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Abstract: Prediction of the timing and location of condensate build-up around the wellbore in gas 
condensate reservoirs is essential for the selection of appropriate methods for condensate recovery 
from these challenging reservoirs. The present work focuses on the use of a novel phase change 
tracking approach in monitoring the formation of condensate blockage in a gas condensate 
reservoir. The procedure entails the simulation of tight, low and high permeability reservoirs using 
global and local grid analysis in determining the size and timing of three common regions (Region 
1, near wellbore; Region 2, condensate build-up; and Region 3, single-phase gas) associated with 
single and two-phase gas and immobile and mobile gas condensate. The results show that 
permeability has a significant influence on the occurrence of the three regions around the well, 
which in turn affects the productivity of the gas condensate reservoir studied. Predictions of the 
timing and location of condensate in reservoirs with different permeability levels of 1 mD to 100 
mD indicate that local damage enhances condensate formation by 60% and shortens the duration of 
the immobile phase by 45%. Meanwhile, the global change in permeability increases condensate 
formation by 80% and reduces the presence of the immobile phase by 60%. Finally, this predictive 
approach can help in mitigating condensate blockage around the wellbore during production. 

Keywords: low; high and tight permeability reservoirs; gas condensate; immobile and mobile 
regions; condensate blockage; formation damage; phase-change tracking approach 

 

1. Introduction 

Recently, low-permeability tight gas condensate reservoirs, or so-called unconventional 
reservoirs, have been a focus for exploitation by operators across the world [1]. Condensate blockage 
in a gas condensate reservoir occurs due to a rapid decline in pressure below the dew point. This is a 
common problem in tight reservoirs, which can experience severe damage near the wellbore [2,3]. 
Production from such reservoirs usually displays an extensive period of transient flow, during which 
a two-phase flow of oil and gas begins [4], where the oil phase is often referred to as “condensate” or 
“distillate” [5]. 

The behaviour of such reservoirs is intricate and not fully understood, particularly in vicinity of 
the wellbore region where the most significant pressure drops occur. Condensate formation results 
in a build-up of a liquid phase around the wellbore, and this process creates a concentric zone with 
different liquid saturations around the wellbore [6–8]. Condensate blockage near the wellbore can 
cause a substantial loss in production for low-to-moderate permeability condensate reservoirs since 
the main source of pressure loss in tight reservoirs depends primarily on reservoir permeability [9]. 
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Tight condensate reservoirs have an extreme tendency to produce hydrates and are very sensitive to 
the development of damage as compared to high permeability reservoirs. Furthermore, the primary 
recovery factors are less than 20%, which thereby implies an urgent need for advanced technology 
solutions. The application of such techniques requires the accurate prediction of condensate 
formation with respect to timing and location in the reservoir [10,11]. 

Literature sources state that three gas–liquid phase zones may be present during the productive 
life of a condensate reservoir [12–20]: a mobile phase involving the movement of both gas and 
condensate towards the wellbore; a condensation phase including mobile gas and immobile 
condensate; finally a single phase of the hydrocarbon where the fluid pressure is above the dew point 
pressure, known as the gas phase. Due to the lower permeability to liquid and a higher liquid-to-gas 
viscosity ratio, most of the condensate liquid present in the reservoir is unrecoverable; hence 
condensate loss is a significant economic concern [21]. 

To understand the problems encountered during production and the optimisation techniques 
employed to enhance deliverability, changes in the behaviour of the fluid phase and the timing of 
condensation need to be investigated in a gas condensate reservoir. Allahyari et al. [21] investigated 
a series of fine grid numerical compositional simulations with gas condensate and dry gas reservoir 
data considering condensate at well bore as ‘skin factor’ to calculate reservoir production levels. They 
concluded that the absolute permeability and pressure drawdown of the well have an important 
effect on gas deliverability and the condensate blockage skin factor. Orodu [22] studied the effect of 
liquid dropout at the near wellbore on well production at low pressure and condensate unloading 
pressure. It was found that production should be investigated under a high flowing pressure above 
the dew point pressure to avoid the liquid dropout effect. 

A compositional simulation study was conducted by Marhaendrajan [23] to give a better 
understanding of gas condensate reservoir performance, specifically investigating the parameters 
that affect condensate blockage. The results showed that gas production rate, gas composition, critical 
liquid saturation, absolute permeability, and rate scheme could very much affect condensate 
blockage, where the permeability and critical liquid saturation are most significant. Khazamet et al. 
[24] studied gas well deliverability forecasting in a condensate reservoir using a compositional and 
modified black oil model. They investigated the impact of condensate blockage liquid drop-out by 
examining several fluid parameters such as the reservoir’s absolute permeability (K), critical 
condensate saturation (Scc), relative permeability shape, and endpoints (krgmax, kromax). The results 
showed that a permeability of 5mD has a more significant effect on well deliverability compared to 
50 mD and 200 mD with negligible impact.  

Bilotu Onoabhagbe et al. [25] developed a novel approach to the tracking of the timing and 
location of condensation formation in a gas condensate reservoir. The study involved a compositional 
study of changes in hydrocarbon components over time from the reservoir to the near wellbore. The 
results were used as a guide for the optimisation of condensate production and also helped in 
providing a better understanding of the changes in the hydrocarbon phase in the near-wellbore area 
of the reservoir.  

This paper describes research extending the work by Bilotu Onoabhagbe et al. [25] in using 
proposed tracking approach to predict condensation behaviour in a gas condensate reservoir with 
different permeability variables. Furthermore, a sensitivity study was performed on one of the major 
flow parameters to verify the reliability of the proposed approach. Two different global and local 
methods based on the grid system of the reservoir with respect to permeability variation were utilised 
for the prediction of the timing and location of condensate formation during production. 

1.1. Model Construction 

The Eclipse 300 (educational version) compositional simulator was utilised for the investigation 
of the effect of permeability on condesate formation across the wellbore using the phase change 
tracking approach. A 3D model was built for the reservoir study based on real field data obtained 
from Kenyon’s study [26]. The grid block used is a Cartesian model with a 9 × 9 × 4 grids, with a 
porosity of 0.13 and a permeability of 100 mD homogeneously distributed over the whole reservoir 
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which has four layers with a single producing vertical well drilled at the corner of the cell placed at 
(I: 7 J: 7 K: 1) in the XYZ direction. The thickness of the layers is varied from 30 ft (layers 1 and 2) to 
50 ft (layer 3 and 4) from the reservoir top to bottom. A reservoir fluid sample of nine pseudo-
components was used to describe fluid properties in the model. The model was used to develop a 
base case of natural depletion without an injection well and was run for a production period of 15 
years. 

From the base case model, a series of sensitivity analyses were performed to compare the 
condensate saturation profile, pressure profile, condensate liquid volume, hydrocarbon composition, 
and description of condensate regions for different reservoir permeability scenarios. The analyses 
were divided into two parts of global and local grid analysis as described below. 

1.2. Global Grid Analysis 

This refers to the parent grid (the reservoir grid block in the global grid), where the range of I-, 
J-, and K- indices refer to the global grid. In other words, it can be referred to in simple terms as 
reservoir block cells having a homogeneous value such as of permeability and porosity. Three 
reservoir scenarios were investigated, which are: low permeability reservoirs characterised by 
permeability values of 0.5 mD, 1 mD, 5 mD, and 10 mD; moderate permeability reservoirs with 
permeabilities of 20 mD, 30 mD, and 50 mD; and high permeability reservoirs with values of 75 mD 
and 100 mD (the latter one considered as the base case scenario).  

1.3. Local Grid Analysis 

The local grids refer to blocks in the vicinity of the wellbore. A selected reservoir block cell was 
applied to describe the effect of permeability variations around the wellbore on condensate formation 
during production. A cell or a box of cells are identified by their global grid coordinates I1–I2, J1–J2, 
K1–K2 which is replaced by refined cells. The sizes within the refined grid are specified as NX, NY, 
NZ. The blocks taken into consideration for the local grid analysis are located at (I: 6 to 8, J: 6 to 8, K: 
4 to 4) grid cells. Figure 1 shows the selected blocks (highlighted in yellow) on the surface of layer 
one. However, the main point of interest is the fourth layer with the same pattern as that selected in 
the layer one.  

 
Figure 1. 3D reservoir image for local grid permeability analysis showing the highlighted cells of 
interest under study. 

  



Energies 2020, 13, 6551 4 of 21 

 

2. Methodology 

The production activities of a gas condensate reservoir depend on a basic understanding of the 
phase and flow behaviour of the hydrocarbon in the reservoir. Similarly, if compared with another 
reservoir (dry gas), it can be noted that many singular features affect the production and performance 
of a gas condensate reservoir during depletion. In this work, the effect of permeability on well 
production performance in a gas condensate reservoir and the timing of condensate formation in 
each region around the well-bore in the reservoir during depletion were analysed. A sensitivity study 
was carried out using several permeability ranges to evaluate their impact on the different types of 
reservoir studied using the compositional simulator.  

The following tasks were accomplished to complete the study: 

1. An evaluation of the effect of variation in absolute permeability on the three regions proposed 
by Fevang and Whitson [6]. 

2. An assessment of global and local grid block cells within and around the wellbore. 
3. Prediction of the occurrence of condensate saturation in each region of the reservoir as a function 

of time for each grid block based on the phase tracking approach proposed by Bilotu 
Onoabhagbe et al. [25].  

4. Calculation of the condensate formation, immobile phase and percentage difference in 
condensate saturation by assuming a logarithmic relationship with permeability. 

The simulation results for the global and local analyses were then compared using the following 
parameters: the pressure drawdown effect, condensate saturation profile for each region, and 
hydrocarbon composition. Percentage differences in condensate saturation and the condensate 
immobile phase for both analyses were also evaluated to determine the onset of condensate blockage 
in the well-bore. 

3. Results and Discussion 

3.1. Impact of Variation in Global and Local Permeability on Condensate Formation 

The results for calculated reservoir pressure at the wellbore for the global and local grid analyses 
for reservoirs with different permeabilities are shown in Figures 2 and 3, respectively. As can be seen, 
initial sharp pressure drops were observed for permeability variables of 0.5 mD and 1 mD which 
stabilised at day 73 of production, and thereafter linear pressure drops over time were noted. The 
other permeability variables show trends similar to the base case. The lower the reservoir 
permeability, the more abundant the gas and the higher the pressure drawdown will be during 
production, which indicates a high potential for condensate blockage. Based on observed pressure 
drops in all cases, the percentage difference in pressure in low permeability reservoirs compared to 
other reservoir scenarios is about 280% in the global grid analysis, indicating a rationale for 
condensate formation in low permeability reservoirs.  

Figure 3 presents the pressure drops for all scenarios for the local grid analysis against 
production time. The pressure difference for the tight permeability reservoir (0.5 mD and 1 mD) is 
630.73 psia compared to 498 psia for the global case. The stabilization time was found to be the same 
as that in the global analysis, but with a different level of pressure drop. The percentage of pressure 
drawdown for the local grid analysis is 285%, suggesting that the tendency toward condensate 
formation for local grids with low permeability is higher compared to global permeability variables. 
This effect in pressure is reflected in condensate saturation for the studied cases. The sharp decrease 
in well productivity due to decreases in permeability in this work, specifically for local permeability 
variation, is in-line with results reported by Ahmadi et al. [8] who emphasized a significant reduction 
in the well productivity owing to a sharp fall in the effective permeability of the gas. 
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Figure 2. Reservoir pressure versus time at the wellbore for global grid analysis. 

 
Figure 3. Reservoir pressure versus time at the wellbore for local grid analysis. 

Figures 4 and 5 shows the condensate saturation profile in a logarithmic scale for the global and 
local grid analyses respectively. Figure 4 shows an increase in condensate saturation as production 
time increases for the different types of permeability reservoirs scenarios.  

The results show an increase in condensate saturation from high to low permeability cases (100 
mD to 10 mD) which is not as significant as that observed in the tight permeability case below 10 mD. 
For instance, the change in condensate saturation between 100 mD to 10 mD is only 7% higher, while 
for 10 mD to 1 mD this change is about 66%. This indicates that reservoirs with permeability levels 
lower than 10 mD might have severe problems with condensate formation. Figure 5 shows a similar 
trend in condensate saturation for reservoirs with permeability in the locally damaged region range 

0

500

1000

1500

2000

2500

3000

3500

4000

0 1000 2000 3000 4000 5000 6000

Pr
es

su
re

 (P
sia

)

Time (Days)
  PRESSURE (K0.5 mD-L)    PRESSURE  (K1 mD-L)
  PRESSURE (K5 mD-L)   PRESSURE (K7.5 mD-L)
  PRESSURE (K10 mD-L)    PRESSURE (K15 mD-L)
  PRESSURE (K20 mD-L)    PRESSURE (K30 mD-L)
  PRESSURE (K50 mD-L)    PRESSURE (K75 mD-L)
   PRESSURE (BASECASE 100 mD)



Energies 2020, 13, 6551 6 of 21 

 

of 100 mD to 1 mD. However, the lower permeability values below 10 mD are more sensitive to 
permeability changes in condensate formation than that the case of the global analysis. As can be seen 
in Figure 5, the level of condensate saturation shows no change when near-wellbore permeability is 
reduced from 100 mD to 50 mD, while a reduction from 10 mD to 1 mD leads to 77% more condensate. 
These results demonstrate that condensate formation is very sensitive to near-wellbore formation 
damage. It should be noted that the first condensation in the reservoir was observed after 36.5 days 
of production in both global and local analyses. Moreover, it took 73 days for condensate drop-out to 
result in condensate build-up in both cases. 

The values of maximum condensate saturation from the global and local grid analyses for the 
studied reservoirs are shown in Tables 1 and 2, respectively. The critical application of condensate 
saturation as a function of time can be used to predict the timing of condensate formation and how 
far each region extends during depletion. 

 
Figure 4. Condensate saturation as a function of time for different absolute permeabilities at the 
wellbore: global analysis 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 10 100 1000 10000

Co
nd

en
sa

te
 sa

tu
ra

tio
n 

%

Time (Days)
Cond. Saturation (1 mD-G) Cond. Saturation (5 mD-G)
Cond. Saturation (7.5 mD-G) Cond. Saturation (10 mD-G)
Cond. Saturation (15 mD-G) Cond. Saturation (20 mD-G)
Cond. Saturation (30 mD-G) Cond. Satuartion (50 mD-G)
Cond. Saturation (75 mD-G) Cond. Saturation (BASECASE 100 mD)

Region 2Region 3 Region 1

36.5 Days

73 Days Increasing cond. 
saturation and 
Decreasing 
Permeability



Energies 2020, 13, 6551 7 of 21 

 

 
Figure 5. Condensate saturation as a function of time at the wellbore for different permeabilities: local 
analysis. 

Table 1: Summary of the duration of each region and maximum condensate saturation for each case 
of permeability variation: global analysis 

Permeability 
Variation K(mD)  Region 1 (Days)  Region 2 (Days) Region 3 (Days)  

Maximum Condensate  
Saturation (%) 

1 620.5 4818 0 34 
5 620.5 3358 1460 30 

7.5 620.5 2993 1825 30 
10 912.5 2628 1898 28 
15 912.5 2482 2044 27 
20 1204.5 2190 2044 26 
30 1496.5 1825 2117 24 
50 1496.5 1825 2117 22 
75 1496.5 1825 2117 21 

100 Basecase 1496.5 1898 2044 21 

Table 2: Summary of the duration of each region and maximum condensate saturation for each case 
of permeability variation: local analysis 

Permeability Variation K(mD) 
Region  

1 
(Days) 

Region 2 (Days) Region 3 (Days) 
Maximum Condensate  

Saturation (%) 

1 912.5 4526 0 30 
5 1204.5 3139 1095 26 

7.5 1496.5 2482 1460 24 
10 1496.5 2117 1825 23 
15 1496.5 1971 1971 21 
20 1496.5 1825 2117 21 
30 1496.5 1825 2117 21 
50 1496.5 1825 2117 21 
75 1496.5 1825 2117 21 

100 Basecase 1496.5 1898 2044 21 
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3.2. Impact of Variation in Permeability on the Length of Time of Each Region 

For given production conditions, one, two, or all three regions may exist. The pseudo-steady-
state flow conditions define these three regions, which means that they represent the steady-state 
conditions at a given time which then change gradually during depletion. The three regions from 
Tables 1 and 2 are explained below. Five cases of permeability variation of 1 mD, 5 mD, 10 mD, 50 
mD, and 100 mD were selected to show the effect in each region and to find the relationship between 
the proposed logarithmic trend and the R-squared factors for correlation in both analyses. 

3.2.1. Region 1: Condensate and Gas Are Both Mobile 

Figure 6 shows an increase in duration for Region 1 as permeability increases from low to high 
permeability reservoirs in both analyses. The region represents the mobile phases for both condensate 
and gas; a longer duration reflects an increase in condensate production. A significant reduction in 
phase mobility is observed for reservoirs with a permeability of lower than 10 mD. The same trend 
was observed in the local grid analysis. It then experiences a constant increase in duration of Region 
1 at 1496.5 days from lower to higher permeability reservoirs of 10–100 mD. Condensate saturation 
is determined as a function of time, to ensure that liquid which condenses from a single-gas phase 
entering Region 1 have adequate mobility to flow through and out of this region without any net 
build-up. As shown in Figure 6, the duration of Region 1 follows a logarithmic trend in both global 
and local analyses, with an R-squared factor of 79% to 87% accuracy to predict Region 1. This region 
is known as the primary source of deliverability losses in a gas condensate well due to the coexistence 
of condensate and gas phases. Earlier work by Valencia et al. [27] attributed this behaviour to the 
decrease in the relative permeability of gas due to condensate build-up in Region 1. 

 
Figure 6. Duration of region 1 for different cases of permeability at the wellbore for both analyses. 
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liquid drop-out to the time it takes to reach critical condensate saturation. Due to condensate drop-
out, the flowing gas phase becomes leaner. Regions 2 and 3 are short near the wellbore but become 
longer as production moves away from the wellbore. The duration of Region 2 declines with time as 
that of Region 1 expands over time, hence Region 2 coexists with Region 1. 

The results are tabulated in Tables 1 and 2 and depicted in Figure 7 for tight reservoirs, or 
damaged formations in local cases. Figure 7 presents the logarithmic trends for global and local 
analyses with values of the R-squared factor at 84% to 93% in predicting the duration of Region 2 
against permeability. The duration of Region 2 dominates condensate production, where the 
reservoir experiences the immobile phase for a longer period. As permeability increases, the duration 
of Region 2 decreases and consequently the chance of condensate formation decreases where sharp 

y = 225.99ln(x) + 467.53
R² = 0.8794

y = 126.43ln(x) + 1007
R² = 0.7913

0

200

400

600

800

1000

1200

1400

1600

1800

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Ti
m

e 
le

ng
th

 o
f r

eg
io

n 
1 

(D
ay

s)

K(mD)

 Region 1 (Global case) Region 1 ( Local case)



Energies 2020, 13, 6551 9 of 21 

 

decrease was observed for the values of permeability from 1 to 10 mD for both cases. Further increase 
in permeability shows the duration of Region 2 having a fixed value of around 2000 days. 

 
Figure 7. Duration of region 2 as a function of permeability at the wellbore for both analyses. 
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3.3. Impact of Permeability on Different Stages of Production Near the Wellbore 

To gain a better understanding of the changes in condensate saturation, the effect of permeability 
at different stages of production for the blocks nearest to the wellbore in gas condensate reservoirs 
was evaluated and the results are presented in Figures 9 and 10 for global and local cases, 
respectively. Figure 9 shows a sharp decrease in condensate saturation for all stages of production in 
the reservoir with permeability from 1 mD to 5 mD, which then maintains almost constant. This can 
be attributed to the fact that, for tight to low reservoirs, Region 2 dominates production which in turn 
results in condensate build-up at the block near the wellbore. On the other hand, for higher 
permeability reservoirs, Regions 1 and 3 dominate during production, resulting in constant and 
smooth condensate formation near the wellbore. In line with these observations, the change in phase 
behaviour of hydrocarbon for each region has been also modelled and presented by Orodu et al. [22] 
during production from gas condensate reservoirs. In their research, it was observed that, in the early 
stage of production Region 1 dominated the flow where the gas phase showed considerably better 
mobility than that of the liquid phase due to condensate build-up in this region. 

Figure 10 shows the effect of permeability on condensate formation for cases of local damage for 
each different stage of production in the wellbore where the same trend as in Figure 9 is also 
observed. However, the plot has a more distinctly curved shape compared to that for the global 
analysis. These results prove that local damage can cause the deterioration of high-permeability 
reservoirs so that they become lower in permeability, and the duration of Region 2 is significantly 
extended resulting in condensate blockage near the wellbore. 

 
Figure 9. Condensate saturation as a function of permeability at the wellbore for different stages of 
production (global analysis). 
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Figure 10. Condensate saturation as a function of permeability for different stages of production at 
the wellbore (local analysis). 
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Figure 11. Comparison of percentage of immobile phase condensate versus permeability for global 
and local analyses. 

 
Figure 12. Comparison of percentage difference in condensate saturation versus permeability for 
global and local analyses. 
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condensate performance and reduce condensate production to a level similar to that in a tight gas 
condensate reservoir. Allahyari et al. [21] have proposed a different approach in analysing the near 
wellbore behaviour of gas condensate reservoirs during production stages, where changes in 
absolute permeability and its impact on well deliverability are translated into the skin factor. In 
agreement with the present work, their results show that the duration of condensate Regions 1 and 2 
increased with reduction in gas permeability. This comparison confirms that the observed trend of 
change in composition from the proposed approach in this paper is valid and can be used to predict 
the timing and location of condensate formation in the reservoir. 

 
Figure 13. Comparison of the cumulative hydrocarbon composition (C1 and C4–6) at the wellbore, 
global case. 

 
Figure 14. Comparison of the cumulative hydrocarbon composition (C1 and C4–6) at the wellbore, local 
case. 
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3.6. Time, Distance, and Condensate Concentration and Variation in Permeability 

The outcomes of simulation data for local and global cases were used to model the relationship 
between time, distance, and condensate concentration in a 3D diagram. The selected cases are tight 
and high-permeability cases. Figures 15 and 16 show 3D plots representing phase changes during 
condensate production, with condensate formation plotted as a function of time and distance from 
the wellbore for the global and local grid cases analysed. The 3D image also shows trends in the phase 
behaviour of condensate saturation from one region to another for a reservoir with a permeability of 
0.5–1 mD, demonstrating a very high potential for condensate blockage as compared to other cases. 
This is reflected in the timing of condensate saturation which was observed to have increased (Figure 
15) for the a, b, and c plots in the global analysis as compared to Figure 16 in the local analysis of the 
same plots. Hence a decline in condensate saturation occurs as reservoir permeability increases from 
low to high permeability. 
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Figure 15. 3D plots for reservoirs in global analysis with values of permeability of: (a) 1 mD; (b) 

5 mD; (c) 10 mD; (d) 50 mD; and (e) 100 mD. 
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Figure 16. 3D plots for reservoirs in local analysis with values of permeability of: (a) 1 mD; (b) 5 mD; 
(c) 10 mD; (d) 50 mD; and (e) 100 mD. 
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4. Conclusions 

The results show that permeability has a significant effect on the occurrence of the three regions 
around the well, which in turn influences the productivity of gas condensate reservoirs. 

The lower the reservoir permeability, the more abundant the gas and the higher the pressure 
drawdown will be during production, which represents a high potential for condensate blockage. 
Therefore, the permeability of gas condensate reservoirs should be considered as among the most 
crucial parameters, as it most strongly affects the degree of condensate blockage. Three permeability 
regions were defined. Region 1 (50 < K < 100) has an insignificant impact on the immobile phase and 
condensate formation, Region 2 (10 < K < 50) exhibits a slight increase in the immobile phase and also 
condensate formation, and Region 3 (K < 10) shows a significant increase. 

A logarithmic relationship is proposed between immobile phase, percentage condensate 
saturation and length of each region in order to estimate the equations which can be used to predict 
the timing, distance, and concentration of condensate formation according to permeability locally 
and globally. 

The predictions of the timing and location of condensate reservoirs for different levels of 
permeability ranging from 0.5 mD to 100 mD indicate that local damage enhances the rate of 
condensate formation by up to 60% and shortens the duration of the immobile phase by up to 45%, 
while global condensate formation is increased by 80% and the presence of the immobile phase is 
reduced by 60%. 

Therefore, tight condensate reservoirs have an extreme affinity towards hydrate production and 
are very sensitive to the formation of damage as compared to high permeability reservoirs. 

This type of prediction can help in efforts to mitigate condensate blockage at the right time and 
location around the wellbore. 

The results of this study show that condensate blockage could have a severe negative impact on 
reservoirs with low values of permeability (K = 0.5 mD, 1 mD, 5 mD, and 10 mD). In contrast, the 
effects observed for reservoirs of moderate permeability (k = 20 mD, 30 mD, and 50 mD) could be 
smaller and may become negligible for high permeability reservoirs (k = 75 mD and 100 mD). 
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