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ABSTRACT  

 

Gas and oil production performance in shale oil wells is fundamentally different from the 

conventional reservoirs.  The difference is more pronounced in the producing gas-oil-ratio (GOR) 

trends. In the conventional case, when flow occurs in a permeable reservoir and in radial geometry, 

the GOR is a function of average reservoir pressure: when the pore pressure is high enough, the 

produced GOR stays constant and equal to the solution gas-oil ratio of the reservoir oil; when the 

pressure in the system is reduced below the bubble point pressure of the reservoir oil, gas phase 

appears in the reservoir and causes increase in gas saturation.  Increase in the gas saturation beyond 

critical gas saturation leads to flow of gas and, hence, an increase in the producing GOR. A well 

with fracture, on the other hand, experiences a different transient flow behavior.  In horizontal 

shale wells with multi-stage hydraulic fractures, in particular due to ultra-low permeability of the 

rock matrix, the dynamic GOR behavior will have an extended time. Further some of the producing 

shale oil wells have GOR remaining flat, regardless of rate of the depletion. Although the literature 

has already attributed the peculiar GOR trends of the unconventional oil wells to several factors, 

it is still an unclear area with further debate. In this thesis I considered single-well production – in 

the absence of neighboring well interference-and analyze the effects of stresses on the flow and 

production.  Using reservoir flow simulation modeling approach, I show that the permeability 

reduction caused by hydraulic fracture closure and pore volume change due to stresses reduce the 

gas saturation inside the fracture and in the matrix near the fractures, hence, producing GOR stays 

relatively low.  The higher the fracture closure and the pore compressibility, the lower the gas 

saturation, and lower the gas released to the wellbore.  Flow, on the other hand, becomes stress-

sensitive because of the stress-dependency of the permeability field. As the reservoir is depleted, 
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the reservoir experiences larger effective stress, which, in turn, reduces the permeability of the 

matrix and the permeability of the fractures.  Because the in-situ stresses could be anisotropic, I 

also investigated the impact of stress anisotropy on the producing GOR. 

The more dependent the permeability is on the stress of the system, the flatter the GOR 

curve is. When hydraulic fractures are considered to be initially at infinite-conductivity flow, then 

pore compressibility in the matrix is the reason for GOR flatness, but if the flow is controlled by 

the finite-conductivity of the fractures, then the reduction in the fracture’s permeability caused by 

effective stress is the reason for GOR flatness. When the matrix permeability is in the micro-Darcy 

range, the stress effect on the permeability leads to a lower GOR. The stress anisotropic study 

showed that the difference in the overburden stress and the minimum horizontal stress did not have 

a large impact on the GOR. The stress anisotropy study did find that the stress dependency in the 

hydraulic fractures contributes more to the GOR trend than the stress dependency in the matrix. 

The stress effects on the shale oil reservoir systems can have large implications on the drawdown 

strategies for the operators. 

 

 

  



 

iv 
 

DEDICATION 

To my mother, who has pushed and supported me for my entire life, and without her, I would not 

be where I am today. 

  



 

v 
 

ACKNOWLEDGEMENTS 

  

I want to give a tremendous amount of thanks to Dr. Akkutlu, for carrying me on his back 

throughout this degree 

 

I want to give thanks to Dr. Mike King and Ching-Hsien Liu for their help during the development 

of the Eclipse model. 

 

Special thanks to Ivan Aldana for his help on working with the NaSh simulation model. 

 

I want to give my gratitude towards Dr. Edward Lee, and Dr. Abigail Songok for allowing me to 

be a chemistry teaching-assistant. 

 
  



 

vi 
 

CONTRIBUTORS AND FUNDING SOURCES 

 

Contributors 

This work was supported by a thesis committee consisting of Professor I. Yucel Akkutlu 

and Thomas A. Blasingame of the Department of Petroleum Engineering and Professor Mukul 

Bhatia of the Department of Geology. 

Funding Sources 

This thesis was funded by the Chevron fellowship, and by the Graduate Teaching 

assistantship in the Chemistry Department at Texas A&M University. 

  



 

vii 
 

NOMENCLATURE 

 
GOR 

 
Gas oil ratio of the production fluid, MSCF/STB 
 

Pwf Flowing bottom hole pressure 
 

Pi Initial reservoir pore pressure 
 

Sgc Minimum amount of gas saturation needed for movement 
 

Pb Bubble point pressure of the reservoir oil, psi 
 

BHP Flowing bottom hole pressure 
 

Pave Average reservoir pore pressure 
 

Cp Coefficient of isothermal pore compressibility 
 

Vp Pore volume 
 

k Matrix permeability 
 

𝑘  Matrix permeability at zero effective stress 
 

𝑝  The confinement pressure 
 

p Pore pressure 
 

P1 Effective stress at zero matrix permeability 
 

m Strength of the pore to hold the aperture 
 

α Biot’s coefficient 
 

𝑘  Hydraulic fracture permeability at zero effective stress 
 

𝜎 ,  Minimum horizontal stress 
 

1 Effective stress to close a propped fracture 
 

dp Diameter of proppant 
 

η quality of proppant placement 
 

ℎ .  initial pore height from the fracture-wall asperities at zero effective stress 
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E Youngs modulus of the matrix 
 

Ep Young’s modulus of the proppants 
 

Er Young’s modulus of the hydraulic fracture walls 
 

𝑃  Pressure to seal a fracture with no proppants 
 

M Strength of the hydraulic fracture to hold the aperture when propped 
 

ηA quality of proppant placement in terms of areal placement 
 

ηH quality of proppant placement in terms of vertical placement 
 

𝜁 Shape factor determined by the proppants contribution to the fracture asperity 
 

Swc critical water saturation, fraction 

Soc 
 
Critical oil saturation, fraction 

Sgi 
 
Initial gas saturation, fraction 

Swi 
 
Initial or connate water saturation, fraction 

 
Soi 

 
Initial oil saturation, Soi 

 
D 

 
Darcy unit equal to 0.987 m2 

 
FcD 

 
Dimensionless fracture conductivity 

 
Rs 

 
Solution GOR of the oil 

 
𝜎  

 
Overburden stress 

 
Cr 

 
Compressibility of rock 
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1 . INTRODUCTION 

 

1.1 Overview  

Producing gas-oil ratio (GOR) of a well is the volume ratio of the produced oil and gas 

rates. Rates are measured in stock tank barrel per day for oil and standard cubic foot per day for 

gas.  Forecasting the producing GOR is a fundamental part of understanding the petroleum 

production systems. It is important because the trends could affect the type of production 

equipment needed and it also could be a deciding factor during the economic analysis.  

In conventional forecasting models, GOR is a function of the reservoir pressure.  The 

pressure is the primary factor that controls the fluid properties in the reservoir. The oil properties 

that are influenced by the pressure are the oil density and formation volume factor, deviation factor 

of its gas from the ideal gas behavior, and the viscosity. These quantities are influenced 

significantly in particular when the pressure during the production drops down to the bubble point 

pressure of the oil and when a gas phase appears in the formation. Gas phase is less viscous and 

more compressible compared to the oil phase. During the depletion, as the reservoir pressure 

continues to go down, the gas saturation builds up and, when the critical gas saturation is reached, 

the gas flows. Consequently, a dramatic increase is observed in the producing GOR trends. 

Therefore, in the conventional reservoirs, the pressure depletion and gas evolution have 

characteristic signature: constant GOR at pressures above the bubble point pressure; followed by 

rapidly increasing GOR at lower reservoir pressure. In essence, the GOR trend is controlled by the 

ability of the oil to yield gas, more precisely by the thermodynamics of the reservoir oil: 

composition, pressure and temperature. 

In unconventional wells, however this trend in GOR is not seen. Instead, the GOR remains 

low and constant for long periods of production time, even when the formation is depleted below 
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the bubble point pressure. Below the differences in GOR trends of the unconventional oil wells 

are discussed. 

 

 

1.2 Literature on Shale Oil Wells GOR Trends 

In the literature, there are several field studies on the unconventional oil well GOR trends. 

The most notable observation from different publications is that a much longer production time is 

observed when the producing GOR stays constant, and when it does start to increase, the increase 

is not as large an increase as in the conventional oil wells case. It seems that the hydraulic fractures 

as the new production system component controls the release of gas. This GOR trend is seen in 

the Bakken (Hough 2011), Eagle Ford (Tran 2011; Khoshghadam 2017), Woodford (Jones 2017), 

In Figure 1, a well is shown with a constant-GOR production period of 1 year. 

Another observed trend is an increase in the producing GOR, which begins early and 

continues at a constant rate, Figure 2. Unlike the previous case, this time the well did not 

experience any controlled GOR behavior. The authors argue that the well has a dense hydraulic 

fracture network; consequently, the reservoir pressure between the fractures drops below the 

bubble point pressure and the critical gas saturation is reached relatively early.  

In addition, it may be argued that the hydraulic fracture conductivity could vary and the 

fractures with lower conductivity would influence the time dependence of the GOR trend. Finally, 

interference of the neighboring wells could impact the production performance of the well such 

that GOR could be influenced in a complex fashion. Several wells are shown in Figure 3. Note 

that these wells have highly variable tubing head pressure, which also includes the effects of the 
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multi-phase wellbore flow. In Figures 3a-3b we observe constant GOR with small oscillations, in 

Figure 3c we observe a constant GOR with noise. 

 

Figure 1. a Springer shale well. Reprinted from Jones Jr. 2017. 

 
 

 
Figure 2.  a Woodford well that doesn't have an extended period of time of flat GOR. 
Reprinted from Jones Jr. 2017. 
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Figure 3. Three shale wells studied. Reprinted from Khoshghadam et al. 2017. 

 

 It is difficult to see clear trends with real production data due to the variability of the tubing 

head pressure, workovers, and the nature of the hydraulic fractures. Nevertheless, Jones (2017) 

has mapped out in Figure 4, several ideal GOR trends based on values of the bottom-hole flowing 

pressure (BHP or Pwf). 
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Figure 4. Ideal simulated models. Reprinted from Jones 2017. 

 

In Figure 4 (top) the ideal shale oil well producing GOR trend is shown. The hydraulic 

fractures have developed production with negligible fracture interference. In essence each fracture 

tapping into its own oil in its own drainage volume. The production trend of this well could be 
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captured using a model with simple planar fracture. This is the trend that will be seen in most wells 

with sufficient hydraulic fracture separation. The value of the GOR is relatively constant. In 

Figure 4 (middle), a trend develops caused by early pressure depletion to below bubble point 

pressure. In Figure 4 (bottom) shows a production scenario when the bottomhole pressure stays 

above the bubble point pressure for an extended time This may be due to hydraulic fracture 

behavior or due to an operation such as artificial lifting. 

The literature contains discussion on several reasons why the producing GOR in 

unconventional reservoirs behaves in a constant manner under bubble point pressure. In Jones 

(2012), the author argues that GOR is influenced by the transient flow regime of a fractured 

horizontal well because linear flow compared to radial flow has a much higher GOR. The GOR is 

dependent on the Pwf, and when the Pi and the Sgc is higher, the lower the GOR value. Pradhan 

(2020) suggested that the GOR is affected by the nano-confinement effect in the matrix. The 

bubble point pressure of the oil in nanoporous shale is suppressed due to oil changing composition 

under nano-confinement Khoshghadam (2017), discussed how the matrix properties and fluid 

properties could affect the GOR, including the stress-dependent permeability effects on the GOR 

trend. Khoshghadam’s model was changing the stress effect based on the pore size, while in my 

model I changed it based on if the cell is dominated by hydraulic fractures or not. 

In unconventional models, the GOR is a function of the flowing bottom-hole pressure of 

the well Pwf, not the average reservoir pressure, and it is not solely affected by the fluid properties, 

but also the reservoir properties. The reservoir properties that affect the GOR include: fracture 

geometry, fracture length, the distance between fractures both from the same well and of different 

wells, the matrix pore size distribution, and the currently studied effects of rock compaction and 

stress-dependent permeability. The GOR is dependent on the flow regimes and ideal models have 
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been reflecting this (Jones Jr., 2017). According to Jones (2017), there are four stages that form 

the framework of GOR forecasting. These stages are shown in in Figure 5 on a log-log diagnostic 

plot. 

The first stage is when the producing GOR is equal to the initial solution gas-oil-ratio of 

the oil (RSoi). Because Pwf is above the bubble point, the pressure in the matrix is high enough to 

maintain the oil as unsaturated oil. No gas is released in the matrix, consequently, the produced 

gas is equal to the initial solution gas. The second stage develops when Pwf drops below the bubble 

point, when the gas evolves and, when the gas phase in the matrix reaches to its critical gas 

saturation, the gas flows in the matrix. Typically the gas phase has higher mobility and, hence, its 

flow takes place at rates higher than the oil or water phases. Consequently, the GOR sharply 

increases. The third stage in Figure 4 is flat GOR stage. The authors argue this behavior is 

associated with linear flow because the production trends have the characteristic ½ slope. In this 

thesis I will further delve into the reservoir physics that leads to this flat-GOR behavior further. 

Finally, the fourth stage develops with continuous rise in GOR. This increase in GOR is not 

bounded by the size of the drainage volume (in my case, the computational box of the simulation). 

Indeed, after the pressure transient reaches to the outer boundaries, the production reaches to the 

limits of the well’s drainage volume. The size of this volume tells us the maximum amount of gas 

that can be produced. During the production, when this maximum amount is reached, GOR shows 

a peak followed by a rapid decline.  I would call this late-time period the 5th stage. 
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Figure 5. Unbounded unconventional reservoir with infinite conductivity fractures. 
Reprinted from Jones 2017. 

 

It is important to note that the five stages with their signatures may not always develop for 

every unconventional well and additional factors could come in to play. It is, therefore, important 

to study these stages carefully and any other factor needs to be identified as part of the effort to 

understand the individual well performance. 
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Figure 6. Pressure gradient of the same rock properties, differing only if it is Radial and 
Linear flow. Reprinted from Jones 2017 

 

Earlier I argued that the producing GOR of an unconventional well is determined by the 

Pwf. Accordingly, the lower the Pwf, the higher the GOR level. Whitson and Sunjerga (2012) argued 

that magnitude of the initial reservoir pressure Pi could also have effect on the GOR. The higher 

the pressure above the bubble point a reservoir initially is, the lower the GOR. Conversely, the 

lower the Pwf, the higher the GOR. This deviates from conventional reservoirs, where the GOR is 

seen as a function of average pressure, and therefore when the matrix permeability becomes low 

enough there is a switch to GOR being a function of Pi minus Pwf (Whitson 2015).  In essence, a 

large pressure gradient of linear flow near fracture has an added impact on the transport rate of the 

gas and hence GOR, which could be different from the much lower pressure gradient of radial 

flow near a conventional well (Jones 2017). 

In Figure 6, two model pressure distributions of radial and linear flow are shown. In the 

case of radial flow regime, there is exponential gradient; whereas the linear flow case has a much 

stronger and wider gradient. This means that for the same production conditions, linear flow will 
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have a larger pressure drop that extends further. For the radial flow pressure gradient, changing 

the Pwf or the Pi will not dramatically change the pressure throughout the radius of investigation. 

In the linear flow model, the initial pressure and the Pwf are dominating this gradient, and that 

changing the either of them has a larger impact on the pressure throughout the reservoir than the 

radial flow case. If the Pwf is increased to 2,000 psi, the pressure at the 10 feet from the well will 

be increased by an entire 500 psi for the linear flow, but the increase will be much less than 500 

for the radial flow. The transition from Pwf to Pi is much sharper in linear flow, forming a large 

constant zone of gas saturation that is the driving force of the GOR value. 

The bubble point pressure is suppressed by the capillary pressure effects and mid-confined 

nanopores (Pradhan, 2020), (Khoshghadam, 2015). The nano-pores of shale lead to a nano-

confinement effect that changes the fluid composition along with its PVT and in-situ transport 

properties. Figure 7 shows a fluid phase envelop for multi-component oil that has gone through 

compositional adjustment and shift in critical point such that it is acting as a gas in nanopores. 

 

 

Figure 7. Pressure vs temperature, phase behavior with nano-confinement effects. Reprinted 
from Didar and Akkutlu (2013). 



 

11 
 

 

The nano-Darcy range permeability is the driving force of the GOR flatness, and stress 

dependency will lead to even more flatness, where the different pore sizes are affected differently 

from the stress. Rock compaction has a significant effect in the unconventional reservoirs because 

it affects the rock properties such as porosity and pore connectivity, pore pressure profile and gas 

saturation (Khoshghadam, 2015).  Rock compaction has been documented to change the saturation 

in the reservoirs (Oppert and Carley 2021). In Oppert’s study, it was a conventional reservoir in 

the Gulf of Mexico with high levels of compaction, where the compaction changed the water oil 

contact line. This effect of compaction re-arranging the fluid in the reservoir is important to reflect 

on. In Makinde’s paper (2017), it was investigated if the rock compressibility had a major effect 

on the GOR, their range of compressibility investigated was Cr = 2E-6 to 8E-6 1/psi and did see that 

there was a small suppression of GOR when increased; however, Makinde (2017) concluded that 

it was not significant. Their study on compaction showed that compaction had a strong effect on 

suppressing GOR and increasing oil production. 

 

1.3 Purpose of Study  

The main goal of this study is to provide a greater understanding of the unconventional wells 

producing GOR. For the purpose I use a reservoir flow simulator and test all the potential 

parameters that could possibly affect the GOR. Usage of reservoir flow simulator is not a new 

approach to study shale GOR. Makinde (2017) used reservoir simulation to investigate the effect 

of drainage volume, and fluid properties on the GOR of horizontal production well with multi-

stage fractures. In my study the parameters were studied individually, one parameter at a time, to 

help identify the largest contributors to the forecasting data. The parameters I investigated are the 

pore volume compressibility coefficient, stress dependency of the permeability of the matrix and 
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of the hydraulic fractures, the anisotropic stress field effects on permeability, and the 

dimensionless fracture conductivity. The simulation set up is included in Chapter 2, and the results 

are discussed in Chapter 3.  
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2. FLOW SIMULATION MODELS AND PROCEDURE 

The data necessary for the investigation were collected using two reservoir flow simulation 

models: Eclipse 100 and NaSh. Eclipse was the model developed first and used for a large portion 

of the study; I used NaSh while I was investigating the fracture closure as a function of minimum 

horizontal stress, i.e., the effect of anisotropic stress field on the producing GOR. Eclipse is widely 

known and often used in the industry, whereas NaSh is an in-house compositional reservoir flow 

simulator with application into production from unconventional oil and gas reservoirs. 

I have developed a three-dimensional oil reservoir model with the following dimensions: 

Length= 1,942.8 ft; Width=1,040 ft; Height= 98.4 ft.  The model contains a horizontal well 1,016 

ft long and located at the center of the model. The well connects to ten vertical fractures with 

uniform dimensions: Length=52 ft; Fracture spacing= 114.3 ft.  

 

Figure 8. The reservoir, well, and the 10 hydraulic fractures. Top angle view 
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Figure 9. The reservoir, well, and the 10 hydraulic fractures.  top down view 

 

Figure 10. The reservoir, well, and the 10 hydraulic fractures. Side View 
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Figure 11. The reservoir, well, and the 10 hydraulic fractures.  Front view 

 
The simulation considers presence of oil, water in the formation initially. Gas phase appears 

during the production, and three-phase flow calculations are performed. Table 1 shows the initial 

saturations of the phases and their critical saturation values necessary for their flow. Notice that 

the initial gas saturation is at the critical gas saturation, which is indicating that, during the 

production at P=Pb any release of gas bubbles from the oil phase is enough to make the gas a 

mobile phase. Consequently, we should observe a change in the produced GOR at the well head. 

The porosity and permeability fields used in the Eclipse model considers single (unipore) 

porosity and permeability fields with the values of permeability significantly larger in the locations 

of the hydraulic fractures. In addition, I considered that both the porosity and permeability fields 

could change during the production as the pore pressure is reduced. The change in porosity is 

calculated using a constant coefficient of isothermal pore compressibility, cp, whereas the 

permeability change uses another rule based on a mechanistic formulation developed by Gangi 

using the concept of bed of nails (Gangi, 1978). Although we used the same model for both 

fractures and the matrix, the values of the Gangi parameters are different for fractures because the  
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Table 1. Eclipse Model 

Initial matrix porosity 0.12  
Initial fracture porosity 0.12  

Pore compressibility, cp 1.00E-05 1/psi 

Fracture compressibility, cpf 1.00E-05 1/psi 

Sgi 0.1  

Soi 0.6  
Swi 0.3  
Sgc 0.1  

Swc 0.1  

Soc 0.1  

Initial matrix permeability, k 0.05 mD 

Initial fracture permeability, kf 5,000 mD 
 

fractures are propped and have additional resistance to the closure stress. I will discuss the 

permeability changes as a function of stress below further. 

NaSh simulation model, on the other hand, considers the same reservoir block, with the same 

well and fractures, but the fractures are introduced into the model as discrete features. Hence, I 

consider dual (matrix/fracture) porosity and permeability nature of the unconventional wells using 

the NaSh model. The petrophysical parameters and their values are the same as listed in Table 1. 

The relativity permeability of a fluid phase is calculated with the three key parameters in 

Eclipse: SOF3, SWFN, and SGFN. The water relative permeability is a function purely of the 

water saturation in the computation cell, and the gas relative permeability is also a function purely 

of the gas saturation. The oil relative permeability is found by interpolating the oil-gas, and the 

oil-water relative permeability curves. The curves are tabulated below, where the values are 

linearly interpolated. 
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Table 2. Relative permeability of oil saturation curve data, for Keyword SOF3 

Saturation of oil 
relative permeability of oil, when 

there is only oil and water 

relative permeability of oil, when 
there is only oil, gas, and connate 

water 
0.1 0 0 
0.8 1 1 

 

Table 3. Relative permeability of water saturation curve data, for Keyword SWFN 

Saturation of 
water 

Relative permeability of 
water 

water oil capillary pressure 
(psi) 

0.1 0 2 
0.8 1 0 

 

Table 4. Relative permeability of gas saturation curve data, for Keyword SGFN 

Saturation of 

gas 

Relative permeability of 

gas 

Oil gas capillary pressure (psi) 

0.1 0 2 
0.8 1 0 

 

I would like to mention that flow during the simulations develops in two-dimensional (areal) 

fashion --even though our model is three-dimensional-- because no vertical flow is considered.  

This is common practice in unconventional reservoir engineering because the unconventional 

rocks such as shale is widely known as highly laminated mud rocks and this lamination allows 

development of the flow only along the bedding planes. Hence the vertical shale permeability is 

safely considered zero. The flow in fractures could be vertical due to the presence of multiple 

phases under the influence of the gravity, but during previous investigations in our group using 

NaSh, it was found that the vertical flow in fractures is not likely to change the nature of production 

rates significantly. In the fractures fluid flows linearly towards the well location. 
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2.1 Stress-dependent Pore Compressibility Considerations 

Although a universal correlation does not exist, it is clear that rocks experience pore volume 

compressibility changes as a function of the stress, Figure 12. The stress applied in the laboratory 

conditions is typically the difference in confining pressure and pore pressure. When the two values 

are close to each other the effective stress is low, and as the difference builds up, the stress becomes 

larger. During production the difference builds up due to pore pressure decline. 

It is also important to point out the pore compressibility could change as a function of 

stress. It may even change non-linearly. We observe this change for various unconventional rock 

samples, Figure 13. What seems to be the case, however, is that the compressibility changes 

significantly during the early production times when the effective stress near the fractures is still 

low, whereas the change is almost negligible at large stresses. The values measured in the 

laboratory are in the range 10-4 to 10-6 psi-1. Using Barnett, Woodford, Haynesville, Eagle Ford 

and Wolf Camp samples, Bachir Mahomad (2014) measured in the laboratory pore compressibility 

values that vary from 1.8x10-4 down to 2.010-6 psi-1. This highly compressible and stress-

dependent behavior in the unconventional rocks during early production can be explained by the 

presence of micro-cracks in the formation (see Figure 14). The variability in pore compressibility 

could lead to change in pore volume and hence in pore-pressure and saturation fields near the 

hydraulic fractures. 

During production, when the pore pressure is high, the cracks are open and interconnected; 

hence, they ready to deliver the fluids they store. When the pore pressure starts to decrease during 

initial production, when the production rates are high, the pore volume decreases at a fast rate. 

When the pore pressure has decreased a significant amount, later in production, the rate of closure 

slows down.  
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Figure 12. Pore volume compressibility as a function of stress. Reprinted from Anderson 
1988 

 

Figure 13. Left: Pore volume compressibility of various unconventional rocks as a function 
of the stress. Reprinted from Bachir Mahomad 2014.   
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Figure 14. Presence of micro-cracks in unconventional formations. Reprinted from Bachir 
Mahomad, 2014. 

 

2.2 Stress-dependent Permeability Considerations 

Much like the pore volume change due to stress, the presence of micro-cracks in the 

unconventional rocks also cause the matrix permeability change. Consequently, both the pore 

compressibility and permeability in shale differ from its sandstone counterparts. Several models 

exist in the literature describing stress-sensitive permeability.  The model used to understand shale 

permeability in this thesis is the Gangi’s bed of nails model. Most of the shale formations we target 

for production are source rocks where petroleum is generated over geological time scale, and 

during the process of diagenesis, and catagenesis, the biomass is converted first into solid kerogen 

and then the kerogen is converted into petroleum fluids oil and natural gas. During this process a 

critical point in time arrives when the pore pressure associated with the generated fluids reaches a 

limit in mechanical strength of the rock and cracks will start to form. These cracks are not only 

important for the expulsion of the hydrocarbon fluids but also important to transport during our 

production using the hydraulically-fractured wells. They control the permeability of the formation.  

During the production, when the effective stress builds up in the formation near the hydraulic 

fractures, these cracks and small fractures will close on themselves and some of them will lose 
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their interconnectivity. Consequently, the formation loses its permeability. This has a large impact 

on the producing GOR. 

Gangi’s model considers the micro-cracks in the matrix are full of fictitious vertical rods 

of varying lengths (namely, bed of nails), when exposed to closure stress, they resist to close 

depending on the mechanical strength of the nails. As the micro-cracks start to close, the rate of 

closure slows down. The permeability modeled by eqn. 1, i.e., Gangi’s permeability model, which 

is a power law model.  

𝑘 =  𝑘 1 − …………………………………………………………………………… (1) 

Here, k0 is the permeability at zero effective stress. pconf is the confining pressure which is often 

taken to be the overburden pressure. The p1 is the stress at zero permeability.  m is the resistance 

of the cracks to closure. I take the differential pressure (confining pressure minus the pore pressure) 

is the effective stress the system is experiencing. The higher the effective stress the lower the 

permeability. Khoshghadam (2015) does not use this exact model, but they also use a power law 

model. 

The Gangi’s mechanistic permeability model was originally developed for split core plugs 

under confining pressure in the laboratory, but it also approximates the hydraulically made 

fractures, where the parameters have to be tuned to reflect the difference of resistance to closing 

and the effect of overburden stress, see Figure 15. 

The Gangi’s model can also be used for the description of the stress-dependence of the 

hydraulic fracture permeability, however, I should note that the key parameters k0, m, and P1 
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Figure 15. the direction of confining stress on both hydraulic and natural fractures in shale 
systems. 

should be significantly different for the hydraulic fractures.  Kim and Akkutlu (2019) considered 

the application of the model to the hydraulic fractures defining new parameters: 

           𝑘 =  𝑘 1 − ,

∏
…………………………………………………………………… (2) 

The hydraulic fracture permeability model still follows the power law trend: large 

reduction in permeability in the beginning of production and more resistance to closure as the 

pressure decreases. The function of the closure is different, however. The effective stress applied 

to the fracture is based on the minimum horizontal stress subtracted against the pore pressure. If 

the fracture is not exposed to any stress, then the equation turns into: 

𝑘 = 𝑘 1 +
. 78𝑑 𝜂

ℎ .
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where k0 is the permeability at zero effective stress in the absence of proppants; the dp is the 

diameter of the proppant; η is the quality of proppant placement; the ℎ .  is the initial pore 

height from the fracture-wall asperities of the sample at zero effective stress. 

 The fracture closure stress is different from the micro-cracks in the matrix since the fracture 

is propped open. The equation for this is as follows: 

∏ = (1 +
.

.
)  ………………………………………………………….. (4) 

M exponent from equation 5 is the resistance of the fracture to close if the fracture is propped 

open. 

𝑀 = 𝑚(1 − 𝜂 ) + 𝜂 𝑚 .

. .
+ 𝜁 .

. .
   ……………………………….. (5) 

These parameters are the differentiation of the fracture permeability multiplier and matrix 

permeability multiplier. 

2.2 Eclipse Flow Simulation Model with a Uniform Permeability Field 

Eclipse is a commercial software and was used as the main tool for this study due to the 

wide accessibility that software has in the industry. The Eclipse trials are isotropic property trials 

to prove the concept. The first set of trials were run with constant permeability and using 

conventional compressibility values. The key parameter ROCKTAB was used to make the fluid 

transmissibility (which is a function of the permeability) an explicit and stress-dependent quantity. 

Transmissibility multiplier, porosity, and pore compressibility factors affect both matrix and 

fracture cells the same.  

The transmissibility multiplier and the pore volume for the stress dependent trials are tables 

that were calculated in excel. The transmissibility multiplier was generated using different 
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parameters for Gangi’s equation and the pore volume was generated by using different 

compressibility constants. An example of this table is Table 5 below: 

Table 5. An example Rocktab table input 

 

The parameters for the porosity multiplier is a cp = 1.0E-5 psi-1. The pore volume is assumed to be 

at a base value at the initial pressure of 9,000 psi. The permeability multiplier was tabulated using 

the following Gangi parameters, m =.6, Pmax = 13500, Pcon = 12000, α = 1. The table signifies that 

in each cell, the pore pressure is used to find the pore volume multiplier, and the permeability 

multiplier of the cell. An example of this would be if a cell was at 6,000 psi, then the porosity and 

the permeability of the cell would be multiplied by .97 and .051914877. Tabulation of the stress-

dependent quantities is not necessary for the NaSh simulation model because the simulation 

computes these quantities dynamically for both the matrix and the fractures based on the Gangi’s 

rule. Further details of the used NaSh simulation model is below. 
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2.3 NaSh Flow Simulation Model with Embedded Fractures and Anisotropic Stress Field 

The NaSh trials were run to test the anisotropic stress case, i.e., the differences between 

the matrix stress field and the hydraulic fracture stress field kept different and the difference 

varying as part of the study. The flow simulator uses a dual porosity-permeability with the 

following parameters: overburden stress, M of the fracture, m of the matrix, P  of the fracture, the 

p1 of the matrix, kf0 of the fracture, k0 of the matrix, the pore compressibility of the fracture, and 

the pore compressibility of the matrix. The confinement stress was the σob for the matrix cells, and 

the fracture closure stress σh,min for the fracture cells. 

 The stress field of shale is not isotropic. The vertical stress and the horizontal stress can be 

much different. The force acting on a fracture/crack in the perpendicular direction of the 

propagation of the fracture is what governs the closure of the fracture. The overburden stress is the 

confinement pressure of the matrix, because of how the cracks in the matrix form horizontally 

meaning that overburden stress is the force acting on it in a perpendicular fashion. While for the 

hydraulic fractures propagate against the matrix by opening in a vertical fashion because the 

minimum horizontal stress is less than the vertical stress, and fracture propagation goes in the path 

of least resistance; the least horizontal stress is the force that acts perpendicular  to the fractures. 



 

26 
 

 

Figure 16. Power Law exponent vs Youngs modulus, distribution of the Fracture gradient 
which is the minimum value of the σh,min. Reprinted from Zoback 2019. 
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Figure 17. Depth vs pressure. In an over pressured system, shale's approaches σh,min 
vertical stress. Reprinted from Zoback 2019 

 

 The overburden stress has well-documented estimates, and the minimum horizontal stress 

is derived from the overburden stress by accounting for the young’s modulus and the lithology of 

the region. See Figures 16 and 17 from Zoback (2019) The lower bound of the minimum 

horizontal stress is the frictional faulting equilibrium, which has a similar stress gradient as the 

vertical stress. A normal gradient of overburden stress is 1 psi/depth while the lowest minimum 

horizontal stress that can be expected is 0.6 psi/ft.  

A 0.6 psi/ft gradient is much lower than what would be expected. Especially in a shale 

system that is over pressured. In a strike-slip fault structure, this is an expected graph of the 
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gradients according to Ankush (2022), where all the σh,min for this particular reservoir scheme are 

between the normal faulting frictional bound, and the vertical stress gradient. 

 

Figure 18. Graph of possible stress values for the normal stress and the minimum horizontal 
stress. Reprinted from Ankush 2022. 

For the anisotropic trial, Figure 18 above is used to show what the maximum effect of the 

anisotropic stress field has on the GOR. The depth of the reservoir is was set to 10,300 ft so that it 

has a overburden pressure of 12,000 psi, and the σh,min is taken equal to 10,000 psi. 

  



 

29 
 

 

3. RESULTS AND DISCUSSION 

 

I shall begin this chapter by reviewing the prototypical production trends I observe in my 

simulations for the conventional and unconventional cases. Later I will carry the discussion more 

in depth on the observations related to effects of a specific parameter. 

 

3.1 Prototypical GOR Trends of Production wells 

 To understand the GOR trend of hydraulically-fractured low-permeability reservoirs, it 

must be first compared to a conventional hydraulically-fractured reservoirs. What I mean by the 

conventional reservoir is the reservoir with relatively high matrix permeability. I consider 50md 

for the simulation of the conventional case. Its producing gas-oil ratio trend is shown in Figure 19 

for nearly 3 years of production. The same figure also includes the GOR trends of the tight matrix 

with 0.05 md (or 50 micro-Darcy), and ultra-tight matrix with 0.0005 mD (or 500 nano-Darcy) 

permeability cases. The other simulation model parameters are deliberately kept the same as 

discussed in Chapter 2 for simplicity in analysis: production with constant fracture permeability 

(5,000 md), low pore volume compressibility coefficient 1.0x10-5 psi-1, and same fluid parameters; 

the only parameter that is changed at each run is the matrix permeability.  

I observe that the GOR range of the conventional case, goes from 0 to 20 MSCF/STB, 

while both the tight matrix and ultra-tight matrix cases have GOR staying low and between 10 and 

15 MSCF/STB, Figure 19. This is already an indication that tight rocks with micro-Darcy and 

nano-Darcy range matrix permeability behave uniquely different than the conventional reservoirs. 

Hence, the flat GOR trend observed in shale wells discussed in Chapter 1 can solely be attributed 
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to the low permeability of the rock matrix; further I argue that all the other matrix-related effects 

listed in the  

 

Figure 19. Dynamical GOR trends with different matrix permeabilities 

 

literature are secondary effects on the magnitude and shape of the GOR. These matrix effects only 

play a supporting role, not the main role on the GOR control. 

 

3.1.1 Conventional oil reservoirs 

Investigating the conventional model is the priority because conventional reservoirs have 

been studied for well over a hundred years, and the difference between the tight rock and the 

conventional rock cannot be understood well without knowing the conventional model response. 

Conventional matrix of my model follows a conventional production trend: when the pressure goes 

below bubble point, there is an increase on GOR and the GOR stays high until the whole reservoir 

domain is depleted and the drainage volume can no longer supply the gas at the same rate. The 

sharpest increase in GOR occurs during the hydraulic fractures depletion which is only for the first 

couple of days. 
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A snapshot of the pressure and gas saturation profiles in the reservoir are laid out. I do not 

see too much concentrated depletion around the fractures. This is because the permeability in the 

reservoir is so high that fluid flow in the reservoir is not localized at any one  

 

     
Figure 20. Pressure profile, conventional model. 6 days of production (LEFT) 10 days of 
Production (RIGHT) 

 

    
Figure 21. Gas saturation map of the conventional model at 6 days of production (LEFT) 10 
days of Production (RIGHT) 
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point in the reservoir, Figures 20 and 21. After 6 days of production, the transient has already 

reached pseudo-radial flow because the entire well and the fractures are acting collectively  as a 

singular unit. This reflects the radial pressure profile of Figure 6. 

 Figure 20 shows after 10 days of production the pressure propagation reaches the boundry. 

This will be contrasted with the tight and ultra-tight reservoir models in the next section, where 

the tight models take years to reach the boundary of the reservoir. There is a trend of the pressure 

having a gentle gradient in throughout the propagation. The gas saturation has increased 

throughout the reservoir by a small amount, because the pwf is below bubble point. Between days 

7, and 10 the entire field has a uniform pressure drop from 8600 to 7600. 

  

3.1.2 Tight oil reservoirs with micro-Darcy Permeability 

The tight matrix case, and the ultra-tight matrix behavior are similar because they 

experience flow completely dependent on the fractures which causes the flow in the system to go 

through a sequence of linear and boundary influenced flow, while the conventional case does not 

follow this flow regime because  
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Figure 22. Oil production rate vs time using fractured and unfractured well for the tight 
rock models. 

 

the matrix permeability is high enough to be produced from directly. In these tight reservoirs the 

presence of fractures changes the transient nature of the flow significantly. We see that the 

unfractured well experiences radial flow as a flat line but the fractured well shows several trends 

developing in the production line, Figure 22. Without the fractures, the production is so low, and 

this indicates to us the reason why these tight formations cannot be exploited economically without 

the hydraulic fracturing. With the fractured well with infinite conductivity hydraulic fractures the 

following flow regimes are identified in Figure 22: the green boxes are the formation linear flow; 

The red box is the boundary-influenced flow caused by fracture interference; and the blue box is 
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the tertiary linear flow, which develops parallel to the fractures, after the fracture linear flow and 

formation linear flow regimes, hence the name tertiary. Note that, because the fractures have 

infinite conductivity the fracture linear flow and bilinear flow regimes develop so fast and do not 

appear in Figure 22. The formation linear flow is the flow in between the fractures perpendicular 

to the fractures, and can be observed in Figure 22 with the characteristic slope between ½. The 

boundary influenced flow is the flow when the low-pressure waves moving away from the 

individual fractures meet each other, or when the fracture interference begins, and it can be seen 

in Figure 22, when the rate partially starts to form into unit slope at 10 days of production, but 

never actually reaches unit slope. The tertiary linear flow is flow when the low-pressure wave 

starts to propagate outwards as a singular unit and can be seen in Figure 22 at day 80 when the 

slope goes back to ½ slope. The outer boundary influenced flow happens when the pressure 

propagation of the well hits another wells pressure propagation. In my study, this develops when 

the low pressure wave reaches the outer boundary of the reservoir model. It is seen in Figure 22, 

at the end of production when the rate goes to being unit slope. All these flow regimes will be 

studied on the pressure profile maps from Figures 27-47. Note however that not all flow regimes 

can be seen in all the cases.  

Now let us discuss the GOR trends in tight rocks with and without fractures. Figures 23, 

shows the GOR of the tight rock model with and without fractures. Without the fractures, the 

production is so low that there is no opportunity for gas to form or for any meaningful transport of 

fluid to happen. Without the fractures, the GOR stays at the solution gas-oil ratio of the oil. The 

observed GOR difference between the fractured model and the unfractured model is caused by the 

additional pressure drop in the fractures that forms gas inside  
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Figure 23. GOR vs time using fractured and unfractured well in tight rock models 

 

Figure 24. GOR trend of Tight matrix model with the critical areas highlighted 

 

the fractures. The fast pressure depletion occurs inside the fractures, and it slowly spreads 

throughout the reservoir. This spreading creates a constant gas saturation region near the hydraulic 

fractures. This is explored more in the saturation and pressure maps where this pressure 

propagation scheme is seen clearly. 
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I have broken up the trend into several stages of production the well goes through, Figure 

24. These stages can be used to identify the flow regimes easily. As production happens, the total 

flow rate decreases, however as different stages of production happen, the rate of decline changes. 

When the GOR goes down then the gas rate is decreasing faster than the oil rate, while if the GOR 

goes up that means the oil rate is dropping faster than the gas rate is.  

Linear fracture flow and bilinear flow develop over minutes for the chosen fracture 

permeability value, so it would not be seen as the smallest time step is 1 day.  The first stage of 

production in my simulations is the formation linear flow and the fracture depletion. The depletion 

of water in the fractures causes the GOR to increase, while the formation linear flow usually pulls 

that high GOR down. So, this discussion shows that, if both the formation linear flow and the 

fracture depletion are taking place simultaneously, then the fracture depletion will override the flat 

GOR trend during that initial production. The fracture depletion is then the determining factor on 

what the GOR value will be: if the BHP is lowered further, the observed GOR plateau will go up 

higher; if the BHP is increased, the plateau will go lower. The second stage is the boundary-

influenced flow due to fracture interference. The boundaries of a low-pressure wave initiated by 

the production from one fracture are the low pressure waves of the neighboring hydraulic fractures. 

When this happens, the fracture interference develops on the production of the hydraulic fracture 

and the oil and gas production rates are both decreasing at the same rate. The third stage is the 

pseudo radial flow, where the well and its hydraulic fractures act as one large-diameter well 

experiencing radial flow. The fourth –and final-- stage is the boundary influence due to the outer 

boundary of the simulation box.  

To help visualize the flow regimes better, several profiles of pressure and gas saturation 

are mapped out at critical time intervals to see what is happening in the reservoir during the 
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pressure transient and how it compares to the GOR trend. Figures 25-34 are of the pressure and 

gas saturation profile. 

 

Figure 25. Pressure profile of tight oil case at 24 hours of production 

 

Figure 26. gas saturation profile of tight oil case at 24 hours of production 
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Figures 25 and 26 show the pressure profile and gas saturations of the tight rock case at 24 hours 

of production.  Now comparing this to conventional model (previously shown in Figures 20-21), 

the pressure and the gas saturation profiles occur in very localized manner and the changes appear 

sharp. After 24 hours of production, the fractures have gone through major depletion, in Figure 

25, the fractures pressure has dropped from 9000 psi to 6600 psi. The pressure profile shows that 

depletion has already begun in the area surrounding the fractures, and that a low-pressure wave is 

propagating mostly in a linear way perpendicular to the fractures. The fluid flow in the reservoir 

is highly localized around the fractures, which is a sharp contrast with the conventional reservoir 

where the pressure propagation was gradual. This follows with Figure 6 where the pressure 

propagation is gradual for radial flow, while in the linear flow pressure profile there is a low-

pressure zone for an extended period of time and then a sharp increase. The fracture is still 

depressurizing, and this can be seen from the change in the pressure profile, Figure 25 and 27, 

where the pressure drops in the fracture from 6600 psi to 5300 psi. The pressure propagation is 

almost exclusively between the fractures which is why it is linear flow. 

The gas saturation profile from Figure 27 shows the location of the gas saturation profile does 

not match the pressure profile one-to-one, because the gas saturation is expanding with a phase-

changing front that is propagating faster than the pressure wave. There is already contact between 

the gas saturation fronts.  

Figures 27 and 28 show the pressure profile and gas saturation at 16 days of production. At 

16 days of production, the GOR trend starts to flatten out. In the pressure profile map at 16 days 

of production there are 4 pressures, Figure 27: the initial pressure of 9000 psi which is the area 

not yet affected and shown in red; the initial pressure propagation, in this case 7850 psi shown in 
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yellow; the intermediate pressure propagation front, in this case 6700 psi shown in light blue color; 

concluding with the last pressure propagation front, that is 5300 psi in this case shown in purple 

color. The gas saturation map in Figure 28 shows similarities and differences from the pressure 

map. The similarity is that there are also four zones with characteristic gas saturation values; 

however, the gas saturation map is already starting to propagate out of the well as a singular unit 

instead of as individual fractures. 

 

 

Figure 27. Pressure profile of tight-oil model at 16 days of production 
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Figure 28. Gas saturation profile of tight-oil model at 16 days of production 

 

 
Figure 29. Pressure profile of tight-oil model at 57 days of production 
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Figure 30. gas saturation profile of tight-oil model at 57 days of production 

  

Figures 29 and 30, show the pressure and gas saturation maps at 57 days of production. 

After about 2 months of production, the low-pressure wave propagation has completed in a way 

where the fractures are fully communicating with each other, and functionally the fluid flow should 

be boundary influenced from the fracture interference. This is not true boundary dominated flow, 

in the production rate Figure 22, the trend goes from ½ slope to unit slope temporarily but will 

transition back to linear flow. At this point, if the well was bounded by the reservoir, or by another 

well close by, this would be the final stage of fluid flow, but since it is unbounded the well will 

transition to a pseudo radial flow. In the fractures, the gas saturation has reached its maximum 

value, and is spreading around the well bore. This contrasts with the pressure propagation which 

has not experienced a new front. 
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Figure 31.Pressure profile of tight-oil model at 1 year of production 

 

 
Figure 32. gas saturation profile of tight-oil model at 1 year of production 
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Figures 31 and 32, show the pressure profile and gas saturation map at 1 year of 

production. By one year of production the pressure is propagating pseudo-radial, and the GOR is 

slightly decreasing because of it. The first pressure propagation front has reached the edge of the 

reservoir which will lead to the GOR to start increasing. The gas saturation map no longer has the 

maximum gas saturation zone, which likely means that exsolution gas has been compressed back 

into the oil.  The gas saturation propagation has already reached the edge of the reservoir. 

 

 
Figure 33. Pressure profile of tight-oil model at 2 year of production 
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Figure 34. Gas saturation profile of tight-oil model at 2 year of production 

 

Figures 33 and 34, show the pressure profile and gas saturation map at 2 year of 

production. After 2 years of production, the gas saturation of the reservoir is uniform around the 

well to the boundary of the reservoir. There are still two pressure zones; the final pressure zone 

will continue to pseudo radially propagate until it reaches the end of the reservoir, at which point 

the production will cease. The system has reached its max gas saturation, and unless the drawdown 

is increased then this is the final stage of production. 
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3.1.3 Ultra-tight oil reservoirs with nano-Darcy Permeability 

I have so far explored how production trends develop for the wells producing from 

conventional, and tight rock cases, both with hydraulic fractures. Now I would like to delve into 

production trends in ultra-tight rock.  I would like to understand differences in GOR trends between 

the reservoir matrix having micro-Darcy and nano-Darcy permeability. Ultra-tight shale is usually 

specified as a shale with a permeability of less than 1 micro-Darcy or 1000 nano-Darcy. This low-

quality reservoir rock is a major part of unconventional development and being able to profitably 

extract from these plays is unlikely currently but may become a necessity in future.  

The GOR trend of the ultra-tight model is shown below in Figure 35. The nano-Darcy 

permeability leads to a production trend where the fracture depletion and the primary linear flow 

develops within a large period. Previously in the tight matrix case, it took less than a month for the  

 

 

Figure 35. GOR versus production time of ultra-tight case with 500 nano-Darcy matrix 
permeability 
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fractures at large distances to interfere, however in the ultra-tight case now it takes 200 days. The 

initial peak seen in the first week of production is the fracture depletion, which is already a 

deviation from the tight case which experienced 24 hours for the depletion. This initial transition 

might have more to do with gridding of the transition from smaller fracture cells to the larger 

matrix cells. The flattening out period at 2 months production is from the fluid flow being entirely 

formation linear flow. This will all be explored through pressure profile and gas saturation maps 

in Figures 36-43. 

Figures 36 and 37 are the pressure and gas saturation maps at 1 day of production. After 

one day of production, the ultra-tight case has propagated into the matrix significantly less than 

the tight case. The pressure propagation is so slow that it is required for a close up shot on the 

fracture to even see the pressure propagation. The fracture depletion for the ultra-tight case takes 

a significant amount of time to complete and should not be ignored during the analysis. The initial 

propagation front has just barely reached the cells adjacent to the fracture. 

Figures 38 and 39 are of the pressure and gas saturation maps at 60 days of production. 

By 60 days of production, the GOR has reached its minimum. However, the fractures interference 

has not started yet, so the flow is in formation linear flow but has not experience any boundary 

effect yet. The gas saturation map however is beginning to start to reach the other fractures, which 

is why the GOR will start to increase again.  

Figures 40 through 41 are a series of pressure and gas saturation maps at 200 days of 

production. After 200 days of production, the low-pressure waves have finally met at the midpoint 

in between the other fractures. This gravely differs from the tight case, because in the ultra-tight 

case it has taken 200 days to reach boundary influenced flow, while in the tight case, it started to 

transition away from boundary influenced flow at 60 days of production. The difference in rock  
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Figure 36. Ultra-tight pressure map, 1 day of production. Close up on the fracture 

 

 

Figure 37. Ultra-tight case gas saturation map, 1 day of production. Close up on the fracture 
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Figure 38. 60 days of production, ultra-tight case, pressure profile. 

 

 

Figure 39. 60 days of production, ultra-tight case, gas saturation profile. 
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Figure 40. Pressure profile of ultra-tight case at 200 days of production 

 
Figure 41. Gas saturation profile of ultra-tight case at 200 days of production 
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Figure 42. Pressure profile of ultra-tight case at 2 years of production 

 

 
Figure 43. Gas saturation profile of ultra-tight case at 2 years of production 
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quality shows that large differences exist in the timing of fluid flow regimes and propagation fronts 

movement. Due to the extended period of time it takes for the ultra-tight rock compared to the tight 

rock, if the rock being produced from is closer to being ultra-tight, the fracture spacing and well 

packing should also be tighter to maximize the areal coverage. 

Figures 42 and 43 are a series of pressure and gas saturation maps at 2 years of production. 

There are still pressure fronts propagating between fractures but the gas saturation field has started 

to move outside of the fracture zone and show pseudo radially trends.  

 

3.1.4 GOR trends and their meaning 

Between the tight rock model and the ultra-tight rock model, certain differences in GOR 

trends appear due to changing flow regime and the to the interaction of the fractures and with the 

matrix. Firstly, there is an increase in the GOR at the beginning. The fracture depletion causes 

solution gas to come out of the oil phase in the fractures and increase the producing GOR to 

increase. During the fracture depletion, the fractures and the immediate surrounding matrix are at 

the Pwf  value, which leads to a zone of free gas appearing, and this zone of free gas is the driving 

force of the producing GOR. Consequently, the initial GOR trends with the unconventional wells 

in ultra-tight formations are functions of the applied Pwf. Following the fracture depletion, the 

formation linear flow in between fractures causes the GOR to slightly decrease. This slight 

decrease will be flattened out later by the fracture’s interference, when the low-pressure waves of 

the nearby hydraulic fractures collide and create a boundary-influenced flow conditions in between 

the fractures. Eventually the well will start to propagate as a singular unit in a pseudo-radial 

fashion, and the GOR will start to decrease again. Then when the reservoir boundary is reached by 



 

52 
 

the pressure wave, the GOR will start to increase slowly. These processes develop extremely slow 

in the ultra-tight case, and in a real well, the actual GOR will look perfectly flat. 

3.2 Dimensionless fracture conductivity effects on GOR 

The previous analysis done was done on planar fractures with permeability of 5 Darcy. 

This permeability is high enough to be considered infinite conductivity. In Figure 4, Jones models 

show the difference between high conductivity wells and low conductivity wells. The analysis 

done in this paper is for high conductivity and wells, and therefore it needs to be determined at 

what permeability ranges is it the classification of high conductivity valid. Several trials were taken 

place, with constant permeability, and low compressibility with different fracture permeability to 

see the effect of dimensionless fracture conductivity (FcD). 

𝐹 =
𝑘 ∗ 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒

𝑘 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒
 

There are differing cut off points for when the FcD is considered to be infinite conductivity, 

where the cutoff point is usually drawn somewhere between 30 to 100 FcD. The trial results are 

shown in Figure 44.  

Table 6 Dimensionless fracture conductivity trials, with their fracture permeability, and 
their calculated FcD 
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Figure 44. Dimensionless fracture conductivity trials forecasting, GOR vs days 

 

Both 5,000 md and 50,000 md have the exact same GOR trend, which is a good indication 

that in terms of GOR forecasting, 38 FcD can be considered infinite conductivity. The trials of 500, 

5,000, and 50,000 md all follow the typical case of a sharp increase in GOR followed by an 

extended plateau period.  

The 50 md trial has very low conductivity so there does not appear to be a plateau; Jones 

called this an ascending plateau. This means that between a FcD of 0.3 and 3, the GOR trend will 

shift from having a plateau to not having one. The difference between a FcD of 3 from .3 is much 

larger than a FcD of 30 to 3. Fine tuning the fracture permeability is difficult once the cutoff is met. 

 When the permeability of the fracture is 5 md, the GOR is completely flat just above Rs, 

this is caused by fracture failing to produce anything significant from the reservoir. 

The difference in the GOR trend between a well with infinite conductive flow and finite 

conductive flow will be discussed further in section 3.4. 
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3.3 Isotropic Stress-dependent Permeability Effects on GOR 

Now it is time to see the change of the fluid transport associated with the permeability 

reduction associated with pressure depletion causing the system to experience stress.  

The permeability of the system and its stress dependency has a major effect on the GOR. 

In order to test this relationship, the dimensionless fracture conductivity was kept constant at 38.1 

and a multiplier was applied to the matrix transmissibility. This means that all the trials done in 

this section start off with infinite conductivity. For the first round of trials, the multiplier was held 

constant for the duration of the simulation run, but for the second round of simulations, the 

permeability was kept stress-dependent.  

 For the constant permeability trials, the original fracture permeability and the matrix 

permeability of 5000 md, and 0.05 md respectively, are multiplied. So, if the multiplier is 0.54, 

then the permeability values will be 2700 md for the fracture and 0.027 md for the matrix. The 

results of the constant permeability trials are shown in Figure 45.  

 The point of having these constant permeability trials, is to have a frame of reference for 

the stress sensitive trials. These constant permeability trials should give me a snapshot on the 

particular multiplier’s effect on the GOR trend. The smaller the multiplier, the longer it takes for 

the production to reach the next stage of production of GOR. The lower the multiplier, the more 

reduction in the permeability. The multipliers of 0.039, and 0.027 have a flat period in the 

beginning lasting several hundred days before going to the 13.5 MSCF/STB. This can help explain 

the phenomenon in Figure 1, where there is a flat period, and then it starts to increase a few 

hundred days in.  
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Figure 45. Constant permeability trials, isotropic case. Tight rock 

  

The transmissibility multiplier of 0.0066 is the only multiplier that did not have an initial 

peak of 13.5 MSCF/STB when fracture interference developed. This means, when put under 

enough stress, the gas loses its mobility. If shale has a low resistance to closure, and is already 

under a lot of stress then the gas mobility of the system will not increase. The trend to look for is 

that the lower the multiplier, the flatter the GOR can be expected at any moment.  
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Figure 46. Dynamic permeability trials, isotropic case. Tight rock 

 

The isotropic permeability trials were run with the transmissibility multiplier being stress-

dependent, where the multiplier followed Gangi’s equation. The results of some those trials are 

shown in Figure 46. 

The dynamic permeability trials were compared to the constant permeability tight rock model. The 

permeability model used the following Gangi parameters, m=0.3, Pmax =13500, and Pcon ranging 
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from 9000 to 13000. These are all acceptable parameters for shale according to Wasaki and 

Akkutlu (2015). The stress dependence of the permeability has closed the fractures and cracks 

enough that none of the models reach the initial peak of 13.5 MSCF/STB.  The GOR has 

quantitatively been lowered by the permeability reduction, for example at day 100 of production 

the GOR is 8.8 MSCF/STB, when the confining pressure is 13,000 psi, while the prototypical tight 

case is 12.96 MSCF/STB. This is a 32% reduction in the GOR caused solely by the permeability 

stress dependency. Stress is causing damage in the fractures which is preventing the gas from 

mobilizing like it does tight prototypical case.  

 

 

Figure 47. Constant permeability multiplier trials for the Ultratight reservoir 
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Figure 48. Constant permeability multiplier trials for Ultratight reservoir, only the extreme 
multipliers of 1 and .0066. 

  

In the ultra-tight cases, the smaller the permeability multiplier does not lead to a more 

suppressed GOR, Figure 47. Instead, what seems to be the case is that the lower the permeability 

multiplier, the flatter the forecasting says the GOR will be. This is an indication that there is a limit 

to how much stress will affect the GOR through the permeability, and the higher the initial 

permeability, the more vulnerable it is to the stress affects. 

3.4 Anisotropic Stress-dependent permeability effects on GOR 

 Now that it is shown that stress dependence of the permeability has the ability to affect the 

GOR trend, it is now important to measure the impact of the stress effect on the matrix and 

hydraulic permeability individually to see which contributes more. This is important to study as 

seen in Kim and Akkutlu (2019), the permeability properties of the matrix and fracture cells are 

significantly different from each other. The hydraulic fractures are propped, and their confinement 
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pressure is based on the σh,min. This leads to the Gangi equation parameters to be significantly 

different. An example of optimized parameters is in Table 7. Part of this analysis will be 

comparing the GOR trends when the flow is initially at infinite conductivity, FcD is 38, and when 

it is initially finite, FcD is .38. 

In order to test this, these parameters were used in a series of trials where in the first trial 

both cell type were run stress dependent, then in the second trial, both cell types were run as 

independent of stress, and the final two trials were run where only one cell type was run constant 

and the other stress dependent.  

 

Table 7. Gangi parameters for fracture and matrix parameters. 

Parameter Value Unit 
Matrix porosity 0.12 fraction 
Fracture porosity 0.667 fraction 
Fracture permeability 
parameter kf0 5.0 or .05 D 
Fracture permeability 
parameter,  13500 psi 
Fracture permeability 
parameter, M 0.277 - 
Biot coefficient, α 1.0 - 
Matrix permeability 
parameter, km0 5.00E-05 D 
Matrix permeability 
parameter, p1 27,927 psi 
Matrix permeability 
parameter, m 0.118 - 

Overburden stress, σob 12,000 psi 
Minimum horizontal 
stress σh,min 10,000 psi 
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Figure 49. GOR vs time, anisotropic Stress-dependent permeability trials when flow is 
infinite conductivity 

 

Figure 50. GOR vs time, anisotropic Stress-dependent permeability trials when flow is finite 
conductivity 
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 The GOR forecasting of the four trials run for the anisotropic Gangi parameters are 

compared for the infinite conductivity and finite conductivity models, Figures 49 and 50. In this 

dual permeability and porosity system, the fluid flow is controlled by both the matrix and the 

fractures because all the fluid is stored in the matrix and needs to be transported to the fracture to 

get to the wellbore. In this fluid transportation system, both the matrix and the fracture need to be 

open to flow and if one starts to fail then there will not be fluid flow. This does not mean that both 

parameters have equal contribution of the flow. The simulation was run for 1 year because that is 

when most of the production happens. 

 

Figure 51. Oil production, anisotropic study, infinite conductivity 
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Figure 52. Oil production, anisotropic study, finite conductivity  

 

Figure 53. Gas production, anisotropic study, infinite conductivity 
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Figure 54. Gas production, anisotropic study, finite conductivity 

  

Comparing the infinite and finite models’ production trends reveals important information 

on the mobility of hydrocarbons in different situations. First to look at the GOR trends themselves, 

we can see that permeability reduction will cause a reduction in the GOR and make the trend 

flatter. This follows the same trend as the isotropic trial, so there is no surprise there.  

The infinite conductivity case shows that only having the fracture permeability or matrix 

permeability be stress dependent will cause a significant drop in GOR, but because the fracture 

has infinite conductivity, it will not completely close from the stress, and the GOR will not be 

completely flat, Figure 49. The oil production data shows that when the matrix permeability is 

stress dependent and the fracture is not, the oil production goes down more than when the fracture 

is stress dependent, Figure 51. For gas production, stress dependency for the matrix and fracture 

permeability effects the system equally, Figure 53. This furthers the point that when the well 

experiences infinite flow, the fracture can experience some amount of closure and resist dropping 

in production. 
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When the fractures are finite in conductivity, the stress dependency in the fractures causes 

significant closure, and causes almost complete flatness in the GOR. Comparing the GOR trend 

when the permeability is held constant, and if there is stress dependency in the system, it shows 

that the GOR reduction is almost completely from stress dependency in the hydraulic fractures, 

Figure 50. From the production data, making the fracture stress dependent greatly reduces the 

flow both for oil and gas, while it doesn’t for the matrix stress dependent case, Figures 52 and 54. 

This shows if the fractures have finite conductivity, then the fractures closing will prevent the gas 

from releasing and flowing through to the well. 

 This is an indication that more time and effort should go into mapping and understanding 

the nature of hydraulic fractures than the matrix in terms of permeability. The stress in the fractures 

constricts the mobility of the gas. This is caused by the initial hydraulic fracture being open and 

approaching pipe-like flow then being shut in, while the matrix permeability is already effectively 

constricting fluid flow because of its low permeability. 

 

3.5 Pore Compressibility and Porosity effects on GOR trends  

 Now that the fundamental interaction between fractures and the matrix has been mapped 

out. This study done on pore compressibility is when the initial fracture permeability is 5 D, infinite 

conductivity. 

The GOR’s magnitude becomes smaller and the trend becomes flatter as the 

compressibility coefficient is taken larger, Figure 55. as I explained in the introduction, the nature 

of pore compressibility of shale is such that, at the beginning of production the compressibility is 

large, close to 1.0E-4 1/psi; as the production continues, the compressibility factor becomes much 

smaller, down to 1.0E-6 1/psi. This can lead to a situation where the GOR will slightly increase as 
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the compressibility factor changes. Unfortunately, in my simulation the compressibility is 

constant, but Figure 55 shows the trends for the whole range of values. 

 

 

Figure 55. GOR vs time, Compressibility trials for the tight matrix case. 

 

Figure 56. Oil production, compressibility trials for the tight matrix case 
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Figure 57. Gas production, compressibility trials for the tight matrix case 

 The reason for the GOR decrease with the compressibility increases is because with the 

increasing compressibility, the pore volume is reduced additionally during the depletion. 

Increasing the pore compressibility increases the oil rate without increasing the gas rate, Figure. 

56-57. This is a stark difference between the pore compressibility trials and the permeability 

reduction trials, because the permeability trials reduced both the gas and oil rates. The larger pore 

space reduction means less space available for the release of gas from the oil and for the expansion 

of the free gas. It is basic application of the conservation of mass, if oil and water flow out of the 

rock unit due to production, then voidage created by the flowing out fluids must be filled up by 

the components of the reservoir system. In a rigid reservoir system, the voidage created by the 

flow would be taken up by the expansion of the oil and water phases and by the gas released from 

the oil. But, if the reservoir is not rigid, the rock compaction also participate into this effort and 
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pore volume will be reduced. This reduction in the pore space is adding energy to the system that 

is supporting fluid flow, which is typically supported by gas expansion. This consequently leads 

to less gas release. So, the compressibility increases causes pore volume reduction, and therefore 

reduction in gas released from oil. This is shown in Table. 6, where the gas saturation is 10-16% 

for the lower compressibility case, and 10-11% for the high compressibility case. This 5% 

difference in the value of the gas saturation is attributable solely to the change in the 

compressibility value. In the high compressibility case, the oil saturation actually increases from 

59% saturation to 61%, during the production, while in the low compressibility case it decreases 

from 59% to 55% during the production. The effect of pore compressibility is somewhat less on 

the water saturation: in the high compressibility case decreases from 30% to 27%, and in the low 

compressibility case it decreases from 30% to 28%. This is due to low compressibility of the water. 

During the expansion of the reservoir system components the water expansion is almost negligible. 

Table 8. Saturation data, max and minimum for the compressibility case and high 
compressibility case 
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Figure 58. 15 days of production, pressure profile, High compressibility on the left, low 
compressibility on the right. 

 
 

 

Figure 59. 15 days of production, oil saturation, high compressibility on the left, low 
compressibility on the right 
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Figure 60. 15 days of production, water saturation, high compressibility on the left, low 
compressibility on the right 

 
 
 

 
Figure 61. 15 days of production, water saturation, high compressibility on the left, low 
compressibility on the right 
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Figure 62. 28 days of production, pressure profile, High compressibility on the left, low 
compressibility on the right. 

 
 

 
Figure 63. 28 days of production, oil saturation, high compressibility on the left, low 
compressibility on the right 
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Figure 64. 28 days of production, water saturation, high compressibility on the left, low 
compressibility on the right 

 

 
Figure 65. 15 days of production, water saturation, high compressibility on the left, low 
compressibility on the right 

 
 It is important when looking at Figures 58-65, that the color index does not match the same 

saturations value, but instead match the same production stage. The colors, however, do match for 

the pressure maps. The saturations maps and the pressure maps show that the saturations change 

farther than the pressure profile goes. 
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Between the high-compressibility and the low-compressibility cases, a cell with the same 

pore pressure will have different saturation data. the portion of the reservoir that is in the blue zone 

is at 6600 psi. However even though both reservoirs can be 6600 Psi in some spots, both reservoirs 

are in the yellow zone of gas saturation, which for the high compressibility model means it is at 

11% gas saturation, and in the low saturation model it is at 14%, Figure 58 and 61. In the high 

compressibility case, there is a layer of low oil saturation near the outskirts of the pressure zone, 

and then the oil saturation increases near the fractures, Figure 59 and 63. So as the water is being 

produced, there is less water, but as the oil is being produced, it also causes a build up near the 

fractures, and this oil build up coupled with the pore volume reduction is preventing gas saturation 

from evolving out of the oil to increase the gas saturation.  

Not only is there a restriction in the gas coming out of the oil, but as a consequence of the 

pore compressibility, I observe the free gas could also dissolve back into the oil phase, ie., 

exsolution. When the GOR trend shows its local maximum, the gas saturation inside the fractures 

also reaches its local maximum. When the gas saturation in the fracture goes back down due to 

exsolution, so does the GOR trend. The exsolution of the gas is caused by the fracture closure 

stress. In the low compressibility case the exsolution gas forms near the fracture and the entirety 

of the well bore, with this phenomenon being documented in other types of reservoirs, (Opperts 

paper). The reason for the low compressibility case has the gas exsolution follow the wellbore is 

twofold: the first being the rigidness of the rock allows the gas to move more freely, and secondly 

the well bore is producing at all parts in the simulation so there is a small amount of draw not 

based in the fracture.  

An interesting comparison of the low and high compressibility cases is the length of time 

it takes for the exsolution to appear and then disappear. At 35 days of production, both cases are 
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starting to see their peak gas saturations but by day 70 the high compressibility case the high 

saturation zone is gone, while it takes over a year for the low compressibility case for the high 

saturation zone to disappear. 

 

Figure 66. Saturation maps of low compressibility trials, at days 25, 70 and 395 days 

 

Figure 67. Saturation maps of High compressibility trials, at days 15, 35 and 70 days 

The low compressibility case is not likely to develop because of the non-static nature of shale 

reservoirs, due to high-compressibility in the early stages of production and low-compressibility 

in the later stages. 
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the maximum gas saturation is observed during the first few months of production and 

eventually disappear, as the fractures close during the production, Figure 66 and 67. The higher 

compressibility case has less exsolution gas because high compressibility prevents gas from 

leaving the oil in the first place. 

 The pore volume compressibility has a large effect on the GOR, which is attributable to 

the change in saturation data. A series of trials testing different starting porosities, were conducted 

to make sure that the compressibility effect is present in reservoir with little porosity to begin with. 

The porosity trials can be seen in Figures 68-69. They were run for both the tight and ultra-tight 

models. 

 

Figure 68. Porosity trials for the tight matrix, cp = 1.0E-5 psi-1 
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Figure 69. Porosity trials for ultra-tight matrix. 

 

In both these trials, the lower porosity, the shorter the time it takes for production to reach 

the next stage. The porosity does not have a major effect on the plateau of the GOR just the time 

it takes to get to a GOR value; the tight matrix is more influenced by any porosity affects; the 

higher the compressibility the less the porosity affects the GOR, Figures 68-69. 

 

3.5 Anisotropic Stress Field effects on GOR 

The anisotropic nature between the hydraulic fractures and the matrix have been tested, 

and been shown to matter significantly. The anisotropic stress field of shale leads to the 

confinement stress for the hydraulic fractures to be different from matrix cracks, and this has not 
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been tested yet. Taking from Ankush (2019), when the vertical stress is 12000 psi, it is expected 

that the minimum horizontal stress will be at least 10000, for the shale stress field Ankush tested. 

NaSh was used to run both an isotropic case where both overburden stress and the σhmin where at 

12000 psi, and an anisotropic case where the overburden was 12000 psi and the σhmin was 10000 

psi. the results are in Figure 70-71.  

 

Figure 70. anisotropic effects on confinement stress 
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Figure 71. anisotropic effects on confinement stress for the first 5 days. 
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4. CONCLUSIONS 

 The producing gas-oil-ratio of the unconventional horizontal wells in shale reservoirs have 

starkly different behavior compared to conventional reservoir systems. Conventional, tight and 

ultra-tight homogenous reservoirs where modeled with high conductivity fractures, and the 

tight/ultra-tight cases showed a flat GOR trends that lasted for extended periods of time even 

though the Pwf was below the bubble point pressure of the model oil. The reservoir simulator 

was modelled to test the following characteristics that affect the GOR: the pore volume 

compressibility; the stress dependent permeability; the anisotropic nature of the permeability 

between the matrix and the fracture; the dimensionless fracture conductivity; the effect of 

anisotropy in stress. The permeability of the system was modelled using the Gangi 

permeability equation, where the matrix permeability is assumed to be a function of closure of 

the cracks from stress and the hydraulic fractures as a function of the proppants resistance to 

stress. 

 On the most fundamental level, the reason the GOR is flat for an extended period of time 

in these horizontal shale wells is from the nature of the low matrix permeability interacting 

with the hydraulic fractures. In a reservoir flow model of a tight rock with hydraulic fractures, 

there will be a long period of a plateau. All the extra effects of shale listed by the literature: 

PVT suppression, dynamic permeability, capillary effects, etc., are not required for there to be 

a transient period of flat GOR. The flat period is caused by the nature of linear flow, where 

there is a large section of pressure propagation that is it at Pwf that sharply changes to initial 

pressure when the radius of investigation ends. Everything else is a secondary parameter. 

 The stress dependence of the permeability can lead to significant changes in GOR. The 

isotropic trials for the tight rock model, that has a matrix permeability of 50 micro-Darcy, were 

run with a constant multiplier showed that the lower the multiplier the flatter the trend, and if 



 

79 
 

the multiplier got low enough then there will be enough closure to reduce the plateau level of 

the GOR. The dynamic isotropic trials showed that a reservoir that’s permeability follows 

Gangi’s permeability model will have large reduction in the GOR in comparison to the same 

reservoir model but with a constant permeability. In the constant isotropic trials for the ultra-

tight rock, that has a matrix permeability of 500 nano Darcy, the stress dependency was not 

significant in reducing the GOR.  

 When the fractures of a well are finite conductivity, then the biggest secondary factor for 

the GOR trend is the stress dependency in the fractures. The Anisotropy trials done on the 

permeability show that stress permeability effects on GOR are primarily on the fracture 

permeability compared to the matrix permeability stress effects. It’s the fracture closure stress 

that is the driving force for the GOR reduction caused by the stress dependent permeability. 

The fractures closing is preventing gas from releasing in the system. The fracture mechanics 

are critical to understand. 

 For infinite conductivity fractures, the most important secondary parameter affecting the 

GOR is the pore compressibility. In shale systems, the pore compressibility can range from 

1.8E-4 down to 2.0E-6  psi-1. The higher compressibility range causes a pore volume reduction 

that prevents gas escaping from the oil. The lack of gas evolving from the oil leads to a 

reduction in the gas saturation. The change in compressibility leads to a change in the plateau 

level of the GOR, where a compressibility of 2E-5 has a GOR that is 20% less than the same 

reservoir with a compressibility 1E-5. The plateau level changes, but also the trend becomes 

flatter as well. The stress in and near the fracture will lead to the peak gas saturation to reduce, 

which is an indication that exsolution is forming in the hydraulic fractures. So, the closing of 

the fractures is causing gas to go back into the oil which is why the gas saturation is lower in 
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the high compressibility cases. This compressibility effect happened in both the tight rock and 

the ultra-tight rock model. The porosity of the system was found to have an effect on how long 

it takes to get to the next stage of production, but it doesn’t change the GOR when that stage 

of production is met.  

 The anisotropy of confining pressure did not have that large of an impact on the GOR, and 

the effects that it did have were primarily in early stages of production where the pressure drop 

is primarily near the fracture. The Anisotropic trial showed why the GOR is flat in the early 

period as opposed to the isotropic trial that had a increasing period and then decreasing period 

in the first week. 

 The dimensionless fracture conductivity trials showed that when the fracture permeability 

is high enough to be considered infinite, when it is greater than 30, the GOR does not change. 

The GOR still had the same general trend when the FcD was 3 and higher. If the GOR trend 

shows a flat plateau for an extended period, then this would mean the fracture permeability is 

at least high enough to be around 500 milli Darcy. When the fracture permeability gets low 

enough, the fracture starts to fail, and the gas mobility is reduced more compared to the oil 

mobility. 
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APPENDIX A 

Table 9. Eclipse Trials 

Trial # Trial description 

1 Prototypical conventional model with matrix permeability of 50 mD 

2 Base Case 

3 Constant permeability trials, transmissibility multiplier .54 

4 Constant permeability trials, transmissibility multiplier .31 

5 Constant permeability trials, transmissibility multiplier .17 

6 Constant permeability trials, transmissibility multiplier .14 

7 Constant permeability trials, transmissibility multiplier .09 

8 Constant permeability trials, transmissibility multiplier .08 

9 Constant permeability trials, transmissibility multiplier .04 

10 Constant permeability trials, transmissibility multiplier .03 

11 Constant permeability trials, transmissibility multiplier .01 

12 Dynamic permeability trials, m = .3, pressure max = 13500 σob= 9000 

13 Dynamic permeability trials, m = .3, pressure max = 13500 σob = 10000 

14 Dynamic permeability trials, m = .3, pressure max = 13500 σob = 11000 

15 Dynamic permeability trials, m = .3, pressure max = 13500 σob = 13000 

16 Dynamic permeability trials, m = .6, pressure max = 13500 σob = 9000 

17 Dynamic permeability trials, m = .6, pressure max = 13500 σob = 10000 

18 Dynamic permeability trials, m = .6, pressure max = 13500 σob = 11000 

19 Dynamic permeability trials, m = .6, pressure max = 13500 σob = 13000 

20 Dynamic permeability trials, m = .9, pressure max = 13500 σob = 9000 

21 Dynamic permeability trials, m = .9, pressure max = 13500 σob = 10000 

22 Dynamic permeability trials, m = .9, pressure max = 13500 σob = 11000 

23 Dynamic permeability trials, m = .9, pressure max = 13500 σob = 13000 

24 Porosity trials, φ = .12 

25 Porosity trials, φ = .1 

26 Porosity trials, φ = .07 

27 Porosity trials, φ = .02 

28 compressibility trials. Pore compressibility = 1E-5 

29 compressibility trials. Pore compressibility = 2E-5 

30 compressibility trials. Pore compressibility = 5E-5 

31 compressibility trials. Pore compressibility = 1E-4 

32 dimensionless fracture conductivity trials, FCD = 381 

33 dimensionless fracture conductivity trials, FCD = 38.1 

34 dimensionless fracture conductivity trials, FCD = 3.81 
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Table 10. Eclipse Trials 

Trial # Trial description 

35 dimensionless fracture conductivity trials, FCD = .381 

36 Ultratight reservoir case, matrix permeability =.0005 mD 

37 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5 

38 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5 

39 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5 

40 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-4 

41 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5, porosity = .08 

42 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5, porosity = .04 

43 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5, porosity = .08 

44 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5, porosity = .04 

45 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5, porosity = .08 

46 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5, porosity = .04 

47 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-6, porosity = .08 

48 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-6, porosity = .04 

49 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .54 

50 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .17 

51 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .09 

52 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .08 

53 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .03 

54 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .01 

35 dimensionless fracture conductivity trials, FCD = .381 

36 Ultratight reservoir case, matrix permeability =.0005 mD 

37 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5 

38 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5 

39 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5 

40 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-4 

41 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5, porosity = .08 

42 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-5, porosity = .04 

43 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5, porosity = .08 

44 Ultratight reservoir case, compressibility trials. Pore compressibility = 2E-5, porosity = .04 

45 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5, porosity = .08 

46 Ultratight reservoir case, compressibility trials. Pore compressibility = 5E-5, porosity = .04 

47 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-6, porosity = .08 

48 Ultratight reservoir case, compressibility trials. Pore compressibility = 1E-6, porosity = .04 

49 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .54 

50 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .17 

51 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .09 

52 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .08 

53 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .03 

54 Ultratight reservoir case, Constant permeability trials, transmissibility multiplier .01 
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Table 11. NaSh Trials 

Trial # Trial description 
1 Pore compressibility trials: matrix and fracture compressibility = 3E-5 
2 Pore compressibility trials: matrix and fracture compressibility = 6E-5 
3 Pore compressibility trials: matrix and fracture compressibility = 1E-4 
4 Pore compressibility trials: matrix and fracture compressibility = 1E-5 
5 Pore compressibility trials: matrix and fracture compressibility = 1E-6 

6 
Pore compressibility trials: matrix compressibility = 6E-5 and fracture compressibility = 3E-

5 

7 
Pore compressibility trials: matrix compressibility = 3E-5 and fracture compressibility = 6E-

5 

8 
Pore compressibility trials: matrix compressibility = 1E-5 and fracture compressibility = 1E-

4 

9 
Pore compressibility trials: matrix compressibility = 1E-4 and fracture compressibility = 1E-

5 
10 over burden trial, isotropic case, m = .3, porosity =.072, P1 = 27827, σob = 15000 
11 over burden trial, isotropic case, m = .3, porosity =.072, P1 = 27827, σob = 20000 
12 anisotropic trial, dynamic matrix and fracture 
13 anisotropic trial, dynamic matrix and constant fracture 
14 anisotropic trial, constant matrix and dynamic fracture 
15 anisotropic trial, constant matrix and constant fracture 

 

 

 

 
 


