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Abstract: Hydrocarbon reservoirs’ formation damage is one of the essential issues in petroleum
industries that is caused by drilling and production operations and completion procedures.
Ineffective implementation of drilling fluid during the drilling operations led to large volumes
of filtrated mud penetrating into the reservoir formation. Therefore, pore throats and spaces would
be filled, and hydrocarbon mobilization reduced due to the porosity and permeability reduction.
In this paper, a developed model was proposed to predict the filtrated mud saturation impact on the
formation damage. First, the physics of the fluids were examined, and the governing equations were
defined by the combination of general mass transfer equations. The drilling mud penetration in the
core on the one direction and the removal of oil from the core, in the other direction, requires the
simultaneous dissolution of water and oil flow. As both fluids enter and exit from the same core,
it is necessary to derive the equations of drilling mud and oil flow in a one-dimensional process.
Finally, due to the complexity of mass balance and fluid flow equations in porous media, the implicit
pressure-explicit saturation method was used to solve the equations simultaneously. Four crucial
parameters of oil viscosity, water saturation, permeability, and porosity were sensitivity-analyzed
in this model to predict the filtrated mud saturation. According to the results of the sensitivity
analysis for the crucial parameters, at a lower porosity (porosity = 0.2), permeability (permeability
= 2 mD), and water saturation (saturation = 0.1), the filtrated mud saturation had decreased.
This resulted in the lower capillary forces, which were induced to penetrate the drilling fluid to the
formation. Therefore, formation damage reduced at lower porosity, permeability and water saturation.
Furthermore, at higher oil viscosities, due to the increased mobilization of oil through the porous
media, filtrated mud saturation penetration through the core length would be increased slightly.
Consequently, at the oil viscosity of 3 cP, the decrease rate of filtrated mud saturation is slower than
other oil viscosities which indicated increased invasion of filtrated mud into the formation.

Keywords: filtrated mud saturation; formation damage; sensitivity analysis; oil viscosity; capillary
force

1. Introduction

Underbalanced drilling operations (henceforth; UBD) is considered as one of the drilling procedures
in the drilling of hydrocarbon wells. In this process, the wellbore pressure is fewer than the formation
of static pressure [1–5]. By drilling the well, fluid flow through the porous media has been increased,
and the hydrocarbon could flow to the surface via wellbore annulus. The produced fluid through this
process is diverted to some special separators, which was done by rotating head [6–9]. In situations
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where formation pressures are high enough, the wellbore pressure will be reduced by the utilization of
low-density mud.

The advantages of UBD are as follows: to minimize the formation damage effect, to increase the
penetration rate, to reduce lost circulation, to virtually eliminate differential sticking, and to reduce
water loss and formation damage [10–12]. In contrast, there are some disadvantages to this technique
which should be taken into consideration during the reservoir studies and optimization procedures.
This technique is usually more expensive than other conventional methods, and it has safety issues
during the drilling procedure [12–15]. Formation damage effects are considered as one of the substantial
factors, performed by drilling and completion procedures. This resulted in the reduction in oil and
gas recovery performances. UBD processes are the prominent performances to reduce the formation
damage effect regarding the mud invasion (fluid filtrate and mud solids) through the fractured
and permeable rock formations [15–18]. Salimi et al. (2010) investigated the crucial parameters,
which were seriously influenced by the formation damage in UBD procedures. The parameters
that they concentrated on were capillary pressure, oil viscosity, water relative permeability, and the
saturation of initial water [19]. In this paper, a numerical model was developed to consider different
reservoir characteristics of porosity, permeability, water saturation and oil viscosity that are of crucial in
reservoir planning and management. Xiao et al. (2019) presented a probability model to investigate the
impact of porosity, relative roughness, fractal dimensions, and pores diameters on the effective thermal
conductivity of porous media. They found that the tortuosity fractal dimension and relative roughness
increase resulted in a decrease in porous media’s effective thermal conductivity [20]. Xiao et al. (2019)
proposed a novel fractal solution to investigate the Kozney–Carman constant and permeability of
the fibrous porous medium. According to their results, absolute permeability has been increased
by the increase in porosity and particle diameter; however, it is decreased with the increase in the
tortuosity fractal dimension [21]. Long et al. (2018) developed a perforation-erosion model to estimate
specific erosion parameters that are dependent on the abrasion mechanisms. To provide a successful
limited entry treatment, they incorporate the model with a nonplanar hydraulic-fracturing simulator
to anticipate relevant perforation-number distributions at different clusters [22].

Bennion and Thomas (1994) investigated the different parameters which significantly impacted
the formation damage. They experimentally investigated six different types of reservoir rocks in
laboratory condition to consider the crucial parameters in the formation damage. They concluded that
cross-sectional area, equilibrium pressure, which is defined as the pressure difference between drilling
mud and formation, oil viscosity, water saturation, and wellbore pressure considerably influenced
the formation damage [23]. In this paper, oil viscosity effect was analyzed and it was concluded that
the oil viscosity increase resulted in the reduction in filtrated mud saturation. Byrne and Patey (2003)
had investigated different crucial parameters which significantly influenced the formation damage in
hydrocarbon reservoirs. According to their findings, reservoir geology is one of the significant factors
of formation damage. This parameter includes some rock characteristics such as clay type, permeability,
and the size of fine particles. They concluded that drawdown pressure is another useful parameter
which can impact the formation damage procedure by facilitating the fine mobilization through
porous media in high pressure. Therefore, pore throats would be plugged and have caused formation
damage [24]. Sedaghatzadeh et al. (2016) investigated the profound impact of borehole inclination,
particle aggregation, and nanoparticle geometry on the reservoir formation damage. According to their
results, the damage degree and quality of mud cake are common and essential factors that caused the
production of aggregated particles. Furthermore, the increase in well inclination has led to an increase
in skin factor that is effectively related to the geometry of the particle. These parameters would be of
importance during the design of the drilling fluid before drilling performances to reduce the formation
damage effect [25].

Shi et al. (2018) proposed a new experimental and numerical method which is known as coiled
tubing partial underbalanced drilling (henceforth; CT-PUBD) to enhance the penetration rate in the
hard rock formation. They estimated the considerable influence of drilling speed, pressure loss,
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cutting migration, and cleaning hole efficiency in UBD operations to optimize the procedures.
According to the results of their studies, CT-PUBD is shown as an efficient way that was close to the
wellbore conditions and provide safe maintenance around the wellbore. Moreover, this technique could
provide better hole-cleaning efficiency and enhance the penetration rate more than other conventional
techniques [26]. Ezeakacha, C. P et al. (2018) investigated the considerable influence of water base
mud invasion for different lithologies of formation rock and how it affected the formation damage
issue in the dynamic conditions of the well during underbalanced drilling operations. They consider
the critical parameters of lithological rock type, porous media heterogeneity, and the temperature and
diameter of pore throats on the formation damage in a dynamic wellbore condition. They found that
porosity and permeability are two substantial factors that can efficiently control the damage propensity
and mud invasion in porous media. Furthermore, temperature increase has an inverse effect on the
permeability reduction by the rise of fine mobilizations and cross-flow for mud solids in pore throats.
Therefore, a temperature increase has a negative impact on the formation damage control, as it reduces
the permeability [27].

The analysis of bottom hole formations is essential in the prediction of the fragmentation
mechanism. Liu et al. (2019) proposed a coupled simulation modelling to investigate the profound
impact of drilling mud pressure, overburden pressure impacts, temperature, horizontal in situ stresses,
and pore pressure on the distribution of existing stresses in bottom hole formations. According to their
findings, by the administration of air drilling fluid, bottom hole formations would be broken by the
increase in well depth, and the drilling fluid pressure has a significant influence. As this pressure
increases, breaking the bottom hole formations becomes more difficult. Moreover, they concluded
that, by the increase in temperature difference, drilling fluid pressure, and well depth, the maximum
bottom hole formations’ principal stress increases [28].

Zhang J. (2017) investigated the profound impact of porosity and permeability on the filtrated
invasion depth as a numerical model. His findings showed that in higher porosities and permeabilities,
the invasion depth of filtrated mud increased, as also indicated in the results of this model [29].
As porosity and permeability correlated together according to the findings of Costa A. (2006), a higher
filtrated saturation of drilling fluid occurred with higher values of porosity and permeability, as indicated
in Sections 3.1 and 3.2. This issue is indicated in the results of this paper, and by the increase in porosity
and permeability, filtrated mud saturation increased. The correlation between the two parameters is as
follows [30]

k =
R2

8
φ

τ
(1)

where R is the core radius, φ is the porosity and τ is the tortuosity.
In this paper, a developed model to predict filtrated mud saturation impact on the formation

damage were numerically analyzed. As the mass balance and fluid flow equations in porous media are
difficult to solve, the implicit pressure explicit saturation method was used to address the mentioned
issue more accurately. Four crucial parameters of porosity, permeability, water saturation, and oil
viscosity, were considered in this model to predict the filtrated mud saturation. As in previous
investigations, there was only a laboratory or experimental test, that was done only in operational
processes, to consider formation damage. As a consequence, the developed model was compared
with laboratory data to provide a comprehensive understanding, before implementing the operational
processes, which might be expensive enough.

2. Methodology

In this part of the study, an analytical model is presented to simulate the influence of drilling mud
in UBD procedures due to spontaneous imbibition processes. First, by examining the physics of the
fluids, the governing equations are defined by combining the general mass transfer equations; then,
a numerical simulation method and algorithm are finally implemented. The drilling mud penetration
in the core on the one direction and the removal of oil from the core, in the other direction, requires the
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simultaneous dissolution of water and oil flow. Since both fluids enter and exit from the same core
(which is equivalent to actual conditions in the well), it is necessary to derive the equations of drilling
mud and oil flow in a one-dimensional process. The oil and drilling mud equations in the porous
medium are obtained by combining the mass stability equation and the Darcy equation. The general
mass balance for each phase is as follows

∂
∂x

(
Kλo

∂Po

∂x

)
=
∂
∂t

(
ϕSo

Bo

)
, λo =

kro

Boµo
(2)

∂
∂x

(
Kλdm

∂Pdm
∂x

)
=
∂
∂t

(
ϕSdm

Bdm

)
, λdm =

krdm
Bdmµdm

(3)

Although UBD procedures do not have any effect on formation degradation, capillary forces
can still penetrate the drilling fluid into the pore spaces. If formation wettability type is hydrophilic,
this phenomenon will increase the aqueous penetration of base drilling mud into the pore spaces.
The extent and strength of this influence in UBD procedures are due to the hydrophilic strength of
the formation. The more hydrophilic the formation, the more the drilling mud will penetrate the
formation. Equations (1) and (2) cannot be analytically solved because of the extreme dependence
of the coefficients of these equations on saturation and pressure. As a result, the above equations
should be solved by numerical analysis. Finite difference method was utilized to solve the partial
equations numerically. Thereby, two continuous partitions in the problem-solving domain were solved
by discrete nodes. The coefficients of the mentioned equations are saturation and pressure. Therefore,
the implicit pressure-explicit saturation (IMPES) method was administered to solve Equations (1) and
(2). The final form of this equation is derived as follows

∂
∂x

(
Kλα

∂Pα
∂x

)
N
�

(Kλα)N− 1
2

(
Pα,N−1−Pα,N

∆x

)
− (Kλα)N+ 1

2

( 8P
α,N+ 1

2
−9Pα,N+Pα,N−1

3∆x

)
∆x

(4)

Consequently, in this paper, a developed model was proposed to predict the filtrated mud
saturation impact on the formation damage. First, the physics of the fluids were examined, and the
governing equations were defined by the combination of general mass transfer equations. The drilling
mud penetration in the core on the one direction and the removal of oil from the core, in the other
direction, requires the simultaneous dissolution of water and oil flow. As both fluids enter and exit from
the same core, it is necessary to derive the equations of drilling mud and oil flow in a one-dimensional
process. Finally, due to the complexity of mass balance and fluid flow equations in porous media,
the implicit pressure-explicit saturation method was used to solve the equations simultaneously.
The Matlab codes that are used in this paper are provided as a Supplementary Information file.

Experimental Section

As every analytical model needs to be validated by experimental evaluation or field test data,
one laboratory dataset, done by Khakshour, M. 2010 [31], was taken into consideration in the developed
model. One of the accurate methods to measure the filtration mud saturation through the length of
core samples is an x-ray CT scan. CT is defined according to the Hounsfield unit, normalized as a
water adsorption coefficient in linear form. Therefore, CT is calculated as the following equation in
which µ is the gamma-ray damping factor and x is the desired fluid that is used in the calculations.
In this study, x is the drilling fluid that is focused on its penetration in the formation.

CTx(Houns f ield) =
µx − µwater

µwater
× 1000 (5)
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In this method, log data from production well for each sample are used in CT scan correlations in
Equation (5) to measure the water saturation [29,30].

ϕ =
CTsat

brine −CTdry

CTbrine −CTair
(6)

When the porosity is defined, the saturation of each phase should be measured accurately
according to CT scan data. Akin and Kovscek (1999) proposed the following correlations to measure
oil and water saturation according to the CT scan data in laboratory condition [27]. Then, filtrated mud
saturation was calculated sequentially, as there was a three-phase of oil, water, and mud occupying the
pore spaces 

Sw =
CTexp−CToil

ϕ(CTwater−CToil)

So =
CTexp−CTwet

ϕ(CToil−CTwater)

S f m = 1− So − Sw

 (7)

where S f m is the mud filtration saturation. The following parameters, used for validation of the model,
are statistically explained in Table 1.

Table 1. Required parameters for modelling according to the provided core samples for CT scan method.

Parameter Value Unit

B 3 Psi
no 2 Dimensionless
nw 2 Dimensionless

kmax
ro 0.1 Dimensionless

kmax
rw 0.7 Dimensionless

Swc 0.15 Dimensionless
Oil Viscosity 1.6 cP

Mud Viscosity 0.86 cP
Absolute Permeability 2.75 mD

3. Results and Discussion

In this part of the study, crucial parameters, which significantly affect the filtrated mud saturation,
were compared together. The following items of porosity, permeability, saturation, and oil viscosity
were analyzed. The initial conditions that were assumed in the proposed model are: K = 3 mD,
µm = 1.05 cP, µo = 1.5 cP, ϕ = 20%.

3.1. Porosity Effect

Porosity is defined as the ratio of pore volumes to the bulk volume, which is a dimensionless
parameter. It is used to describe the oil mobilization through porous media. Therefore, higher porosities
indicated more oil mobilization through porous media, as they have more pore connections and throats
and oil can mobilize more efficiently than lower porosities. As porosity is one of the crucial parameters
to define the fluid flow mobilization in the porous media, it is necessary to provide a sensitivity
analysis on this parameter to nurture a better understanding of filtrated mud saturation in different
porosities. To do this, three different percentages of porosity of 20%, 30% and 40% were considered in
the proposed model. The reason for selecting these ranges for porosity is that most of the hydrocarbon
reservoirs worldwide have an average porosity between 0.01–0.43. As is evident in Figure 1, for all
three porosity values, the filtrated mud saturation started from approximately 0.7. This means that
the maximum saturation for filtrated mud is about 0.7. By increasing the core length, saturation will
be decreased slightly to reach its minimum value of relatively 0.1. At lower porosities, due to the
fewer pore spaces through the bulk volume, the filtrated mud saturation decrease through the core
length would be slightly more. Therefore, at the porosity of 0.2, the filtrated mud saturation decrease is
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slower than other porosities, which resulted in the capillary pressure reduction when the drilling fluid
intended to penetrate the formation. Zhang J. (2017) investigated the profound impact of porosity
and permeability on the filtrated invasion depth as a numerical model. His findings showed that,
at higher porosities and permeabilities, the invasion depth of filtrated mud had increased, which was
also indicated in the results of this model [32].
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Figure 1. Porosity effect on the filtrated mud saturation.

3.2. Permeability Effect

Permeability is defined as the fluid ability to flow through porous rocks, which mainly depended
on the porosity. As permeability is one of the crucial parameters to define the fluid transfer conductivity
in the porous media, it is necessary to provide a sensitivity analysis on this parameter to nurture a
better understanding of filtrated mud saturation in different porosities. To do this, three different
permeabilities of 2, 2.5, 3 mD were considered in the developed model. It is shown in Figure 2, for all
three permeability values, the filtrated mud saturation started from approximately 0.7. It means that
the maximum saturation for filtrated mud is about 0.7. By increasing the core length, saturation will
be decreased gradually to reach its minimum value of relatively 0.1. At lower permeabilities, due to
the more fluid transfer conductivity through the porous media, the filtrated mud saturation decrease
through the core length would be slightly more. Therefore, at the permeability of 2 mD, the decrease
rate of filtrated mud saturation is slower than other permeabilities, which indicated the significant
dependency of this parameter on the size of pore diameters, which is known as porosity. Moreover,
in low permeabilities, regarding the lower capillary forces’ ability to penetrate drilling fluid to the
formation, the formation damage will be decreased. As porosity and permeability correlated together
according to the findings of Costa A. (2006), higher filtrated saturation of drilling fluid occurred in
higher values of porosity and permeability, as indicated in Sections 3.1 and 3.2 [33].
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Figure 2. Permeability Effect on the filtrated mud saturation.

3.3. Water Saturation Effect

As water saturation is one of the crucial parameters to define the fluid volume in the porous media,
it is necessary to provide a sensitivity analysis of this parameter to nurture a better understanding
of filtrated mud saturation in different porosities. To do this, three different percentages of water
saturation of 10%, 20%, 30% were considered in the developed model. It is shown in Figure 3, for all
three water saturation values, the filtrated mud saturation started from approximately 0.7. This means
that the maximum saturation for filtrated mud is about 0.7. By increasing the core length, saturation
will be decreased gradually to reach its minimum value of relatively 0.1. At lower water saturations,
due to the presence of greater water volume through the porous media, the filtrated mud saturation
decrease through the core length would be slightly more. Therefore, at the water saturation of 0.1,
the decrease rate of filtrated mud saturation is slower than other water saturations, which indicated the
greater invasion of filtrated mud to the formation. Moreover, in lower water saturations, regarding the
lower capillary forces that are able to penetrate drilling fluid into the formation, the formation damage
will be decreased.
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3.4. Oil Viscosity Effect

As oil viscosity is one of the crucial parameters to define the presence of oil and other phases in
porous media, it is necessary to provide a sensitivity analysis on this parameter to nurture a better
understanding of filtrated mud saturation in different viscosities. To do this, three different percentages
of oil viscosity 1 cP, 2 cP, and 3 cP, were considered in the developed model. As can be seen in
Figure 4, for all three oil viscosity values, the filtrated mud saturation started from approximately
0.7. This means that the maximum saturation for filtrated mud is about 0.7. By increasing the core
length, saturation will be decreased gradually to reach its minimum value of relatively 0.1. At higher
oil viscosities, due to the greater mobilization of oil through the porous media, the filtrated mud
saturation decrease through the core length would be slightly more. Therefore, at the oil viscosity of
3 cP, the decrease rate of filtrated mud saturation is slower than other oil viscosities, which indicated
the invasion of more filtrated mud into the formation. Moreover, in high oil viscosities, regarding the
lower capillary forces’ ability to penetrate drilling fluid into the formation, the formation damage will
be decreased. Effect of oil viscosity was investigated by Bennion & Thomas (1994). They concluded
that oil viscosity increase was considerably influenced the formation damage and led to a decrease in
the filtrated mud saturation that is discussed in the proposed model [23].



Mathematics 2020, 8, 1057 9 of 12
Mathematics 2020, 8, x FOR PEER REVIEW 9 of 12 

 

 

Figure 4. Oil viscosity effect on the filtrated mud saturation. 

3.5. The Validity of the Proposed Model 

In previous parts, different crucial parameters and their differentiation on the filtrated mud 

saturation were considered in the proposed model. To validate the proposed model, it should be 

compared with field data. To do this, CT data which was taken from one of the Iranian’s oilfield to 

validate the model were administered. As is shown in Figure 5, the results of the developed model 

were in good agreement with the CT data. Therefore, the proposed model would be a useful tool for 

reservoir and formation studies before field test operations [28]. 

 

Figure 5. The validity of the proposed model with field data. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

F
il

tr
a

te
d

 M
u

d
 S

a
tu

ra
ti

o
n

Dimensionless Length  

Vo= 1 cP Vo= 2 cP Vo= 3 cP

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

F
il

tr
a

te
d
 M

u
d
 S

a
tu

ra
ti

o
n

Core Length  

Modeling Experimental

Figure 4. Oil viscosity effect on the filtrated mud saturation.

3.5. The Validity of the Proposed Model

In previous parts, different crucial parameters and their differentiation on the filtrated mud
saturation were considered in the proposed model. To validate the proposed model, it should be
compared with field data. To do this, CT data which was taken from one of the Iranian’s oilfield to
validate the model were administered. As is shown in Figure 5, the results of the developed model
were in good agreement with the CT data. Therefore, the proposed model would be a useful tool for
reservoir and formation studies before field test operations [28].
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4. Conclusions

Formation damage effects are considered as one of the substantial factors, which were performed
by drilling and completion procedures. They have led to reduced oil and gas recovery performances.
In this paper, a developed model was proposed to predict the filtrated mud saturation impact on the
formation damage. As the mass balance and fluid flow equations in porous media are difficult to
solve, the implicit pressure explicit saturation method was used to address the mentioned issue more
accurately. Four crucial parameters of oil viscosity, water saturation, permeability and porosity were
sensitivity analyzed in this model to predict the filtrated mud saturation. To validate the model with
field data, a collection of CT data was used to compare with the proposed model. They indicated that
there was a good match between the model and CT data. Determination of filtrated mud saturation
is one of the essential factors for petroleum industries to predict the formation damage during the
underbalanced drilling operation. Therefore, accurate prediction of this parameter would eliminate
the unnecessary expenses of fishing tools, directional wells to trap the damaged zone, and drilling
inefficiencies during drilling operations. Due to the high costs and time-consuming process of the
CT scan method to measure filtrated mud saturation, the proposed model in this study would help
petroleum industries to predict filtrated mud saturation analytically and consider the effect of different
parameters without high expenditures on CT scan tests. The main conclusions of this paper are
as follows.

At lower porosities due to the fewer pore spaces through the bulk volume, the filtrated mud
saturation decrease through the core length would be slightly more. Therefore, at the porosity of 0.2,
the filtrated mud saturation decrease is slower than other porosities, which resulted in the capillary
pressure reduction when the drilling fluid intended to penetrate the formation.

At lower permeabilities, due to the more fluid transfer conductivity through the porous media,
the filtrated mud saturation decrease through the core length would be slightly more. Therefore, at the
permeability of 2 mD, the decrease rate of filtrated mud saturation is slower than other permeabilities,
which indicated the significant dependency of this parameter on the size of pore diameters, which is
known as porosity.

At lower water saturations, due to the presence of more water volume through the porous media,
the filtrated mud saturation decrease through the core length would be slightly more. Therefore,
at the water saturation of 0.1, the decrease rate of filtrated mud saturation is slower than other water
saturations, which indicated the invasion of more filtrated mud in the formation.

At higher oil viscosities, due to the mobilization of more oil through the porous media, the filtrated
mud saturation decrease through the core length would be slightly more. Therefore, at the oil viscosity
of 3 cP, the decrease rate of filtrated mud saturation is slower than other oil viscosities, which indicates
the invasion of more filtrated mud into the formation.
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Nomenclature

Nomenclature
B Capillary pressure parameter
c Coefficients of the penetration
Dm Maximum value of the penetration coefficient
K Absolute permeability
kr Relative permeability
n Coefficients of the penetration
P Pressure
Pi Formation initial pressure
S Saturation
u Velocity
Greek letters
φ Porosity
τ Tortuosity
ρ Density
ϕ Cross-Section porosity
µ Viscosity
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