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Abstract 

Modeling production in a naturally fractured shale gas condensate reservoir that has 

been stimulated in commercial simulators faces many challenges.  Phase behavior and 

geomechanics cannot be easily incorporated and have varying effects on condensate 

and gas production.  The physics behind these mechanisms must be carefully 

considered when creating the reservoir model.  Phase behavior changes due to 

confined pore space can have a significant effect on the production which can be seen 

due to condensate drop out in the larger pore spaces and fractures.  Geomechanics play 

an important role in accurately estimating the production of the reservoir as well.  The 

effect of geomechanics on the deformation of the reservoir rock can be seen by 

suppressing the dew point pressure and allowing more condensates to be produced 

during the life of the well.  Incorporating closure of the natural fractures results in a 

decrease in condensate production. 

To better understand these mechanisms, a model of a gas condensate shale reservoir 

incorporating the changes in transport properties and phase behavior within nanoscale 

confinement was developed in compositional modeling software.  A geomechanical 

model was iteratively coupled with the reservoir fluid flow model to investigate the 

impact on condensate production. Understanding the mechanisms behind condensate 

production will improve optimization reservoir development. 

The reservoir model was created using coarse, logarithmically spaced, locally refined, 

dual permeability (LS-LR-DK) within the stimulated reservoir volume (SRV) and 

unrefined dual permeability model in the unstimulated reservoir volume (USRV).  The 
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model represents a 1-stage hydraulically fractured well with 80 ft. cluster spacing.  

The reservoir and dew point pressures are 5,000 and 3,800 psia respectively. The 

reservoir fluid composition consists of 80% light (C1-C3), 10% intermediate (C4-C6) 

and 10% heavy (C7+) components.  The reservoir temperature is 180°F.  The matrix 

and natural fracture permeability were 149 nD and 1 µD respectively.  The effect of 

confinement on phase behavior is considered by changing the critical properties (Tc 

and Pc) of pure components according to the correlations developed by Yixin et al. 

(2014). 

The geomechanical model incorporated the model developed by Tran et al. (2002) in 

order to account for porosity changes as a function of pressure, temperature and total 

mean stress.  Matrix permeability of the USRV and SRV were modified as a function 

of change in mean effective stress.  The natural fracture permeability changes were 

calculated as a function of pore pressure change.  Initial values for Poisson’s ratio and 

Young Modulus were 0.25 and 2.6e6 psi respectively.  A value of 0.75 was used for 

Biot’s coefficient.   

The condensate production was analyzed over a 15 year time frame.  Confined phase 

behavior of the fluid resulted in a 10.6% decrease in cumulative condensate 

production when compared to bulk phase behavior.  The confined phase behavior of 

the fluids caused more fluids to drop out inside the hydraulic fractures impeding the 

amount of liquid production.  Poisson’s ratio increased from 0.15 to 0.35 resulted in a 

1.4% decrease in cumulative condensate production.  Young’s modulus increased 

from 1.6e6 to 3.6e6 psi resulted in a 1.5% decrease in cumulative condensate 
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production.  The less the reservoir rock would compact reduced the amount of 

condensate production.  Matrix and natural fracture permeability decreased by 50% of 

their original values, as pore pressure decreased from 5000 to 2000 psi, resulted in a 

1.2% production increase  and 2.8% production decrease respectively in cumulative 

condensate production.  

Not accounting for confined phase behavior and geomechanics can result in up to 12% 

variation in of cumulative condensate production estimations.  Incorporating confined 

phase behavior results in liquid loading of the reservoir and impedes condensate 

production.  Geomechanics related to rock deformation allow the system to more 

accurately predict production as pore pressure is maintained for a longer duration of 

time.  The natural fractures provide conduits from the unstimulated area of the 

reservoir and significantly impact the estimations of hydrocarbon production.  

Understanding the interaction of fluids and reservoir rock during production will lead 

to improved reservoir development and simulation. 
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Chapter 1: Introduction 

The proper development of unconventional shale gas resources is an important part of 

the oil and gas industry.  Understanding the mechanisms behind production of shale 

gas condensate reservoirs will impact the development of the individual wells and 

fields.  Research has shown that matrix, fracture permeability, fracture characteristics, 

PVT properties and the relative permeability are critical parameters for predicting 

unconventional reservoir performance (Orangi et al., 2011).  By examining simulation 

results, engineers can better understand the critical role of how the “fracture-matrix” 

linear flow impacts production and that a SRV does exist around the hydraulic 

fractures (Wang, et. al., 2014).  It also affects the economic analysis of the reserves 

held by the producer. By creating better models, petroleum engineers can design more 

efficient drilling, completion and production plans for the reservoir.  Overall this leads 

to money saved during each of these processes.  This will allow them to properly 

report to their employers, investors and the government the economic impact of 

development and production from the unconventional shale gas resources. 

Commercial simulation software is limited in its ability to mimic the unconventional 

gas condensate reservoir.  Since current equations cannot precisely predict the physics 

encountered, complex coding is incorporated to allow the program to produce results 

similar to those encountered during hydrocarbon production from unconventional 

shale gas condensate reservoirs.   

The fluid and rock interactions in these resources make it difficult to predict the 

behavior of the hydrocarbon fluids as they are produced.  Research has shown that 



  

 2     

    

incorporating geomechanics with the reservoir fluid flow model more accurately 

predicts the change occurring as the reservoir is produced.  As stated by Tran et al. 

(2009) the fundamental of geomechanics are based on Terzaghi’s theory of effective 

stress and Biot’s generalized 3D theory of consolidation and reservoir flow is based on 

Darcy’s fluid-flow law and the conservation of mass and energy.  Since these physical 

phenomena do interact and influence each other in a porous medium, the effective 

coupling between geomechanics and reservoir flow is necessary for a deformable 

porous medium in which pressure, temperature, fluid flow, deformation and stress 

must be integrated (Tran et al., 2009).  As the hydrocarbons are produced, the pore 

pressure will decrease; thus the effective stress on the reservoir rock will increase 

leading to a reduction of pore and pore-throat size.  A coupled flow-geomechanics 

model including pore confinement effects should be used to examine the behavior of 

unconventional shale resources (Xi et al., 2014).  A decrease in the PVT phase 

envelopes of hydrocarbons confined in nanopores can lead to a delay in the onset of 

the dew point pressure and condensate liquid drop out (Altman et al., 2014).  A severe 

drop in productivity can be observed due to matrix and fracture compaction and 

condensate banking (Orangi et al., 2011).  In order to optimize production, iteratively 

coupled reservoir modeling is incorporated to create a better understanding of gas and 

condensate production.   

This work will examine the impact of phase behavior change due to pore space 

confinement and geomechanics on an unconventional shale gas condensate reservoir 

with Eagle Ford properties.  By creating a model of a single stage hydraulically 

fractured well, sensitivity of production dependent on for mentioned parameters will 
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show the predicted changes that can occur during recovery of the hydrocarbons.  The 

results and conclusions will help engineers to understand and better predict the 

behavior of hydrocarbons produced in an unconventional shale gas condensate 

reservoir.  
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Chapter 2: Geomechanical Modeling 

The values of Poisson’s ratio and Young’s modulus are important to consider when 

simulating hydrocarbon production.  As hydrocarbons are produced, the elastic 

properties of the rock and in-situ stress regime change.  The change in stress leads to 

complex is behavior of the hydrocarbons in place as they are produced.  Changes in 

porosity, permeability and mean effective stress affect the pressure and flow of the 

reservoir hence the production of the hydrocarbons.  Studies show that production 

performance is sensitive to fracture permeability and matrix relative permeability 

(Orangi et al., 2011).  The mechanical properties obtained may be slightly to 

considerably different than existing in-situ conditions because reservoir rocks are 

often layered, fractured, faulted and jointed (Tiab and Donaldson, 2004).  These 

properties can be quantified through downhole measurements or laboratory 

experimentation.  The overall rock mass may be more influenced by the reactions to 

applied loads than by the microscopic properties of the rock matrix (Tiab and 

Donaldson, 2004).  The geomechanical grid system allows for the simulation to 

account for the complex behavior of the reservoir rock during production.  The 

importance of geomechanical effects on production modeling can be seen through this 

research.   
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The compositional simulator uses 3D finite elements that have 8 nodes locally ordered 

as shown below in Figure 1.  The geomechanical grid is independent of the reservoir 

 

Figure 1. 8 nodes locally ordered for 3D finite elements (GEM, CMG, 2013). 

fluid flow model grid with the same grid orientation in the X, Y and Z directions and 

contain the same common space.  The model is based on plastic deformation which 

performs a finite-element stress analysis of the reservoir formation using a specific set 

of displacement and traction boundary conditions (GEM, CMG, 2013).  The elastic 

behavior of the model is exhibited through the constant values for Young’s Modulus 

and Poison’s ratio.  The plastic strain is considered irreversible after the rock reaches a 

yield state at a given stress level as defined by the yield criteria, Mohr-Coulomb, 

which is suitable for geological material (GEM, CMG, 2013).  The initial stress 

distribution on the geomechanical grid block model can be seen in Figure 2.  The 

normal stress on a surface perpendicular to the X axis is represented by sigma_x.   The 

shear stress on the surface perpendicular to the X axis and its adhesive friction  
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Figure 2. Stress convention used on a block in the geomechanical model (GEM, 

CMG, 2013).   

 direction is parallel to the Y axis is represented by sigma_xy (GEM, CMG, 2013).  

The Tran et al. model (2002) is used to incorporate porosity as a function of pressure, 

temperature and total mean stress in the geomechanical model.  The model was 

developed for iterative coupling and improved accuracy in convergence coupling.  The 

formula was developed on the basis of existing theories of Betti’s reciprocal theorem 

and Biot’s poroelasticity theory which has led to a significant reduction of the number 

of coupling iterations needed for converging solutions (Tran et al., 2002).  The 

formula (2.1) based on fundamental of continuum mechanics within one time step of 

computation by Tran et al (2009) is as follows: 

𝜙(𝑘+1)
∗ = 𝜙𝑛

∗ + 𝐶𝑛
𝑜(𝑝(𝑘) − 𝑝𝑛) + 𝐶𝑛

1(𝑇(𝑘)−𝑇𝑛)       (2.1) 
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where: 

𝐶𝑛
𝑜 = (𝑐0 + 𝑐2𝑎1)𝑛                                                        (2.2) 

𝐶𝑛
1 = (𝑐1 + 𝑐2𝑎2)𝑛                                                       (2.2) 

𝑐0 =
1

𝑉𝑏
0 (

𝑑𝑉𝑝

𝑑𝑝
+ 𝑉𝑏𝛼𝑐𝑏

𝑑𝜎𝑚

𝑑𝑝
+ 𝑉𝑝𝛽𝑝

𝑑𝑇

𝑑𝑝
)                (2.3) 

𝑐2 = −
𝑉𝑏

𝑉𝑏
0 𝛼𝑐𝑏                                                              (2.4) 

𝑎1 = Γ {
2

9

𝐸

(1 − 𝜐)
(𝑐𝑏 − 𝑐𝑟)}                                   (2.5) 

𝑎2 = Γ {
2

9

𝐸

(1 − 𝜐)
𝛽𝑝}                                             (2.6) 

p(k) : pressure at kth Newton’s iteration 

pn : pressure at previous time step n 

T(k) : temperature at kth Newton’s iteration 

Tn : temperature at previous time step n 

ϕn* : reservoir porosity at previous time step n 

ϕk* : reservoir porosity at kth Newton’s iteration 

Γ : factor that depends on the prescribed boundary conditions 

σm : mean total stress (kPa │psi) 

βp : volumetric thermal expansion coefficient  
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cb : bulk compressibility (1/kPa │1/psi)  

E : Young’s Modulus (kPa │ psi) * GCFACTOR 

Vb : bulk volume (m3 │ ft3) 

α : Biot number 

ν : Poisson’s ratio     

The model allows for deformation changes in porosity to be passed to the reservoir 

model for fluid flow equations.  Young’s modulus (E) is multiplied by the 

GCFACTOR of (1-ν)/(1-2ν) where ν represents Poison’s ratio of the porous rock and 

the reservoir is constrained as seen in Figure 3 below. 

 

Figure 3. 2D illustration of boundary constraints on the reservoir (GEM, CMG, 

2013).   
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Chapter 3:  Reservoir Fluid Flow Modeling 

The reservoir fluid flow model is based on the design by Rubin (2010) seen in Figure 

4 below.  Using coarse, logarithmically spaced, locally refined, dual permeability (LS-

LR-DK) model to properly model naturally fractured shale with nano dary 

permeability.  Rubin (2010) showed that the model could overcome the limitations of 

the MINC grid and accurately model flow in a fractured shale gas reservoir. The dual 

permeability model allows for simultaneous matrix-matrix and fracture-fracture flow.  

The local grid refinement is used to create the SRV.  The logarithmically spaced grids 

presented by Rubin (2010) best represent the large pressure drop near the matrix-

fracture (hydraulic) interface. 

 

 

Figure 4. Single fracture network LS-LR-DK grid model proposed by Rubin 

(2010). 
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Fluid flow in a porous media is captured through Darcy’s law, conservation of mass 

and equations of state.  As stated by Tran et al. (2009) basic flow equations for a 

single-component single phase are as shown: 

3.1 Mass flow equation: combination of Darcy’s law of fluid flow in a porous medium 

and mass conservation 

𝜕

𝜕𝑡
(𝜙∗𝜌𝑓) − ∇ (𝜌𝑓

𝑘

𝜇
[∇𝑝 − 𝜌𝑓𝑏]) = 𝑄𝑓                                                                        (3.1)   

where, 

𝜙∗ = 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝑉𝑝

𝑉𝑏
0 

 

The influence of the pore walls on the fluid molecules is magnified as the pore space 

becomes extremely small on the nano scale.  Rahmani Didar and Akkutlu (2013) 

explained that as pore space decreases the phase envelope of the reservoir 

hydrocarbons are suppressed due to the decrease in critical temperature and pressure.  

The suppression of the phase envelope can be seen below in Figure 5 as presented by 

Rahmani Didar and Akkutlu (2013).  The behavior of the fluids in the matrix rock is 

altered to mimic this effect by including altered critical temperatures and pressures 

within the reservoir simulator.  These altered properties coincide with the matrix rock 

which contains the nano sized pores. 
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Figure 5. Depiction of the phase envelope being suppressed with decreasing pore 

size as shown by Rahmani Didar and Akkutlu (2013). 

The reservoir model uses the modified Peng-Robinson equation of state for the fluid 

properties of gas and oil phases.  To account for phase change behavior due to 

confined pore space as seen in Figure 6, the equation of state component properties for 

critical temperate and pressure where modified using correlations proposed by Ma et 

al. (2013).   The changes in critical properties determined for varying levels of 

confinement are shown below in correlations developed by Ma et al. (2013): 

Δ𝑇𝑐 =
𝑇𝑐 − 𝑇𝑐𝑧

𝑇𝑐
= 1.1775 (

𝐷

𝜎
)

−1.338

𝑓𝑜𝑟 (
𝐷

𝜎
) ≥ 1.5  (3.2) 

Δ𝑇𝑐 =
𝑇𝑐 − 𝑇𝑐𝑧

𝑇𝑐
= 0.6 𝑓𝑜𝑟 (

𝐷

𝜎
) ≤ 1.5                            (3.3) 
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ΔP𝑐 =
𝑃𝑐 − 𝑃𝑐𝑧

𝑃𝑐
= 1.5686 (

𝐷

𝜎
)

−0.783

                             (3.4) 

 

Figure 6. Critical temperature shift as a function of ratio of pore size to effective 

molecular diameter (Ma et al., 2013) data points from (Singh et al., 2009; 

Vishnyakov et al., 2001; Singh et al., 2011). 

Sanaei (2014) used these correlations to integrate critical properties change under 

confinement into fluid-flow reservoir modeling.  The model applied these component 

properties based on the given pore size in the reservoir model.  Through this research 

we will developed a better understanding of how the fluid flows from the matrix rock 

to the larger pore spaces of the natural and hydraulic fractures can affect production in 

an unconventional shale gas condensate reservoir.  
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Chapter 4:   Iteratively Coupled Reservoir Simulation 

The simulation is performed by iteratively coupling between two independent grid 

systems of the reservoir and geomechanical models.  This allows the simulator to 

account for the complexity of the hydraulic fracture system while performing the 

geomechanical calculations for the rock independent of each other.  It relays the data 

between both grid systems over multiple iterations as seen below in the flow chart in 

Figure 7. 

 

Figure 7.  Flow chart for iterative time-based coupling (Tran et al., 2009) 
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The iterative coupling allows for the information to be passed back and forth explicitly 

while decreasing the run time of the simulation (Tran et al, 2005).  Iterative coupling 

also allows the geomechanical module to be coupled with any reservoir simulator 

without substantial code modifications (Tran et al, 2005).  While this is simply stated 

the process is very complicated.  As explained by Tran et al. (2008), mapping must be 

performed for the finite difference grid of the flow variables which are calculated at 

the center of the blocks and finite element of the geomechanical grid model where the 

displacement is computed at the corners and stresses are computed at Gaussian points. 

As the reservoir model becomes more complex, the run time of the simulation 

increases exponentially.  The reservoir model has an USRV (unstimulated reservoir 

volume).  The USRV is outside they hydraulically fractured portion of the grid system, 

but is naturally fractured in this model.  The dual permeability model allows the 

simulator to account for matrix and natural fracture permeability of the reservoir.  The 

SRV (stimulated reservoir model) accounts for the hydraulically fractured portion 

 

Figure 8. Depiction of SRV within a reservoir simulation (Sanaei, 2014). 

of the reservoir where the horizontal wellbore is located as seen in Figure 8.  It 

consists of hydraulic fractures, natural fractures and stimulated rock which is 

connected to the hydraulic fracture system via the conduits shown in the fluid-flow 
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reservoir grid system. Since fissures in naturally fractured reservoirs might be more 

stress-sensitive, the effects of geomechanics on fluid flow must be incorporated 

dynamically to realistically model production (Moinfar, A. et al., 2013).  Recent 

studies have shown that unpropped natural fractures lose a significant portion of their 

initial permeability under pressure depletion (Cho, Y. et al., 2012).  To account for the 

hydraulic fractures, grid cells are locally refined into smaller portions using 

logarithmic spacing to account for the pressure drop into the hydraulic fractures.  This 

type of reservoir model is referred to LS-LR-DK meaning logarithmically spaced, 

locally refined and dual permeability as mentioned earlier.  Flow conduits are also 

introduced into the SRV to allow for fluid flow into the hydraulic fractures.   

The coupling of the fluid flow grid and geomechanical grid system allow the simulator 

to account for many effects often overlooked when running a singular fluid flow 

reservoir model.  It allows for sensitivity analysis to be performed on many properties 

including permeability, porosity, and other stress sensitive properties of the reservoir.  

The effects of deformation and phase behavior can be seen in the results presented in 

this paper. 
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Chapter 5: Results 

The reservoir fluid flow model incorporated a modified version of the SRV proposed 

by Rubin (2010).  The midpoint of the conduits was altered to have matrix 

permeability provide a realistic flow to the hydraulically induced fractures.  This 

system causes the fluid to flow to the hydraulic fracture that it is in the closest 

proximity.  The fluid flow model can be seen in Figure 9 below. 

 

Figure 9. Reservoir fluid flow model. 
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The reservoir fluid composition consists of 80% light (C1-C3), 10% intermediate (C4-

C6) and 10% heavy (C7+) components.  The reservoir and dew point pressures are 

5,000 and 3,800 psia respectively.  The fractions of the components are shown in  

Table 1. Fractions of components for reservoir fluid flow model. 

Component Fracture % Matrix % 

N2 to H2S 0.796992 0.796992 

IC5 to C30 7.71092 7.71092 

IC4 to NC4 2.85897 2.85897 

CH4 71.8003 71.8003 

C3H8 4.82295 4.82295 

C2H6 11.3819 11.3819 

 

Table 1.  The reservoir temperature is 180°F.  The single stage hydraulically fractured 

model with 3 clusters at 80 ft. spaces is produced for 15 years and the gas production 

is restricted to a maximum of 100 Mscf per day. 

The geomechanical model is considered to be plastic deformation using 2.6e6 and 

0.25 values for Young’s Modulus and Poisson’s ratio respectively based on work 

performed by Centurion et al. (2014), Stegen et al. (2010) and Sone and Zoback 

(2013) for the base case.  The geomechanical grid is a Cartesian grid system similar to 

the fluid flow grid system, but it does not incorporate the locally refined grids of the 

SRV.   
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Table 2. Pore size and permeability by color of the reservoir model. 

 

The pore confinement effect is based on work performed by Sanaei (2014).  The 

hydraulic fractures, natural fractures and flow conduits are represented by bulk phase 

behavior, and the matrix of the reservoir rock is represented by the confined phase 

behavior as seen in Table 2 above. 

 

Figure 10. Effect of confinement on the two-phase envelope for reservoir gas 

condensate sample (Sanaei, 2014). 
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The confinement effect on the phase envelope can be seen above in Figure 10 based 

on research done by Sanaei (2014).  The red phase envelope shows the unaltered phase 

envelope due to bulk phase behavior.  The green phase envelope represents the altered 

phase envelope due to pore space confinement which is modeled in the simulation.  As 

the gas flows from the smaller pore sizes of the reservoir to the larger pore space of 

the natural and hydraulic fractures, a significant increase in liquid saturation can be 

observed.  The transition from gas to liquid can cause the production of the reservoir 

to become significantly impaired by condensate loading in the fractures.

 

Figure 11. Shows the difference in liquid saturation after 10 months of 

production in the SRV. 
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Figure 11 shows the liquid saturation after 10 months of production in the SRV for the 

confined and bulk phase behavior simulations.  The confined phase behavior 

simulation shows liquid saturation in the hydraulic fractures and conduits while the 

bulk phase behavior model resulted in no liquid production.  As the liquid saturation 

profile progresses to thirteen months, the hydraulic fractures and conduits are loaded 

with liquids while the fluids are suppressed in the matrix.  The bulk phase behavior 

model shows a more even distribution of fluids within the SRV at thirteen months as 

seen in Figure 12 below.  After 15 months of production, the reservoir pressure  

 

Figure 12. Shows the difference in liquid saturation after 13 months of 

production in the SRV. 
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reaches the dew point pressure of both the confined and bulk phase behavior model.  

This can be seen as liquids begin to form in the confined phase behavior model of 

Figure 13. 

 

Figure 13. Shows the difference in liquid saturation after 15 months of 

production in the SRV. 

Over time this liquid loading of the hydraulic fractures and conduits leads to decreased 

cumulative production of liquids from the reservoir. The confined phase behavior due 

to pore proximity decreased the condensate production when compared to bulk phase 

behavior not accounting for changes in critical temperature and pressure.  Over 15 

years of production, the cumulative condensate production was decreased by 10% 
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when accounting for the confined phase behavior due to pore proximity as seen in 

Figure 14 below.   

 

Figure 14. Cumulative liquid production versus time for bulk and confined phase 

behavior without geomechanics. 
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The confined phase behavior allows the fluids in the confined pore space to remain in 

the gas phase for an extended period of time due to the suppressed phase envelope.  

This allows the gas to be produced more quickly from the confined pore space to the 

unconfined space of the hydraulic and natural fractures, but liquid is formed when the 

gas reaches the bulk pore space where the phase envelope shifts due to lack of 

confinement.  The liquid loading of the unconfined pore space leads to a reduction in 

cumulative condensate production over time.  As production time increases, the 

impact of condensate drop out becomes apparent.  

The effect of geomechanics on condensate production shows both positive and 

negative results.  When considering the elastic properties of the reservoir, condensate 

production is increased over time as the rock deforms.  The deformation of the 

reservoir rock leads to increase pore pressure over time which suppresses the dew 

point pressure.  However, when investigating the closure of natural fractures as the 

pore pressure decreased condensate production decreased.  The closure of the natural 

fractures limits the ability of the unstimulated reservoir to contribute to production.  

The results from the geomechanical analysis were consistent regardless of phase 

change behavior considerations. 
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Figure 15. Cumulative liquid production versus time for bulk phase behavior 

with and without geomechanics. 

Confined and bulk phase behavior exhibited the same trends when considering 

geomechanics as seen in Figures 15 and 16.  The continued analysis shown of the 

geomechanical parameters used the concept of confined phase behavior.     
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Figure 16. Cumulative liquid production versus time for confined phase behavior 

with and without geomechanics. 

Sensitivity analysis was performed on Young’s Modulus, Poisson’s Ratio, matrix and 

natural fracture permeability.  When Young’s Modulus increased from 1.6e6 to 2.6e6 
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to 3.6e6 psi, the condensate production was reduced. The production profile for 

Young’s Modulus as seen in Figure 17 shows a 1.5% decrease in cumulative 

condensate production over 15 years as Young’s Modulus increased from 1.6e6 to 

 

Figure 17. Cumulative liquid production versus time with geomechanics and 

confined phase behavior as Young’s Modulus increases. 

3.6e6 psi.  As the rock became less ductile, the pore pressure decreased more quickly 

leading to the onset of the dew point pressure.  The pressure profile shown in Figure 

18 displays the increased pore pressure attributed to the deformation of the reservoir 
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rock.  

 

Figure 18. Bottom hole pressure versus time with geomechanics and confined 

phase behavior as Young’s Modulus increases. 

When examining Poisson’s ratio, the same behavior was found in condensate 

production.  As Poisson’s ratio increased from 0.15 to 0.25 to 0.35, the cumulative 

condensate production decreased.  The production profile for Poisson’s ratio as be 

seen in Figure 19 shows a 1.4% decrease in cumulative condensate production over 15 

years as Poisson’s ratio increased from 0.15 to 0.35.  The pressure profile shown in 

Figure 20 displays the increased pore pressure attributed to the deformation of the 

reservoir rock. 
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Figure 19. Cumulative liquid production versus time with geomechanics and 

confined phase behavior as Poisson’s ratio increases. 

 

Figure 20. Bottom hole pressure versus time with geomechanics and confined 

phase behavior as Poisson’s ratio increases. 
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When considering matrix permeability as a function of mean effective stress, it can be 

seen that as the permeability increases the condensate production increases.  Figure 21 

shows the cumulative condensate production increase over 15 year to be 1.2% when 

matrix permeability is reduced by 50% of its original value when pore pressure  

 

Figure 21. Cumulative production versus time with matrix permeability reduced 

as a function of mean effective stress. 

decreased from 5000 to 2000 psi. 

The sensitivity analysis of the natural fracture permeability as a function of pore 

pressure showed the important role natural fractures play in production.  Given the 

earlier results, one would expect the as the natural fractures close and increase pore 

pressure that the condensate production would increase.  Rather the opposite effect is 

seen during this process.  As natural fractures close, cumulative condensate production 

is lost.  Figure 22 displays that the cumulative condensate production decreased by 

2.9% as natural fracture permeability is reduced by 50% of its original value when 
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reservoir pressure decreased from 5000 to 2000 psi.  Even though pore pressure was 

increased as seen in Figure 23, the closure of natural fractures caused condensate 

 

Figure 22. Cumulative production versus time as natural fracture permeability is 

reduced as a function of pressure. 

production to be lost due to the reduced deliverability of the natural fractures.  This 

displays the impact and importance of natural fractures on production.  Without the 

natural fracture system to provide a conduit between the SRV and USRV production is 

lost even though pore pressure is increased. 
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Figure 23. Bottom hole pressure versus time as natural fracture permeability is 

reduced as a function of pressure. 
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Chapter 6: Conclusions 

A compositional model of a naturally fractured shale gas condensate reservoir was 

examined in this work.  It is important to note that this represents a single stage 

hydraulic fractured well with 3 clusters.  The amount of condensate production can 

increase 10 to 20 fold of the results shown on the previously shown Figures depending 

on the amount of stages and clusters created when fracturing a well.  The independent 

reservoir model combined dual porosity with LS-LR-DK and was iteratively coupled 

with an independent geomechanical model using a compositional simulator.  The 

effects of confined phase behavior were accounted for using modified equations of 

state.  Changes in porosity, permeability, stress and geomchanical properties were also 

analyzed in the geomechanical model to show impact on hydrocarbon production.  

From this study we can conclude:      

• Incorporating confined phase behavior due to pore wall proximity into the fluid 

flow model results in a decrease in cumulative condensate production over a 

15 year production period.  This can be attributed to condensate loading in the 

natural and hydraulic fractures where the pore space is considerably larger than 

that of the matrix.  

• Incorporating geomechanics into the model to allow for compaction shows an 

increase in condensate production.  This can be attributed to increased pore 

pressure which is delaying the onset of the dew point pressure. 

• Closure of the natural fractures results in a decrease in condensate production 

due to the lost communication between the SRV and USRV.   
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• The SRV is primary source of condensate production during the early life of 

the well.  

• Without incorporating dual permeability, the USRV would have minimal 

contribution to condensate production due to lack of natural fracture conduits 

connecting the SRV to the USRV.  

This works shows the importance of rock and fluid properties when modeling the 

production of unconventional shale gas condensate reservoirs.  By understanding how 

these properties react to the production of hydrocarbons from the reservoir, we can 

optimize the performance of our reservoirs. 
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