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Abstract: Suspended solids in the injection water cause impairment of water injectivity during
waterflooding operations. Suspended solids affect reservoir properties and decrease the permeability
of reservoir rocks causing an increase of injection pressure and a decrease in water injectivity.
Removal of all suspended solids from injection water is an expensive and economically unfeasible
process. To minimize the effects of suspended solids to the formation, it is necessary to determine
an impairment mechanism of suspended solids on oil displacement and, therefore, optimize the
water treatment process. In this paper, an analytical model that describes the relationship between
injection water quality and impairment mechanisms on oil displacement is presented. A formation
impairment was calculated, introducing the parameter called impairment ratio, which represents the
ratio between suspended solids and pore size distribution of reservoir rock. Based on the impairment
ratio, decreases in porosity and permeability were calculated with changes in capillary pressure,
relative permeability, and displacement efficiency. The model was tested for three different types
of injection water. Results indicated the presence of formation impairment even with the smallest
particles. Suspended solids had the greatest influence on porosity and permeability impairment.
The model could be used as input for reservoir modelling studies for monitoring and controlling
displacement efficiency during waterflooding as well as for planning and modification of water
treatment units.

Keywords: waterflooding; formation damage; suspended solids; oil displacement

1. Introduction

Waterflooding methods in hydrocarbon reservoirs are known as widely common methods used
to enhance oil recovery by maintaining reservoir pressure and increasing oil displacement efficiency
toward production wells. They are some of most efficient methods for increasing oil recovery as
confirmed in numerous studies and oilfields [1,2]. The injected water used in waterflooding operations
is usually oilfield produced water, freshwater, or seawater, depending on the geographical location and
availability. Injection of treated produced water is highly recommended for waterflooding operations.
Oilfield produced water is a toxic waste and requires proper waste management to minimize the
environmental impact. Reusing produced water decreases the cost of water disposal and reduces
environmental pollution risks [3,4]. Statistically, around 20% of waterflooding projects do not reach
planned effects due to the injected water quality and associated formation damage that causes reduction
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of formation permeability and injectivity [5]. Impairment of permeability was observed in many
laboratory experiments and is associated with the plugging of pore space with suspended solids in
injection water [6–9]. Suspended solids in injection water originate from silts, clays, different types of
scales, products of bacterial activity, or erosion of rock during oil production. Along with formation
impairment, fines migration causes changes in relative permeability and affects oil displacement [10].
To avoid those problems with injectivity, water needs to be adequately treated before injection to
minimize formation damage and require additional costs. Otherwise, water injectivity can be enhanced
with stimulation of injection wells with acid treatment [11–13]. During waterflooding, when injection
water that contains suspended solids enters into a porous media, smaller solids will flow through
the pore system and form an internal filter cake, while larger particles will deposit on the surface
and form an external filter cake. Both internal and external filter cakes affect water injectivity and
cause an increase in injection pressure [7,14–16]. Pore size distribution (PSD) is one of the parameters
governing reservoir performance during the waterflooding process. It is a critical parameter for oil
displacement efficiency by influencing porosity, permeability, and residual oil saturation [16]. It is
essential to study the pore structure of reservoir rocks for a better understanding of fluid flow through
porous media and displacement efficiency. Reservoir performance during a waterflooding operation is
dependent on rock-typing and PSD and suspended solids distribution (SSD) in injected water. In this
study, the effects of suspended solids on the waterflooding process were analyzed based on PSD and
SSD. The effects on formation parameters, oil displacement, and a new model are also presented.

2. Literature Review

Impairment of well injectivity, due to the presence of suspended solids in injection water, is
thoroughly described and many analytical models for injectivity prediction have been developed.
Gruesbeck and Collins developed the theory of fines deposition and entrainment in porous media.
In their study, the influence of naturally occurring particles to productivity decline in producing
wells was confirmed with experimental results. With different flow rate variations, they observed a
critical flow velocity in which entrainment of naturally occurred solid particles becomes essential [17].
Barkman and Davidson introduced the water quality ratio (WQR), which was obtained from filter tests
and core data analysis for prediction of formation impairment by suspended solids. They modelled four
mechanisms of formation impairment for constant pressure drop conditions and they can be applied
to the planning and optimization of produced water treatment projects [6]. Tod et al. investigated
the effects of suspended solids on permeability and injectivity decline on a reservoir core sample.
The results showed that the formation damage with the suspension of particles was less than 3 µm.
Similar results were found with large particles (4–6 µm), whereas larger particles (8–10 µm) formed
external filter cake [18]. By using an electrical analogy theory to simulate flow resistance, Khatib
introduced a new model for the calculation of the matrix and filter cake resistance in perforations and
fractures. The results showed that the type of suspended solids had significant effects on the buildup of
the filter cake, and the properties of a formed filter cake varied with changes in pressure [13]. Shutong
and Sharma used the transition time concept to model injectivity decline considering the buildup of
internal and external filter cake. They obtained good results but required core data [14]. Davidson
studied the effects of flow velocity and particle invasion through the formation and developed a
correlation between core data and particle invasion [19]. Vitthal et al. presented a network model to
simulate the impairment of permeability due to fines migration or injection in radial geometry. Their
results showed that impairment is more severe in radial flow geometry compared with linear flow and
the concentration of fines is higher in the invading front [20]. Oort et al. developed a new model for
the formation impairment during waterflooding by internal filter cake where formation damage was
expressed semi-empirically. Their results indicated that the impairment rate strongly depends on flow
velocity at the injection surface. Formation impairment decreases with increasing flow velocity and it
is susceptible to changes in velocity [21].
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3. Materials and Methods

The presented model requires a comprehensive reservoir characterization. Before the
implementation of the presented model, the following lab tests should be conducted on core samples
to define reservoir properties and water analysis to obtain the following parameters:

• Porosity and pore size distribution (particle size analysis (PSA), nuclear magnetic resonance (NMR))
• Reservoir permeability (permeability tests on core samples)
• Distribution of suspended solids in injected water (PSA)
• Capillary pressure (lab)

Data accuracy must be high and a large number of core samples are recommended due to the
accuracy of measurements, especially in the analysis of porosity and pore size distribution due to its
influence on the analysis. Permeability tests should be conducted on core samples in every part of
the reservoir, especially in more heterogeneous layers. Particle size analysis is a dynamic parameter
that needs to be measured periodically. For capillary pressure, lab tests are recommended [22].
The simplified workflow of the model is shown in Figure 1.
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An analytical model for predicting the effects of suspended solids in injection water on oil
displacement during waterflooding can be calculated through the following 5 steps:
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Step 1. From the pore size distribution of a reservoir core sample and suspended solids size
distribution in injected water, determine the changes in porosity.

Step 2. Determine permeability reduction from the porosity/permeability relationship.
Step 3. From Leverett J function (Sw) for changed values of porosity (φ) and permeability (K),

determine a change in capillary pressure (Pc).
Step 4. From capillary pressure data, calculate relative permeabilities for oil and water using the

modified Brooks and Corey correlations.
Step 5. Calculate the Buckley–Leverett curve for oil displacement. The model has several

assumptions and constraints, including:

• Fluid–rock interaction is neglected;
• Compatibility of injected and reservoir water is neglected, i.e., waters are compatible
• Mechanism of suspended solids deposition is sedimentation; and
• Particle erosion during waterflooding is neglected.

3.1. Relationship between Pore/Particle Size and Porosity—Porosity Reduction Model

Pores in the reservoir rock are spaces for storage of reservoir fluids. Variations in pore size and
pore geometry lead to the reservoir heterogeneity. Pore size distribution is an essential factor for
the planning of waterflooding projects because of sweep efficiency. Characterization of pore size
distribution was studied in many articles [23–38]. Methods for the determination of porosity and pore
size distributions are shown in Figure 2 [39], namely: atomic force microscopy (AFM), small angle
neutron scattering (SANS), ultra-small angle neutron scattering (USANS), small-angle X-ray scattering
(SAX), and Brunauer, Emmett, and Teller gas adsorption method (BET).
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For this model, suspended solids/pore size distribution is classified in 10 different classes according
to the defined diameter ranges.
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The term impairment ratio (IR) is introduced, describing the ratio between the distribution of
suspended solids and pore size distribution:

IR =
dssi
dpsi

(1)

where dssi is the pore size distribution of suspended solid and dpsi is the pore size distribution.
Classification of suspended solids/pore size with impairment ratio is shown in Table 1.

Table 1. Classification of suspended solids/pore size with impairment ratio.

Class 1 2 3 4 5 6 7 8 9 10

Diameter range (µm) 0–5 5–10 10–15 15–20 20–30 30–50 50–70 70–100 100–150 150+
Pore size

distribution (%)
dps1 dps2 dps3 dps4 dps5 dps6 dps7 dps8 dps9 dps10

Suspended solids
distribution (%) dss1 dss2 dss3 dss4 dss5 dss6 dss7 dss8 dss9 dss10

Impairment ratio (IR) dss1/dps1 dss2/dps2 dss3/dps3 dss4/dps4 dss5/dps5 dss6/dps6 dss7/dps7 dss8/dps8 dss9/dps9 dss10/dps10

Fractional porosity can be expressed from the percentage of pore space and total porosity. Porosity
can be expressed as a sum of fractional porosities for every pore diameter range:

Φ =
10∑

n=1

Φn (2)

where φ1–φ10 are fractional porosities from class 1 pores to class 10 pores. Porosity decrease is based
on the suspended solids/pore size ratio and can be calculated using the following rules:

• If the ratio between the suspended solids fraction and pore diameter is between 0.0 and 0.7, there
will be no changes in fractional porosity.

• If the ratio between the suspended solids fraction and pore diameter is between 0.7 and 1, fractional
porosity for specific diameter will be multiplied by 0.8.

• If the ratio between the suspended solids fraction and pore diameter is between 1 and 2, fractional
porosity for specific diameter will be multiplied by 0.6.

• If the ratio between the suspended solids fraction and pore diameter is higher than 2, fractional
porosity for specific diameter will be multiplied by 0.5.

3.2. Relationship between Porosity and Permeability—Permeability Reduction Model

The relationship between porosity and permeability is significant and fundamental for many
reservoir engineering studies. Studies about the relationship between porosity and permeability date
back to the 20th century. Many scientists attempted to find a definite and predictable correlation [40,41].
Reservoir permeability can be expressed as a function of porosity but many factors, including pore
size arrangement and distribution, contribute to their relationship. One of the most uncomplicated
porosity–permeability relationships was presented by the Kozeny–Carman equation [42]:

K = C ·
φ

S2
p

(3)

where Sp is surface area per unit of pore volume and C is constant depending on the cementation

degree. Kotyakhov suggested a relationship between porosity and permeability as follows [43]:

K =
de ·φ3

72 · (1−φ)2 (4)
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where de is the effective grain diameter.
Relationship between porosity and permeability can be expressed as a power-law correlation [44]:

K ≈ φn (5)

The porosity–permeability relationship in limestone varies in a range of several orders of
magnitude. Permeability depends on pore space, which is characterized by the porosity and pore size
distribution in a rock sample [45,46]. In many sandstone and carbonate reservoir rocks, plotting porosity
vs. logarithm of permeability is often a linear function. The slope of the line is a function of many
factors, including grain size and sorting, and diagenetic and compaction history. For unconsolidated
formations, better grain sorting will increase both porosity and permeability. The increase of grain size
will increase permeability even with decreased porosity. The presence of clays, cement, and diagenetic
minerals tends to decrease permeability as porosity decreases [47].

3.3. Effects of Porosity and Permeability on Capillary Pressure—Changes of Capillary Pressure

The capillary pressure data J(Sw) function can be calculated as follows [48]:

J(Sw) =
Pc(Sw)

σ · cosθ
·

√
K
φ

(6)

where Sw is water saturation, σ is surface tension, and θ is contact angle. The square root of permeability
over porosity is known as rock quality index (RQI) [49]. Then, the equation can be rewritten:

J(Sw) =
Pc(Sw)

σ · cosθ
·RQI (7)

Changes in capillary pressure can be recalculated for every change of K and φ:

Pc(Sw) =
J(Sw) · σ · cosθ

RQI
. (8)

3.4. Relationship between Capillary Pressure and Relative Permeabilities—Effects on Relative Permeabilities

Relative permeability can be calculated from capillary pressure data using Brooks and Corey
correlations [50]:

Krw = (S∗w)
2+3λ
λ (9)

Kro = (1− S∗w)
2
·

[
(1− S∗w)

2+3λ
λ

]
(10)

where Sw* is effective water saturation and λ is pore size distribution index. Here, the rock quality
index (RQI) is used to describe changes in relative permeability. The relationship between original and
changed permeability and porosity is described introducing the rock quality index ratio (RRQI):

RRQI =
RQI
RQI′

(11)

where RQI is initial rock quality index ratio and RQI’ is rock quality index for reservoir rock affected
by suspended solids.

A modification of the Brooks and Corey relative permeability correlation is made by multiplying
λwith the rock quality index ratio to express formation impairment:

Krw = (S∗w)
2+3λ·RRQI
λ·RRQI (12)
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Kro = (1− S∗w)
2
·

(1− S∗w)
2+3λ·RRQI
λ·RRQI

 (13)

3.5. Effects on Oil Displacement

From the relative permeability data, the Buckley–Leverett curve can be constructed as follows [51]:

fw =
1

1 + Kro
Krw
·
µw
µo

(14)

where µw and µo are viscosities of water and oil, respectively.

4. Results

4.1. Porosity Reduction

Pore size distribution is determined from laboratory analysis on core samples from oilfield marked
K in Serbia. Three different cases were analyzed with different suspended solids distributions in the
injection water: Case I, where injection water contains small-range diameters of suspended solids;
Case II, where injection water contains mid-range diameters of suspended solids; and Case III, where
injection water contains high-range diameters of suspended solids. The comparison of suspended
solids distribution and pore size distribution is shown in Figure 3.
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Porosity reduction based on IR for all three cases is shown in Table 2.
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Table 2. Porosity reduction based on impairment ratio (IR) for all three cases.

Class
Diameter

Range (µm)

Reservoir Case I Case II Case III

Pore Size
Distribution (%)

Fractional
Porosity

Suspended Solids
Distribution (%) IR Porosity

Decrease
Suspended Solids
Distribution (%) IR Porosity

Decrease
Suspended Solids
Distribution (%) IR Porosity

Decrease

1 0–5 2 0.374 5 2.50 0.187 1 0.50 0.374 1 0.50 0.374
2 5–10 5 0.935 12 2.40 0.468 3 0.60 0.935 2 0.40 0.935
3 10–15 12 2.244 22 1.83 1.346 6 0.50 2.244 2 0.17 2.244
4 15–20 8 1.496 21 2.63 0.748 17 2.13 0.748 3 0.38 1.496
5 20–30 7 1.309 17 2.43 0.655 22 3.14 0.655 3 0.43 1.309
6 30–50 12 2.244 8 0.67 2.244 19 1.58 1.346 4 0.33 2.244
7 50–70 13 2.431 6 0.46 2.431 16 1.23 1.459 16 1.23 1.459
8 70–100 8 1.496 4 0.50 1.496 12 1.50 0.898 22 2.75 0.748
9 100–150 16 2.992 4 0.25 2.992 3 0.19 2.992 26 1.63 1.795

10 150+ 17 3.179 1 0.06 3.179 1 0.06 3.179 21 1.24 1.907
Total 100 18.7 100 15.75 100 14.83 100 14.52
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The total porosity of the reservoir is expressed as a sum of fractional porosities:

φ = 0.374 + 0.935 + 2.244 + 1.496 + 1.309 + 2.244 + 2.431 + 1.496 + 2.992 + 3.179 = 18.7%

Based on the calculated IE, porosity decrease calculation for Case I is:

φ = 0.374 · 0.5 + 0.935 · 0.5 + 2.244 · 0.6 + 1.496 · 0.5 + 1.309 · 0.5 + 2.244 · 1+
+2.431 · 1 + 1.496 · 1 + 2.992 · 1 + 3.179 · 1 = 15.75%

Based on the calculated Impairment Ratio, porosity decrease calculation for Case II is:

φ = 0.374 · 1 + 0.935 · 1 + 2.244 · 1 + 1.496 · 0.5 + 1.309 · 0.5 + 2.244 · 0.6+
+2.431 · 0.6 + 1.496 · 0.6 + 2.992 · 1 + 3.179 · 1 = 14.83%

Based on the calculated Impairment Ratio, porosity decrease calculation for Case III is:

φ = 0.374 · 1 + 0.935 · 1 + 2.244 · 1 + 1.496 · 1 + 1.309 · 1 + 2.244 · 1 + 2.431 · 0.6+
+1.496 · 0.5 + 2.992 · 0.6 + 3.179 · 0.6 = 14.51%

4.2. Permeability Reduction

Permeability reduction is determined from the porosity–permeability relationships. Lab
tests for porosity and permeability were conducted on 70 core samples from oilfield K in Serbia.
The porosity–permeability relationship is shown in Figure 4.

K = 2.7·10−4
·φ4.7878551024 (15)
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Changes in porosity and permeability for all three cases are shown in Table 3.

Table 3. Changes in porosity (φ) and permeability (K) for all three cases.

Reservoir Case I Case II Case III

φ 18.70 15.75 14.83 14.51
K 335.32 147.19 110.46 99.57

4.3. Changes in Capillary Pressure

Capillary pressure data were obtained in lab analysis from oilfield K in Serbia. From the Leverett J
function (Sw) for changed values of porosity (φ) and permeability (K) change in capillary pressure, (Pc)
was recalculated for all three cases. Capillary pressure data for all cases are shown in Table 4, where
Sw is water saturation, Pc is capillary pressure and J (Sw) is Leverett J function.

Table 4. Capillary pressure data for all cases.

Reservoir Case I Case II Case III

Sw Pc (bar) J (Sw) J (Sw) Pc (bar) J (Sw) Pc (bar) J (Sw) Pc (bar)

0.24 10.0869 12.2830 8.8115 7.2830 7.8656 6.5012 7.5493 6.2398
0.25 7.1809 8.7443 6.2730 5.1848 5.5996 4.6282 5.3744 4.4421
0.3 4.2000 5.1144 3.6689 3.0325 3.2751 2.7070 3.1434 2.5981
0.35 2.7000 3.2878 2.3586 1.9495 2.1054 1.7402 2.0208 1.6702
0.4 1.8200 2.2162 1.5899 1.3141 1.4192 1.1730 1.3621 1.1259
0.45 1.4500 1.7657 1.2667 1.0469 1.1307 0.9346 1.0852 0.8970
0.5 1.1914 1.4508 1.0408 0.8602 0.9290 0.7679 0.8917 0.7370
0.55 1.0200 1.2421 0.8910 0.7365 0.7954 0.6574 0.7634 0.6310
0.6 0.8500 1.0351 0.7425 0.6137 0.6628 0.5478 0.6362 0.5258
0.65 0.7300 0.8889 0.6377 0.5271 0.5692 0.4705 0.5464 0.4516
0.7 0.6000 0.7306 0.5241 0.4332 0.4679 0.3867 0.4491 0.3712
0.8 0.4600 0.5601 0.4018 0.3321 0.3587 0.2965 0.3443 0.2846
0.91 0.3532 0.4301 0.3086 0.2550 0.2754 0.2277 0.2644 0.2185

Changes in capillary pressure are shown in Figure 5.
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4.4. Changes of Relative Permeabilities

From capillary pressure data, relative permeabilities were calculated for oil and water using the
modified Brooks and Corey correlations with the rock quality index ratio. The rock quality index ratio
for all three cases is shown in Table 5.

Table 5. Calculated rock quality index ratio for all three cases.

RQI RRQI

Reservoir 42.35 1
Case I 30.57 1.38
Case II 27.29 1.55
Case III 26.20 1.62

Changes in relative permeability are shown in Figure 6.
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4.5. Effects on Oil Displacement

Buckley–Leverett curve of oil displacement is shown in Figure 7.Processes 2020, 8, x FOR PEER REVIEW 11 of 14 
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5. Discussion

This model is based on the theory of suspended solids deposition and entrainment in porous
media developed by Gruesbeck and Collins, and Tod et al. [17,18]. Three types of water with different
suspended solids distributions were analyzed. In Case I, where injection water contains small-range



Processes 2020, 8, 659 13 of 16

diameters of suspended solids, calculated porosity reduction was 2.95% (from 18.7% to 15.75%), while
permeability decreased 188.13 mD (from 335.32 to 147.19 mD). In Case II, where injection water
contained mid-range diameters of suspended solids, calculated porosity reduction was 3.87% (from
18.7% to 14.83%), while permeability decreased 224.86 mD (from 335.32 to 110.46 mD). In Case III, where
injection water contained large-range diameters of suspended solids, calculated porosity reduction
was 4.18% (from 18.7% to 14.52%), while permeability decreased 235.75 mD (from 335.32 to 99.57 mD).
Decreases in porosity and permeability were observed in all three cases, which were confirmed in
the experimental study by Tod et al. [18] and Oort et al. [21]. In Case III, it could be concluded that
there was an external filter cake. After calculating the porosity and permeability decreases, changes in
capillary pressure were calculated using the Leverett J function. Results obtained from the modified
Brooks and Corey relative permeability model showed a slight decrease in relative permeability for oil
and an increase in relative permeability for water in all three cases. It can be explained as a mutual
effect of changing reservoir properties due to pore-clogging from suspended solids. The presented
model showed a greater impact on permeability reduction that was expected with an injection of
water with suspended solids due to the pore clogging and formation impairment. Waters I, II, and III
had a similar effect on oil displacement affecting the displacement efficiency. With pore clogging and
formation impairment, a specific volume of oil would not be displacement effectively.

6. Conclusions

In this paper, an analytical model for predicting the effects of suspended solids on oil displacement
during waterflooding operations was presented. The presented analytical model showed the influence
of suspended solids in injection water on oil displacement during waterflooding operations. Formation
impairment was present in every case, regardless of suspended solids diameter, and results showed that
formation damage occurred even with small particles that were confirmed in previous experimental
studies on core samples. Suspended solids have the greatest influence on porosity and permeability
impairment. Furthermore, formation impairment affects relative permeability and oil displacement in
all three cases.

This model can be used as an input for reservoir modelling studies for monitoring and controlling
displacement efficiency during waterflooding. It is possible to adapt filtration units to enhance water
injectivity and prevent formation damage caused by suspended solids. Suspended solids quantity can
be reduced with filtration or cyclone treatment; however, the cost of treatment could be compared
with alternative methods, such as periodic acid stimulations of injection wells and the presented
model could be used for this decision. Water quality is not a static parameter, and suspended solids
distribution is a parameter under constant changes. This methodology needs to be applied periodically
to check injected water quality on reservoir impairment and displacement efficiency.
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