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A B S T R A C T

The existing theoretical and empirical models to describe asphaltene deposition in porous media do not consider
the complicated structure of pore network. Permeability reduction due to asphaltene deposition has been mainly
attributed to pore volume shrinkage (porosity reduction). However, asphaltene particles can also block pore
throats which will lead to severe permeability reduction even when a large fraction of total pore volume still
remains intact. Thus, there is a need for permeability models that are explicitly function of pore/hydraulic
connectivity. This paper provides a review of the existing models and examines a permeability model that
explain permeability impairment due to asphaltene deposition.

In this study, we propose a new permeability model based on Critical Path Analysis (CPA) which is a function
of average coordination number (average number of available/connected neighbor pores). Furthermore, ex-
perimental data in the literature related to limestone, sandstone and carbonate (dolomite) samples are utilized to
understand combined effects of surface deposition and interconnectivity loss due to pore blockage on perme-
ability reduction.

We observed that surface deposition is the dominant mechanism in the limestone samples studied here owing
to large pore throat size compared to the particle size. In the sandstone samples, both the surface deposition and
pore throat plugging mechanisms contribute fairly the same in the observed permeability reduction. For the
carbonate (dolomite) samples, the pore blockage is the dominant mechanism, which results in rapid sharp de-
crease of the permeability. It is expected that the outcome of this work improves prediction of the asphaltene
deposition in the near wellbore region.

1. Introduction

The issue of asphaltene deposition has plagued the oil and gas in-
dustry for decades since it has been identified and named as “asphal-
tenes” in 1837 [7]. Due to the huge costs associated with remediation, it
is extremely important to understand the issue of asphaltene deposition
and the factors affecting it [14]. Crude oil has several fractions, and
asphaltenes essentially tend to be its heaviest, polarizable fractions.
They are known as the “cholesterol of petroleum” due to their ability to
precipitate as solids and subsequently deposit with changing pressure,
temperature and oil composition [3]. Asphaltene precipitation is called
the process when asphaltenes become a separate phase from the crude
oil. They remain suspended in the liquid phase where the quantity and
the size of the asphaltenes are relatively small. The precipitated as-
phaltenes clump together (aggregation) and form larger particles, also
called flocs. The asphaltene aggregates are initially suspended in the
crude oil. Subsequently, the flocs may attach to and accumulate on
various surfaces, a process which is called asphaltene deposition [28].
In both up and downstream operations deposition may cause severe

problems. Asphaltenes may precipitate and deposit on surface of pipe-
lines, bottom of distillation column and heat exchangers as well, af-
fecting efficiency and creating added economic costs to remediate
[18,10].

Also, during production, asphaltene particles can deposit in re-
servoir, leading to possible blocking of flow, particularly in the near
wellbore region. Asphaltene deposition problems encountered deep
down in rock reservoirs are extremely problematic, and very challen-
ging to tackle, as opposed to production tubing deposition problems.
Minssieux [22] studied various core samples with different rock char-
acteristics in core-flooding experiments, with regards to porous media.
He concluded that porous sample plugging only seemed to occur after
enough oil had flown through the sample, and that damage at earlier
times was only observed in samples with a lower initial permeability
[28].

The mechanisms through which formation damage due to asphal-
tene deposition can occur are surface deposition, and pore throat
plugging. As asphaltene deposits accumulate on the pore surface, the
pore surface area decreases leading to porosity reduction. Moreover,
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when asphaltene deposits accumulate in front of a pore, they can plug
them causing severe permeability reduction.

For modeling of permeability impairment in porous media due to
asphaltene deposition, Deep Bed Filtration (DBF) models are often used
[31,4]. Using DBF theory, Wang [31] modified Civan’s model for near
wellbore asphaltene deposition, assuming negligible capillary pressure
and one dimensional horizontal flow:

∂
∂

= − − +E
t

αC ϕ βE v v γu C( )A
A A L cr L L A, (1)

where, EA is volume fraction of deposition asphaltenes; vL is interstitial
velocity (=u ϕ/ );L vcr L, is critical interstitial velocity; uL is superficial
velocity; α is surface deposition rate coefficient; β is entrainment rate
coefficient; γ is pore throat plugging coefficient. The first term in Eq.
(1) represents the pore surface deposition rate which is directly pro-
portional to the concentration of suspended particle concentration in
the flowing fluid; the second term expresses the entrainment of as-
phaltene particles (removal due to drag force) that becomes dominant
above critical interstitial velocity [8]; and the last term describes for the
pore throat plugging rate, where the plugging rate is directly propor-
tional to the superficial velocity. Wang [31] defined the pore plugging
coefficient, γ as:
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where, σ is deposition constant; R referes to the ratio of particle size to
pore throat size, Rc refers to the critical ratio of particle size to pore
throat size. According to Eq. (2) ore throat plugging occurs at condi-
tions where critical pore throat diameter is greater than the average
pore throat diameter.

Boek et al [4] discussed that DBF models are very simplistic. Thus,
using stochastic rotation dynamics models in capillary flow, Boek et al.
[4] estimated coefficients needed for DBF deposition model at the
Darcy-scale. They have suggested that experimental deposition data can
be modeled using only surface deposition rate, α( ) parameter obtained
from straight capillary model. However, their model still neglects the
effect of pore blockage on permeability reduction.

Asphaltene deposition can lead to porosity and permeability re-
duction; however, in the majority of existing models, permeability re-
duction is only attributed to pore volume shrinkage (porosity reduc-
tion). Local dynamic porosity is computed as the difference between the
original porosity, ϕi, and the fraction of asphaltene deposits, ε:

= −ϕ ϕ εi (3)

Further, permeability change as a function of porosity is estimated
as a function of porosity reduction [32,21]:
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3

(4)

However, in Eq. (4) connectivity loss (pore connectivity) has not
been considered and permeability reduction is only attributed to pore
volume reduction. It is well known that effective porosity can decrease
owing to pore volume shrinkage and thus permeability can be reduced.
However, permeability can be also altered because of hydraulic con-
ductivity/connectivity loss (coordination number reduction) owing to
pore plugging mechanism (Fig. 1). In the extreme cases where sig-
nificant pore blockage occurs, total pore volume may not even greatly
change. As it will be discussed later in detail, when the rock sample has
a large fraction of pores with the diameter comparable to the size of
particles, pore throats can be easily plugged and blocked; this will lead
to severe permeability reduction even when the large fraction of pore
space yet remains intact. Thus, it is crucial to study asphaltene de-
position in porous media via permeability models which consider both
porosity reduction and pore connectivity loss, especially for reservoirs
with small size pores that are comparable to the particle size.

In this study, we develop a permeability model based on Critical
Path Analysis (CPA) that is a function of average coordination number
(average number of available/connected neighbor pores). Furthermore,
experimental data in the literature related to limestone, sandstone and
carbonate (dolomite) samples are utilized to understand combined ef-
fects of surface deposition and interconnectivity loss due to pore
blockage on permeability reduction.

2. Permeability model

The interplay between porosity/storage and permeability/hydraulic
conductivity has been studied for decades. As a result, many theoretical
models have been developed to estimate hydraulic conductivity of
porous media [12,6], Bernabé et al. [2]. One of the fundamental per-
meability models is Kozeny-Carmen (KC) equation that considers
porous medium as a bundle of cylindrical tubes:
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However, Civan [5] suggested that KC equation cannot properly
address the gate/valve effect of porous media (pore/hydraulic con-
nectivity) to predict permeability when pore throats are blocked and
isolated. Therefore, he modified KC model by including inter-
connectivity parameter, Γ:
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⎝ −
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,
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(6)

Γ is a measure of the pore space connectivity, and it represents the
valve effect of the pore throats controlling the pore connectivity to
other pore spaces [6]. the interconnectivity parameter is strong func-
tion of average coordination number, z (the number of the pore throats)

Pore Blockage

Surface Deposition

Fig. 1. Schematic of permeability reduction due to surface deposition and pore
plugging.

Table 1
Initial parameters of samples.

Sample # Asphaltene wt% Initial
Porosity,
%

Initial
Permeability,
md

Initial
Coordination
Number, z

Limestone #1 6.56 48.54 1062.5 8.5
Limestone #2 16.3 22.5 106.6 6.4
Sandstone #1 6.56 49.16 1089.6 8.5
Sandstone #2 16.3 13.5 22.8 4.9
Sandstone #3 12.94 16.0 66.3 5.4
Carbonate #1 0.06 17.17 4.67 5.6
Carbonate #2 0.87 21.2 6.32 6.2
Carbonate #3 1.5 19.24 5.48 5.9
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and it becomes zero when all the pore throats are blocked due to me-
chanisms like fine migration, deposition of precipitates including gels,
wax, and asphaltene, and collapse of pore throats under mechanical
stresses.

2.1. CPA based model

Although models developed based on the premise of bundle of ca-
pillary tubes are widely-used, they are not sophisticated enough to re-
present complicated structure of porous media. Thus, percolation-based
models were developed to address issues associated with bundle of
capillary tube hypothesis. Sahimi [27] and Hunt [17] reported that
pore size in naturally occurring porous media complies with fractal
geometry/scaling and that implementing fractal geometry yields suc-
cessful prediction of permeability. Katz and Thompson [19,20] model
was one of the earliest attempts to implement percolation theory based
critical path analysis to determine permeability. They have discussed
that fluid flow and electrical conductance through porous media are
percolation processes, and permeability can be related to electrical
conductivity and critical pore throat radius, r( )c :

= =k
c

σ
σ

r
r
c F

1 1 ,b

w
c

c2
2

(7)

where σb is bulk electrical conductivity, σw is saturating fluid electrical
conductivity, and c is a constant. Here rcis the critical pore throat ra-
dius, defined as the largest value of r , for which an interconnected path
may exist from one side of a system to the other. Katz and Thompson
[19] argued that critical pore radius can be estimated from mercury

intrusion porosimetry data and the inflection point on the mercury
intrusion curve corresponds to this critical pore radius.

Following Daigle [9] and Davudov and Moghanloo [11], critical
pore radius can be expressed in terms of percolation threshold:

= − −r r p(1 ) ,c cmax D
1

3 (8)

where rmax is maximum accessible pore radius, D is fractal dimension,
and pc is critical percolation threshold.

Additionally, formation factor, F which is ratio of electrical con-
ductivity to the electrical conductivity of fluid saturating pore, also may
be expressed in terms of total porosity and percolation threshold as
[13]:
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Combining Eqs. (7)–(9), Daigle [9] expressed permeability as:
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Critical percolation threshold, pc can be expressed in terms of co-
ordination number as =p z1.5/c , thus Eq. (10) can be rewritten:
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Further, assuming − ≈ϕp1 1c [26], Eq. (11) can be simplified as:
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Fig. 2. Impact of surface deposition and pore blockage on permeability reduction for (a) limestone #1 (b) limestone #2 (Experimental data is obtained from [24,2]).
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when Eq. (12) is compared with Civan’s model (Eq. (6), it is clear that
r ϕ /8max

2 2 is maximum achievable permeability where − +−z(1 1.5/ ) mD
2

3

represents interconnectivity term (Γ). As coordination number, z gets
close to 1.5, permeability will approximate to zero, because of closing
valve effect.

3. Permeability reduction – effect of surface deposition and pore
blockage

The effects of both pore volume shrinkage due to surface deposition
and connectivity loss due to pore plugging on permeability reduction
can be analyzed based on Civan’s permeability model described (Eq.
(6), considering β to be unity:
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where first and second terms on the right side of Eq. (13) express
permeability reduction owing to surface deposition and pore plugging,
respectively If pore blockage is insignificant, then surface deposition
will be the only mechanism contributing to porosity and permeability
reduction can be simplified as:
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Alternatively, assuming =r r ϕ ϕ/ /max i i
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from Eq. (11) can be expressed as:
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where zi is initial coordination number and it can be estimated as a
function of initial porosity [12,2]:

= +z A B ϕlog( ),i (16)

where both A and B are constants. Bernabe et al. [3] suggested that for
two-dimensional system A is 10.4 and B is equal to 6.25.

In case − ≈ϕp1 1c [26], Eq. (15) will be simplified as:
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4. Case studies – evaluation of surface deposition and pore
plugging effects

To further illustrate impact of surface deposition and pore plugging
effects on permeability reduction, several experimental data sets
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Fig. 3. Interconnectivity ratio and coordination number reduction for (a) limestone #1 (b) limestone #2.
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obtained from limestone, sandstone and carbonate (dolomite) core
samples are evaluated here. In these experiments, asphaltene deposition
was assessed through pressure drop measurements across the vessel.
The amount of deposited asphaltenes within the core was evaluated
through the difference of asphaltene content in the inlet and outlet
stream. Using the experimental data sets, both initial porosity as well as
the damaged/reduced porosity are calculated by subtracting total vo-
lume of deposited asphaltene from initial pore volume of the core
sample. Initial sample properties and estimated average coordination

number values (Eq. (16) for these samples are listed in Table 1.
Next, permeability reduction as a function of total injected pore

volume is calculated for the same experimental data sets. As expected,
both porosity reduction and permeability damage are a function pore
volume injected (PVI); the larger injected volume, the more reduction
in both permeability and porosity is realized.

Since porosity reduction as a function of injected pore volume is
known (from experimental data), permeability reduction due to surface
deposition can be estimated using Eq. (14) and the ratio between
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Fig. 4. Impact of surface deposition and pore blockage on permeability reduction for (a) sandstone #1 (b) sandstone #2 (c) sandstone #3 (Experimental data is
obtained from [24,1,16]).

D. Davudov, R.G. Moghanloo Fuel 235 (2019) 239–248

243



predicted and actual permeability values measured in the dataset (Eq.
(13) can be attributed to the pore connectivity loss. Moreover, average
coordination number reduction can be estimated from Eq. (15) for
samples with high initial porosity and from Eq. (17) for samples with
low initial porosity.

4.1. Limestone samples

The experimentally measured porosity and permeability reduction
(as a function of increased effective stress) for limestone samples are
compared with the predicted permeability ratio values solely due to
surface deposition (Eq. (14) as shown in Fig. 2. As observed in both
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Fig. 5. Interconnectivity ratio and coordination number reduction for (a) sandstone #1 (b) sandstone #2 (c) sandstone #3.
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samples, permeability has been reduced around 50% and predicted
values from Eq. (14) are close to the measured data. This clearly sug-
gests that, permeability reduction in limestone samples can be pre-
dicted solely to the pore volume shrinkage.

Interconnectivity ratio based on Eq. (13) and coordination number
reduction based on Eq. (15) are estimated as illustrated in Fig. 3. Re-
sults show that connectivity loss for both limestone samples are in the
range of 12–15%. Moreover, coordination number reduces from its
initial value of 8.5 to 6.65 (22% reduction) for limestone #1 and from

6.4 to 5.7 (11% reduction) for limestone #2, which it can be easily
concluded that for limestone samples, major damage mechanism is
surface deposition and pore blockage effect is minor.

4.2. Sandstone samples

For the sandstone samples studied here, our results indicate that
permeability reduction is in the range of 45% for first sample, 30% for
second sample and 63% for the last sample (Fig. 4), where connectivity
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loss is around 27%, 25%, and 60% respectively (Fig. 5). Moreover,
coordination number for sandstone #1 reduces from 8.5 to 6.3 (26%
reduction), for sandstone #2 it reduces from 4.9 to 3.9 (20% reduction)
and for sandstone #3 it reduces from 5.4 to 4 (27% reduction). Thus, it
is can be concluded that for sandstone samples used in this study, the
surface deposition mechanism and pore blockage mechanism have
comparable contributions on the permeability reduction. Moreover, for
one of the sandstone samples (sample #2), connectivity loss is re-
covered after initial decline (Fig. 5. This recovery might be due to

increased injection pressure (possibly to maintain a constant injection
rate) which yields sufficient drag force to remove previously deposited
particles [21].

4.3. Carbonate samples

For carbonate samples studied here, our results suggest that the
permeability reduction is sharper than pure limestone and sandstone
rock samples whereas porosity change is small Fig. 6). Results indicate
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that, the contribution of pore throat plugging mechanism on perme-
ability reduction is in the range of 37% for first sample, where this
value is around 70% and 88% for second and third samples and, co-
ordination number reduces to 32%, 55% and 63% respectively (Fig. 7).

One of the major reasons for severe connectivity loss in carbonate
samples is that for low permeability formations, pore size diameter is
relatively small, and thus pore plugging becomes dominant. The pore
plugging mechanism leads to steeper decline in permeability leaving
the large fraction of pore space intact. Moreover, existence of polar
groups on the inner surface of carbonate samples makes the asphaltene
molecules adhere more strongly to the rock surface, and hence in-
creases asphaltene deposition [15,1].

The results of this study are consistent with Nasri and Dabir [25]
study, where they did network modelling analysis on asphaltene

deposition in carbonates, and they mentioned that the main reason of
absolute permeability reduction in carbonate samples is plugging of the
pore throats.

Moreover, Shen and Sheng [30] have reported that asphaltene de-
position may have a tremendous impact (almost 300% drop) on per-
meability reduction in Eagle Ford shale samples after huff and puff gas
injection. Based on their results, 83% of total permeability is reduced
owing to pore blockage and 17% reduction was due to adsorption
mechanism.

4.4. Particle to pore size ratio

Experimental data adopted from Kord et al. [21] illustrates per-
meability reduction as a function of pore volume injected (Fig. 8). As it
can be seen even after 0.5 pore volume injection, permeability reduc-
tion is close to 80%. If pore size and asphaltene particle size distribu-
tions (Fig. 9) are compared, it can be observed that particle to pore size
ratio is close to one, which indicates that this significant reduction is
because of pore blockage which is common for carbonate rock samples,
consistent with our previous results.

Thus, it can be concluded that the relative difference between the
size of deposited asphaltene particles and the pore size of a reservoir
rock is a suitable measure to decide on which parameter is dominant in
controlling asphaltene deposition in porous media. As illustrated in
Fig. 10, if particle size is larger than deposited particle size, then surface
deposition is the dominant factor on permeability reduction; pore
throat plugging barely contributes to permeability loss. This typically
happens in limestone. As the particle size increases and/or pore throat
size reduces, one encounters the transition region; at this phase pore
throat size and particle size are comparable close; both surface de-
position and pore throat plugging contributes to permeability
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reduction. This typically happens in sandstone. Finally, further increase
in particle size results in the pore throat plugging becoming the
dominant controlling parameter on permeability reduction; at this
phase permeability reduction is steeper and sharper and this typically
happens in carbonate [23]. There are no effective remedial actions for
the pore throat dominant region. The only preventive method is not
allowing precipitation to occur at the first place [14].

5. Conclusions

In this study, a new approach is examined for asphaltene deposition
in the near wellbore region. The existing permeability impairment
model (solely porosity-dependent models) was improved through in-
corporating interconnectivity loss due to pore blockage. The governing
permeability impairment mechanism (either surface deposition or pore
blockage) depends upon the ratio of asphaltene particle size to the pore
throat size distribution:

1. Permeability reduction in the limestone samples studied here was
due to surface deposition and the effect of pore blockage is negli-
gible. This is because of the large ratio of pore throat to the particle
size.

2. For the sandstone samples, both surface deposition and pore throat
plugging mechanisms almost contribute equally to the permeability
reduction.

3. For carbonate samples, the pore blockage is dominant. Thus, the
sample experiences a rapid sharp permeability reduction.
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