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A B S T R A C T   

Mobilization of trapped ganglia is of fundamental importance in two-phase displacement. Wettability alteration 
could be an effective approach to mobilizing ganglia, yet its feasibility as well as the impact of wettability in 
general lacks study. We investigate the wettability effects on trapped ganglia by theoretical analysis and nu
merical simulations for both fixed and altering wettability. For fixed wettability, it is found out that the critical 
pressure to mobilize trapped ganglia is symmetric about and usually peaks at the neutrally wet conditions (for 
simplicity, the invading and defending fluid are referred to as water and oil), but mobilized ganglia favor more 
water-wet conditions to be further displaced. This is due to the difference in the evolvement of ganglia after 
initial mobilization under different wetting conditions: water-wetness contributes to the cooperative advancing 
of multiple interfaces, making ganglia continue moving as a whole, while oil-wetness leads to Haines jump in a 
single throat, which easily breaks up ganglia into smaller ones and leaves them trapped again. For altering 
wettability from oil-wet to water-wet through the transport of certain solute, we for the first time identify two 
crucial factors for the mobilization of ganglia. First, only the heterogeneous wetting state during the dynamic 
altering process enables the initial mobilization, whereas a step-wise alteration has little effect. Second, ganglia 
have to be able to merge with one another during the time window of the altering process for further 
displacement. Otherwise, an isolated trapped ganglion can only have limited mobilization at first by wettability 
alteration, and gets trapped again when the alteration is complete.   

1. Introduction 

Ganglia dynamics are important in two-phase flow, such as for CO2 
sequestration [1–3], soil renovation [4,5] and oil recovery [6–8]. For 
CO2 sequestration the ganglia are expected to be stably trapped for 
geological time scale [9], while for oil recovery the goal is to recover the 
trapped oil ganglia, which often consists of more than 50% of oil in place 
in the reservoir after primary and secondary recovery processes [10,11]. 
Ganglia are trapped because the capillary drag force induced by their 
interfaces is strong enough to resist the viscous driving force induced by 
the external flow [8,12–14], and a well-known correlation of residual 
ganglia saturation against capillary number Ca = μv/σ has been ob
tained by multiple experiments [14–19]. Here μ is the dynamic viscosity, 
v the external flow velocity and σ the interfacial tension, and Ca is 
proposed to describe the ratio of viscous force to capillary force. 
Experimental results showed that the residual ganglia saturation de
creases logarithmically as Ca increases, agreeing with the physical pic
ture that viscous force helps while capillary force impedes the 
mobilization of ganglia [14–19]. Consequently, two widely recognized 

approaches to mobilizing ganglia are lowering the interfacial tension 
and increasing the inlet flow velocity [20–23]. The capillary number 
under reservoir conditions, however, can rarely be increased to the 
extent of mobilizing most ganglia [24,25]. 

On the other hand, wettability also has a considerable impact on the 
capillary force, which cannot be captured by the traditional definitions 
of capillary number. Wettability alteration induced by the transport of 
certain solute is one major mechanism of many enhanced oil recovery 
techniques, and it is also possible in nature [26–35]. It is likely that the 
solute-induced wettability alteration has the potential to mobilize 
trapped ganglia. Yet there has been a lack of studies on the wettability 
effects on the mobilization of ganglia. It has been identified in experi
ments that ganglia dynamics can be important in both water-wet [7,36] 
and non-water-wet conditions [37,38], but studies concerning the 
impact of wettability on two phase displacement have focused more on 
the pore-scale mechanisms that lead to trapping, such as snap-off and 
bypassing [39–43], or on obtaining the macroscopic correlations 
[44–49]. It is worth noting that even in those intensively studied aspects 
of wettability effects there are still debates and controversies, especially 
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on the pore-scale impact of wettability [27,50–52], one important 
reason for which can be that the dynamic process of wettability alter
ation has not been considered in most works [27]. It is only in recent 
years that researchers have started to couple the dynamic wettability 
alteration process with two-phase displacement [53–55], but in terms of 
its impact on ganglia dynamics much remains unclear. 

This paper studies the pore-scale ganglia dynamics under different 
wetting conditions and during wettability alteration. We first analyze 
and validate the conditions required to mobilize trapped ganglia and 
their further evolvement after initial mobilization under different fixed 
wetting conditions, then we do similar investigations on the two-phase 
displacement processes coupled with dynamic wettability alteration 
induced by advection-diffusion of certain solute. For the simplicity of 
expression and without losing generality, in the following text the 
invading and defending fluid will be, respectively referred to as water 
and oil. 

2. Numerical methods 

The mobilization of trapped ganglia through solute-induced wetta
bility alteration involves the two-phase fluid flow, and the advection- 
diffusion of certain solute. We solve the two-phase fluid flow with the 
color-gradient lattice Boltzmann method (LBM) [56–58] and solve the 
advection-diffusion equation (ADE) with the corresponding lattice 
Boltzmann method [59], both on a D2Q9 lattice. The details about each 
LBM are introduced in the supplementary material. The coupling of the 
two LBMs requires additional treatments. First, the solute should only be 
allowed in water and not in the oil phase. This is achieved by applying a 
recoloring step after collision in the LBM for ADE, which produces the 
following equation of state near the diffusive interface [59]: 

C(xw)

Cmax
= xλ

w, (1)  

where x is the percentage of water, C(xw) the corresponding concen
tration of solute at this position and Cmax the concentration at xw = 1, 

namely in the pure water phase. The exponent λ is an adjustable 
parameter controlling the extent of separation and is set to 1 in this 
work. The second treatment for coupling is that the wettability should be 
altered by the transport of solute. We adopt a non-linear relation be
tween the contact angle θ of water and the concentration of solute 
locally, under the assumption of the Langmuir absorption model [53]: 

θ = (θ1 − θ0)
(1 + K)C
1 + K • C

+ θ0, (2)  

where θ0 is the contact angle before alteration at C = 0M and θ1 is the 
contact angle after full alteration at C = 1M, the concentration at the 
inlet. The parameter K is set to equal 100 in this work. This non-linear 
relation has been found to be capable of capturing the wettability 
alteration near the contact line more correctly than the commonly 
adopted linear relation [53]. Validations of the numerical methods are 
provided in the supplementary material. 

The common numerical settings throughout this work are illustrated 
in Fig. 1. Within the dashed lines is the solid structure, either extracted 
from images of sandstone or manually designated for different purposes. 
Between the dashed lines and the two ends are two buffer regions to 
eliminate the end effects. At the inlet and outlet, the Zou–He constant 
velocity boundary and constant pressure boundary are, respectively 
applied. If ADE is to be solved, then for the transport of solute the anti- 
bounce-back boundary is applied at the inlet to achieve constant con
centration and the Neumann boundary is applied at the outlet to achieve 
zero concentration gradient. The upper and lower boundaries are solid 
walls, where the bounce-back boundary is applied to achieve the no-slip 
condition for fluid flow and impermeable wall for the solute. The walls 
of the solid structure are treated the same way. The size of the whole 
simulation domain is 600 times 1300 grids with grid width Δx = 2.5 ×
10− 6mand the buffer region at the inlet and outlet, respectively have the 
width of 40 and 60 grids. 

The initial two-phase distributions are either generated randomly 
given the initial oil saturation, or simply a single oil ganglion in water 
for different purposes. Then the inlet velocity is applied until the flow 

Fig. 1. The common numerical settings throughout this work. Within the dashed lines is the solid structure, either extracted from images of sandstone (the upper 
one) or manually designated for different purposes (the lower one). Between the dashed lines and the two ends are two buffer regions to eliminate the end effects. At 
the inlet and outlet, the Zou–He constant velocity boundary and constant pressure boundary are, respectively applied. If ADE is to be solved, then for the transport of 
solute the anti-bounce-back boundary is applied at the inlet to achieve constant concentration and the Neumann boundary is applied at the outlet to achieve zero 
concentration gradient. The upper and lower boundaries are solid walls, where the bounce-back boundary is applied to achieve the no-slip condition for fluid flow 
and impermeable wall for the solute. The walls of the solid structure are treated the same way. The size of the whole simulation domain is 600 times 1300 grids with 
grid width Δx = 2.5 × 10− 6m and the buffer region at the inlet and outlet, respectively have the width of 40 and 60 grids. 
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field is stable and all ganglia are trapped. This stabilized flow field is 
used as the initial condition for further simulation. In Sections 3.1 and 
3.2, the wettability is fixed and the inlet velocity is increased gradually 
until the ganglia are mobilized. In Section 3.3, the inlet velocity is fixed 
and the concentration inlet is activated, allowing solute-induced 
wettability alteration. 

Unless otherwise specified, the following physical parameters are 
adopted: density of water and oil ρw = 1000kg/m3, ρo = 1000kg/m3, 
viscosity of water and oil νw = 1 × 10− 6m2/s, νo = 6 × 10− 6m2/s, 
diffusion coefficient D = 2.5 × 10− 8m2/s interfacial tension σ = 0.01N/ 
m, inlet velocity vinlet = 2 × 10− 3m/s, inlet concentration Cinlet = 1M. The 
consequent capillary number is Ca = μv/σ = 2 × 10− 4, which is much 
larger than that in the reservoir condition. We use this value because in 
numerical simulations an extremely small capillary number will either 
lead to instability or unbearably long computing time. This treatment 
will cause the discrepancy that in reservoir conditions much larger 
ganglia can still be trapped by capillary force, but will not affect our 
qualitative conclusions as the capillary force is strong enough to trap the 
ganglia in our simulations. In other words, the fact that all ganglia are 
trapped by the capillary force initially indicate that the displacement 
process is in the capillary-dominated regime. In addition, the diffusion 
coefficient here is one magnitude larger than that of common ions, but 
we have validated that a coefficient one magnitude smaller or larger 
than this value will produce similar qualitative results, shown in the 
supplementary materials. 

3. Results and discussion 

3.1. Impact of wettability on critical pressure for mobilization 

A trapped ganglion will fail to maintain its stable state once the 
viscous pressure on it exceeds the resistant capillary pressure. But as the 
interfaces rearrange themselves locally, the capillary resistance can in
crease and the ganglion is again kept stationary unless the viscous 
pressure exceeds the largest local capillary resistance possible. Thus the 
value of this largest capillary resistance is the critical pressure for 
mobilization. Here we define any movement of the interface within the 
same pore or throat to be local rearrangement and not mobilization of 
the whole ganglion. The smaller the critical pressure, the easier ganglion 
can be mobilized. 

We first give a theoretical analysis of the critical pressure to mobilize 
one ganglion. A ganglion can have many interfaces in the porous media, 
and the unbalance between viscous and capillary forces between any 
two interfaces will lead to mobilization. For simplicity, we only consider 
the two interfaces at the two ends in the direction of flow, because be
tween these two interfaces the viscous pressure drop is the largest and 
statistically mobilization should mostly occur here. Then the critical 
pressure is essentially the sum of the capillary pressure at the two in
terfaces when they both yield the largest resistance. The capillary 
pressure Pc is given by: 

Pc = σ • κ, (3)  

where κ is the curvature of the interface and is dependent on the 
structure and contact angle. In the following analysis, we consider the 
two structures in Fig. 2(a), (b): a single channel and porous media. They 
both possess the significant converging-diverging feature that allows 
flexibility of the interfacial curvature. The single channel can be char
acterized by 3 parameters: the radius or half the width at the narrowest 
position, the ratio of the widest to the narrowest which we refer to as the 
aspect ratio A, and the diverging angle ϕ1, illustrated in Fig. 2(a), (b). 
The diverging angle is, viewed from the direction of the flow, how many 
degrees the walls expand compared with a parallel channel. It can be 
negative if the walls contract and not expand and a porous media must 
consist of both positive and negative diverging angles due to the 
converging-diverging feature. Assuming unit radius at the narrowest 

position leaves two parameters A and ϕ1. Characterization of the porous 
media needs another parameter, the second diverging angle ϕ2 due to 
throats at the sides, also shown in Fig. 2(a), (b). Within those structures, 
the capillary pressure of an interface can be expressed as 

Pc = σcos(θin +φ)/r, (4)  

where r and ϕ are the radius and the diverging angle that vary with 
position. Note that θin here is the contact angle of the invading phase as 
in Fig. 2(c), so at the front end which is closer to the inlet it is the contact 
angle of water but at the rear end it is the contact angle of oil. The ex
tremes of capillary pressure must occur at either the narrowest or the 
widest positions, namely at r = 1 or r = A while ϕ can still vary due to 
contact angle pinning at edges. For a single channel, after eliminating 
the unstable cases, the largest capillary resistance at the front interface 
depends on the contact angle as 

ΔP1 =

⎧
⎪⎨

⎪⎩

cos(θ + φ1)

A
, θ ∈ [0, π/2 − φ1)

cos(min(π, θ + φ1)), θ ∈ [π/2 − φ1, π]
. (5) 

By Replacing θ with π − θ we obtain the largest resistance at the rear 
interface: 

ΔP2 =

⎧
⎨

⎩

cos(min(π, π − θ + φ1)), θ ∈ [0, π/2 + φ1]

cos(π − θ + φ1)

A
, θ ∈ (π/2 + φ1, π]

. (6) 

The critical pressure is then calculated as ΔP = ΔP1 + ΔP2, illustrated 
in Fig. 2(d). Results are shown in Fig. 2(e). It is symmetric about θ=90◦

and also peaks here. For porous media, where the largest capillary 
resistance of the front interface occurs depends additionally on the 
structural parameters. Similarly, the extremes must occur at either the 
narrowest or the widest position and two interfaces produce four 
possible cases. By comparing the capillary pressure for these four can
didates at different structural parameters and contact angles, and after 
eliminating the unstable cases, the critical pressure in porous media can 
be classified in three qualitative types as shown in Fig. 2(g). The cor
responding formulas are 

ΔP=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

cos(min(π,θ+φ2))

A
+

cos(min(π,π − θ+φ2))

A
,smallA,θ∈[0,π]

cos(min(π,θ+φ2))

A
+cos(min(π,π − θ+φ1)),largeA,θ∈[0,θc)

cos(min(π,θ+φ1))+cos(min(π,π − θ+φ1)),largeA,θ∈[θc,π − θc)

cos(min(π,θ+φ1))+
cos(min(π,π − θ+φ2))

A
,largeA,θ∈[π − θc,π]

,

θc=arctan
(

Acosφ1 − cosφ2

Asinφ1 − sinφ2

)

.

(7) 

In all cases the critical pressure is symmetric about θ=90◦ as in the 
single channel, but it does not peak here if the aspect ratio A is large and 
at the same time the diverging angle ϕ1 is small. For example, when A =
3 and φ1<38∘ . This alternate peak will be at θ= arctan((Asinφ1+

sinφ2)/(Acosφ1 − cosφ2)). However, large A and small ϕ1 correspond to 
porous media consisting of very long and narrow channels, and are rare 
in real rocks. In addition, the curve with small A requires A to be closer 
to 1 and is also rare. It can be safely concluded that the critical pressure 
usually peaks at the neutral contact angle θ=90◦. 

We validate the theoretical analysis by LBM simulation. For a trap
ped ganglion, the flow velocity is gradually increased until the ganglion 
is mobilized, and the viscous pressure difference between the interfaces 
at the two ends is recorded as the critical pressure. In the previous 
analysis we treat the two interfaces independently, but they are actually 
under the restriction that the volume of the ganglion is constant. 
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Therefore, in the simulation we adjust the volume of the ganglion to 
ensure that both interfaces can be at their maximum resistance, by 
setting the initial positions of the interfaces near the equilibrium posi
tions derived. Since the qualitative trend of the critical pressure in 
porous media depends on the structural parameters, we choose the most 
common case of large A and large ϕ1 to compare. Results are shown in 
Fig. 2(f) and (h) and they agree well with our analysis. The two deviating 
red points in Fig. 2(h) are due to that the ideal largest resistance cannot 
be reached because of the interference of other interfaces or walls. 

These results indicate that the critical pressure is always symmetric 
about the neutral wettability, namely θ=90◦, and usually peaks at 
θ=90◦. More straightforwardly, the ganglia are hardest to be mobilized 
at θ=90◦, and equally likely to be mobilized at water-wet and oil-wet 
conditions. This finding may be somewhat surprising as the more 
water-wet condition enhances the imbibition of water and thus should 
lower the critical pressure, but it can be intuitively understood by noting 
the fact that the mobilization of ganglia involves both water displacing 
oil at the front end and oil displacing water as the rear end. The capillary 
resistance provided by the front interface at, for example, θ=30◦, equals 
the capillary resistance provided by the rear interface at θ=150◦ because 
the invading phase at the rear end is oil and the contact angle of oil is 
also 30 ◦, resulting in the symmetry of the critical pressure. The peak at 
the neutral contact angle is additionally related to the impact of the 
converging-diverging feature of the porous media. As Eq. (4) shows, the 
effective contact angle in calculating the capillary pressure is the 
intrinsic contact angle plus the diverging angle, meaning that an 
intrinsically neutral contact angle will lead to drainage. In water-wet or 
oil-wet conditions, imbibition at one end means drainage at another end. 
However, in neutrally wet condition, drainage occurs at both ends, and 
thus yields the highest capillary resistance in most cases. 

3.2. Impact of wettability on evolvement of mobilized ganglia 

In Section 3.1, we do theoretical analysis and numerical simulation 
on the critical pressure to mobilize the oil ganglia. Yet what we even
tually care about is the displacement efficiency, defined as the per
centage of ganglia displaced out, which also depends on the further 
evolvement after initial mobilization. In this section we carry out sim
ulations with similar settings as that in Section 3.1: the inlet velocity is 
gradually increased from a small value to mobilize the ganglia. The 
difference is that this time the simulation goes on after ganglia are 
mobilized, and the velocity is further increased if all ganglia are trapped 
again. The initial phase distribution is generated as follows: we first 
divide the porous media evenly into small blocks having the size of a 
pore, and each block is randomly filled with water or oil depending on 
the given saturation. Then a test simulation starts until the phase dis
tribution is stable. This stabilized distribution is adopted as the initial 
distribution for subsequent simulations. We have considered both the 
regular structure analyzed in Section 3.1 and the irregular sandstone- 
like structure shown in Fig. 1. For an initial oil saturation of 30% in 
the sandstone-like structure, the results of the displacement efficiency in 

different wetting conditions in Fig. 3 show that the displacement effi
ciency increases monotonically as the system becomes more water-wet. 
This trend seems to be in contradiction with what the critical pressure 
implies, i.e. ganglia should be equally likely to be mobilized in water- 
wet and oil-wet conditions. We will show that the cause for this 
discrepancy is that the further evolvement of mobilized ganglia differs 
drastically in different wetting conditions. 

Just before the ganglia are mobilized, interfaces should be at the 
state that yields the largest resistant capillary pressure. For strongly 
water-wet cases, the capillary pressure is a driving force at the front and 
Eq. (4) indicates that the interfaces tend to stay where both the radius 
and the diverging angle are the large, which is within a pore and at the 
junctions to other throats. As the interfaces approach this ideal state 
within a pore, they will merge and lose equilibrium in advance. This will 
lead to the cooperative advancing of interfaces, meaning flux comes 
from multiple channels and displaces the rest. In oil-wet cases, the in
terfaces tend to stay where the radius is small and the diverging angle is 
large, which is within a throat and at the throat-pore junction. No 
merging occurs as interfaces are at different junctions, and the interfaces 
often do not lose equilibrium simultaneously as the distance between 
different junctions leads to a non-negligible difference in viscous pres
sure. Therefore, when the interface at the front end loses equilibrium 
and the Haines jump occurs, it will be the only one here providing in
ward flux, and all other channels are being displaced. The displacing 
manner in the water-wet case tends to maintain the ganglia as a whole 
while that in the oil-wet case easily breaks up ganglia. When ganglia 

Fig. 2. A series of figures concerning the investigation of the critical pressure. In (a) and (b) are the two structures considered for the investigation of the critical 
pressure in Section 3.1. They both have the crucial diverging-converging feature of general porous media. (a) A single diverging-converging channel. Unit radius is 
assumed at the narrowest throat, and this channel can be characterized by the diverging angle, defined as how many degrees the walls expand compared with a 
parallel channel viewed from the direction of the flow, and the aspect ratio, defined as the ratio of the radius at the widest pore to that at the narrowest throat. (b) A 
porous media consisting of diamond-shaped grains. Its characterization requires another parameter, the second diverging angle, which is defined similarly as the 
diverging angle, but at the widest instead of the narrowest position. (c) The capillary pressure in a diverging or converging channel can be derived as shown. The 
resulting expression can be understood as replacing the intrinsic contact angle with the effective contact angle. (d) The critical pressure of a ganglion is the sum of the 
capillary resistance at the front and rear interfaces. In (e) and (f) is the critical pressure for mobilization in the single channel as in Fig. 2(a). (e) The value obtained by 
theoretical analysis in Eqs. (5), (6). (f) Comparison between theory and LBM simulation. Both theory and simulation show that the critical pressure is symmetric 
about and peaks at the neutrally contact angle. In (g) and (h) is the critical pressure for mobilization in the porous media as in Fig. 2(b). (g) The value obtained by 
theoretical analysis in Eq. (7). (h) Comparison between theory and LBM simulation. Here we merely choose the most common case of large aspect ratio and large 
diverging angle for comparison. For most cases the critical pressure is still symmetric about and peaks at the neutral contact angle, with the exceptional case of large 
aspect ratio and small diverging angle where it peaks elsewhere. Large aspect ratio and small diverging angle correspond to porous media consisting of very long and 
narrow channels, and are rare in real rocks. 

Fig. 3. The displacement efficiency for an initial oil saturation of 30% in the 
irregular sandstone-like structure, with gradually increasing velocity, under 
different wetting conditions. Results indicate a monotonically increasing 
displacement efficiency with increasing water-wetness, which is seemingly in 
contradiction with the previous finding that the ganglia are hardest to be 
mobilized at the neutral contact angle. It will be shown later that this is due to 
the different evolvements of ganglia in different wetting conditions. 
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break into smaller ones, the viscous pressure on them is decreased and 
they get trapped again. The difference between cooperative advancing 
in water-wet condition and the single channel Haines jump in the oil-wet 
condition is one major reason for the monotonic displacement efficiency 
against wettability we see in Fig. 3, and we observe this pore-scale dif
ference by simulation, shown in Fig. 4(a). 

There is another factor contributing to the monotonic trend against 
wettability. In porous media there are always spaces nearly perpendic
ular to the macroscopic flow direction, often being throats or part of 
throats. If an oil ganglion stably resides here, the viscous pressure on it 
will be extremely small and it is practically permanently trapped if one 
only intends to mobilize it through increasing flow velocity. Outside 
those spaces are usually diverging channels. In strongly water-wet 
condition, the advance of interface weakens the resistant capillary 
force and adds to further advancing, while in the oil-wet condition the 
advance of interface weakens the driving capillary force and impedes 
further advancing. Therefore, ganglia are more stable here if it is more 
oil-wet. 

From the above analysis we can explain the typical evolvements of 
mobilized ganglia in water-wet and oil-wet conditions, as we also vali
date by numerical simulation in Fig. 4(b). In the water-wet condition, 
once the critical pressure is reached, interfaces at the front advance 
cooperatively and the ganglion continues advancing as a whole. While 
in oil-wet conditions, Haines jump occurs at one interface and this 
interface alone advances, pushing other interfaces back, leaving some 
trapped in throats at the sides and also decreasing the length of the main 
ganglion. The ganglion is then trapped again and a larger velocity is 
needed to remobilize it, until ganglia all reside within throats at the sides 
and being extremely hard to be mobilized by increasing velocity. We 
also note that breaking up of ganglia can happen in water-wet cases as 
well for large ganglia, but since they tend not to reside in throats, such 
breakups affect the length of ganglia little and they often continue 
advancing, shown in Fig. 4(c). 

Additional simulations are performed in designated structures for the 
investigation of the influences of aspect ratio and coordination number 
and also for further validations. The structures are all similar to that in 
Fig. 2(b), with the aspect ratio modified by changing the shape of the 
solid and the coordination number modified by blocking some of the 
throats. Results of the final displacement efficiency are shown in Fig. 5. 
All cases show monotonically higher displacement efficiency in the more 
water-wet condition as in the previous result. The displacement effi
ciency is generally higher at smaller coordination number and larger 

aspect ratio, especially in oil-wet cases, as small coordination number 
and large aspect ratio both decrease the volume of throats compared to 
pores, leaving less oil to be trapped and less reduction on the length of on 
the main ganglion in oil-wet condition, in agreement with our above 
conclusion. 

Note that here snap-off does not occur since all the simulations are 
two-dimensional. Snap-off will break up ganglia into smaller ones in 
strongly water-wet conditions, but small ganglia also tend to merge into 
one again by the capillary waves generated during snap-off [60,61]. 
Thus we consider it still valid that the evolvement of ganglia in 
water-wet conditions is better for the displacement of oil, though very 
strongly water-wet condition may be less favored than appropriately 
water-wet. 

We further note that the consistency between the results obtained 
from the irregular sandstone-like structure and those from the desig
nated regular structures is due to the inevitable converging-diverging 
feature of porous media. Although in Section 3.1 we only do theoret
ical derivations for the regular structures, the qualitative findings do not 
rely on the assumptions of the regularity. In any porous media there 
must be both diverging and converging channels, and generally all pore- 
throat junctions are either diverging or converging channels depending 
on the direction of the flow. There can be a few pore-throat junctions 
where the converging-diverging feature is not significant, but it can be 
safely assumed that there must be enough converging-diverging chan
nels ubiquitous distributed throughout the porous media due to the 
random feature of the porous structure in nature. As interfaces advance, 
they must encounter those diverging channels every now and then and 
must overcome the extra capillary resistance to keep advancing, and that 
is all we need to do the theoretical analyses. 

3.3. Mobilizing ganglia through wettability alteration 

As we mentioned in the introduction, the approach of mobilizing 
ganglia by increasing flow velocity is limited, and in this section we aim 
to evaluate how ganglia can be mobilized through solute-induced 
wettability alteration. Similar to Sections 3.1 and 3.2, we consider 
both the critical pressure and the evolvement after mobilization of oil 
ganglia. The critical pressure can be considerably lowered during 
wettability alteration when interfaces at the front are altered to water- 
wet while those at the rear remain oil-wet. This leads to imbibition at 
both ends, unlike in the homogeneous wetting condition where drainage 
must occur at one end. If a ganglion is mobilized by such reduction of 

Fig. 4. Illustrations of the different evolvements of ganglia in different wetting conditions. (a) Cooperative advancing of multiple interfaces in water-wet conditions 
and Haines jump at a single interface in oil-wet condition, obtained by simulation. (b) The resulting different evolvements of a mobilized ganglion in different wetting 
conditions, obtained by simulation. In water-wet condition, cooperative advancing of front interfaces enables the ganglion to keep advancing as a whole, while in oil- 
wet condition, Haines jump tends to break ganglia into smaller ones, decrease the viscous pressure drop and impedes further advancement. (c) Large ganglion in 
water-wet may break up too, but often does not decrease the length of the ganglion and thus does not decrease the viscous pressure drop. 
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critical pressure, according to the conclusion in Section 3.2 the ganglion 
will tend to continue advancing since the front is altered to water-wet, as 
long as the critical pressure remains reduced by the heterogeneous 
wettability. The ganglion will get trapped again if wettability at the rear 
is also fully altered and it becomes homogeneous water-wet around the 
ganglion. That is, when the solute has transported to the rear end as well. 
Since the ganglion itself is also moving, there is a competition between 
the transport of solute and ganglion that determines the time window for 
the mobilization of the oil ganglion. Theoretically, we argue that since 
the movement of ganglia is actually flux in the whole channel, the solute 
will have as large the advection velocity of the ganglia. As the solute has 
an additional contribution of velocity by diffusion, the transport of so
lute must be faster than that of the ganglion and eventually it will reach 
the rear end. Therefore, we propose that for a single ganglion that does 
not interact with other ganglia, the range of its movement due to 
wettability alteration is always limited. 

We perform simulations to validate the limited movement of the 
ganglion and also to show that this movement is usually too small to 
improve displacement efficiency by itself. The regular structure similar 
to that in Fig. 2(b) with A = 4, ϕ1 = 45◦ is adopted and we do non
dimensionalization by choosing the size of one pore to be the charac
teristic length. Initially one ganglion is trapped in the porous media in 
oil-wet condition, then solute begins to enter from the inlet. The 
initial length of oil ganglion, the degree of wettability alteration and the 
inlet velocity are varied to investigate their impact. Results are shown in 
Fig. 6. In all cases the ganglion gets trapped again after a finite move
ment that extends just several pores. A larger degree of wettability 
alteration and longer initial ganglion both increase this finite move
ment, as they both add to the difference between the viscous driving 
force and the capillary resistant force. The impact of velocity or capillary 
number is less clear as larger velocity increases the viscous force but also 
possibly shortens the time window for movement. Though the scale in 
our simulation is quite small, we argue that the results validate that a 
single ganglion can only have limited movement in two ways. First, in 
Fig. 6 we additionally simulate a special case where we manually give 
the system a step-wise change of wettability from oil-wet to water-wet, 
and in this case there is no movement of ganglion at all, which proves 
that the key to mobilization is the heterogeneous wetting condition 
induced by the dynamic transport of solute. Second, in the large scale 
the porous media itself is also much larger, and it will be more difficult 
for such finite movement to contribute to displacement. 

The scenario is very different when ganglia can interact with each 
other, and the most important interaction here is the merge of two 

ganglia when the rear ganglion is within the range of the limited 
movement of the front ganglion. This merge of ganglia has two major 
consequences. First, the range of the finite movement of the ganglion is 
extended because the length of the ganglion is increased. Second, gan
glion grows larger by merging and once it becomes large enough, it will 
not be trapped again even after wettability at the rear end is altered. 
Since after full alteration the system becomes water-wet, according to 
Section 3.2 the ganglion will continue advancing and eventually con
tributes to displacement. The difference between the evolvement of a 
single ganglion and multiple ganglia is illustrated in Fig. 7. 

Therefore, the key to improving displacement efficiency through 

Fig. 5. (a) The displacement efficiency in different wetting conditions, for structures of different coordination numbers. (b) The displacement efficiency in different 
wetting conditions, for structures of different aspect ratios. All cases show monotonically higher displacement efficiency in the more water-wet condition as in the 
previous result. The displacement efficiency is generally higher at smaller coordination number and larger aspect ratio, especially in oil-wet cases, as small coor
dination number and large aspect ratio both decrease the volume of throats compared to pores, leaving less oil to be trapped and less reduction on the length of on the 
main ganglion in oil-wet condition, in agreement with our above conclusion. 

Fig. 6. The dimensionless displacement of non-interactive ganglia during 
displacement with solute-induced wettability alteration, at different ganglia 
lengths, degrees of wettability alteration and capillary numbers. The size of the 
periodic unit of the regular structure, which is also the size of one pore, is used 
as the characteristic length to do the non-dimensionalization. In all cases the 
ganglion gets trapped again after a finite movement that extends just several 
pores. A larger degree of wettability alteration and longer initial ganglion both 
increase this finite movement, as they both add to the difference between the 
viscous driving force and the capillary resistant force. The impact of velocity or 
capillary number is less clear as larger velocity increases the viscous force but 
also possibly shortens the time window for movement. A step-wise change of 
wettability from oil-wet to water-wet lead to no movement of ganglion at all, 
which proves that the key to mobilization is the heterogeneous wetting con
dition induced by the dynamic transport of solute. 
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wettability alteration is the interaction between ganglia, caused by the 
limited movement during wettability alteration. Based on the above 
analysis we can make the following deductions about the displacement 
efficiency. The higher the initial saturation, the more interaction is 
possible and thus the higher efficiency. In addition, any factor that in
creases the range of movement should increase the probability of 
interaction thus also leads to higher efficiency. Simulations are per
formed in the irregular sandstone-like structure with varying initial oil 
saturation, flow velocity and degree of wettability alteration. The initial 
phase distribution is generated the same way as in Section 3.2. Results in 
Fig. 8 shows that the efficiency decreases with the decrease of initial oil 
saturation, especially at low saturation. The impact of flow velocity and 
degree of wettability alteration is consistent with their impact on the 
range of movement of a single ganglion in Fig. 6, in that larger move
ment corresponds to higher efficiency. A step-wise wettability alteration 
results in no displacement of oil at all, since it does not mobilize ganglia 
in the first place. These results all agree with our predictions and further 
validate our theory. 

It is worth noting that all simulations in this work are performed in 
two-dimensional structure. It can directly correspond to the three- 
dimensional cases where the layer flow is not important, for example 
when the structure is not highly irregular. Since our work focuses on 

mechanisms, excluding the layer flow can be one merit, as in three- 
dimensional experimental works the other mechanisms are mixed 
together with the impact of layer flow [62,63] and are more difficult to 
study. 

4. Conclusion 

This work investigates how wettability impacts the mobilization of 
trapped ganglia and the approach of mobilizing ganglia through 
wettability alteration, with the help of theoretical and numerical tools. 

For fixed wettability, it is found out that ganglia are usually hardest 
to be mobilized in the neutrally wet condition and equally likely to be 
mobilized in water-wet and oil-wet condition. However, mobilized 
ganglia favor more water-wet condition because the subsequent 
evolvement after initial mobilization distinctively differs in different 
wetting conditions, resulting in a monotonically increasing displace
ment efficiency with increased water-wetness. 

For solute-induced altering wettability, two crucial factors are 
identified for the mobilization of ganglia: the heterogeneous wetting 
state caused by the dynamic altering process and the merge of ganglia. 
The solute-induced heterogeneous wetting state enables imbibition at 
both ends of the ganglia and considerably decreases the critical pressure. 

Fig. 7. (a) The evolvement of a single ganglion under wettability alteration by simulation. The ganglion will have a limited movement due to the solute-induced 
heterogeneous wettability, and get trapped again after full alteration. (b) The evolvement of a group of ganglia under wettability alteration by simulation. One 
mobilized ganglion can merge with another, extending the limited movement and growing larger. After full alteration, the ganglion can be large enough to not be 
trapped. The yellow dots stand for the solute that leads to wettability alteration. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 8. The displacement efficiency in the irregular sandstone-like structure by displacement with solute induced wettability alteration, with varying initial oil 
saturation, degree of alteration and inlet flow velocity. The efficiency decreases with the decrease of initial oil saturation, especially at low saturation, because the 
merge of ganglia is less likely. The impact of flow velocity and degree of wettability alteration is consistent with their impact on the range of movement of a single 
ganglion in Fig. 6, in that larger movement corresponds to higher efficiency. A step-wise wettability alteration results in no displacement of oil at all, since it does not 
mobilize ganglia in the first place. 
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However, after full alteration the ganglia will be trapped again, unless 
merge of ganglia makes the ganglia large enough to overcome the 
capillary resistance. 

To the authors’ knowledge, this is the first work to investigate such 
wettability effects on the mobilization of trapped ganglia, in comparison 
to the previous works that focus on the impact of interfacial tension or 
velocity [18,20]. This work helps deepen the understanding of the 
impact of wettability on two phase displacement. 
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