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Abstract:

The residual non-wetting phase in unsaturated porous media varies the aqueous pore
space due to the immiscible characteristics. The varied pore space in turn has
significant influence on the mass transfer for aqueous tracer transport through
residual unsaturated porous media. In this study, the mass transfer for solute
transport through residual unsaturated porous media was investigated. A pore-scale
numerical simulation (PSNS) model consisting of both immiscible two-phase flow
transport and aqueous-miscible solute transport was developed at pore scale to
capture the topology of residual saturation and the tempo-spatial evolution of
aqueous tracer in residual unsaturated porous media. The results showed that as the
immiscible fluid-fluid displacement pattern varied from compact displacement to
capillary fingering, the residual saturation (S,.,,) increased and the velocity spatial
variability in the residual aqueous flow field was enhanced. Inversion of the
advection-dispersion-equation (ADE) model and the continuous-time-random-walk
(CTRW) model indicated the typical characteristics of anomalous agqueous tracer
transport (i.e., early arrivals and long tails) in breakthrough curves (BTCs) in a range
of S,,, from 0.098 to 0.542. A non-monotonic relationship was found between the
dispersivity and the S,,,. Further, analysis of the overall dispersivity of aqueous
tracer in terms of the mobile-immobile-type transport equation showed the

coexistence of two mass transfer mechanisms (i.e., the dispersivity of the mobile
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domain and the solute exchange between the mobile and immobile domains). We
introduced a dimensionless dispersivity index to quantify the relative contribution
of these two mass transfer mechanisms to the overall dispersivity. However, it was
found that the mass transfer of aqueous tracer in residual unsaturated porous media
was controlled by the dispersion of aqueous tracer in the mobile domain at low S,.,,
whereas it was dominated by the solute exchange between the mobile and immobile
domains at high S,.,. Our study not only highlighted the saturation dependence of
mass transfer in residual unsaturated porous media, but also emphasized the

importance of the influence of saturation topology on mass transfer.

Keywords: Unsaturated Porous media; Pore scale; Mass transfer coefficient;

Solute transport; Two-phase flow
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1. Introduction

The aqueous tracer transport in unsaturated porous media system (i.e., at least
immiscible fluids) occurs in natural processes, industrial applications and
innovative tracer technologies, such as sustainable unconventional irrigation
processes, enhanced oil recovery, geothermal energy development, remediation of
organic contaminated groundwater, interfacial partitioning tracer test, and even
cardiovascular surgeries [1-3]. Despite numerous significant advancements in
solute transport in the saturated porous media system, characterizing aqueous
tracer transport under the saturated porous media system was fundamentally
different from that when the wetting phase (e.g., water) and the non-wetting phase
(e.g., air or immiscible organic liquid) coexisted in the pore space [4, 5]. In the
unsaturated porous media system, the aqueous tracer transport was significantly
dependent on the complex dynamics of both immiscible two-phase flow and
intricate wetting phase flow [6-8]. Therefore, understanding the mass transfer for
the aqueous tracer transport in unsaturated porous media system has been more

challenging than in saturated porous media system.

In recent decades, the heterogeneity of porous or fractured media has been
recognized as the main reason why the hallmark of Fick’s Law or traditional
Fickian transport model (i.e., advection-dispersion equation or ADE) is uncapable

of describing the anomalous (non-Fickian) Breakthrough curves (BTCs) [9-13]. As

4
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typical characteristics of anomalous BTCs, the early arrival and long tails of the
BTCs are ubiquitous since the heterogeneous pore space yields non-uniform flow
field. The flow behavior as a background information of aqueous tracer transport
was intrinsically coupled with the mass transfer of the aqueous tracer. As
fundamental processes of mass transfer, the dispersion of aqueous tracer is
complex because the non-uniform flow field varies in both magnitude and
direction as a result of meandering through the heterogeneous pore space. The
heterogeneity of the porous media caused the tortuous and spatially variable flow
pathways. The corresponding flow field was consequently split into flowing and
stagnant regions, referring to as mobile and immaobile regions for aqueous tracer
transport. In the mobile region, the mass transfer of aqueous tracer was mainly
controlled by advection, while the mass transfer in the immobile region was
predominantly diffusion controlled due to the poor connectivity to the main flow
pathways [5, 14, 15]. The mass exchange between the mobile and immobile
regions could substantially delay the transport of the agueous tracer, associating
with the tailing of the tracer BTCs. To this end, several remarkable models were
developed to characterize and explain the anomalous BTCs and corresponding
transport behaviors [11, 16-18], such as the continuous time random walk
(CTRW)[19], the fractional advection-dispersion equation (FADE) [20], the

mobile-immobile model (MIM) [21], and the multi-rate mass transfer model
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(MRMT) [22]. Although, fitting anomalous BTCs to different transport models is
capable of accurately estimating the transport parameters and quantify the
characterization of the non-Fickian transport behaviors, application of these
models in the unsaturated porous media system is limited and complex due to the
variable pore space in immiscible two-phase flow condition [23-25]. Especially,
even at the same hydraulic gradient, the flow field could be different depending on
the saturation topology. As a result, previous studies [6, 26, 27] have indicated that
the aqueous tracer transport behavior is sensitive to the saturation topology in the

unsaturated porous media system.

In contrast to the saturated porous media system, the behavior of the aqueous tracer
transport in the unsaturated porous media system was coupled by two fundamental
fluid flow processes: (1) the mass transfer of the aqueous solute; (2) the immiscible
two-phase multiphase flow. Thus, the aqueous tracer transport in unsaturated
porous media system is strongly influenced by the wetting-phase saturation (e.g.,
water saturation) [27-29] and the spatiotemporal distribution of the two immiscible
liquid phases [6]. In general, the dispersion coefficient of the aqueous tracer is an
important parameter that depends on the flow velocity and water saturation.
Moreover, it has been shown that the non-uniformity of the flow field with
decreasing water saturation leads to a dispersion process that is non-Fickian to a

larger extent [30, 31]. Raoof and Hassanizadeh [32] found that the dispersivity of
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114  the aqueous tracer increased with decreasing water saturation, reached a maximum
115  value and then decreased with further decreasing saturation. Recently, Hasan et al.
116  [5] directly characterized solute transport in unsaturated porous media system by
117  fast X-ray synchrotron microtomography and demonstrated that the dispersivity
118 changed with water saturation. Zhuang et al. [33] studied the influence of fluid

119  saturation and particle size on the dispersivity of solutes and found a non-

120 monotonic relationship between the dispersivity and water saturation. These

121 studies could be valid only for the condition where both immiscible fluids are

122 continuous in the unsaturated porous media system. However, the law of solute
123 transport in condition where the immiscible fluid becomes discontinuous and is
124 immobilized by capillary forces at residual saturation has not been fully

125 investigated.

126  In fact, understanding the influence of residual saturation on aqueous tracer

127  transport is significant for many industrial applications (e.g., remediation of

128  organic contaminated groundwater) [34, 35]. For instance, the contaminant (e.g.,
129 non-aqueous phase liquid, NAPL) could be immobilized due to capillary forces

130 when the NAPL is at residual saturation. Consequently, the ambient flow field was
131 changed with both the residual NAPL saturation and the spatial distribution of

132 residual NAPL. In previous studies [36, 37], the increased longitudinal dispersivity

133 of the aqueous tracer induced by residual NAPL was observed. Zhang et al. [38]
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conducted solute transport experiments in sand columns contaminated with diesel
and engine oil at different oil saturations. They also found that the dispersivity
increased with increasing residual oil saturation, and further emphasized that the
immobile oil trapped in the pore space could enhance the local velocity variations
and increase the tortuosity of the flow paths in the aqueous phase. However, at a
certain residual saturation, the spatial distribution of the residual defending phase
depends on the fluid—fluid displacement processes, which are governed by the
competition between viscous and capillary forces [39-43]. The competition
between these two forces leads to the basic two-phase displacement patterns, such
as viscous fingering, capillary fingering, and stable displacement [44]. The
different two-phase displacement patterns lead to different spatial distribution of
the residual defending phase. Therefore, it is necessary to characterize aqueous
tracer transport through the residual two-phase zone with consideration of the two-

phase displacement patterns.

The main objective of this study is to investigate the aqueous tracer transport
through residual unsaturated porous media in which three phases coexist (e.g.,
wetting phase, non-wetting phase and solid). To this end, a pore-scale numerical
simulation (PSNS) model was developed at pore scale to include both immiscible
two-phase flow transport and aqueous-miscible solute transport to capture the

topology of residual saturation and the tempo-spatial evolution of the aqueous
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tracer in residual unsaturated porous media. Both the residual distribution pattern
and the aqueous flow field in residual unsaturated porous media were analyzed.
The advection-dispersion-equation (ADE), CTRW, and MIM models were
inversely used to characterize the BTCs and the mass transfer mechanism of the
aqueous tracer. Two different mass transfer mechanisms in terms of the MIM
parameters were proposed for the overall dispersivity of the aqueous tracer.
Furthermore, the dimensionless dispersivity index was introduced to quantify the
relative contribution of the different mass transfer mechanisms, which provided
Insights into the anomalous characteristics of mass transfer of aqueous tracer in

residual unsaturated porous media.
2. Methodology
2.1 Porous media geometry

The porous medium was assumed to be circular grains and the location of the
grains was determined by the random procedure proposed by Dou et al. [45]. The
random procedure is the general scheme to reconstruct the porous media[46]. In
Step 1, we first estimated the number of grains based on the target porosity (¢'),
mean radius 7 (L)and domain size. In Step 2, a group of radius data following a
truncated lognormal distribution were generated. Second, the random number

generators were used to generate the center of the grains. It should be noted that
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the grains were spaced at a minimum distance to avoid overlapping. Meanwhile,
we placed the grains in the domain in the order from the largest to the smallest
size. This strategy is effective to save computational cost and reduce porosity. In
Step 3, repeat Step 2 until the porosity reaches the target value. The porosity ¢’ of

porous medium was calculated by:

2

P =1-) = (1)

n
=1

where n is the number of grains in the domain, r; is the radius of grain, and S is the

area of domain.

359 circular grains were randomly distributed in a pore-scale domain of 41x18
mm?, as shown in Fig. 1. The mean radius 7 (L) and the standard deviation of the
radius distribution ¢ (L) were set to 0.60 mm and 0.15 mm, respectively. This

means that grains radius range from 0.6-2<X0.15 mm to 0.6+22<X0.15 mm. The

coefficient of variation (COV = § /1) was equal to 0.25. The larger COV, the less
uniform the grains radius. The porosity of the generated porous medium was set to
0.42. The randomly distributed grains and non-uniform grain size lead to a
complex pore space structure. Compared to a porous medium that has the same

grain radius or a medium where the grains are regularly distributed, the pore space

10
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In our porous medium is more complex and tortuous. Therefore, the porous

medium in this study can be considered as heterogeneous.
2.2 Pore-scale numerical simulation (PSNS) model description
2.2.1 Immiscible two-phase transport model: Phase Field Method (PFM)

To simulate immiscible two-phase flow transport and to obtain the residual non-
wetting phase distribution in generated porous media, an immiscible two-phase
transport (ITPT) model was here presented by coupling modified Navier-Stokes
equation (includes a field-dependent surface tension force) with advective Cahn-
Hilliard equation. For an isothermal, incompressible, and Newtonian fluid, the
fluid flow in porous media is directly solved by the modified Navier-Stokes
equation (Eg. (2)) and continuity equation (Eg. (3)), representing the conservation

of momentum and mass for the fluid flow, respectively,

ou

P35 +pu-Vu=-Vp+ V- [u(Vu+vul)] + F, (2)

V-u=0 (3)

where p is the density of fluid (ML™3), p is the fluid pressure (ML™1T~2), u is
the flow velocity of fluid (LT 1), t is the time (T), u is the dynamic viscosity
of fluid (ML™*T~1), and F,, is the surface tension force acting at the interface

between two immiscible fluids (ML™2T~2).

11
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In the absence of the description of fluid/fluid interface movement, Egs. (2) and (3)
Is incapable of simulating the immiscible two-phase transport. Alternatively, to
capture the fluid/fluid interface during the transport, an interface tracking method,
phase field method (PFM), was used to track the interface movement and couple
with Egs. (2) and (3). The PFM is thermodynamic-based and assumes the interface
between two immiscible fluids as a physically diffuse layer with thin but non-zero
thickness. The phase-field parameter, ¢, associating with a continuous variation
over the thin interfacial layer but uniformity in both bulk fluids, was introduced to
separate the two immiscible fluids and track the interface. For instance, the
interfacial layer can be considered as the region where the ¢ varies from-1to 1,
while the two immiscible fluids can be presented by ¢=1 and ¢=-1, respectively.
The dynamics of the ¢ can be described by a free-energy density model for an

isothermal immiscible two-phase flow system [47]. The free energy is given as,

P = [ [fol) + 32179 @
where () represents the space occupied by the two immiscible fluids and A is the
magnitude of the mixing energy (MLT~2). The terms on the right-hand side of Eq.
(4), fp(¢) and %AInglZ, account for the bulk energy and the surface energy,
respectively. f,(¢) is defined by considering a double-well potential [48],

A 2 2
fo@)=77@+D%(¢-1) (5)

12
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where ¢ represents the thickness of the interface between the two immiscible fluids
(L). The surface tension coefficient, o (MT~2), can be related to both parameters A

and ¢,

2v/2 2
O=3% ©)

The chemical potential, £(¢), is introduced as [49]

5F 21
§(@) =—=141 _V2¢+¢(¢—2)

50 . (7)

where % denotes the variational differentiation of the free energy (Eq. (4)) of the

interface region with respect to ¢. By considering the mass flux as proportional to

the gradient of £(¢), the advective Cahn-Hilliard equation is given as,

d¢ yA
Y =-V-eVo + (¢ — D¢ (9

where y is the mobility parameter (M~1L3T) and denotes the moving velocity of

the interface under a unit driving force. y can be considered as a function of &,

Y = xe? (10)

where x is the mobility tuning parameter. Since the x defineds the interfacial

relaxation time and determines the time scale of the Cahn-Hilliard diffusion, the

13
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value of the y is crucial for the numerical stability of the immiscible two-phase
transport model. The value of x must be high enough to keep the interface

thickness constant and low enough not to damp the advection [50].

Recalling the surface tension force F;; in the modified Navier-Stokes equation (Eq.

2), the F;; now can be related to the phase-field parameter ¢ and given as,

Foe = &(p)Ve (11)

Both density and viscosity in Eg. (2) are the functions of the phase-field parameter

and defined as,

1+ ¢ 1—-¢

pP=—ZPowt 5 Pw (12)
1+¢ 1-¢

U =Tﬂnw+T.uw (13)

2.2.2 Pore-scale agueous solute transport (PSAST) model

The pore-scale aqueous solute transport model was used to simulate the aqueous-
miscible tracer transport in residual unsaturated porous media. For groundwater
flow, the velocity is normally small (from 0.1 m/d to 10 m/d) and laminar. The
aqueous flow field is solved directly using the continuity equation (Eq. (3)) and the
N-S equation (Eg. (14)) under isothermal, incompressible, Newtonian, and steady-

state flow conditions,

14
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pu-Vu=—-Vp+ V- [u(Vu + Vu")] (14)

For the concentration field of the aqueous-miscible tracer, the advection-diffusion

equation was used,

dc 5
Fri —V(uc) + D,,V4c x € (15)

where c is the aqueous-miscible tracer concentration (ML™3), D,,, is the molecular
diffusion coefficient (L>T~1), and the 2D velocity tensor u (LT 1) is determined

by the numerical solution of Egs. (3) and (14).
3. Numerical modeling strategy and setup

In this study, the void space in porous media was initially saturated by the non-
wetting phase liquid. Trichloroethylene (TCE) was assumed to be the non-wetting
phase liquid and water was introduced as the wetting phase liquid. Water was
injected into porous media at three injection rates to displace the TCE. In
immiscible fluid-fluid displacement process, Lenormand [41] proposed the
pioneered phase diagram to distinguish displacement patterns by two
dimensionless numbers (e.g., capillary number Ca (Ca=u;v;/o) (-) and viscosity
ratio M (M=u; /u4) (-), where u; and u, are the viscosity of the invading and
defending fluids, respectively, v; is the characteristic velocity of the invading fluid,

and o is the interfacial tension). The Ca quantifies the relative magnitude of the

15
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viscous force to the capillary force. To obtain the residual TCE distribution
patterns, the displacement processes were considered. The IPTP model was first
implemented with three different capillary numbers (Ca) ranging from logCa=-
4.12 to -6.60, while the viscosity ratio (M) was constant and the logM was equal to
0.64. Fig. 2 showed the corresponding displacement regimes depending the
previous results [51] and [41]. The left and right boundaries of the porous medium
were the inlet and outlet boundaries, respectively. Water was injected along the
inlet boundary at three specific flow rates (e.g., ©=0.60, 0.15, and 0.05 m/s). The
outlet boundary was set as zero pressure boundary condition. The non-slip
boundary condition was applied to the immiscible interfaces between TCE, water

and soil.

Since the residual TCE was trapped, the aqueous space for the tracer transport
varied with the residual saturation of TCE. Once the residual TCE distribution was
obtained via the IPTP model, the PSAST model was then employed to simulate the
aqueous tracer transport in the varied aqueous pore space. The simulation
flowchart was given in Fig.3 to illustrate the simulation strategy. It should be noted
that the immiscible interface between TCE and water could absorb aqueous tracer
due to the physical and chemical properties of tracer. However, in this study, we
focused on the influence of water saturation topology on the aqueous-miscible

tracer transport. The surface reaction on immiscible interface was neglected. Thus,

16
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the non-reactive aqueous-miscible tracer was considered and the immiscible
interfaces between TCE, water and soil were assumed as a non-slip boundary for
the aqueous tracer transport. The no-slip boundary condition was applied at the
solid-liquid and liquid-liquid interfaces. There was no flux across the top and
bottom boundaries. For the aqueous solute transport, the pore space was initially
occupied by water, and there was no tracer in the aqueous pore space. The pulsed
tracer with concentration ¢, was injected along the inlet boundary. The step
function was used to simulate the pulsed injection condition. A detailed setup of
IPTP and PSAST models, parameters were given in the Supporting Information.
Two validation cases (see Supporting Information) were performed and compared
with the results of previous studies or theoretical value, which validate the

correctness of numerical models.

4. Results and discussion

4.1 Residual distribution pattern in unsaturated porous media

The fluid-fluid displacement patterns were determined by both Ca and M. As the
viscosity ratio (M) was constant in this study, the amount of residual TCE was
related to Ca. To obtain the different residual TCE distribution patterns, the
immiscible fluid-fluid displacement processes (e.g., Case I-III) at the capillary

numbers of logCa=-4.12, -5.50, and -6.60 were simulated by implementing the

17
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IPTP model. As a result, we obtained four porous media with residual TCE
saturation S,., = 0, 0.098, 0.302, and 0.542. It should be mentioned that since the
residual TCE as the non-wetting phase could varied the pore space of wetting
phase, in this study, we focused on the residual TCE distribution pattern rather than
the fluid-fluid displacement pattern during displacement processes. Fig. 4 showed
the immiscible fluid-fluid displacement processes at the different Ca. The water, as
the wetting phase, invaded into the non-wetting phase zone from the left side of the
porous media domain. Due to the decreased injection rate at the inlet boundary, as
expected, the breakthrough time t,,. of the invading water increased. The t;, was
0.0724 s,0.298 s, and 1.3s at logCa=-4.12, -5.50, and -6.60, respectively. The
different t,,- implied that changing the capillary numbers could affect the

immiscible fluid-fluid displacement processes.

From Fig. 4, it can be seen that as capillary number decreased from logCa=-4.12 to
-6.60, the displacement pattern transitions varied from compact displacement to
capillary fingering. The displacement processes in Figs. 4(a)-(c) showed the typical
characteristics of compact displacement. The invading water efficiently displaced
the defending TCE from pore space. This is because that the pressure of the
invading water sufficiently overcome the entry pressure of pore space, ever for the
small pore. However, the individual TCE ganglia, as shown in Fig. 4(b), were
separated from the defending TCE and were trapped in the pore throats due to the

18
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snap-off process. As the capillary number decreased to logCa=-5.50, the individual
TCE ganglia were not only trapped in the pore throats but also formed several TCE
pools and significantly varied the geometry of the original pore space. Fig. 4(G)
showed the potential dead-end pore for the water transport due to the trapped TCE
ganglia. As the capillary number decreased to logCa=-6.60, a distinct change for
the displacement pattern marked the transition to the capillary fingering regime, as
shown in Figs. 4(i)-(k). It clearly showed the fingering phenomena during the
displacement process. The invading water prefers to advance from a large pore due
to the small entry pressure. The pressure of the invading water is low and
insufficient to displace the TCE in the small pore. Thus, even though the
breakthrough time t,,. of Case III was longer than that of the Case | and Case II,
the TCE recovery efficiency of Case III was lower than that of the Case | and Case
I1. Figs. 4(d), (h) and (I) showed the residual TCE distribution patterns for the Case
[-1II. The residual TCE saturation S,.,, was 0.098, 0.302, and 0.542 for the Case I-
III, respectively. This indicated that the increasing capillary number of invading
water could decrease the residual TCE saturation. This result agreed with the
previous studies [38, 42, 44, 52]. Furthermore, from Figs. 4(d), (h) and (1), it can be
seen that the residual TCE distribution patterns varied significantly with the
capillary number. For the large capillary number, the residual TCE was distributed

in small throat among pores, while in displacement morphologies of capillary
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finger, the invading water paths formed several fingers due to the heterogeneity of
porous media. It should be noted that when the main invading water finger breaks
through the outlet, the pressure of the invading water decreases dramatically. Thus,
other invading water fingers fail to break through the outlet and forms a typical

dead-end flow pathway, as shown in Fig. 4(K).
4.2 Aqueous flow field in residual unsaturated porous media

Once the defending TCE was trapped in the pore space at the residual saturation,
the defending TCE become the residual TCE which was discontinuous and
immobilized due to the capillary force. As the non-wetting phase, the residual TCE
varies the pore structure and the pore space where provides the potential space for
the aqueous flow and the aqueous solute transport. We here analyzed the influence
of residual TCE distribution on the aqueous flow field by considering the residual
TCE as the invalid domain for the aqueous flow. The detail of solving the aqueous
flow field and setting the boundary condition can be found in the Supporting

Information.

From Fig. 5, it can be seen that the aqueous flow pathways were significantly
changed due to the residual TCE. Comparing Figs. 5 (a) with 4 (b), the main flow
pathway in the original porous media was almost the same as that in Case I. The

corresponding mean flow velocities were 6.30x10* m/s and 6.65x10* m/s for the
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original porous media and Case I, respectively. There is a slight increase (about
5.6%) in the mean flow velocity. This is because that for Case I (see Fig. 5(b)), the
residual TCE was trapped in the small pore throat between the grains and was
mainly located near the upper and lower boundaries, where the flow velocity was
originally low. As the capillary number decreased, the displacement pattern
marked the transition to the capillary fingering regime, resulting not only in a
dramatical increase in Sy, but also in a significant variation in the residual TCE
distribution. From Figs. 5 (c) and (d), it can be seen that the geometry of the main
flow pathway was significantly changed by the residual TCE. The corresponding
mean flow velocities were 4.61x10“ m/s and 4.59x10** m/s in Case II and Case III,
respectively. Compared with the mean flow velocity in the original porous media,
the values of mean flow velocity for Case II and Case III decreased by 26.8% and
27.1%, respectively. In particular, the displacement pattern with a typical
characteristic of capillary fingering leads to more residual TCE in Case III than in
Case I and Case II. In Case I1I, there are two different preferential flow pathways
through the porous medium in Case III. Several dead-end pathways caused both the
drastic decrease of the mean flow velocity and the significant variation of the

aqueous flow field.

On the one hand, the residual TCE leads to a variation of the mean flow velocity in

the aqueous flow field, and on the other hand, it could enhance the heterogeneity of
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the aqueous flow field due to its different distributions. To quantitatively evaluate
the influence of the residual TCE distribution on the heterogeneity of the aqueous
flow field, we estimated the probability density functions (PDFs) of flow velocity
[53, 54] and introduced the coefficient of velocity variation (CV) as a global
measure of the velocity spatial variability [14]. For incompressible flow, the

coefficient of velocity variation was defined as follows,

(16)

where the gy Is the standard variance of the flow velocity, u is the mean flow

velocity, and V is the volume of the pore space occupied by aqueous fluid.

From Fig. 6, it can be seen that in both the original porous media and Case I-III,
the PDFs of the longitudinal flow velocity (ux) were skewed towards positive
values with an approximately stretched exponential shape. For the PDFs of uy (see
Fig. 6(a)), there were small negative velocities in all cases, indicating the presence
of backflow. It was found that with increasing residual TCE saturation and the
change from compact displacement patterns to capillary fingering, the tailing of the
PDFs for both uy and u decreased significantly. This indicated that with increasing
residual TCE saturation, the range of flow velocity distribution in the aqueous flow

field decreased, which was associated with the decreased high flow velocity.
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Moreover, the %y decreased slightly with increasing residual TCE saturation,
whereas the ¢%n) increased dramatically. This reflected the formation of both the
preferential flow pathways with high velocities and the stagnant flow zone with
low velocities. It was found that the cV, increased with increasing residual TCE
saturation, indicating that the velocity spatial variability in the Case I-III was much
stronger than that in the original porous media. Thus, with increasing residual TCE
saturation, not only the tailing of the PDFs for both ux and u decreased
significantly, but also the velocity spatial variability in the aqueous flow field was

enhanced.
4.3 Behaviors of aqueous tracer transport and BTCs

Fig. 7 showed the aqueous tracer transport in both the original porous media and
Case I-III. Due to the significant change of the pore structure caused by the
residual TCE, the spatial evolution of the aqueous tracer in Case I-III was
significantly different from that in the original aqueous flow field. As the residual
TCE saturation increased, the area of the potential zone for aqueous tracer
transport decreased. For the capillary fingering displacement (e.g., Case III), the
aqueous tracer pathways formed several fingers and were independent of the pore
structure in original porous media. Several dead-end pathways for aqueous tracer
transport were observed in both Case II and Case III. The aqueous tracer transport

into these dead-end pathways is limited due to the slow diffusion-dominant
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process. It should be mentioned that the Pe were greater than 200 in all cases (see
Table 1), indicating that the aqueous tracer transport was advection-dominant.
However, the aqueous tracer transport in several dead-end pathways was diffusion-
dominant due to the extremely low flow velocity. As shown in Figs. 7(1) and (p),
once the aqueous tracer was transported into the dead-end pathways, a certain
amount of aqueous tracer was entrained and the mass exchange processes between
the dead-end pathways and the preferential pathways become rate-limited.
Consequently, the trapped aqueous tracer in dead-end pathways could lead to
anomalous transport behaviors (e.g., long tails of the BTCs). In addition, due to the
enhanced velocity spatial variability, the aqueous tracer in the preferential flow
pathways was not only transported faster but also had a higher concentration in

Case Il and Case III than in the original porous media and Case 1.

As a cumulative consequence of aqueous tracer transport through the unsaturated
porous media system, the BTCs reflect the temporal evolution of the aqueous
tracer. In Fig. 8, all BTCs exhibited typical characteristics of anomalous aqueous
tracer transport (e.g., the early arrival and long tails of the BTCs), although the
aqueous tracer was transported in the original porous media where no residual TCE
changed the pore structure. This indicates that not only the residual TCE but also
the heterogeneity of the original porous media can lead to the anomalous agqueous

tracer transport. As can be seen in Fig. 8, the early arrival and long tails of the
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BTCs were the same in the original porous media and Case 1. This is because that
the aqueous flow field was almost the same, since the compact displacement
pattern in Case I efficiently displaced the defending TCE from the pore space and
the variation of pore structure was trivial. As the capillary number decreased, the
immiscible fluid-fluid displacement pattern marked the transition to the capillary
fingering regime and the residual TCE saturation increased, associating the
significantly varied pore structure. Thus, the velocity spatial variability in the
aqueous flow field was enhanced. Consequently, the early arrival and long tails of
the BTCs were pronounced in Case Il and Case III than in the original porous
media and Case 1. Although the residual TCE significantly varied the pore
structure in Case II and Case III, the early arrival of the BTCs was the same while
the long tails of the BTCs was different in Case II and Case I1I. This indicates that
the residual TCE in Case II and Case III has little influence on the mean flow
velocity while has significant influence on the mass transfer between the mobile

and immobile domains.

To evaluate quantitatively the anomalous transport characteristics, we used both
traditional ADE model and CTRW model inversely to fit the BTCs. Detailed
information on the goodness-of-fitting of both ADE model and CTRW model can
be found in the Supporting Information. Table 2 showed the goodness-of-fit results

of the ADE and CTRW models.
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As listed in Table 2, the coefficient of determination R? is about 1.0 and the global
error Ej was low, indicating the ability to characterize aqueous tracer transport by
using both ADE and CTRW model. As a key parameter in the CTRW model,
Berrw Characterizes the dispersion regime. According to the previous study [55],
0 < Berrw < 1 indicated a highly anomalous transport; 1 < Berrw < 2 Was
associated with a moderately anomalous transport; S-rrs > 2 corresponded to the
Fickian transport. Table 2 showed that all 8.7z, Were close to 2.0, indicating that

all aqueous tracer transports in this study are moderately anomalous. The mean

flow velocities w,pr and ugrgy,, Were dependent on the residual TCE distribution
and showed the same trend as the pore structure varied by the residual TCE. The

dispersivities were determined as a;, ypg (= Dapr/Uapg) and ap crry =

(Derrw /Uerrw) 1N ADE and CTRW models, respectively. In Table 2, the results
indicated a non-monotonic relationship between the dispersivity and the S,,, in both
ADE and CTRW models. Due to the high S,, and almost unchanged pore structure,
the dispersivity was slightly lower in Case II than in the original porous media.
This suggested that the residual TCE resulting from the compact fluid-fluid
displacement process had a small influence on the aqueous tracer transport. It was
found that the dispersivity was enhanced in Case II when the pore structure was
significantly changed and the S,, was decreased due to the residual TCE. However,

the dispersivity showed a slight decrease in Case III where the pore structure was
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494  significantly changed and the velocity spatial variability of the aqueous flow field
495  was enhanced. It should be noted that since both ADE and CTRW models were

496  assumed to be one-dimensional, the dispersivity by both ADE and CTRW models
497  could be expected to be the averaged dispersivity over the whole domain.

498  Therefore, it was insufficient to characterize the mass transfer of the aqueous tracer
499  transport only by the dispersivity. In other words, our results indicated that the

so0  dispersivity of aqueous tracer was dependent on not only the S,, but also the

so1 distribution of the residual TCE that related to the immiscible fluid-fluid

502  displacement regime.
503 4.4 Mass transfer

504  Since the residual TCE varies the pore structure and space of the wetting phase
505  where provides the potential space for the aqueous flow field and the aqueous
506 tracer transport, the corresponding flow field was consequently split into flowing
507 and stagnant regions, referring to as mobile and immobile regions for aqueous
508  tracer transport. The solute exchange between the mobile and immobile regions
509  could substantially delay the transport of the aqueous tracer, associating with the
s10 tailing of the tracer BTCs. The tailing of the tracer BTCs is also related to the
511 reaction at the solid-fluid interface, which can be assessed by the Sherwood

512 number[56]. In this study, the tracer was assumed to be non-reactive. Therefore,

513 we focus on the solute exchange between the mobile and immobile regions. To
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514  quantify this mechanism, we proposed to estimate the mass transfer for aqueous
515 tracer transport by MIM model. The MIM model is a time nonlocal transport

s16  model, which describes the diffusion-driven mass exchange between the mobile
517 and immobile domains. The single mass-transfer rate MIM model could capture
518 the non-Fickian solute transport caused by the diffusion-limited transport of solutes

519 in immobile zones. The MIM transport equation is given by [21]

9Cm, ( Sew )acim ; Tols
520 =—U,—+ Df i
o T Sw—Sew/ Ot m 5, T Df.mim

0%Cpm,

0x2

(17)

521 where C,, and C;,,, represent the concentration of the aqueous tracer in the mobile
522 (flowing) and immobile (stagnant) domains in the wetting phase respectively;

523 D¢ i is the fitted dispersion coefficient and u,, is the effective flow velocity in
524  mobile domain for the wetting phase; S,, is the saturation of wetting phase, which
525 is equal to the sum of the stagnant saturation S, and the flowing saturation S, in
526  the wetting phase. A partitioning coefficient f= (S, — Ssu)/Sw = Spw/Sw Was
527 introduced as the mobile domain fraction in the wetting phase. Thus, the u,, in Eq.
528 (17) is related to the mean flow velocity of the wetting phase (wy;;57) by

529 Up=Upy/B. The dispersivity a; mim (= Dfmim/Um) in MIM model was

530  determined for all cases. The solute exchange between the mobile and immobile

531  domains was described by a nonequilibrium mass transfer model,
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0Cim _
st at a(Cm - Cim) (18)

where « is the mass transfer coefficient between the mobile and immobile
domains. For MIM model, the best-fit parameters Ds mim, @, and S were estimated.
The initial estimate of the parameters has a great influence on the accuracy of the
Inverse parameters, and an accurate initial estimation could improve the
convergence to a minimum error. The initial values of u,,; and Ds nim Were set to the
counterpart values calculated by the ADE model. The STANMOD V2.08 based on

CXTFIT code[57] was employed for the inversion of MIM model.

Table 3 listed the parameters estimated from MIM model. As shown in Table 3,
both the R? close to 1.0 and the low E; ensured the reliability and accuracy of the
inversion of MIM model. As listed in Table 3, # showed a non-monotonic
decrease with decreasing S,,. Note that our result of S reflects two aspects. First,
the maximum g was observed at S,, = 1.0 (e.g., saturated conditions), which is
consistent with the previous study [58]. Second, the low 8 was observed at S, =
0.698 in Case II rather than at lower saturation (e.g., S,, = 0.458 in Case III). This
implies that the larger domain fraction in the wetting phase become immobile for
aqueous tracer transport at S,, = 0.458 rather than at S,, = 0.698. This could be
attributed to the discontinuous residual TCE formed by the different patterns of the

immiscible fluid-fluid displacement. More especially, the residual distribution of
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TCE at S, = 0.458 resulted from the transition of the displacement pattern from
the compact displacement to the capillary fingering regime. Unlike compact
displacement and capillary fingering displacement, there were remarkable dead-
end pathways with the stagnant flow velocity in this transition displacement, which
Is consequently unfavorable for advection-dominant transport of the aqueous
tracer. Therefore, the 8 in residual unsaturated porous media was affected by not

only the S,, but also the residual saturation topology.

In Table 3, the maximum a;, ,,,;,, Was observed at S, = 0.698 in Case II and the
relationship between a; ,,;,, and S,, showed a non-monotonic relation, similar as
for both ADE and CTRW models. It should be mentioned that the a;, ,,,;,,, Was
significantly smaller than both the a; ,pr and the a; crry, Since the ay pim
accounted only for the dispersivity of the mobile domain in the wetting phase.
According to the dispersion regime of MIM model, an overall dispersivity includes
both the dispersivity of the mobile domain and the influence of solute exchange
between the mobile and immobile domains. Thus, the overall dispersivity a,;,, in

terms of the MIM parameters can be defined by [59]

SfwSswltm (19)

AmiM = AL mim + 252
w

We introduced «a;, ,,,s to represent the contribution of the solute exchange between

the mobile and immobile domains to the overall dispersivity a ;.
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S2 Sc T
_ fw sw¥dm
Arms =~ (20)

w

The dispersivities from the MIM and ADE models as functions of water saturation
were shown in Fig. 9. The a; 4pr from the ADE model was always smaller than
the overall dispersivity a,,, from the MIM model over all S,,,, which is consistent
with previous studies [33, 59]. This could be due to the inherently limited
capability of ADE model for characterizing the anomalous BTCs. On the other
hand, this is reasonable to characterize the overall dispersivity into the two mass
transfer mechanisms (e.g., dispersion in mobile domain and solute exchange
between immobile and mobile domain). As a result, the a,,;,, as the overall
dispersivity was always larger than both the a; ,,,s and the a; ,,;,,, Overall S,,,.
Moreover, the non-zero of the a; ,,; and the a; ,,,;,,, confirmed that the coexistence

of these two mass transfer mechanisms over all S,,,.

It should be mentioned that the relative contribution of these two mass transfer
mechanisms to the overall dispersivity is of great importance for understanding
aqueous tracer transport behavior. Therefore, to evaluate the relative contribution

between ay, s and a; i, In the dispersion regime of MIM model, the ,3

€q = —2ms (21)

AL mim
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€4 >1 means that the overall dispersivity is dominated by the solute exchange
between the mobile and immobile domains, whereas €; <1 indicates that the
overall dispersivity is controlled by the dispersion of aqueous tracer in the mobile
domain. As shown in Fig. 9, the €, as a function of S,,, showed a non-monotonic
relationship, since the similar relationship was observed between a,,;,, and S,,.
The value of the €,; was 0.56, 0.49, 5.54, and 1.87 at S,,=1.0, 0.902, 0.698, and
0.458, respectively, indicating that the mass transfer of aqueous at high water
saturation conditions (e.g., S,,=1.0 and 0.902) was controlled by the dispersion of
aqueous tracer in the mobile domain, while at low water saturation conditions (e.g.,
S,,=0.698 and 0.458) it was dominated by solute exchange between the mobile and
immobile domains. This suggested that the mass transfer mechanism of agueous
tracer varied with S,,,. Interestingly, the mass transfer coefficient between the
mobile and immobile domains (see the a in Table 3) was found to have an overall
decreasing trend at €; >1. Note that 1/« represents the time scale for solute
exchange between the mobile and immobile domains. 1/a was three times larger
under water-saturated conditions than under conditions of low water saturation
conditions. This means that the exchange time was longer at low S,,,, which is
related to slower solute mixing. Thus, if mass transfer of the aqueous tracer was
dominated by solute exchange between the mobile and immobile domains at low

Sy, the long exchange time will cause aqueous tracer transport to be retained and
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mass transfer to be delayed. In addition, the proposed €, would provide insights
into the anomalous characteristics of mass transfer of aqueous tracer in residual
unsaturated porous media. Recall the anomalous characteristics of BTCs in Fig. 7:
the dominant solute exchange between the mobile and immobile domains caused
the remarkable long tails of BTCs at €; >1, while the early arrival of BTCs was
observed at €; <1, where dispersion in the mobile domain controls the mass

transfer of the aqueous tracer.

5. Summary and conclusion

In this study, the miscible-aqueous tracer transport through residual unsaturated
porous media in which three phases coexist was investigated. The pore-scale
numerical simulation was implemented to simulate the immiscible two-phase
transport and the pore-scale agueous solute transport for obtaining the residual
distribution pattern and the aqueous flow field in residual unsaturated porous
media. Three different topologies of residual saturation were determined at S,.,,=
0.098, 0.302, and 0.542, as the immiscible fluid-fluid displacement pattern varied
from compact displacement to capillary fingering. The mass transfer of aqueous
tracer in residual unsaturated porous media was inversely characterized by ADE,
CTRW, and MIM models. Two different mass transfer mechanisms in terms of the
MIM parameters were proposed for the overall dispersivity of the aqueous tracer.

The main findings of this study can be summarized by:
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(1) Analysis of aqueous flow field in different topologies of the residual
saturation showed that the topology of residual saturation has a significant
influence on not only the PDFs but also velocity spatial variability of the aqueous
flow field, associating with the velocity spatial variability was enhanced with
increasing S,,. Both ADE and CTRW model confirmed the typical characteristics
of anomalous aqueous tracer transport (i.e., early arrivals and long tails) in BTCs
in a range of S,,,, from 0.098 to 0.542. Due to the enhanced velocity spatial
variability, the aqueous tracer was not only transported faster in the preferential

flow pathways, but also had a higher concentration at high S,.,, than at low S,.,,,.

(2) A non-monotonic relationship was found between the dispersivity and the
S,w, Indicating the dependence of dispersivity on S,,,. The results showed the
coexistence of these two mass transfer mechanisms over all S,.,, (e.g., the
dispersion in the mobile domain and the solute exchange between the immobile
and mobile domains). The dimensionless dispersivity index e, was introduced to
guantify the relative contribution of these two mass transfer mechanisms to the
overall dispersivity. The maximum of €; was 5.54 and was observed at S,.,,=0.302.
It was found that the overall mass transfer at low S,,,, was dominated by the
dispersion of aqueous tracer in the mobile domain, whereas at high S,.,,, the solute

exchange between the mobile and immobile domains was dominant.
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(3) The time scale (1/«) for solute exchange between the mobile and
iImmobile domains was three times larger under water-saturated conditions than
under high S,.,, conditions, with the resulting exchange time being longer. The
maximum of the mobile domain fraction £ in the wetting phase was observed
under water-saturated conditions, however, the g showed a non-monotonic
decrease with increasing S,,,. It was found that the transition displacement pattern
from the compact displacement to the capillary fingering regime could lead to
remarkable dead-end pathways with the stagnant flow velocity, resulting from the

low 8.

Overall, our study not only confirmed the saturation dependence of mass transfer
in residual unsaturated porous media, but also emphasized the importance of
considering the influence of saturation topology on mass transfer. The same value
of S,,, may have a completely different saturation topology due to the different
immiscible displacement regimes. Under these circumstances, the mass transfer
dependence on S,,, could be ambiguous because the relative contribution of the
different mass transfer mechanisms was found to be sensitive to the residual
saturation topology. Althoughh the numerical modeling strategy in this study
provides a better basis for considering the transport of both immiscible two-phase

flow and aqueous-miscible solute, further work is clearly needed to theoretically
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665  establish the relationship between the immiscible displacement regimes and the

666 Mass transfer of miscible-aqueous tracer.

667
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List of Figure Captions
Fig. 1 The generated porous medium and the distribution of grain diameter

Fig. 2 logCa - logM phase diagram of the fluid-fluid displacement morphologies.
The viscous fingering, capillary fingering, and stable displacement zones bounded
by the black dash-dot line and the grey zone are obtained by [51] and [41],

respectively.
Fig. 3 Flowchart of simulation

Fig. 4 Immiscible fluid-fluid displacement processes and residual patterns at
logCa=-4.12 (Case I), logCa=-5.50 (Case II), and logCa=-6.60 (Case III). The blue
region represents the TCE, the gray region is water, and the white circles are solid

grains.

Fig. 5 The flow fields in the original porous media and Case I-I1I. (a) The flow
filed in the porous medium where is saturated by water; (b)-(d) The flow fields in
Case I-11I where the residual TCE varies the pore structure. The red color

represents the residual TCE in Case I-III.

Fig. 6 The probability density functions (PDFs) of the longitudinal flow velocity
and the flow velocity in the original porous media and Case I-III. (a) PDFs of
longitudinal flow velocity in the original porous media and Case I-1I1. (b) PDFs of

flow velocity in the original porous media and Case I-III.
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Fig. 7 The aqueous tracer transport in both the original aqueous porous media and

Case I -III (C/Cy is the dimensionless concentration).

Fig. 8 The breakthrough curves (BTCs) of the aqueous tracer transport in both the

original aqueous porous media and Case I-III.

Fig. 9 Comparison the dispersivities from MIM and ADE models. The overall
dispersivity a,,;,, Was calculated with Eq. (19), the a; ,,,s Was determined by Eq.

(20), the dimensionless dispersivity index e; was obtained by Eqg. (21)
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Table 1 Parameters of the aqueous flow fields in the original porous media and

Case I-111
Table 2 Results from the goodness-of-fitting of the ADE and CTRW models

Table 3 Summary of the parameters estimated from the MIM model
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region represents the TCE, the gray region is water, and the white circles are solid

grains.
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917

918 Table 1 Parameters of the aqueous flow fields in the original porous media and

919 Case I-111
Uy, u () in(u) Pe Re CcV,
Porous Media
(m/s) (m/s) (m?/s?) ) ) () )
Original 493 X10° 6.30X10 347X10
3.79 393.87 0.39 0.89
(S,, = 1.000) A . .
Case I 5.26 X10° 6.65X10° 3.45X10
7.15 41559 041 0.86
(S, = 0.902) A . A
Case II 3.60X10° 4.61X10 2.55X10
58.40 287.97 0.29 1.19
(S, = 0.698) A . s
Case I1I 3.25X10° 459X10 2.03X10
131.19 286.93 0.29 1.24
(S,, = 0.458) A . A

920  Note: u is the mean longitudinal flow velocity. o%y) is the variance of the flow

921 Velocity. 6% is the natural logarithm of ¢°,. Pe is dimensionless Peclet number.

922  Re is dimensionless Reynolds number.
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Table 2 Results from the goodness-of-fitting of the ADE and CTRW models

ADE model CTRW model
Porous Media - ,
UADE DypE Q1 ADE E; R UcTRW Derrw A1 cTRW T1 T2 Berrw E; R
(m/s) (m?/s) (m) ) ) (m/s) (m?/s) (m) (s) (s) ) ) )
Original 515x10* 9.40x107 1.83x10° 0009 0.999 5.17x10* 9.37x107 1.81x10° 001 140572 191 0.016 0.999
(S,, = 1.000)
Case I 5.42x10* 8.61x107 1.59x10° (00 1.000 548x10* 843x107 1.54x10° (01 107895 1.92 0.014 1.000
(S,, = 0.902)
Case II 4.78x10"  1.94x107 4.06x10° (0030 0994 4.82x10* 1.96x107 4.07x10° (01 1120.73 1.80 0.030 0.990
(S,, = 0.698)
Case III 4.74x10* 8.64x107 1.82x10° (018 0.998 4.76x10* 872x107 1.83x10° (01 968.95 1.90 0.023 0.998
(S,, = 0.458)
927
928
929
930
931
932
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Table 3 Summary of the parameters estimated from the MIM model

Porous Um Dfmim B a Lmim R? Ei
Media (m/s) (m?s) () (d?) (m) ) (-)
Original 5.55x10° 7.07x10° 1.63x10° 1.99x10
(S, = 1.000) 0.93 0.999 0.006
4 7 3 3
%ase_l 5.89x10° 6.59x10 2.36x10° 1.67x10
(Sw = 0.92 0.999 0.005
0.902) 4 7 3 3
CSaSG_H 6.50x10" 4.42x10" 259%10" 4.45x10"
(Sw = 0.74 0.998 0.018
0.698) 4 7 3 3
Cgseiﬂ 5.28x10" 5.36x10° 5.10x10" 2.92x10°
(Sw = 0.90 0.999 0.016
0.458) 4 7 4 3
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