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Abstract 

 

Multi-frac treatments in tight oil and shale gas reservoirs: effect of 

hydraulic fracture geometry on production and rate transient 

Abdul Muqtadir Khan, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Jon E. Olson 

 

 The vast shale gas and tight oil reservoirs in North America cannot be 

economically developed without multi-stage hydraulic fracture treatments. Owing to the 

disparity in the density of natural fractures in addition to the disparate in-situ stress 

conditions in these kinds of formations, microseismic fracture mapping has shown that 

hydraulic fracture treatments develop a range of large-scale fracture networks in the shale 

plays. 

 In this thesis, an approach is presented, where the fracture networks approximated 

with microseismic mapping are integrated with a commercial numerical production 

simulator that discretely models the network structure in both vertical and horizontal 

wells. A novel approach for reservoir simulation is used, where porosity (instead of 

permeability) is used as a scaling parameter for the fracture width. Two different fracture 

geometries have been broadly proposed for a multi stage horizontal well, orthogonal and 

transverse. The orthogonal pattern represents a complex network with cross cutting 

fractures orthogonal to each other; whereas transverse pattern maps uninterrupted 

fractures achieving maximum depth of penetration into the reservoir. The response for a 
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single-stage fracture is further investigated by comparing the propagation of the stage to 

be dendritic versus planar. A dendritic propagation is bifurcation of the hydraulic fracture 

due to intersection with the natural fracture (failure along the plane of weakness). 

 The impact of fracture spacing to optimize these fracture geometries is studied. A 

systematic optimization for designing the fracture length and width is also presented. The 

simulation is motivated by the oil window of Eagle Ford shale formation and the results 

of this work illustrate how different fracture network geometries impact well 

performance, which is critical for improving future horizontal well completions and 

fracturing strategies in low permeability shale and tight oil reservoirs. 

 A rate transient analysis (RTA) technique employing a rate normalized pressure 

(RNP) vs. superposition time function (STF) plot is used for the linear flow analysis. The 

parameters that influence linear flow are analytically derived. It is found that picking a 

straight line on this curve can lead to erroneous results because multiple solutions exist. 

A new technique for linear flow analysis is used. The ratio of derivative of inverse 

production and derivative of square root time is plotted against square root time and the 

constant derivative region is seen to be indicative of linear flow. The analysis is found to 

be robust because different simulation cases are modeled and permeability and fracture 

half-length are estimated.   
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CHAPTER 1 

INTRODUCTION 

Unconventional shale resources have been widely recognized as an alternative to North 

America’s energy dependence on the middle-eastern oil. Advancement in the multi-stage 

hydraulic fracturing completion techniques have led  to recovering these resources economically. 

The recent optimization techniques involve numerical, physical and reservoir modeling 

integrated with microseismic applications to further comprehend and better the existing 

production and development strategy.   

1.1 PROBLEMS IN CHARACTERIZING SHALE RESERVES 

Following a few years of production from different unconventional shale plays, the 

industry and academicians (Miller et al., 2010) have agreed upon some of the common hurdles in 

understanding the production mechanisms; 

 Knowledge about the geometries of the pumped hydraulic fractures is deficient. 

The fracture networks can range from simple bi-wing planar fractures to branched 

complex systems. The network development depends on the interplay of the in-

situ stress condition and interaction with natural fractures. 

 Failure to understand the production contributions from the hydraulic fractures 

and reservoir. This leaves a question what parameter is most significant? Fracture 

network length, fracture spacing, size of the SRV, fracture width or a combination 

of these? 

 How important is the unstimulated reservoir drainage volume? If the low 

permeability of matrix does not produce the desired fluids, it may be necessary to 

adjust the well spacing so that the Stimulated Reservoir Volumes (SRVs) overlap. 

 With all the uncertainties, are the current techniques for predicting future 

performance and calculating permeability adequate?  
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1.2 DEVELOPMENT OF FRACTURE NETWORKS 

A practical numerical modeling approach shows that for a sequential multi stage 

hydraulic fracture treatment, the resultant fracture network will be developed based on the 

density of natural fractures present in the reservoir (Olson and Wu, 2012). The results reveal that 

the fracture network complexity depends on the orientation of the natural fractures relative to the 

hydraulic fracture direction, strength of cement in the natural fracture. If it is not cemented, then 

frictional strength (related strongly to stress state and orientation) is an important parameter 

(Blanton, 1986). A pre-existing hydraulic fracture-natural fracture mechanical interaction model 

(Dahi-Taleghani and Olson, 2011) gives a possibility of a network development, based on factors 

like stress anisotropy, strength of the cement, relative orientation of the fractures. 

Parallel approach involving physical modeling studies (Warpinski and Teufel, 1987; Gale 

et al., 2007; Gale and Holder, 2008) agree that the orientation of the natural fractures will impact 

the formation of an extremely complex fracture network after the hydraulic fracture treatment. 

The smaller sealed fractures act as planes of weakness and reactivate during the HF treatment. 

The planes of weakness and stress anisotropy can have a drastic effect on propagation. A very 

recent experimental modeling effort (Olson et al., 2012) gauges the effect of a cemented natural 

fracture on hydraulic fracture propagation by embedding a planar discontinuity in form of a glass 

into a hydrostone block; the experimental setup is similar to a subsurface situation with glass 

acting as a proxy for the natural fracture. The results interpret possibility of a natural fracture 

bypass, diversion along the natural fracture and a combination of both.  

The recent trend in application of microseismic in improving production from shales has, 

indeed, given an insight into a reasonable understanding of the fracture fairway development. 

The microseismic events were studied in Bakken formation and showed a relatively transverse 

pattern of fractures (Forrest et al., 2010). Similar studies conducted in the Eagle Ford present a 

cloud (complex) of fractures along every stage pumped (Inamdar et al., 2010). Another study 

from the Bakken showed that fracture propagation was mostly dominated by the maximum 

horizontal stress direction (O’Brien et al., 2011). 
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The past attempts toward reservoir modeling have demonstrated the differences between 

single porosity and dual porosity models (Li et al., 2011). The work includes an approach to 

assess the realistic fracture conductivity at in situ conditions (Saldungaray and Palisch, 2012). 

Also a new analytical solution methodology for predicting the effect of a transverse vertical HF 

intercepting the horizontal wellbores resulted in optimizing transverse fracture spacing and 

number of fracture stages pumped to maximize the production (Meyer et al., 2010). A parallel 

but simplified dual porosity, stimulated reservoir volume based simulation approach ensued, 

which was applied to the Haynesville shale (Wang and Liu, 2011). Their work concluded to 

establish that natural fracture permeability has highest impact on well performance followed by 

factors like reservoir pay volume and SRV half length. Considerable simulation optimization for 

unconventionals has been accomplished by simulating a simple orthogonal model to mimic a 

complex fracture network and conducting a parametric study to gauge the effect of network size, 

fracture spacing, and fracture network conductivity (Mayerhofer et al., 2006; Reese, 2007).  

After considering and amalgamating the results from a variety of works, the results from 

these studies were approximated to classify a range of possible hydraulic fracture geometries and 

evaluate them for production potential. In this thesis, a novel and unique reservoir modeling 

study has been presented which compares the oil production performance from an orthogonal, 

transverse and dendritic pattern of a hydraulic fracture network development. This work 

facilitates answering the question- What is most important for an economic development of a 

shale resource? The effect of fracture surface area vs. fracture depth of penetration away from 

the wellbore is investigated as an answer to our question. Different cases were appropriated to 

compare these geometries on the basis of constant total fracture network length (TFNL), 

preferential fracture propagation, and constant stimulated reservoir volume (SRV). These cases 

are further detailed in the following chapter. 
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1.3 RATE TRANSIENT ANALYSIS – LINEAR FLOW IN SHALES 

RTA is known to be a very important tool in understanding the quality of reservoir and 

predicting the production performance. In unconventional reservoirs in particular, RTA plays a 

significant role in physically understanding the behavior of the reservoir. Many tight or shale gas 

wells exhibit a linear flow regime that can last for a few years. Understanding the parameters that 

control the duration of linear flow regime can assist in optimizing hydraulic fracture treatments. 

Rasdi and Chu (2012) demonstrate different fracture network patterns and flow regime 

diagnosis through RTA in the Bakken Shale. The inference is drawn that unconventional oil 

reservoirs might not have linear flow as the dominant flow regime as has been seen in the shale 

gas production. Song and Economides (2011) discuss a new technique using rate-normalized 

pressure for analyzing the drawdown behavior and interpreting the flow regime in detail for 

multiple transverse fractures. They also introduce techniques to put limits to the permeability and 

SRV pore volume. 

 

1.4 FRACTURE GEOMETRY-DIAGNOSTIC & PERFORMANCE PREDICTION 

Following all of the research attempts, a few optimization and diagnostic techniques have 

been presented to answer some relevant questions. 

 What are the most important parameters that affect production from hydraulic 

fractures? 

 Is there a way to diagnose the pumped fracture network geometry (complex vs. 

planar)?  

 How appropriate is the prediction for reservoir permeability and future 

performance, accounting for the uncertainty of the created fracture geometry? 

 Since the linear flow durations vary with different shale plays, what are the 

parameters that influence the duration of the linear flow? 
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1.5 MOTIVATION-EAGLE FORD SHALE 

 The Eagle Ford has become a very successful development lately in North America 

significantly because of the high volumes of liquid hydrocarbon in reserves. Similar type of 

hydrocarbons in place was modeled in our study by varying the reserves from gas to oil in 

similar volumes as in the Eagle Ford. Figure 1.1 shows fluids in place for this shale play. The 

liquid hydrocarbons are toward the north and hence are shallower than the gas in this reservoir.  

 

 

Figure 1.1: Representation of various production windows from the Eagle Ford (EOG Inverstor 

presentation, 2010) 
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Condon and Dyman (2006) presented the detailed geology, structural features and 

depositional environment of the Eagle Ford. It is mostly made up of calcareous mudstones and 

chalks which is its distinction from other more siliceous shale plays like the Marcellus, Barnett 

and Haynesville plays. This difference along with its distinct mineralogical properties and multi-

phase flow during the production makes development of the Eagle Ford relatively different from 

the other shale plays and hence was the motivation for our study.  

The Eagle Ford has a low young’s modulus (2*10
6 

psi) compared to the more siliceous 

shale plays like Barnett (6*10
6 

psi). It has softer rock similar to the Haynesville and could 

potentially have more stress anisotropy (Chaudhary and Ehlig-Economides, 2011) allowing for 

more planar transverse fracture propagation. Figure 1.2 throws some light on the microseismic 

events in a case study well in the Eagle Ford (Inamdar et al., 2010). Here the network 

development is a cloud-like fairway. This leaves room for a variety of fairway geometry 

interpretations. 
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Figure 1.2: Map view of normalized microseismic events in an Eagle Ford well (from Inamdar et 

al., 2010) 
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CHAPTER 2 

SIMULATION MODEL SETUP 

In this chapter the simulation setup is discussed. The forward modeling efforts and the 

input parameters for reservoir and hydraulic fractures have been detailed. The representation of 

different fracture geometries that have been approximated are illustrated here for the further 

simulation study. 

2.1 DOMAIN: SCALING TECHNIQUE 

Numerical reservoir simulation approaches that use dual-porosity/dual permeability 

approximations may not adequately capture the very long transient behavior in the ultratight 

shale matrix blocks (Cipolla and Lolon, 2010). Owing to the limitations of dual-porosity models 

in the commercial simulators, Mayerhoffer et al. (2006) and Cipolla (2009) introduced a 

simulation technique of writing an explicit fracture model. Rubin (2010) followed the same 

technique and used it to create a stimulated reservoir volume (SRV). Minute grid blocks are used 

(millions of cells in 2D) in simulations in order to take into account-fluid flow from matrix to the 

fracture. This technique allows accounting for the large pressure drop occurring due to the high 

permeability contrast. 

The simulation methodology used prior to our work is similar and uses permeability as 

the parameter to scale for the high fracture-cell width (2ft) input in the simulator, so as to keep 

(dimensionless) fracture conductivity constant. But, in addition to large increase in production, 

the number of treatment stages can also be reduced if a high conductivity fracture can be created, 

adding to the economic viability of development of unconventional resources (Mirzaei and 

Cipolla, 2012). Also, fracture designs with high fracture conductivity may offset the detrimental 

effects of stress dependent fracture conductivity, resulting in a significant spike in production 

rates and ultimate recovery (Cipolla and Lolon, 2010). This implies that all the fractures pumped 

should achieve infinite conductivity for economic production of the reservoir. Any dimensionless 

fracture conductivity greater than 300 achieves infinite conductivity (Cinco Ley and Samaniego, 
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1989). All the fractures modeled in our study have an Fcd greater than 300 since the reservoir 

stimulated is 100nD.  

A new strategy of simulation is presented, where porosity instead of permeability was 

used as a parameter to scale for the width of fracture-cell. The porosity was upscaled in a way 

that the fracture volume (pore volume) remains constant, instead of fracture conductivity being 

constant. Reducing the permeability in order to keep the fracture conductivity constant has 

virtually negligent effect since the fractures are infinite conductivity behavior. Using porosity as 

the parameter gives a real-time contrast between the fracture and matrix permeability and mimics 

an actual reservoir stimulation treatment. 

A representation of how fracture width was scaled using the porosity to keep the pore 

volume constant is given in Figure 2.1. A 1-ft wide fracture in the coarse grid was used to 

represent a 0.01-ft wide fracture in the subsurface. The fracture on the right represents a fracture 

in the subsurface and on the left is the model used in the simulation study. 

Φfrac = n*0.004 (for a n=0.01-ft fracture width) 

 

Figure 2.1: Fracture porosity used to scale for the width of fracture 
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2.2 SIMULATION SETUP-PROPERTIES 

 Similar reservoir properties were used for all the case runs (unless otherwise 

mentioned) to emulate the Eagle Ford in order to establish a comparison between the different 

fracture geometry idealizations. A 3-phase simulation with matrix permeability of 100nD, 300ft 

of pay thickness was used as the input. The API gravity in the oil window of Eagle Ford is 42
0
 

API which was used in our study (See table 2.1- modeled after Chaudhary and Ehlig-

Economides, 2011). PVT properties and the rock fluid data were fashioned as per the Eagle Ford. 

 

 

Table 2.1: Reservoir properties used in the simulation model 

 Table 2.2 gives the details of the hydraulic fracture properties; the fracture width 

was kept constant for most cases in our simulation and will be mentioned if otherwise. Fracture 

conductivity is two orders higher in the simulator than in the subsurface, but that does not 

pronounce an effect on the pressure depletion and the ultimate recovery of our reservoir since the 

fracture is behaviorally infinite conductivity in both the scenarios. Fracture half-length as 

mentioned below was varied for different geometries of fracture networks.  

The number of gridblocks used in these simulations range from 100,000-2,000,000, with 

a maximum gridblock dimension of 4ft.  The fracture conductivity (Fcd) is 444 (0.02 ft wide 

fracture) and 888 for the transverse and orthogonal models respectively. 

The fracture conductivity, half-length, number of grid-blocks and other simulation 

parameters will be mentioned with the discussion on each case, if they vary for that particular 

case. 
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Table 2.2: Hydraulic fracture properties used in the simulation model 

2.3 FRACTURE GEOMETRIES MODELED 

 Two different fracture geometries have been proposed broadly, orthogonal and 

transverse patterns. The orthogonal pattern represents a complex network with cross cutting 

fractures orthogonal to each other, whereas the transverse pattern represents regularly spaced, 

wellbore perpendicular, parallel fractures. For a single stage fracture treatment dendritic versus 

planar comparison is proposed. A dendritic propagation is bifurcation of the hydraulic fracture 

due to intersection with the natural fracture (failure along the plane of weakness). All the cases 

were made comparable by keeping the drainage volume and fracture volume (volume pumped) 

constant. In the following subsections a description of how that has been achieved, is detailed. 

The three fracture geometries are explained and represented later in this chapter. 

2.3.1 Orthogonal Fracture Network  

 The orthogonal network geometry was used to mimic a complex model created as 

a result of fracture-fracture interaction. In this, an orthogonal set of fractures with constant 

fracture spacing was modeled in both the directions. A horizontal well is in the center of the 

drainage area. Figure 2.2 shows an illustration of the proposed geometry. Mayerhofer et al. 

(2006) used this model for parametric optimization study. 
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Figure 2.2: Representation of an orthogonal fracture network with cross-cutting fractures. This 

network represents a complex fracture network 

2.3.2 Transverse Fracture Network  

  The transverse network is the most widely used fracture propagation in reservoir 

modeling (Song and Economides, 2011; Chaudhary and Economides, 2011). It mimics an 

idealistic and theoretical planar fracture network and is the expected geometry when the well 
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drilled is parallel to Shmin.  The assumption here is that the volume pumped is used to create the 

maximum possible depth of penetration into the reservoir.  Figure 2.3 shows a representation of 

the proposed geometry. 

 

Figure 2.3: Representation of a transverse fracture network with simple planar fractures 

2.3.3 The Dendritic Propagation   

  Two mechanisms of propagation for the transverse pattern were considered as 

shown in Figure 2.4 - dendritic and planar. These possibilities depend on the microstructure and 

cementation of the natural fractures (Laubach and Gale, 2006) and are heavily driven by the 

stress isotropy/ anisotropy. The dendritic pattern is a recreation of the interaction between the 

natural and induced fractures. It assumes that the hydraulic fracture will reactivate along the 



14 

 

natural fracture extending to its length and then rotate into the maximum horizontal stress 

direction. The dendritic pattern representation can be seen in an explanatory Figure 2.5. In the 

previous cases we had a constant conductivity fracture along its depth of penetration. But, it is 

more likely to have better stimulated fractures near the wellbore with high conductivities as well, 

either from different widths or varying proppant distributions. This case also lets us model 

decreasing fracture conductivities as we stimulate away from the wellbore by incorporating a 

changing width. The widths are approximated just on the basis of division of energy from the 

fracturing fluid. 

 

 

Figure 2.4: Possibilities of fracture network development for a single-stage fracture treatment. 

This gives rise to dendritic and planar fracture geometries 
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The following Figure 2.5 explains the hypothesis presented by Laubach and Gale (2006) 

diagrammatically and also shows the changing widths along the propagation.  

 

 

Figure 2.5: Representation of the dendritic pattern development explaining the process of 

fracture propagation. The widths and conductivities decrease away from the 

wellbore 

2.3.4 The Planar Propagation 

  The planar model mimics the NF bypass scenario in case of the strongly cemented 

natural fractures. The fact that completely cemented and sealed NFs are less permeable than the 

rock around them drives the HF to cross the NF and attain a deeper penetration into the reservoir 

(Olson et al., 2012). Figure 2.6 explains a planar representation of this model. Simply described, 
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planar model is a chunk cut out of the transverse fracture pattern to compare the complex vs. 

planar network developments.  

 
  

 

 

Figure 2.6: Illustration of a single planar fracture bounded by no-flow boundaries (from 

Chaudhary and Economides) 

2.4 SIMULATION CASES – DESCRIPTION 

  In this subsection the five cases modeled to analyze the production response have 

been described. Each case targets a part of the proposed study. A brief description of the model 

is given here and the model has been described in detail in the next chapter. Additional cases 

have been modeled to study linear flow through rate transient analysis and have been explained 

in forthcoming chapters. 

2.4.1 Total Fracture Network Length 

 In the total fracture network length case, the total fracture network length (TFNL) for the 

two fracture patterns was kept constant. Also, the cumulative volume of fractures which is 

ideally the proppant volume pumped was kept constant, along with the reservoir volume. As a 
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result of creating comparable cases, a different depth of penetration (fracture half-length) is 

ahcieved. The equation below uses half-length and no. of fractures in each network to give a 

constant TFNL.  

 The parameter fracture density (ρ) is introduced here and its effect on production was 

evaluated. It is defined as  

 

 

 

 

2.4.2 Preferential Fracture Propagation 

 Geomechanically consistent fracture propagation was modeled for this case. The 

fractures in the orthogonal network have propagated in a preferential direction. Low stress 

anisotropy for horizontal stresses develops a complex pattern but the width could be higher for 

fractures parallel to the maximum horizontal stress direction. The width was approximated to be 

twice in the direction of Shmin. The transverse pattern is the same as in the previous case.  

 The formulation below details how a constant cumulative fracture volume was acheived. 

In order to maintain constant fracture volume between the transverse and orthogonal networks, 

given the previously described width variation for the different orientations in the orthogonal 

network, the total fracture network length had to increase to 21600 ft from 16200 ft for the 

orthogonal pattern in the previous case. The same number of injection points are used in the 

comparison which leads to a different number of transverse (9) and cross-fractures (12). The 

fracture spacing is 100 ft for all the fractures. 
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2.4.3 Stimulated Reservoir Volume 

Stimulated Reservoir Volume (SRV) is a common way to quantify the resultant fracture 

extent (Fig. 2.7), which is basically the product of fairway length and fairway width multiplied 

by the fracture height (Warpinski et al., 2005; Mayerhofer et al., 2006). The SRV is a crucial 

design parameter for a fracturing job and in the previous cases the orthogonal pattern had a lesser 

SRV than the transverse networks and the impact of a higher SRV are shown in the next chapter. 

In this case the SRV was kept constant for both the networks and both penetrated a similar depth 

into the reservoir. The cumulative fracture volume was kept constant again, by increasing the 

fracture width of the transverse network.  
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Figure 2.7: Hydraulic fracture network characterization explaining the definition of stimulated 

reservoir volume (SRV) (from Reese and Olson, 2007) 

2.4.4 The Dendritic1 

This comparison has been proposed as a possibility of different results of a transverse 

propagation. One stage of the multistage stimulation treatment was considered and outcomes 

were compared systematically. As can be seen in Figure 2.8, (Olson, 2003) presented a sublinear 

scaling of aperture versus length. Natural fractures in the simulation were modeled as 0.03ft (3-ft 

fracture cell); the correlation plot allows a maximum natural fracture (NF) length of 130 ft 

(40m). The NF at first interaction was modeled as 50 ft long (16m) and the second NF as 27 ft 

(8m) to achieve a dimensionally feasible interaction network. This was compared with a simple 

single planar fracture as described previously. The cumulative fracture volume was constant for 

both the cases. The widths away from wellbore as depicted in Figure 2.5. 
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Figure 2.8: Aperture versus length data correlation for Culpeper Quarry and Florence Lake used 

to justify the natural fracture lengths in the simulation model (from Olson, 2003) 

2.4.5 The Dendritic2-TFNL 

The dendritic2-TFNL is a combination of case 2.4.1 and 2.4.4; wherein we have dendritic 

fracture propagation but the fracture trace lengths were parsed out to make the cumulative 

fracture length equal to that for a planar fracture. Also shorter NFs were considered in this case 

to see the effect of length of the weak plane interfaces on the achieved depth of penetration and 

surface area of the reservoir covered by the fracture fairway. A modeling conclusion assumed for 

this case was- a lower depth of penetration if the natural fractures (NF) are shorter. The first NF 

is 8.5 meters (28ft) and the successive one is 4.25 meters (14ft). The changing width and fracture 

conductivity was modeled in the same way as for the previous comparison. The cumulative 

fracture volume was still kept constant. It was observed that in an effort to match the cumulative 

fracture trace lengths, the depth of penetration was reduced to 720ft from 1380ft in the previous 

case. The fracture volume, again, was kept constant.  
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2.4.6 The Dendritic3-SRV 

The dendritic3-SRV case similar to the previous case is a combination of case 2.4.3 and 

2.4.4. In this case the depth of penetration was same for both the cases. As a result an extra 

volume is pumped for the dendritic case. Reservoir volume is also kept constant to establish a 

comparison like in all the previous cases.  
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CHAPTER 3 

RESULTS AND DISCUSSION-PRODUCTION RESPONSE 

The production performance and oil recovery from the low permeability Eagle Ford shale 

reservoir is expected to be a strong function of the implemented completion strategies and 

fracturing operations. This chapter addresses a few questions about the effect different 

parameters have on the production response from a stimulated well.  

Fracture network geometry, fracture spacing for a given fracture geometry, fracture 

width, and fracture density are a few parameters studied for sensitivity. Their effect on 

cumulative production can be seen, oil rate and gas oil ratio (GOR). These results can be utilized 

to better the current fracturing practices and understand the production mechanisms for oil 

recovery from shales. 
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3.1 CASE1: TOTAL FRACTURE NETWORK LENGTH 

 

Figure 3.1: Representation of orthogonal and transverse geometries with same fracture network 

length and different depths of penetration (900ft for Orthogonal and 1800ft for transverse) 

  

The number of fractures and fracture half-length was changed for the two models (Fig. 

3.1) as described in the previous chapter. Total fracture network length is same for both the cases 

and as a result a different depth of penetration in the reservoir can be tested for production. 

Figure 3.2 displays the results obtained after the initial run. The transverse pattern 

dominates the cumulative oil production and draws 65% more oil than the orthogonal pattern 

over a period of 10 years. This enhancement increase was further investigated by observing the 

pressure disturbance as a function of time (Figure 3.3). A part of the reservoir has virtually not 

contributed to any production for the orthogonal network. Figure 3.2(c) shows that the oil rate is 

flat for the first 50 days. This period indicates the early transient linear flow in the fracture 

system only (storage in, and production from, the fractures) and lasts a shorter time for the 
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orthogonal network because of the shorter fracture half length. It transitions to almost a half 

slope period indicated by Bello and Wattenbarger (2010) as the Region 4 where the production is 

dominated by transient linear flow from the matrix blocks to the fracture network. There is 

discontinuity (distortion) between these two periods, because of the multi-phase flow of oil and 

gas as the area immediately near the fracture goes below the bubble point. The instantaneous 

GOR is higher in the orthogonal case for the first 8 years but due to the higher pressure drop in 

the transverse network, the pressure drops below the bubble point and starts producing more gas 

to give a higher GOR during the later stage in production. The slow rise of GOR is because of 

the steep pressure gradient near the well, so that only a small area around the hydraulic fracture 

is in two phase flow below the bubble point pressure. 
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Figure 3.2: Simulation results for tranverse (TR) and orthogonal (OG) fracture geometries having the same total fracture network 

length.  Results are given for a) cumulative oil and pressure, b) cumulative gas c) oil rate d) instantaneous gas-oil ratio 
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Figure 3.3: Pressure plots changing with time for transverse (top) and orthogonal (bottom) fracture geometries having the same total 

fracture network length 
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3.1.1 Spacing Optimization 

Figure 3.3 gives a surface plot of pressure changing over 10 years of production. It shows 

that for 100ft fracture spacing, for both fracture patterns, the adjacent transverse fractures drain 

almost the full extent of the reservoir. Hence the additional fractures that the orthogonal network 

develops are expended due to early pressure interference. The inference drawn was that for a 

complex fracture network close fracture spacing could not give us a proportional return 

(production) for the fracture volume pumped (investment). 

This observation led to a further investigation at how the fracture spacing affects the 

production from these two networks. The fracture spacing is varied from 100ft to 150ft and 

200ft. The case with fracture spacing of 150ft gives a total fracture network length of 12,600 ft 

for both orthogonal and transverse networks and for the case of a fracture spacing of 200ft, total 

fracture network length was found to be 9,000 ft. Figure 3.4 looks at a fracture spacing 

comparison. As the fracture spacing increases from 100ft to 150ft the production difference 

between the transverse and orthogonal networks decreased from 65 percent to 43 percent, which 

means that the relative production in the orthogonal (densely spaced) network has increased. On 

further increase in the fracture spacing to 200ft barely any increase is seen in the relative 

production of the orthogonal network. But, the transverse network is seen to produce more than 

the orthogonal in each of the cases. This shows that there is a need to optimize the fracture length 

(SRV) and the fracture spacing together. Intuitively looking at the trend in Figure 3.4, one might 

say that increasing the fracture spacing would yield a much better production in a dense network. 

But after an optimal fracture spacing, the wider spacing spends a large portion of the pressure 

drop in drawing the fluids out of the matrix blocks, leaving negligible drawdown to produce 

from the extended portions of the fracture network and further (unstimulated) portions of the 

reservoir. Similarly, very small fracture spacing for an orthogonal network will increase 

fracturing costs without a proportional hike in the production (revenues).  
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Figure 3.4: Effect of fracture spacing for a given fracture geometry for the same total fracture 

network length. Fracture spacing varied from 100ft to 150ft and 200ft 

3.2 CASE2: PREFERENTIAL FRACTURE PROPAGATION 

 The preferential propagation case is a variation on the orthogonal fracture network, but 

with fractures perpendicular to SHmax which have half the width of fractures perpendicular to 

Shmin.  Because some of the fracture widths were reduced, the total fracture length increased in 

order to represent the same volume. The total fracture network length was increased to 21600 ft 

from 16200 ft for the orthogonal pattern in the previous case. The model gives a  

geomechanically consistent fracture propagation (Figure 3.5).  

 Figure 3.6 gives the performance from these networks and the result is consistent with 

case 1, as the total production is higher for the transverse network by 26 percent. In the first year 

of production both the networks produce the same and the pressure drop across the reservoir is 

also the same. Figure 3.7 explains the pressure drop being equal when correlated with the plot in 

Figure 3.6(a) - initially the orthogonal network draws from a greater surface area but the 
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transverse network penetrates deeper into the reservoir. The oil rate drop is similar to the 

previous case (Figure 3.6c) and changing flow regimes in the reservoir can be interpreted. Figure 

3.6(d) shows the GOR variation and an initial spike for the orthogonal network is seen as it drops 

below the bubble point before the transverse network which also explains the higher gas 

production for the orthogonal network for the first 3 years. The transverse network also drops 

below the bubble point and accelerates the gas production to eventually give the same GOR for 

both the networks 

 

 

Figure 3.5: Representation of orthogonal (depth of penetration-1200ft and varying widths of 0.01 

and 0.02ft in two directions) and transverse (depth of penetration-1800ft and width 

of 0.02ft)  

 

.  
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3.2.1 Effect of Fracture Aperture (Width) 

 Since a different width was modeled for transverse and cross-fractures in the orthogonal 

case, the effect of the fracture aperture on the production was also investigated. Another 

orthogonal network that had an equal fracture width (modeled width of 2ft represents a 0.02ft 

wide fracture in the reservoir) in both the directions was used for comparison. This variation of 

the orthogonal differs from the orthogonal from case1 because the depth of penetration changes 

here to 1200ft from 900ft. but, the modeled widths are the same as the previous orthogonal 

model used in case1.This results in a higher cumulative fracture volume for the new model. 

Figure 3.8 shows the effect of fracture aperture to be minimal on the cumulative oil production. 

Only 1.5 percent higher cumulative oil for a sizeable fracture volume addition is acheived. The 

Fcd calculated for both the cases based on the proppant permeability of 2D and the realtime 

fracture width of 0.02ft and 0.01ft is 333 and 167 respectively. Since the fracture is infinite 

conductivity behavior for both the cases (Cinco Ley and Samaniego, 1989), the fracture width 

does not pronounce its effect as it would in a more permeable environment. The extra volume 

pumped does not give proportional returns. 
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Figure 3.6: Simulation results for tranverse (TR) and orthogonal (OG) fracture geometries having preferential fracture propagation 

resulting in different widths.  Results are given for a) cumulative oil and pressure, b) cumulative gas c) oil rate d) 

instantaneous GOR 
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Figure 3.7: Pressure plots changing with time for transverse (top) and orthogonal (bottom) fracture geometries having a preferential 

fracture propagation resulting in different widths in different directions



33 

 

 

Figure 3.8: Production results for two orthogonal fracture networks with an Fcd of 333(equal 

width-0.02ft in both directions) and 167(preferential prop.-widths of 0.01ft and 

0.02ft)  

 Width of fracture has minimal effect on the oil and gas production and hence, 

amalgamating the results in a tight reservoir - a design solution can be proposed with regard to 

fracture dimensions - pump longer fractures, compromise on the fracture width to utilize the 

volume  to achieve a deeper penetration into the reservoir. 

3.3 CASE3: STIMULATED RESERVOIR VOLUME 

 The stimulated reservoir volume case was used to examine the importance of different 

fracture geometries when the SRV was held constant, unlike the previous comparisons (Figure 

3.9). When SRV is used as a design parameter for a fracture treatment, the microseismic activity 

is monitored to gauge the extent of the growing fracture pattern. A similar assumption is used as 

a motivation for this comparison. Since both the networks reach out to the same SRV, the 

orthogonal network has a greater total network length of 24300ft as compared to the 16200ft in 
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the transverse network. An intuitive prediction could be made for the orthogonal to get better 

production owing to the extra fracture length. 

The orthogonal network produces 6% in excess of the transverse network, as expected 

(Figure 3.10). The shape of the profiles is same for both the networks as the SRV is constant but 

the orthogonal produces more from a denser network. The result from Figure 3.8 can be 

correlated to see that the fracture width does not affect the production majorly. So, by lowering 

the width in the transverse pattern, better economics can be achieved for it than the orthogonal. 

 

 

Figure 3.9: Representation of orthogonal (24,300ft-TFNL) and transverse (16,200ft-TFNL) 

fracture geometries with same SRV and varying fracture network lengths 
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Figure 3.10: Simulation results for cumulative oil production and pressure for orthogonal (OG) 

and transverse (TR) network having the same SRV 

 Figure 3.11 illustrates the difference between the pressure disturbance after 5 and 10 

years of production and elaborates the understanding of producing from a higher fracture surface 

area. All of the reservoir volume is drained in both the cases but the orthogonal network has 

better depleted the volume.  
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Figure 3.11: Changing pressure disturbance profile changing with time for orthogonal (top) and 

transverse (bottom) network having the same SRV 

 The parameter-fracture density (ρ) was evaluated for each of the models and it is 

observed that, for a given reservoir volume, the cumulative production varies as the fracture 

density-which in turn is a function of the fracture half-length. This also re-establishes the 

importance of getting higher fracture half-length in tight environments. 

 

3.4 CASE4: THE DENDRITIC1 

 Three different cases were modeled for the dendritic propagation discussed in the 

previous chapter. The results of the first case are shown here (Figure 3.12). This comparison is 

proposed as a possibility of single stage fracture geometry. One stage of the multistage 

stimulation treatment is considered and the outcomes systematically compared. A dendritic 

fracture is compared to a single planar transverse fracture. Therefore the reservoir was modeled 
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as an 1800 X 100 X 300 (ft
3
). This is a constant volume case; wherein the fracture volume for 

both the patterns is the same.  

 

 

Figure 3.12: Representation of the dendritic (1380ft depth of penetration and decreasing widths 

from 0.03ft to 0.0075ft away from wellbore)  and planar (1800 ft depth of 

penetration and constant 0.03ft width) patterns 

Figure 3.13(a) gives the cumulative oil production and pressure drop during the 

production. For the first 5 years of production the dendritic pattern gives better returns and also 

the pressure drop is sharp. Also, the pressure distribution in the reservoir at 5 years can be seen 

(Figure 3.14). The effect of a higher fracture surface area takes over for the first 5 years. At later 

times though, the planar fracture draws from a higher volume and produces about 4 percent more 

at the end of 10 years. 
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 In Figure 3.13(c) it can be clearly seen that the bilinear (quarter slope-towards the initial 

2 months) and linear (half slope-at later times) flow regimes in the fracture network and since the 

production is with lesser number of fractures than the previous cases, the oil rate is seen to drop 

dramatically during the first few months from 1000 bpd to less than 100 bpd. Figure 3.13(d) 

details the GOR variation with time, which is initially higher for dendritic due to pressure 

dropping below the bubble point earlier in production phase. However, as the pressure of the 

planar model drops below bubble point it takes over. This also explains the cumulative gas 

production in Figure 3.13(b) where the dendritic pattern shows better results, since the pressure 

drop initially is higher for dendritic and it produces a sizeable volume greater than the planar 

model, and the planar model betters the performance later during production.  

In it is seen that the pressure radiates outward along the width of the drainage volume 

faster in the dendritic pattern and planar model penetrates the length (Figure 3.14). The 

correlation of the production profiles with the pressure depletion in Figure 3.14 gives us a 

detailed understanding of the varying production profiles with time. 

 Just to provide another perspective from this comparison it is observed that if production 

time is a factor of greater importance for the operating company, the dendritic is better over the 

planar. Conclusively the answer to surface area mapped vs. depth of penetration could also be 

variable with respect to production timespan. 
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Figure 3.13: Simulation results for a single stage dendritic (DR) and planar (PL) fracture geometries having the same cumulative 

fracture volume.  Results are given for a) cumulative oil and pressure, b) cumulative gas c) oil rate d) instantaneous gas-

oil ratio
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Figure 3.14: Pressure plots changing with time for a single stage dendritic (top) and planar (bottom) fracture geometries having the 

same cumulative fracture volume
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3.5 CASE5: THE DENDRITIC2-TFNL 

 The dendritic2-total fracture network length is a constant cumulative fracture length case 

for a single stage fracture. The representation for this comparison is similar to the Figure 3.12, 

excepting the depth of penetration. It dropped from 1380ft to 720ft for the dendritic and remains 

the same for the planar fracture (1800ft) in this case.  

Figure 3.15 shows the production performance of these fracture geometries. The planar 

fracture case produces an overwhelming 94 percent more than the dendritic pattern after 10 years 

of production. The result is consistent with our study where depth of penetration (SRV) remains 

the most important design parameter. The pressure drop explains the low production for the 

dendritic model. In addition to the figure, the trends of the other variables like gas production, 

GOR and oil rate with time has a consistent trend with the earlier established results. There is no 

oil rate crossover in this like the previous case (planar going from lower to a higher oil rate). The 

dendritic case is consistently below the planar throughout the production phase. There is no 

contribution of the solution gas to the gas production of dendritic pattern as the pressure has not 

dropped below the bubble point and hence it shows a low gas production. The planar fracture 

model drops below the bubble point pressure and achieves a higher GOR same as in the previous 

case. 

The pressure distribution plots also give a similar trend as shown in Figure 3.14. The later 

time pressure distribution plots (Figure 3.16) explain how the extent (length and width) of 

reservoir is reached by the pressure in this particular comparison. It shows that a major part of 

the reservoir (unstimulated) was not depleted by the dendritic fracture. 
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Figure 3.15: Simulation results for oil production and pressure for a single stage dendritic (DR) 

and planar (PL) fracture geometries having the same total fracture network length 

 

Figure 3.16: Pressure plots changing with time for a single stage dendritic (top) and planar 

(bottom) fracture geometries having the same fracture network length  
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3.6 CASE6: THE DENDRITIC3-SRV 

 The dendritic3-SRV case was modeled to investigate and validate the results obtained in 

the case3-SRV with multi-stage fractures. The representation is similar to Figure 3.12, excepting 

that the fractures penetrate through the full extent of the drainage volume in this case. The total 

fracture network length is higher for dendritic over the planar but the volume pumped is kept 

constant by reducing widths in the dendritic case. 

 Figure 3.17 gives the production performance for the two models. The dendritic produces 

16% more over 10 years as compared to 6% for case3 where orthogonal and transverse networks 

have the same SRV. Even though the production for the dendritic and orthogonal is better, the 

disparity in % production could be explained by varying complexity in the orthogonal case 

compared to the dendritic. The pressure profiles are similar to the ones observed in Figure 3.11. 

The dendritic and planar both drain the full extent of drainage volume but the dendritic depletes 

better owing to the extra fracture traces and an equal depth of penetration as the planar. 

 

 

Figure 3.17: Simulation results for oil production and pressure for a single stage dendritic (DR) 

and planar (PL) fracture geometries having the same stimulated reservoir volume 
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3.7 UNCERTAINTY IN NUMBER OF FRACTURES/STAGE 

 Another uncertainty in shale well stimulation is addressed in this section. The number of 

fractures created for every perforation cluster is not known to the completions engineer. It might 

not follow the hydraulic fracture design and if multiple fractures propagate simultaneously, they 

may not grow to equal size. 

 Three different cases were modeled with 10 fracture stages each, but the number of 

fractures created through each stage is different. In an attempt to keep the cumulative volume of 

fractures constant, a different depth of penetration is achieved (Figures 3.18). Case 1 (HF-1, Fig. 

3.18) has 10 stages with 1 fracture/stage, so it has 10 fractures totally. Case 2 (HF-3, Fig. 3.18) 

has 10 stages with 3 fractures/stage, so it has 30 fractures in all. Case 3 (HF-5, Fig. 3.18) has 10 

stages with 5 fractures/stage giving a total of 50 fractures. The black square boundary (Fig. 3.18) 

represents the no-flow boundary for the simulation. An extension of this study could also be used 

to optimize well spacing for a given drainage volume. 
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Figure 3.18: Illustration for simulation model to study the effect of uncertainty in the number of 

fractures/stage. Each case has 10 fracture stages as shown (a.) 1 fracture/stage 

yields 10 fractures (b.) 3 fractures/stage yields 30 fractures (c.) 5 fractures/stage 

yields 50 fractures 

   

 The production from each of the above three cases has been plotted in Figure 3.19 and it 

is seen that case 1 with the least number of fractures produces the highest because of the extra 

depth of penetration. HF-1 produces a surprising 160% more than HF-3 and HF-3 itself produces 

60% more than the HF-5. Yet again, the importance of fracture half-length is pronounced over 

the number of fractures or the fracture surface area. The percent production better is proportional 

to the difference in half-lengths in HF-1--HF-3 comparison and HF-3--HF-5 comparison. The 

surface plot of pressure is similar to plots shown in the earlier part of this chapter, where the 
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stimulated reservoir volume is primarily producing and the external drainage volume does not 

contribute much toward the production. 

 

 

Figure 3.19: Production results from the transverse fracture cases with different number of 

fractures/stage 

 

3.8 PREDICTING PERMEABILITY AND FUTURE PERFORMANCE 

There have been efforts to evaluate the permeability of a shale reservoir by using 

different techniques. Rate transient analysis (RTA) is one of the alternatives to analyze reservoir 

behavior and analytically evaluate different parameters. Song and Economides (2011) use the 

drawdown behavior in a typical tight unconventional well, to give upper and lower bounds to 

permeability. Similar efforts have been made by Miller et al. (2010) and Anderson et al. (2010), 

but all of these works assume the fracture network to be simple planar like the multi-stage 

transverse network.  
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In this section an evaluation of the error in predicting permeability and forecasting long 

term production caused because of misinterpretation of the fracture geometry is presented i.e. 

assuming a planar fracture whereas, the propagation in the subsurface is more complex and vice-

versa. The inverse modeling technique was used to address this problem. 

History matching and forecasting of fractured systems could be very challenging because 

of the varying complexity. The prime challenge is the uncertainty of limited, sparse reservoir 

data available in addition to the fracture geometry. The primary objective here, just as in a 

conventional history match model, was to adjust the geological model (permeability) and run a 

rate constraint simulation to get a pressure history match. In addition, a match for the cumulative 

oil production was sought as a part of the workflow to evaluate the permeability error and 

consequent error in the future performance estimate. However, this is an inverse problem, so a 

unique solution cannot be expected. The number of solutions vary as the number of uncertainties 

in terms of reservoir and geologic parameters. In this study, for instance, fracture length could be 

a parameter affecting the history match, but the problem has been simplified by keeping the total 

network length the same.  

 Only the analysis for a single-stage fracture is presented but it can be extended to multi-

stage cases also. Here the model is the same as case 4, except the PVT properties. A different set 

has been used here (the trend is found to be similar as found with the previous set). In this case 

the profile (trend) is similar to Figure 3.12(a) (dendritic vs. planar) but the planar fracture has not 

yet overtaken the production from the dendritic. The trend and quantitative production from early 

time which is important for this part of the study is the same as before. A synthetic data set 

(production data from the dendritic model) was generated from the simulation study and a 

history match for a simple planar fracture was done with that set of data. 

 Figure 3.20 gives the production profile for the full production phase (10 years) and is 

followed by a match for the cumulative production over 10 years (Fig. 3.22). Conventional 

history matching is a trial and error process and hence there is a slight mismatch for the pressure 

data (Fig.3.21). With a target of matching cumulative production and pressure for fracture 
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systems depleting the drainage volume differently with time, the mismatch is inevitable. The 

label in the plot indicates the permeability used in the model. So, DR, k=0.0001mD is dendritic 

fracture geometry with a permeability of 0.0001mD. The permeability (tweaking parameter) is 

scaled for the match. It is seen that the planar model gives a match for 170nD and our dendritic is 

with the original permeability of 100nD. This shows that there is an offset in permeability for 

long term production.  

 

 

Figure 3.20: Simulation results for cumulative oil production dendritic and planar geometries 

with the same permeability (0.0001 mD). The result is used as a synthetic dataset 
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Figure 3.21: Simulation results for matched pressure history with tweaked permeability for the 

planar geometry (0.00017 mD) 

 

 

Figure 3.22: Simulation results for history matched cumulative oil production with tweaked 

permeability for the planar geometry (0.00017 mD) 
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3.8.1 Early Time Production 

 In this subsection, again the possibility of error in evaluating permeability and 

consequently in forecasting long term production is investigated. This portion will take into 

account the early time production. First four months (120 days) is taken as a basis for our history 

match. From the earlier part of our simulation results it is known that the early time is a better 

production phase for a more complex network as it has access to more surface area of the 

reservoir initially (around the wellbore).  

Figures 3.23 and 3.24 show that a match for the early time pressure and cumulative 

production is achieved by tweaking the permeability in the planar fracture to 330nD from the 

base permeability of 100nD. The permeability offset is seen to be more than 3 times as compared 

to 1.7 times for the long term production match. 

 

 

Figure 3.23: Simulation results for matched pressure history for early time production phase with 

tweaked permeability for the planar geometry (0.00033 mD) 
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Figure 3.24: Simulation results for history matched cumulative oil production (perfect match) for 

early time production with tweaked permeability for the planar geometry (0.00033 

mD) 

 

Typically, the permeability evaluated from the early time behavior is used to forecast the 

future performance of a well. A similar approach was used here to look at the difference (error) 

for the future (next 10 years) phase of production. It is seen that by assuming a complex fracture 

to be simple, we end up overestimating the long term cumulative oil (Figure 3.25). The plot 

shows 76,927 bbl by the permeability evaluation when actually the production is 62,811 bbl. The 

percentage error is calculated, 

 Percentage Error = 
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Figure 3.25: Error in estimating the future production forecast by misinterpreting complex 

fracture geometry to be simple planar  

 

 Hence, diagnosing the resulting fracture geometry after the stimulation job is 

indispensable for predicting any future performance of a well in unconventional reservoirs. In the 

following chapter, the diagnostics for fracture geometry through the fluid flow behavior and flow 

regime analysis is addressed.  

 In this chapter an optimization for different parameters involved in a hydraulic fracture 

treatment with respect to the created geometry is discussed. Also, a detailed comparison is given 

for single stage and multi-stage jobs. The results can be used to understand production 

mechanisms in the Eagle Ford. 
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CHAPTER 4 

LINEAR FLOW IN FRACTURED SYSTEMS 

 In this chapter the theories based on pressure drawdown behavior in a fractured system 

are described. The background on the proposed theories is discussed. A simulation study follows 

where the parameters influencing linear flow and controlling the inter-fracture pressure 

interference are analyzed. An inference is drawn on a possibility of using the linear flow regime 

to diagnose the fracture pattern. 

4.1 CLASSICAL FLUID FLOW ANALYSIS IN A SINGLE VERTICAL FRACTURE 

 A background is provided in this section on fluid flow regimes that occur chronologically 

in a single fracture based on some classical papers by Russell and Truitt (1964), Gringarten, 

Ramey and Raghavan (1974), and Cinco-ley and Samaniego (1978). 

 

4.1.1 Transient Pressure Behavior 

 Cinco-Ley and Samaniego (1978) analyzed the pressure data on a dimensionless 

pressure-time plot to give the flow periods during the transient behavior of the well as in Figure 

4.1. Depending on the fracture length and size of the well’s drainage area, not all the given flow 

regimes will manifest in the rate transient analysis. Also, the early time transient behavior could 

be masked by the wellbore storage.  

The earliest flow regime is the fracture linear flow behavior, which occurs at very early 

time and is exhibited by all the wells. During this flow period, most of the fluid entering the 

wellbore comes from the system within the fracture and the flow is essentially linear as shown in 

Figure 4.1(a). A log-log plot of pressure vs. time yields a straight line with a half slope. A plot of 

pressure vs. square root time also gives a straight line and its slope varies with the fracture half-

length. Unfortunately, this flow period occurs at a time too early to be of practical use. 

 Bilinear flow is the next flow period where two linear flows occur simultaneously. One is 

the linear incompressible flow within the fracture and the other, linear compressible flow in the 
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formation, as shown in Figure 4.1(b). Most of the fluid is coming from the formation and 

fracture tip effects have not yet affected the well performance. A log-log plot of pressure vs. time 

yields a straight line with a quarter slope. A plot of pressure vs. fourth root time also gives a 

straight line. 

 As time increases, linear flow in the fracture stops while the flow from the formation 

continues. This marks the beginning of the formation linear flow period. Eventually, in all wells, 

the system reaches a pseudoradial flow period. These regimes can all be analyzed in the pressure 

vs. time plot. 

 

Figure 4.1: Flow periods changing with time for a vertically fractured well (from Cinco-Ley and 

Samaniego, 1978) 
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4.2 FLUID FLOW ANALYSIS IN A SYSTEM OF FRACTURES 

 There are various theories and hypothesis presented in the recent past detailing the 

understanding of fluid flow in multi transverse fractured horizontal wells. Al-Kobasi et al. (2006) 

established an analytical model to study the rate transient of a system of transverse finite-

conductivity fractures. By solving the analytical partial differential equation, potential flow 

regimes were revealed (Figure 4.2). The fracture radial flow is the earliest flow ocuring within a 

fracture. It occurs in horizontal wells only, because a wellbore only penetrates a fracture at one 

point.  

Separately, Freeman et al. (2009) developed a numerical model to study the performance 

of multi-stage transverse fractured well in a shale gas system. Their numerical model took gas 

desorption into account and applied a finite-conductivity fracture model. The results suggested 

the occurrence of linear flow normal to fractures followed by compound linear flow and elliptical 

flow into the system. These flow regimes will be elaborated further in this section. 
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Figure 4.2: Potential flow regimes from early time to late time as identified in a system of 

fractures (from Al-Kobaisi et al., 2006) 

 The most recent proposition on the occurrence of flow periods was given by Song and 

Economides (2011) based on a combined buildup-drawdown analysis. They used the buildup and 

rate normalized pressure analysis to come up with different flow regimes (Figure 4.3). The flow 

regimes in Figure 4.3 are detailed. 
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Figure 4.3: Potential flow regimes in a multi transverse fractured horizontal well (from Song and Economides 2011) 
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 The fracture storage effect appears very early and usually lasts a very short time. The 

duration varies inversely as the matrix permeability because the reservoir flow regime begins 

early at the end of fracture storage. It has been seen in the previous chapter that the initial days of 

production were capped at the maximum production rate. The fracture storage effect dominates 

at that time, although ideally in the field the wellbore storage is expected to dominate the early 

time behavior (Song and Economides 2011). Wellbore storage has been disregarded in our study.  

 The first apparent flow regime observed is the linear flow. In the previous chapter 

(oil rate profile) a shift was seen from fracture storage to linear flow without a transition from 

bilinear flow. This can be explained by the infinite conductivity fracture used for the study. Also, 

the explanation of occurrence of an infinite conductivity behavior fracture in shale environments 

has been detailed in chapter 2. 

 At later times during production, the pressure wave will travel away from the fractures 

deeper into the formation (matrix). At a point in production, the pressure disturbance from two 

adjacent fractures will come close and interfere as shown in Figure 4.4 (Song and Economides 

2011). The time at which the pressure interferes varies inversely with the reservoir permeability. 
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Figure 4.4: Inter-fracture pressure interference phenomenon marking the end of early linear flow 

and beginning of compound linear flow (from Song and Economides, 2011) 

 

 After the pressure interferes the production is drawn from all of the SRV. Compound 

linear flow begins when the SRV starts drawing from the external drainage volume (XRV) - the 

conceptual framework for these is explained in Figure 4.5. The compound linear flow is not a 

pure linear flow regime but as it can be seen, it is dominated by linear flow aligned with the 

transverse fractures (Song and Economides 2011) (Figure 4.6). There is an elliptical flow with a 

weaker impact around the toe and heel of the wellbore.  
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Figure 4.5: Illustration for production concepts of SRV and XRV (external drainage volume) 

 

 

  

Figure 4.6: Compound linear flow regime occurring at late times after pressure from two 

adjacent fractures interfere (after Van Kruysdijk et al., 1989) 
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After compound linear flow, the pressure investigation may travel even further around 

the fracture system. Based on the reservoir shape and boundary condition, three possibilities are 

as following: pseudosteady state (no flow boundary behavior), infinite acting (infinite reservoir 

behavior) and constant pressure response (constant pressure boundary behavior). For a typical 

shale reservoir, with nano-darcy permeability, the boundary behavior is not likely to be seen for 

several years. From the current production data analysis, the linear flow regime lasts for the first 

few years. The parameters that dominate this linear flow regime are analyzed in our simulation 

study in this chapter. 

 

4.3 IMPORTANT LINEAR FLOW PARAMETERS 

 In this section a description of the most important parameters influencing the linear flow 

regime explained above are given. The simulation study presented follows, to validate the 

derived analytical correlation. 

4.3.1 RNP vs. STF Plot 

 Rate normalized pressure (RNP) is the inverse productivity index given as  

 

i wfP P
RNP

q


 psi/bpd                                                                                         (4.1)  

where      

iP = Initial reservoir pressure, psi 

wfP = Flowing bottomhole pressure, psi 

q = rate of production, bpd 

 

 The superposition time function (STF) is the square root of time in the production phase,   
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where 

j = step index for discrete time 

n = current step index for discrete time 

 

Houze et al. (2010) propose the plot of RNP versus STF as a way to detect end of linear flow. 

Figure 4.7 shows a field case study in a Bakken oil well. The curve fit in the early part of the 

curve is the straight line behavior (pink markers) which depicts linear flow. The point at which 

the curve delineates, marks the beginning of pressure interference between the fractures (red 

markers). The behavior in Figure 4.7 was analyzed and the slope of the straight line is inversely 

proportional to the productivity index during the linear flow (Jl) 

 

 

 

Figure 4.7: RNP vs. STF plot used as a tool for linear flow analysis to indicate the end of linear 

flow (from Rasdi and Chu, 2012) 
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 =
2

STF

lJ
m



                                                                                                      (4.2) 

where 

Jl = productivity index, stb/psi 

mSTF = slope of straight line behavior on STF plot 

  

An upward curve on this plot indicates loss of productivity. There is an ongoing 

discussion about mechanisms that can cause loss of productivity indicated by the change in slope 

of the RNP vs. STF curve. A primary reason agreed upon is the intra-fracture pressure 

interference as wells transition into the pseudo pseudo-steady state flow regime described by 

Song and Ehlig-Economides (2011). If JSRV is the productivity index during the depletion phase 

from the SRV, the linear transient productivity index can be found from the slope of the straight 

line using equation 4.2 (Miller et al., 2010),  

 

transition

0.716
STF  =

l

SRV

J

J
                                                                                  (4.3) 

where 

STFtransition   The time of transition of the curve from straight line behavior 

Jl   PI during the linear flow period 

JSRV   PI after fracture pressure interference 

  

 Sanchez-Bujanos et al. (1998) gave a relationship for the shape factor in bi-wing linear 

fractures as 

 
2

2
 = 

SL


                                                                                                                              (4.4) 

where 
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 = Shape factor of the fracture geometry, ft
2 

SL = Fracture spacing, ft 

 

Miller et al. (2010) gave a correlation for JSRV and Jl from two linear diffusivity equations 

that characterize internal SRV flow as, 

 

 

f1 kRA
=  

158.0206
SRV

g g

Mscf
J

B psi d



 
                                                                                  (4.5) 
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                                                                                  (4.6) 

k  = matrix permeability, md 

fA = fracture surface area exposed to productive reservoir, ft
2
  

gB = gas formation volume factor, ft
3
/Mscf 

g = gas viscosity, cp 

= matrix porosity, fraction 

tc = total system compressibility, psi
-1

 

R = formation net to gross ratio, fraction 

 

 Combining equations (4.4) through (4.6), the correlations were modified to get, 

 

158

SRV

l s g t

J k

J L c




 
                                                                                                       

(4.7)                                       

 

This implies from (4.3), that 
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                                                                                       (4.8)     

  

Equation 4.8 can be solved for permeability after the end of linear flow is estimated. Conversely, 

it is evident from equation 4.8 that the time to the end of linear flow, STF, proportional to 

fracture spacing divided by the square root of formation permeability (proportionality 4.9). 

 

transition  STF  
sL

k
                                                                                                                 (4.9) 

 

  

 

4.3.2 Simulation Study- Setup and Results 

 Two parameters were varied in the simulation cases; fracture spacing (Ls) and matrix 

permeability (k). Nine cases (Table 4.1) were formulated by varying between three fracture 

spacing values (100 ft, 200 ft and 300 ft) and 3 permeability values (100 nD, 500 nD, 1000 nD). 

 

 

 K= 100nD K= 500nD K= 1000nD 

Ls =100 ft  Case1 Case2 Case3 

Ls =200 ft  Case 4 Case 5 Case 6 

Ls =300 ft  Case 7 Case 8 Case 9 

Table 4.1: Parameters for formulated simulation cases, Ls=fracture spacing; K=matrix 

permeability 
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 The reservoir drainage area for all the cases was the same (5000 5000 ft
2
). The 

stimulated reservoir volume (1200 1200 ft
2
) was also constant because we did not want the 

fracture half-length to be a variable parameter and also because the flow sensitivity only for two 

parameters is being tested. A constant ‘Ls/√k’ was calculated for each case to establish a 

comparison after the simulation runs (Table 4.2).  

 For a concise presentation the cases have been grouped in 3 groups. The representation 

for cases 1, 2 and 3 (group 1) is given in Figure 4.10. They all have the same fracture spacing 

with varying permeabilities. When the results in group 1 are compared, we can estimate of the 

exclusive effect of matrix permeability. 

 

 

  Ls/√k 

Case 1 10 

Case 2 4.472136 

Case 3 3.162278 

Case 4 20 

Case 5 8.944272 

Case 6 6.324555 

Case 7 30 

Case 8 13.41641 

Case 9 9.486833 

Table 4.2: Constant value for the simulation cases, Ls=fracture spacing; K=matrix permeability 
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The methodology adopted to pick a straight line on the RNP vs. STF curve is similar to 

Ye et al. (2013). The declining pressure profile for the flowing bottom hole pressure (FBHP) 

profile is used and the start of the straight line can be expected at the point where FBHP has 

stabilized to a constant value (Fig. 4.8). A sample plot for case 2 pressure decline is given (Fig. 

4.9) and the pressure stabilizes to a constant value (100 psia) at 181 days, an STF of 13.45 √days. 

A similar plot was made for each of the nine cases and the beginning of straight line is picked 

from pressure stabilization timestep. 

 The only problem with this methodology for picking the straight line is that the 

simulation run is a pressure constraint with a minimum bottom hole pressure of 1000 psi. The 

constant pressure is not the stabilized pressure in Fig. 4.9 as in Fig. 4.8  

 

 

Figure 4.8: Semi-log plot for declining pressure profile for FBHP. The pressure stabilizes at 

about 400 days and can be used as the start of straight line behavior (from Ye et al., 

2013) 
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Figure 4.9: Declining pressure in case 2 (fracture spacing=100ft; matrix permeability=500nD). 

The pressure stabilizes at 181 days i.e an STF of 13.45 
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4.3.2.1 Group 1 (Ls=100 ft)– Results 

 

Figure 4.10: Representation of group 1 cases with the same fracture spacing (100ft) and different 

matrix permeabilities (100nD, 500nD and 1000nD) 

 Group 1 has 13 fractures over 1200 ft. (Fig. 4.10). For a given peemeability, the transition 

time from linear flow is expected to be earliest because the fracture spacing is closest. 

 The result for the transition can be seen from the plots in Figure 4.11 where case 1 has 

the longest duration of linear flow. Increasing permeability from 100 to 500 to 1000nD results in 

linear flow transitions at 35√d, case 2 and case 3 transition at 27√d and 30√d respectively (√d is 

√days). The linear flow durations are consequently 1225 days, 729 days and 900 days, 

respectively.  
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Figure 4.11: Results for group 1with 100 ft spacing - indicating the transition from linear flow using the straight line behavior of the 

RNP vs. STF plot
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4.3.2.2 Group 2 (Ls = 200 ft)– Results 

 

 

Figure 4.12: Representation of group 1 cases with the same fracture spacing (200ft) and different 

matrix permeabilities (100nD, 500nD and 1000nD) 

 Figure 4.12 illustrates group 2 has 7 fractures over 1200 ft (Fig. 4.13). The transition 

times are expected to be in between the other two groups on the basis of fracture spacing and 

permeability both. 

 The result for the transition can be seen from the plots in figure 4.13 and the linear flow 

durations are picked at 27√d and 25√d respectively, for the 100 nD, 500 nD and 1000 nD cases. 

This gives us a linear flow period of 2209 days, 729 days and 625 days for each of the cases. 
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Figure 4.13: Results for group 2 with 200 ft spacing- indicating the transition from linear flow using the straight line behavior of the 

RNP vs. STF plot   
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4.3.2.3 Group 3 (Ls = 300 ft)– Results 

 

 

Figure 4.14: Representation of group 1 cases with the same fracture spacing (300ft) and different 

matrix permeabilities (100nD, 500nD and 1000nD) 

 Figure 4.14 shows group 3 has 5 fractures over 1200 ft (Fig. 4.15). For a given 

peemeability, the transition time from linear flow is expected to be latest because the fracture 

spacing is furthest apart. 

 The result for the transition can be seen from the plots in Figure 4.15. Case 7 has the 

longest duration of linear flow. Increasing permeability from 100 to 500 to 1000 nD results in 

linear flow transitions at 56√d, 31√d and 27√d respectively. The linear flow durations are 

consequently 3136 days, 961 days and 729 days for each of the cases.  
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Figure 4.15: Results for group 3 with 300 ft spacing- indicating the transition from linear flow using the straight line behavior of the 

RNP vs. STF plot
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4.3.2.4 Validation 

A few analytical equations derived from the infinite-acting linear flow regime (Wattenberger et 

al., 1998) and based on the production concepts from the RNP vs. STF plot (Rasdi and Chu, 

2012) are used. The matrix permeability and fracture half-length is evaluated from solving the 

equations of slope and duration of linear flow period obtained from the analysis of simulation 

results. The slope of the RNP vs. STF curve is 

 

19.91 o
crl

tf

B
m

ch k X





                                                                                              (4.10) 

where 

fX = total fracture length 

the product of fk X can be inferred from the slope 

At the onset of inter-fracture pressure interference equations (4.11) and (4.12) can be used to 

characterize the reservoir by analyzing the RNP vs. STF curve, 
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where 

eflt = end of linear flow period, days 

srvL = length of the SRV, ft 

fx = average fracture half length 
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 The reservoir properties in the cases modeled for this study and used to evaluate the 

parameters like fracture half-length and reservoir matrix permeability are given in Table 4.3. An 

equation of line is fitted to the linear flow (straight line behavior) periods and the slope is 

calculated from that equation and linear flow duration is read off the x-axis at the delineation 

point (Table 4.4).  

 

 

Bo, rb/stb 1.0 

h, ft 300 

µo, cp 0.5 

ɸ, fraction 0.05 

Ct, psi
-1 0.00002 

Lsrv, ft 1200 

Table 4.3: Model properties for nine synthetic simulation cases for validation of the linear flow 

durations 
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 mcrl Telf, days 

Case 1 0.3251 1225 

Case 2 0.2137 729 

Case 3 0.2021 900 

Case 4 0.3841 2209 

Case 5 0.2237 729 

Case 6 0.215 625 

Case 7 0.4669 3136 

Case 8 0.2489 961 

Case 9 0.2089 729 

Table 4.4: Values for slope and linear flow periods from the simulation runs used for linear flow 

analysis  

  

 Table 4.5 gives the values of fracture half-length and matrix permeability calculated from 

equations (4.10) through (4.12). All the nine cases present a range of possibilities for shale 

reservoirs and the estimation is not reliable for most cases. The permeability values calculated do 

not show any trend either. A high permeability estimate is due to the additional production 

contribution from the SRV as a result of SRV drawing more pressure. (Ye et al., 2013). The 

erroneous estimations depict that the procedure used to pick a straight line behavior on the RNP 

vs. STF curve might be faulty. This led us to calculate the end of linear flow duration (STF) 

analytically using the equation 4.11 and properties from Table 4.3. These values are calculated as 

in Table 4.6 and it is observed that the values from the technique we used are way off.   
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 xf, ft K, nD 

 Numerical 

Simulation Inputs 

Linear Flow 

Analysis Results 

Numerical 

Simulation Inputs 

Linear Flow 

Analysis Results 

Case 1 600 670 100 322 

Case 2 600 786 500 542 

Case 3 600 923 1000 439 

Case 4 600 761 100 715 

Case 5 600 751 500 2167 

Case 6 600 723 1000 2528 

Case 7 600 746 100 1133 

Case 8 600 775 500 3700 

Case 9 600 804 1000 4877 

Table 4.5: Reservoir properties comparison of the calculated values from the linear flow analysis 

and simulation inputs as a validation  

(ft, nD) STF-Transition(√d) Linear flow (days) 

Case1(100,100) 62 3,844 

Case2(100,500) 28 784 

Case3(100,1000) 20 400 

Case4(200,100) 126 15,876 

Case5(200,500) 56 3,136 

Case6(200,1000) 40 1,600 

Case7(300,100) 189 35,721 

Case8(300,500) 84 7,056 

Case9(300,1000) 60 3,600 

Table 4.6: STF calculated analytically to validate the times from linear flow analysis 
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A different technique applying a derivative plot of inverse production is used for further 

analysis. The derivative of a function defines how it changes and this helps us analyze the flow 

regimes. The derivative of inverse production is expected to be constant for linear flow and jump 

at the beginning of interference because the production is known to decrease after interference 

(inverse production increases). A plot of ratio of derivative of inverse production rate and 

derivative of square root time versus square root time is used for analysis here.  

 

(1/ )
 vs. 

( )

d q
t

d t
 

 The results from this analysis can be seen in Figures 4.16 through 4.18 for the three 

groups. Comparing these values to Table 4.6 it is observed that the linear flow durations are in 

very good agreement. For two cases (case4 and case 7), it is seen that the constant derivative 

continues to the end of the simulation time. It can be said that the linear flow duration in these 

cases is greater than 102√days. These two cases also give a linear flow duration that is beyond 

the end of simulation. Using the analytical equations we re-calculated the permeabilites with the 

new values and we have a good validation (Table 4.7).  

 Conclusively, it is seen that RNP vs. STF plot can give us multiple solutions depending 

on where the straight line is picked (the problem could also be the methodology used to pick the 

straight line described in section 4.3.2). It becomes difficult especially when the plot is 

completely curving. The second analysis in the form of derivative of inverse production can be 

used to aid the RNP vs. STF analysis to pick the exact straight line behavior to estimate the 

linear flow duration and consequently characterize the reservoir. 
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Figure 4.16: Results for group 1 with fracture spacing = 100ft- indicating the transition from linear flow using the constant derivative 

of inverse production 
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Figure 4.17: Results for group 2 with fracture spacing = 200ft- indicating the transition from linear flow using the constant derivative 

of inverse production 
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Figure 4.18: Results for group 3 with fracture spacing = 300ft- indicating the transition from linear flow using the constant derivative 

of inverse production
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4.3.2.5 Summary 

 A summary of the full section is given below in the Table 4.7. All the information for the 

nine cases is given for an overall comparison of how they relate to each other and how the 

correlation for parameters influencing linear flow holds. The re-calculated permeability is also 

given in the table. There is no permeability result because the exact linear flow duration is not 

known because it exists for a longer time than the simulation run.  

 

(ft, nD) Ls/√k STF-

Transition(√d) 

Linear flow (days) K (nD) 

Numerical 

inputs 

Results from 

analysis 

Case1(100,100) 10 59 3481 100 113 

Case2(100,500) 4.47 28 784 500 503 

Case3(100,1000) 3.16 21 441 1000 895 

Case4(200,100) 20 >102 >10,404 100 - 

Case5(200,500) 8.94 54 2,916 500 541 

Case6(200,1000) 6.32 41 1,681 1000 940 

Case7(300,100) 30 >102 >10,404 100 - 

Case8(300,500) 13.41 85 7,225 500 492 

Case9(300,1000) 9.48 64 4,096 1000 1056 

Table 4.7: Summary of results for the simulated cases to investigate linear flow duration 

 Some of the results in this study do not agree with most of the consensus regarding the 

duration of linear flow. It is believed that linear flow dominates and lasts for years together 

before the transition occurs. The flow periods range from a year to more than thirty years. Most 

of the cases fall in the 8-12 years period.  

The disparity can be attributed to a few things like the drainage volume, stimulated 

reservoir volume and boundary conditions for our cases, which might not be exactly similar to 
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production in the field. Figures 4.19 to 4.23 display some field data from reservoirs in the 

Fayetteville shale, New Albany shale, and Bakken shale. 

 

 

 

Figure 4.19: Case1-Feyetteville shale well (from Song and Economides, 2011) 
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Figure 4.20: Case2-New Albany shale well (from Song and Economides, 2011) 

 

Figure 4.21: Case3- Bakken shale well (from Rasdi and Chu, 2012) 
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Figure 4.22: Case4- Bakken shale well (from Rasdi and Chu, 2012) 

 

Figure 4.23: Case5- Bakken shale well (from Rasdi and Chu, 2012) 
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 Ls (ft) K (nD) Linear flow period (days) 

Case1(Haynesville) 49 156 149.3 

Case2(New Albany) 438 150 833.3 

Case3(Bakken) - - 196 

Case4(Bakken) - - 42 

Case5(Bakken)  - - 656 

 Table 4.8: Summary of the field cases 

  Haynesville shale well (Fig. 4.19) was completed with 75 fractures in 15 stages 

over a 3940 ft long horizontal well. A very short duration of linear flow period is seen (Table 

4.8) as a result of a small fracture spacing. A different well completion is seen in the New 

Albany shale well (Fig. 4.20) with 8 fractures in 8 stages. Large fracture spacing yields a longer 

linear flow period (Table 4.8). The field cases from Bakken (Fig. 4.21 through 4.23) show a 

relatively longer production history. The data for these wells was not entirely published but the 

linear flow durations (Table 4.8) are well in concurrence with the synthetic simulation cases. 

 

4.3.3 Diagnostic for Fracture Geometry 

 We use the same plot as above for differentiating between the fracture geometries. The 

more complex network (orthogonal) will exhibit an early interference owing to the cross-

fractures (Fig. 4.24). This analysis can be used while comparing complexities of different 

fracture treatments. 
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Figure 4.24: Interference based on different flow paths in transverse (top) and orthogonal 

(bottom) fracture systems 
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4.3.4.1 Results 

 

 

 

Figure 4.25: Linear flow durations for simple and complex fractures based on the 

delineation of the RNP vs. STF curve 
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 A shorter duration of the early linear flow is seen in the orthogonal network as 

compared to the transverse (Figure 4.25). The orthogonal network transitions from linear 

flow at around 25 days and transverse transitions at about 441 days. This property of the 

network is a function of its complexity, and can be used with the analysis plot as a 

fracture pattern diagnostic. 
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CHAPTER 5 

DISCUSSION AND SUGGESTIONS 

 Over a hundred simulation runs were conducted for this work with varying 

fracture geometry, fracture half-length, fracture spacing, matrix permeability, depth of 

penetration, fracture width, fracture conductivity. Drawdown and buildup tests were 

modeled and analyzed to answer some important questions about production mechanism 

in shale reservoirs. The uncertainty of the created fracture geometry was addressed by 

appropriating different fracture geometries like orthogonal, transverse and dendritic with 

varying levels of complexity. This chapter summarizes the work presented in this thesis 

and the conclusions derived from it. Suggestions for future work are also enumerated to 

make the idealizations more sophisticated and as close to reality as possible. Some 

recommendations for further analysis on the basis of this work are given, which can help 

address critical issues in the tight reservoirs in general. 

5.1 SUMMARY AND CONCLUSIONS 

 This work presents modeling the oil and gas production in shale media through a 

commercial reservoir simulator discounting the contribution of desorption in the 

nano-pores of shales towards production. Cipolla and Lolon (2010) have 

presented a detailed illustration on the impact of gas desorption on production 

profile and ultimate gas recovery in shale reservoirs, showing that in some shale 

gas reservoirs desorption may be a very minor component of recovery. Therefore 

it is not completely “off the hook” to discount desorption.  

 The natural fracture system must be characterized and in-situ stress anisotropy 

must be determined in order to optimize the most economical HF treatment. 
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 With an attempt to typify the natural fracture and hydraulic fracture interaction-

three different geometries of fracture fairway development have been modeled 

and compared for well (production) performance – Orthogonal, Transverse and 

Dendritic. A better understanding of depth of penetration versus fracture surface 

area mapped in a fairway has been achieved.  

 The transverse network attains a higher penetration into the reservoir achieving a 

higher SRV and hence produces around 40-65% more than the orthogonal 

fracture network for a given cumulative fracture volume. The drainage area will 

largely be dictated by the SRV in a tight environment. The cumulative production 

rises until the pressure drawdown reaches the extent of the fracture fairway. For 

the orthogonal network the unstimulated reservoir boundary is reached at sooner 

times than the transverse network. 

 It is found that by increasing the fracture spacing in both the networks from 100 ft 

to 150 ft the relative production was increased in the orthogonal network by 41%, 

but when it was further increased to 200 ft- there is a minor drop (not increase) in 

the relative production (4.5%). Although the transverse network produces more 

with different fracture spacing inputs, this still pronounces a need to optimize the 

fracture spacing after predicting the fracture fairway development from the 

natural fracture characterization and in depth understanding of the in situ stress 

conditions. 

 For an infinite conductivity fracture the width of the fracture has minimal effect 

on the oil and gas production.  

 Fracture density for a given reservoir volume is a function of the fracture half-

length and the number of fractures. This parameter can be crucial in a fracture 
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treatment design, because it directly impacts the production performance from a 

fracture network. 

 Amalgamating the results in a tight reservoir - a design solution with regard to 

fracture dimensions can be proposed - pump longer fractures, compromise on the 

fracture width to utilize the volume to achieve a deeper penetration into the 

reservoir. 

 For the dendritic pattern, size of the SRV created due to the interaction between 

the induced and natural fractures largely depends on the length of natural fractures 

involved in the interaction. It also depends on where on the natural fracture 

(center, off-center or towards the end) does the hydraulic fracture impact because 

that determines how the fracture breaches. If a good SRV is achieved, although 

the planar fracture produces slightly better, the dendritic pattern produces more 

for the first few years during production.  

 The flow regimes described by O Bello (2009) and Ahmadi et al (2010) are 

identified in the log-log plots of the oil production rate. The transient behavior of 

the fracture system is captured by the explicit model. 

 The geometry of the fracture network affects the pressure drop in the reservoir 

and as it drops below the bubble point, the solution gas causes multi-phase flow 

effects and reduces permeability for the oil. The gas velocity being higher (due to 

the density difference, gas travels faster) channels through and hampers the oil 

production by liquid holdup. This affects the instantaneous GOR dramatically and 

might be a big problem in the oil window of a reservoir like Eagle Ford, in 

addition to the condensate drop-out that occurs in the deeper gas window. 
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 An uncertainty on the number of fractures propagating per stage is studied. Three 

models with ten fracture stages with different number of fractures/stage (1, 3 and 

5) are tested for production. The model with 1 fracture/stage produces 160% more 

than the 3 fractures/stage case and 3 fractures/stage produces 60% more than the 5 

fractures/stage case. Importance of depth of penetration is reconfirmed through 

this study.  

 An inverse modeling effort is presented to show how the permeability and furture 

performance forecast can be erroneous by misinterpreting a complex fracture 

system to be simple. The permeability offset is more than three times and future 

performance showed a 23% error over 10 years. 

 Fracture spacing and matrix permeability are established to be the influential 

parameters affecting the duration of linear flow regime analytically.  

 A drawdown technique using a plot of RNP vs. STF in addition to the derivative 

plot of inverse production is used to validate the effect of fracture spacing and 

matrix permeability on linear flow duration through a numerical model. Linear 

flow durations achieved are also confirmed through field cases. 

 The difference in flow patterns occurring in orthogonal and transverse geometries 

is also seen on the RNP vs. STF plot due to varying linear flow durations. This 

can be used a diagnostic tool. 
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5.2 SUGGESTIONS FOR FUTURE WORK 

 The reservoir model should take into account desorption effects and more 

sophisticated gridding techniques like voronoi gridding (Houze et al., 2011) and 

tartarian gridding (reference) that have been proposed to be more effective for 

extremely tight fractured reservoir modeling.  

 It could be worthwhile to have some analytical ways to diagnose the fracture 

pattern complexity by introducing dimensionless time function based on fracture 

spacing, matrix permeability, number of fractures, fracture half-length etc. for 

simple and complex fractures. 

 A contribution involving decline curve analysis as an application to understand 

the production from different flow regime periods would be considerable. 

Different arps coefficients can be used to match the production from particular 

flow periods and they can be generalized for further forward forecasting in all 

shales. 

 The discussion in this work is related to shale reservoirs (nano-darcy reservoirs), 

and hence studying the varying capillary pressure and relative permeability 

contrasts (fracture and matrix) through simulation would be a good contribution. 

The dominance of the imbibition effects in the matrix can answer questions 

related to water production after the fracture treatment. The impact of water 

dynamics in fractured systems becomes crucial for a shale environment. The shut 

in period is something to look into, because the longer you shut in before 

production, longer the imbibition effect acts and water production can be reduced 

enhancing the oil production. 
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 A production simulation effort involving coupling of mechanics and fluid flow is 

of foremost significance for more realistic, heterogeneous multi fracture 

horizontal wells. A powerful mechanics simulator like joints is required that can 

give us the crack propagation output based on the geo-mechanical properties of 

our reservoir and the output can be coupled with a commercial fluid flow 

simulator (Fig. 5.1).  
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Figure 5.1: A mechanics (joints) and fluid flow (CMG) coupled model for a multi 

transverse fracture system, the permeability variation is depicted 
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Appendix A 

CMG input file for the orthogonal case1 

RESULTS SIMULATOR IMEX 200900 

******************************************************************

************************************************************************ 

** I/O Control Section                                                         

************************************************************************

******* 

 

*TITLE1  

'Hydraulic fracturing-Orthogonal model' 

*TITLE2 

'LGR defined at time 0' 

 

** fracture length = 900 ft  half-length = 450 ft 

** reservoir perm = 0.0001 md 

** reservoir porosity = 0.05 

**fracture porosity = 0.4 (0.008 in the coarse grid) 

** fracture perm  = 2,000 md  

** fracture thickness = 0.02 ft (2.0 ft in coarse grid) 

** (kfwf/kmxf) = 2000 x 0.02 / (0.0001 * 450) = 888.888  

** (kfwf/kmxf) = 2    x    2 /  (0.0001 * 450) = 88.8888 for nondarcy flow 

** This case1 is where Total-xf is constant for both OG and TR cases & Wf is  

** constant 
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            ** Fracture porosity is used to scale for width instead of fracture permeability 

** Arrays are written for permeability and porosity values for each gridblock  

            ** to define fracture and matrix 

 

*INUNIT *FIELD              

*WPRN   *WELL TIME 

*WPRN   *GRID 0 

*OUTPRN *GRID NONE 

*WSRF   *GRID   TIME 

*OUTSRF *RES ALL 

*WSRF   *WELL   TIME 

*OUTSRF *WELL LAYER ALL DOWNHOLE 

*OUTSRF *GRID PRES SO SW SG VELOCRC RFG PERM 

WPRN ITER BRIEF 

*WRST 0 

**$  Distance units: ft  

RESULTS XOFFSET           0.0000 

RESULTS YOFFSET           0.0000 

RESULTS ROTATION           0.0000  **$  (DEGREES) 

RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0 
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******************************************************************

****** 

**$ Definition of fundamental cartesian grid 

**$ 

************************************************************************ 

*GRID VARI 230 455 1 

*KDIR DOWN 

 

DI IVAR 

11*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 10*4. 

DJ JVAR  

123*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 25*4 2 123*4. 

DK ALL 

 104650*300 

DTOP 

 104650*8000 

 

*NULL CON   1 

*CPOR    5.0E-6             

*PRPOR   6400.0               

 

*PERMI CON    0.0001 

*PERMJ EQUALSI 

*PERMK EQUALSI 
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*INCLUDE 'PERMI-OG.txt' 

*INCLUDE 'PERMJ-OG.txt' 

*INCLUDE 'PERMK-OG.txt' 

 

**$ Property: Pinchout Array  Max: 1  Min: 1 

**$  0 = pinched block, 1 = active block 

PINCHOUTARRAY CON            1 

 

**POR CON 0.05 

*INCLUDE 'POR-OG.txt' 

 

MODEL BLACKOIL  

PVT EG 1 

 

**$         p           Rs        Bo        Eg       viso       visg           

         14.696      4.68138  1.09917   4.10159   0.902644  0.0136014        

         173.583     32.1923   1.11173   49.1225   0.803844  0.0137243        

         332.47      65.2796   1.12711   95.3676   0.719427  0.0139054 

         491.357     101.621   1.1443    142.801   0.651788  0.0141273     

         650.244     140.36    1.16295   191.364   0.59727   0.014385 

         809.131     181.027   1.18287   240.971   0.552597  0.0146766 

         968.018     223.32    1.20393   291.506   0.515357  0.0150009 

         1126.9      267.027   1.22604   342.824   0.483819  0.0153574 
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         1285.79     311.989   1.24913   394.75    0.45674   0.0157453 

         1444.68     358.084   1.27314   447.084   0.433209  0.0161637 

         1603.57     405.212   1.29803   499.604   0.412545  0.0166117 

         1762.45     453.293   1.32376   552.077   0.394234  0.0170877 

         1921.34     502.257   1.3503    604.264   0.377877  0.0175899 

         2080.23     552.048   1.3776    655.935   0.363163  0.0181162 

         2239.11     602.616   1.40566   706.874   0.349843  0.0186643 

         2398        653.915   1.43443   756.888   0.337718  0.0192317 

         3218.4      929.142   1.59372   995.379   0.288941  0.0223706 

         4038.8      1219.15   1.76935   1195.74   0.255067  0.0256431 

         4859.2      1521.47   1.95964   1360.49   0.229917  0.0288538 

         5679.6      1834.43   2.16332   1496.29   0.21036   0.0319135 

         6500        2193.1425 2.37939   1609.67   0.19463   0.0347948 

 

DENSITY OIL 50.863 

GRAVITY GAS 0.8 

REFPW 14.696 

DENSITY WATER 59.1613 

BWI 1.06212 

CW 3.72431e-006 

VWI 0.23268 

CVW 0.0 

CO 1e-5 
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**$ Property: PVT Type  Max: 1  Min: 1 

PTYPE CON            1 

ROCKFLUID 

RPT 1 

**$        Sw         krw        krow 

SWT 

          0.2           0           1 

      0.24375  0.00149536    0.878906 

       0.2875  0.00598145    0.765625 

      0.33125   0.0134583    0.660156 

        0.375   0.0239258      0.5625 

      0.41875    0.037384    0.472656 

       0.4625    0.053833    0.390625 

      0.50625   0.0732727    0.316406 

         0.55   0.0957031        0.25 

      0.59375    0.121124    0.191406 

       0.6375    0.149536    0.140625 

      0.68125    0.180939   0.0976563 

        0.725    0.215332      0.0625 

      0.76875    0.252716   0.0351562 

       0.8125    0.293091    0.015625 

      0.85625    0.336456  0.00390625 

          0.9    0.382812           0 

         0.95    0.439453           0 
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            1         0.5           0 

**$        Sg         krg        krog 

SGT 

            0           0           1 

      0.04375  0.00299072    0.878906 

       0.0875   0.0119629    0.765625 

      0.13125   0.0269165    0.660156 

        0.175   0.0478516      0.5625 

      0.21875   0.0747681    0.472656 

       0.2625    0.107666    0.390625 

      0.30625    0.146545    0.316406 

         0.35    0.191406        0.25 

      0.39375    0.242249    0.191406 

       0.4375    0.299072    0.140625 

      0.48125    0.361877   0.0976563 

        0.525    0.430664      0.0625 

      0.56875    0.505432   0.0351563 

       0.6125    0.586182    0.015625 

      0.65625    0.672913  0.00390625 

          0.7        0.765625           0 

         0.75       0.878906           0 

          0.8           1           0 

INITIAL 

VERTICAL DEPTH_AVE WATER_OIL EQUIL 
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REFDEPTH 9884 

REFPRES 6425 

DWOC 15000 

 

**$ Property: Bubble Point Pressure (psi)   Max: 2400 Min: 2400 

PB CON            2400 

 

*NUMERICAL 

*MAXSTEPS 9999 

*NORM *PRESS 25 

*DTMIN 0.00001 

*NCUTS 8 

RUN 

 

DATE 2013 1  1.00000 

 

**$ 

WELL  'Horizontal-1' 

PRODUCER 'Horizontal-1' 

OPERATE  MAX  STO  1000.  CONT 

OPERATE  MIN  BHP  1000.  CONT 

**$          rad  geofac  wfrac  skin 

GEOMETRY  I  0.25  0.37  1.  0. 
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PERF  GEOA  'Horizontal-1' 

**$ UBA            ff  Status  Connection   

   225 228 1   1.  OPEN    FLOW-TO  'SURFACE'  REFLAYER 

   220 228 1   1.  OPEN    FLOW-TO  1 

   194 228 1   1.  OPEN    FLOW-TO  2 

   168 228 1   1.  OPEN    FLOW-TO  3 

   142 228 1   1.  OPEN    FLOW-TO  4 

   116 228 1   1.  OPEN    FLOW-TO  5 

   90 228 1   1.  OPEN    FLOW-TO  6 

   64 228 1   1.  OPEN    FLOW-TO  7 

   38 228 1   1.  OPEN    FLOW-TO  8 

   12 228 1   1.  OPEN    FLOW-TO  9 

   6 228 1   1.  OPEN    FLOW-TO  10 

 

DATE 2013 1  2.00000 

DATE 2013 1  3.00000 

DATE 2013 1  4.00000 

DATE 2013 1  5.00000 

DATE 2013 1  6.00000 

DATE 2013 1  7.00000 

DATE 2013 1  8.00000 

DATE 2013 1  9.00000 

DATE 2013 1  10.00000 

DATE 2013 1  11.00000 
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DATE 2013 1  12.00000 

DATE 2013 1  13.00000 

DATE 2013 1  14.00000 

DATE 2013 1  15.00000 

DATE 2013 1  16.00000 

DATE 2013 1  17.00000 

DATE 2013 1  18.00000 

DATE 2013 1  19.00000 

DATE 2013 1  20.00000 

DATE 2013 1  21.00000 

DATE 2013 1  22.00000 

DATE 2013 1  23.00000 

DATE 2013 1  24.00000 

DATE 2013 1  25.00000 

DATE 2013 1  26.00000 

DATE 2013 1  27.00000 

DATE 2013 1  28.00000 

DATE 2013 1  29.00000 

DATE 2013 1  30.00000 

DATE 2013 1  31.00000 

DATE 2013 2  1.00000 

DATE 2013 3  1.00000 

DATE 2013 4  1.00000 

DATE 2013 5  1.00000 
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DATE 2013 6  1.00000 

DATE 2013 7  1.00000 

DATE 2013 8  1.00000 

DATE 2013 9  1.00000 

DATE 2013 10  1.00000 

DATE 2013 11  1.00000 

DATE 2013 12  1.00000 

DATE 2014 1  1.00000 

DATE 2014 2  1.00000 

DATE 2014 3  1.00000 

DATE 2014 4  1.00000 

DATE 2014 5  1.00000 

DATE 2014 6  1.00000 

DATE 2014 7  1.00000 

DATE 2014 8  1.00000 

DATE 2014 9  1.00000 

DATE 2014 10  1.00000 

DATE 2014 11  1.00000 

DATE 2014 12  1.00000 

DATE 2015 1  1.00000 

DATE 2015 2  1.00000 

DATE 2015 3  1.00000 

DATE 2015 4  1.00000 

DATE 2015 5  1.00000 
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DATE 2015 6  1.00000 

DATE 2015 7  1.00000 

DATE 2015 8  1.00000 

DATE 2015 9  1.00000 

DATE 2015 10  1.00000 

DATE 2015 11  1.00000 

DATE 2015 12  1.00000 

DATE 2016 1  1.00000 

DATE 2016 2  1.00000 

DATE 2016 3  1.00000 

DATE 2016 4  1.00000 

DATE 2016 5  1.00000 

DATE 2016 6  1.00000 

DATE 2016 7  1.00000 

DATE 2016 8  1.00000 

DATE 2016 9  1.00000 

DATE 2016 10  1.00000 

DATE 2016 11  1.00000 

DATE 2016 12  1.00000 

DATE 2017 1  1.00000 

DATE 2017 2  1.00000 

DATE 2017 3  1.00000 

DATE 2017 4  1.00000 

DATE 2017 5  1.00000 
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DATE 2017 6  1.00000 

DATE 2017 7  1.00000 

DATE 2017 8  1.00000 

DATE 2017 9  1.00000 

DATE 2017 10  1.00000 

DATE 2017 11  1.00000 

DATE 2017 12  1.00000 

DATE 2018 1  1.00000 

DATE 2018 2  1.00000 

DATE 2018 3  1.00000 

DATE 2018 4  1.00000 

DATE 2018 5  1.00000 

DATE 2018 6  1.00000 

DATE 2018 7  1.00000 

DATE 2018 8  1.00000 

DATE 2018 9  1.00000 

DATE 2018 10  1.00000 

DATE 2018 11  1.00000 

DATE 2018 12  1.00000 

DATE 2019 1  1.00000 

DATE 2019 2  1.00000 

DATE 2019 3  1.00000 

DATE 2019 4  1.00000 

DATE 2019 5  1.00000 
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DATE 2019 6  1.00000 

DATE 2019 7  1.00000 

DATE 2019 8  1.00000 

DATE 2019 9  1.00000 

DATE 2019 10  1.00000 

DATE 2019 11  1.00000 

DATE 2019 12  1.00000 

DATE 2020 1  1.00000 

DATE 2020 2  1.00000 

DATE 2020 3  1.00000 

DATE 2020 4  1.00000 

DATE 2020 5  1.00000 

DATE 2020 6  1.00000 

DATE 2020 7  1.00000 

DATE 2020 8  1.00000 

DATE 2020 9  1.00000 

DATE 2020 10  1.00000 

DATE 2020 11  1.00000 

DATE 2020 12  1.00000 

DATE 2021 1  1.00000 

DATE 2021 2  1.00000 

DATE 2021 3  1.00000 

DATE 2021 4  1.00000 

DATE 2021 5  1.00000 
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DATE 2021 6  1.00000 

DATE 2021 7  1.00000 

DATE 2021 8  1.00000 

DATE 2021 9  1.00000 

DATE 2021 10  1.00000 

DATE 2021 11  1.00000 

DATE 2021 12  1.00000 

DATE 2022 1  1.00000 

DATE 2022 2  1.00000 

DATE 2022 3  1.00000 

DATE 2022 4  1.00000 

DATE 2022 5  1.00000 

DATE 2022 6  1.00000 

DATE 2022 7  1.00000 

DATE 2022 8  1.00000 

DATE 2022 9  1.00000 

DATE 2022 10  1.00000 

DATE 2022 11  1.00000 

DATE 2022 12  1.00000 

DATE 2023 1  1.00000 

 

*STOP 
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