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a b s t r a c t 

Spontaneous imbibition in porous media plays a crucial role in many engineering applications such as enhanced 

oil recovery and geological carbon dioxide storage, in which predicting the imbibition rate is of great importance. 

In this work, we contribute to developing a novel dynamic pore-network model for spontaneous imbibition in 

porous media. Multiform idealized pore elements have been used to represent complex pore spaces so that our 

model bears the potential to quantitatively predict spontaneous imbibition for a ‘real’ porous medium. A number 

of case studies have been conducted to test the pore-network model. We show that the capillary force calculated 

by the Young–Laplace equation is much smaller than that predicted by the pore-network model. The former is 

usually used to estimate the capillary force at the wetting front in the widely used single-phase imbibition model. 

We conclude that using the capillary force calculated by the Young–Laplace equation with the mean pore radius 

notably overestimates the imbibition rate. Moreover, we verify that a sharp wetting front across a few pores is 

maintained throughout the primary imbibition process, which is in consistence with experimental observations. 
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. Introduction 

In porous media research, imbibition is the process by which a wet-

ing fluid displaces the defending nonwetting fluid. There are two kinds

f imbibition processes, namely, spontaneous imbibition and forced im-

ibition. Spontaneous imbibition is driven by capillary action, while

orced imbibition is driven by an imposed pressure gradient across the

edia domain. Imbibition is of importance in numerous applications

uch as enhanced oil recovery (EOR) ( Gao et al., 2018; Meng et al.,

017; Morrow and Mason, 2001 ), capillary trapping in geological car-

on dioxide storage ( Guo et al., 2016; Valvatne and Blunt, 2004 ), paper

ensors ( Elizalde et al., 2015 ), and inkjet printing ( Wijshoff, 2018 ). 

There has been significant research interest in imbibition in porous

edia. One key topic is to predict the imbibition rate and its dependence

n material properties. The imbibition rate yields a crucial performance

actor in several applications. For example, in EOR the recovery rate

nd the extent to which oil is displaced from the matrix are key issues

 Morrow and Mason, 2001 ). In inkjet printing, the imbibition rate of ink

eeds to be strictly controlled to achieve high printing quality at high

hroughput. 

Spontaneous imbibition of water into a porous medium initially fully

lled with air is referred to as wicking. By assuming a sharp wetting

ront, and neglecting air viscosity and gravity, the penetration depth of
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iquid water can be given by the single-phase Darcy model: 

 = 

√ 

2 𝑘 0 𝑝 𝑐 
𝜀 𝜇𝑤 

√
𝑡 (1) 

here 𝜀 [-] is the porosity, 𝜇w [Pa s] is the water dynamic viscosity,

 

0 [m 

2 ] is the intrinsic permeability, p c [Pa] is the capillary pressure,

nd t [s] is the imbibition time. If the gravity needs to be included and/or

he viscosity of the nonwetting phase cannot be neglected, the equation

or the penetration depth is presented in Cai et al. (2014 ), Kunz et al.

2016 ), Zarandi et al. (2018 ), which can be analytically or numerically

olved. Eq. (1) has been tested for different porous materials such as

andstone ( Akin et al., 2000 ), porous Al 2 O 3 ( Kuijpers et al., 2017 ), and

lass fiber wicks ( Zarandi et al., 2018 ). Generally, experimental data can

e matched by slightly tuning permeability and capillary force, except

or cases where a sharp wetting front does not hold any more. 

To verify and utilize Eq. (1) , however, two fundamental questions

till need to be answered: one is how to estimate the capillary force, i.e.,

 

c in Eq. (1) , at the wetting front for a given porous medium; the other

s under which conditions the assumption of a sharp wetting front is ac-

eptable. The conditions of interest can be related to material properties,

eterogeneity, and the length scale of the domain under consideration.

or example, in the late stage of capillary rise in a porous medium, the
nd Control, Chongqing University, Chongqing 400044, China. 
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𝐺  
ow regime behind the wetting front would switch from single phase to

wo phase where the sharp wetting front assumption fails ( Zarandi and

illai, 2018 ). Also, it has been suspected that the sharp front assumption

s not acceptable for a thin porous layer. Experimental data of the im-

ibition rate is very hard to be obtained for thin porous layers, because

urrent measurement techniques have limited spatial and temporal res-

lution. 

To investigate the above issues, pore-scale numerical studies of im-

ibition in porous media are very useful. Although there are many stud-

es based on direct numerical-simulation models such as VOF (volume

f fluid model), SPH (smoothed particle hydrodynamics), LBM (lattice-

oltzmann model), and NSCH (Navier-Stokes-Cahn-Hilliard phase-field

odels), these studies are generally restricted by excessive computa-

ional efforts ( Kunz et al., 2018; Raeini et al., 2014; Shokrpour Roud-

ari et al., 2016 ). Therefore, usually a small porous medium has been

odelled with favorable wettability settings ( Kunz et al., 2016; Raeini

t al., 2014 ). Alternatively, dynamic pore-network models can be used

hich are much more computational efficient. A literature survey shows

hat most dynamic pore-network models were designed with over-

implified pore elements which cannot represent realistic porous struc-

ures ( Joekar-Niasar et al., 2010; Qin, 2015; Yin et al., 2018 ). Although

everal dynamic pore-network models for two-phase imbibition have

een reported ( Li et al., 2017; Tørå et al., 2012; Wang et al., 2015 ),

hey were developed for simple network structures. In those models, all

ore volumes are assigned to pore throats. Phase-mixing is assumed in

olumeless pore bodies. It is hard to extend those models to spontaneous

mbibition in real porous media. 

In this work, we contribute to developing a new dynamic pore-

etwork model for imbibition in porous media. We consider complex

ore elements with triangular, square, and circular cross-sections in

he model, and therefore enable a more precise description of realistic

orous media than previous pore networks. Moreover, the key mech-

nism of the competition between main terminal meniscus filling and

rc menisci filling in a pore body ( Ma et al., 1996 ) has been rigorously

mplemented, because this mechanism is pivotal in spontaneous imbi-

ition. Multiform pore elements have been widely used in quasi-static

ore-network models ( Blunt et al., 2013; Oren et al., 1998; Patzek, 2001;

alvatne and Blunt, 2004 ). In this context, good predictions for capil-

ary pressure and relative permeability were reported. However, its ex-

ension to a dynamic pore-network model has remained unexplored. 

To test our model, we mainly compare the predictions of the imbibi-

ion rate by the pore-network model and by Eq. (1) . We show that our

NM can help us verify and improve the single-phase Darcy model for

pontaneous imbibition in porous media. The verification of our pore-

etwork model against the VOF- (volume of fluid) based direct numer-

cal simulation model for spontaneous imbibition in a porous medium

f sintered glass beads will be presented elsewhere ( Qin et al., 2019 ). 

The remainder of the paper is organized as follows. In Section 2 ,

e introduce the pore-network model in detail, including governing

quations, constitutive relations, and numerical implementation. In

ection 3 , we first present a stochastic network generator with pre-

escribed structure information of a porous medium. In addition, the

ensitivity of key model parameters to the predicted imbibition rate is

iscussed. We also conduct case studies to test the developed model.

he discussion of model predictions is provided in Section 4 , which is

ollowed by main conclusions in Section 5 . 

. Pore-network model 

In this section, we introduce the dynamic pore-network model for

pontaneous imbibition in porous media. Its extension to forced imbibi-

ion or drainage processes is straightforward. The main assumptions in

ur pore-network model are: 

• Pore spaces are represented by idealized pore bodies. No volume

is affiliated with pore throats (refer to Fig. 1 ). This is consistent
with the concept of watershed used in pore-network extraction

( Gostick, 2017 ). 
• Viscous resistances for wetting and nonwetting phases are dis-

tributed in both pore bodies and pore throats. 
• Wetting and nonwetting phases are incompressible and immiscible. 
• The imbibition process is isothermal. 

Our pore-network model has been developed specifically for granu-

ar porous materials such as soil, sand, and typical sandstones. There-

ore, the first model assumption in which we assign all pore volume to

ore bodies can be well justified. Our pore-network model is not ap-

licable to porous media with elongated channel-type pores such as

hales and nano-porous vycor glass ( Gruener et al., 2012 ). Regarding

pontaneous imbibition in those porous media, a more diffusive wet-

ing front occurred and front roughening was amplified. This is because

eniscus arrest may occur at asymmetric pore junctions ( Sadjadi and

ieger, 2013 ). 

.1. Governing equations 

By virtue of the incompressibility assumption, conservation of mass

f the two phases translates into conservation of volume. The volumetric

onservation of each phase in a pore body is given as: 

 𝑖 

𝑑𝑠 𝛼
𝑖 

𝑑𝑡 
= − 

𝑁 𝑖 ∑
𝑗=1 

𝐾 

𝛼
𝑖𝑗 

(
𝑝 𝛼
𝑖 
− 𝑝 𝛼

𝑗 

)
𝛼 = { 𝑛, 𝑤 } (2)

here i is the pore body index, ij is the pore throat index, n and w indi-

ate the nonwetting and wetting phases, respectively, N i is the coordina-

ion number of pore body i, V [m 

3 ] is the volume, s [-] is the saturation,

 [m 

3 /Pa/s] is the conductivity, and p [Pa] is the pressure. In this work,

ravity is neglected. 

With the definition of mixture pressure, 𝑝̄ = 𝑝 𝑛 𝑠 𝑛 + 𝑝 𝑤 𝑠 𝑤 , and adding

he two conservation equations together ( Eq. (2) for the wetting phase

nd for the nonwetting phase), the pressure equation is derived as

 Qin, 2015 ): 

𝑁 𝑖 

𝑗=1 

(
𝐾 

𝑛 
𝑖𝑗 
+ 𝐾 

𝑤 
𝑖𝑗 

)(
𝑝̄ 𝑖 − 𝑝̄ 𝑗 

)
= − 

𝑁 𝑖 ∑
𝑗=1 

{ [
𝐾 

𝑛 
𝑖𝑗 
𝑠 𝑤 
𝑖 
− 𝐾 

𝑤 
𝑖𝑗 

(
1 − 𝑠 𝑤 

𝑖 

)]
𝑝 𝑐 
𝑖 

+ 

[
𝐾 

𝑤 
𝑖𝑗 

(
1 − 𝑠 𝑤 

𝑗 

)
− 𝐾 

𝑛 
𝑖𝑗 
𝑠 𝑤 
𝑗 

]
𝑝 𝑐 
𝑗 

} 

(3) 

here the local capillary pressure in pore body i is defined as

 

c = p n − p w . It is seen that in a pore body we solve for both nonwet-

ing and wetting pressures, which are coupled by the capillary pressure

nder the assumption of local equilibrium. 

.2. Constitutive relations and local physical rules 

.2.1. Idealized pore elements 

One of the essential components in the development of a pore-

etwork model is to represent the porous medium of interest with proper

dealized pore elements (i.e., pore bodies and pore throats). The choice

f idealized pore elements depends on the type of flow and transport pro-

ess under study ( Qin et al., 2016 ). Further, constitutive relations and

ocal physical rules are dependent on the used idealized pore elements.

ere, three types of straight tubes of constant cross-section, as shown in

ig. 2 , are employed to approximate complex porous structures, namely,

ubes with triangular cross-section, tubes with square cross-section, and

ubes with circular cross-section. 

A triangular cross-section (e.g., Fig. 2 a) can be described by

he inscribed circle radius R and two corner half angles, 𝛽1 , 𝛽2 .

he third angle follows from 𝛽3 = 𝜋∕2 − 𝛽1 − 𝛽2 with the convention

f0 < 𝛽1 ≤ 𝛽2 ≤ 𝛽3 < 𝜋/2. We follow Mason and Morrow (1991 )’s ‘shape

actor’ definition as: 

 = 

𝐴 

𝑃 2 
(4)
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Fig. 1. Schematic of the representation of a porous 

medium by a pore network. In the left graph, the con- 

cept of watershed is used to generate discrete pore 

spaces, which are connected by pore throats. The right 

graph shows the extracted pore network composed of 

idealized pore bodies (i.e., nodes) and pore throats 

(i.e., bonds). 

Fig. 2. Schematic of the cross-sections of three idealized pore 

elements (i.e., pore bodies or pore throats). The blue denotes 

the wetting phase residing in the corners. 𝜃 is the contact angle, 

and G is the shape factor calculated by Eq. (4) . 
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here A [m 

2 ] is the pore cross-sectional area, and P [m] is the perime-

er. For a triangular cross-section, its shape factor and three corner half

ngles are related as: 

 = 

1 
4 
tan 𝛽1 tan 𝛽2 cot 

(
𝛽1 + 𝛽2 

)
(5)

Therefore, by using tubes with triangular cross-section, we can have

 range of shape factors from 0 to the maximum value of 
√
3 ∕ 36 , the

atter corresponding to an equilateral triangle. With the same definition

f shape factor, a tube with square cross-section has a shape factor value

f 0.0625; and a tube with circular cross-section is characterized by a

hape factor value of 0.0796. 

In our model, both pore bodies and pore throats are represented by

he idealized pore elements described in Fig. 2 . However, as mentioned

n the first model assumption, no volume is assigned to pore throats.

hey are mainly used to account for the flow resistance between neigh-

ouring pore bodies. They are not considered in the calibration of poros-

ty. Furthermore, pore-throat sizes are crucial to determine the trapping

f nonwetting phase in pore bodies. 

.2.2. Relations of capillary pressure and conductance 

The details of calculating pore-body and pore-throat capillary pres-

ure and conductance are presented in Appendix A . In spontaneous im-

ibition, a pore body exhibits either the main terminal meniscus (MTM)

lling or arc menisci (AMs) filling ( Ma et al., 1996 ). As the AMs filling,

he snap-off event may be triggered. The used criteria for checking the

nap-off is given by Eq. A2 in Appendix A . For a pore body, in the case

f the MTM filling, for simplicity the conductance of both nonwetting

nd wetting phases is approximated by the single-phase conductance

iven by Eq. (A3) , given the fact that its connected pore throats always

ccount for most of the flow resistance. 

For a volumeless pore throat, its capillary pressure is approximated

y the capillary pressure in its connected upstream pore body. If the

TM filling or the snap-off occurs, the pore throat is fully filled with the

etting phase instantaneously. Otherwise, the pore throat is occupied

y both phases. The interface curvature is determined by the capillary

ressure. In both cases, the wetting and nonwetting conductance is given

n Appendix A . 
The flow conductivity from pore body i to pore body j used in Eqs.

2, 3) is calculated as: 

 𝑖𝑗 = 1∕ 
( 

𝑙 𝑖 

2 𝑔 𝑖 
+ 

𝑙 𝑗 

2 𝑔 𝑗 
+ 

𝑙 𝑖𝑗 

𝑔 𝑖𝑗 

) 

(6) 

here l is the length [m], and g [m 

4 /Pa/s] is the conductance. Notice

hat the superscript 𝛼 for the phase indicator has been omitted here. 

Finally, the following inequality is checked for the existence of cor-

er flow: 

+ 𝜃 < 𝜋∕2 (7) 

Obviously, for circular pore elements, only the MTM filling is possi-

le. For triangular pore elements, corners may be partially occupied by

he wetting phase. 

.2.3. Competition of corner flow and main terminal meniscus movement 

In a pore body, the imbibition proceeds via both piston-type displace-

ent (i.e., AMs filling) and the MTM displacement as shown in Fig. 3 .

he two processes have quite different time scales, which compete each

ther ( Ponomarenko et al., 2011 ). In the piston type, the wetting phase

rows from the corners. At the pore-element-scale, this is much slower

han the MTM filling in spontaneous imbibition. The MTM pressure is

he same as the entry pressure calculated by equations (A1.1)–(A1.5)

ased on the MS-P method ( Mayer and Stowe, 1965; Princen, 1970,

969 ). In our model, if one of the following three conditions is satisfied,

he MTM filling of the pore body is active. The first condition is that

orner flow is not possible by checking Eq. (7) . The second condition

s that (a) anyone of its connected pore bodies is with the MTM filling

s well as its wetting saturation is larger than 0.5; and (b) the capillary

ressure is larger than the MTM pressure. The third condition is that (a)

nap off occurs in any of its connected pore bodies; and (b) the capillary

ressure is larger than the MTM pressure. Here, the value of 0.5 in the

econd condition has been selected in the sense of average. Our numeri-

al tests show that the imbibition rate is insensitive to this value for the

ir-water system. If the sub-pore-scale movement of the MTM is tracked,

his empirical value will not be needed. We leave it for a further study.

The same triggering mechanism of the MTM filling applies to a pore

hroat. On the other hand, when a dry pore body is being invaded and
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Fig. 3. Schematic of the AMs filling (b) and the MTM movement (c) for a pore 

body with equilateral triangle cross-section (a). We assume that the wetting 

phase that accumulates in corners under the AMs filling merges into the MTM 

when the MTM movement is triggered in a pore body. 
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t  
he AMs filling is active, a thin pre-wetting film is assumed at corners

hich corresponds to a capillary pressure value of 10 5 Pa. This value is

elected empirically, which may be related to solid surface properties

f a porous medium. Fig. 4 shows its effect on the filling rate of a pore

ody with equilateral triangle cross-section. During the filling, the driv-

ng force is the capillary pressure of the swelling menisci. It is seen that

he filling time to the snap-off saturation is very sensitive to the assumed

re-wetting film. This is because the initial wetting-phase conductance

s determined by the pre-wetting film thickness. If only the AMs filling

s used in the model, this parameter is critical to the predicted imbibi-

ion rate. But, in spontaneous imbibition, we will show later that the

TM filling is dominant. As a result, this parameter is insensitive to the

redicted imbibition rate in our case studies. 

Finally, we notice that during the cooperative filling ( Blunt, 1997;

ren et al., 1998 ) of a complex pore body, dynamic variations of capil-

ary pressure are expected. The relation between capillary pressure and

aturation depends on both the pore structure and the wetting condition

f neighbouring pore bodies. In our model, for an MTM-filling pore body

he capillary pressure is assumed to be constant, equal to its MTM entry
ressure. However, one may qualitatively account for the cooperative

lling by dynamically revising the MTM entry pressure. This aspect will

ot be further considered in the present study. 

.2.4. Trapping assumption 

A natural porous medium usually has a wide distribution of pore

izes. In the imbibition process, small pores are filled relatively fast com-

ared to large pores due to larger suction forces. The magnitude of the

ifference in the filling speed is closely related to the flow regime of

nterest. Nonetheless, for a large pore, if its surrounding small pores are

lled first, this may cut off the escape pathways of the nonwetting phase

n the large pore. In this case, the nonwetting phase is locally trapped.

ignificant trapping would result in a low saturation value behind the

mbibition front. 

For an air-water system, several experiments at the mini-column

cale have shown that the region behind the imbibition front is al-

ost saturated ( Kuijpers et al., 2017; Zarandi et al., 2018 ). In our pore-

etwork model, without any special treatment of the trapping of non-

etting phase, both imbibition rate and wetting saturation behind the

mbibition front will be underestimated. This is because all connected

ore throats are marked as the MTM filling once the wetting saturation

f a MTM-filling pore body is over 0.5. As mentioned above, the value

f 0.5 has been selected in the sense of average. In reality, at the pore

cale, phase occupation in a pore throat depends on its location relative

o the main meniscus in the pore body. Inclusion of detailed information

f pore-throat phase occupation to precluded trapping in pore-network

odels is non-trivial and a rigorous treatment is beyond the scope of

his work. We also tried the remobilization mechanism of the trapped

onwetting phase proposed in ( Joekar-niasar and Hassanizadeh, 2012 ).

owever, no difference was found when the MTM filling is dominant.

n this work, we simply revise the pore-throat gas conductivity as fol-

ows. If a pore throat is marked as the MTM filling, its gas conductivity

s calculated as: 

 

𝑛 
𝑖𝑗 
= 1∕ 

( 

𝑙 𝑖 

2 𝑔 𝑛 
𝑖 

+ 

𝑙 𝑗 

2 𝑔 𝑛 
𝑗 

+ 

𝑙 𝑖𝑗 

𝑣𝑔 𝑛 
𝑖𝑗 

) 

(8)

here 𝑔 𝑛 
𝑖𝑗 

is equal to the single-phase conductance, and v is the correc-

ion coefficient. v is set to 1 when both wetting saturation values of its

onnected pore bodies are smaller than 0.96. This saturation value is the

ame as that at which the capillary pressure fast approaches zero (see

ig. A2 ). When the wetting saturation value in either of its connected

ore bodies is larger than 0.96, v is set to zero meaning that this pore

hroat blocks the transport of the nonwetting phase. Here, the value of

.96 has been empirically selected in order to (1) make this value close

o 1 corresponding to a fully saturated pore body, and (2) match the
Fig. 4. The effect of the pre-wetting film on the filling rate of a pore 

body with equilateral triangle cross-section. Only the AMs filling is 

active. The half corner angle is 30°, and the contact angle is 30° The 

inscribed radius is 20 μm. The surface tension is 0.073 N/m. The wet- 

ting viscosity is 1 ×10 − 3 Pa s. 
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Table 1 

Physical parameters and the pore network used in the base case. 

Network information 

Domain size 746 × 746 × 746 μm 

The number of pore bodies / pore throats 1194/2672 

Porosity 0.4 

Permeability 7 Darcy 

Mean pore size / standard deviation 20 μm/0.3 

Mean coordination number 5.3 

The pore-throat ratio, 𝛾 0.2 

Physical parameters 

Contact angle 20°

Surface tension 0.073 N/m 

Air / water dynamic viscosity 1.83 × 10 − 5 / 1.0 ×10 − 3 Pa s 

Pre-wetting film capillary pressure 1.0 ×10 5 Pa 

Inlet / outlet reservoir pressure 0/0 Pa 
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a  
etting saturation behind the wetting front which may be obtained by

xperiments. 

.3. Numerical implementation 

The governing Eqs. (2) and (3) are numerically solved for the pri-

ary variables: wetting saturation, 𝑠 𝑤 
𝑖 

, and mixture pressure, 𝑝 𝑖 . At the

nd of each time step, the remaining quantities such as capillary pres-

ure and phase conductivity are updated based on the primary variables.

he discretization of the governing equations has been elaborated in

in (2015) . In this work, the saturation Eq. (2) is explicitly solved. Al-

hough a semi-implicit scheme may stabilize the numerical model, it

auses mass imbalance ( Joekar-Niasar et al., 2010; Qin, 2015 ). Further,

 first-order differential function of capillary pressure with respect to

he wetting saturation needs to be fitted, which is cumbersome for im-

ibition with complex pore elements. 

The local time interval needed to fully drain or fill a pore body is

iven by: 

𝑡 𝑖 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝑉 𝑖 

𝑞 𝑤 
𝑖 

(
1 − 𝑠 𝑤 

𝑖 

)
𝑓𝑜𝑟 𝑙𝑜𝑐𝑎𝑙 𝑖𝑚𝑏𝑖𝑏𝑖𝑡𝑖𝑜𝑛, 𝑞 𝑤 

𝑖 
> 0 

− 

𝑉 𝑖 

𝑞 𝑤 
𝑖 

𝑠 𝑤 
𝑖 

𝑓𝑜𝑟 𝑙𝑜𝑐𝑎𝑙 𝑑𝑟𝑎𝑖𝑛𝑎𝑔 𝑒, 𝑞 𝑤 
𝑖 

< 0 
(9) 

here 𝑞 𝑤 
𝑖 

[m 

3 /s] is the total flow rate of the wetting phase in/out pore

ody i . The standard time step is subsequently obtained as the minimum

f the local time intervals. We conducted a sensitivity study of the im-

ibition rate on the time step. It shows minor influence. This is because

n our case studies, the MTM filling is dominant. However, at the late

tage of spontaneous imbibition, when the AMs filling plays a role, a

arge time step may overestimate the imbibition rate due to the used

xplicit scheme for the saturation equation. In all case studies, we have

sed half of the minimum of the local time intervals as our time step.

inally, to prevent infinitesimal time-step values, we truncate the wet-

ing saturation in a pore body as follows: when 𝑠 𝑤 
𝑖 

is smaller than 10 − 6 ,

e set 𝑠 𝑤 
𝑖 
= 0 ; when ( 1 − 𝑠 𝑤 

𝑖 
) is smaller than 10 − 6 , we set 𝑠 𝑤 

𝑖 
= 1 . 

. Case studies 

.1. Network generation 

We generate a three-dimensional pore network representing a ho-

ogeneous porous medium by means of the following six-step proce-

ure. First, a given number of pore bodies are generated which have

runcated lognormal distributions of inscribed radius, shape factor, and

ength. Second, conforming to a given porosity value and the total vol-

me of generated pore bodies, the domain dimensions are determined.

hird, the ordered pore bodies in size are randomly distributed into the

omain in such a manner that overlaps are prevented. Fourth, a pre-

escribed searching length for each pore is used to construct the pore

hroats. Fifth, an elimination process is conducted: pore throats are ran-

omly eliminated according to a pre-described probability. Sixth, all

ore bodies which are not connected with the outlet pores are deleted. 

The inscribed radius of a pore-throat size is estimated by: 

 𝑖𝑗 = [ 𝛾 + 𝑛 ( 1 − 𝛾) ] min 
(
𝑅 𝑖 , 𝑅 𝑗 

)
(10) 

here 𝛾 is the ratio of pore-throat size to the smaller size of its two

onnected pore bodies, n is a random number between 0 and 1. The

ore-throat length is calculated by: 

 𝑖𝑗 = 𝐿 𝑖𝑗 − 𝑅 

𝑒𝑞 

𝑖 
− 𝑅 

𝑒𝑞 

𝑗 
(11)

here L ij is the center distance between the two pore bodies, and 𝑅 

𝑒𝑞 

𝑖 

nd 𝑅 

𝑒𝑞 

𝑗 
are the equivalent radii as spherical pore bodies. The pore-throat

hape factor is estimated by the average value of its two connected pore

odies. We notice that it may underestimate the permeability of a ‘real’

orous media by idealized pore bodies. Therefore, we could tune pore-

hroat lengths to match the permeability given the fact that pore throats

re volumeless in our concept of the pore network as illustrated in Fig. 1 .
Fig. 5 shows the 10 × 10 × 10 network used in our case studies as well

s the pore-size and shape-factor distributions. The network contains 55

ore bodies of square cross-section, 11 ones of circular cross-section, and

34 ones of triangular cross-section. Table 1 presents detailed informa-

ion of the network in addition to the physical parameters used in the

mbibition modeling. 

.2. Sensitivity study of model parameters to the predicted imbibition rate 

A few empirical settings are required in the developed pore-network

odel. Here, we discuss and show the sensitivity study of two main

nes: the trapping correction coefficient, v , in Eq. (8) and the transition

unction used to force capillary pressure to zero at the end of the MTM

lling ( Fig. A2 ). As mentioned in Section 2.2.4 , for a pore throat we set

 to zero when the wetting saturation in either of the connected pore

odies is larger than 0.96. This refers to the case studies of ‘trapping of

ir’ in this work. On the other hand, it is interesting to test the scenario

n which the trapping of air due to the topology of porous structures is

eglected. This corresponds to always setting v to 1. This refers to the

ase studies of ‘no trapping of air’. 

The pore network and associated physical parameters listed in

able 1 are used in the sensitivity study. Pressure is set to zero in both

nlet wetting and outlet nonwetting reservoirs. When wetting break-

hrough occurs, the gradient of capillary pressure is set to zero at the

utlet. Initially the network is saturated with the nonwetting phase, i.e.,

ir. Fig. 6 a shows the effect of the nonwetting trapping on the imbibi-

ion rate. It is seen that the imbibition rate reduces considerably due to

he trapping of air, which blocks wetting-phase pathways. At the REV

cale, the trapping of air reduces the relative permeability of the wetting

hase. At the same time, as expected, the region behind the imbibition

ront is less saturated in the case of ‘trapping of air’ as shown in Fig. 6 b.

evere trapping of air is found for the used stochastically constructed

ore network. However, for a ‘real’ porous medium its distribution of

ores is more or less correlated so that only a small amount of air can

e trapped ( Qin et al., 2019 ). Although the stochastically constructed

ore network (see Fig. 5 ) has been used throughout this work, it does

ot impact our understanding of the developed imbibition model. The

odeling of a ‘real’ porous medium by our pore-network model can be

ound in Qin et al. (2019 ). 

When a pore body is close to be fully filled by the wetting phase, a

ransition function is needed to force the capillary pressure to approach

ero. Three functions are tested here, which are plotted in Fig. A2 . Type

 is of exponential form. Type 2 has relatively slower switch to zero

apillary pressure. Type 3 is of linear form. Fig. 7 shows the influence

f the transition function on the predicted imbibition rate for the case

ith no trapping of air and the case with trapping of air. Overall, the

ifference of the predicted imbibition rate is minor between Type 1

nd Type 2. As expected, a linear transition (i.e., Type 3) would slow
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Fig. 5. (a) The 10 ×10 ×10 network used in the case studies. The color map shows the single-phase pressure field with the inlet water pressure of 1000 Pa, (b) the 

distributions of pore-body size, pore-throat size, and (c) the distribution of pore-body shape factor. 

Fig. 6. Sensitivity of the trapping to (a) the predicted imbibition rate and (b) the cross-sectional water saturation distributions along the flow direction at the network 

saturation of 0.8. The cross-sectional saturation at each location is calculated by averaging a domain length of 200 μm. 
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own the imbibition, which is much more pronounced for the case with

rapping of air as shown in Fig. 7 b. 

.3. Results 

In this section, we present the results of the case studies under differ-

nt static contact angle values and inlet wetting reservoir pressures. The

ame numerical settings as in the sensitivity study are used. The tran-

ition function of type 1 is used. Fig. 8 shows the distribution of slope

alues for the curve 𝑆∕ 
√

𝑡 . When no trapping of air is assumed ( Fig. 8 a),
ne can observe that the slope increases to a peak value, then decreases

 little bit to an average value of around 14. The slope decreases fast in

he final stage due to the outlet effect. The slight variation of the slope

alue is caused by the fact that the network size is not large enough to

each the REV (representative elementary volume). Fig. 8 a also conveys

hat the network saturation is essentially linearly proportional to 
√

𝑡 , ex-

ept at the beginning and ending parts. Similar observations hold when

onsidering the trapping of air as shown in Fig. 8 b, except that with

ime the peak slope value continues to decrease to a value of around 7.

his indicates that the inlet effect influences a larger domain compared
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Fig. 7. Influence of the transition function on the predicted imbibition rate for (a) the case with no trapping of air and (b) the case with trapping of air. The function 

expressions are given and plotted in Fig. A2 . 

Fig. 8. Distributions of the slope values (i.e., imbibition rate) of the curve 𝑆∕ 
√

𝑡 ( S is the network saturation), and the network saturation with respect to the square 

root of imbibition time, for (a) the case with no trapping of air and (b) the case with trapping of air. The static contact angle is 20°, and the inlet wetting reservoir 

pressure is 0 Pa. The imbibition rate is calculated by both forward and central difference schemes. The difference is indiscernible. 

Fig. 9. (a) Effect of the contact angle on the imbibition rate, and (b) the corresponding slope distributions with respect to the network saturation. The trapping of 

air is considered. 
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o the case in Fig. 8 a. Furthermore, the wetting front needs to travel

 much longer distance to reach a constant imbibition rate, which we

ave confirmed for a larger pore network of 10 × 10 × 50. 

Material wettability plays a crucial role in spontaneous imbibition.

uch wettability is usually characterized by the static contact angle. For

 ‘real’ porous medium, due to surface roughness and chemical hetero-

eneity, the advancing and receding contact angle values may consid-

rably deviate from the static one ( Forsberg et al., 2010 ). In this work,
e simulate the primary imbibition. Therefore, the contact angle used

n our PNM can be regarded as an apparent advancing contact angle.

hat is more, we assume that any pinning effect due to sharp edges

nd solid wall roughness at the sub-pore scale can be accounted for

y properly revising the contact angle in our model. Our model can in

rinciple handle non-uniform wettability. But, in this work, we restrict

ur studies to spontaneous imbibition in porous media with uniform

wettability. 
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Fig. 10. Distributions of the scaled slope values with respect to the network 

saturation. For instance, the scaled slope values with the contact angle of 40° is 

calculated by multiplying the slope values in Fig. 9 b by 
√
cos 40 ◦∕ cos 20 ◦. 
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Fig. 9 a shows the imbibition rates for four different contact angle

alues. As expected, the imbibition process slows down considerably

ith a large contact angle value of 80°. Fig. 9 b shows the correspond-

ng slope value distributions with respect to the network saturation. The

rofiles corresponding to the different contact angle values are very sim-

lar in shape. For the single-phase Darcy model (see Eq. (1) ), the cap-

llary pressure is usually estimated by the Young–Laplace equation as

 

𝑐 = 2 𝜎 cos 𝜃∕ ̄𝑅 where 𝜎 is the surface tension and 𝑅̄ is the mean pore

ize. Here, we check if the imbibition rate slope 𝑆∕ 
√

𝑡 can be scaled by

cos 𝜃. In Fig. 10 , we scale the slope values with the contact angle val-

es of 40°, 60° and 80° to the case with the contact angle value of 20°.

t is seen that the four curves almost overlap. We conclude that under

he assumption of uniform wettability, the imbibition rate scales with

cos 𝜃. 

Fig. 11 a shows the imbibition rates under three different inlet wet-

ing reservoir pressure values, namely, 2000 Pa, 0 Pa, and − 3000 Pa.

hen a positive pressure value of 2000 Pa of the inlet wetting reser-

oir is imposed, the imbibition rate is enhanced. The enhancement is

light because the imposed pressure value is much smaller than the suc-

ion force of a pore body of the mean pore size, 20 μm. When a relatively

mall negative pressure value of − 3000 is imposed, we see that the im-

ibition process slows down considerably. This is mainly because large

ores with smaller entry capillary pressure than 3000 Pa cannot be in-

aded by the wetting phase. This case may resemble a late stage of the
ig. 11. (a) Imbibition rates and (b) slope value distributions under three different

he static contact angle is 20°. The trapping of air is considered. 
apillary rise in porous media. Fig. 11 b shows the corresponding slope

alue distributions. It is seen that the three distribution profiles are sim-

lar, expect that the medium is least wetted under the inlet pressure of

 3000 Pa. 

. Discussion 

We have shown the details of the case studies of a small pore network

f 10 × 10 × 10, which can be seen as part of a thin porous layer ( Qin and

assanizadeh, 2014 ). For spontaneous imbibition, the saturation slope

alue behaves relatively constant with different contact angle values. To

ddress the first question of how to estimate the capillary force at the

etting front, here we compare the predictions of the imbibition rate by

ur PNM and Eq. (1) . To use Eq. (1) , the assumption of a sharp wetting

ront should be valid. This will be proved later on for a larger network of

0 × 20 × 20. To obtain the temporal network saturation, we reformulate

q. (1) as follows. With the assumption of a sharp wetting front and

n assumed front wetting saturation, S f , the analytical solution of the

etwork saturation with respect to the square root of the imbibition

ime is given by: 

 = 

√ 

2 𝑘 𝑝 𝑐 𝑆 

𝑓 

𝜀𝜇𝑑 2 

√
𝑡 (12)

here d is the length of the network, and 
√
2 𝑘 𝑝 𝑐 𝑆 

𝑓 ∕ 𝜀𝜇𝑑 2 is the slope.

he permeability is approximated by k = k 0 ( S f ) 3 . The capillary pressure

t the wetting front is approximated by 𝑝 𝑐 = 2 𝜎 cos 𝜃∕ 𝑅 

𝑚 . When the trap-

ing of air is neglected, with the intrinsic permeability of 7 Darcy cal-

ulated by the PNM, and an assumed front saturation value of 0.96, the

lope value in Eq. (12) is approximately 19 s − 1/2 . The mean pore size

s often used in the calculation of capillary pressure, because it can be

btained by mercury intrusion measurement. If we further consider a

ore body with triangular cross-section. Its inscribed radius is equal to

 

m . The shape factor is 0.03, which is the mean shape factor of the pore

etwork. For a given contact angle value of 20°, based on 100 realiza-

ions of a triangle with the shape factor of 0.03, the effective mean pore

adius is obtained as 𝑅̃ 

𝑚 = 1 . 216 𝑅 

𝑚 . It can be used by the Young–Laplace

quation to estimate the capillary pressure at the wetting front. Notice

hat the difference between the mean pore size and the effective one

ecreases as the increase of the contact angle. 

Fig. 12 shows the comparison of the three predicted imbibition

urves. It is seen that Eq. (12) notably overestimates the imbibition rate

y using either the mean pore size or the effective one. The slope value is

verestimated by around 36% when the mean pore size is used. This in-

icates that the calculation of the capillary pressure with the mean pore

ize needs to be corrected, in this case by a factor of around 0.54. (i.e.,
 inlet wetting reservoir pressure values, namely, 2000 Pa, 0 Pa, and − 3000 Pa. 
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Fig. 12. Comparison of the three imbibition rates predicted by the 

pore-network model, by Eq. (12) with the mean pore size, R m , and 

by Eq. (12) with the effective mean pore size, 𝑅̃ 

𝑚 . The static contact 

angle is 20°. 

Fig. 13. Capillary pressure versus the network saturation from the pore- 

network modeling for the case with no trapping of air and the case with trapping 

of air. The static contact angle is 20°. The capillary pressure is interfacial-area- 

weighted. 
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Fig. 14. Snapshots of the imbibition process in a 20 ×20 ×20 network at five 

different network saturation values. The below graph shows the correspond- 

ing distributions of the cross-sectional saturation along the flow direction. The 

cross-sectional saturation is calculated by averaging a domain size of 200 μm 

along X. 
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𝑐 = 0 . 54 × 2 𝜎 cos 𝜃∕ 𝑅 

𝑚 ). It is expected that this correction factor de-

ends on the pore-size distribution and pore-space topology of a porous

edium. By using the effective mean pore size in Eq. (12) , the discrep-

ncy from the PNM prediction will be slightly reduced. However, for

btaining the mean shape factor of a porous medium, extensive image

nalysis needs to be conducted. 

Fig. 13 shows the capillary pressure versus the network saturation

btained from the pore-network modeling for the case with no trapping

f air and the case with trapping of air. It is seen that the capillary

ressure keeps almost constant in both cases. Moreover, trapping of air

lightly reduces the capillary pressure. For the case with no trapping of

ir, the capillary pressure is around 4200 Pa throughout the imbibition

rocess. This again proves that the capillary pressure calculated by the

oung–Laplace equation with the mean pore size is drastically overesti-

ated. Moreover, the capillary pressure of 4200 Pa is close to the one of

704 Pa calculated by 𝑝 𝑐 = 0 . 54 × 2 𝜎 cos 𝜃∕ 𝑅 

𝑚 . The difference between

he two values could be attributed to (1) the approximation of water

elative permeability and (2) the scale effect (e.g., for the used small

etwork S f would be overestimated). In reference Zarandi et al. (2018 ),

he authors report that the analytical model over-predicts the wicked

eight in their capillary rise experiments. However, as time progresses,

he model prediction curve asymptotically merges with the experimen-
al points. If one attributes this observation to an overestimated capil-

ary force in their model, it is obvious that the discrepancy decreases as

ravity is playing a more and more important role in the capillary rise. 

To verify the assumption of a sharp wetting front, we consider

 larger pore network. We simulate the spontaneous imbibition in a

0 × 20 × 20 pore network. The same distribution functions as used in

he 10 × 10 × 10 network for pore size, shape factor, and pore length are

sed. The trapping of air is neglected here. Fig. 14 shows snapshots of

ater distribution in the network, and the profiles of the cross-sectional
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aturation values along the flow direction. The snapshots show that a

uite sharp wetting front advances. However, if we define the wetting

ront by the region where the cross-sectional saturation value is smaller

han 0.9, the wetting front (or front roughening) still spans several pores

long the flow direction. It is worth noting that our PNM would nu-

erically smear the wetting front to some extent. In other words, the

real’ front would be even sharper than the PNM prediction. Further, the

rowth of the roughness is indiscernible in Fig. 12 . Experimental results

 Kuijpers et al., 2017 ) also show that a sharp wetting front is maintained

uring the imbibition along significant distances. 

Finally, we discuss about further improvements of the present model.

irst, an advanced trapping model needs to be developed. This is par-

icularly important for highly viscous nonwetting phases such as in a

ater-oil system. Because the MTM filling is dominant in spontaneous

mbibition, the relative positions of pore throats to the connected pore

ody need to be used to determine the situation of phase occupancy in

ach pore throat. In other words, details of the MTM movement in a

ore body need to be tracked. Second, the cooperative filling of a pore

ody should be implemented by properly revising the MTM pressure in

he pore body. 

. Conclusions 

I n this work, we have developed a novel dynamic pore-network

odel (PNM) for spontaneous imbibition in porous media. Complex

ore elements are used to represent pore spaces, which allow our model

o quantitatively predict a real porous medium. Furthermore, we imple-

ent the competition mechanism between the main terminal meniscus

MTM) filling and the arc menisci (AMs) filling of a pore body, which

s crucial in spontaneous imbibition. This model enables simulation of a

ide range of imbibition processes including versatile settings of bound-

ry conditions and material properties. Our model can be used to effi-

iently evaluate the imbibition capacity of a porous medium, which may

e difficult and expensive to be obtained by experiments. 

A number of case studies have been conducted to testify the PNM.

e shed light on the estimation of capillary force at the wetting front.

e found that the capillary pressure calculated by the Young–Laplace

quation with the mean pore size notably overestimates the imbibition

ate. For the pore network used in this study, the imbibition rate is over-

stimated by 36% when air trapping is neglected. We also observed that

 sharp wetting front across a few pores maintains and travels through

he domain. Under the assumption of uniform wettability, the imbibition

ate can scale with 
√
cos 𝜃 where 𝜃 is the static contact angle. Finally, the

erification of the present dynamic pore-network model against direct

umerical simulations of spontaneous imbibition in a porous medium

f sintered glass beads is presented in the follow-up paper ( Qin et al.,

019 ). 
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Supplementary material associated with this article can be found, in
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ppendix A 

elations of capillary pressure and phase conductivities for idealized pore 

lements 

apillary pressure 

There are two imbibition mechanisms ( Ma et al., 1996 ) for a pore

ody, namely, filling from arc menisci (AMs) and the main terminal

eniscus (MTM). For the MTM filling, the capillary pressure (i.e., the

ntry pressure) will keep constant as the increase of wetting saturation

ntil a pre-set value of saturation is reached. In this work, we set it to

.96. Then, a transition function of the wetting saturation is used to

orce the capillary pressure to fast approach zero. Fig. A2 shows three

ypes of functions. The type 1 is primarily used in this work. 

The capillary entry pressure during the imbibition is calculated by

he following nonlinear equations based on the MS-P theory ( Mayer and

towe, 1965; Patzek, 2001; Princen, 1969 ): 

 = 

𝐴 𝑒𝑓𝑓 

𝐿 𝑛𝑤 + 𝐿 𝑛𝑠 cos 𝜃
(A1.1)

 𝑒𝑓𝑓 = 𝐴 − 𝑅 

2 
𝑛 ∑

𝑖 =1 

[ 

cos 𝜃 cos 
(
𝜃 + 𝛽𝑖 

)
sin 𝛽𝑖 

+ 𝜃 + 𝛽𝑖 − 

𝜋

2 

] 

(A1.2)

 𝑛𝑠 = 

𝑅 

2 𝐺 

− 2 
𝑛 ∑

𝑖 =1 
𝑏 𝑖 (A1.3)

 𝑛𝑤 = 2 𝑟 
𝑛 ∑

𝑖 =1 
𝑎𝑠𝑖𝑛 

( 

𝑏 𝑖 sin 𝛽𝑖 

𝑟 

) 

(A1.4)

 𝑖 = 𝑟 
max 

(
0 , cos 

(
𝜃 + 𝛽𝑖 

))
sin 𝛽𝑖 

(A1.5)

here A eff is the cross-sectional area for the nonwetting phase, A is the

ross-sectional area of the pore body, L nw and L nw denote the length

f nonwetting-wetting interface and the length of nonwetting-wall in-

erface, respectively, and for the remaining notations, one can refer to

ig. A1 . 

For a pore body with the cross-section of right triangle described

n Fig. A1 , assuming R = 20 𝜇m and the surface tension of 0.073 N/m,

he obtained entry capillary pressure versus the static contact angle is

lotted in Fig. A3 a. Also, the corresponding distances, b 1 , b 2 , and b 3 are

lotted. The distances go to zero if corner flow cannot be formed. 

For the imbibition filling from AMs, taking the parameters used in

ig. A3 a, the capillary pressure versus saturation curves are plotted in

ig. A3 b for four contact angle values. Notice that each curve is trun-

ated at its snap-off saturation. The snap-off event is triggered once more

han 1 AM touch each other. For a triangle cross-section, we check the

ollowing three inequalities: 

 1 + 𝑏 3 < 𝑙 𝐴 0 𝐶 0 
(A2.1)

 1 + 𝑏 2 < 𝑙 𝐴 0 𝐵 0 
(A2.2)

 2 + 𝑏 3 < 𝑙 𝐵 0 𝐶 0 
(A2.3)

here l denotes the side length. If one or more are false, the snap-off is

riggered. When the snap-off occurs, the nonwetting phase is trapped in

he pore body. 

As mentioned in Section 2 , no volume is assigned to pore throats.

he capillary pressure in a pore throat is approximated by the capillary

ressure in its connected upstream pore body. 

hase conductance 

Flow resistance in both pore bodies and pore throats is taken into

ccount. If a pore is fully filled by either nonwetting or wetting phase,

he single-phase conductance is given by Patzek and Kristensen (2001a ):

https://doi.org/10.1016/j.advwatres.2019.103420
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Fig. A1. Wetting phase (in blue) distributions in a pore element, 

which has a triangular cross-section. The three half corner angles, 𝛽1 , 

𝛽2 , and 𝛽3 , are 15°, 30°, and 45°, respectively. 𝜃 is the static contact 

angle, R is the radius of the inscribed circle, r is the radius of the 

nonwetting-wetting interface curvature, and b denotes the distance 

from each apex to the corresponding nonwetting-wetting interface 

along the solid wall (in yellow). 

Fig. A2. Three types of transition functions used to force the capillary pressure 

(3000 Pa) to fast approach zero at the end of the MTM filling. 
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0 . 5632 𝐺 𝑆 1 − 𝐴 𝑠𝑞𝑢𝑎𝑟𝑒 

F

w

t

 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 . 6 𝐺 𝑆 

2 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 

0 . 5632 𝐺 𝑆 

2 

0 . 5 𝐺 𝑆 

2 
𝑠𝑞𝑢𝑎𝑟𝑒 

𝑐 𝑖𝑟𝑐 𝑙𝑒 

(A3)

here g is the conductance. 
ig. A3. (a) imbibition entry capillary pressure versus the static contact angle, and t

etting saturation at four different contact angle values for the AMs filling. The cross-

ension is 0.073 N/m. 
If a pore is occupied by both nonwetting and wetting phases, the

onductance for wetting phase is calculated as follows. First, for an AM

see Fig. A1 ), with b = 1, the dimensionless corner wetting area is given

s ( Patzek and Kristensen, 2001b ): 

̃
 

𝑤 = 

( 

sin 𝛽
cos ( 𝜃 + 𝛽) 

) 2 ( 

cos 𝜃 cos ( 𝜃 + 𝛽) 
sin 𝛽

+ 𝜃 + 𝛽 − 

𝜋

2 

) 

(A4) 

Further, we define the shape factor for the corner wetting as: 

̃
 

𝑤 = 

𝐴̃ 

𝑤 

4 
[
1 − ( 𝜃 + 𝛽 − 𝜋∕2 ) sin 𝛽∕ cos ( 𝜃 + 𝛽) 

] (A5) 

Then, the semi-empirical dimensionless conductance with the per-

ect slip boundary condition between wetting and nonwetting phases is

alculated by Patzek and Kristensen (2001b ): 

̃ 𝑤 = exp 
{ [

−18 . 2066 
(
𝐺̃ 

𝑤 
)2 + 5 . 88287 ̃𝐺 

𝑤 − 0 . 351809 + 0 . 02sin ( 𝛽 − 𝜋∕6 ) 
]
∕(

1∕4 ∕ 𝜋 − 𝐺̃ 

𝑤 
)
+ 2 ln 𝑆 

𝑤 
} 

(A6)

Finally, the dimensional one is obtained as 𝑔 𝑤 = ( 𝑏 4 ∕ 𝜇) ̃𝑔 𝑤 . Taking

he parameters used in Figs. A3 and A4 shows the curves of conduc-

ance versus saturation for four contact angle values. Obviously, for the

ame saturation value, larger contact angle gives larger wetting-phase

onductance along the corners. For the nonwetting-phase conductance,

t is approximated by: 

 

𝑛 = 

{ 

0 . 6 𝐺 𝑆 

2 ( 1 − 𝐴 

𝑤 ) 2 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 
2 𝑤 2 (A7) 

( ) 

he corresponding distances, b 1 , b 2 , and b 3 ; (b) the capillary pressure versus the 

section is the right triangle, the inscribed circle radius is 20 μm, and the surface 
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Fig. A4. Wetting-phase conductance versus the wetting saturation for a two- 

phase occupied pore at four different contact angle values. The cross-section is 

the right triangle, the inscribed circle radius is 20 μm, and the surface tension is 

0.073 N/m. 
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