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1. Direct numerical simulation (DNS) model setup

In this study, both immiscible two-phase transport (ITPT) and Pore-scale
aqueous solute transport (PSAST) models were solved by the COMSOL
Multiphysics package (COMSOL Inc., Burlington, MA, USA) based on
the Galerkin finite-element method. The aqueous and non-aqueous phase
liquids were assumed as water and Trichloroethylene (TCE), respectively.
The density of water and TCE at 293.15K were 998.2 kg/m3 and 1460
kg/m3, respectively. The wetting angle was 8 = m/6. The interfacial
tension between water and TCE were ¢=36.9 mN/m [1]. The viscosity of
water and TCE were pu,, =1.002x 1073 kg/(m-s) and py,,=5.3X
107*kg/(m-s) at 293.15K, respectively. The molecular diffusion
coefficient of conservative aqueous tracer was set to be D,,=1.0x10"°

m?/s.
1.1 ITPT model

The porous media was initially saturated by TCE. The left and right
boundaries of porous media were inlet and outlet boundaries,
respectively. The water was injected along the inlet boundary with three
specific flow rates (e.g., u=0.60, 0.15, and 0.05 m/s). The corresponding
capillary numbers were logCa=-4.12, -5.50, and -6.60, while the
viscosity ratio was constant and equal to M=y, / it,,,=1.89. The outlet

boundary was set as zero pressure boundary condition. The non-slip
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boundary was applied on the immiscible interfaces between TCE, water

and soil.

Solving the IPTP model by the COMSOL Multiphysics package, the
backward differentiation formula (BDF) was employed to automatically
adjust the time step. The time dependent solver (PARDISO) was selected
as system solver. The Phase Field Method module and Laminar flow
module were coupled and solved in the IPTP model. The Phase Field
Multiphysics coupling feature defines the density and dynamic viscosity
of the fluid used in the Laminar Flow interfaces. It defines the surface
tension on the interface in the form of a volume force used in the
momentum equation. It also allows the Phase Field interface to use the
velocity field calculated from the Laminar Flow interface. For IPTP
model, the mobility tuning parameter y and the thickness of the interface
between the two immiscible fluids & were significant for the reality and
accuracy of solutions [2], since the value of x must be high enough to
keep the interface thickness constant and low enough not to damp the
advection. Depending on previous study [3], in this study, the mobility
tuning parameter y and the thickness of the interface between the two
immiscible fluids & were set as y=1 and e=h,,4,,/6 Where the h,,,,
represents the maximum mesh size. The computational domain for IPTP
model in the porous medium was discretized into 86225 triangular

elements. The mesh size was set to a range from 2.7 X103 mm to 2.34 X

3
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10 mm. The mesh independence analysis was conducted to ensure
numerical stability and accuracy. Under the same boundary condition,
three different meshes with different triangular elements (e.g.,

M,, =19616, 86225, and 127628) were tested. As shown in Fig S1, TCE
saturation was independent on mesh when the M,, was more than 86225,
indicating that the 86225 triangular elements were enough to provide
stable and accurate numerical results. Therefore, 86225 triangular

elements were used in this study.

1.0

<= 19616
= 4 - 86225
© i - 127628

0.8

TCE saturation

0.0 T T T T T
0. 00 0. 02 0. 04 0. 06 0. 08 0. 10 0. 12

Time #/s

Fig S1 TCE saturation dependence of mesh

1.2 PSAST model

After obtaining residual TCE distribution by the ITPT model in porous
media, the PSAST model was implemented on the pore space occupied
by water. For the flow field in the PSAST model, the boundary conditions
were set as follows: the left and right boundaries were set to be the first-

type boundary as inlet and outlet boundaries, respectively. The steady
4
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flow was driven from left to right by the given pressure gradient (i.e., -
Vp=122 Pa/m) for all of flow field in the aqueous phase. 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 the concentration ¢, was injected along the inlet boundary.
The step function was used to simulate the pulsed injection condition.
The inlet and outlet boundary conditions for the aqueous solute transport

were specified as,

Co, 0<t<2t
c(0,t) = {0 " 2t' <t (1)
dc(L,t)/on=0t >0 (2)

where L is the length of porous media geometry, n represents the
direction normal to the outlet boundary, and t’ is the dimensionless time

or so-called pore volume Pv. The Pv was defined as,

_ ot
Pv = " (3)

where Q is the flow rate (L3T~1), V,, represents the volume of pore
space occupied by aqueous liquid (L3). Since the conservative and non-

reactive tracer was introduced, the no-slip boundary condition was
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applied at the solid-liquid and liquid-liquid interfaces. The BTCs were

obtained by the ratio of effluent solute mass to fluid mass,

I (:1 Ucdz

= fohﬁdz (4)

1.3 Validation of numerical model

Two benchmark cases are provided here to validate our numerical model.
The results of validation cases agree very well with the results of previous
study or theoretical results, which validates the correctness of numerical

models.
ITPT model

We simulated the process of two-dimensional bubbles rising in liquid
columns due to the buoyancy force and compared it with the results of
Hysing et al [4]. The mass center and rising velocity of the bubble at
different times are calculated respectively, as shown in Fig S2. The
simulation results agree quite well with the results of Hysing et al., which

validates the correctness of numerical models.
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T u=v=0
.27 —— Simulation results
@® S Hysingetal
u=0 u=0 — ]
B 1.0
Fluid 2 -
.
bid w 0. 81
@]
)
I
T © 0. 61
0.4+— - - - - - -
v — 00 05 10 15 20 25 30

T(s)

Figure S2 Initial configuration and boundary conditions of the bubble

rising case (a). Time evolution of the mass center (b).
PSAST model

We simulated the solute transport process in a parallel plate and
calculated the Taylor dispersion coefficient (Diayior). Taylor dispersion is
an effect in fluid mechanics in which a shear flow can increase the effective
diffusivity of a species[5]. The seminal Taylor’s work [6] demonstrates
that for solute transport through parallel plates where the fluid follows the
stratified flow, the effective solute transport eventually becomes one
dimensional and the shear-flow-induced dispersion can be measured by an
effective longitudinal dispersion (i.e. Taylor dispersion) and mean flow
velocity u. The Taylor dispersion coefficient for an ideal 2D paralleled

fracture is given as,
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DTaylor = W (5)
m

In this case, the length and height of the parallel plate was L=200 mm
and H=0.5 mm, the ratio of length to height is L/H=400, and the
corresponding asymptotic time is t = b?/4D,, = 62.5 s. The average

flow velocity in the fracture is i = 6.17 X 107> m/s.

<107

S —
0 11.72 19.53 2734 3515 4296 5078  58.59 66.4 7421  82.02  B9.83

u/(m-s)
(b) 6.00E-09 -
1 M(u(_((((i_“(“““‘.(llll‘llll\ll((l:(ff
5.00E-09 & | . .
& i O Simulation result
= 4 00E-09 4 i — Theoretical value
v T [} I
NE 1 © |
O 1
3.00E-09
=X o o -
= o Pre-asymptotic time | Asymptotic time
3\ n
Qo 2.00E-09- < ; >
1 I
1.00E-091° :
© 1
I
0.00E+00 - . ; - . : )
0 20 40 60 80 100 120
Time /(s)

Fig S3. The shear flow in a parallel plate (a). The dynamic variation

process of Taylor dispersion coefficient

As shown in Fig S3, before the progressive time, the dispersion
coefficient is not a fixed value, but a function related to time. According to

the physical meaning of spatial moment, the dispersion coefficient in X



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

Confidential manuscript submitted to International Journal of Heat and Mass Transfer

direction can be expressed by the change rate of second-order moment in

X direction,

dMZxx
2D, = lim .
Y S dt

(6)

The total mass of solute in the calculation area is calculated by using

the spatial moment of solute cluster

M= f C(x,t)dQ (7)
Q

First moment in X direction:

Mia(®) = | CCx,0)xd0 ®
Q
Second moment in X direction:

Jo Cx,t) (x = My, /M) (x — My ,./M)dQ)
M

MZ,xx (t) = (9)

It can be seen from Fig.S3 hat the dispersion coefficient increases with
time before the progressive time; Near the asymptotic time, the dispersion
coefficient calculated by the second-order moment in the X direction is

close to the theoretical value of Taylor dispersion coefficient.
2. Definition of Peclet number and Reynolds number

The Peclet number is defined by Pe = tp/t, = 2iu/D,,. Itis the ratio
of the characteristic diffusion time t, = 2ru/D,, to the characteristic

advection time 7, = u/27. The fixed pressure gradient between inlet
9
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and outlet boundaries was applied in all cases, result in the Pe range from

393.87 to 286.96.

The Reynold number was defined by Re = 2rp u/u. It is commonly
used to predict the onset of non-Darcy flow and to determine the flow
regime. In this study, the Re range from 0.39 to 0.29, indicating that the

flow was Darcy regime for all cases.
3. Inverse model for aqueous tracer transport
3.1 Advection dispersion equation (ADE) model

The classical Advection Dispersion Equation (ADE), which based on
Fick’s law, was used to fit the BTCs for all cases. The 1D governing

equation of ADE model is given by

dac
E = =V (Ugpgc) + DADEVZC (10)

Where the Dape is the fitted dispersion coefficient and u,,z is the mean
flow velocity. We used the STANMOD V2.08 software[7] for the inverse

calculations.

The initial estimated value of wu,,; was set to the u obtained by direct
simulation. In this study, the tracer pulse with concentration ¢, was
injected into porous media for 2 Pv at the inlet boundary. Therefore, in
STANMOD, we used the pulse input at application time boundary

condition. The input concentration was set to the dimensionless

10
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concentration. The corresponding application times were 162.8, 152.9,
223.2, and 250.4 s, respectively. For each case, total 150 data points from
BTC were used for the inverse calculations.

3.2 Continuous time random walk (CTRW) model

The CTRW transport equation is generally based on the Fokker-
Planck with memory equation (FPME) which originally describes
the temporal evolution of the probability density function of the
velocity of a particle under the influence of drag forces and random

forces. In CTRW, the Laplace transformed concentration function

ac(x,p) 02¢(x,p)
ox W o gxz

pc(x,p) — co(x) = _M(p) Uctrw (11)

where p is the Laplace variable, u.,,, and D_.,,, are mean flow
velocity and fitted dispersion coefficient in the framework of CTRW,
respectively. In Eq. (11), the memory function M(p) captures the
anomalous or non-Fickian transport induced by local heterogeneity or
process and the corresponding formulation is given by

P(p)

M(p) = _Epl——z/j(p)

(12)

where £ is some characteristic time and ¥ (p) is the transition rate
probability which is the core of the CTRW model. In this study, we used

the truncated power law (TPL) for 1 (p). The TPL model is given by

11
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(1 + t,pty)Perrw exp(t,p) I'(—Berrw, T2~ + t4D)
I'(—Bcrrw> 127 1)

194 Y(p) = (13)

195  where t; represents the lower limit time when the power law behavior
196 begins, T, = t,/t;, t,is the cut-off time describing the Fickian behavior
197 dominates, I'() represents the incomplete Gamma function, and the

198 parameter B-rrys indicates the different types of anomalous transport.

199 In this study, the CTRW Matlab Toolbox V4.0 [8] was employed for the
200 inverse calculations. For the inverse model using the CTRW TPL, there

201 were five initial input parameters, ti, t2, Uz, Berrw a@nNd Dggpy. The

202 initial estimate for the velocity u.,,, anddispersion D..., Wwere
203 assumed to be equal to the values from the ADE inverse modeling. Note

204  that the input value of 4., and D, need to be in units of 1/time.

205 We divided the w5, and D.., by the L (length of the porous media,
206  L=0.041m) and L2. The initial estimate for t1, to, and Bcrry Were set to
207 be 1072, 103, and 1.8, respectively.
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