
pressure of HBS [11, 12, 14, 15, 26], whereas comprehensive
studies related to the effects of well production interval on gas
recovery have been reported sparsely, which are important for
the optimization of gas production and reducing the water
production rate.

In this paper, we extensively used the borehole geophys-
ical logging, seismic interpretation, and core analyses at the
production test site of the Eastern Nankai Trough reported
previously by Japanese investigators. A more realistic reser-
voirmodel, which considers the layered heterogeneous struc-
ture of hydrate saturation, permeability, and porosity, was
constructed to improve the simulation accuracy. The model
we developed was validated by comparing the simulation
results with actual test data of well production.The reservoir’s
responses and multiphase movement behaviors of water and
gas during the production test were analyzed and discussed in
detail. Furthermore, we use the validatedmodel to investigate
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Figure 1: Horizontal section showing the locations of production,
monitoring, and sampling wells at the AT1 site [4].

the effects of the placement of production interval on the
production performance. Overall, this work may provide
a useful method and some feasible suggestions for the
subsequent test and future commercial production under
similar reservoir conditions.

2. Overview of the Test Site of Nankai Trough

2.1. Site Conditions. The Eastern Nankai Trough is the most
potential resource-rich area of gas hydrates in Japan [22, 27].
In this area, the total amount of CH4 gas contained in HBS
was estimated at an average value of 1.1 × 1012m3, most of
which was reserved in the 16 methane hydrate concentrated
zones (MHCZs) [4, 22, 28]. MHCZ was characterized as
sand-dominant methane hydrate with high saturation [4].
The AT1 site within the 𝛽-MHCZ, located in the north slope
of Daini Atsumi Knoll area, is the 2013 production test site
[22, 29]. The area of 𝛽-MHCZ is about 12 km2 with the water
depth ranging from 857 to 1405m [22, 28]. The thickness of
MHCZ is dozens of meters, which is composed of turbidite
channel-type sediments [22].

2.2. Well Distribution and Formation Evaluations. In 2012,
the production well (AT1-P), two monitoring wells (AT1-MC
and AT1-MT1), and sampling well (AT1-C) were drilled at
the AT1 site [22, 29]. The well locations and their trajectories
projected in the horizontal section are shown in Figure 1.The
extensive logging programs were conducted at wells AT1-P,
MC, and MT1 in 2012 to evaluate reservoir properties and
to determine the production interval [22, 28]. In addition,
pressure coring was conducted at well AT1-C to collect
essential geological and geochemical data and to correct in
situ formation parameters [22, 30].

Figure 2 shows the detailed resistivity images at three
wells (AT1-P, MC, and MT1) at the AT1 site. As shown in
Figure 2, the target MHCZ (Unit IV) has a gross thickness of
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Figure 2: Resistivity images of three wells AT1-P, MT1, andMC at the AT1 site.The red color indicates the highly methane hydrate saturation
sandy layers. The resistivity image logging indicated the stratum at the AT1 site with a dip angle approximately 20∘; thus, well AT1-P was
located slightly down-dip from wells AT1-MC and MT1 [22, 23].

61m [22]. On the basis of lithological structure, the MHCZ
is divided into three major subzones [22, 23]. Unit IV-1 is
composed of thin alternating beds of sand and mud in the
upper part and sand layers with thicknesses of 30–70 cm.
Unit IV-2 also contains alternations of sand and silt in the
middle part but with lower hydrate saturation. Unit IV-3 is
composed of sand-dominant layers in the lower part with
high hydrate saturation, and the thicknesses of sand layers
range from dozens of centimeters to 2m.

2.3. Quantification of Properties and Physical Conditions.
Figure 3 shows the depth profiles of hydrate saturation,
porosity, absolute permeability, and resistivity image.Hydrate
saturation (Figure 3(a)) was estimated by using the Archie
equation [31]. The validity of the derived saturation was
confirmed by the pressure core data [22]. The porosities
(Figure 3(b)) mainly ranging from 0.4 to 0.5 were determined
from the density log. These are validated by the core derived
porosities, which were measured under in situ confining
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Figure 3: Depth profiles of hydrate saturation, porosity, and absolute permeability based on the well logging and core data with resistivity
image [4, 22, 24]. Green dotted lines show the position of the top and bottom of the MHCZ.

pressure [22, 23]. The absolute permeability (intrinsic per-
meability, Figure 3(c)) was estimated by using the Kozeny-
Carman model and calibrated with the core data collected
from hydrate reservoirs at the Eastern Nankai Trough [23,
24].

3. Simulation Model

3.1. The Numerical Simulator. In this study, the TOUGH+
HYDRATE simulator was used to investigate the multiphase
flow behavior of layered methane hydrate reservoir induced
by gas production. This code can model the nonisothermal
hydration reaction, multiphase behavior, and flow of fluids
and heat under conditions typical in geological media con-
taining gas hydrates [1, 2, 5]. It includes both an equilibrium
and a kineticmodel of hydrate formation anddissociation [5].
Themodel accounts for heat and up to fourmass components
(i.e., H2O, CH4, hydrate, and water-soluble inhibitors such as
salts or alcohols). These components are partitioned among
four possible phases (i.e., gas, liquid, ice, and hydrate) [2,
5]. The model can describe all possible hydrate dissociation
mechanisms, such as depressurization, thermal stimulation,
and salting-out effects.

3.2. Model Geometry, Boundaries, and Spatial Discretization.
The geometry of the axisymmetric cylinder 2Dmodel (RZ2D
model) was constructed for the latter history matching sim-
ulation as shown in Figure 4. The model size in R-direction

is 1000m to avoid the boundary effects.The total thickness of
the entire model is 100m with the thickness of MHCZ being
61m. The production well with a radius of 0.1m is located in
the center of the cylinder [29, 32]. Production interval was
38m from the top of the MHCZ for expecting the lower part
of MHCZ as sealing layer to prevent water production [22].
Because the radius distance of 1000mcan effectively avoid the
boundary effects in 6-day production test, there is no flow
of fluids and heat through the lateral boundary. The top of
the silt-dominant zone and the bottom of the water-bearing
zone are designed as constant temperature and pressure
boundaries [17]. For simulation of the varied depressuriza-
tion processes (Section 3.5), the time-independent Dirichlet
boundary (e.g., constant pressure) conditions are applied to
the production well.

Previous studies had indicated that the critical process
occurs within a limited range around the production well
[1, 2, 7]. Therefore, the grids are refined surrounding the
well with the minimum interval of 0.1m. The grid sizes
increase with the distance to the well, which reach a size of
75m at the lateral boundary. The discretization for each fine
layer at the vertical Z-direction is 0.5m. Figure 5 shows the
corresponding grids used in the simulations. The simulation
domain was discretized into 200 × 100 grids in R- and Z-
directions.

3.3. Initial Conditions. The initial reservoir pressure was
assigned in line with the hydrostatic pressure, which was



Geofluids 5

13 m

26 m

61 m

R = 1000m

r = 0.1 m

Water-bearing zone

Silt-dominant zone

Gas and water

MHCZ
Production

interval
(38 m)

Figure 4: The geometry of the simulation domain and the configuration of production well.

MHCZ

Silt-dominant zone

Water-bearing zone

R

Z

Figure 5:The corresponding grids used in the simulations, showing
the main subzones at the AT1 site of the Eastern Nankai Trough.

computed according to the water depth and a pressure-
adjusted saline water density [7, 17]. The initial tempera-
ture was specified to be 4∘C at the seafloor [11, 17, 23].
The temperature profile was assigned to vary linearly as a
function of depth with a geothermal gradient of 0.03∘C/m.
The initial hydrate saturation was varied in each fine layer
and assumed to be horizontally uniform as shown in
Figure 6(a).

3.4. Reservoir Properties and Parameters. Table 1 presents
the main modeling parameters and physical properties for
the AT1 site sediments at the Eastern Nankai Trough. These
were based on the geophysical well logs and core samples
analyses from published papers [4, 17, 22, 23, 27, 28]. The
permeability and porosity are based on the logging data
of AT1-MC and the pressure core data of AT1-C as shown
in Figure 3. Hydrate saturations obtained from geophysical
logging data were validated by those evaluated by pressure
core analysis. The wellbore is simulated as a pseudoporous
medium with porosity, permeability, capillary pressure, and
low irreducible gas saturation of 1.0, 1.0 × 10−8m2, 0MPa,
and 0.005, respectively. Earlier studies had shown the validity
of this approximation [33, 34]. The composite thermal con-
ductivity, relative permeability, and capillary pressure models
are employed commonly in numerical simulations on gas
production from hydrate deposits [2, 7, 17, 18]. The corre-
sponding parameters for relative permeability and capillary
pressure were determined from the field test data by Moridis
and Reagan [34]. The changes of effective permeability and
capillary pressure are consistent with the porosity and phase
saturation during the simulation.

Well-to-well correlation between three wells (AT1-P, MC,
and MT1) shown in Figure 2 exhibited that lateral continuity
of these sand layers is fairly good, and the 3D seismic survey
suggests the widespread deposits of the turbidite sediments
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beyond several kilometers [11, 22, 23]. Consequently, the
reservoir properties were assumed to be uniform in each fine
layer. Figure 6 shows the cross-sectional views of the initial
hydrate saturation, porosity, and absolute permeability in the
model.

3.5. Depressurization Scheme. The method used to decom-
pose the solid hydrate was depressurization, which had been
successfully applied at the Mallik site, Canada, in 2007 and
2008 [19, 37, 38]. Figure 7 shows the depressurization pro-
cesses both in field test and in this simulation, which lasted
for about 6 days. As shown in Figure 7, the wellbore pressure
of production well was decreased from approximately 13MPa
to about 4MPa during the first day and then remained
almost stable for 5 days [29]. In the morning of the 6th day,
sudden water rate increase was observed followed by strong
sand production to the surface, and then the flow test was
terminated [29]. During the stable production period, the
volumetric rates of gas and water were approximately 20,000
and 200m3/d, and the cumulative volume produced at the
well during the period of 6 days was 119,500m3 and 1,250m3,
respectively [4, 17, 29].

4. Simulation Results and Analysis

4.1. Gas and Water Production Behaviors. By decreasing the
wellbore pressure of production well, gas and water flowed
into the well due to the pressure gradient of the reservoir.
Figure 8 indicates the evolution of the volumetric rate of (a)
the model-predicted CH4 production in the well (𝑄G1), (b)

site measured CH4 production in the well (𝑄G2), and (c) gas
released from hydrate dissociation (𝑄R). As shown in Fig-
ure 8, the predicted volumetric rates of gas productionmatch
well with the measured data by site test. The accumulated
volume of gas trapped (𝑉G) in 6 days is 122,861m3; both 𝑄G
and 𝑉G are basically consistent with the field data observed.

Initially 𝑄R and 𝑄G increase quickly because of the
significant decrease of borehole pressure during the first
day (Figure 7). In the following days, both 𝑄R and 𝑄G
begin oscillating around a coarsely invariable value, which
clarify the struggle between the impacts of temperature
and pressure on hydrate decomposition and gas production
[3]. Decreasing pressure causes hydrate decomposition with
the increase in 𝑄R and 𝑄G. The endothermic nature of
hydrate decomposition results in temperature decline and
makes further decomposition not easy, resulting in decrease
in 𝑄R and 𝑄G. Note that the dramatic changes of 𝑄R at
about 2.5 days are due to the wellbore pressure disturbance
(Figure 7), which indicates that the decomposition of hydrate
is extremely sensitive to production pressure. Further consid-
eration of the difference between𝑄R and𝑄G suggests that the
released gas cannot be trapped completely andmost of which
still remained in the hydrate reservoirs. Consequently, the
optimization of well configuration and production strategies
are needed to improve the gas recovery efficiency.

Figure 9 shows the evolution of volumetric rates of
simulated (𝑄W1) and measured (𝑄W2) water production
in the well. The predicted water production rate is about
300m3/d, which is slightly higher than that of site measured
rate of 200m3/d. This may be because (1) the geomechanical
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Table 1: Hydrate deposit properties at the AT1 site.

Parameter Value
MHCZ thickness,𝐻 61m
Gas composition 100% CH4
Water salinity,𝑋𝑖 3.50%
Pressure at the base of
the MHCZ, 𝑃𝑏

14.7MPa

Temperature at the
base of the MHCZ, 𝑇𝑏

14.3∘C

Critical mobile
porosity, 𝜙cri

0.05

Rock grain density, 𝜌𝑅 2650 kg/m3

Wet thermal
conductivity, 𝜆𝑊

3.1W/m/K

Dry thermal
conductivity, 𝜆𝐷

1.0W/m/K

Pore compressibility, 𝛼𝑃 1.0 × 10−8 Pa−1

Composite thermal
conductivity model
[35]

𝜆 = 𝜆𝐷 + (𝑆
1/2

𝐴
+ 𝑆1/2
ℎ
) (𝜆𝑊 − 𝜆𝐷) + 𝜙𝑆𝐼𝜆𝐼

Capillary pressure
model [36]

𝑃cap = −𝑃0([𝑆∗𝐴]
−1/𝑚 − 1)1/𝑚

𝑆∗𝐴 =
(𝑆𝐴 − 𝑆𝑖𝑟𝐴)
(𝑆𝑚𝑥𝐴 − 𝑆𝑖𝑟𝐴)

𝑆𝑚𝑥𝐴 1.0
𝑚 0.45
𝑃0 [17] 1.0 × 105 Pa

Relative permeability
model [7]

𝑘𝑟𝐴 = (𝑆∗𝐴)
𝑛𝐴

𝑘𝑟𝐺 = (𝑆∗𝐺)
𝑛𝐺

𝑆∗𝐺 =
(𝑆𝐺 − 𝑆𝑖𝑟𝐺)
(1 − 𝑆𝑖𝑟𝐺)

𝑛𝐴 [34] 3.572
𝑛𝐺 3.572
𝑆𝑖𝑟𝐴 0.20
𝑆𝑖𝑟𝐺 0.02

response during depressurization production from theHBS is
not considered in our model, which means that the reservoir
compression has immediate effects on decreases in formation
porosity and intrinsic permeability and then on the fluid-
flow behavior [3, 19]; (2) the well completion methods used
at the field relate to prevent water from reservoir flow into
the production well as explained by Yamamoto et al. [29] and
Sun et al. [17]; (3) the exposure of clay minerals of marine
deposit to fresh water (released from hydrate dissociation)
can induce swelling and structural weakening [7, 18]; (4) the
complex and inevitable horizontal heterogeneity in each fine
layer is also neglected in our model. In fact, these factors
mentioned above have little effect on gas production, because
gas viscosity is much smaller than that of water and gas
slippage effects in the low-permeability deposits exist [5]. As a
consequence, the predicted gas production rates are basically
consistent with the site measured data, while the predicted
water production rates are higher than that in the field.

The stable depressurization and gas production at the
AT1 site of the Eastern Nankai Trough proved that hydrate
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6-day production test at the AT1 site.

decomposition by depressurization is applicable even in the
marine sediments. Over and above the absolute criteria of𝑄R
and 𝑄G to evaluate the production potential, the cumulative
water/gas ratio 𝑅CWG provides a relative criterion to evaluate
the overall operation performance of the system, which is
defined as [7]

𝑅CWG =
∫𝑄W d𝑡
∫𝑄G d𝑡

. (1)

Figure 10 indicates the evolution of the simulated
𝑅CWG during the 6-day production test at the AT1 site,
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Figure 9: Measured and simulated water production rates (𝑄W)
during the 6-day production test at the AT1 site.
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Figure 10: The cumulative water/gas ratio 𝑅CWG during the 6-day
production test at the AT1 site.

which declines monotonically with time. This is because of
continuous improvement of the gas production. In the early
stage, 𝑅CWG drops rapidly because of significant hydrate dis-
sociation in the reservoir and gas recovery at the production
well (Figure 8). With time advancing, the stability of gas and
water output results in slight changes of𝑅CWG. Consequently,
𝑅CWG reaches very low levels of 20 in less than 1 day and is
further reduced to 𝑅CWG = 14 kg of H2O/STm3 of CH4 at 6
days.

4.2. History Matching of Temperature Changes at AT1-MT1.
During the offshore production test, two monitoring wells
(AT1-MT1 and MC) were designed for monitoring thermal
disturbance around the production well (AT1-P). Figure 11
shows the monitored and simulated temperature changes
at the location of the monitoring well AT1-MT1 on day 5.
Measured data indicate that temperature decreases broadly
occurred in the upper MHCZ and slightly in the lower
MHCZ, which are mainly controlled by the location of
production interval (Figure 4). The maximum changes of
temperature reach the value of 0.6∘C [4, 39]; such a tem-
perature decrease cannot be explained purely from the heat
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Figure 11: Measured and simulated temperature changes at the
location ofmonitoringwell AT1-MT1 on day 5with resistivity image.
Initial temperature profile is also shown in the figure with dashed
blue line. The offset of the monitoring well AT1-MT1 from the
production well AT1-P is 22m at the reservoir depth as shown in
Figure 1.

conduction (significantly long time is needed) according
to Kanno et al. [39]. Therefore, the hydrate dissociations
occurred at the location of the well AT1-MT1. The model-
predicted temperature changes at well AT1-MT1 match well
with the measured data, especially in the silt-dominated zone
that showed slight change of temperature for both measured
and simulated results.

4.3. Evolution of Physical Properties. For the multiphase flow
system induced by depressurization, the dynamic evolu-
tions of reservoir properties including pressure, temperature,
hydrate, and gas saturation should be analyzed in detail.
This is crucial knowledge for the later long-term production
test of marine gas hydrate. In addition, the evolution of
these variables is important to determine the geomechanical
behaviors (such as sand production) in the Eastern Nankai
Trough, which are key factors to ensure the success of the
offshore production test.

4.3.1. Spatial Distribution of Pressure. Figure 12 indicates
the evolution of pressure in the hydrate reservoir due to
depressurization. White dashed lines show the position
of the top and bottom of the MHCZ. Because the fine
sand layers with high hydrate saturation and permeability
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Figure 12: Evolution of spatial distribution of pressures in the hydrate reservoir at the AT1 site.

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

0

−20

−40

−60

−80

0.35 0.450.15 0.25 0.75Hydrate saturation: 0.55 0.65
Day 1 Day 3 Day 6

Upper muddy zone Upper muddy zone Upper muddy zone

Lower water-bearing zone Lower water-bearing zone Lower water-bearing zone

MHCZ MHCZ MHCZ

Production interval

0.05

−100

Z
 (m

) 

R (m) R (m) R (m)

Figure 13: Evolution of spatial distribution of hydrate saturation in the hydrate reservoir at the AT1 site.

are hydraulically confined by silt/mud layers in MHCZ,
depressurization is anticipated to be quickly and effectively
propagated in the horizontal direction. In the early stage,
the low pressure at the production well and the low effec-
tive permeability of MHCZ create a high pressure gradient
near the production well. This pressure gradient extends
laterally along the radial direction and tends to be stable
with the gradual pressure diffusion. As hydrate dissociation
results in increase of effective permeability, depressurization
occurs more rapidly in the dissociated region. Due to the
transmitted nature of pressure (e.g., even when fluid flow
is restricted), the disturbance region of pressure is obvi-
ously larger than that of other reservoir properties (Figures
13–15). The effect of depressurization in the hydrate reservoir
propagates laterally over 150m during the 6-day production
test.

4.3.2. Spatial Distribution of Hydrate Saturation. The de-
crease in pore-water pressure (Figure 12) drives the hydrate
to dissociate around the well in the production interval (Fig-
ure 13). As mentioned above, hydrate dissociation increases
the effective permeability of the deposits.This process and the
anisotropic permeability conditions accelerate the pressure
decrease in the radial direction. Consequently, the hydrate
dissociates more in the radial direction than in the verti-
cal direction (Figure 13). Overall, the dissociation zone is
strongly affected by the vertical reservoir heterogeneity and
shows a unique dissociation front. The spatial distribution
of hydrate saturation indicates that hydrate has completely
dissociated within a fewmeters around the well. Comparison
with the initial hydrate distribution indicates the extent of
dissociation zone within 35m during the 6-day production
test.
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Figure 15: Evolution of spatial distribution of gas saturation in the hydrate reservoir at the AT1 site.

4.3.3. Spatial Distribution of Temperature. The temperature
reduction is strongly related to the hydrate dissociation
because of the endothermic function of hydrate dissociation
(Figure 14). The spatial distribution of low temperature
shows vertical heterogeneity as well. This is because of the
drastic dissociation in the fine sand layers (with high hydrate
saturation and high permeability) resulting in significant
temperature decreases, whereas the silt-dominant zones with
low hydrate saturation undergo slight temperature decreases.
Generally, the evolution of low temperature region can reveal
the dissociation performance directly.

4.3.4. Spatial Distribution of Gas Saturation. Figure 15 indi-
cates the spatial distribution of gas saturation in the reservoir
due to depressurization. The evolution of spatial distribution
of free gas is very important for us to understand the
gas production behaviors and to evaluate the formation of
“secondary hydrate” [17]. As the depressurization begins,
there gradually forms a gas bank around and below the
production well with the maximum gas saturation of 0.22.

With time advancing, the region of gas zone gradually
enlarges (Figure 15). Gas accumulation is observed around
and below the production interval because of continu-
ing hydrate dissociation. However, results of Rutqvist and
Moridis [7] indicate that gas accumulation occurred under
the bottom of the confined overburden, which results by
buoyancy. This phenomenon did not occur in our modeling
results, because the hydrate deposits in the case of the Eastern
Nankai Trough are composed of alternating beds of sand
and clay; thus, the low-permeability sealing formations can
effectively prevent gas from migrating upward. This is very
important for hydrate exploitation from marine sediments
because lack of a confining overburden could result in gas
diffusion into the sea floor [7].

5. Discussion

The design of production interval is recognized as a signifi-
cant factor that affects the performance of hydrate exploita-
tion [12, 17]. The production interval of 38m from the
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Figure 17: Evolution of volumetric rates of (a) gas production and (b) water production from hydrate reservoirs under different locations of
production interval.

top of the MHCZ (total thickness of 61m) was employed
at the AT1 site of the Eastern Nankai Trough (Figure 16,
Case A). For effective depressurization, the lower part of the
MHCZ (i.e., with high hydrate saturation) was considered
as sealing formation to block water production from the
underlying water-bearing zones [22, 28]. Both the site test
data and the modeling results indicate the effectiveness of
this production interval design by depressurization at marine
hydrate deposits. However, the significant gas accumulation
is observed at the lower part of the MHCZ and could not
sufficiently transport to the production well (Figure 15). This
suggests that the gas recovery schemes should be optimized
for the subsequent production test.

In this study, three different cases (Figure 16) with
different locations of production interval are designed to
investigate the effects of placement of production interval
on gas production performance. The purpose is to provide
some feasible suggestions for the subsequent site test and

future large-scale exploitation of gas hydrate. For the conve-
nience of comparison, all of the thermophysical properties
of the hydrate reservoirs and production method remain
unchanged.

Figure 17 indicates the evolution of model-predicted
volumetric rates of gas (𝑄G) andwater (𝑄W) production from
hydrate reservoirs under different locations of production
interval (Figure 16). As shown in Figure 17(a), the gas
production rate in Case C is significantly higher than that in
Case A and Case B.The average values of𝑄G in Case A, Case
B, and Case C are about 20477, 20692, and 24307 STm3/d,
and the accumulated volumes of gas trapped (𝑉G) in 6 days
are 122,861, 124,151, and 145,843m3, respectively. On the other
side,𝑄W in Case B and Case C is significantly lower than that
in Case A. The predicted average values of 𝑄W in Case A,
Case B, and Case C are approximately 292, 207, and 231m3/d,
respectively.
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Figure 18: The evolution of simulated 𝑅CWG during the 6-day
production test under different locations of production interval.

Figure 18 shows the evolution of model-predicted 𝑅CWG
during the 6-day production test under different locations
of production interval. As mentioned above, 𝑅CWG drops
rapidly in the early stage because of the significant hydrate
dissociation and gas production (Figure 17(a)).The predicted
average values of 𝑅CWG in Case A, Case B, and Case C are
approximately 15.7, 10.8, and 9.9 kg of H2O/STm3 of CH4,
respectively. Obviously, lower 𝑅CWG indicates higher energy
efficiency and economic efficiency of gas hydrate production
from marine sediments, because lifting large water volumes
to the surface could burden gas production with the cost.
Particularly, the disposal of produced low-salinity water
(released fromhydrate dissociation)may pose environmental
damage if released near the sea floor without mixing with sea
water at suitable ratios [7].

Both the absolute criteria and relative criteria discussed
earlier illustrate the obvious superiority of Case C, in which
the production interval is located at the bottom of the
MHCZ. This can be explained by the characteristic of flow-
related reservoir properties, as shown in Figure 19. The main
reasons include the following: (1) the lower part of MHCZ
is composed of thick sand-dominant layers with high initial
hydrate saturation and permeability (Figures 3 and 6); the
pressure drops rapidly around production interval causing
significant hydrate decomposition and gas production; (2) the
extent of hydrate dissociation zone is enlarged due to hydrate
dissociation which increases the effective permeability and
accelerates the pressure reduction in the radial direction; (3)
the fluid flow from bottom formations with higher tempera-
ture promotes the hydrate dissociation occurring in deeper
sediments significantly; (4) the actual reservoir structure
with low-permeability silt/mud layers in hydrate deposits can
block the water flow through the formation into produc-
tion well effectively. The simulation results suggest that the
favorable production interval scheme should consider the
reservoir conditions with high permeability and high hydrate

saturation in the subsequent field test and future commercial
production. Furthermore, the production behaviors of the
hydrate reservoir highly dependon the structure of lithofacies
and reservoir properties such as the hydrate saturation and
sediments permeability.

6. Conclusions

By incorporating the available geological data at the off-
shore production test site of the Eastern Nankai Trough, a
multiphase fluid-flow model was constructed to investigate
the gas production performance from the layered hydrate
reservoirs by depressurization. The performance affected by
the placement of production interval was discussed. Based on
the numerical simulations, the following conclusions can be
drawn:

(1) The numerical model can match reasonably well
with site-observed data of gas recovery. However, a
slight deviation occurs between the predicted and
measured water production rates. This is mainly due
to the geomechanical responses such as reservoir
compression, well completion method, clay minerals
swelling, and lateral heterogeneity in each fine layer,
which are not considered in our model.

(2) Because the fine sand layers with high hydrate satu-
ration are hydraulically confined by silt/mud layers in
MHCZ, depressurization is anticipated to be rapidly
and effectively propagated, leading to fast hydrate
dissociation in the radial direction. As hydrate dis-
sociation results in an increase of effective perme-
ability, this process and the anisotropic permeabil-
ity conditions accelerate the pressure reduction and
hydrate dissociation in the radial direction. Overall,
the dissociation zone is strongly affected by the
vertical reservoir heterogeneity and shows a unique
dissociation front.

(3) The actual reservoir structure with low-permeability
silt/mud layers in hydrate reservoirs can block the
water flow through the formation into production
well. Gas accumulation is observed around and below
the production interval, because the low-permeability
sealing formations can effectively prevent gas from
migrating upward.

(4) The location of production interval is significantly
important for the optimization of gas recovery and
reduction of water production. The beneficial pro-
duction interval scheme should consider the reser-
voir conditions with high permeability and high
initial hydrate saturation. Consequently, the identifi-
cation of favorable hydrate sediments is significantly
important to realize commercial production in the
future.
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Pyrite existed widely in nature and its oxidative dissolution might lead groundwater to become acidic, which was harmful to the
environment and indeed to artificial building materials.The reactive transport model was a useful tool to predict the extent of such
pollution. However, the chemical species were coupled together in the form of a reaction term, which might lead the equations to
be nonlinear and thus difficult to solve. A decoupling approach was presented: linear algebraic manipulations of the stoichiometric
coefficients of the chemical reactions for the purpose of reducing the number of equation variables and simplifying the reactive
source were used. Then the original and decoupled models were solved separately, by both a direct solver and an iterative solver.
By comparing the solution times of two models, it was shown that the decoupling approach could enhance the computational
efficiency, especially in situations using denser meshes. Using a direct solver, more solution time was saved than when using an
iterative version.

1. Introduction

Pyrite is a common, naturally occurring mineral. In the open
atmosphere pyrite oxidative dissolution occurs under the
action of groundwater. On one hand the resulting acid water
may cause environmental problems, such as contamination of
surface and ground waters directed to urban and agricultural
supply [1–3]. Some toxic elements especially, such as arsenic,
are closely associated with pyrite. The kinetic oxidative
dissolution of As-bearing pyrite due to dissolved oxygen in
the ambient groundwater is an important mechanism for
arsenic release in groundwater under both natural conditions
and engineering applications [4, 5]. On the other hand the
formation of acid water also has some impacts on artificial
building materials because of sulfate attack and acid attack
[6, 7]. All the above lead the management of potentially
acid generating waste rock to be very important [8]. To
study the extent and scope of acidic water pollution, some

hydrogeochemical models and transport ones are developed
to simulate such a system [9–11].

In recent years reactive transport model is widely used to
simulate the contaminant transport, water-rock interaction,
and other processes in earth science fields [12, 13]. To
improve computational efficiency of the model, Friedly and
Rubin [14] present a general, concise formulation (decoupling
approach) by means of linear algebraic manipulations of the
stoichiometric coefficients of the chemical reactions, which
can reduce the number of unknown variables and simplify
the reaction source/sink terms. Based on this, De Simoni et
al. [15] and Molins and Mayer [16] build up the decoupling
matrix according to the equilibrium and kinetic reactions.
And Huo et al. [17] extend its applications to heterogeneous
media. Some efficiency tests are done by Kräutle and Knab-
ner [18] and Hoffmann et al. [19] to study the resulting
improvement. In recent years, the decoupling approach is
widely used in both engineering applications and laboratory
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experiments. Saaltink et al. [20] apply the approach into
the modelling of multiphase flow for CO2 injection and
storage in deep saline aquifers. And the approach is also
used in the simulation of two-phase multicomponent flow
with reactive transport in porous media [21, 22]. And in
identifying geochemical processes using endmembermixing
analysis, Pelizardi et al. [23] uses the decoupling approach
to help in the identification of both end members and such
reactions, so as to improve mixing ratio calculations. In
laboratory experiments and its simulation, the approach is
applied in a laboratory experiment where a sand column
saturated with a MgSO4 solution is subject to evaporation
[24]. And some programs and models are built up based on
the decoupling approach for hydrogeochemical calculations,
such as CHEPROO++ [25] and MRWM [26].

In this paper, a reactive transport model of pyrite oxida-
tive dissolution is built up in COMSOLMultiphysics, a finite
element software platform for the simulation of physics-
based problems. COMSOL is a multiphysics modelling tool
that solves various coupled physical problems based on
Finite Element Analysis and Partial Differential Equations.
It provides a user-friendly interface for mesh generation,
equations configuration, and results visualization. And it is
widely applied in earth science field. For example, Shao et
al. [27] uses it to couple a dual-permeability model with a
soil mechanics model for landslide stability evaluation on a
hillslope scale. Azad et al. [28] build up an interface between
COMSOL and GEMS, a chemical modelling platform, for
the reactive transport modelling in variably saturated porous
media, while Nardi et al. [29] and Jara et al. [30] couple two
standalone simulation programs, COMSOL and PHREEQC,
for the reactive transport modelling.

Although some studies have been done on computational
efficiency, they are carried out from different research direc-
tions. Hoffmann et al. [19] mainly study the impact from
theory view, while Kräutle and Knabner’ work [18] is based
on a transient model to study computational efficiency in
different time steps of two approaches. In this paper, we
focused on the number ofmeshes and different solvers. Based
on a brief introduction to the theories and mathematical
methods behind the decoupling approach, a reactive trans-
port model of pyrite oxidative dissolution is solved by a
traditional method and a decoupling approach separately to
compare their computational efficiencies. In both 1D and 2D
models, the study area ismeshed to different grid refinements
in each situation. The original and decoupled models are
solved and their solution times are compared. Meanwhile,
the 2D models are solved by both a direct and an iterative
solver to study the effect on the computational efficiency of
the decoupling approach compared to different solvers. It is
aimed at providing a more convenient and efficient method
of calculation to solve the reactive transport model of pyrite
oxidative dissolution.

2. Mathematical Description

The chemical reactions involved in aqueous species are
divided into two kinds, equilibrium reaction and kinetic
one. Reaction rates of the former are fast in comparison to

transport, so that local chemical equilibrium can be assumed
at every point within the system. Kinetic laws are applied to
represent the processes of latter one, which is not sufficiently
fast enough. So without considering the influence of activity,
the mass balance of each species can be written in concise
vector notation as follows:

𝜕 (m)
𝜕𝑡 = M𝐿 (c) + 𝑆𝑇 ⋅ r = M𝐿 (c) + S𝑇

𝑒
r𝑒 + S𝑇

𝑘
r𝑘, (1)

where vectorm contains the mass of species per unit volume
of porous medium, and it can be split into two parts,m𝑐 and
m𝑎, respectively, related to the constant activity species (such
as minerals in solid phase and gases) and to the remaining
species. Matrix M is diagonal and its diagonal terms are
unity when a given species is mobile and zero otherwise. c
contains species concentrations in mol/mass of liquid (m =
𝜃 ⋅ c for mobile species, 𝜃 is porosity) and c = (c1 c2)𝑇,
while c1, c2 are primary and secondary species: the number
of secondary species is equal to the number of reaction
equilibrium, and the linear operator 𝐿 in (1) is defined as𝐿(c) = −∇ ⋅ (q ⋅ c) + ∇ ⋅ (𝜃 ⋅ D∇c), where q is the water flux
and D is dispersion coefficient; S is a matrix containing the
stoichiometric coefficients of reactions involving reactants
and product(s) and S = (S𝑒/S𝑘), where S𝑒 and S𝑘 represent
the matrices of equilibrium and kinetic reactions such that
S𝑒 = (S1 | S2) due to the primary and secondary species. S1
is stoichiometric coefficients matrix of primary species and
S2 is stoichiometric coefficients matrix of secondary species.
Vector r contains the reaction rate and is also divided into two
parts: r𝑒 and r𝑘.

A full rankmatrix,U, can be established, orthogonal to S𝑒,
which satisfies U ⋅ S𝑒𝑇 = 0. The component matrix U can be
calculated bymeans of Gauss-Jordan elimination which leads
to the following expression [31]:

U = [I𝑁𝑠−𝑁𝑒 | −S1𝑇 ⋅ (S2𝑇)−1] , (2)

where I𝑁𝑠−𝑁𝑒 is a diagonal matrix of dimension 𝑁𝑠 − 𝑁𝑒,
with all diagonal elements equal to one; 𝑁𝑒 and 𝑁𝑠 are the
number of reactions and species. Now a component vector
of u is defined as u = U ⋅ c and its number, 𝑁𝑢, can be
calculated by𝑁𝑢 = 𝑁𝑠 − 𝑁𝑒. Writing the transport equations
in terms of u is helpful because the source/sink term becomes
simple. Species concentration c can also be solved with the
equilibrium reaction constants.

According to Molins et al. [32], four types of reactive
transport systems are classified by the types of reactions, as
shown in Table 1.

It can be seen that four types of reactive transport
systems are classified. The characteristics and calculation of
component matrixU of each system are shown as follows.

(1) The first is tank system, in which all reactions take
place in equilibrium in the aqueous phase, which means a
large aqueous reservoir with residence times long enough for
aqueous species to reach equilibrium, and no interactionwith
other solid or gas phases assumed. The component matrix
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Table 1: Types of reactive transport system.

Paradigm
Homogeneous Heterogeneous
Fast Slow Fast Slow

(Equilibrium) (Kinetic) (Equilibrium) (Kinetic)
Tank √
Canal √ √
River √ √ √
Aquifer √ √ √ √

of this system, Utank, can be calculated by the following
equation.

Utank = U𝑒 = [I S𝑡
𝑒1
] , (3)

where S𝑡
𝑒1
is stoichiometric coefficients matrix of equilibrium

reactions corresponding to primary species.
(2) The second is canal system, in which all reactions

are homogeneous, but some may be slow (kinetic). The
component matrix of this system, UCanal, can be calculated
by the following equation.

UCanal = U𝑘 ⋅ U𝑒, (4)

where U𝑘 = [ I S𝑡
𝑘1

0 I ] and S𝑡
𝑘1

is stoichiometric coefficients
matrix of kinetic reactions corresponding to primary species.

(3) The third is river system, in which heterogeneous
reactions also take place, but they are slow relative to flow.The
component matrix of this system,URiver, can be calculated by
the following equation.

Uriver = F ∙ Ucanal, (5)

where F is a factor matrix which is multiplied by UCanal

to eliminate the immobile kinetic species. More detailed
solution steps of F can be seen in Molins et al. [32].

(4) The fourth is aquifer system, where some hetero-
geneous reactions are fast enough to be considered in
equilibrium. Some fixed activity species (e.g., minerals and
H2O) can be found among the equilibrium reactions. These
species can be eliminated from the equations by reducing
the components to be solved. The component matrix of this
system, UAquifer, can be calculated by the following equation.

UAquifer = E ⋅ URiver, (6)

where E is a factor matrix which is multiplied by URiver to
eliminate constant activity species and reduce the number of
components. More detailed solution steps of E can be seen in
Molins et al. [32].

3. Decoupling Approach in Pyrite
Oxidative Dissolution

3.1. The Chemical System and Its Decoupling Matrix. It is
important to build up a chemical reaction system for pyrite
oxidative dissolution reactive transport. When the initial

solution is assumed to be formed in deionizedwater, themain
reactions occurring in the open system are as follows.

O2 (g) ⇐⇒ O2 (aq) (7)

H2O⇐⇒ H+ +OH− (8)

FeS2 + 3.75O2 (aq) + 0.5H2O ⇒
Fe3+ + 2SO42− +H+

(9)

where there are equilibrium reactions in both (7) and (8),
with reaction rates of 𝑅1 and 𝑅2 and (9) reflects the process
of pyrite oxidative dissolution, which depends on the con-
centration of H+ and O2(aq) in solution. According to these,
the stoichiometric coefficient matrix of the system S could be
written as
S

=
O2 (aq) H+ OH− SO

4

2− Fe3+ FeS2 O2 (g) H2O

[[
[

1 0 0 0 0 0 −1 0
0 1 1 0 0 0 0 −1

−3.75 1 0 2 1 −1 0 −0.5
]]
]

. (10)

Since the reactions involved both aqueous and solid phases,
it satisfied the aquifer system in Section 2. So the component
matrix, U, could be calculated as

U = [[
[

0 −1 1 0 1 0 0 0
0 0 0 1 −2 0 0 0
0 0 0 0 1 0 0 0

]]
]
. (11)

And a new vector of components, u, was defined as

u = 𝑈 ⋅ c = [[
[

−𝑐2 + 𝑐3 + 𝑐5
𝑐4 − 2 ⋅ 𝑐5
𝑐5

]]
]
= [[
[

𝑢1
𝑢2
𝑢3
]]
]
, (12)

where the vector c in this system comprised eight species:
O2(aq), H

+, OH−, SO
4

2−, Fe3+, FeS2, O2(g), andH2O in order.
The calculated aqueous components were u1, u2, u3. As (12)
shows (1) the component vector u is a linear combination
of species, which is readily calculated; (2) the number of
unknowns to be solved in the equations is reduced, from eight
species to three components. In this system, the number of
all species is defined as 𝑁𝑠, with 𝑁𝑠 = 8 and the number of
equilibrium reactions𝑁𝑒 is 2, while the number of secondary
species with fixed activity is defined as 𝑁0, which includes
pyrite, H2O, and O2(g). In this system𝑁0 = 3, so the number
of components,𝑁𝑐, could be calculated as

𝑁𝑐 = 𝑁𝑠 − 𝑁𝑒 − 𝑁0 = 8 − 2 − 3 = 3. (13)

Meanwhile, the reaction terms of species in the transport
equations were as follows:

𝑆𝑇 ⋅ 𝑅 = [𝑅1 − 3.75 ⋅ 𝑅3, 𝑅2 + 𝑅3, 𝑅2, 2 ⋅ 𝑅3, 𝑅3, −𝑅3,
− 𝑅1, −𝑅2 − 0.5 ⋅ 𝑅3]𝑇 .

(14)
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Table 2: Chemical parameters of pyrite oxidation dissolution.

𝐾sp1 𝐾sp2 𝑘 𝑚 𝑛
10−2.8983 10−14 10−10.19 0.5 −0.11

Multiplying by the decoupling matrix, U, this term could be
expressed as

𝑈 ⋅ 𝑆𝑇 ⋅ 𝑅 = [[
[

0 0 0
0 0 0
0 0 1

]]
]
⋅ [[
[

𝑅1
𝑅2
𝑅3
]]
]
= [[
[

0
0
𝑅3
]]
]
. (15)

It could be seen that the reaction term of the original
model was more complicated and contained the expres-
sions of the equilibrium reaction rates R1 and R2, both of
which were difficult to obtain explicitly which introduced
some difficulties when solving the model. However, it was
expressed in the form of extremely simple items by means
of the decoupling approach. As shown in (15), the reaction
terms of components, u1 and u2, were 0, and the one of
component u3 involved onlyR3.Then the transport equations
of component u could be solved. Once system components
had been evaluated, the original species, c, was obtained from
the nonlinear algebraic system of (12) and corresponding
equilibrium constants of (7) and (8).

3.2. Verification. In order to verify the influence of the
decoupling approach on the calculation accuracy, firstly a
batch reactor systemof pyrite oxidation dissolutionwas taken
as an example. In this system the pyrite was completely
immersed in deionized water in a stirred vessel, which meant
there was no need to consider the transport problem. The
simulation results by both original approach and decoupling
one were compared. The chemical parameters are shown in
Table 2.

𝐾sp1 and 𝐾sp2 are the equilibrium constant of (7) and
(8), while 𝑘, 𝑚, and 𝑛 are reaction parameters of pyrite
oxidative dissolution. Its reaction rate could be calculated by
the following equation.

𝑅3 = 𝐴 solid
𝑉water ⋅ 𝑘 ⋅ 𝑐1

𝑚 ⋅ 𝑐2𝑛, (16)

where 𝐴 solid is solid phase surface area and 𝑉water is water
volume; 𝑐1 and 𝑐2 are concentration of O2(aq) and H+.

The ratio of solid phase surface area to water volume was
set as 3 dm−1 and simulated time was 10 days. The variation
and error of pH value and Fe3+ concentration in two models
are shown in Figure 1.

It can be seen from Figure 1 that the results of twomodels
are basically the same. Maximum relative error of pH value is
−0.04725%, while the one of Fe3+ is 0.59542%, which means
that decoupling approach has little effect on the accuracy of
the calculation.

3.3. Comparison of Computational Efficiency. Thedecoupling
approach not only simplified the reaction term but also

reduced the number of unknown variables in the transport
equations. As a result, the new transport model of each com-
ponent should now be solvable with improved computational
efficiency. Deionized water flows through a single smooth
fracture of pyrite can be simplified to either a 1Dor 2Dparallel
plate model with model parameters as shown in Table 3.

Initially the fracture was deemed to have been full of
deionized water, with a constant flow velocity V through the
fracture. Without considering the change in the aperture size
caused by dissolution, the distribution of aqueous species
reached dynamic equilibrium, which can be regarded as
a steady state. The two models were thus simulated. One
of the two models involved transport of species c and the
original model was designated: the other involved transport
of decoupled component u and the decoupled model was
designated.

Then the two models were separately established in
COMSOL 3.5a, a software platform for the simulation of
physics-based problems. The central processing unit (CPU)
of the computer was an Intel Core Duo P8400 with a clock
speed of 2.26GHz and the motherboard had 3GB of random
access memory. There were two main categories of solver
in the software: direct and iterative. The former included
UMFPACK, SPOOLES, PARDISO, and TAUCS Cholesky,
which solved a linear system by Gaussian elimination. The
iterative solvers, GMRES, FGMRES, conjugate gradients,
BiCGStab, and geometric multigrid, were more memory-
efficient to deal with models with many degrees of freedom.

When the model was solved in COMSOL, the mesh
generator partitioned the study domains into mesh elements:
the number of elements depended on the maximum element
size when they were uniformly subdivided. Then the 1D
and 2D models (original and decoupled types) were solved
separately. First the direct solver, UMFPACK, was chosen and
the model was solved three times in each case. To solve the
nonlinear equations in both original model and decoupled
one, Damped NewtonMethod (DNM) was adopted. Relative
tolerance was set as 1.0 × 10−6 and maximum number of
iterations was set as 25.The average solution times are shown
in Tables 4 and 5.

It can be seen from Tables 4 and 5 that:
(1) Solution by direct solver, UMFPACK, costs much

more time in the original model than when adopting a
decoupling approach in both 1D and 2D models.

(2) The solution time in both 1D models increases with
the number of elements, but it saves more time by using a
decoupling approach when the number of elements becomes
large. When there are only 25 elements in the model, it costs
0.234 s and 0.094 s to solve each model. With the increase
in the number of elements, the solution times reach 1.079 s
and 0.297 s for 500 elements (some 4.61 and 3.16 times the
requirements at 25 elements).

(3) As in 1D, the computing time in 2D also increases
with the number of elements in both of the two models and
it saves more time when using a decoupling approach for
large numbers of elements. At 7,800 elements, the original
model cannot be solved due to an out ofmemory error during
LU factorisation. However, by using a decoupling approach it
only costs 21.033 s. Compared to the 1D model, it has a better
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Figure 1: Variation and error of pH value and Fe3+ concentration.

Table 3: Parameters for the 1D and 2D models.

L/m W/m v/m⋅s−1 𝛼L/m 𝛼T/m Dm/m
2⋅s−1

1D 5 — 0.001 0.05 — 1.34𝑒 − 9
2D 5 1 0.001 0.05 0.02 1.34𝑒 − 9

Table 4: Comparison of solution time in 1D model using direct
solver, UMFPACK.

Maximum
element size

Number of
elements

Original
solution time,

𝑡1/s
Decoupled

solution time,
𝑡2/s

𝑡2/𝑡1
%

0.01 500 1.079 0.297 27.53
0.02 250 0.625 0.203 32.48
0.04 125 0.406 0.141 34.73
0.05 100 0.359 0.125 34.82
0.08 63 0.313 0.109 34.82
0.10 50 0.282 0.109 38.65
0.20 25 0.234 0.094 35.47

computational efficiency costing only 4.78% to 27.71% of the
original.

Then the iterative solver GMRES was chosen to solve the
2D model. The solution set of nonlinear equations was the
same as the direct solver, UMFPACK. Three replicates were
run and the average solution times are shown in Table 6.

The following can be seen from Table 6.
(1) Like the results in Table 3, the decoupling approach

also enhances the computational efficiency when solving the
two models by use of the iterative solver. The decoupled
solution time is only 17.92% to 52.34% of that needed for
the original model and the solution time increases with the
number of elements no matter whether in the original or
decoupled model.

(2) Unlike the situation in Table 3, 𝑡2/𝑡1 does not reduce
with increased numbers of elements: at 5,036 and 7,800

Table 5: Comparison of solution time in 2D model using direct
solver, UMFPACK.

Maximum
element size

Number of
elements

Original
solution time,

𝑡1/s
Decoupled

solution time,
𝑡2/s

𝑡2/𝑡1
%

0.04 7800 - 21.033 -
0.05 5036 246.141 11.767 4.78
0.08 2038 43.644 4.141 9.49
0.10 1310 18.095 2.344 12.95
0.12 944 11.032 1.719 15.58
0.15 616 6.062 1.141 18.82
0.20 308 2.672 0.626 20.08
0.25 206 1.750 0.485 23.43
0.30 148 1.344 0.406 27.71
- represents the absence of a result because of an out of memory error during
LU factorisation.

elements, 𝑡2/𝑡1 is only 51.54% and 52.34% of that required
originally. It shows that the decoupling approach does not
have as significant an effect as expected when used iteratively
on a large model.

(3) Solving the original model with a direct solver costs
much more time than when using an iterative version.
However, when dealing with a decoupled model, the direct
solver is faster and 𝑡2/𝑡1 (Table 3) ranges from 4.78% to
27.71%, while it is 17.92% to 52.34% in Table 4. This means
that solving the decoupled model by using an iterative solver
does not save as much time as the direct solver does.
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Table 6: Comparison of solution time in 2D model using iterative
solver, GMRES.

Maximum
element size

Number of
elements

Original
solution time,

𝑡1/s
Decoupled

solution time,
𝑡2/s

𝑡2/𝑡1
%

0.04 7800 89.644 46.923 52.34
0.05 5036 50.955 26.313 51.64
0.08 2038 18.251 8.235 45.12
0.10 1310 11.016 5.062 45.95
0.12 944 7.328 3.454 47.13
0.15 616 4.531 0.812 17.92
0.20 308 2.172 0.484 22.28
0.25 206 1.547 0.406 26.24
0.30 148 1.219 0.360 29.53
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Figure 2: Comparison of solution times.

According to Tables 5 and 6, solution times for original
and decoupled models with direct and iterative solvers are
shown in Figure 2.

Figure 2 shows that solving an original model takes more
time than a decoupled one, no matter whether by direct
solver or iterative solver. In general sorted by time taken:
the decoupled model by direct solver < decoupled model by
iterative solver < original model by iterative solver < original
model by direct solver.

4. Conclusions

The present work described the basic theory and mathemati-
cal methods of the decoupling approach and then took pyrite
oxidative dissolution as an example. Based on the analysis
of its chemical reaction system, the decoupling matrix U
was calculated. When multiplied by U, the concentration
vector c was converted to the component vector u, which
had fewer variables and simpler reaction terms. Then the
original and decoupledmodels were established in COMSOL
Multiphysics 3.5a. Then the study domain was meshed at
different degrees of refinement. In each case it was solved by
direct and iterative solvers. The results show the following.

(1) Decoupling enhances the computational efficiency in
both 1D and 2Dmodelswhile savingmore time for 2Dmodels
than 1D models.

(2) The more mesh grids the domain generates, the more
efficiently the decoupled model finds a solution by direct
solver, whether in 1D or 2D.

(3) Although the iterative solver takes less time than the
direct solver for the original 2D model, it is more efficient to
use a direct solver in solving a decoupled problem.

(4) The solution times in ascending order are the decou-
pled model solved by direct solver, a decoupled model solved
by an iterative solver, the original model solved by an iterative
solver, and the original model solved by a direct solver.

As a conclusion, the decoupling approach is of assistance
when solving reactive transport of pyrite oxidative dissolu-
tion problems, especially over a large domainwithmoremesh
elements. Its applicability is thus demonstrated.
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The soil water evaporation is a critical component of both the surface energy balance and water balance, affecting the mass and
energy exchange between the land and the atmosphere. Evaporation process is involved in the highly complex interactions between
media properties, transport processes, and boundary conditions. So, it is difficult to accurately determine these near-surface highly
dynamic processes based only on the sparse field data and on the measurement-based methods. The objective of this paper was to
obtain a detailed description of the soil water evaporation process and to better understand the evolutions of variables involved in
the evaporation process during different stages of evaporation. To do this, a numerical simulation experiment in a bare silt soil was
conducted to reproduce the soil drying process during a 20-d period after a 2-cm rainfall event. According to simulation results,
the whole 20-d simulation period was divided into two main stages as well as a transient period from stage 1 to stage 2. Diurnal
patterns of energy and water balance components, soil moisture, soil temperature, water fluxes, evaporation rate, dry surface layer
(DSL), and evaporation zone during this drying process were fully described, which, in turn, could be as the possible indicators for
judging the shift of stages of evaporation.

1. Introduction

Infiltration and soil water movement play a key element
in surface runoff, groundwater recharge, evapotranspiration,
soil erosion, and transport of chemicals in surface and
subsurface waters [1]. In particular, soil water evaporation
and storage during natural wetting/drying cycle exert critical
influences on land–atmosphere exchange of water and energy
[2, 3], thereby affecting the local or global climate changes.
In addition to the important role in the hydrological process,
drying and evaporation processes are also of interest formany
engineering and industrial applications, such as food process-
ing and preservation, production of ceramics and paper, eye
and skin care, and numerous construction activities [4].

During drying of soils after a rainfall or irrigation event,
shifts between atmospheric demand to soil control evapo-
ration occur with the progressive drying of soils [3]. Soil
water evaporation is a dynamic process and this process
has frequently been divided into three major stages. Stage 1
evaporation has a relatively high and constant evaporation

rate followed by a lower rate (stage 2) [5, 6]. During stage
1 when the soil surface has available water, evaporation
takes place at the soil surface and is limited by atmospheric
demand. At stage 1, a large portion of net radiation is
readily dissipated as latent heat of vaporization. With the
soil continuing to dry, evaporation eventually occurs within
the subsurface when the soil water content is depleted; and
stage 2 evaporation begins, during which the evaporation
drops below the potential rate and decreases with time.
Stage 3 is characteristic of a very low and relatively constant
evaporation rate. When the soil moisture is not available at
the soil surface, a dry surface layer (DSL) forms near the
soil surface, in which moisture transfer occurs only in the
vapor phase [7] with the profile below this layer remaining
much wetter [8]. The diffusive vapor transfer within the dry
layer is supplied by the liquid water flow from sites below
the evaporation zone (where the phase change from liquid
water to water vapor is occurring). The transition from the
surface to subsurface evaporation also has a significant effect
on the surface energy balance and profiles of soil temperature
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and moisture because the energy required for vaporization
of liquid water must be transported from the soil surface
to subsurface evaporation zone [4, 9]. Formation of DSL
and the shift of the evaporation front from the surface to
the subsurface result in a significant change in the surface
energy balance as the location of latent heat sink moves from
surface to subsurface.The latent heat flux associated with this
phase change is important for assessing the surface energy
balance during the soil drying [10–12]. The evaporation stage
could be an indicator for total water loss, evaporation rate,
and soil water content [5], as well as surface energy balance
[9]. Therefore, it is important to understand soil evaporation
stages for water resource management, environmental con-
servation, and agricultural production.

To evaluate the evaporative drying process in the field
condition, especially to determine the timing of stages of
evaporation process, there is need to determine the evap-
oration rate from soils. The approaches for measuring soil
water evaporation include the Bowen ratio [13], eddy corre-
lation and automatic weighing lysimeter methods [1]. These
techniques are widely used for field measurements to study
the water balance dynamics near the soil surface. However,
there are some limitations in thesemeasurementmethods; for
example, it is somewhat time costly and laborious and cannot
accurately measure the dynamics of soil water evaporation
with time and depth, especially for evaluating the effect of the
evaporation process on the surface energy balance and soil
temperature and moisture profiles. Although there are some
new approaches developed recently to determine the process
of soil water evaporation, it is difficult for thesemeasurement-
based approaches to capture the highly dynamic near-surface
soil water and heat processes involved in soil water evap-
oration. For instance, some researchers [3, 14] introduced
a measurement approach based on sensible heat balance to
determine in situ soil water evaporation dynamics by means
of heat pulse probes.However, this approachwas not available
for stage 1 evaporation [3] during which evaporation likely
occurred in the days after rainfall or irrigation. And this
approach could result in underestimation of total subsurface
evaporation due to the existence of undetectable zone [4].
Deol et al. [15] quantify the millimeter-scale subsurface
evaporation profiles by using eleven-needle heat pulse probes
in the soil column over a drying event. Since these pro-
files were limited to depth-integrated evaporation rates, the
accurate shape and variation of evaporation zone with time
and depth remained uncertain, particularly for some cases
whereas the width of evaporation zone was less than 1mm
[4, 9]. Thus, because the evaporation process is involved in
the highly complex interactions between media properties,
transport processes, and boundary conditions, the direct
measurement approaches have a limitation to accurately
determine the highly dynamic soil water evaporation process.
And numerical modeling is an alternative means.

The growing computational capacity provides the pos-
sibility of numerically reproducing evaporation processes
by applying the theory of the coupled heat and moisture
transport in variable saturated soils, which is developed in
Philip and de Vries [16], henceforth PDV. Currently, there
are several numerical codes, for example, SVAT, SHAW, and

HYDRUS, developed for simulating coupled water and heat
flow in the vadose zone. HYDRUS-1D is a widely used finite-
element model for simulating one-dimensional movement
of water, heat, and multiple solutes in variably saturated
porous media [17] and is applied widely in the study of
vadose process.The objective of this paper was to evaluate the
process of evaporative drying from a silt soil after a rainfall
event by using the HYDRUS-1D model under the field-
like atmospheric conditions and to better understand the
evolutions of variables involved in the evaporation process.

2. Materials and Methods

2.1. Water Flow Equations. The general partial differential
equation for describing the one-dimensional transient water
flow in the soil under variably saturated, nonisothermal
conditions can be expressed as [4, 16]

𝜕 (𝜃L + 𝜃v)𝜕𝑡 = −𝜕𝑞w𝜕𝑧 = −𝜕𝑞L𝜕𝑧 − 𝜕𝑞v𝜕𝑧 , (1)

where 𝜃L is the volumetric liquid water content (m3m−3), 𝜃v
is the volumetric water vapor content (expressed as an equiv-
alent water content, 𝜌v𝜃air/𝜌L, m3m−3), 𝜃air is volumetric air
content (m3m−3), 𝜌L is the density of liquid water (kgm−3)
at 𝑇 (∘C), 𝑞w (= 𝑞L + 𝑞v) is the total water flux (m s−1),𝑞L and 𝑞v are the flux densities of liquid water and water
vapor (expressed as an equivalent water flux density m s−1),
respectively, 𝑡 is time (s), and 𝑧 is the spatial coordinate
positive upward (m).

The PDV model describes liquid water and water vapor
movements driven both by the temperature and matric
potential gradients. Thus, the flux densities of liquid water,𝑞L, and water vapor, 𝑞v are given by, respectively,

𝑞L = 𝑞TL + 𝑞hL = −𝐷TL
𝜕𝑇𝜕𝑧 − 𝐾(𝜕ℎ𝜕𝑧 + 1) (2)

𝑞v = 𝑞Tv + 𝑞hv = −𝐷Tv
𝜕𝑇𝜕𝑧 − 𝐷hv

𝜕ℎ𝜕𝑧 , (3)

where 𝑞TL and 𝑞hL are the thermal and isothermal liquid
water fluxes (m s−1), respectively; 𝑞Tv and 𝑞hv are the thermal
and isothermal water vapor fluxes (m s−1), respectively; 𝑇 is
the soil temperature (∘C); ℎ is the pressure head (m); 𝐷TL
(m2 K−1 s−1) and 𝐾 (m s−1) are the thermal and isothermal
hydraulic conductivities for liquid phase fluxes, respectively;
and 𝐷Tv (m2 K−1 s−1) and 𝐷hv (m s−1) are the thermal
and isothermal hydraulic conductivities for water vapor
fluxes, respectively. The hydraulic conductivities and related
parameters are summarized in Table 1. Combining (1) to (3),
the governing liquid water and water vapor equation can
expressed as

𝜕 (𝜃L + 𝜃v)𝜕𝑡
= 𝜕𝜕𝑧 [𝐷TL

𝜕𝑇𝜕𝑧 + 𝐾𝜕ℎ𝜕𝑧 + 𝐷Tv
𝜕𝑇𝜕𝑧 + 𝐷hv

𝜕ℎ𝜕𝑧 + 𝐾] .
(4)
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Table 1: Hydraulic conductivities for liquid-water and water vapor flux and related parameters.

Hydraulic conductivity Parameter Expression/constant

𝐾 = 𝐾s𝑆e 𝑙 [1 − (1 − 𝑆e1/𝑚)𝑚]2
Pore connectivity coefficient 𝑙 = 0.5

Gain factor 𝐺wT = 7
Surface tension of soil water, g s−2 𝛾 = 75.6 − 0.1425𝑇 − 2.38 × 10−4𝑇2
Surface tension at 25∘C, g s−2 𝛾0 = 71.89

𝐷TL = 𝐾(ℎ𝐺wT
1𝛾0
𝜕𝛾𝜕𝑇)

Vapor diffusivity in soil, m2 s−1 𝐷 = 𝐷aΩ𝜃air
Tortuosity factor in gaseous phase Ω = 𝜃air2/3
Vapor diffusivity in air, m2 s−1 𝐷a = 2.12 × 10−5 ((𝑇 + 273.15)273.15 )

𝐷Tv = 𝐷𝜌L 𝜂 [𝐻r
𝑑𝜌sv𝑑𝑇 + 𝜌sv 𝑑𝐻r𝑑𝑇 ]

Density of liquid water, kgm−3 𝜌L = 1000 − 7.3 × 10−3 (𝑇 − 4)2 + 3.79 × 10−5(𝑇 − 4)3
Saturation vapor density, kgm−3 𝜌sv = 10−3 × exp(19.84 − 4975.9(𝑇 + 273.15))
Relative humidity of soil surface 𝐻r = exp( ℎ𝑀𝑔𝑅 (𝑇 + 273.15))

Molecular weight of water, kgmol−1 𝑀 = 0.01805
Gravitation acceleration, m s−2 𝑔 = 9.81

Universal gas constant, Jmol−1 K−1 𝑅 = 8.314
𝐷hv = 𝐷𝜌L𝐻r

𝑀𝑔𝑅𝑇 𝜌sv Enhancement factor 𝜂 = 9.5 + 3𝜃L𝜃s − 8.5 exp{{{
−[(1 + 2.6/√𝑓𝑐) 𝜃L𝜃s ]

4}}}
Mass fraction of clay 0.02

Table 2: Soil hydraulic properties used in numerical simulations.

Sample 𝜃r (m3m−3) 𝜃s (m3m−3) 𝛼 (cm−1) 𝑛 𝐾s (cmd−1)
silt 0.034 0.46 0.016 1.37 6

The van Genuchtenmodel which described the soil water
retention relation was used for the silt [18]:

𝜃L = 𝜃r + (𝜃s − 𝜃r) [1 + |𝛼ℎ|𝑛]−𝑚 , (5)

where 𝜃s is the saturated water content (m3m−3), 𝜃r is the
residual water content (m3m−3), and 𝛼 (m−1), 𝑛, and 𝑚 (=1 − 1/𝑛) are empirical shape parameters. The parameters
employed for the soil are shown in Table 2.

2.2. Heat Transport Equations. The governing equation for
the one-dimensional movement of energy in a variably
saturated vadose zone is given by [19]

𝜕𝑆h𝜕𝑡 = −𝜕𝑞h𝜕𝑧 , (6)

where 𝑆h is the storage of heat in the soil (Jm−3) and 𝑞h is the
total soil heat flux density (Jm−2 s−1). The storage of heat 𝑆h
(Jm−3) in the soil is

𝑆h = 𝐶s (𝑇 − 𝑇r) 𝜃𝑛 + 𝐶v (𝑇 − 𝑇r) 𝜃v + 𝐶w (𝑇 − 𝑇r) 𝜃L
+ 𝐿0𝜃v, (7)

where 𝐶s (= 1.92MJm−3 K−1) 𝐶w (= 4.18MJm−3 K−1) and𝐶v (= 1.8MJm−3 K−1) are the volumetric heat capacities of
dry soil particles, liquid water, and water vapor, respectively;

𝑇r is the reference temperature (∘C); and 𝜃𝑛 is the volumetric
fraction of solid phase (m3m−3). The soil heat flux density𝑞h (Jm−2 s−1), accounting for the sensible heat of the conduc-
tion, sensible heat by the convection of liquid water andwater
vapor, and latent heat by vapor flow, can be described as

𝑞h = −𝜆𝜕𝑇𝜕𝑧 + 𝐶v (𝑇 − 𝑇r) 𝑞v + 𝐶w (𝑇 − 𝑇r) 𝑞L + 𝐿0𝑞v, (8)

where 𝜆 is the apparent soil thermal conductivity
(Wm−1 K−1) described by [20]

𝜆 = 𝑏1 + 𝑏2𝜃L + 𝑏3 (𝜃L)0.5 , (9)

where 𝑏1, 𝑏2, and 𝑏3 are empirical parameters (Wm−1 K−1)
(for silt: 𝑏1 = 0.243, 𝑏2 = 0.393, and 𝑏3 = 1.534); 𝐿0 (=𝜌L ∗ (2.501 × 106 − 2369.2𝑇)) is the volumetric latent heat
of vaporization of water (Jm−3). Combining the continuity
equation with (6) to (8) produces the governing equation for
the movement of energy in soils:

𝐶p
𝜕𝑇𝜕𝑡 + 𝐿0 𝜕𝜃v𝜕𝑡 + 𝐶v (𝑇 − 𝑇r) 𝜕𝜃v𝜕𝑡 + 𝐶w (𝑇 − 𝑇r) 𝜕𝜃L𝜕𝑡
= 𝜕𝜕𝑧 (𝜆𝜕𝑇𝜕𝑧 ) − 𝐶v

𝜕𝑇𝑞v𝜕𝑧 − 𝐶w
𝜕𝑇𝑞L𝜕𝑧 − 𝐿0 𝜕𝑞v𝜕𝑧 ,

(10)

where 𝐶p (= 𝐶s𝜃𝑛 + 𝐶v𝜃v + 𝐶w𝜃L) represents the volumetric
heat capacity of the moist soil (Jm−3K), and the contribution
of air to 𝐶p is considered negligible.

2.3. Surface Water and Energy Boundaries. Surface precip-
itation, evaporation, and heat fluxes are used as boundary
conditions for liquid water and water vapor flow and heat
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transport in field soils. Surface boundary conditions for the
water and energy equations are, respectively, given by [21, 22]

𝑞L (0, 𝑡) + 𝑞v (0, 𝑡) = 𝐸 (11)

𝑅n − 𝐻 − 𝐿𝐸 − 𝐺 = 0, (12)

where 𝑞L(0, 𝑡) and 𝑞v(0, 𝑡) are liquid water and water vapor
fluxes through the soil surface, respectively, 𝐸 is the evapora-
tion rate (m s−1) from the soil, 𝑅n is net radiation (Wm−2),𝐻 is the sensible heat flux density (Wm−2), 𝐿𝐸 is the latent
heat flux density (Wm−2), 𝐿 is the latent heat (J kg−1), and 𝐺
is the surface heat flux density (Wm−2). While 𝑅n and 𝐺 are
positive downward,𝐻 and 𝐿𝐸 are positive upward [19]. 𝑅n is
defined as

𝑅n = 𝑅ns + 𝑅nl = (1 − 𝑎) 𝑆t + 𝜀s𝜎 (𝜀a𝑇4a − 𝑇4s ) , (13)

where 𝑅ns and 𝑅nl are net shortwave and longwave radia-
tions (Wm−2), respectively, 𝑎 is soil albedo (unitless), 𝑆t is
incoming (global) shortwave solar radiation (Wm−2), 𝜎 is
the Stefan Boltzmann constant (5.6704 × 10−8Wm−2 K−4), 𝜀s
is soil longwave emissivity (unitless), and 𝜀a is the effective
atmospheric emissivity (unitless). The sensible heat flux can
be defined as [23]

𝐻 = 𝐶a
𝑇s − 𝑇a𝑟h , (14)

where 𝐶a is the volumetric heat capacity of air
(1200 Jm−3 K−1), 𝑇s and 𝑇a are temperature (∘C) of
the soil surface and the air, respectively, and 𝑟h is the
aerodynamic resistance to heat transfer (sm−1). The soil
surface evaporation rate can be calculated from the difference
between the water vapor densities of the air, 𝜌va (kgm−3),
and the soil surface 𝜌vs (kgm−3):

𝐸 = 𝜌vs − 𝜌va𝑟v + 𝑟s , (15)

where 𝑟v is the aerodynamic resistance to water vapor flow
(sm−1) and 𝑟s is the soil surface resistance to water vapor flow
that acts as an additional resistance along with the aerody-
namic resistance (sm−1). 𝑟v and 𝑟h can be defined as [24]

𝑟v = 𝑟h = 1𝑢𝑘2 [ln(𝑧ref − 𝑑 + 𝑧h𝑧oh ) + 𝜓h]
⋅ [ln(𝑧ref − 𝑑 + 𝑧m𝑧om ) + 𝜓m] ,

(16)

where 𝑢 is wind speed (m s−1), 𝑘 is von Karman constant
(which has a value of 0.41), 𝑑 is the zero plane displacement
(m), 𝑧h and 𝑧m are the height of temperature and wind speed
measurement (m), respectively, 𝑧oh and 𝑧om are the surface
roughness length for heat flux and momentum flux (m),
respectively, and 𝜓h and 𝜓m are the atmospheric stability
correction factors for heat flux and momentum flux (—),
respectively. And 𝑟s can be expressed as [25, 26]

𝑟s = 10 exp (35.63 (0.15 − 𝜃top)) , (17)

where 𝜃top is the surface water content (m3m−3). Details on
these variables also can be found in Saito et al. [19, 27].
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Figure 1: Diurnal variations of air temperature𝑇a, relative humidity𝐻r, and incoming shortwave solar radiation 𝑆t.

2.4. Numerical Modeling Procedure. The soil profile used in
this simulation was considered a 50-cm deep silt horizon.
The simulated period lasted for 21 days including a day with
a 2-cm daily rainfall following a 20-d soil drying process
under clear sky conditions. Boundary conditions at the soil
surface for liquid water, water vapor, and heat transport
were determined from the surface water and energy balance
equations described above. The soil surface was imposed
to the field-like atmospheric forcing condition. Thus, the
diurnally varying air temperature and air relative humidity
could be determined by trigonometric functions with a
period of 24 h [4]:

𝑇a = 𝑇max + 𝑇min2 + 𝑇max − 𝑇min2 ⋅ cos [2𝜋 (𝑡 − 1324 )] (18)

𝐻r = 𝐻r + 𝐻rmax − 𝐻rmin2 ⋅ cos [2𝜋 (𝑡 − 124 )] , (19)

where 𝑇max and 𝑇min are the maximum and minimum air
temperatures, respectively, and 𝐻r, 𝐻rmax, and 𝐻rmin are
the average, maximum, and minimum air relative humidity,
respectively. The incoming shortwave solar radiation, 𝑆t, at
any given time can be calculated as follows [19]:

𝑆t = 𝑓 ×max {𝑆dt [sin𝜑 sin𝜎
+ cos𝜑 cos𝜎 cos 2𝜋 (𝑡 − 12)] , 0} , (20)

where 𝑆dt is the daily solar radiation (Wm−2), 𝜑 is the site
latitude (rad), and 𝜎 is the solar declination (rad); 𝑓 is used
to adjust the daily summation of 𝑆t equal to 𝑆dt . In this study,
we assumed 𝑇max = 30∘C and 𝑇max = 20∘C, 𝐻r = 30%, 𝑢 =1.2ms−1, and 𝑆dt = 230Wm−2 for all the days. Figure 1 shows
the diurnal variations of 𝑇a, 𝐻r, and 𝑆t for a period of 24 h.

Zero pressure head (free drainage) and temperature
gradients were used as the bottomboundary conditions of the
soil domain. These conditions assume that the water table is
located far below the domain of interest and that heat transfer
across the lower boundary occurs only by convection of liquid
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Figure 2: The liquid water (red solid line), water vapor (red dashed line) water fluxes, and the total flux (black solid line) at the soil surface.
The left vertical dashed lines represent timing point of shift of evaporation process from stages 1 and 2, and periods between the two dashed
line indicate the transient stage of evaporation process (same below).

water and water vapor. The initial temperature of 25∘C and
uniform water content of 0.2m3m−3 were applied to the soil.

The variably saturated water flow and heat transport
equations as well as the surface energy and water balances
were solved numerically usingHYDURUS-1D software pack-
age. The 50-cm long soil profile for simulation was divided
into 500 elements, with themesh thickness increasing linearly
from 0.03 cm at the soil surface to 0.27 cm at the bottom of
the soil domain. The time step was allowed to vary between
the initial and maximum time steps of 1 × 10−5 and 0.01 day,
respectively.

3. Results and Discussion

During soil drying after a rainfall or irrigation event, the soil
continues to dry with the surface water loss by evaporation.
This process also affects or is accompanied by changes in the
water content, soil temperature, surface energy balance, and
soil water balance. In the following sections, the soil water
evaporation stages are divided and variables associated with
evaporation are discussed at different stages.

3.1. Soil Water Evaporation (Drying) Process. As shown in
(11), the evaporation rate 𝐸 (equals the total water flux at
the soil surface), actually could be expressed as the sum
of surface liquid and vapor water fluxes. Figure 2 presents
diurnal variations of the two components of actual surface
evaporation rate 𝐸. The surface liquid water flux 𝑞L(0, 𝑡)
indicates vaporization of water occurring at the soil surface as
long as its values are larger than 0, while the positive surface
water vapor flux 𝑞v(0, 𝑡) indicates that water vaporized within
the subsurface and its negative values represent that some
water vapor was moving downward from the soil surface
to deeper profiles. As shown in Figure 2(a), 𝑞L(0, 𝑡) totally
dominated 𝐸 until about the noon of day 5, indicating that
evaporation was occurring at the soil surface. During this
period, the soil was wet enough to supply water to accomplish
vaporization of water, and soil evaporation was limited only

by the supply of energy. This could also be determined from
Figure 3 which shows that the actual evaporation rate 𝐸
equals to the potential evaporation rate during this period.𝑞v(0, 𝑡) < 0 (Figure 2(b)) is observed around the noon for
some days, suggesting that some water vapor produced at
the soil surface was moving downward driven by the large
downward temperature gradient at noon. Between days 5 and
8 𝑞L(0, 𝑡)was the dominant source early in the day and 𝑞v(0, 𝑡)
took over for the rest of the day with some overlap where
both 𝑞L(0, 𝑡) and 𝑞v(0, 𝑡) occurred simultaneously. During
this period, the actual evaporation rate became less than
the potential one (Figure 3) during afternoons. Beginning
on day 9 values of 𝑞L(0, 𝑡) were close zero for the all days,
and 𝑞v(0, 𝑡) became the dominant source of evaporation 𝐸
(Figure 3), suggesting that vaporization of water occurred in
the subsurface at most time of the day during this period. It
is also notable that a very small negative 𝑞L(0, 𝑡) occurred
around late afternoon after day 8, which resulted from the
condensation of water vapor at the soil surface or in air when
atmospheric evaporation demand decreased. From day 9 on,𝐸/𝐸0 presented negative values around the noon, which was
caused by the negative 𝑞v(0, 𝑡) during the same period in the
result of the downward temperature gradient. In this case, 𝐸
actually does not represent the rate of evaporation from the
soil but indicates that the flux at the soil surface is moving
towards deeper layers as the form of water vapor.

Thus, based on these results, the stages of evaporation
process for the silt soil could be reasonably determined. Stage
1 evaporation was maintained from day 1 to the noon of day
5, indicated by 𝐸/𝐸0 = 1. Thereafter, stage 2 was maintained
until the end of this numerical experiment, with a period as a
transient stage in which the shift between 𝑞L(0, 𝑡) and 𝑞v(0, 𝑡)
occurred alternately every day (from days 5 to 8). Stage 2
was also referred as falling rate stage evaporation because
during this stage the actual evaporation rate 𝐸 fell below
the potential evaporation rate 𝐸0. There was no clear limit
between stage 2 and stage 3 evaporation according to data
shown in Figures 2 and 3. The so-called stage 3 evaporation,
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Figure 3: The temporal variation of ratio of actual evaporation rate
(𝐸) and potential (𝐸0) rate 𝐸/𝐸0 during the simulation period.
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Figure 4: Simulated temporal variations of soil water contents at
depths of 0, 2.5, and 5 cm during the soil drying after a rainfall event.

which was characteristic of the low and constant evaporation
rate, was not considered to be very important and often
merged into stage 2.

3.2. Soil Water Content and Temperature. Figure 4 presents
temporal changes in the volumetric soil water contents at
selected depths near the soil surface during a 20-d drying
period immediately following a rain event before day 1 (i.e.,
at day 0). Soil water redistribution and soil drying began at
day 1. Water contents near the soil surface decreased rapidly
for the first few days, caused by gravity drainage and evapo-
ration imposed by the hot and dry atmospheric conditions
(Figure 1). The extent of water loss in the profile declined
with depth, with more pronounced decrease occurring at the
soil surface (0 cm) where the water content had a significant
decrease from the maximum value of 0.43m3m−3 at the
beginning of day 1 to the minimum value of 0.046m3m−3
at the noon of days 5 to 20 during stage 2. It is also notable
that the water content near the soil surface (e.g., at 0 and
2.5 cm depths) displayed a distinct diurnal pattern, with it
decreasing from latemorning through the afternoon and then
increasing from afternoon to late morning on the following
day. This pattern during evaporation process was consistent
with the findings from a number of field measurements
[14, 28–31]. This diurnal pattern for surface water content

Table 3: Maximum and minimum values of soil water content and
the corresponding time points.

Day Min (m3m−3) Day Max (m3m−3)
1.6 0.247 1.0 0.43
2.6 0.112 2.2 0.30
3.6 0.058 3.3 0.23
4.6 0.047 4.3 0.15
5.5 0.046 5.3 0.09
6.5 0.046 6.3 0.07
7.5 0.046 7.3 0.07
8.5 0.046 8.2 0.06
9.5 0.046 9.2 0.06
10.5 0.046 10.2 0.06
11.5 0.046 11.2 0.06
12.5 0.046 12.2 0.06
13.5 0.046 13.2 0.06
14.5 0.046 14.2 0.06
15.5 0.046 15.2 0.06
16.5 0.046 16.2 0.06
17.5 0.046 17.2 0.06
18.5 0.046 18.2 0.06
19.5 0.046 19.2 0.06
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Figure 5: Simulated temporal variations of air temperature and soil
temperatures at depths of 0, 2.5, and 5 cm during the soil drying.

derived from evaporation during daytime and subsequent
soil rewetting during nighttime. The consistency between
simulated patterns of soil water content in this study and
observations in the field conditions supports the reliability of
our models on reproducing the evaporative drying process
of soils. The amplitude of diurnal pattern decreased with
depth, with presenting a small fluctuation at 2.5 cm and no
apparent trace for the deeper soil layer, for example, at 5 cm.
After day 8, this diurnal pattern of soil water content at the
soil surface maintained the same amplitude and magnitude,
with maximum values of surface water content maintained at
the same value of 0.06m3m−3 and the maximum values of
surface temperature at around 44.5∘C (Table 3).

Figure 5 is the same as Figure 4 but for temporal changes
in soil temperatures during the simulation period. It is clear
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Figure 6: Simulated diurnal variations in surface energy balance components (namely, shortwave radiation, long radiation, net radiation,
sensible heat flux, latent heat flux, and surface heat flux) during a 20-day drying period following a rainfall event.

that the soil temperatures at three depths all display a typical
diurnal sinusoidal pattern over all the days, with itsmaximum
temperatures occurring around noon (e.g., at 1 pm at 0 cm)
and its minimum temperatures occurring just before the
sunrise. In the early few days, the relatively uniform and
large water content near the soil surface resulted in the
uniform and large soil heat capacity (remember that soil
heat capacity varies only as function of water content in
soil). This resulted in a relatively uniform soil temperature
profile for this period, with the daily temperaturemagnitudes
and amplitudes being a little different between the three
depths. On the other hand, the initially wet soil condi-
tions combined with high-radiation atmospheric conditions
caused a large amount of vaporization of water near the
soil surface, causing more incoming solar radiation to be
applied to accomplish vaporization rather than heating the
soil. These effects caused relatively lower daily temperature
magnitudes and amplitudes for the first few days. With the
soil drying, both minimum and maximum temperatures in
the shallow profile were increasing from day 1 to about day 8
(Table 4) during the first and transient stages since less and
less incoming radiation energy was used for evaporation and
a growing residual energy was applied to heat this soil during
this period. The diurnal amplitude of soil temperature was
also increasing during this period resulting from increase in
the nonuniformity of soil heat properties in response to an
increasing difference between soil water content values at the
three depths for the corresponding period (Figure 4). The
minimum and maximum temperatures reached around 19
and 44∘C at the noon of day 8, respectively, showing larger
diurnal temperature difference in the soil surface (23∘C)
than in air (10∘C). Because of attenuation of the heat energy
transported from the soil surface, the daily amplitudes of
the soil temperature fluctuation also decreased with depth.
The diurnal variation of temperature presented the similar
magnitude and amplitude after day 8 (Table 4), which also
may indicate a timing at which the transient stage was over.

Table 4: Maximum and minimum values of soil temperature and
the corresponding time points.

Day Min (∘C) Day Max (∘C)
1.0 12.5 1.5 33.2
2.2 16.1 2.5 33.0
3.2 16.3 3.6 34.9
4.2 16.9 4.6 39.1
5.2 17.5 5.5 41.8
6.2 18.0 6.5 43.0
7.2 18.4 7.5 43.6
8.2 18.6 8.5 44.0
9.2 18.8 9.5 44.3
10.2 18.9 10.5 44.5
11.2 19.0 11.5 44.6
12.2 19.1 12.5 44.6
13.2 19.1 13.5 44.7
14.2 19.2 14.5 44.8
15.2 19.2 15.5 44.8
16.2 19.2 16.5 44.9
17.2 19.2 17.5 44.9
18.2 19.2 18.5 44.9
19.2 19.2 19.5 44.9

3.3. Surface Energy Balance Components. Simulated diurnal
variations of surface energy balance components are depicted
in Figure 6. 𝑅n and its two components (𝑅ns and 𝑅nl in
(12)) all reached maximum values at noon and both 𝑅n and𝑅nl had minimum values just before the sunrise, with 𝑅ns
being values of 0 during nights. 𝑅ns dominated 𝑅n during
daytime and𝑅nl dominated it during nighttime.Net radiation𝑅n and shortwave 𝑅ns presented larger amplitudes for the
first few days when the soil was relatively wet as compared
than those for the rest of days. The relatively higher soil
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Figure 7: Diurnal maximum values of surface energy balance components depicted in Figure 4 (for 𝑅ns and 𝐿𝐸, negative diurnal maximum
values are demonstrated).

moisture at the soil surface before about day 5 caused a lower
soil albedo 𝑎 (it had a negative relation with the surface
water content in (12)); this, in turn, resulted in a smaller
reflection of shortwave radiation which caused the higher
shortwave 𝑅ns and net radiations 𝑅n. With the drying of the
soil, the amplitudes in 𝑅ns were decreasing until day 4 after
which they remained constant (changes in amplitudes are
indicated in Figure 7 which shows diurnal maximum values
of surface energy balance components) when diurnal changes
of the surface water content and its corresponding soil albedo
were kept constant for the remaining days (Figure 4). The
longwave radiation 𝑅nl presented increasing amplitude with
the increasing soil surface temperature at 1 and transient
stages and then approached approximately constant value for
the rest of days. 𝑅nl was always downward (negative values),
suggesting it would decrease the soil temperature by emitting
the surface energy into the atmosphere. Net radiation 𝑅n
presented a rapid decrease amplitude at stage 1 and a slow
decrease one at the transient stage and then kept a relative
constant maximum value for the rest time (Figure 7).

The net radiation flux at the soil surface must accomplish
the partitioning between the latent heat, sensible heat, and
ground surface heat fluxes (11), depending on the hydraulic
and thermal properties of the near-surface zone. The latent
heat flux 𝐿𝐸 was typically high during the early few days
when the soil was very moist and there was adequate water
in the soil to maintain the high evaporation rate. As shown in
Figure 7, the maximum value of 𝐿𝐸 approached 316Wm−2
at the noon of day 1, which accounted for 68% of the net
radiation 𝑅n at same time. 𝐿𝐸 decreased rapidly with the
deceasing soil moisture at stage 1 and presented a very slow
decrease at stage 2 (Figure 7). The maximum value of 𝐿𝐸
approached 55Wm−2 at the noon of day 5, which accounted
for only 16% of 𝑅n at same time, and with a constant ration
of 𝐿𝐸 to 𝑅n being 12% at the last six days when the water
stored in surface layer was depleted. The sensible heat flux𝐻, which was more related to the changes of surface soil
temperature than the surface moisture, showed an inverse
trend with 𝐿𝐸 and increased from very small values during
the first two days to a relatively high and constant amplitude
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Figure 8: Temporal changes in the accumulation infiltration (solid
line) and evaporation (dashed line) as well as the net water storage
during the simulation period.

after day 8. The ground heat flux 𝐺 did not present a distinct
variation trend with the changes in the soil moisture or soil
temperature during stage 1 and transient stage (Figure 7).
That was because 𝐺 was controlled by both the temperature
gradient and moisture-dependent thermal conductivity 𝜆 of
the soil, both of which had a positive relationship with the
value of 𝐺. Thus, 𝐺 reached its lowest value at the noon of
day 3 when there were relatively lower values of both soil
surface moisture and temperature and a highest value at the
noon of day 6when there were relatively higher values of both
soil surface moisture and temperature. G presented a slow
decreasing value after transient stage.

3.4. Soil Water Balance. In this section, variations of soil
water balance during the drying process were analyzed to
provide an additional way to improve the understanding of
the soil water evaporation process. Calculated cumulative
infiltration, cumulative evaporation, and change in the net
water storage for the whole soil profile during the simulation
period are shown in Figure 8. The net water storage change
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Figure 9:The spatiotemporal evolutions of (a) water content, (b) water vapor flux, (c) liquid water flux, and (d) evaporation zone during the
drying period.

was obtained by subtracting the initial water storage value
within the 50-cm profile from the water storage values for
every node time. Because there was no runoff on the land
and no water flowed out from the lower boundary of the
soil domain from the result of this simulation, the infiltration
water would be totally changed to the storage of water in the
soil profile.Therefore, the change in thewater storagewas due
only to the water loss of evaporation from the soil, namely,
the water loss in the soil should be equal to the amount of
evaporation. Clearly, the water infiltration process began on
the rain day (not shown in Figure 8) during which there was a
2-cm precipitation. When this rainfall process terminated at
0 hour of day 1, the amount of cumulative infiltration reached
1.84 cm, which all were contributed to the increased amount
of water storage in the profile indicated by the equal values
between the cumulative infiltration and net water storage at 0
hour on day 1. At the same time, the cumulative evaporation
was equal to 0 before the sunrise. The significant evaporation
began before the noon of day 1 and then kept rapidly
increasing during each afternoon period until around day
6, which was accompanied by the rapid decrease in the net
water storage. At stage 1, it was clearly found that the shapes
of “step” on the evaporation or net water storage curves were
seen in Figure 8.This step indicated that the evaporation pro-
cess concentrated on a certain period at each day (e.g., from 10
to 17 hours on day 2) under atmospheric demand conditions,
with the little evaporation occurring at the rest of the day.
After day 5, cumulated evaporation also kept increasing but
with a relatively slow rate until the end of this simulation.

It is notable that the cumulated infiltration had a small
increase from about the day 8 when the transient stage of

evaporation terminated.Thismay be surprising because there
was no extra rainfall event to induce the infiltration during
these days. Actually, this part of increase in infiltration was
due to the condensation of water vapor in atmosphere or at
the soil surface. This process occurs when the near-surface
soil is extremely dry so that the air humidity exceeds the soil
pore humidity and then the water vapor in the atmosphere
will diffuse towards soil surface according to Fick’ law
and condense there or within the soil. The amount of the
increased infiltration due to condensationwas about 0.148 cm
until the end of day 20. This process may be a relatively
important water production mechanism in semiarid or arid
regions, especially in the desert areas.

3.5. DSL and Evaporation Zone. Once the surface moisture
was depleted (i.e., the surfacewater content dropped too close
to the critical value), the soil came in equilibrium with the
overlying air and became approximately air-dry.This resulted
in formation ofDSL at the end of stage 1 evaporation. Figure 9
presents the spatiotemporal evolutions of water content,
water vapor flux, and liquid water flux in the near-surface
zone (the upper 2-cm profile) during the drying period,
through which we could find the structure of DSL and its
diurnal changes with the soil drying. As shown in Figure 9(a),
the critical water content (the minimum value of water
content under the drying condition) was about 0.05m3m−3,
which was also inferred from the temporal change in the
water content at 0 cm in Figure 4. There was a distinct line
which divided the plot of water content into two zones during
the transition and stage 2 evaporation, with the upper zone
being the DSL and the lower zone remaining wetter.
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We also could infer the evolution information of the DSL
from the diurnal dynamics of vapor and liquid fluxes in the
profile; based on thatwater vapor flux dominated theDSL and
liquid water flux dominated the layer below the evaporation
zone. As shown in Figures 9(b) and 9(c), within the DSL,
the liquid water flux was approximately the zero value, while
the water vapor flux had a sharp increase within the DSL
during daytime hours. From Figures 9(a)–9(c), it was found
the distribution of the DSL presented the diurnal pattern,
with it being at deeper profiles during daytime hours and
shallower profiles during nighttime hours. With the drying
of soil, the width of DSL became larger and finally reached a
value of about 1.2 cm at the end of simulation.

It was also interesting to know the shape and width of
the evaporation zone, in which the liquid water changed to
the water vapor. This could be found from Figure 9(d), in
which the distribution of phase change rate was presented.
The phase change rate 𝑒 was calculated from the following
expression [4]:

𝑒 = (𝜕𝑞v𝜕𝑧 + 𝜕𝜃v𝜕𝑡 ) ∗ 𝑑𝑧, (21)

where dz was the node distance in the numerical simulation.
As depicted in this figure, the evaporation zone also displays a
diurnal fluctuation with its distribution being more apparent
during day time. With the progression of drying, the evapo-
ration zone moved deeper in the soil and its width became
narrower.

4. Conclusions

In this paper, we conducted a numerical simulation on the
continuously evaporative drying process with 20-d clear sky
conditions immediately following a 2-cm rainfall using the
HYDRUS-1D software package. Our simulations provided
a range of soil conditions from very wet after rainfall to
thorough dry. Various stages of evaporation process could be
determined form results of simulation. At stage 1, the actual
evaporation rate was same as the potential evaporation rate
before the noon of day 5 during which the liquid water flux
at the soil surface was the sole source of evaporation. During
the transient stage between days 6 and 9, the evaporation of
the soil came from both the liquid water and vapor fluxes at
the soil surface accompanying the ratio of actual to potential
evaporation rates 𝐸/𝐸0 less than 1. And after day 9, the water
vapor flux became the dominant source of evaporation for
stage 2. There was a distinct rewetting of soils during the soil
cooling period at stage 2, either because of the liquid water
moving upwards from below or condensation of water vapor
from the atmosphere. When the soil moisture was depleted,
the location of evaporation zone moved into the subsurface
and DSL formed immediately above the evaporation zone.
Both the DSL and evaporation zone displayed a diurnal pat-
tern during the transition and stage 2 evaporation.The width
of DSL became wider with the progressive drying of the soil,
while the width of evaporation zone behaved in the inverse
trend. The corresponding changes in the soil moisture, soil
temperature, surface energy balance, and soil water balance
during different stages of evaporation were fully discussed in

this paper, which, in turn, may be as some indicators for the
division of stages for the evaporation process.
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Detailed vertical profiles of Cl− in porewaters through the aquitard-aquifer system were used to yield solute transport mechanism
and build a conceptual model regarding evolution processes and transport time of natural tracer migration in North Jiangsu coastal
plain, China. One-dimensional vertical simulated models of Cl− profiles illustrate that diffusion appeared to be the dominant
solute transport mechanism in the aquitard-aquifer system. A downward groundwater flow did not improve the fitness between
simulated and measured values. Several simulated models were constructed and suggested that the evolution of the Cl− profiles
is mainly ascribed to the introduction of seawater and freshwater of transgression-regression to the first confined aquifer and the
upper boundary. Groundwater in the first confined aquifer recharged by the Late Pleistocene glacial meltwater (25–15 ka BP) was
supported in response to the low Cl− concentrations. The shallow groundwater in the first confined aquifer and porewater with
high salt were attributable to the Holocene seawater intrusion. These timeframes were also consistent favorably with the results of
previous studies into the palaeohydrology of the study area.

1. Introduction

Aquitards frequently seem to have the ability to contain high
salinity relative to aquifers [1, 2]. Many researches have been
conducted on the thicker, nonfractured clay-rich and shale
units with the bulk hydraulic conductivity (K) below 1 ×
10–10m/s [3–6]. Under such conditions, solute transport in
the aquitards is demonstrated to be dominated by molecular
diffusion [7, 8].

Shaw and Hendry [9] suggest that the thickness of clay-
rich aquitard was requested to be >60m in order to avoid the
occurrence of the initial interferences among the advective-
diffusive solute profiles. However, the water-bearing units
(aquifers or sand streaks) with various thicknesses were
often interspersedwithin aquitards [6, 10–12] and particularly
marked in the late Quaternary sediments of coastal plains

in China due to the transgression-regression effect [13].
Critically, these occurrences could cause perturbations in
transport paths and partial advection solute transport in
porewater profiles and lead to problems with the inter-
pretation of the palaeohydrogeological information [12].
Despite the potential for significant advective migration
during tracer profiles, diffusion was determined as the pure
transport mechanism controlling solute transport in the
aquitard-aquifer system based on the researches of Kuang
et al. [14, 15]. Geochemical tracers were used to define and
constrain long-term transport mechanisms and preserve a
historical record of the major palaeohydrologic events at the
aquitard scale [6, 10–12, 16]. Although solute transport in the
aquitards had been conducted inmany studies, the porewater
transport mechanism and processes in clay-rich aquitards
interspersed with the cooccurrence of multiple aquifers
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Figure 1: (a) Location map of the research area and (b) various shorelines of different time in the study area (modified after Liu et al. [22]).

of coastal area need more studies to support and further
confirm.

North Jiangsu coastal plain (NJCP) is located in the east-
ern part of China, adjacent to the south Yellow Sea (Figure 1).
This study area belongs to the part of the new Silk Road,
where groundwater resource plays a pivotal role in promoting
social and economic development. However, groundwater in
this region has been mostly seriously affected by seawater
intrusion because of the Quaternary transgressions [17, 18].
To ensure the sustainable development of the new Silk Road,
the management of the groundwater resource should be
given considerable attention. Most of the previous studies
in this area have focused on the detailed investigation of
the change and evolution of regional groundwater quality
[19, 20]. Additionally, saline groundwater in the aquitards
and aquifers has been studied to investigate the hydrogeo-
chemical characteristics and chemical evolution processes
[21]. Nevertheless, an understanding of the saline transport
mechanism and processes in the aquitard-aquifer system is
still very limited in such coastal areas.

The aim of this work is to investigate the solute trans-
port mechanism and evolution processes in the aquitard-
aquifer system and provide additional palaeohydrogeologic
information using Cl− concentration vertical profiles. The
specific objectives of this study are to (1) obtain the effective
diffusion coefficients (𝐷𝑒) and 𝐾 of the studied vertical
deposition profiles on the basis of laboratory experiments, (2)
apply 1D vertical transport model of the Cl− profiles to gain
insight into the dominant solute transport mechanism in the

aquitard-aquifer system, and (3) explore a more detailed syn-
thesis of the time of paleohydrologic and formative geologic
events for tracer profiles in the aquitard-aquifer system.

2. General Description of the Field Site

2.1. Hydrogeological Setting. The current study is conducted
on the Late Pleistocene and Holocene clay-rich deposits in
NJCP, a part of China’s Eastern Plain (Figure 1). The NJCP
has a continental and maritime climate and the average
annual temperature of 13–16∘C. Annual precipitation aver-
aged approximately 800–1,200mm and nearly 30–60% of the
annual precipitation falls between June and September [25].
The annual evaporation is about 900–1,050mm.

The depositional facies of the deposits change from west
to east, progressing from alluvium to proluvial sediments and
then marine sediments on the coastal plain, mainly because
of the development of the Huai River, the Yellow River, and
the sea level change [23, 26, 27]. A gradual and vertical
Quaternary sediment shift is observable from the single
continental alluvial to the transitional sediments between
land and marine facies [17, 18]. The depositional facies of the
research area can be classified into three groups: continental
facies, marine facies, and transitional facies. Quaternary
continental facies mainly refer to fluvial alluvial facies and
fluvial-lacustrine alluvial facies [17, 18]. Marine facies are
composed of littoral facies and shallow sea facies. Transitional
facies occurred along the coast consist of estuarine, lagoon,
intertidal, and residual seawater zone.
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Themajor aquifer is composed of themultilayered aquifer
groups on the east coast (Figure 2). The phreatic aquifer and
the first, second, and third confined aquifers are recognized
in this study area and composed of Quaternary sediments
with a thickness of 10–50m [19]. These aquifers consist
of sandy gravel, medium-fine sand, and fine sand and are
separated by silt- and clay-dominated aquitards.The aquifers
are characterized by a complex multilayered framework due
to the special geographical position and complex climate
conditions (Figure 2).

The burial depth of the phreatic aquifer and the first
confined aquifer are generally less than 5 and 60m, respec-
tively. Groundwater in the phreatic aquifer and the first
confined aquifer corresponding to the Holocene and the Late
Pleistocene formations is mostly saline with total dissolved
solids (TDS) generally over 3 g/L. Freshwater can be found
in the bottom of the first confined aquifer. The TDSs of
saline water exhibit an increasing trend from the west to
east. Groundwater in these aquifers belongs to Cl-Na water
type, with a small amount of HCO3-Cl-Ca⋅Na type, which
was derived from theHolocene seawater [20] and thenmixed
with the recharge of precipitation and irrigation water. Evap-
oration and exploitation are the main discharge pathways.
Groundwater exploitation is limited due to the high salinity.

The burial depths of the second and third confined
aquifers were usually shallower than 140 and 250m, respec-
tively. Groundwater in the second confined aquifer illustrated
the chemical signature of fresh water and was trapped in
the fluvial deposits during the Middle Pleistocene, which
was possibly recharged during a colder period in the Late
Pleistocene [28]. The third confined aquifer groundwater is
mainly characterized by less saline with TDS below 2.0 g/L,
except some areas in the northeast with TDS values extremely
higher than 2.0 g/L [19, 20].The salinity of some groundwater
in the third aquifer was attributed to the entrapped relict

seawater of the Late Pleistocene. The hydrochemical com-
positions of groundwater in the second and third confined
aquifer are mostly HCO3-Na, HCO3⋅Cl-Na⋅Ca, Cl-Na, and
Cl-Ca⋅Na. Groundwater runoff conditions are poor and the
water circulation is slow gradually, which are current targets
for exploitation and major water resource for local residents.
Groundwater ages in the second and third aquifers were
assumed to be around 30 ka BP on the basis of carbon
isotopic dating (14C) [20, 28]. As a result of the lack of clay
aquitards locally, the leakage recharge from the upper shallow
groundwater is possibly regarded as themain sources for deep
confined groundwater during groundwater exploitation, and
the corresponding discharge is artificial extraction.

2.2. Transgressions and Regressions. It is believed that this
study area has undergone many times of transgressive-
regressive processes since Quaternary [29, 30]. In the early
Middle Pleistocene, climate warming, strong surface runoff,
and enhancement of river erosion caused the deposition of
the clayey sediment interbedded with silt. Subsequently, the
first transgression occurred as a result of sea level rise, and the
range and degree were smaller.

The scope of the two other transgressions in the Late
Pleistocene (Marine Isotope Stage (MIS) 5, about 110–70 ka
BP; MIS 3, about 40–25 ka BP) expanded gradually [31].
These two transgressions corresponded to the depth of
approximately 30–90m in the study region. The shoreline of
the second transgression (MIS 5) reached the above 5–7m
of the modern coastline, and all of the study area suffered
frommarine environment [29].The transgression in the MIS
3 was relatively small, and the deposition environment might
be subaerial exposure [32]. The sea level in MIS 3 seemed
to not reach the location of the modern sea level in the
study area and generally agreed that the coastline was close
to or below 10–20m of the modern shoreline [29]. In other
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words, the sea level regressed from this region with the time
of 70–10 ka BP (MIS 2–4), and the corresponding sediments
probably suffered from weathering denudation [33]. In the
Holocene (MIS 1), the sea level rose rapidly and large-
scale seawater intrusion occurred, resulting in an interactive
marine and terrestrial deposit with a whole transgression-
to-regression succession [22, 34]. It was not until AD 1,128
that the coastline then moved eastward rapidly and seawater
gradually retreated from this region [35].

2.3. Boreholes Description. Two stratigraphic boreholes were
drilled about 10 km apart (Figure 1). The first borehole (SY1)
had a depth of 250m and was located approximately 10 km
west of the southern Yellow Sea shore (33.86∘ N, 120.43∘ E).
In this study, the upper section with the depth of 2–182mwas
conducted.The second borehole had a depth of 120mandwas
located approximately 20 km west of the southern Yellow Sea
shore (33.80∘ N, 120.32∘ E). The stratigraphic columns of the
two boreholeswere presented in Figure 3 reference to the field
logs. 1-2m below ground was considered to be the oxidized
and fractured layer due to the fluctuation of water table, and
the underlying deposits were regarded as unoxidized zone.
There was a lack of downwardwater flow in the oxidized layer
because of its fractured features and discontinuity [36]. The
oxidized layer was outside the range of this study. Although
the two boreholes were very close to each other, the marine

layers have different degrees of inclination toward the sea
because of neotectonic activity [13].

Three transgressive events were confirmed to have
occurred in the study area and were named, from the earliest
to the latest: the Asterorotalia transgression, the False Rotifer
transgression, and theWindingWorms transgression. Species
such as Ammonia annectens, A. beccarii var., and Rosalina
bradyi were found in the surficial aquitard (grey-yellow)
with a depth of 0–19.9m in borehole SY1 and 0–18.9m in
borehole SY2, suggesting that these depths belonged to MIS 1
period. Correspondingly, the occurrence of a large number of
Pseudorotalia schroeteriana indicates the underlying aquitard
at depth of 23.8–33.6m in SY1 and 23.3–54.2m in SY2
formed in MIS 3. Deposits at depth of 41.5–86.5m in SY1
and 61.1–85.6m in SY2 developed during the MIS 5 period
and were attributable to the presence of the warm species
Pseudorotalia indopacifica and Asterorotalia pulchella.

3. Material and Methods

3.1. Borehole Sampling and Analysis. In this study, core sam-
ples were collected from 2 to 182m in borehole SY1 between
January and February 2013 using a rotary drill. Additional
core samples were collected from 10.6m to 120m in borehole
SY2 in December 2014. For these study profiles, subsamples
were taken every 2–5m at the SY1 and SY2 drilling sites. To
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ensure that no drilling fluid contaminated the collected sam-
ples, immediately after retrieval and before packing, the outer
2-3 cm of the samples were removed and discarded. Sample
was packaged in a sealable aluminum barrel (in length of
20 cm and diameter of 8 cm) and sealed with wax, which was
prepared for chemical analysis. Samples were collected on-
site by 10mL glass bottles to extract porewater for stable iso-
topic analysis and were sealed using raw adhesive tape imme-
diately after sampling to prevent fractionation caused by
evaporation. The packaged borehole samples were placed in
coolers (at approximately 4-5∘C) with ice bags in the field for
transport to the School of Environmental Studies of theChina
University of Geoscience, where samples were stored at 4-5∘C
prior to analysis, to minimize the growth of microorganisms.

The high-pressure mechanical squeezer (HPMS) using
nitrogen was employed on the sealed core samples for pore-
water extraction. The HPMS was designed and developed
based on the ex situ squeezing device described in detail by Li
et al. [37]. The application of a pressure-controlled noble gas
to a sample forced porewater to separate from the sediment.
The operational pressure of the HPMS was controlled within
an allowable range of 0–8MPa, with an analytical precision
of 0.2MPa. The outermost 1-2 cm of the prepared core
samples was scraped to discard any materials that could
have been altered by exposure to the atmosphere (oxidation).
Approximately 1,000 g soil samples were conducted to ensure
that enough porewater was provided for analysis. To avoid
overconsolidation or destruction of the clay-pore system, the
applied stress was increased to 8MPa gradually rather than in
a single step. First, a small stress of approximately 1MPa was
initially applied to expelmost of the air in the sample chamber
and to ensure that the samplewas bedded. Second, the applied
stress was increased by 1 MPa every 4-5 hours during the
day. Finally, core samples were compressed and consolidated
under pressure for 3-4 days.Meanwhile, porewater flowed out
from the center hole of the bottom endplate through 0.45 𝜇m
filter paper and was collected in a clean plastic bottle. The
water samples were weighed and filtered through a 0.45 𝜇m
membrane and immediately stored in a refrigerator at 4∘C
before being analyzed.

For stable isotopes analysis, porewater was extracted
from the collected core samples using vacuum distillation,
reducing the influence of air during the porewater collection
process. The final distillation temperature keeps 120∘C for 6-
7 h. All extracted water samples were kept in a refrigerator at
around 4∘C.

Porewater samples of borehole SY1 (𝑛 = 27) and SY2
(𝑛 = 24) were analyzed forCl− andBr− concentration analysis
using ion chromatography (ICS-1100, Dionex, Sunnyvale,
CA, USA) at the School of Environmental Studies, China
University of Geosciences. The analytical precision for Cl−
and Br− concentration was greater than 0.01mg/L.

Stable isotope analysis in borehole SY1 and SY2 was
conducted at the State Key Laboratory of Water Resources
and Hydropower Engineering Science of Wuhan University
and the Laboratory of Geological Survey Institute, China
University of Geosciences in Wuhan, respectively. These
isotope samples of SY1 and SY2 boreholes were analyzed with
mass gas isotopic ratiomass spectrometry (MAT253,Thermo

Fisher Scientific, Waltham, MA, USA, with an analytical
precision of ±0.2‰ and ±2‰, resp.) and a liquid water
isotope analyzer (LGR, IWA–45EP, USA, with an analytical
precision of ±0.1‰ and ±0.5‰, resp.), with values reported
relative to Vienna Standard Mean OceanWater (V–SMOW).

3.2. Laboratory Test

3.2.1. Porosity. The porosities of the soil samples from the
saturated zone were determined. To avoid samples being in
an unsaturated state caused by the release of confining pres-
sure during the sampling process, samples were secondarily
saturated using the vacuum saturationmethod for more than
72 h. The porosity of selected samples was determined using
a cutting ring with a specific volume (119.9 × 10−6m3). Eight
samples from the borehole SY1 and 25 samples from the
borehole SY2 were dried at 105∘C for 48–72 h for analysis of
their total porosities (𝑛𝑇), as shown in Figure 4.

3.2.2. Hydraulic Conductivity. The 𝐾 values of the samples
in the profiles were determined using a laboratory testing
method on undisturbed samples. A laboratory hydraulic
conductivity tester was designed on the basis of a TST-
55 permeameter, consisting of a cutting ring, two porous
plates, a lantern ring, a top cover, a bottom cover, several
screws, and pressure-resistant water supply bottle [38]. An
external vacuum compressor was added to ensure that the 𝐾
of low-permeability clay was measured with high efficiency
(Figure 5). The tester functioned within the operating pres-
sure range of 0–0.6MPa which was controlled with a preci-
sion regulator with an analytical precision of 0.02MPa. The
water flow in the low-permeability samples approximately
followed at a constant pressure head. The external pressure
generated by the air compressor was the most influential
factor controlling water flow in the laboratory experiment.
The change in the water supply bottle level was much lower
than the external pressure head, and its function could be
neglected (verifying test has been done but not present in
this paper). Hydraulic pressure was produced in the water
outlet if water flowed through the samples quickly during
the experimental process, and then drip leakage was allowed
in the test. For high-permeability samples (e.g., sand or silt
deposits), an external vacuum compressor was ineffective,
and the pressure head was provided by the water level
of the supply bottle. 𝐾 was calculated using falling down
head equations in accordance with highway engineering test
methods for soils (2007) [39]. Testing results show that 𝐾 of
the clay-rich zone varied with depth in the borehole SY1 from
7.3 × 10−10 to 1.5 × 10−11m/s, and 𝐾 of silt-rich samples were
between 2.6 × 10−8 and 1.8 × 10−9m/s (Figure 4).

3.2.3. Diffusion Testing. Many different laboratory diffusion
testing techniques for low-permeability materials have been
reviewed [40]. The radial diffusion method was selected
to apply in this study, because of its suitability for low-
permeability aquitards and its high efficiency [41–43]. The
radial diffusion device was developed with special stainless
steel, consisting of a tube, the upper cap, and the lower cap
[44].The height and internal diameter of the tube were 10 cm
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and 7 cm, respectively, as shown in Figure 6. A hole (length
of 9 cm and diameter of 3 cm) was drilled along the central
axis of the sample as a reservoir. Subsequently, water with a
certain Cl− concentration was injected into the reservoir.The
application of Cl− online monitoring in the reservoir assisted
the recording of the concentration variation. To ensure that
the probe of Cl− online monitoring contacted the water in
the reservoir easily, a spiral hole with the diameter of 3.0 cm
was drilled on the upper cap.

Diffusing testing results were analyzed using the COM-
SOL software (COMSOL 4.4, Burlington, MA, USA) [45, 46]

according to the initial and boundary conditions of the exper-
imental model. The measured 𝐷𝑒 of Cl

− was 4.5 × 10−10m2/s
for a SY1 core sample (porosity, 0.4, depth 54.95–55.15m, and
laboratory temperature 12∘C), and 3.5 × 10−10m2/s for a SY2
core sample (porosity, 0.5, depth 32.8–33.0m, and laboratory
temperature 24∘C). The measured 𝐷𝑒 values were corrected
to the mean groundwater temperature (14∘C) on the basis of
the relationship between temperature and viscosity [47]. The
corrected𝐷𝑒 values of Cl

− for borehole SY1 and SY2 samples
were 4.3 × 10−10m2/s and 2.7 × 10−10, respectively.

4. Results and Discussion

4.1. Salt Source of Porewater. Salt in groundwater derives
from several possible sources.The relationship of Cl− and Br−
was always applied to determine the origin of groundwater
salinity, since the Cl/Br ratios keep constant during the
dilution and evaporation process of seawater prior to halite
precipitation [48, 49]. Besides, Cl− concentrations together
with 𝛿18O and 𝛿2H values were further to characterize the
salinization process of groundwater [50].

The Cl/Br mass ratios of SY1 saline porewater have a
mean value of 203.6 below the near-shore seawater values.
For SY2 saline porewater, Cl/Br mass ratios scatter around
the near-shore seawater values with a mean value of 315.7.
The quasilinear relationship of Cl− and Br− (Figure 7(a))
and the plot of Cl− and 𝛿2H (Figure 7(b)) suggest saline
porewater salinity was derived from seawater. Most of the
saline porewater plotted closely to the diluted line of standard
seawater, indicating that the original porewater has been
mixed by freshwater. The relationship of Cl− and 𝛿2H in
SY1 suggests that the low Cl/Br mass ratios were probably
attributed to the release of Br− from diagenesis of marine
organic material [51]. Thus, Cl− could be assumed to behave
conservatively and serve as a good natural tracer to quantify
mechanism of solute transport.
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Figure 6: Radial diffusion system and Cl− online monitor.

20%
40%

80%
SW

Gypsum
Halite

SY1 SY2
Saline porewater
Fresh porewater

In-shore seawater
Phreatic

1st confined groundwater
2nd confined groundwater
3rd confined groundwaterBrine
[＂Ｌ] < 0.01 mg/L

420 6
lg[Cl] (mg/l)

−2

0

2

lg
[B

r]
 (m

g/
l)

(a)

SW

Gypsum

Halite

SY1 SY2
Saline porewater
Fresh porewater

In-shore seawater
Phreatic

1st confined groundwater
2nd confined groundwater
3rd confined groundwaterBrine
[＂Ｌ] < 0.01 mg/L

−50


D

(‰
)

0

50

2 4 6
lg[Cl] (mg/l)

(b)

Figure 7: Cl− versus (a) Br− concentrations and (b) 𝛿2Hof porewaters in the aquitards and groundwater in aquifers.The groundwater samples
are referred from Fu [20].The red line represents the diluted line of standard seawater (SW), and the red dotted line represents SW evaporated
trajectory. The paths for evaporating seawater are from Fontes and Matray (1993) [24].

4.2. Chloride–Depth Profiles. The extracted porewater Cl−
distributions of two boreholes along with the profiles were
presented in Figure 4. The Cl− concentrations yielded a well-
defined 1D depth profile and indicated the presence of three
distinct hydrogeologic zones interrupted by the aquifers. Two
gradual decreases in Cl− concentrations of borehole SY1 were
observed from 334.8 to 60.0mg/L (depth 162.2–86.5m in
zone B) and 16,086.1 to 262.2mg/L (depth 19.8–2.0m in zone
A) as the depth decreases. Between 62.2 and 19.8m, Cl−
concentrations increased rapidly from 16,086.1 to 412.3mg/L.
In borehole SY2, the high Cl− concentrations were pre-
sented steadily ranging from 13,000 to 15,576.6mg/L (mean
14,223.8mg/L, depth 55.1–10.6m). Then Cl− concentration
decreased with depth and attained its minimum value of

around 250mg/L at 85.6 to 120m. The bad agreement
betweenCl− concentrations in SY1 and borehole SY2 suggests
that the chemical vertical variability in the profiles was
assumed to be complex and large over distances [19].

The decreasing trend in observed Cl− concentrations in
the zone A from 19.8m to the top of borehole SY1 could
be attributed to the diluted mixture of modern meteoric
water after the Holocene transgression. The shape of the Cl−
profile through the remaining zone A and the underlying
deep first confined aquifer (aquifer I, Figure 4) suggests that
Cl− diffused from the zone A downward into the aquifer and
upward toward the top of zoneA.The lower Cl− values (about
60mg/L) from 108 to 89m, attached to aquifer I, imply that
the invasion of the different glacial meltwater into the aquifer
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I resulted in porewater in the underlying aquitards (zones B
and C) suffering from vertical solute diffusive mixing.

The Cl− concentrations of zone A in borehole SY2 were
centered on the sand–rich deposits, especially for the depth
of 54.2–10.6m. It yielded a maximum Cl− concentration
of 15,576.6mg/L, similar to the Cl− concentrations of near-
shore seawater values (about 9,000–16,000mg/L). This could
explain that the Holocene seawater rapidly travelled though
the deposits and replaced the original porewater due to
the coarse logic section. The B zone yielded Cl− concentra-
tions that were relatively constant at around 250mg/L and
showed a signature of freshwater, consistingwith the constant
Cl− concentrations in borehole SY1 C zone and aquifer II
(Figure 4). It shows that the deep first confined aquifer did
not exert a significant impact on the adjoining Cl− aquitard
profile in borehole SY2 due to its thin thickness (about
3m, depth 85.6–82.6m). Due to their freshwater signatures,
porewaters in the B and C zone of the two boreholes were
assumed to derive from postdepositional glacial meltwater
recharge with different time in the Late Pleistocene relative
to groundwater in aquifer I.

4.3. Conceptual Transport Model. Vertical solute transport in
a saturated medium can be simulated using the advection-
diffusion equation:

𝜕𝐶

𝜕𝑡
= 𝐷
𝜕2𝐶

𝜕𝑍2
− 𝑉
𝜕𝐶

𝜕𝑍
, (1)

where 𝑉 is the average linear porewater velocity, D is
the coefficient of hydrodynamic dispersion, C is the mass
concentration of the solute, Z is the distance, and 𝑡 is the
time. The coefficient of hydrodynamic dispersion is defined
asD =𝐷𝑒 + 𝛼𝑉, where𝐷𝑒 is the effective diffusion coefficient
and 𝛼 is dispersivity. The average linear porewater velocity
is defined as V = V/𝑛𝑒, where V is the Darcy velocity and 𝑛𝑒
is the effective porosity. We assumed that advection in the
aquitard-aquifer system follows Darcy’s law and no threshold
hydraulic gradient exists in the porewater transport process
[52]. The effective porosity was supposed to be equal to the
porosity, namely, 𝑛𝑒 = 𝑛𝑇 (total porosity) [5, 42]. More,
compaction-driven flow was also ignored according to the
previous researches on aquitard-aquifer system [14, 15, 53].
Beyond that, the aquifer and aquitard were assumed to be
individually homogeneous.

The porosities (𝑛𝑇s) for the borehole SY1 are uniform
with depth (except depth of 14.82–15.02m) and have a mean
value of 0.41. For borehole SY2, 𝑛𝑇s of aquitards are mostly
around 0.5 and approximately 0.4 for the aquifers. Then, 𝑛𝑇s
of the aquitards and aquifers of borehole SY1 are set to be 0.41.
Correspondingly, 0.5 and 0.4 are set to be 𝑛𝑇s of the aquitards
and aquifers in borehole SY2, respectively.

Based on the estimated 𝐷𝑒 values of two borehole
aquitards using laboratory diffusion testing technique, the
corrected𝐷𝑒 values of Cl

− for boreholes SY1 and SY2 samples
are presented in Table 1. The 𝐷𝑒 values for Cl− in the
aquitards and aquifers within 162.2m were assumed to be 4.3
× 10–10m2/s since no indication of pore structure occurred
in these units [6]. The estimated 𝐷𝑒 for borehole SY2 was
assumed to be 2.7 × 10–10m2/s.

4.4. Initial and Boundary Conditions. The vertical distribu-
tions of Cl− in the aquitard-aquifer system at the time of
their deposition are unknown. The Cl− profiles are probably
attributed to several historical palaeohydrological events.
The higher Cl− concentrations in zone A originated from
seawater during the Holocene transgression, and the low
concentrations in aquifer I of SY1 possibly resulted from
the invasion of glacial meltwater. However, the time of this
intrusion of melt water is uncertain. The intrusion also had
been described as aquifer “activation” of Hendry et al. (2013)
[6] and Hendry and Harrington (2014) [11]. Defining the
time of aquifer I recharge needed to depend on a great
of assumptions. It is supposed that the recharge time for
aquifer I was selected to coincide with the onset of the last
glacial maximum, and the simulations were developed from
25 to 15 ka BP [29]. The relative constant values (around
250mg/L) at depth of 159–120m in borehole SY1 indicate
that the aquitards and aquifers at depth of 182–19.8m were
assumed to be filled with freshwater (Cl−, 250mg/L) before
“activation” of aquifer I. Afterwards, the later invasion with
glacial meltwater (the last glacial maximum) into aquifer I
resulted in Cl− diffusion mixing transport at the top of zone
B and the bottom of zone A. In fact, no realistic physical
mechanism, other than perpetual flushing of the aquifer
could be presented by a constant value throughout the aquifer
I. A near-instantaneous change in Cl− concentration within
the aquifer I was assumed during the activation of aquifer [6].
And an instantaneous value of 60mg/L was used in aquifer
I after the activation of aquifer in keeping with the lower
porewater values in the adjacent aquitard and groundwater
values in aquifer I of the study area [20].

The sea level of the last glacial maximum was −130m
below the modern coastline [54]. In the Holocene, the sea
level rose rapidly, and the study area was submerged by
seawater [55], which seemed to result in the porewater
salinization in the deposits, as Yi et al. (2012) [31] described
occurring in the North China Plain. Due to the uncertainty
of sedimentation rate and the relative thin thickness of the
Holocene deposits, the fixed upper BC was set to locate at
the surface of the Late Pleistocene since the onset of the
Holocene, which was assumed to be the sediment-water
interface (19.9m). Theoretically, the Cl− concentration for
the upper BC should be the value of standard seawater
(19.0 g/L). Actually, most of the near-shore seawater had
low Cl− concentrations (approximately 10,000–16,000mg/L
[20]), and the highest Cl− concentration of 16,086.1mg/L was
observed in the two boreholes. Porewater salinity distribution
in coastal plain aquitard-aquifer system was probably com-
plex andmostly different from the standard seawater [15].The
assumed fixed Cl− concentration of 16,100mg/L was adopted
as the upper BC.

The study area stayed in a marine environment until the
appearance of Yellow River captured Huai River in AD 1,128.
Since then, seawater retreated from the study area, and the
shoreline gradually reached the present level (Figure 1(b))
[26]. It could believe that the Holocene deposits had been
filled with seawater during the period of transgression, and
the Cl− concentration of seawater was set to be 16,100mg/L.
A freshening upper BC (fixed Cl− concentration of 100mg/L)
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was applied to the oxidation-nonoxidation interface (about
2m) since AD 1,128, coinciding with the time of marine
regression of this area.

For the borehole SY2, the depth of this study extends
to the underlying aquifer III at the depth of approximately
160–180m on the basis of the distributions of regional
aquifers (Figures 2 and 4), because the drilled borehole did
not reveal the underlying confined aquifer which should
serve as the lower BC. Before the “activation” of aquifer I,
the aquitards and aquifers at depth of about 160–18.9m were
assumed to be filled with freshwater (Cl−, 250mg/L). Sub-
sequently, the glacial meltwater (the last glacial maximum;
Cl−, 60mg/L) and the Holocene seawater intrusion led to Cl−
diffusion mixing transport of this profile. At the beginning of
the Holocene, the initial Cl− concentration of porewater at
depth of 54.2–18.9m was assigned as 16,100mg/L since the
relative coarser sediments occurred in this profile (described
in Section 4.2). Beyond that, the similar various initial
conditions and BC with different timeframes were assigned
consisting with the setting for borehole SY1. Specific initial
conditions and BC could refer to Table 1 for a summary of
the boundary conditions.

4.5. Simulations of Aquitard-Aquifer System Cl− Profiles.
Previous researches on solute transport in the thick, regional
aquitards have suggested that thin, sand-filled layers or
permeable conduits might result in facilitating Cl− “halos”
laterally through an aquitard [56] and major deviations from
one-dimensional diffusion profiles [12]. In this study, the sand
layers (aquifers or sand streaks) are commonly encountered
in the aquitards. Determining the influence of sand layers on
the Cl− transport simulations is crucial to palaeohydrological
interpretation of porewaters.

The solute transport mechanism could be inferred to be
advection if solute concentrations had no obvious vertical
change; otherwise, curvilinear concentration profiles were
attributed to molar diffusion transport [57, 58]. In order to
detect the influence of sand layers on Cl− transport, vertical
1D diffusion transport (see (1)) was postulated to be the dom-
inant migration mechanism throughout the aquitard-aquifer
system, because obvious vertical distributions appeared in the
Cl− concentration profiles (Figure 4).

As shown in Figure 4, the thickness of aquifer has an obvi-
ous influence on the Cl− concentration profiles, for example,
aquifer I (86.5–62.6m) of SY1 borehole. The thick aquifer I
is observed in borehole SY1, and Cl− concentrations in the
neighboring aquitards display the notable diffusion mixing
trends occurring in the aquitard-aquifer interfaces. However,
when the aquifer is relatively thin (the deep first confined
aquifer with the thickness of about 3m in the borehole
SY2, depth of 85.6–82.6m), the impact on Cl− concentration
profile in the neighboring aquitards is so little that even can
be ignored. Namely, the thick aquifer should be regarded as
the fixed concentration BC since the diffusion front does not
reach the bottom of the aquifer in the simulations, while, for
thin aquifer, the diffusion front reaches the bottom of aquifer
in a short time, and the corresponding Cl− concentration
in the thin entire aquifer will keep changing with time on
the basic of the Cl− concentrations of the adjacent aquitards

[15]. Besides that, the relatively thick aquifer (silt) is also
found at depth of 52.3–41.5m in borehole SY1. Groundwater
in the aquifer entrapped palaeoseawater of the Holocene was
similar to the constituents of the adjacent aquitards and was
renewed more rapidly than the deep confined aquifers due
to their shallow depth [19]. The Cl− concentrations in the
aquifer are also dynamic just like values in the thin sand
layers. Thus, in this study, the thin aquifer II, the shallow first
confined aquifer in borehole SY1, and the deep first confined
aquifer (mentioned above, 85.6–82.6m) in the borehole SY2
are supposed to be regarded as aquitards in the simulations.

To determine whether palaeohydrological change events
affect the interpretation of the measured Cl− profiles, the
various boundary conditions were evaluated and applied to
the modeling simulations. The transient constant upper and
lower BC, initial conditions, aquifer boundary encountered
in aquitards, and 𝐷𝑒’s were shown in Table 1. The starting
time of aquifer I was reconstructed broadly varying from 30
to 12 ka BP to assess the impact of the last glacial maximum
on the measured profile.

As is illustrated in Figure 8(a), the simulations with
20–15 ka BP are the best fit to the measured data at the depth
of 162.2–62.6m in borehole SY1. Using 15 ka BP simulation
as the new initial condition and applying a subsequent saline
BC (16,100mg/L) with the transport time of about 10 ka and
70 ka are to develop the historical SY1 Cl− concentration
profile in the Holocene (Figure 8(b)). The obtained best fit
simulation with transport time of 10 ka is consistent with
the onset timescale of the Holocene. Subsequently, utilizing
fresher upper BC with Cl− concentration of 100mg/L (the
mean concentration of rainfall) which is referenced from
Zhang et al. (2000) [59] and Zhang et al. (2003) [60] followed
by saline BC, this model is used to simulate the shorter
timescale (since AD 1,128). It provides a very good fit to the
measured porewater Cl− profile (Figure 8(c)), suggesting that
the observed relatively large vertical scatter in Cl− profile is
closely related to the various upper BC.

Due to the thin deep first confined aquifer existing in
borehole SY2, this aquifer activation is not considered in the
simulations (note: the simulations related to the deep aquifer
activation are modeled but not presented). As Figure 8(d)
shows, themeltwater intrusion into the aquifer I has less of an
impact on the Cl− profile. According to the simulative result
of the SY1 (Figure 8(a)), 15 ka BP simulation was selected as
the new initial condition, and a series of simulations were
performed, first by implementing a saline phase in the surface
of the Late Pleistocene and then a freshening phase (Cl−,
100mg/L) in the oxidation-nonoxidation interface (about
2m). Apart from the low Cl− concentration in aquifer I
(depth of 85.6–82.6m), good fits between the simulated and
measured Cl− values are yielded (Figures 8(e) and 8(f)).
These results could be explained that the realistic assumption
is traceable in reasonable selection of the BC and initial
conditions associations with the palaeohydrology events in
the simulations.

4.6. Effects on the Diffusion Simulations of Cl− Profiles

4.6.1. Effects of Effective Diffusion Coefficient on the Evolution
of the Cl− Profiles. Although simulations have the capacity to
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Figure 8: Measured and modeled Cl− concentration profiles in aquitard-aquifer system at the studied boreholes. (a, d) SY1 and SY2 profiles
between 30 and 12 ka BP with a fresher boundary condition of the Aquifer I. (b, e) Using the simulation result of 15 ka BP as the new initial
condition, simulated borehole profiles after a further 10 ka BP and 7 ka BP with a saline upper BC. (c, f) Using the simulation result of 10 ka
BP as the new initial condition, simulated SY1 profiles after a further AD 1,128 with a fresher upper BC.The black dotted bordered rectangles
in the borehole SY2 profile represent the sediments that were not revealed in the borehole SY2.

reflect tracer transport time, the simulated profiles cannot be
unique because of the selection of values to material proper-
ties [61]. Sensitivity analyses of parameters in solute transport
processes in aquitards have been conducted, and the results
indicate that the diffusion model was most sensitive to the

choice of𝐷𝑒 values [62]. However, obtaining𝐷𝑒 values using
field or laboratory test methods is difficult because of the
heterogeneity of deposits, test operations, and sampling. The
selected unsuitable parameters for the simulation possibly
lead to deviations in transport time [10]. In this study, the
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Figure 9: Results of 𝐷𝑒 sensitivity analyses on simulations; (a) and (c) show the simulation profiles of the two boreholes through simply
modifying effective diffusion coefficients of sand layers (𝐷𝑒,sand) by various increase factors. (b) and (d) show the modified simulation tracer
profiles of the two boreholes using various𝐷𝑒 for the whole profiles.𝐷𝑒𝑏 represents the𝐷𝑒 value applied for the base case simulation.

𝐷𝑒 values of the sand layers (aquifers and sand streaks) are
estimated similar to the aquitards in the two boreholes due
to the absence of laboratory measurements of sand layers.
To illustrate the influence of 𝐷𝑒 of the aquitard-aquifer
systems on the simulated Cl− concentration profiles, different
𝐷𝑒 values are selected for aquitard and aquifer deposits.

In order to describe convenience, the simulated results of
SY1 (Figure 8(c)) and SY2 (Figure 8(f)) are called “base case
simulations,” as illustrated in Figure 9.

As the results shown in Figures 9(a) and 9(c), there is
no greater difference between the base case simulation and
the reconstruction simulations due to the thin sand layers
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Figure 10: Porewater Cl− measurements of (a) SY1 and (b) SY2 profiles, and simulations with the different groundwater velocities for the two
studied boreholes.

in the borehole SY2. These also exhibit that same 𝐷𝑒 for
the aquitards and aquifers would not result in the obvious
offsets of the Cl− simulation profiles in this study.The obvious
differences were observed in the Figures 9(b) and 9(d),
suggesting that the Cl− simulations in the aquitard-aquifer
system are affected by different chosen 𝐷𝑒 values. The best
fits are obtained when 𝐷𝑒 = 4.3 × 10–10m2/s for SY1 and 𝐷𝑒
= 2.7 × 10–10m2/s for SY2 core samples, coinciding with the
measured𝐷𝑒 values.

4.6.2. Effects of Velocity Coefficient on the Evolution of the
Cl− Profiles. Advection transport is another factor that may
influence solution migration [3, 62]. On the basis of the
dynamic data of groundwater table monitored in the study
area for numerous years, the mean water table level in the
study area is generally 0.4m; the mean piezometric level of
the first and second confined aquifers is −4.5m and −15.4m,
respectively. The determined vertical hydraulic gradient is
fairly uniform with a value of 0.25 across the aquitards,
assuming Darcy’s law is valid at very low velocities. Accord-
ingly, the average downward porewater velocities through the
clay-rich deposits are calculated to be between 0.118m/ka
and 5.76m/ka for the 𝐾 values determined through the
lab experiment method. In these simulations, groundwater
velocities are supposed to range broadly from 0.01 to 10m/ka.

The simulated profiles for downward velocities of 0.01,
0.1, 0.5, 1, and 10m/ka and the measured Cl− concentrations
of the two boreholes are presented in Figure 10. The best
fits simulated profiles for the two boreholes are obtained

for velocity of 0.1m/ka and less. The higher velocity cases
evidently depart from the measured Cl− profiles. However,
the added advective velocity produces no marked change in
the simulated profiles, and the minimum deviation does not
affect the transport profiles. Therefore, it can surmise that
diffusion solely is adequate to reconstruct the transport of Cl−
in the aquitard-aquifer system.

However, the Cl− concentrations of porewater in the
aquitards which are below aquifer I, and above aquifer III in
boreholes present significant horizontal distribution and they
do not show a coherent diffusion trend, it is likely that the
strong overpressure in aquifers results in an advective compo-
nent to the reversal of the Cl− profiles [3]. Besides that, lateral
advection was also not involved in these simulations, which
probably contributes a horizontal advective component to the
Cl− profiles [63].

5. Conclusion

Numerical simulations of diffusive Cl− transport were used
to define the recharge processes of the aquifer I and explore
the long–term evolution of porewater chemistry in aquitard-
aquifer system of NJCP. Based on the preexisting knowledge
of the sedimentary depositional environments and the events
of transgression and regression since the Late Pleistocene,
the various initial and upper boundary conditions over geo-
logical time were implemented. Diffusion has been approved
to be the dominant transport mechanism of Cl− in the
aquitard-aquifer system. The thickness of the sand layers



14 Geofluids

had significant influence on the shapes of the simulated Cl−
concentration in the aquitards. The simulations yielded well-
defined 1D Cl− profiles, suggesting that the assumed geologi-
cal timeframes for the simulations are applicable and the high
Cl− profiles through the upper aquitards of the two boreholes
are consistent with the onset of the Holocene (10 ka BP).

The results of this study present an understanding of
the vertical solute transport in the aquitard-aquifer system
based on the measured tracer profiles and transport param-
eters. The good agreement obtained between simulated and
measured profiles suggests that the simulations can not only
help one to understand solute transport mechanism in the
aquitard-aquifer system but also provide insight into the tim-
ing of major geologic events (e.g., glaciations, transgression).
The model simulation mechanisms are also suitable to other
areas of the new Silk Road with the similar hydrogeological
characteristics of NJCP.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This study was funded by the National Natural Science
Foundation of China (Grants nos. 41502231 and 41272258).
The authors would like to thank Professor Zhang Wen and
two anonymous reviewers for their helpful comments and
advice, as well as all the members of the Geological Survey
of Jiangsu Province, China, for their assistance and support
in the process of sampling and data collection.

References
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To describe accurately the flow characteristic of fracture scale displacements of immiscible fluids, an incompressible two-phase
(crude oil and water) flow model incorporating interfacial forces and nonzero contact angles is developed. The roughness of the
two-dimensional synthetic rough-walled fractures is controlled with different fractal dimension parameters. Described by the
Navier–Stokes equations, the moving interface between crude oil and water is tracked using level set method.Themethod accounts
for differences in densities and viscosities of crude oil and water and includes the effect of interfacial force. The wettability of the
rough fracture wall is taken into account by defining the contact angle and slip length. The curve of the invasion pressure-water
volume fraction is generated by modeling two-phase flow during a sudden drainage. The volume fraction of water restricted in the
rough-walled fracture is calculated by integrating the water volume and dividing by the total cavity volume of the fracture while
the two-phase flow is quasistatic. The effect of invasion pressure of crude oil, roughness of fracture wall, and wettability of the wall
on two-phase flow in rough-walled fracture is evaluated.

1. Introduction

Two-phase flow through fractured rock is encountered in
many industrial activities such as oil and gas recovery, carbon
dioxide storage, and underground oil storage. It is also
an important phenomenon related to non-aqueous-phase-
liquid (NAPL) contamination of groundwater. A three-
dimensional numerical simulator simulating two-phase flow
was developed for fractured reservoirs [1] and was later used
to simulate water-oil displacement in a fractured network [2].

The research of two-phase flow in fracture networks
contained in fractured rock is based on that for single
fracture. The numerical models that describe the two-phase
flow in a single rough-walled fracture use different size
scales and theories. The one-dimensional variable-aperture
fracture model was initially derived, and the model was
the conceptual basis used to evaluate the effect of aperture
variation on two-phase flow [3, 4]. This conceptual model

employed a local cubic law (LCL).An active capillary pressure
between the wetting and nonwetting phases was developed to
simulate two-phase flow in rough-walled rock fractures, from
which the relative permeability for the lognormal aperture
distribution was calculated [5]. Based on a finite volume
implementation of the cubic law and the conservation of
mass, a conceptual model of two phases in a single fracture
was developed, and the results of simulations were compared
with a one-dimensional analytic solution [6]. A composition
simulator based onDarcy’s law and Brooks–Corey functional
relationship was used to simulate the migration of dense
NAPLs through a single fracture in a clay aquitard and to
evaluate the effect of fracture aperture [7, 8]. Based on amod-
ified TOUGH2 simulator, a continuum-based approach was
used to simulate two-phase flow in a single heterogeneous
fracture, and the results were compared with the invasion-
percolation model [9, 10]. The multicomponent multiphase
lattice Boltzmannmethodwas used to investigate the effect of
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wettability on the NAPL flow in a microscale single fracture
[11, 12].

In recent years, the Navier–Stokes equations and Eulerian
techniques have been used to simulate two-phase flow aided
in computations from such methods as the level set method,
volume of fluid method, and phase field method.

The level set method was adopted in tracking the move-
ment of this interface under this complicated force [13–15].
The level set method was presented to simulate the motion of
air bubbles inwater and fallingwater drops in air; thismethod
included large density and viscosity ratios as well as surface
tension [16, 17]. The level set method was applied to track
the motion of interfaces of pore-scale displacements of two-
phase in real porous media [18]. The progressive quasistatic
algorithm based on the level set method was applied in an
analysis of the matrix-fracture transfer and the shape of the
two-phase interface during drainage and imbibition in low
permeability rock [19, 20]. The level set method was also
employed to simulate quasistatic drainage and imbibition for
different contact angles in porous media [21]. The level set
method and phase field method were used to simulate two-
phase flow with viscosity contrast through complex porous
media using COMSOL software [22]. In addition, within the
COMSOL platform the level set method was used to model
two-phase flow in a 3mmminichannel [23].

The foregoing methods including the ideal conceptual
model, cubic law model, and continuum model have been
used in simulating two-phase flow in a single fracture with
reasonable success, but there were some shortcomings: (1)
the ideal conceptual model based on the parallel plate theory
cannot describe the rough surfaces of real rock fractures;
(2) the classical LCL cannot calculate the fluid inertia and
in general overestimates flow through real fractures without
considering the wettability of the fracture wall; (3) the
continuum model is unable to capture the characteristic of
two-phase flow in an unfilled single fracture; (4) the lattice
Boltzmann method is limited to model two-phase flow in a
large-scale single fracture because this method needs very
long calculation time; (5) the effect of the roughness on
two-phase flow in an unfilled single fracture is not clearly
evaluated.

To prevent crude oil from damaging the underground
environment during the future operation period of under-
ground oil storage caverns, the property of two-phase flow
around oil storage caverns is a key research object. The two-
phase flow in rough-walled fracture is not easily accessible
experimentally, so an aperture-scale simulation of the two-
phase displacement in a rough-walled fracture can provide
valuable information. The main aim of the study was to
simulate the two-phase (crude oil and water) flow in a
rough-walled fracture using the level set method. A two-
dimensional synthetic rough-walled fracture was created,
based on the computational fluid dynamics adopted inCOM-
SOL; simulations were performed. The moving interface
between crude oil and water was tracked in a large-scale
unfilled single fracture by overcoming the shortcomings of
the previous methods, and the process of crude oil displacing
water was presented under different conditions. The effect
of the invasion pressure of crude oil, roughness of the
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Figure 1: Single rough-walled fractures with fractal dimension
ranging from 2.0 to 2.4 (unit: mm).

fracture wall, and wettability of the rough wall on the flow
characteristics during drainage was evaluated at the same
time. The methods and results are described and discussed
below.

2. Synthetic Rough-Walled Fractures Based on
Fractal Dimension

For the purpose of modeling two-phase flow in rough-
walled fractures, synthetic rough fractures were used. These
fractures were generated using the software SynFrac, which
enables a numerical configuring of fractures of different
roughness and average apertures, and it provides much more
realistic numerically synthesized fractures than previous
methods [25–28]. SynFrac was also used to generate a series
of similar fractures with increasing roughness, to allow the
effect of roughness on transport in fractures to be evaluated
[29].

A series of similar rough-walled fractures with increasing
roughness was created by controlling its associated fractal
dimension (FD). A 100mm two-dimensional profile was
selected from the data of a three-dimensional fracture, while
ensuring that the two-dimensional fracture had no contact
point. With FD ranging from 2.0 to 2.4, the mean aperture of
the synthetic rough fractures is 1.5mm.The input parameters
for the SynFrac software are listed in Table 1. The resolution
(1024 × 1024), standard deviation (1mm), and anisotropy
factor (1.0) are kept constant. The five different fractures are
drawn in Figure 1.

3. Numerical Model of Two-Phase Flow with
Level Set Method

When the two-phase immiscible fluids are in contact with
the wall in an unfilled fracture, the pressure difference at the
interface of the two fluids is defined as the capillary pressure
written as [3]

𝑝𝑐 = 𝑝𝑛𝑤 − 𝑝𝑤 = 2𝜎cos 𝜃𝑟 , (1)

where 𝑝𝑐 is capillary pressure (Pa), 𝑝𝑛𝑤 the pressure in the
NAPL (Pa), 𝑝𝑤 the pressure in aqueous phase liquid (Pa),
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Table 1: Input parameters of SynFrac for generation of fractures with various roughness.

Fracture 1 Fracture 2 Fracture 3 Fracture 4 Fracture 5
Resolution 1024 × 1024 1024 × 1024 1024 × 1024 1024 × 1024 1024 × 1024
Random number generator Park & Miller Park & Miller Park & Miller Park & Miller Park & Miller
Length (mm) 100 100 100 100 100
Mismatch length 15 15 15 15 15
Standard deviation (mm) 1.0 1.0 1.0 1.0 1.0
Anisotropy factor 1 1 1 1 1
Fractal dimension 2.0 2.1 2.2 2.3 2.4

0
0

1

Pc

P

Sw
SＱＬ

Figure 2: Capillary pressure-saturation relationship at the local
position in a single fracture (𝑆𝑤 is water saturation and 𝑆wr the
residual wetting phase saturation) [10, 24].

𝜎 the interfacial force (N/m), 𝜃 the contact angle of the
two-phase fluid interface with the fracture wall (rad), and 𝑟
the average radius of curvature in the single rough-walled
fracture (m).

To describe the process in which the NAPL displaces the
aqueous phase liquid, a specific capillary pressure-saturation
curve (Figure 2) at the local position of the fracture was
proposed [10, 24]. At this local position for a single fracture,
the NAPL entry pressure 𝑃 can be calculated:

𝑃 = 2𝜎 cos 𝜃
𝑏 , (2)

where 𝑏 is the local aperture of the single fracture (m).
To analyze similar process for a single unfilled rough-

walled fracture around an oil storage cavern, it is necessary
to simulate the two-phase flow considering the effect of the
NAPL invasion pressure and the capillary pressure at the
interface of the two-phase fluids. Interface tracking is the key
element of the modeling of this two-phase flow.

Level set tracking of the interface uses an auxiliary
function on the fixed finite element mesh. The differences
in densities, viscosities, and interfacial forces of the two
immiscible fluids are considered in level set method [30]. For

the horizontal single fracture of this study, the effect of gravity
on the two fluids is ignored. The incompressible formation
of the Navier–Stokes equations is used to calculate the two-
phase flow in an unfilled fracture [30, 31]:

𝜌𝜕u
𝜕𝑡 + 𝜌 (u ⋅ ∇) u = ∇ ⋅ [−𝑝I + 𝜇 (∇u + ∇u𝑇)] + Fst (3)

∇ ⋅ u = 0, (4)

where 𝜌 is the average density of the two immiscible fluids
(kg/m3), u the velocity vector, I the position vector, 𝑡 the
time (s), 𝑝 the pressure in fluid (Pa), 𝜇 the average dynamic
viscosity of two immiscible fluids (Pa⋅S), Fst the interfacial
force (N/m), and ∇ the Laplace operator.

The auxiliary function added to track the interface is
defined by [23, 30, 31]

𝜕𝜙
𝜕𝑡 + u ⋅ ∇𝜙 = 𝛾∇ ⋅ (𝜀∇𝜙 − 𝜙 (1 − 𝜙) ∇𝜙∇𝜙) , (5)

where the auxiliary level set function 𝜙 representing the
interface is a smooth continuous function; where 𝜙 < 0.5, the
fracture cavity regions are filled with NAPL; where 𝜙 = 0.5,
the regions are part of the interface; where 𝜙 > 0.5, the
regions are filled with aqueous phase liquid. The parameter 𝛾
controls the intensity of reinitialization (m/s) and 𝜀 controls
the interface thickness (m).

Thedensity and dynamic viscosity vary smoothly over the
interface, and the average density and dynamic viscosity can
be defined using the level set function [30, 31]:

𝜌 = 𝜌1 + (𝜌2 − 𝜌1) 𝜙
𝜇 = 𝜇1 + (𝜇2 − 𝜇1) 𝜙, (6)

where 𝜌1 and 𝜌2 are constants representing the densities of
NAPL and aqueous phase liquid; 𝜇1 and 𝜇2 are constants
representing dynamic viscosities of NAPL and aqueous phase
liquid.

The interfacial force of the right-hand side in (3) can be
calculated using [30]

Fst = 𝜎𝜅𝛿n, (7)

where 𝜎 is the interfacial force coefficient (N/m), n the unit
normal to the interface, 𝛿 Dirac’s delta-function specifying
the interface (1/m), and 𝜅 the second derivative of the level
set function.
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u

Fracture wall


Figure 3: Definition of the slip length.

To avoid poor accuracy in calculating the interfacial force
derived from 𝜅, the formulation of this force is developed
further [30, 32]:

Fst = ∇ ⋅ (𝜎 (I − (nn𝑇)) 6 ∇𝜙 𝜙 (1 − 𝜙)) . (8)

The initial condition imposed in thismodel of two-phase flow
in a rough-walled fracture is

𝑝 (𝑥, 𝑡) = 0, 𝑡 = 0
𝑆wat (𝑡) = 1, 𝑡 = 0, (9)

where 𝑥 is the position in the fracture and 𝑆wat the volume
fraction of water in the fracture cavity.

The boundary conditions include those for the inlet
and outlet boundaries and the wetted wall boundary of the
fracture.The inlet boundary is a constant-pressure boundary,
and a pressure equals the invasion pressure 𝑝𝑜 of the NAPL.
The outlet boundary is also a constant-pressure boundary but
with the pressure equal to zero.

The properties of the wetted wall boundary include
adopting the slip wall condition and setting the contact angle
between the interface of two-phase fluid and the fracturewall.
In the level set method, the slip wall condition of the interface
along the fracture wall adds a frictional force [30]:

u ⋅ nwall = 0
Ffr = −𝜇

𝛽u,
(10)

where nwall is the unit normal to the wall, Ffr the fractional
force on the wall (N/m), and 𝛽 the slip length (m) (see
Figure 3). In simulations, the slip length is set equal to the
size of the mesh element.

The contact angle between the interface and fracture wall
(Figure 4) is used to reflect the wettability of the rough-walled
fracture [12]. In the level set method, given the contact angle

Nonaqueous phase liquid
(crude oil) Aqueous phase liquid

(water)

Fracture wall



Figure 4: Definition of the contact angle.

𝜃, a weak boundary term is added in thewettedwall boundary
condition [30]:

∫
𝜕Ω

test (u) ⋅ [𝜎 (nwall − (n cos 𝜃)) 𝛿] d𝑆. (11)

The modeling of this two-phase flow using the level set
method employs the computational fluid dynamics module
of COMSOLMultiphysics and was run on a 2.5GHz PC with
8G memory. The solver for the two-phase flow interface was
automatically selected for this purpose in COMSOL, and the
linear system solver with direct methods was chosen in this
paper.

4. Effect of Important Parameters on Two-
Phase Flow in Rough-Walled Fracture

Water-sealed underground oil storage caverns are generally
artificially excavated in fresh rock below a certain groundwa-
ter level [33]. After the excavation of oil storage caverns some
fractures in the rock will open or be generated; it is necessary
to study drainage process of crude oil invasion of a saturated
single rough-walled fracture around oil storage caverns.
The effects of invasion pressure, fracture roughness, and
wettability of the fracture wall were evaluated by calculating
volume-fraction curves of water in the fracture cavity.

4.1. Main Parameters of Simulation. In simulating crude oil
displacing water in single unfilled fractures, various rough-
ness was set by allowing the FD to range from 2.0 to 2.4.Three
different contact angles were chosen: 30∘, 45∘, and 60∘.

The single fractures were subdivided with triangular
meshes using the finite element method. The size of the
maximum/minimum element is 0.2mm/0.01mm.Hence, for
example, if the FD is 2.0, the number of elements is 22716 after
triangular subdivision.

The two immiscible fluids, crude oil and water, and the
values of their physical properties are listed in Table 2 [34].

4.2. Effect of Invasion Pressure of Crude Oil. Fracture 1 with
FD of 2.0 was chosen for the analysis of the effect of the
invasion pressure. During the simulation, the contact angle
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Table 2: Parameter values of the physical properties of crude oil and water.

Temperature Density (Kg/m3) Dynamic viscosity (Pa⋅s) Interfacial force (N/m)
Crude oil (40API) 15.6∘C 8.25 × 102 8.0 × 10−3 0.0307
Water 9.99 × 102 1.1 × 10−3
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Figure 5: Volume fraction of water in fracture for different invasion
pressures of crude oil.

was maintained constant at 45∘. The single rough-walled
fracture was saturated initially with water. The crude oil
invades the fracture from the left-hand side as the invasion
pressure increases from 14.45 Pa to 115.6 Pa. The curves
of the volume fraction of water in the fracture decrease
with increasing invasion pressure (Figure 5). For an average
aperture 1.5mm, (2) gives an entry pressure of 28.9 Pa. While
the invasion pressure of the crude oil is less than or equal to
28.9 Pa, the crude oil is unable to break through the fracture.
With apertures less than the average aperture, crude oil is
trapped in local positions after displacing some water from
the fracture. Figure 6 presents the distribution of crude oil
trapped in the fracture and the aperture distribution along
the fracture for invasion pressures of 14.45 Pa and 28.9 Pa. At
the low pressure, crude oil nearly does not displace water,
whereas at the higher pressure crude oil is trapped at the
position 11mm where the local aperture is 1.07mm, and the
volume fraction of water is 0.896. As evident in Figure 5, the
invasion pressure is greater than 28.9 Pa, the crude oil can
break through the fracture. Increasing the invasion pressure
from 57.8 Pa to 115.6 Pa leads to faster displacements with
times falling from 10.5 s to 3.25 s. The plots of invasion
pressure of crude oil and volume fraction of water in the
fracture at different times are presented in Figure 7. As the
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Figure 6: Distribution of aperture and trapped crude oil in the
fractures.
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Figure 7: Relationship curves of the invasion pressure of crude oil
and the volume fraction of water in the fracture at different times.

invasion time increases, the shape of the curve approaches
that for capillary pressure-saturation (Figure 2). With the
level set method, the drainage of water from the saturated
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Figure 8: Volume fraction of water for different roughness fractures during drainage: (a) FD = 2.1; (b) FD = 2.2; (c) FD = 2.3; (d) FD = 2.4.
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Figure 9: Distribution of aperture and restrict position of water while the crude oil is breaking through the fractures: (a) FD = 2.3 and 𝑃𝑜 =
317.9 Pa; (b) FD = 2.4 and 𝑃𝑜 = 317.9 Pa.

fracture has been simulated accurately, and the residual water
saturation can be calculated directly.

4.3. Effect of Fracture Roughness. To analyze the effect of
fracture roughness on the displacement of water by crude oil,
five rough-walled fractures were generated using different FD
values (Figure 1) from 2.0 to 2.4 in steps of 0.1; the contact
angle of the wall is set to 45∘. During drainage, the volume
fraction of water decreases with different fracture roughness
and FD from 2.1 to 2.4 (Figure 8). With invasion pressure
less than or equal to 28.9 Pa crude oil becomes trapped in
fracture 2 (FD= 2.1) and fracture 3 (FD= 2.2), and the volume
fraction of the water in fracture 2 (FD = 2.1) is less than that
in fracture 3 (FD = 2.2). Clearly, the crude oil is more easily
trapped in fractures with high roughness. As the invasion
pressure rises to 57.8 Pa, the crude oil begins to break through
fracture 2 (FD= 2.1) and fracture 3 (FD= 2.2) but is trapped in
fracture 4 (FD = 2.3) and fracture 5 (FD = 2.4).With invasion
pressures exceeding 115.6 Pa, crude oil can break through all
four fractures.

As crude oil is breaking through the fractures some water
still exists in the fracture at that instant (Figure 8). Higher
invasion pressures lead to rapid crude oil breaking through
the fracture with more water existing in the fracture. As time
elapses, the volume fraction of water in the fracture decreases
slowly.While the crude oil is breaking through fracture 4 and
fracture 5 (at times 1.6 s and 2.85 s), the distributions of the
crude oil in the fractures are obtained (Figure 9). In the left
half of the fracture 4 (FD = 2.3) almost all water is displaced
by crude oil, whereas in the right half of the fracture some
water is restricted on the rough wall where local apertures
are comparatively large. Because the left half of the fracture
4 is less rough than the right half, the average aperture of
the left hand is larger than that of the right hand. The water
in the left half was more easily displaced by crude oil which
needs low NAPL entry pressure. Unlike fracture 4 some of
water is restricted on the rough wall along the fracture 5 (FD
= 2.4). The results obtained by modeling the two-phase flow
indicates that a large roughness leads tomore water restricted
between crude oil and the wall of the fracture.
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Figure 10: Relationship curves of the invasion pressure of crude
oil and the volume fraction of water in the fracture for different
roughness at time 10 s.

To analyze the effect of roughness on the two-phase flow
further, the relationship curves of invasion pressure of crude
oil and the volume fraction of water in the fracture for
different roughness at time 10 s are calculated (Figure 10).The
results from modeling show that, with large fracture rough-
ness, water is not easily displaced by crude oil, and increasing
the roughness changes the rate of drainage noticeably.

4.4. Effect of Wettability of the Fracture Wall. To evaluate the
effect of wettability of the fracture wall on the two-phase flow,
three fractures (fractures 1, 3, and 5) with contact angles 30∘
and 60∘ were used in the numerical calculations.
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Figure 11: Volume fraction of water in the fracture for different wettability setting for fracture wall: (a) FD = 2.0, contact angle 30∘; (b) FD =
2.0, contact angle 60∘.

The volume fraction of water in fracture 1 (FD = 2.0)
shows a decline with contact angles 30∘ and 60∘ (Figure 11).
A comparison of simulation results presented in Figures
11(a) and 11(b) indicates that as crude oil is trapped in
the fracture, the volume fraction of water decreases with
increasing contact angle from 30∘ to 60∘. While the crude oil
is breaking through the fracture, an increase in contact angle
leads to a decrease of the breakthrough time. The simulation
results are in accord with (2), from which entry pressure
decreases as contact angle increases at each local position.
The relation between invasion pressure of crude oil and the
volume fraction of water in the fracture for different contact
angles at time 15 s is presented in Figure 12. The change in
contact angle does not make any significant difference on the
shape of curves during drainage.

The decreasing curves for the volume fraction of water
for fracture 3 (FD = 2.2) with contact angles 30∘ and 60∘ are
shown in Figure 13. The relationship between the invasion
pressure of crude oil and the volume fraction of water in the
fracture for different contact angles at time 15 s is given in
Figure 14. The increase in contact angle leads to a decrease in
the breakthrough time but does notmake a large difference on
the curves of invasion pressure and volume fraction of water
in the fracture.With invasion pressures of 28.9 Pa and 57.8 Pa,
the volume fraction of water in the fracture decreases slightly
for the contact angles of 30∘ and 60∘.

Figure 15 shows a decreasing trend for the volume fraction
of water in fracture 5 (FD = 2.4) with contact angle set at
60∘. With contact angle of 30∘, the numerical calculation of
the two-phase flow was not stable. With the level set method,

0.2 0.4 0.6 0.80 1
Volume fraction of water in fracture

0

20

40

60

80

100

In
va

sio
n 

pr
es

su
re

 o
f c

ru
de

 o
il 

(P
a)

Contact angle 30∘

Contact angle 45∘

Contact angle 60∘

Figure 12: Relationship between the invasion pressure of crude oil
and volume fraction of water in the fracture for different contact
angles at time 15 s (FD = 2.0).

the small contact angle requires a large local entry pressure
causing an oscillation in simulation results after crude oil
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Figure 13: Volume fraction of water in the fracture for different wettability setting of the fracture wall: (a) FD = 2.2, contact angle 30∘; (b) FD
= 2.2, contact angle 60∘.
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Figure 14: Relationship between the invasion pressure of crude oil
and the volume fraction of water in the fracture for different contact
angles at time 15 s (FD = 2.2).

being trapped in the very rough wall of the fracture. The
relationship between the invasion pressure of crude oil and

volume fraction of water in the fracture for different contact
angles at time 10 s (Figure 16) indicates that after crude oil
breaks through the fracture, the volume fraction of water
decreases noticeably because of the addition 15∘ of the contact
angle.

5. Conclusions

In this study, the level set method was used to simulate
the process of crude oil invasion into an unfilled two-
dimensional rough-walled fracture saturated by water and
to investigate the influences of the fracture roughness and
wettability of the fracture wall on the relationship between
the invasion pressure of crude oil and the volume fraction of
water.

Increasing the invasion pressure decreases the break-
through time, whereas the water volume fraction in the
fracture is inversely proportional to the invasion pressure of
crude oil as it breaks through the fracture. Larger roughness
leads to more water being restricted between crude oil and
the wall of fracture. The breakthrough times of crude oil
decrease for large contact angles (highwettability), alongwith
the volume fraction of residual water. Compared with the
wettability of the fracture wall, wall roughness significantly
affects the relationship between the invasion pressure of
crude oil and volume fraction of water.

These simulation results are useful to understanding of
the characteristics of two-phase (crude oil and water) flow in
fractures around underground oil storage caverns.
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With the blossoming of intermittent energy, compressed air energy storage (CAES) has attractedmuch attention as a potential large-
scale energy storage technology. Compared with caverns as storage vessels, compressed air energy storage in aquifers (CAESA) has
the advantages of wide availability and lower costs. The wellbore can play an important role as the energy transfer mechanism
between the surroundings and the air in CAESA system. In this paper, we investigated the influences of the well screen length on
CAESA system performance using an integrated wellbore-reservoir simulator (T2WELL/EOS3). The results showed that the well
screen length can affect the distribution of the initial gas bubble and that a system with a fully penetrating wellbore can obtain
acceptably stable pressurized air and better energy efficiencies. Subsequently, we investigated the impact of the energy storage scale
and the target aquifer depth on the performance of a CAESA system using a fully penetrating wellbore. The simulation results
demonstrated that larger energy storage scales exhibit better performances of CAESA systems. In addition, deeper target aquifer
systems, which could decrease the energy loss by larger storage density and higher temperature in surrounding formation, can
obtain better energy efficiencies.

1. Introduction

Compressed air energy storage (CAES) can be considered as
a potential storage technology combined with intermittent
energy sources (e.g., wind energy and solar energy). Com-
pressed air is injected into a “storage vessel” using excess
electricity and can be produced to generate electricity as
needed [1–3]. The scale of the stored energy depends on the
choice of the storage vessel. Porous rock reservoirs (aquifers)
and cavern reservoirs (salt domes or caverns in hard rock)
are candidates for large-scale storage vessels (Figure 1). The
Huntorf plant in Germany (290MW) and theMcIntosh plant
in the USA (110MW) are two existing commercial large-
scale compressed air energy storage plants [4, 5]. They both
use a salt dome (cavern reservoir) as the air storage vessel.
Thermodynamic and hydrodynamic studies of compressed
air energy storage in caverns (CAESC) have been conducted
to describe the pressure and temperature variances [6–10].

Additionally, an advanced CAES system (adiabatic com-
pressed air energy storage) with no reheating requirements
to regenerate electricity has been investigated [9, 11–13].

Compressed air energy storage in aquifers (CAESA),
which costs less and has a wider availability, is becoming
more attractive compared with CAESC [2, 14]. The feasibility
of CAESA was investigated by Oldenburg and Pan using
numericalmodelling, which showed its energy efficiency well
using the operation scheme in the Huntorf plant [15]. Later,
they proposed and simulated the utilization of CO

2
as a

cushion gas for a CAESA system [16]. The impact factors on
the variances of pressure and temperature have been studied,
including the reservoir permeability, gas bubble volume,
gas bubble boundary permeability, and geological structures
and thicknesses [17–19]. In addition, the ranking criteria for
candidate sites were suggested by Succar and Williams [2].
The Iowa Stored Energy Park (ISEP) planned to build a
270MW CAESA plant, but the project had to be cancelled
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Figure 1: Schematic diagrams of CAESA and CAESC systems.

due to geological limitations [20]. The Pacific Northwest
National Laboratory (PNNL) evaluated the technical and
economic feasibility of CAESA in the Columbia Basin and
designed a hybrid CAES plant that integrated geothermal
energy [21].

Generally, the cyclic processes of compressed air can be
divided into daily cycles and weekly cycles. Because com-
pressed air is cyclically injected and produced frequently
through the wellbore, the wellbore will play an important
role in a CAESA system regarding the energy transfer from
the formation and the energy deliverability. Kushnir et al.
studied the relationship between the well screen length and
water suction in CAESA, where the existence of an air-
water interface was assumed in anticline structure. Their
results showed that longer well screens can decrease pressure
fluctuations while increasing the risk of water suction [22,
23]. Pan and Oldenburg developed a T2WELL simulator to
integrate the wellbore and reservoir, and it has shown good
performance when describing the wellbore-reservoir system
in different fields, including CO

2
geological sequestration,

geothermal energy, and CAESA [24]. Li et al. investigated
the heat transfer in a single wellbore by investigating CAESA
using a semianalytical solution. Their studies were mainly
concentrated on the thermodynamic analysis of the well
section in the overlying impermeable formation and ignored
the impacts of energy transfer in the target aquifer. Their
study showed that the small wellbore overall heat transfer
coefficient and thermal diffusivity of the formation can help
to decrease the heat loss [25]. Meanwhile, the initial gas
bubble make-up can also be influenced by the wellbore and
affect the subsequent cycle processes. The make-up of the
initial gas bubble is the first step in the operation of a CAESA
system, during which the amount of air needs to be injected
into the aquifer to displace the water to build a bubble. This
gas bubble can provide the necessary pressure to keep the
next operation of the cycle sustainable. In previous studies,
the initial gas bubble was always assumed to be under ideal

conditions, wherein the gas is fully saturated in the target
storage space. However, this assumption is not practical in a
CAESA system. Aimed at the studies concerning the initial
gas bubblemake-up, Guo et al. investigated the impact factors
on the creation of the initial gas bubble, and TOUGH2/EOS3
was used to simulate the gas bubble creation [17]. However,
their study was limited because their simulator was not
sufficiently precise in describing the air flow in the wellbore,
which is controlled by non-Darcian flow, and the well screen
was simply fixed on the top of the aquifer.

Given the aforementioned gaps in the previous studies,
we will study and analyse the effect of the wellbore on a
CAESA system, thereby concentrating on the impact of the
well screen length in the target aquifer. We will discuss the
impact of the well screen length on the initial gas bubble
formation and the CAESA system performance. On the basis
of optimizing the well screen length configuration, we will
also study the impacts of the energy storage scale and reser-
voir depth on the energy storage efficiency. Due to the lack
of practical engineering applications of CAESA, numerical
modelling is a valid method to study these key problems.
The initial gas bubble make-up and subsequent cycle opera-
tions will be simulated using T2WELL/EOS3.The results will
help to optimize the CAESA system.

2. Model Setup

2.1. Numerical Method. T2WELL is an integrated wellbore-
reservoir simulator that can describe the nonisothermal,mul-
tiphase and multicomponent flow in a porous or fractured
system. In the simulator, the drift-flux model is used to solve
for the mixture flow within the wellbore, and the flow in
the reservoir is described similarly as with TOUGH2 [26].
Different fluid state modules are integrated into T2WELL for
applications in different fields. T2WELL/EOS3was developed
to describe a H

2
O-air-heat system, which is appropriate for

simulating the CAESA process [15]. In the EOS3 module, the
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air is considered as an ideal gas and the water properties are
described by the steam table equations.The detailedmechan-
ics process and chemical reaction process are not considered
in the module. The selected three primary thermodynamic
variables (pressure, air mass fraction, and temperature for
single-phase and gas phase pressure, gas saturation, and
temperature for two phases) can describe the system con-
dition. The air dissolution in the water can be estimated by
Henry’s law, where the air pressure is proportional to air
solubility in water (mol fraction dissolved in water) and the
proportional constant is Henry’s constant. Henry’s constant
slowly varies with temperature, so a constant is adopted in
themodule [26]. A comparison study of the simulation results
fromT2WELL/EOS3 withmonitoring data from theHuntorf
plant has shown the feasibility of the simulator application in
previous studies [18].

2.2. Numerical Model and Scheme Design

2.2.1. Grid Design. A radial symmetric grid was created to
describe the entire aquifer system in the CAESA system using
the mesh generator Wingridder [27]. To eliminate boundary
effects, the radial domain of the model covers 1000m away
from the centre wellbore. The thickness of target aquifer is
set as 50m, which ranges from −650m to −700m with a
grid resolution of 2m, and the formation above the aquifer is
considered impermeable. The vertical resolution of the mesh
is refined near the wellhead, as well as the interface between
the overlying formation and the target aquifer. In the radial
direction, the grid resolution varies from 0.25m near the
wellbore to 70m in the far field.The diameter of the wellbore
is set as 0.5m. Figure 2 and Table 1 show the profile of the
radial symmetric mesh from 0m to 200m and the aquifer
parameters, respectively.The van Genuchten-Mualemmodel
and van Genuchten function are used for calculating the
gas and liquid relative permeability and capillary pressure.
The functions can be referred to in [26]. They both depend
on the saturation (gas or liquid) in the latest time step and
some other parameters (power in expression, aqueous phase
residual saturation, gas phase residual saturation, capillary
pressure strength between aqueous and gas phases, and
maximum capillary pressure).Themodel is initially assumed
to be fully water saturated. The distribution of the pressure
is based on hydrostatic equilibrium, and the atmospheric
pressure is set as that of the land surface. The temperature
is initially calculated by the geothermal gradient (38.5∘C/km)
with a surface temperature of 15∘C. In addition, a constant
lateral boundary condition is set during the entire process.

2.2.2. Scheme Design. A daily cycle operating scheme was
more common in the previous studies. As no commercial
CAESA plant exists, we choose the daily cycle based on
Guo’s research (the same as that in the Huntorf plant), which
includes an injection stage (12 h), a shut-in stage (4.5 h), a
production stage (3 h), and another shut-in stage (4.5 h) [17].
Meanwhile, a larger energy scale will be simulated compared
with Guo’s research. We design the operation cycle with an
injection of 5 kg/s and a production of 20 kg/s, which can
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Figure 2: Profile of the radial symmetric mesh in a range of 200m
(blue represents the Caprock domain and red represents target
domain).
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Figure 3: Schematic figure of the three cases with a different
penetrating well to the target aquifer.

maintain the total gas mass balance. The enthalpy of injected
air is 0.328MJ/kg. The injection and production processes
adopt constant flow rate at the wellhead. The well is closed
to mass flow transfer with surrounding formation along its
length except where it is perforated, but the energy flow
transfer exists along all length. In the simulation, the flow and
energy transfer both in wellbore and between wellbore and
reservoir can be detailedly described in [24]. In the initial
stage of the gas bubble make-up, air is injected into the
aquifer at 50 kg/s for 30 days based on a preliminary model,
which is used to estimate the initial gas volume consideration
with the planned operation cycle scheme. To address the
aforementioned questions about the well screen, three cases
with different penetrating well screens will be developed in
our model (Figure 3), which are 10m penetration (Case 1),
30m penetration (Case 2), and 50m penetration (Case 3).
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Table 1: List of the key parameters of the aquifer.

Parameters Value Unit
Grain density 2600 kg/m3

Permeability (horizontal) 3.0 × 10
−13 m2

Permeability (vertical) 3.0 × 10−14 m2

Porosity 0.2
Compressibility 1.0 × 10−10 Pa−1

Heat conductivity 2.51 W/(m⋅∘C)
Rock grain special heat 920 J/(kg⋅∘C)
Relative permeability function van Genuchten-Mualem model
Capillary pressure function van Genuchten function
Power in expression 0.60
Aqueous phase residual saturation 0.12
Gas phase residual saturation 0.05
Capillary pressure strength between aqueous and gas phases 675.68 Pa
Maximum capillary pressure 5.0 × 105 Pa

3. Results and Analysis

3.1. Initial Gas Bubble. After 30 days of air injection, an
initial gas bubble is created for the three cases (Figure 4).The
different penetrating cases result in the evolution of different
shapes of the gas bubble. Considering the domain in which
the gas saturation is larger than 0.5 after 30 days, Case 1 has a
wider horizontal scale (increasing to approximately 60m) but
has a smaller scale in the vertical direction (approximately
25m) when compared with those of Case 2 (40m × 41m)
and Case 3 (25m × 50m). A decreasing well screen length
can cause the gas bubble to trend along the horizontal
direction, whichmay induce larger gas diffusion and pressure
fluctuation during the operation cycle. The reason for this
is that a short well screen has a small interface area for air
that is being injected into the aquifer, and thus, the air tends
to remain at the top and move horizontally owing to the
buoyancy force and a high horizontal permeability.

The pressure will gradually decrease with time (Figure 5)
and become stable with a continued injection time. It is easier
to inject the same amount of gas with an increasing gas
volume in the aquifer. The pressure will increase inversely
with the length of the well screen, which can also be caused
by the smaller interface area for gas injection into the aquifer.
The maximum pressure at the wellhead will increase to over
22MPa for a short well screen (Case 1), during which any
possible hazards caused by pressure build-up should be con-
sidered [28]. Also the high pressure during initial gas bubble
injection process can change the permeability and porosity
of aquifer near the wellbore [29], which may cause the sub-
sequent injection pressure variance. In the practice engineer-
ing, the high build-up pressure in the initial gas bubble injec-
tion process can be avoided by possible injection method or
process (e.g., constant pressure injection or the intermittent
injection).The total amount of initial injection gas varies with
the energy scale and characteristic of reservoir and also it
depends on the economy. In the engineering practice, a prior

model is needed to make a decision for the total amount of
initial injection gas.

3.2. Performance of the CAESA System

3.2.1. Change of Pressure and Temperature in the CAESA
System. Figure 6(a) shows the change in the wellhead pres-
sure with time during the cycle processes in the three
different penetrating cases. The maximum pressure with the
short well screen length is higher than that with the longer
well screen length cases. However, the minimum wellhead
pressure during production is lower with a decrease in the
well screen length, which is probably the result of a small area
for gas flow during the injection and production process as
a consequence of the short well screen length that penetrates
into the target aquifer. In the same cycle scheme, the wellhead
pressure needs to be higher in order to inject the necessary
amount of gas; meanwhile, it needs to be lower to meet the
required deliverability. Additionally, as the pressurized air is
needed in order to regenerate electricity, the lower pressure
during the production process with a shorter screen length
may be not available.

Variances of the wellhead temperature with time dur-
ing the operation cycle for the three cases are shown in
Figure 6(b). In the first shut-in stage, the wellhead tempera-
ture decreases owing to the decompression of the air and the
cooling of the wellhead temperature. In this stage, the well-
head temperature with a short screen length (Case 1) is lower
than in the other two cases, which can be caused by a larger
pressure reduction (Figure 6(a)). In the production stage, the
decline in the wellhead temperature is caused bymultiple fac-
tors, including air decompression, energy loss in the aquifer,
and heat transfer between the well and the formation. During
the production process, the air temperature at the wellhead
(Case 1) is lower.As a higher background geothermal temper-
ature occurs at deeper locations within the aquifer, the well
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Figure 4: Gas saturation distribution for the three cases after a 30-day injection period in the aquifer. (a) Case 1 (10m). (b) Case 2 (30m).
(c) Case 3 (50m).

screen lengths used to penetrate the aquifer in Case 2 and
Case 3 can reduce the heat loss and keep the temperature
higher at the wellhead than that in Case 1. In the shut-in stage
after production, the wellhead temperature increases due to
the heat of compression caused by the wellhead pressure
recovery phase, and an increase in the temperature will
accompany a more prolonged pressure recovery stage (Case
1) (Figure 6(a)). Also, the variance differences in pressure and
temperature among the three cases demonstrate the more

sensitive to the shorter wellbore screen case. The variances
are more obvious between Case 1 and Case 2, compared with
that between Case 2 and Case 3, with the same well screen
length difference (20m).

3.2.2. Comparison of the Energy Storage Efficiency among the
Three Cases. The energy flow rates in the cycle operations
for the three cases are calculated by the model (Figure 7), the
differenceswithinwhich occur during the production period.
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Figure 5: Change of pressure at the wellhead with time for the three cases.

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

Pr
es

su
re

 at
 w

ell
he

ad
 (M

Pa
)

Time (days)
40 41 42 43 44 45 46 47 48 49 50

Case 2 (30 m)
Case 1 (10 m)

Case 3 (50 m)

(a)

Time (days)
40 41 42 43 44 45 46 47 48 49 50

Case 2 (30 m)
Case 1 (10 m)

Case 3 (50 m)

40.0 40.1 40.2 40.3 40.4 40.5 40.6 40.7 40.8 40.9 41.0
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54

Te
m

pe
ra

tu
re

 at
 w

ell
he

ad
 (∘

C)

Te
m

pe
ra

tu
re

 at
 w

ell
he

ad
 (∘

C)

26
28
30
32
34
36
38
40
42
44
46
48
50
52
54

Time (days)

(b)

Figure 6: Comparisons of the variances of pressure and temperature at the wellhead during the cycle processes among the three different
well penetrating cases. (a) Pressure. (b) Temperature.

The energy flow rate is slightly higher in the cases with a
longer well screen length.The changes in the energy flow rate
with time for the three cases are almost consistent with the
change in the temperature with time during the production
period (Figure 6(b)). More energy can be produced with air
at a higher pressure and temperature when using a long well
screen length.

Ignoring the efficiencies of the compressor and turbine,
we only consider the energy loss from the underground
storage vessel caused by the cycle processes. The energy

storage efficiency per cycle process can be calculated as
follows:

𝐸efficiency =
𝐸Injection

𝐸Production
, (1)

where 𝐸efficiency is the energy efficiency per cycle; 𝐸Injection
is the total injection energy; and 𝐸Production is the total
production energy.

The energy efficiency gradually increases with the contin-
uation of the cycle, which varies from 93.6% to 95.4% over 50
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Figure 8: Changes of the energy efficiency of the CAESA system in
the three different cases with the continuation of cycles.

cycles (Figure 8). The reason for this is that the temperature
near the wellbore in the aquifer and in the overlying cap
formation will gradually become higher due to heat transfer
with the higher temperature injected air, which causes less
energy loss over the continued cycle processes. In addition, a
longer well screen length performs with slightly better energy
efficiency. The energy efficiency in Case 3 is 0.2% (13.2 kW
total energy) higher than Case 1 per cycle and the variance
is more sensitive to shorter well screen length. Although the
differences of the energy efficiency among the three cases are
not obvious in this model, the total energy loss can be more

24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60

Time (days)
40 41 42 43 44 45 46 47 48 49 50

Te
m

pe
ra

tu
re

 at
 w

ell
he

ad
 (∘

C)

13.1 MW (injection (10 kg/s), production (40 kg/s))
6.6 MW (injection (5 kg/s), production (20 kg/s))
3.9 MW (injection (3 kg/s), production (12 Ｅg/s))

Figure 9: Changes in the wellhead temperature with time among
the three energy storage scales of the CAESA system.

significant if a large-scale CAESA system is being imple-
mented.

A comparison of the CAESA system performance with
the three kinds of well screen lengths penetrating into the
aquifer suggests that longer well screen lengths can perform
with better energy storage efficiencies, especially for the case
penetrating through the entire target aquifer. Additionally,
longer well screen length will contribute more stable and
sufficiently pressurized output air for the regeneration of elec-
tricity. Furthermore, the greater deliverability with a longer
well screen could extend the energy storage scale in a single
well or reduce the number of wells required for a large-scale
CAESA system.

4. Discussion

As discussed above, well screens that entirely penetrate
through the target aquifer can perform with better energy
efficiencies in a CAESA system. In this section, we will
investigate the effects of the energy storage scale and reservoir
depth under the conditions of a well penetrating through the
entire aquifer using numerical modelling.

4.1. Impact of the Energy Storage Scale on the System Perfor-
mance. In a fixed CAESA system, different energy storage
scales can be reflected by variances in the injection and
production rates. To evaluate the influences of the energy
storage scale, we design three cases of the energy storage scale,
the corresponding injection and production rates of which
are shown in Table 2. The wellbore is perforated through the
entire aquifer. The initial gas bubble and other aquifer para-
meters are the same as those mentioned previously.

Figure 9 demonstrates the temperature variance among
the three cases of the energy storage scale at the wellhead
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Figure 10: Temperature profiles along the wellbore among the three energy storage scales of the CAESA system during the 40–50 cycles. (a)
3.9MW (injection 3 kg/s, production 12 kg/s); (b) 6.6MW (injection 5 kg/s, production 20 kg/s); (c) 13.1MW (injection 10 kg/s, production
40 kg/s).

Table 2: The injection and production rates in the three energy
storage scale systems.

Scale (MW) Injection rate (kg/s) Production rate (kg/s)
3.9 3 12
6.6 5 20
13.1 10 40

during the operation cycle. The minimum wellhead temper-
ature reaches 34∘C, 31∘C, and 29∘C for the 3.9MW, 6.6MW,
and 13.1MW scales, respectively. In addition, the maximum
temperature is the same (approximately 48∘C) in the different
cases during the injection period. Larger energy storage

scales, which correspond to larger air mass cycles, result in
higher air temperatures during the production period.

The temperature profiles along the wellbore during the
operation cycle are drawn in Figure 10. The temperature dis-
tribution is controlled by heat transfer between the air in the
wellbore and the surrounding formation. Taking the injection
process as an example, the high-temperature injected air
transfers heat to the surrounding cooler formation, which
results in a temperature drop in the wellbore. As the depth
increases, the temperature in the surrounding formation rises
and the temperature difference with the air in the wellbore
could decrease. When the temperature in the surrounding
formation is higher (the temperature can reach 42∘C at the
bottom of the aquifer as calculated by the aforementioned
geothermal gradient) than the air temperature in thewellbore
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Figure 11: Comparison of the energy efficiencies and total energy losses during the 50 cycles under the three energy storage scales of a CAESA
system. (a) Energy efficiency. (b) Total energy loss.

(in the 3.9MW and 6.6MW cases), the heat transfer process
is reversed, which means that heat will be transferred to the
wellbore from the surrounding formation. In the 3.9MW
and 6.6MW cases, the temperature drops and then rises
with depth along the wellbore during the injection. During
the operation cycle, a larger energy storage scale represents
a higher temperature distribution. The difference could be
explained as the consequence of the larger air flow velocity
in the wellbore relative to larger energy storage scales, which
will cause a smaller heat loss of the unit air mass to the
surrounding formation.

The variances in the energy efficiency and total energy
loss during the 50 cycles in the three energy storage scales
are described in Figure 11. A larger energy storage scale can
cause a greater total energy loss in aCAESA system.However,
the case with the 13.1MW scale has a better energy storage
efficiency (96.8%) when compared with those at the 6.6MW
scale (95.3%) and 3.9MW scale (94.5%) in the 50th cycle.
The opposite trends between the energy efficiency and total
energy loss are caused by the total energy storage scale. The
ratio of the total energy loss in these different cases is smaller
than the ratio of the energy storage scale, which means that
the energy loss of the unit air mass is smaller in larger energy
storage scales, which can be reflected by the temperature
variances during the cycle (see Figures 9 and 10) due to larger
air flow velocities. Under the condition of guaranteeing the
sustainability of the system, these numerical results reveal
that a larger energy storage scale design could perform with
better energy efficiency.

4.2. Impact of the Reservoir Depth on the System Performance.
In this section, we will discuss the reservoir depth impact on
the CAESA system performance. Different reservoir depths

Table 3: Scenario sets for different target aquifer depths in a CAESA
system.

Case Target aquifer location depth
Case 4 150m–200m
Case 5 250m–300m
Case 6 450m–500m
Case 7 650m–700m
Case 8 850m–900m

could impact both the performance of the initial gas bubble
formation and changes in the pressure and temperature.
At the same time, we further investigate the interaction
between geothermal and CAESA systems, as shown in the
previous section. Five different target aquifer depth cases are
investigated as shown in Table 3. The thickness of the target
aquifer remains constant (50m) and the ranges in their values
represent the location depth. The selection ranges for the
target aquifer location depths are based on the literature,
which suggests that the depth to the top of the aquifer should
be larger than 140m [2]. The other basic parameters of the
aquifer are the same as above, and the overlying formation
is impermeable. The wellbore entirely penetrates the target
aquifer.The grid is generated depending on the different cases
with the same resolution in the aquifer.

Different depths of the target aquifer will produce dif-
ferent initial gas bubbles. During the first stage, the initial
gas bubble is generated using the simulator. The injection
scheme is the same as that mentioned previously (50 kg/s for
30 days) among the five cases. Figure 12 illustrates the gas
saturation distribution after injection for the different cases.
The gas saturation distribution only shows minor differences
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Figure 12: Distribution of the initial gas saturation within a lateral distance of 10m before the cycle process for five cases. (a) Case 4
(150m–200m); (b) Case 5 (250m–300m); (c) Case 6 (450m–500m); (d) Case 7 (650m–700m); (e) Case 8 (850 m–900m).
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for the five cases. As the 0.95 gas saturation contour shows,
larger distances away from the wellbore are observed in the
deeper cases, and they vary from 1m for Case 4 to 2.2m for
Case 8.This could be explained insomuch that greater depths
correlate to higher storage densities and a smaller plume area,
which makes the gas accumulate near the wellbore.

Within the cycle process, we design the cycle scheme as
the basic model (5 kg/s injection for 12 h and 20 kg/s pro-
duction for 3 h). The injection air temperature is set to 30∘C,
which is different from the temperature in the base model,
in consideration of the geothermal gradient (38.5∘C/km) and
the different depth cases. A comparison of the wellhead tem-
perature changes in 41–43 days after the start of the operation
cycle is shown in Figure 13. As the in situ temperature in the
formation increases with depth, the heat in the wellhead can
be replenished from the formation when the temperature in
the formation is higher than the injection air temperature.
This can result in the fact that the wellhead temperature is
higher in deeper cases, and it even reaches a temperature
that is higher than the injection temperature during the
production period in Case 8.

Figure 14 displays the temperature profile at the wellhead
in the 40th cycle for the five cases. For Case 4 and Case 5,
the background temperature (i.e., the undisturbed formation
temperature) is lower than the injection air temperature.
Therefore, in the entire operation cycle, the heat will con-
stantly flow into the surrounding formation.With an increase
in the depth (from Case 6 to Case 8), the background
temperature will gradually become higher than the injection
temperature (30∘C), which may reverse the heat transfer
process at certain depths, and the injected air could be heated
by the geothermal.

The energy efficiencies in the five depth cases are drawn
in Figure 15. ACAESA systemwith a deeper aquifer performs

with better energy efficiency. The differences may be caused
by two main reasons. First is the effect of the geothermal.
Heat is lost to the surrounding cooler formation when the
background temperature in the aquifer is lower (Figures 14(a)
and 14(b) for Case 4 and Case 5, resp.). A deeper aquifer
system will enlarge the area of the heat loss, which may result
in a worse energy efficiency (the energy efficiency in Case 4
will become better than Case 5 with the continuation of the
cycle). When the background temperature is higher (Figures
14(c), 14(d), and 14(e) for Cases 6, 7, and 8, resp.), a longer
wellbore with a deeper aquifer will reduce the heat loss and
sometimes can obtain thermal supplement from surrounding
formation, which can result in better energy efficiency in a
CAESA system. Second reason could be the higher energy
storage densities and pressure. Greater depths correlate to
higher storage densities and a smaller gas diffusion area could
decrease the energy loss and higher storage pressure could
maintain the thermal energy by compression heat. The two
reasons result in the fact that the energy efficiency can be
approached 100% in Case 8. We can also infer that the energy
efficiency may exceed 100% with a deeper aquifer system
and higher in situ temperature. These results show that a
deeper target aquifer with an entirely perforated wellbore
could perform with a better energy efficiency, which could
reduce the heat loss and obtain thermal supplement by higher
surrounding formation temperature and decrease the energy
loss by large storage densities and high pressure. However, in
practical engineering applications, a CAESA system with a
deeper target aquifer may increase the cost for well drilling,
which means the total economic performance needs to be
considered.

However, there are two aspects of limitations in this study.
First, in the conceptual model, the aquifer is assumed to be
horizontal, homogeneous, and embedded with the imperme-
able formation. While in the natural condition, the aquifer is
often heterogeneous, which may affect the initial gas bubble
distribution and the pressure variance in cycle process.
Also the energy efficiency can become worse caused by gas
loss with the poor Caprock. Second, in the T2WELL/EOS3
module, the gas is considered as ideal gas. The property
differences between ideal gas and real gas may affect the
simulation results.The permeability and porosity variance, as
well as the possible hazards caused by pressure build-up, will
not be considered as the mechanics process is ignored in the
module. Despite the limitations existing in this study, it can
answer the foundation questions about thewellbore influence
in the CAESA system mentioned in the paper.

5. Conclusions

A wellbore-reservoir numerical model was developed to
evaluate the influence of wellbore flow on the performance of
a CAESA system.The integrated operation processes, includ-
ing the formation of the initial gas bubble formation and
the cycle injection and production process, were simulated
in detail. A wellbore that is fully penetrating into the target
aquifer can provide the most reliable pressurized air output,
and a comparison of the energy efficiency calculated using
the ratio of input energy and output energy from the storage
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Figure 14:The temperature profiles along thewellbore in the 40th cycle for the different cases. (a) Case 4 (150–200m); (b) Case 5 (250–300m);
(c) Case 6 (450–500m); (d) Case 7 (650–700m); (e) Case 8 (850–900m).
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vessel shows that it can help improve the performance of a
CAESA system due to heat transfer with the formation.

On the basis of the wellbore study results, the impacts of
the energy storage scale and reservoir depth on the perfor-
mance of a CAESA systemwere investigated through numer-
ical modelling. The results show that larger energy storage
scales with larger injection and production rates can help
improve the performance of a CAESA system, which is repre-
sented by a smaller energy loss to the surrounding formation
relative to the unit air mass.The geothermal effect and energy
storage density can impact the total energy efficiency, and
a deeper target aquifer can improve the performance of a
CAESA system. The results can help the system design and
extend the prospects of CAESA system combined with
geothermal system.

There still remain some problems concerning the influ-
ences of wellbore flow on a CAESA system, which need to be
studied in the future. One important challenge is how to
build an initial gas bubble at a larger scale, which can support
larger scale energy storages. In addition, the impact of geo-
thermal effect on CAES is an interesting research issue and
should be further studied. Other inevitable aspects, including
the reaction of oxygen with minerals, the corrosion of the
wellbore, and the associated risk assessments, should be
investigated.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This research was funded by the Fundamental Research
Funds for the Central Universities through Beijing Nor-
mal University (no. 2015KJJCB17) and the National Natural

Science Foundation of China (Grant no. 41572220). It was
also supported by the China Scholarship Council (CSC) for
the first author’s visit to the Lawrence Berkeley National
Laboratory.

References

[1] M. Budt, D. Wolf, R. Span, and J. Yan, “A review on compressed
air energy storage: Basic principles, past milestones and recent
developments,” Applied Energy, vol. 170, pp. 250–268, 2016.

[2] S. Succar and R. H. Williams, “Compressed air energy storage:
theory, resources, and applications for wind power,” Princeton
Environmental Institute report, p. 8, 2008.

[3] R. Allen, T. Doherty, and L. Kannberg, “Summary of selected
compressed air energy storage studies,” Tech. Rep. PNL-5091,
1985.

[4] D. R. Mack, “S omething new in power technology,” IEEE
Potentials, vol. 12, no. 2, pp. 40–42, 1993.

[5] F. Crotogino, K. U. Mohmeyer, and R. Scharf, Huntorf CAES:
More than 20 Years of Successful Operation, Orlando, Florida,
USA, 2001.

[6] R. Kushnir, A. Dayan, and A. Ullmann, “Temperature and pres-
sure variations within compressed air energy storage caverns,”
International Journal of Heat and Mass Transfer, vol. 55, no. 21-
22, pp. 5616–5630, 2012.

[7] M. Raju and S. Kumar Khaitan, “Modelling and simulation of
compressed air storage in caverns: a case study of the Huntorf
plant,” Applied Energy, vol. 89, no. 1, pp. 474–481, 2012.

[8] E. Barbour, D. Mignard, Y. Ding, and Y. Li, “Adiabatic Com-
pressed Air Energy Storage with packed bed thermal energy
storage,” Applied Energy, vol. 155, pp. 804–815, 2015.
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The accidents caused by underground goafs are frequent and destructive due to irregular geometric shapes and complex spatial
distributions, which caused severe damage to the environment and public health. Based on the theories of uncertaintymeasurement
evaluation (WME) and analytic hierarchy process (AHP), the comprehensive risk evaluation of underground goafs was carried out
using multiple indexes. Considering the hydrogeological conditions, mining status, and engineering parameters of underground
goafs, the evaluation index system was established to evaluate the risk degrees considering quantified uncertain factors. The single
index measurement values were solved by the semiridge measurement function.The weights for evaluation vectors were calculated
through the entropy theory and AHP. Finally, the risk level was evaluated according to the credible degree recognition criterion
(CDRC) and the maximum membership principle. The risk levels of 37 underground goafs in Dabaoshan mine were evaluated
using 4 coupled methods. The order for underground goafs risk degrees was ranked and classified on account of the uncertainty
important degree. According to the ranked order, the reasonability of 4 coupledmethods was evaluated quantitatively. Results show
that the UME-CDRC can be applied in the practical engineering, which provides an efficient guidance to both reduce the accident
risk and improve the mining environment.

1. Introduction

Undergroundmining projects are the basic energy source and
resource guarantee of the national economic development.
The mining industry develops rapidly in the countries like
South Africa, Australia, Canada, Poland, and China. With
the large land area and relatively small population, it is
viable to carry out the open pit mining in Australia and
Canada, where little underground goafs are distributed [1–4].
Compared to these countries, a large number of underground
goafs formed in the process of mining in China, especially in
the underground mines using open stope mining methods
[5–7]. Since the 1980s, the illegal mining was rising up in
China, which caused numerous unknownunderground goafs
around the mines. There is no doubt that they present a
very serious threat to safety and viability of efficient and
sustainable mining, due to the characteristics of irregular

geometric shapes, complex spatial distributions, and being
strongly concealed [8–10].

In recent years, many collapse accidents of underground
goafs have occurred, which have caused huge economic
losses, casualties, and serious ecological damage. Particularly,
the damage to our vegetation, water, and land fromnumerous
underground goafs induced by large-scale mining has posed
severe threats to the environment and public health [11–
17]. There are more than 9000 state-owned mines in China.
The annual amount of mineral production has reached 9
billion tons and the volumeof underground goafs has reached
billions of cubic meters. In Shanxi Province, the area of
underground goafs has been as large as 1/8 of the whole
provincial area. Numerous mines in China are mining with
underground goafs, including Dachang mine, Changba lead-
zinc mine, Shizishan copper mine, Luanchuan molybdenum
mine, Lanping lead-zinc mine, and Dabaoshan mine. The
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Figure 1: The damage of roads caused by the collapse of underground goafs in Shengda iron mine, where the vibration intensity was equal
to an earthquake with the magnitude 3.1.

Figure 2: The huge and numerous collapse pits distributed in
the Hulun Buir, where the vegetation, environment, and ecological
system were damaged seriously.

distribution range of underground goafs is extremely large
and the locations are strongly concealed, which threatens the
safety of mine production and surrounding environment.

The statistical results show that more than 180 places
with large area of ground subsidence have been found in
21 provinces of China, which have caused more than 1592
collapse pits andmore than 200 deaths. Based on the analysis
of these accidents, two significant aspects for the harm of
underground goafs are summarized [18]. One aspect is the
large area falling of underground goafs roofs, which results
in the subsidence and cracking of surface, the destruction
of mine environment, and heavy casualties. For example,
a ground subsidence accident occurred at Shengda mine
[19]. The nearby roads and buildings were damaged with
different levels by an induced vibration, where the vibration
intensity was equal to an earthquake with the magnitude
3.1 (Figure 1). In addition, a large number of collapse pits
were found in Hulun Buir (Figure 2). The vegetation was
damaged seriously due to the large-scale coal mining, which
led to the environmental disruption and imbalance of the
ecological system [20]. Another aspect is the groundwater
inrush accident caused by numerous underground goafs and
blasting vibration. Since, in the mining process, the rock
fractures in the surrounding rock of underground goafs will

develop due to the impact of blasting vibration and even
connect to the surface or the chamber which contains water
fully, thus the tunnels and working face will be inundated
and causing huge losses. For example, a groundwater inrush
accident occurred at Nandan, Guangxi Province, on 7 July
2001. In this disastrous accident, two mines were inundated
at the same time and 81 people were killed. The volume of
groundwater inrush wasmore than 34×104m3 and the direct
economic losses reached 80 million yuan [21].

Furthermore, the environmental engineering geological
problems induced by underground goafs also have a serious
impact on the mine production, transportation, pipeline,
land, and water movement. It is typical to note that there are a
total of 1982 locations with different degrees of ground subsi-
dence in the Fankou lead-zinc mine, Guangdong Province.
The area of ground subsidence has reached 675 km2 and
the area of damaged farmland is about 66.7 km2. The area
of the removed surrounding buildings is 7 km2. Besides, a
national highway between Laizhou and Zhaoyuan suffered
serious ground subsidence, which resulted in the destructions
of traffic and surrounding buildings. At the same time, the
adjacent underground goafs are more likely to penetrate each
other and cause large-scale collapse of domino type [22].
Thus, the evaluation of underground goafs risk degrees is a
significant and urgent problem.

Focusing on the problems of underground goafs, some
remarkable methods including the accurate detection meth-
ods and stability analysis have been developed for under-
ground goafs [23–28]. Measurement works include shear
movements [29], water [30], and locations of underground
goafs [31].The stability analysis of underground goafs focused
on mechanism and stability evaluation in the ground subsi-
dence [26], numerical analysis [27], and predictionmodel for
mining subsidence [28].

However, the evaluation of underground goaf risk degree
is carried out through the single index in the existing
methods, where the area of underground goafs is considered
commonly [32].The application of comprehensive evaluation
method for underground goaf risk degree using multiple
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Table 1: Classification criteria for evaluation of risk levels with qualitative indexes.

Evaluation indexes Classification
Risk level 𝐶1 Risk level 𝐶2 Risk level 𝐶3 Risk level 𝐶4

Rock mass structure (𝑋1) Complete structure Stratified structure Cracked structure Loose structure

Geological structure (𝑋2) Without faults or
folds

Impact of folds is
small

Impact of folds is
huge

The faults penetrate
surrounding rock

Groundwater (𝑋4) Without water
spraying

Little water spraying
when rainfall exists

Water spraying when
rainfall is huge

Water spraying in
rainy season

Impact of groundwater (𝑋5) Without impact for
surrounding rock

Little impact for
surrounding rock

General impact for
surrounding rock

Huge impact for
surrounding rock

Mining impact (𝑋6) Little blasting impact General blasting
impact Huge blasting impact Great blasting impact

Condition of adjacent
underground goaf (𝑋7)

No more
underground goafs in
the influencing area

The area of
underground goafs is
medium and the
number is small

The area of
underground goafs is
large and the number
is great, while the
distribution is

scattered

The area of
underground goafs is
large, the number is

great, and the
distribution is
concentrated

Pillar size and layout (𝑋11) The pillar exists and
the layout is standard

The pillar exists but
the layout is
nonstandard

Without pillar or the
layout is nonstandard;
the pillar begins to be

damaged

Without pillar or the
layout is nonstandard;
the pillar is damaged

seriously
1Size of underground goaf
(𝑋13) 𝑟 < 1 1 ≤ 𝑟 < 2 2 ≤ 𝑟 < 3 𝑟 ≥ 3
Engineering layout (𝑋14) Reasonable Generally reasonable Partly reasonable Extremely

unreasonable
1𝑟 is the ratio of span to height.

indexes is scarce. As for the existing risk evaluation meth-
ods considering multiple evaluation indexes, most of them
perform risk evaluation through the safety checklist, which is
of qualitative evaluation. Actually, the weights of evaluation
indexes will be affected seriously due to the subjective
judgment, which leads to the inaccuracy and deviation of
evaluation results. Recently, some comprehensive evaluation
methods have been developed including grey fixed weight
clustering method, grey relational analysis method, and
neural network method [21, 33–35]. In fact, the difficulty
for evaluating underground goaf risk degree lies in the
uncertainties and concealments of the influencing factors,
which should be considered and analyzed together. Thus, a
comprehensive method for evaluating the underground goaf
risk degree, as well as ranking the order, is necessary and
important. According to the ranked order of underground
goafs risk degrees, it is feasible to provide theoretical support
for the management order of underground goafs with higher
safety hazards. Then, the underground goafs with severe
safety threats can be managed timely, to avoid casualties and
environmental destruction.

In this paper, UME and AHP theories are applied to
evaluate underground goafs risk degrees comprehensively
[36–38].The recognition criteria CDRC and TMMP are used
to evaluate the risk levels of underground goafs.Themultiple
factors that influence the stability of underground goafs are
considered and integrated comprehensively, which include
the quantitative and qualitative factors, instead of a single
factor. In addition, the quantitative and qualitative analysis

are combined, and the qualitative factors are calculated
with the quantitative form. According to the comparison
and analysis of the 4 coupled methods formed through
the combination of UME, AHP, CDRC, and TMMP, it is
expected to develop a reasonable method for the evaluation
of underground goaf risk degree, which is beneficial for the
protection of environment and the sustained development of
green mining.

2. Materials and Methods

2.1. The Index System for the Evaluation of Underground
Goaf Risk Degree. The underground goafs are of irregular
geometric shapes and complex spatial distributions, where
numerous factors have effects on the risk degrees. Based
on the analysis of factors that influence the stability of
underground goafs, 9 factors are selected as the qualitative
single evaluation indexes including rock mass structure,
geological structure, groundwater, impact of groundwater,
mining impact, condition of adjacent underground goaf,
pillar size and layout, the size of underground goaf (the
ratio of the span to the height), and engineering layout,
which are represented with 𝑋1, 𝑋2, 𝑋4, 𝑋5, 𝑋6, 𝑋7, 𝑋11,𝑋13, and 𝑋14, respectively. In addition, 5 factors are selected
as the quantitative single evaluation indexes including rock
quality designation (RQD), span, area, height, and buried
depth, which are represented with 𝑋3, 𝑋8, 𝑋9, 𝑋10, and 𝑋12,
respectively. Tables 1 and 2 show the classification criteria
of the 9 qualitative indexes and the 5 quantitative indexes,
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Table 2: Classification criteria for evaluation of risk levels with quantitative indexes.

Evaluation indexes Classification
Risk level 𝐶1 Risk level 𝐶2 Risk level 𝐶3 Risk level 𝐶4

RQD (𝑋3)/% >60 50–60 40–50 <40
Span (𝑋8)/m <40 40–80 80–120 >120
Area (𝑋9)/m2 <800 800–1200 1200–2400 >2400
Height (𝑋10)/m <8 8–20 20–30 >30
Buried depth (𝑋12)/m <100 100–200 200–400 >400

respectively. In order to evaluate the risk degrees compre-
hensively and reasonably, the risk degrees are classified into 4
levels, which are𝐶1,𝐶2,𝐶3, and𝐶4.The risk levels𝐶1,𝐶2,𝐶3,
and 𝐶4 represent little dangerous, generally dangerous, very
dangerous, and extremely dangerous, respectively. For the
underground goafs with different risk levels, themanagement
methods are listed as follows:

(i) For the underground goafs that belong to the risk
level 𝐶1, they should be monitored on schedule. The
management process should be accomplished within
twelve months.

(ii) For the underground goafs that belong to the risk level𝐶2, they should be closed and separated. In addition,
the distinct sign should be set up and the filling
operation should be prepared in the meanwhile. The
whole process should be accomplished within six
months.

(iii) For the underground goafs that belong to the risk
level 𝐶3, the distinct sign should be set up. The filling
operation should be carried out within three months.

(iv) For the underground goafs that belong to the risk
level𝐶4, they should be closed and filled immediately.
Moreover, the caving method should be applied as
long as the safety requirements are satisfied. The
whole process should be accomplished within one
month.

2.2. Determination of the Single Index Measurement Value.
The underground goaf to be evaluated is represented as
the symbol 𝑅. The variable 𝑋𝑖 represents a single evalua-
tion index. As the number of selected evaluation indexes
is 14, the evaluation index space is represented as 𝑋 ={𝑋1, 𝑋2, . . . , 𝑋14}. For the underground goaf 𝑅 to be evalu-
ated, 𝑥𝑖 is the measured value corresponding to the single
evaluation index 𝑋𝑖. Therefore, the parameter 𝑅 can be
represented as a vector 𝑅 = {𝑥1, 𝑥2, . . . , 𝑥14}. It is known that
there are 4 risk levels for the underground goaf. The 𝑘th risk
level is represented as 𝐶𝑘 (𝑘 = 1, 2, 3, 4) and it is safer than
the (𝑘 + 1)th risk level, which can be rewritten as 𝐶𝑘 < 𝐶𝑘+1.
The degree that the measured value 𝑥𝑖 belongs to the risk
level 𝐶𝑘 is represented as 𝜇𝑖𝑘 = 𝜇 (𝑥𝑖 ∈ 𝐶𝑘). The parameter𝜇 is exactly the single index measurement value, which is
determined through the single index measurement function.
Based on the analysis and comparison of different single

index measurement functions, the semiridge distribution is
selected to calculate the single index measurement values,
which is shown as follows:

𝜇 (𝑥) =
{{{{{{{{{

0 𝑥 ≤ 𝑎
12 +
1
2 sin

𝜋
𝑏 − 𝑎 (𝑥 −

𝑏 + 𝑎
2 ) 𝑎 < 𝑥 < 𝑏

1 𝑥 ≥ 𝑏
(1)

𝜇 (𝑥) =
{{{{{{{{{

1 𝑥 ≤ 𝑎
1
2 − 12 sin 𝜋𝑏 − 𝑎 (𝑥 − 𝑏 + 𝑎2 ) 𝑎 < 𝑥 < 𝑏
0 𝑥 ≥ 𝑏,

(2)

where 𝑎 and 𝑏 are the lower and upper limit of the value
range. Equation (1) is the rising semiridge distribution for
the quantitative positive indexes, where the risk levels of
underground goafs increase with the increase of single
evaluation index. Equation (2) is the descending semiridge
distribution for the quantitative negative indexes, where the
risk levels increase with the decrease of single evaluation
index.The semiridge functions of the 9 qualitative evaluation
indexes and 5 quantitative evaluation indexes are shown
in Figure 3. Thus, it is feasible to solve the single index
measurement values of 14 evaluation indexes. The evaluation
matrix (𝜇𝑖𝑘)14×4 of single index measurement value is shown
as follows:

(𝜇𝑖𝑘)14×4 =
[[[[[[
[

𝜇11 𝜇12 ⋅ ⋅ ⋅ 𝜇14
𝜇21 𝜇22 ⋅ ⋅ ⋅ 𝜇24... ... d

...
𝜇141 𝜇142 ⋅ ⋅ ⋅ 𝜇144

]]]]]]
]
. (3)

2.3. The UMETheory

2.3.1. Determination of Evaluation Index Weight. Based on
the summary of UME theory proposed by Wang [37], we
improve the theory to fit the evaluation of underground goafs
risk degrees. It is assumed that𝑤𝑖 is a parameter which repre-
sents the relatively important degree between the evaluation
index𝑋𝑖 and other indexes.The parameter𝑤𝑖 can be taken as
the weight of the evaluation index 𝑋𝑖, which should satisfy
the requirements that 0 ≤ 𝑤𝑖 ≤ 1 and ∑14𝑖=1 𝑤𝑖 = 1.
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Figure 3: The single index measurement functions for evaluation indexes of underground goafs. The graphs (a), (b), (c), (d), and (e)
show the functions of RQD, span, area, height, and buried depth, respectively. The graph (f) shows the function of rock mass structure,
geological structure, groundwater, impact of groundwater, mining impact, condition of adjacent underground goaf, pillar size and layout,
and engineering layout.

The weight 𝑤𝑖 can be determined by the entropy theory
through the following equations:

V𝑖 = 1 + 1lg 4
4∑
𝑘=1

𝜇𝑖𝑘 lg 𝜇𝑖𝑘
𝑤𝑖 = V𝑖∑14𝑖=1 V𝑖 .

(4)

The evaluation matrix (𝜇𝑖𝑘)14×4 of single index measure-
ment value is known, and the weight 𝑤𝑖 can be determined
through (4).

2.3.2. The Comprehensive Evaluation Vector of Multiple
Index Measurements. The degree of the underground goaf𝑅 belongs to the risk level 𝐶𝑘, which is represented as 𝛾𝑘 =𝛾 (𝑅 ∈ 𝐶𝑘). It can be obtained through

𝛾𝑘 =
14∑
𝑖=1

𝑤𝑖𝜇𝑖𝑘 (𝑘 = 1, 2, 3, 4) . (5)

It is obvious that the requirements 0 ≤ 𝛾𝑘 ≤ 1 and∑4𝑘=1 𝛾𝑘 = 1 are satisfied here. Therefore, {𝛾1, 𝛾2, 𝛾3, 𝛾4}
is the comprehensive evaluation vector of multiple indexes
measurements for the underground goaf 𝑅.
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Figure 4: The hierarchical model for AHP, which consists of the goal hierarchy, the criteria hierarchy, and the alternatives hierarchy.

2.4. The AHPTheory

2.4.1. Establishment of a Hierarchical Model. According to
the ideas and methods of AHP presented by Orencio and
Fujii [36], the hierarchical model is established as shown in
Figure 4, which consists of the goal hierarchy 𝐺, the criteria
hierarchy 𝑃, and the alternatives hierarchy 𝑋. The problem
to be solved is taken as the goal hierarchy 𝐺, which is the
risk level 𝐶𝑘 of the underground goaf 𝑅 in this paper. The
criteria hierarchy 𝑃 is determined based on the analysis of
the practical problem and the relationships between single
evaluation indexes, which consists of geological factors,
hydrological factors, environmental factors, and geometrical
parameters. Specifically, the geological factors contain 𝑋1,𝑋2, and𝑋3. The hydrological factors contain𝑋4 and𝑋5. The
environmental factors contain 𝑋6 and 𝑋7. The geometrical
parameters contain 𝑋8, 𝑋9, 𝑋10, 𝑋11, 𝑋12, 𝑋13, and 𝑋14.
All the single evaluation indexes make up the alternatives
hierarchy, which is the lowest hierarchy.

2.4.2. Determination of the Judgment Matrix. According to
the importance degree for the 4 criteria in the middle hier-
archy 𝑃, the relative importance degree can be determined by
1–9 comparison scale method, which is clarified as follows.
The number 9 indicates the greatest importance degree, while
the number 1 indicates the smallest importance degree. It
is assumed that 𝑃𝑎𝑏 (1 ≤ 𝑎, 𝑏 ≤ 4) is the judgment value
of the criterion 𝑃𝑎 with respect to the criterion 𝑃𝑏, which
indicates the importance degree. On the contrary, 𝑃𝑏𝑎 is the
judgment value of the criterion𝑃𝑏with respect to the criterion𝑃𝑎, which is equal to the reciprocal of 𝑃𝑎𝑏. The detailed steps
for determining 𝑃𝑎𝑏 and 𝑃𝑏𝑎 are shown in Table 3. Through
(6), the judgment values can be solved by comparing 𝑃𝑎 and𝑃𝑏. Therefore, the judgment matrix 𝐺 for the goal hierarchy
can be obtained, which is shown as (7). Then, the greatest
characteristic root and corresponding normalized feature
vector of the judgment matrix 𝐺 can be solved. Similarly,
the judgment matrixes, greatest characteristic roots, and
corresponding normalized feature vectors of the criteria
hierarchies 𝑃1, 𝑃2, 𝑃3, and 𝑃4 can be solved.

Table 3: The judgment values for determining the importance
degree between the criteria 𝑃𝑎 and 𝑃𝑏.
The importance degree for comparing 𝑃𝑎 and𝑃𝑏 𝑃𝑎𝑏 𝑃𝑏𝑎
𝑎 and b are “equally important” 1 1
𝑎 is “a little more important” than 𝑏 3 1/3
𝑎 is “obviously important” compared to 𝑏 5 1/5
𝑎 is “significantly more important” than 𝑏 7 1/7
𝑎 is “extremely important” compared to 𝑏 9 1/9
The importance degree of 𝑃𝑎 with respect to 𝑃𝑏
is between the above levels 2, 4, 6, 8 1/𝑃𝑎𝑏

Table 4: The values for average random consistency index (RI).

𝑇 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51

𝑔𝑎𝑏 = 𝑃𝑎𝑃𝑏 ,
𝑔𝑏𝑎 = 𝑃𝑏𝑃𝑎

(6)

𝐺4×4 =
[[[[[
[

𝑔11 𝑔12 𝑔13 𝑔14
𝑔21 𝑔22 𝑔23 𝑔24
𝑔31 𝑔32 𝑔33 𝑔34
𝑔41 𝑔42 𝑔43 𝑔44

]]]]]
]
. (7)

2.4.3. The Consistency Check of the Judgment Matrix. The
consistency check should be performed for the judgment
matrixes to determine whether they are qualified. According
to (8), the consistency index (CI) is solved. The average
random consistency index (RI) can be found from Table 4.
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Then, we can calculate the consistency ratio (CR) through
(9), which is equal to the ratio of CI to RI. The consistency
of the judgment matrix is qualified when there is CR < 0.1.
Otherwise, the judgment matrix should be determined again
with different criteria.

CI = 𝜆max − 𝑡𝑡 − 1 (8)

CR = CI
RI

, (9)

where 𝑡 is the number of rows for the judgment matrix to be
checked.

2.4.4. Determination of the SyntheticWeight. As the judgment
matrixes, the greatest characteristic roots, and the corre-
sponding feature vectors of 𝐺, 𝑃1, 𝑃2, 𝑃3, and 𝑃4 are known,
the consistency check can be performed for these judgment
matrixes. The results of the judgment matrixes, the greatest
characteristic roots, and the corresponding feature vectors
are shown in (10). The synthetic weights of all the evaluation
indexes are represented as𝑊𝑖, which are shown in Table 5.

𝐺 =
[[[[[
[

1.0000 1.8000 1.2857 0.8889
0.5556 1.0000 0.6667 0.4444
0.7778 1.5000 1.0000 0.6667
1.1250 2.2500 1.5000 1.0000

]]]]]
]
, 𝜎𝐺 = (0.2873, 0.1528, 0.2252, 0.3348)𝑇 , 𝜆max = 4.0011, CR < 0.10

𝑃1 = [[
[

1.0000 0.6667 0.8889
1.5000 1.0000 1.2857
1.1250 0.7778 1.0000

]]
]
, 𝜎𝑃1 = (0.2762, 0.4093, 0.3145)𝑇 , 𝜆max = 3.0002, CR < 0.10

𝑃2 = [1.0000 0.66671.5000 1.0000] , 𝜎𝑃2 = (0.4000, 0.6000)𝑇 , 𝜆max = 2.0000, CR < 0.10

𝑃3 = [1.0000 1.50000.6667 1.0000] , 𝜎𝑃3 = (0.6000, 0.4000)𝑇 , 𝜆max = 2.0000, CR < 0.10

𝑃4 =

[[[[[[[[[[[[[[
[

1.0000 1.1250 1.2857 1.1250 1.5000 1.5000 1.5000
0.8889 1.0000 1.1250 1.0000 1.2857 1.2857 1.2857
0.7778 0.8889 1.0000 0.8889 1.1250 1.1250 1.1250
0.8889 1.0000 1.1250 1.0000 1.2857 1.2857 1.2857
0.6667 0.7778 0.8889 0.7778 1.0000 1.0000 1.0000
0.6667 0.7778 0.8889 0.7778 1.0000 1.0000 1.0000
0.6667 0.7778 0.8889 0.7778 1.0000 1.0000 1.0000

]]]]]]]]]]]]]]
]

,

𝜎𝑃4 = (0.1803, 0.1574, 0.1387, 0.1574, 0.1221, 0.1221, 0.1221)𝑇 , 𝜆max = 7.0003, CR < 0.10.

(10)

2.4.5. Determination of the Evaluation Vector. The degree
that the underground goaf 𝑅 belongs to the risk level 𝐶𝑘
is represented as 𝜂. Since the evaluation matrix (𝜇𝑖𝑘)14×4 of
single index measurement value and the weights of hierar-
chicalmodel are known, the comprehensive evaluation vector{𝜂1, 𝜂2, 𝜂3, 𝜂4} can be obtained bymultiplying the weights and
evaluation matrix from the alternatives hierarchy to the goal
hierarchy.

2.5. The Recognition Criteria for UME and AHP. In order to
make sure that the evaluation results for underground goafs
are reasonable and reliable, CDRC and TMMP are applied
to compare the evaluation results and verify the reason-
ability.

2.5.1.The Credible Degree Recognition Criterion (CDRC). The
credible degree is represented as 𝜉 (𝜉 ≥ 0.5). It is credible that
the underground goaf 𝑅 belongs to the evaluation level 𝐶𝑘
when the following requirements are satisfied:

𝐶1 < 𝐶2 < 𝐶3 < 𝐶4
𝑘 = min

{{{
𝑘 : 𝑘∑
𝑗=1

𝜇𝑗 ≥ 𝜉, (𝑘 = 1, 2, 3, 4)}}}
. (11)

2.5.2. The Maximum Membership Principle (TMMP). The
membership for the evaluation level 𝐶𝑘 of the underground
goaf 𝑅 is exactly the corresponding weight. In UMEmethod,
it is equal to 𝛾𝑘, whereas it is equal to 𝜂𝑘 in the AHP method.
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Table 5: The results of the weights in the hierarchical model.

Weight of the goal
hierarchy (𝐺) Weights of the criteria hierarchy (𝑃) Weights of the alternatives hierarchy (𝑋) The synthetic weights (𝑊)

The risk level 𝐶𝑘, the
underground goaf 𝑅

𝑃1-geological factors (0.2873)
𝑋1 (0.2762) 0.0793
𝑋2 (0.4093) 0.1176
𝑋3 (0.3145) 0.0903

𝑃2-hydrological factors (0.1528) 𝑋4 (0.4000) 0.0611
𝑋5 (0.6000) 0.0917

𝑃3-environmental factors (0.2252) 𝑋6 (0.6000) 0.1351
𝑋7 (0.4000) 0.0901

𝑃4-geometrical parameters (0.3348)

𝑋8 (0.1803) 0.0604
𝑋9 (0.1574) 0.0527
𝑋10 (0.1387) 0.0464
𝑋11 (0.1574) 0.0527
𝑋12 (0.1221) 0.0409
𝑋13 (0.1221) 0.0409
𝑋14 (0.1221) 0.0409

It is credible that the underground goaf 𝑅 belongs to the
evaluation level 𝐶𝑘 when the corresponding weight is the
maximum among all the weights.

2.6. The Method for Ranking the Order of Underground Goafs.
There is not only a need to evaluate the risk level 𝐶𝑘 of the
underground goaf𝑅, but also a requirement to rank the order
for many underground goafs according to the risk degrees. If
there is 𝐶1 < 𝐶2 < 𝐶3 < 𝐶4 and 𝐼𝑘 is the score value of 𝐶𝑘,
then we can obtain the following equations:

𝐼𝑘 < 𝐼𝑘+1 (12)

𝑞𝑅 =
4∑
𝑘=1

𝐼𝑘𝜇𝑘, (13)

where 𝑞𝑅 is the uncertainty important degree of the under-
ground goaf 𝑅. Therefore, the order for risk degrees of many
underground goafs can be ranked by the values of 𝑞𝑅.
2.7. The Evaluation Process for Risk Levels of Underground
Goafs. Firstly, the single index measurement value can be
solved based on the semiridge distribution. Then, we can
obtain the evaluation matrix (𝜇𝑖𝑘)14×4 of single index mea-
surement value. Secondly, the weights of single evaluation
indexes in UME can be solved through the entropy theory.
In the AHP theory, all the weights can be solved through
the AHP. Then, it is feasible to obtain the comprehensive
evaluation vectors of UME and AHP. Finally, the recognition
criteria including CDRC and TMMP are applied to evaluate
the risk level of the underground goaf. Therefore, there are
4 coupled evaluation methods for the risk level through
the combination of UME, AHP, CDRC, and TMMP. The
comprehensive evaluation process for the risk level 𝐶𝑘 of the
underground goaf 𝑅, which mainly includes UME-CDRC,
UME-TMMP, AHP-CDRC, and AHP-TMMP, is shown in
Figure 5.

3. Results

3.1. The Dabaoshan Mine. The Dabaoshan mine is located
in Guangdong Province, China, where there is a super-
imposition place of one fault belt and another tectonic
belt. Due to the open stope mining and illegal mining,
numerous underground goafs formed and caused the con-
tinuous increase of geostress. Figures 6(a) and 6(b) show
the distinct geostatic activities such as pillar cracking and
roof falling, which threaten the safety of ground, slope, and
underground production system. In the mining process, the
sizes of some underground goafs were large, while the sizes
of pillars were too small to bear the pressure. Then, the pillar
cracking and the large area falling caused a serious landslide
accident, which caused threat and destruction to workers and
environment. Figure 6(c) shows the landslide accident caused
by the collapse of underground goafs.

The statistical results of Dabaoshan mine show that the
number of underground goafs is 254, and most geometric
shapes are irregular. The volume of the smaller underground
goaf is about 400m3, whereas the larger volume is greater
than 10×104m3 and the height is greater than 100m. In view
of the current status, the evaluation of underground goafs risk
degrees is important and urgent.

Combined with the hydrogeologic conditions, environ-
mental factors, mining status, and structural parameters of
underground goafs, a total of 37 underground goafs are
selected to evaluate the risk levels. The data for 14 single
evaluation indexes of 37 underground goafs are listed in
Table 6 [39]. According to the estimated and measured data
provided in Table 6, as well as the single index measurement
values solved in Figure 3, the evaluation matrixes (𝜇𝑖𝑘)14×4
of single index measurement value for the 37 underground
goafs can be obtained.Theunderground goaf𝑅1 is taken as an
example to calculate the evaluation matrix (𝜇𝑖𝑘)14×4 of single
index measurement value, which is shown as follows:



Geofluids 9

Underground goaf R

Establishment of the hierarchical model

The synthetic weights W
of evaluation indexes

Consistency check

Determination of the single
index measurement value 

Analytic hierarchy
process (AHP)

Satisfied?

Uncertainty
measurement
evaluation (UME)

No

Yes

The weight vector w
of evaluation index

Multiplying the evaluation matrix
and the weight vector w

The maximum membership principle (TMMP)Credible degree recognition criterion (CDRC)

UME-CDRC AHP-TMMPAHP-CDRCUME-TMMP

Risk level Ck for the underground goaf R

The comprehensive evaluation vectors  of UME and  of AHP

The evaluation matrix (ik)14×4 of the single index measurement value

and the corresponding feature vectors
The judgment matrixes G, P1, P2, P3, P4

The weights w of
evaluation indexes

Figure 5: The flowchart for evaluating the risk level 𝐶𝑘 of the underground goaf 𝑅 comprehensively, where 4 coupled methods including
UME-CDRC, UME-TMMP, AHP-CDRC, and AHP-TMMP are applied.

(a) (b) (c)

Figure 6: The distinct geostatic activities and scene of accident of Dabaoshan mine. (a) shows the pillar cracking phenomenon, (b) shows
the large-scale falling in a underground goaf, and (c) shows the landslide accident caused by the collapse of underground goafs.
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Table 6: Estimated and measured data for single evaluation indexes of 37 underground goafs.

Number The risk evaluation indexes of underground goaf𝑋1 𝑋2 𝑋3/% 𝑋4 𝑋5 𝑋6 𝑋7 𝑋8/m 𝑋9/m2 𝑋10/m 𝑋11 𝑋12/m 𝑋13 𝑋14𝑅1 2 4 38 3 3 1 1 85 5190 15 1 260 3 3𝑅2 3 3 56 3 3 1 1 60 1230 8 2 260 3 4𝑅3 2 2 35 3 3 1 1 62 2560 14.5 1 290 2 3𝑅4 2 3 48 3 3 1 1 73 1740 22 1 280 1 2𝑅5 2 3 43 3 3 1 1 60 1920 16.5 1 280 2 3𝑅6 2 2 47 3 3 1 1 160 6890 26.3 1 305 1 2𝑅7 3 4 55 4 4 4 4 26 2870 15.8 3 305 4 4𝑅8 3 4 57 3 3 1 1 96 2260 21 2 335 3 4𝑅9 4 4 67 3 3 4 4 60 1200 10 4 335 4 4𝑅10 4 3 53 2 2 1 1 85 3970 60 1 240 3 3𝑅11 4 3 59 4 4 4 4 40 2260 15 4 305 3 4𝑅12 4 4 62 3 3 4 4 35 1450 13 4 290 4 4𝑅13 4 4 52 3 3 2 2 35 2590 6 4 201 4 4𝑅14 4 4 55 4 4 2 2 65 2430 12 4 208 4 4𝑅15 2 2 56 3 3 2 2 83 2350 4.5 2 208 4 3𝑅16 4 4 54 4 4 2 2 68 1800 10 4 208 3 4𝑅17 4 3 57 3 3 1 1 55 1600 16 3 411 2 3𝑅18 4 4 54 3 3 4 4 74 2000 8 2 300 3 4𝑅19 4 4 55 4 4 2 2 59 1950 23 3 201 3 4𝑅20 4 4 52 4 4 2 2 110 5000 7.5 4 195 4 4𝑅21 4 4 51 4 4 2 2 85 3270 13 3 180 3 4𝑅22 4 3 54 4 4 1 2 65 1300 7.5 2 180 3 3𝑅23 4 3 55 4 4 1 1 73 1730 6.2 2 180 3 4𝑅24 4 4 53 4 4 2 2 74 1870 6 4 230 4 4𝑅25 4 4 53 4 4 2 2 68 1170 14 4 230 3 4𝑅26 4 4 54 4 4 4 4 65 2490 16 4 230 3 4𝑅27 4 4 53 4 4 4 4 78 2440 13 4 230 3 4𝑅28 4 4 43 3 3 1 1 80 3480 23 1 230 2 2𝑅29 4 4 55 4 4 4 4 85 1410 8 3 230 3 4𝑅30 3 4 44 2 2 2 2 65 1750 85 1 350 2 3𝑅31 4 4 52 4 4 4 4 70 1210 10 4 350 4 3𝑅32 4 4 56 4 4 2 2 65 1320 13 1 375 3 3𝑅33 4 4 57 4 4 2 2 65 3690 7.5 3 210 3 4𝑅34 3 3 41 2 2 2 2 48 1420 18 2 210 2 2𝑅35 4 3 40 2 2 1 2 62 1680 26 1 290 2 3𝑅36 3 3 43 1 1 1 1 89 1290 63 1 290 2 3𝑅37 4 3 42 3 3 1 1 120 4580 28 1 400 2 3

(𝜇𝑅1)14×4 =

[[[[[[[[[[[[[[[[[[[[[[[[[[[
[

0 0 1.0000 01.0000 0 0 00 0 0 1.00000 1.0000 0 00 1.0000 0 00 0 0 1.00000 0 0 1.00000 0.3087 0.6913 00 0 0 1.00000 0.9797 0.0203 00 0 0 1.00000 0.1654 0.8346 00 1.0000 0 00 1.0000 0 0

]]]]]]]]]]]]]]]]]]]]]]]]]]]
]

. (14)

3.2. The Results for Evaluation of Risk Levels. The under-
ground goaf 𝑅1 is taken as an example. According to UME
theory, the weights of 14 single evaluation indexes can be
obtained through the entropy theory, which are𝑤1 = 0.0760,𝑤2 = 0.0760, 𝑤3 = 0.0760, 𝑤4 = 0.0760, 𝑤5 = 0.0760,𝑤6 = 0.0760, 𝑤7 = 0.0760, 𝑤8 = 0.0421, 𝑤9 = 0.0760, 𝑤10 =0.0706, 𝑤11 = 0.0760, 𝑤12 = 0.0514, 𝑤13 = 0.0760, and 𝑤14 =0.0760, respectively.Therefore, the comprehensive evaluation
vector can be solved as 𝛾1 = {0.0760, 0.3946, 0.1494, 0.3800}.
Based on the recognition criterion CDRC, it can be obtained
that 𝑘 = 0.0760 + 0.3946 + 0.1494 = 0.6200 > 𝜉 = 0.5 when
the credible degree 𝜉 is set as 0.5. Thus, the risk level of the
underground goaf 𝑅1 is level 𝐶3. The risk level is evaluated as
level 𝐶2 while applying the recognition criterion TMMP.

According to the AHP theory, the weights of the criteria
hierarchy and the alternatives hierarchy, as well as the
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Table 7: The comparison results for UME and AHP of 37 underground goafs, as well as the risk levels evaluated by CDRC and TMMP.

Number UME-CDRC, UME-TMMP AHP-CDRC, AHP-TMMP
𝐶1 𝐶2 𝐶3 𝐶4 (CDRC, TMMP) 𝐶1 𝐶2 𝐶3 𝐶4 (CDRC, TMMP)

𝑅1 0.0760 0.3946 0.1494 0.3800 (3, 2) 0.1176 0.3054 0.1561 0.4209 (3, 4)
𝑅2 0.1583 0.4837 0.1289 0.2290 (2, 2) 0.1726 0.4260 0.1235 0.2779 (2, 2)
𝑅3 0.0000 0.3601 0.2915 0.3485 (3, 2) 0.0000 0.3003 0.2819 0.4178 (3, 4)
𝑅4 0.0000 0.3967 0.2795 0.3238 (3, 2) 0.0000 0.3585 0.3228 0.3187 (3, 2)
𝑅5 0.0000 0.4366 0.3157 0.2477 (3, 2) 0.0000 0.4141 0.2745 0.3114 (3, 2)
𝑅6 0.0000 0.1544 0.3188 0.5268 (4, 4) 0.0000 0.1614 0.3588 0.4797 (3, 4)
𝑅7 0.5797 0.2735 0.0043 0.1425 (1, 1) 0.6376 0.2658 0.0033 0.0933 (1, 1)
𝑅8 0.1807 0.3752 0.2227 0.2215 (2, 2) 0.1897 0.3472 0.1810 0.2822 (2, 2)
𝑅9 0.6562 0.2910 0.0202 0.0326 (1, 1) 0.6817 0.2697 0.0189 0.0297 (1, 1)
𝑅10 0.0777 0.3153 0.2182 0.3887 (3, 4) 0.0793 0.3138 0.2299 0.3770 (3, 4)
𝑅11 0.6603 0.2265 0.0202 0.0930 (1, 1) 0.6930 0.2125 0.0266 0.0679 (1, 1)
𝑅12 0.6812 0.2245 0.0943 0.0000 (1, 1) 0.7103 0.2178 0.0719 0.0000 (1, 1)
𝑅13 0.5340 0.2241 0.1766 0.0652 (1, 1) 0.4381 0.2548 0.2563 0.0508 (2, 1)
𝑅14 0.5649 0.2104 0.1850 0.0397 (1, 1) 0.4957 0.2108 0.2517 0.0418 (2, 1)
𝑅15 0.1675 0.3445 0.4585 0.0294 (2, 3) 0.0959 0.3261 0.5427 0.0354 (3, 3)
𝑅16 0.5024 0.2424 0.2552 0.0000 (1, 1) 0.4781 0.2227 0.2992 0.0000 (2, 1)
𝑅17 0.1011 0.5329 0.1304 0.2356 (2, 2) 0.1194 0.5250 0.0895 0.2661 (2, 2)
𝑅18 0.4534 0.3260 0.2141 0.0065 (2, 1) 0.5094 0.3257 0.1588 0.0062 (1, 1)
𝑅19 0.3682 0.2964 0.3313 0.0041 (2, 1) 0.3910 0.2476 0.3580 0.0035 (2, 1)
𝑅20 0.6267 0.0787 0.1967 0.0979 (1, 1) 0.5306 0.1042 0.2824 0.0829 (1, 1)
𝑅21 0.3985 0.3144 0.2083 0.0788 (2, 1) 0.3937 0.2516 0.3020 0.0527 (2, 1)
𝑅22 0.3047 0.4438 0.1753 0.0762 (2, 2) 0.2786 0.4189 0.1675 0.1351 (2, 2)
𝑅23 0.3757 0.3138 0.1603 0.1503 (2, 1) 0.3194 0.3327 0.1227 0.2252 (2, 2)
𝑅24 0.6251 0.1050 0.2688 0.0011 (1, 1) 0.5306 0.1439 0.3248 0.0008 (1, 1)
𝑅25 0.4686 0.3356 0.1958 0.0000 (2, 1) 0.4433 0.2889 0.2678 0.0000 (2, 1)
𝑅26 0.6237 0.2889 0.0383 0.0492 (1, 1) 0.6685 0.2481 0.0375 0.0459 (1, 1)
𝑅27 0.6573 0.2437 0.0564 0.0426 (1, 1) 0.6716 0.2191 0.0668 0.0426 (1, 1)
𝑅28 0.1621 0.2058 0.2930 0.3392 (3, 4) 0.1969 0.2050 0.2363 0.3618 (3, 4)
𝑅29 0.6370 0.2896 0.0734 0.0000 (1, 1) 0.6622 0.2461 0.0917 0.0000 (1, 1)
𝑅30 0.0762 0.2370 0.5287 0.1581 (3, 3) 0.1176 0.1992 0.5755 0.1077 (3, 3)
𝑅31 0.6975 0.2536 0.0489 0.0000 (1, 1) 0.7033 0.2404 0.0564 0.0000 (1, 1)
𝑅32 0.3248 0.3670 0.2215 0.0867 (2, 2) 0.3614 0.2993 0.2806 0.0587 (2, 1)
𝑅33 0.4775 0.2741 0.1713 0.0772 (2, 1) 0.4682 0.2375 0.2416 0.0527 (2, 1)
𝑅34 0.0294 0.2658 0.6461 0.0587 (3, 3) 0.0395 0.3016 0.5771 0.0817 (3, 3)
𝑅35 0.0738 0.2231 0.4762 0.2269 (3, 3) 0.0793 0.2217 0.4163 0.2826 (3, 3)
𝑅36 0.0000 0.2773 0.2365 0.4862 (3, 4) 0.0000 0.2862 0.2055 0.5083 (4, 4)
𝑅37 0.0000 0.3060 0.1048 0.5892 (4, 4) 0.0000 0.3112 0.0843 0.6044 (4, 4)

synthetic weights, are solved in Table 5. Combined with
the evaluation matrix (𝜇𝑖𝑘)14×4 of single index measure-
ment value, we can obtain the evaluation vector 𝜂1 ={0.1176, 0.3054, 0.1561, 0.4209}. The risk level is evaluated as
level 𝐶3 by CDRC, while the risk level is evaluated as level 𝐶4
by TMMP.

The evaluation vectors using UME and AHP of all the
37 underground goafs, as well as the risk levels evaluated
by CDRC and TMMP, are listed in Table 7. The comparison
results for risk levels evaluated by CDRC and TMMP of 37
underground goafs are shown in Figure 7.

3.3. The Results for Ranking the Order of Underground Goafs.
As 𝐼𝑘 is the score value of 𝐶𝑘 and the risk level 𝐶𝑘 is safer
than 𝐶𝑘+1, it can be assumed that 𝐼1 = 1, 𝐼2 = 2, 𝐼3 = 3,
and 𝐼4 = 4. Then the uncertainty important degree 𝑞 of
the underground goaf 𝑅 can be solved according to (13).
The uncertainty important degree of UME is represented as𝑞UME, whereas the uncertainty important degree of AHP is
represented as 𝑞AHP. The results of 𝑞UME and 𝑞AHP are shown
in Figure 8. Based on the calculation results, we can rank the
order of risk degree for 37 underground goafs from lower
to higher, which is 𝑅31, 𝑅12, 𝑅9, 𝑅29, 𝑅27, 𝑅26, 𝑅11, 𝑅24, 𝑅14,
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Figure 7: The comparison results for risk levels of 37 underground goafs. The graph (a) shows the risk levels of underground goafs using
CDRC, and the graph (b) shows the risk levels using TMMP, where the blue part represents the risk levels of UME and the orange part
represents the risk levels of AHP.
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Figure 8: The comparison results for the uncertainty important
degree of 37 underground goafs using UME and AHP, where the
blue symbols represent values of 𝑞UME and the orange symbols
represent values of 𝑞AHP.

𝑅7, 𝑅25, 𝑅16, 𝑅20, 𝑅13, 𝑅18, 𝑅33, 𝑅21, 𝑅19, 𝑅22, 𝑅32, 𝑅23, 𝑅15,𝑅2, 𝑅8, 𝑅17, 𝑅34, 𝑅30, 𝑅28, 𝑅5, 𝑅1, 𝑅35, 𝑅10, 𝑅4, 𝑅3, 𝑅36, 𝑅37,
and 𝑅6 for both UME and AHP. It is proved that UME and
AHP have the similar ability and effect for ranking the order
of risk degree. Furthermore, the ranking results can provide
theoretical and reasonable guidance for the management
of underground goafs. Actually, it is difficult to manage
numerous underground goafs at the same time due to the
great need of time, manpower, and environmental factors.
Therefore, the underground goaf of higher risk degree can be

managed firstly according to the order of risk degree. As a
result, it is feasible to manage underground goafs reasonably
without influencing the normal production.

4. Discussion

For the risk levels of underground goafs to be evaluated,
there are 4 coupled methods, which are UME-CDRC, UME-
TMMP, AHP-CDRC, and AHP-TMMP, respectively. Table 8
shows the underground goafs of four risk levels with 4
coupled methods.

It is obvious that the order of risk degree is higher
and the risk level of the underground goaf is higher. As
the ranking results are the same for both UME and AHP,
we can arrange all the underground goafs along a straight
horizontal line from the lower risk degree to the higher
risk degree, which is shown in Section 3.3. Then, we can
divide this straight line into four sets 𝐷1, 𝐷2, 𝐷3, and 𝐷4
by setting three dividing lines artificially. In addition, the
setting of three dividing lines is different based on themethod
to be analyzed. Also, the setting of dividing lines should
be the optimal for every method. Therefore, there will be
four sets of all the underground goafs with every method.
Then, the underground goafs of four sets can be compared
to the underground goafs of four risk levels quantitatively.
The results shown in Table 8 are taken as standard data.
Compared to the underground goafs of four sets𝐷1,𝐷2,𝐷3,
and𝐷4, the detailed evaluation criteria are stated as follows:

(i) If the risk level of an underground goaf is equal to the
level of the divided four sets, then the score value for
the underground goaf is 0.

(ii) If the difference between the risk level of an under-
ground goaf and the level of the divided four sets is



Geofluids 13

Table 8: The underground goafs of four risk levels with 4 coupled methods.

Risk level Underground goafs using 4 coupled methods
UME-CDRC UME-TMMP AHP-CDRC AHP-TMMP

𝐶1 𝑅7, 𝑅9, 𝑅11, 𝑅12, 𝑅13,𝑅14, 𝑅16, 𝑅20, 𝑅24, 𝑅26,𝑅27, 𝑅29, 𝑅31
𝑅7, 𝑅9, 𝑅11, 𝑅12, 𝑅13,𝑅14, 𝑅16, 𝑅18, 𝑅19, 𝑅20,𝑅21, 𝑅23, 𝑅24, 𝑅25, 𝑅26,𝑅27, 𝑅29, 𝑅31, 𝑅33

𝑅7, 𝑅9, 𝑅11, 𝑅12, 𝑅18,𝑅20, 𝑅24, 𝑅26, 𝑅27, 𝑅29,𝑅31
𝑅7, 𝑅9, 𝑅11, 𝑅12, 𝑅13,𝑅14, 𝑅16, 𝑅18, 𝑅19, 𝑅20,𝑅21, 𝑅24, 𝑅25, 𝑅26, 𝑅27,𝑅29, 𝑅31, 𝑅32, 𝑅33

𝐶2 𝑅2, 𝑅8, 𝑅15, 𝑅17, 𝑅18,𝑅19, 𝑅21, 𝑅22, 𝑅23, 𝑅25,𝑅32, 𝑅33
𝑅1, 𝑅2, 𝑅3, 𝑅4, 𝑅5, 𝑅8,𝑅17, 𝑅22, 𝑅32

𝑅2, 𝑅8, 𝑅13, 𝑅14, 𝑅16,𝑅17, 𝑅19, 𝑅21, 𝑅22, 𝑅23,𝑅25, 𝑅32, 𝑅33
𝑅2, 𝑅4, 𝑅5, 𝑅8, 𝑅17,𝑅22, 𝑅23

𝐶3 𝑅1, 𝑅3, 𝑅4, 𝑅5, 𝑅10,𝑅28, 𝑅30, 𝑅34, 𝑅35, 𝑅36 𝑅15, 𝑅30, 𝑅34, 𝑅35 𝑅1, 𝑅3, 𝑅4, 𝑅5, 𝑅6, 𝑅10,𝑅15, 𝑅28, 𝑅30, 𝑅34, 𝑅35 𝑅15, 𝑅30, 𝑅34, 𝑅35
𝐶4 𝑅6, 𝑅37 𝑅6, 𝑅10, 𝑅28, 𝑅36, 𝑅37 𝑅36, 𝑅37 𝑅1, 𝑅3, 𝑅6, 𝑅10, 𝑅28,𝑅36, 𝑅37

Table 9: The four sets and the corresponding final score values of every coupled method.

Sets Comparison results of 4 coupled methods
UME-CDRC Score UME-TMMP Score AHP-CDRC Score AHP-TMMP Score

𝐷1
𝑅31, 𝑅12, 𝑅9,𝑅29, 𝑅27, 𝑅26,𝑅11, 𝑅24, 𝑅14,𝑅7, 𝑅25, 𝑅16,𝑅13, 𝑅20

−1
𝑅31, 𝑅12, 𝑅9,𝑅29, 𝑅27, 𝑅26,𝑅11, 𝑅24, 𝑅14,𝑅7, 𝑅25, 𝑅16,𝑅20, 𝑅13, 𝑅18,𝑅33, 𝑅19, 𝑅21

0
𝑅31, 𝑅12, 𝑅9,𝑅29, 𝑅27, 𝑅26,𝑅11, 𝑅24

0

𝑅31, 𝑅12, 𝑅9,𝑅29, 𝑅27, 𝑅26,𝑅11, 𝑅24, 𝑅14,𝑅7, 𝑅25, 𝑅16,𝑅20, 𝑅13, 𝑅18,𝑅33, 𝑅21, 𝑅19,𝑅22, 𝑅32

−1

𝐷2
𝑅18, 𝑅33, 𝑅21,𝑅19, 𝑅22, 𝑅32,𝑅23, 𝑅15, 𝑅2,𝑅8, 𝑅17

0
𝑅22, 𝑅32, 𝑅23,𝑅15, 𝑅2, 𝑅8,𝑅17

−2
𝑅14, 𝑅7, 𝑅25,𝑅16, 𝑅20, 𝑅13,𝑅18, 𝑅33, 𝑅21,𝑅19, 𝑅22, 𝑅32,𝑅23, 𝑅15, 𝑅2,𝑅8, 𝑅17

−4 𝑅23, 𝑅15, 𝑅2,𝑅8, 𝑅17 −1

𝐷3
𝑅34, 𝑅30, 𝑅28,𝑅5, 𝑅1, 𝑅35,𝑅10, 𝑅4, 𝑅3,𝑅36

0
𝑅34, 𝑅30, 𝑅28,𝑅5, 𝑅1, 𝑅35,𝑅10, 𝑅4, 𝑅3

−6 𝑅34, 𝑅30, 𝑅28,𝑅5, 𝑅1, 𝑅35,𝑅10, 𝑅4, 𝑅3
0 𝑅34, 𝑅30, 𝑅28,𝑅5, 𝑅1, 𝑅35 −3

𝐷4 𝑅37, 𝑅6 0 𝑅36, 𝑅37, 𝑅6 0 𝑅36, 𝑅37, 𝑅6 −1 𝑅10, 𝑅4, 𝑅3,𝑅36, 𝑅37, 𝑅6 −2
Final score −1 −8 −5 −7

equal to 1, then the score value for the underground
goaf is −1.

(iii) If the difference between the risk level of an under-
ground goaf and the level of the divided four sets is
equal to 2, then the score value for the underground
goaf is −2.

(iv) If the difference between the risk level of an under-
ground goaf in and the level of the divided four sets is
equal to 3, then the score value for the underground
goaf is −3.

If the final score value is higher, it means that the
corresponding method is more reasonable and suitable for
the evaluation of risk level. UME-CDRC is taken as an
example: the first dividing line is set between 𝑅13 and 𝑅18, the
second dividing line is set between 𝑅17 and 𝑅34, and the third

dividing line is set between 𝑅36 and 𝑅37. Therefore, there are𝐷1 = {31, 12, 9, 29, 27, 26, 11, 24, 7, 25, 16, 20, 13}, 𝐷2 = {18,33, 21, 19, 22, 32, 23, 15, 2, 8, 17}, 𝐷3 = {34, 30, 28, 5, 1, 35, 10,4, 3, 36}, and 𝐷4 = {37, 6}. Compared to the risk levels of
UME-CDRC shown in Table 8, it is obvious that only the
risk level of the underground goaf 𝑅25 is different from
the standard data, where the difference is equal to 1. Then,
the final score value of UME-CDRC is determined as −1.
Similarly, the final score value of UME-TMMP, AHP-CDRC,
andAHP-TMMPcan be solved as−8,−5, and−7, respectively.
The four sets and the corresponding score values of every
method are listed in Table 9.

Obviously, the score value of UME-CDRC is the max-
imum among the 4 coupled methods. As a result, UME-
CDRC is the most reasonable method for the evaluation of
underground goafs risk degrees. Through the comparisons
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of UME-CDRC and UME-TMMP, AHP-CDRC, and AHP-
TMMP, the score value of UME-CDRC is much smaller than
UME-TMMP and the score value of AHP-CDRC is smaller
than AHP-TMMP. Thus, it can be concluded that CDRC
is more reasonable than TMMP. Sometimes, the difference
between the greatest weight and the second greatest weight in
the evaluation vector is little. In this case, the risk level evalu-
ated through TMMP will not be reasonable and reliable. On
the contrary, CDRC is suitable for evaluation of underground
goafs risk levels whatever the difference between the greatest
weight and the second greatest weight. As for AHP, it is more
subjective than UME because the process of establishing
the hierarchical model and the determination of weights for
evaluation indexes are more subjective.The evaluation vector
of UME is determined through themeasured values, which is
more objective.Therefore, it is concluded that UME-CDRC is
reasonable for evaluation of underground goafs risk degrees
in the practical engineering application.

5. Conclusions

As the special characteristics of underground goafs are with
irregular geometric shapes, concealed locations, and huge
amount, they have caused numerous safety accidents and
destructive disasters, which influence the normal production
in mines and the surrounding environment. Therefore, the
evaluation of underground goafs risk degrees is an urgent and
significant problem. In this paper, the theories of UME and
AHPwere applied to comprehensively evaluate the risk levels
of underground goafs. According to the hydrogeological
conditions, mining status, and engineering parameters, 14
factors were selected to establish the evaluation index system.
Based on the estimated and measured data, the semiridge
distribution is selected as the single indexmeasurement func-
tions.Then, the single indexmeasurement values were solved
quantitatively according to the single index measurement
functions. Furthermore, theweights of evaluation vectorwere
determined by applying the entropy theory and AHP. Once
the evaluation vectors of UME and AHP were obtained, the
risk levels of underground goafs can be evaluated through
the recognition criteria CDRC and TMMP. Also, the order
of risk degree can be ranked per the values of uncertainty
important degree. Combining the calculation methods UME
and AHP with the recognition criteria CDRC and TMMP,
there are 4 coupled methods UME-CDRC, UME-TMMP,
AHP-CDRC, and AHP-TMMP. The data of underground
goafs in Dabaoshanmine were used to evaluate the risk levels
using the 4 coupled methods, as well as ranking the order of
risk degree. On account of the ranked order, it is proved that
UME-CDRC is the most reasonable method through both
quantitative and qualitative analysis. Results show that UME-
CDRC not only can evaluate the underground goafs risk
degrees reasonably, but also can rank the order of risk degree,
which insures that the most dangerous underground goaf
can be managed at the first time to reduce the probability of
accidents. The developed UME-CDRC provides a reasonable
and reliable methodology to evaluate the underground goafs
risk degrees, which is not only a beneficial complement for
the management methods of underground goafs, but also a

big improvement for environmental protection as well as for
the sustained development of green mining.
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