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Abstract: A pore network model was used in this paper to investigate the factors, in particular, throat 
radius, wettability and initial water saturation, causing water block in low permeability reservoirs. A new 
term – ‘relative permeability number’ (RPN) was fi rstly defi ned, and then used to describe the degree of 
water block. Imbibition process simulations show that the RPN drops in accordance with the extension of 
the averaged pore throat radius from 0.05 to 1.5 μm, and yet once beyond that point of 1.5 μm, the RPN 
reaches a higher value, indicating the existence of a critical pore throat radius where water block is the 
maximum. When the wettability of the samples changes from water-wet to weakly water-wet, weakly 
gas-wet, or gas(oil)-wet, the gas RPN increases consistently, but this consistency is disturbed by the RPN 
dropping for weakly water-wet samples for water saturations less than 0.4, which means weakly water-
wet media are more easily water blocked than water-wet systems. In the situation where the initial water 
saturation exceeds 0.05, water block escalates along with an increase in initial water saturation.

Key words: Pore-network model, water block, relative permeability number, low permeability, 
wettability

Pore network modeling of water block
in low permeability reservoirs

1 Introduction
The migration and accumulation of water in the near-

wellbore region cause a reduction in relative permeability 
to gas, thereby decreasing the gas well productivity. This 
is known as water block. Water block may result from the 
invasion of water-based drilling fluid, completion fluid, 
fracturing fluid, workover fluid or emulsions, or from 
fi ngering or coning of formation water.

Of all the various factors causing water block, rock 
wettability, clay swelling, and initial water saturation are of 
paramount importance. Numerous laboratory investigations 
into water block have been reported (Huang and Holm, 1986; 
Lin, 1990; Land, 1990; Zhou, 2005; Zhong, 2008). Recent 
experimental data from Zhang and Austad (2006) showed that 
the oil recovery was tremendously improved by increasing 
the sulfate concentration in the imbibing fluid, and that the 
wettability modifying property of sulfate increased as the 
temperature increased. Tripathi and Mohanty (2008) applied 
a viscous fi ngering model to describing the instability due to 
wettability alteration in displacements through porous media. 
The extreme cases of water block occur when formation 
matrix in the near-wellbore region is subject to clay particle 
invasion or clay swelling. Since Milton studied the effect of 
clay swelling and fi nes migration on formation permeability, 
so far two types of mechanisms for clay swelling have been 

identifi ed (Milton et al, 1961; Amorim et al, 2007): crystalline 
swelling and osmotic swelling, enabling us to determine the 
compatibility between reservoir clays and foreign fl uids and 
to avoid the osmotic swelling conditions which can cause 
permeability reduction in natural hydrocarbon reservoirs. 
The water blocking damage as a function of initial water 
saturation was studied by gray association analysis (Zhang 
and Yan, 2002; Sun et al, 2009); however, no experiments 
have been done so far to verify the result.

Due to the diversity of the factors causing water block 
in porous media, the results from core experiments must be 
accordingly diverse. In this paper, we single out three factors: 
pore geometry, wettability, and initial water saturation as the 
primary ones for the current research focus with reliance on 
pore network modeling.

2 Modeling method description
In pore-scale modeling, hydrocarbon recovery processes 

were simulated directly on the microscopic scale of single 
pores, without assuming a priori the traditional macroscopic 
equations (such as Darcy’s law) of conventional reservoir 
simulation. This was done by creating a virtual rock 
consisting of pore bodies and pore throats of different sizes 
(the geometry  of the rock) variably connected to each other 
(the topology  of the rock) and then simulating in it the 
hydrocarbon recovery process of interest on the microscale, 
with the relevant physics implemented on a pore to pore 
basis. 

This technology can provide difficult-to-measure multi-
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phase flow data (relative permeabilities and capillary 
pressures) in a fast and efficient way and can explore 
the sensitivity of these data to a variety of experimental 
conditions. The scope for utilization of pore-scale network 
modeling is in fact much wider and extends to the study 
and optimization of recovery processes whose physical 
mechanisms are not yet understood (such as reservoir 
depressurization) and to other cases where laboratory 
investigation would be time-consuming, costly or technically 
very diffi cult.

The pore network model used in this paper is a realistic 
representation of a sample of a tight gas sand reservoir 
reconstructed from the 3D micro-focused X-ray CT image. 
Detailed descriptions of its reconstruction, validation, along 
with relative permeability computing theories were discussed 
by Blunt et al (2002). The domain size of the pore-networks 
was chosen to be 20 × 20 × 20 grids, roughly corresponding 
to the physical dimension of 20 μm × 20 μm × 20 μm in the 
x-, y- and z-directions, as we used in an earlier paper (Yang 
et al, 2007). In this model, 10 percent of these elements are 
squares, 5 percent circular, and the rest irregular triangles. 

Bennion et al (2000) documented the existence of 
reservoirs, which exhibit an average initial water saturation 
less than the irreducible water saturation. For these 
reservoirs, water is easily trapped within the reservoir due to 
spontaneous imbibition, which may reduce the productive 
capacity of the reservoir. It is very difficult to increase the 
productive capacity to its initial value because it requires a 
transition from an equilibrium to a non-equilibrium state to 
remedy the damage. In view of the current reality, the primary 
drainage (gas displacing water) continues until a maximum 
capillary pressure is reached; then the secondary imbibition 
(water displacing gas) is simulated in which the water block 
occurs. By changing the parameters, a parametric study of 
imbibitions is carried out. The controlled parameters used 
here are the advancing contact angles, the fraction of gas- 
and/or oil-wet pores, the interfacial tension, and the initial 
water saturation. Once the secondary imbibition is completed, 
the major displacement mechanisms, capillary pressures, 
relative permeabilities, and trapped gas saturations are 
reported.

Despite the fact that so far no specifi c physical term has 
been advanced to quantitatively describe the water block 
phenomenon, it is common knowledge that water block is 
prone to reduce gas and/or oil permeability on a large scale, 
leading to the range shrinkage of mobile fluid saturation 
as shown in Fig. 1. The extent of relative permeability 
reduction depends on the phase behavior of the fluid, i.e. 
relative permeability has different values for varying fluid 
saturation; therein, at different saturation, the degree of 
permeability reduction is not the same. To refl ect the whole 
change of relative permeability, one should integrate relative 
permeability reduction over saturation, so in this paper we 
defi ne a term – relative permeability number (RPN) to depict 
the change in permeability; it is the area under the relative 
permeability curve when the water block occurred. For the 
water-gas two-phase system, the gas permeability is the main 
concern, which leads us to calculate the integration of relative 
permeability along the gas permeability (krg) curve.

(1)
1

rg w w
0
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where Sw is water saturation; δ is the relative permeability 
number.

The water blocking ratio (WBR) is characterized as the 
percentage ratio of the difference between the undamaged and 
damaged permeability to the undamaged permeability. With 
the quantity RPN, we rewrite the WBR as:
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where Rwb is the water blocking ratio; the subscript r here 
means the reference relative permeability curve.

The undamaged permeability can be obtained with 
an apparatus subjected to initial baseline flow with either 
reservoir crude oil or reservoir gas in practice. However, for 
numerical simulation, we just specifi ed reference permeability 
as the undamaged permeability, which is supposed to have 
no effect on our result, as we are primarily concerned with 
the relative importance of factors affecting water block rather 
than with the precise evaluation of formation damage. For 
convenience, the reference relative permeability was obtained 
with the following conditions: water-wet rock, pore size 
parameters designed as case A in Table 1, advancing contact 
angles θa= 45°-62°, interfacial tension σ =10 mN/m.
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Fig. 1 Relative permeability curves before and after water block

3 Results and discussion

3.1 Effect of pore size distribution 
To evaluate the effect of pore size distribution on the 

relative permeability of rocks, seven pore network realizations 
(A-G) with broad, truncated Weilbull pore size distributions 
were constructed, and the parameters of each pore network 
are listed in Table 1.
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Fig. 2 shows the simulation results for imbibition process. 
As shown clearly in Fig. 2, the gas permeability decreases as 
the water saturation increases (especially at water saturations 
greater than 10%), and the gas relative permeability comes to 
nearly zero when the water saturation is greater than 50%.

Different pore size distributions produce diverse 
permeabilities. In general, permeability of the samples varies 
with pore size distribution in an obscure fashion, which was 
proved by Crowell et al (1966) with experiments, in which 
they investigated four sandstone core samples and concluded 
that the relative permeability of gas-water two-phase system 
has no apparent correlation with the absolute permeability.

Nevertheless, an interesting phenomenon is found. When 
the maximum pore throat radius is less than 1.5 μm, an 
increase of the average throat radius brings about a drop in 
calculated RPN value and yet a rise in the calculated WBR 
value, as shown in Table 1. Once the maximum throat radius 
is larger than 1.5 μm, the RPN reaches a higher value while 
WBR a lower value.

water block is highest, which is, in our calculated cases, 1.5 
μm.

If the chief throat radius of gas formation happens to 
fall within the range of 0.2 to 1.5 μm (such as He8 in the 
Changqing Oilfield), the critical throat radius, in view of 
its critical role in water blocking alleviation, deserves to be 
given adequate attention. Unfortunately, this has been largely 
ignored so far. On this account, further investigations into the 
mechanism are needed in subsequent work in order to fully 
understand this critical phenomenon and apply it in practice.

3.2 Effect of wettability 
To discover the influence of wettability alteration on 

relative permeability, a series of drainage and imbibition 
simulations are performed on the same pore network (Case 
A) by changing the range of advancing contact angles. The 
contact angles used to represent water-wet, weakly water-
wet, weakly gas- or oil-wet and strongly gas- and/or oil-wet 
systems are shown in Table 2.

  
Table 2 Contact angles used to represent different wettability conditions

Case
Contact 
angle*

Degrees

Relative 
permeability

 number

Water
 blocking

ratio

Water-wet 25-42 0.2134 −

Weakly water-wet 50-73 0.2041 0.04

Weakly gas- and/or oil-wet 80-100 0.2430 −0.14

Gas- and/or oil-wet 105-120 0.2718 −0.27

Notes: * Receding contact angles, which are 20 degrees lower than the 
advancing ones.

As shown in Fig. 3, the gas relative permeability curves 
change with wettability alteration. In each case of water 
saturation, the gas relative permeability of the water-wet 
sample is lowered much more than that of the gas- and/or 
oil-wet sample. This reveals a potential for fi eld application 
for improved gas-well deliverability and well injectivity 
by altering the wettability of rocks close to the wellbore 
in gas condensate reservoirs from strong water-wetting to 

Table 1 Pore size distributions and parameters

Pore network
case

Min. throat 
radius, μm

Max. throat
radius, μm

Average throat 
radius, μm

Porosity
φ

Permeability 
k, 10−3μm

Relative permeability
number δ

Water blocking
ratio Rwb

A 0.05 0.2 0.109 0.123 0.04 0.202 −

B 0.05 0.4 0.187 0.289 0.29 0.715 0.13

C 0.05 0.8 0.343 0.220 0.66 0.145 0.28

D 0.05 1.5 0.620 0.215 2.06 0.131 0.35

E 0.05 7.0 2.770 0.266 60.12 0.176 0.13

F 0.05 10.0 3.957 0.274 128.64 0.191 0.05

G 0.05 15.0 5.880 0.276 288.35 0.186 0.08

 Fig. 2 Gas relative permeabilities at different pore size distributions
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This means that, the worst water block does not always 
occur in the minimum pore throats; instead, the formation 
consisting of medium-scale throats is much more easily water 
blocked. There may be a critical value of throat radius where 
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intermediate gas-wetting. Note that, in the case of water 
saturations greater than 40% and the rock wettability 
changing from water-wet to gas and/or oil-wet, the gas 
RPN increases consistently, whereas in the case of water 
saturations less than 40%, this consistency is disturbed by the 
RPN dropping for weakly water-wet samples.

trapped gas is dependent on the ability of the gas phase to 
form layers; once the layers hold the pores and throats, water 
block is not likely to occur.

The negative values of the calculated WBR in Table 2 is 
ascribed to our choice of water-wet case as reference. If the 
gas(oil)-wet case was chosen, the same as the case in practice, 
the WBR for water-wet is supposed to have positive value, 
signaling the occurrence of water block.

3.3 Effect of initial water saturation
Five different cases listed in Table 3 were designed to 

investigate the effect of initial water saturation (Swi) on gas 
relative permeability and water block, with initial water 
saturations ranging from 0 to approximately 30%. The 
simulations were performed on the same pore network (Case 
A). Fig. 4 illustrates the variation in gas permeability with 
initial water saturation. As for the water-wet networks, the 
increase in initial water saturation does not elicit large-scaled 
changes of the trapped gas saturation; however, the calculated 
results in Table 3 show that the RPN decreases with 
increasing initial water saturation when Swi>0.10, signifying 
the growing gravity of water block. 

Table 3 Five cases of different initial water saturations

Initial water
saturation

Relative permeability
number

Water blocking
ratio

0 0.202 –

0.10 0.208 −0.03

0.16 0.157 0.22

0.24 0.083 0.59

0.30 0.044 0.78

Fig. 3 Gas relative permeabilities at different wettability conditions
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The calculated RPN values in Table 2 show a surprising 
trend with wettability: a weakly water-wet medium is more 
easily water blocked than a water-wet system, which can be 
explained as follows. 

In water-wet media, water, as the wetting phase (contact 
angles less than 90°), occupy the pores and throats and a 
water layer, about 1 nm thick, is formed on the surface of 
rocks. The pore space has high capillary pressure. During 
primary drainage, which is similar to gas migration and 
accumulation in a reservoir, part of the displacement pressure 
is canceled by the capillary pressure. Therefore, after primary 
drainage some water still occupies a large part of the pore 
network. As a result, in the subsequent imbibition process, 
no more pore space is left to hold flooding water. In this 
case, the change of total water saturation in the pore space 
is unnoticeable, responsible for slight water block. This 
is likely to occur in the reservoirs where the initial water 
saturation is not too low while the total water saturation is 
less than 40%. In contrast, the weakly water-wet systems 
(contact angles close to 90°) display many distinct surface 
characteristics. Gas, as the most non-wetting phase, is not 
prone to form layers on the rock surface, and with consequent 
lower capillary pressure the powerful drive pressure is left 
to displace the water out from pore space during primary 
drainage, responsible for the great capacity of holding water 
within the volume of the whole rock throughout the whole 
imbibition process. In the case of weakly gas-wet media, gas 
is the most non-wetting phase and no gas layer is formed on 
the rock surface. When water invades the pore space, the gas 
directly contacts the pore wall and occupies the pore space, 
leaving a layer of gas sandwiched in between (i.e. a thin gas 
layer in the center) and in the corners. Hence, water block is 
likely to occur. In the case of gas-wet media, the amount of 

Fig. 4 Effect of initial water saturation on gas relative permeabilities 
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Investigations done by Coskun and Wardlaw (1995) 
suggested that the negative correlation between permeability 
and initial water saturation, which have been commonly used 
for prediction of saturation, is far from consistent; instead 
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it varies along with pore size variation. Signifi cant negative 
correlation between permeability and initial water saturation 
has been found in the case of rocks with relatively uniform 
pore systems but different pore sizes. 

In practice, when water saturation is altered from initial 
water saturation to irreducible water saturation and even 
to 100% during well operations, water block is believed 
to occur. Notice that, in the conventional reservoirs, there 
exist a wide range of water saturations at which both water 
and gas can simultaneously flow, which cannot be equally 
applied to the tight gas reservoirs. In some extreme cases, 
virtually, no mobile water phase occurs even at very high 
water saturations. So, irrespective of some researchers’ claims 
of the critical role played by initial water saturation in water 
block, it remains controversial for the time being. 

4 Conclusions
The relative permeability number (RPN) defined in this 

paper is proved to be quite illustrative in presenting the 
general pattern of permeability changes with saturation, 
which is more suitable for describing the water blocking 
phenomenon. Armed with this concept and simulation 
experiment, we draw the following conclusions: 

1) In the case of throat radius within the range of 0.05-1.5 
μm, the RPN decreases with an increase in the averaged pore 
throat radius, whereas the RPN reaches a higher value when 
the maximum throat radius is larger than 1.5 μm, indicating 
the existence of a critical pore throat radius at which the water 
block is highest.

2) Weakly water-wet media are more easily water blocked 
than water-wet systems. This reveals a potential for field 
application for improved gas-well deliverability by altering 
the rock wettability.

3) In the case of initial water saturation larger than 10%, 
the water block is becoming growingly severe with increasing 
initial water saturation.
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