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ABSTRACT 

 The successful development of unconventional shale reservoirs is essentially a 

game of spacing.  The bed-like depositional setting of the nanodarcy permeability rock 

does not lend itself to a simplified tank model with a sink at the wellbore, draining in a 

pseudo-radial pattern and defined by distinct boundaries that are “felt” early on.    Quite 

the opposite is true.  In formations like the Eagle Ford shale only the volume of the 

reservoir that is touched by the created hydraulic fracture, the Stimulated Reservoir 

Volume (SRV), will contribute the bulk of the produced hydrocarbons.  Understanding 

the induced drainage pattern is critical to effectively exploiting reserves by minimizing 

unstimulated rock between wells (and between fractures) while also minimizing well 

interference from excessive downspacing.   A delicate balance exists between being too 

tight or too spaced but the impact is monumental and every avenue of analysis should be 

employed to that end. 

 Rate-Transient Analysis (RTA) is a workflow comprised of log-log type curves, 

specialized plots, and analytical models that take daily pressures and flow rates and 

allow the analyst to interpret the flow pattern in the reservoir/fracture network, derive 

reservoir/fracture characteristics, and produce a probabilistic forecast based on an 

analytical model. 

 In this work, RTA is applied to a set of dry gas Multiple Fractured Horizontal 

Wells (MFHW) in the Eagle Ford shale.  The flow regimes fit the Enhanced Fracture 
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Region (EFR) model and transient conditions dominate in all cases.  Derived values 

include half-length, permeability, dimensionless fracture conductivity, and SRV.  The 

result is that larger values of SRV correspond to greater production volumes.   The 

uncertainty in the interpretation is discussed in depth in the paper.   

 RTA, as a reservoir characterization and forecasting tool, is a step in the direction 

of lowering engineering risk, lowering reserves risk, and unlocking the code to the 

spacing game.   

 iii



NOMENCLATURE 

Ac    Cross sectional area to flow, ft2 

Ad    Drainage area, acre 

ASRV   Area of stimulated reservoir volume, acre 

b’    Intercept of square root-time plot, psi2/cp/MMscf/D 

CfD    Dimensionless fracture conductivity, dimensionless 

CfD’   Apparent dimensionless fracture conductivity, dimensionless 

ct    Total compressibility, psi-1 

h    Reservoir thickness, ft 

k    Permeability, md 

k1    Enhanced region permeability, md 

km    Matrix permeability, md 

m    Slope of square root-time plot, psi2/cp/MMscf/D/days1/2 

nf    Number of fractures, dimensionless 

pi    Initial reservoir pressure, psi 

pp    Pseudo-pressure, psi2/cp 

q    Gas flow rate, MMscf/D 

    Gas saturation, % 

    time, days 

Sg

t
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    Pseudo-time, days 

   End of Linear Flow, days 

T    Reservoir temperature, oF 

xe    Reservoir width, ft 

xf    Fracture half-length, ft 

Xl    Distance from fracture to enhanced region boundary, ft 

Xs    Fracture spacing, ft 

Ye    Reservoir length, ft 

z    Compressibility factor, dimensionless 

    Porosity, dimensionless 

    Gas viscosity, cp 

ta

telf

ϕ

μ
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1. INTRODUCTION 

1.1   Statement of the Problem 

Horizontal drilling and hydraulic fracturing are not new technologies.  Nor is the 

combination of them as a reservoir exploitation method.  What is revolutionary is the 

application of these technologies to sedimentary shale rock, once considered only a 

source of hydrocarbon generation or an impermeable caprock.  Shale is vast, predictable 

(geographically, at least), domestic, and now proven to contain millions of barrels of oil 

and trillions of cubic feet of gas in reserves.  Commercial development of 

unconventional shale resources requires the maximum stimulated reservoir volume 

(SRV) to unlock the free and absorbed gas.  Multi-fractured horizontal wells (MFHW) 

were proven in the Barnett and have since been applied around the world. 

Exploration of the Eagle Ford shale began in 2008.  The core areas of 

development tether the curvature of the coast and span from central Texas to the deep 

southwest of the Mexican border and beyond.  Multiple publications have been put forth 

characterizing the wide range of features of the Eagle Ford.  Depth, thickness, organic 

content, and hydrocarbon fluid type are highly variable.  Stegent et al. (2010) present a 

comprehensive completion strategy comparison between the brittle, high Young’s 

Modulus, low anisotropic, naturally fractured Barnett and the ductile, lower Young’s 

Modulus, higher anisotropic, microfractured Eagle Ford shale.  The ductile nature of the 

Eagle Ford potentially leads to more planar fractures rather than the dendritic fairways of 
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the Barnett.  A petrophysical study by Sondhi (2011) confirms this with findings that 

anisotropy is linearly proportional to total organic carbon and the anisotropic parameters 

in the Eagle Ford shale are as high as 30% – 40%.  Cased-hole sonic log data by Daniels 

et al. (2007) show that if the anisotropy is greater than 7% then fractures will tend to be 

more planar. 

It is important before presenting any study, best practice, or rule-of-thumb for the 

Eagle Ford that the geographical location be discussed.  Reservoir properties, fluids, and 

frac designs in the black oil window will vastly differ from those in the dry gas window.  

This study looks at a group of MFHW in the dry gas window of the Eagle Ford shale.  

This data set was chosen for its single phase fluid properties, proximity in relation to 

each other, and similar well orientation into the minimum horizontal stress.  The 

concepts are easily applied to oil and condensate wells with the assumption that 

formation fluid flow is single phase.   

Formation properties derived from core analysis are presented in Table 1 where φ 

is porosity, h is frac height, km is matrix permeability, Sg is gas saturation, T is 

temperature, and pi is initial reservoir pressure. 
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Table 1 — Formation properties in the Eagle Ford dry gas window 

 The completion is a cased and cemented wellbore to total depth with a plug-and-

perf frac job.  Lateral lengths, well spacing, and cluster spacing vary throughout the 

field. 

Understanding the fluid flow regime in the SRV and in the drainage area is the 

crux of unconventional field development.  Uncertainty associated with proper well 

spacing and estimated ultimate recovers (EUR) hinge upon a good understanding of 

those concepts.  Engineers may use a combination of frac modeling, well testing, 

microseismic, pressure-transient analysis, and rate-transient analysis (RTA).  The 

purpose of this study is to show the utility of RTA in field development.  Reservoir 

characteristics that may be interpreted from RTA are flow regime, half-length (xf), 

Formation Properties
φ 0.11

h 200 ft

km 1E-06 to 75E-06 md

Sg 84 %

T 260 oF

pi 7,050 psi
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dimensionless fracture conductivity (CfD), area of stimulated reservoir volume (ASRV), 

and complexity. 

1.2. Literature Review 

 Al-Hussainy et al. (1965) pioneered the concept of the real gas pseudo-pressure. 

Gas rate during drawdown in a gas reservoir is non-linear.  However, the simple pressure 

squared approximation can lead to significant error when applied over the entire pressure 

range.  The real gas pseudo-pressure is accepted in the industry for handling changes in 

viscosity and deviation factor and is incorporated into every gas calculation in this study 

through commercial software.   

 Wattenbarger et al. (1998) developed a series of type curves used to identify and 

quantify linear flow properties.  Fluid flow in tight, fractured rock is dominated by linear 

flow from the fracture matrix perpendicularly into the fracture as opposed to radial flow.  

The linear flow regime will dominate for the majority of the economic life of the well.  

Their discussion begins with type curves for both constant rate and constant pressure in a 

bounded linear flow model.  The type curves are formulated by factoring out the fracture 

penetration ratio of half-length to reservoir length (Ye).  The methodology in the 

research is to first assume constant rate or constant pressure and identify the half-slope 

region on a log-log plot as a quick screening analysis.  Then, examine the slope (m), 

intercept (b’), and time to end of linear flow (telf) from the square root-time plot (  – 

plot) to calculate the xf, drainage area (Ad), and the original oil in place (OOIP).  If the 

t
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well is still in linear flow, these values represent the minimum values.  An equation is 

also provided to calculate the telf and radius of investigation given reservoir properties. 

 Ibrahim and Wattenbarger (2005) proved that analytical solutions for transient 

linear flow are drawdown sensitive. This is contrast to radial flow.  Errors in bulk 

parameters (m and b’) extracted from the incorrect  analysis may range up to 

22%.  An empirical correction factor is presented to account for the drawdown 

dependency and is incorporated through this study through commercial software. 

 Anderson et al. (2005) expound on the concept of pseudo-time as a 

compressibility correction for gas reservoirs.  While the original concept of pseudo-time 

applied to the near wellbore and was later modified for the entire reservoir, the author 

argues that during transient flow the pressure must be restricted to the investigated 

drainage area.   

 Daniels et al. (2007) is a multi-component study involving microseismic 

monitoring along with other advanced tools.  In case 2 of the study, a cased-hole sonic 

log is run prior to the frac treatment to infer the anisotropy of the formation of a well that 

is drilled in the direction of maximum horizontal stress.  The observation is that stages 

with anisotropies greater than 7% minimum to maximum tend to create a more planar 

orientation rather than a complex pattern.  The Eagle Ford fits this planar assumption. 

 Mattar et al. (2008) apply analytical techniques to multiple well configurations to 

discuss the differences in interpretation between classic bi-wing fractures, complex SRV, 

and hybrid performance.  Numerical simulation is use to understand and verify 

t − plot
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interpretations.  Hybrid systems exhibit a half slope on the log-log derivative followed 

by boundary-dominated flow.  The existence of compound linear flow is verified with a 

numerical simulator. 

 Bello and Wattenbarger (2009) argue that the constant rate linear flow skin is 

additive with a positive intercept and constant pressure is curved near the origin and 

must be corrected so that the cross sectional area to flow is not overestimated.  This 

occurs in Region 4 of the dual porosity model in the paper.  An analytical correction is 

recommended for better type curve matching and interpretation.   

 Ozkan et al. (2009) introduce a tri-linear analytical model with dual porosity 

characterization of natural fractures.  In their analysis, the outer region zone is shown to 

have little impact and the majority of the production occurs linearly from the inter-frac 

stimulated region with no radial flow.  SRV, rather than permeability, is the major factor 

in unconventional shale production. 

   Ilk et al. (2010) provide guidelines on data diagnostics and recommend multiple 

diagnostic plots. The workflow involves a quick screening method to ensure raw data 

quality is acceptable or if it should be filtered, edited, or discarded completely.   

 Al-Ahmadi et al. (2010) look into the skin effect of early-time production on a 

normalized pressure versus  and its effect on masking linear flow.  The skin 

is attributed to fracture fluid cleanup and displacement of water.  Two dual-porosity 

models are presented in the form of a slab or cube.  Using the previously mentioned 

t − plot

 vi



analytical expression for a constant skin effect and drawdown sensitivity, the early data 

is matched while the half slope of the main body of the data is maintained through the 

origin.  The expression is then extended for boundary-dominated flow and estimation of 

original gas in place (OGIP) as a function of the model type selected.  Efforts are also 

made to estimate OGIP while still in linear flow by estimating matrix permeability (km).  

The authors emphasize the need for careful diagnostics to eliminate bad data caused by 

liquid loading or fracture offset interference.  Ultimately, formation linear flow 

dominates and the high conductivity of the fractures negates any evidence of fracture 

linear or bilinear flow. 

 Clarkson et al. (2010) perform innovative testing of horizontal wells using 

microseismic, production logs, and offset vertical well analysis.  The application has 

only been tested in tight gas but there is a mention of extending the research to shale.  

Emphasis on understanding the flow regime and constraining results of RTA with 

measured data are the final recommendations. 

 Anderson et al. (2010) provide a workflow for analyzing shale gas wells.  The 

challenges associated with analyzing unconventional shale production using 

conventional techniques are discussed.  The workflow includes a log-log diagnostic of 

flow regime, the  for bulk parameters, and flowing material balance for 

determining the SRV.  The three case studies provided show variations in flow regimes, 

skin, and long-term outer boundary contribution.  As a correction for flow regime 

identification with the log-log plot, the semi-log derivative is recommended to account 

t − plot
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for skin.  Later work by the author suggests alternative methods, namely an additive skin 

effect regardless of operating conditions of constant pressure or rate. 

 Stegent et al. (2010) were early contributors to the understanding of the Eagle 

Ford shale in terms of frac design and completions.  A collection of topics are discussed 

but most notable is the description of the Eagle Ford shale as relatively ductile with more 

stress anisotropy and microfractures than previous shale such as the Barnett.  This 

confirms the more planar nature of Eagle Ford fracture geometry. 

 Nobakht and Mattar (2010) address the issue of skin effect during linear flow by 

introducing yet a third way to account and correct for skin.  During the flowback period, 

it is expected that there will be a significant amount of apparent skin resulting from 

fracture cleanup, rapidly changing fluid ratios, and varying fracture conductivity.    

Linear flow is characterized by a half slope on a log-log plot of normalized rate versus 

material balance time and a straight line on a normalized pressure on the .  

Apparent skin can mask the log-log plot by making it appear transient radial.  Previous 

methods of an analytical correction and semi-log derivative are discussed in detail with 

the major pitfalls of each.   Instead, the authors emphasize the additive nature of skin 

during both constant rate and constant pressure depletion. Normalized pressure is 

modified by subtracting the apparent skin and the resulting plot visually satisfies both 

requirements for linear flow. 

 Thompson et al. (2010) explored pressure dependent permeability in the 

Haynesville.  This does not apply to the current study but there is a practical discussion 

t − plot
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on changing operating conditions.  A well profile that has declining pressure followed by 

constant pressure may be ambiguous on the  and the first mention of linear 

superposition time is mentioned as a solution to changing operating conditions. 

 Sondi (2011) performs a petrophysical characterization of the Eagle Ford.  The 

most relevant to this study is the positive correlation between total organic content and 

anisotropy.  

 Clarkson et al. (2011) build a framework for a modern day reservoir engineer.  

All aspects from data gathering to field development are viewed through an 

unconventional lens.  Regarding RTA, caution is given to analyzing wells blindly and 

not correlating to other measurement methods or estimations.  For instance, xf and 

dimensionless fracture conductivity (CfD) from RTA may be somewhat lower than 

fracture simulator measurements due to flowing effects. 

 Anderson and Liang (2011) emphasize the non-uniqueness of analytical matches 

and the impact of variables on final output.  Their paper keys in on estimated ultimate 

recovery uncertainty during transient linear flow with the tri-linear flow model.  

However, the general idea of probabilistic ranges for all data is inherent in all analysis.  

Some input parameters have much more of an impact than other. Values of xf and km are 

examined in the paper in depth. 

 Okouma et al. (2011) present a study of the Haynesville shale that looks at the 

effect of stress dependent permeability.  By keeping the drawdown low, the estimated 

ultimate recovery is predicted to increase over a high drawdown scenario.  Three 

t − plot
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diagnostic plots comparing a low versus high drawdown case were shown with the 

conclusion being that the low drawdown well has a higher productivity.   

 Nobakht et al. (2011) establish the expected flow regime from MFHW given the 

well spacing, xf, and fracture density along the wellbore.  A variation of the Wattenbarger 

plot at multiple ratios is developed.  The authors note that previous compound linear 

flow work may have assumed widely spaced fractures.  Given the extended time 

required to the pressure transient to move, compound linear flow may never been seen in 

practical terms. 

 Nobakht and Clarkson (2011) stress the importance of iterating between the 

flowing material balance plot and the .  Alone, the flowing material balance 

plot is biased towards boundary-dominated interpretation.  A straight-line productivity 

index may signal boundary-dominated flow and lead to an OGIP estimation of up to 

30% low.  Flow regime identification is critical and two methods are compared.  The 

semi-log derivative will work but is often masked by noise unless corrected.  The 

straight-line analysis of the  is the most practical method.  If transient linear 

flow exists, then an estimation of contacted gas in place, alternately the minimum OGIP, 

is the only interpretation.   

 Liang et al. (2011) offered guidance on choice of superposition time for variable 

rate and pressure in all flow regimes.  Constant pressure is forced to constant rate by 

using material balance time.  The flow regimes match fairly well.  The verdict is that 

t − plot
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material balance time with corrected pseudo-time are satisfactory for proper analysis 

regardless of flow regime or operating conditions.  Step changes are handled well but 

outliers in data need to be removed or, by nature of material balance time, the flow 

regimes may be misrepresented. 

 The new and improved method for RTA by Nobakht et al. (2012) is the inclusion 

of corrected pseudo-time and accounting for gas slippage.  Slippage adds additional flux 

of gas rate as the molecules do not flow under purely viscous forces for extremely low 

permeability formations.  Under constant flowing pressure, the half-length from the 

 overestimates the value input into a numerical simulator match.  Building on 

previous studies on slippage, the authors account for constant pressure in the region of 

influence and correct the pseudo-time function.  This method obtained the best match of 

half-length.  The production forecast was only minimally impacted.  It is also worth 

noting that this method has only been applied to linear flow and has more impact with 

lower permeability.  

 Xu et al. (2012) apply RTA concepts to an Eagle Ford shale well.  The approach 

includes flow regime identification with a log-log type curve and  assuming 

constant flowing pressure.  The dominant flow regime is identified as linear.  The cases 

of bilinear flow, linear flow with Bello skin correction, linear flow with Nobakht skin 

correction, and a numerical simulator are analyzed for comparison.  Fracture 

permeability is calculated from the assumption of bilinear flow.  The Bello correction is 

t − plot
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applied and matrix permeability is calculated by forcing the slope though the origin on a 

.  The Nobakht method involves calculating the positive intercept and 

correcting the data for a better match.  Both approaches appeared to have comparable 

results.  It is possible that the early data is actually a combination of formation linear 

with skin rather than bilinear flow.  

 Agnia et al. (2012) emphasize the importance of practical data diagnostics and 

filtering non-trending data.  Using superposition functions, flow regime identification 

may be a non-unique exercise when raw data is analyzed.  The nature of material balance 

time has the effect of stretching data based on fluctuations.  Liquid loading and single-

phase water/gas ratio cutoffs are the first step.  Removing non-trending data and 

accounting for offset interference will also help with the proper identification.  

 Stalgorova and Mattar (2012a) present a modification to the tri-linear flow model 

and call it the Enhanced Frac Region model.  The dominant flow regimes are linear from 

the SRV into the fracture, linear from inter-fracture region into the SRV, and boundary-

dominated flow due to fracture interference.  No flow is assumed from outside the 

fracture tips.  The results compared to a numerical simulator are in agreement.  The 

model allows longer xf and more realistic matches with created frac dimensions than the 

tri-linear flow model.  With a fixed SRV, longer fractures with branches match the 

historical production.  A procedure to calculate parameters using the slopes of the two 

linear flow lines is presented and is also the method used in this professional study. 

t − plot
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 Stalgorova and Mattar (2012b) add two additional regions to their previous work 

and call it the Five-Region model.  The additions are the outer region beyond the fracture 

tips and the outer region beyond the unstimulated zones in between fractures.  The outer 

contribution may only make a difference with long term production forecasting.  In most 

practical field cases, the well spacing is much greater than distances between two 

fractures so the original EFR model is recommended.  As well spacing becomes tighter 

during development there may be a transition towards the alternative method.  

Guidelines are provided for using the Five-Region Model which is a combination of the 

tri-linear flow and EFR models. 

 Liang et al. (2012) studied the transition from linear flow to compound linear 

flow and provide guidance on usage of the type curve and interpretation.  The type curve 

and derivative type curve are created for ratios of fracture spacing (Xs) to xf.  The salient 

feature of compound linear flow is the unique calculation of reservoir width (xe), xf, and 

km.  The transition from linear for compound linear may last two to three log cycles.  

Additionally, compound linear flow may only be seen if inter-well spacing is five times 

larger than xf otherwise the transition period will move into boundary-dominated flow.  

Skin is corrected with the Nobakht method and MBT used as a safe superposition 

function.  The field study provided matches multiple xe/xf transition stems.  To validate, 

the authors compared the results to an analytical model with good results.   

 Thompson et al. (2012) issue guidance on interpreting transition and compound 

linear flow with use of specialized plot type curves.  If the well appears to exhibit 
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compound linear flow, one must first understand the nature of the fracture network and 

flow in the particular reservoir.  This late linear flow may result from inter-fracture flow 

or outer boundary flow depending on the model chosen to represent the reservoir.  The 

slope of the compound linear flow regime on a square root-time plot gives indication of 

reservoir permeability and completion effectiveness.  However, factors such as 

prolonged transitional periods, tight offset spacing, and increasing skin among others 

may give the appearance of a negative intercept and compound linear flow.  Thompson 

et al. provide a linear flow specialized plot type curve to illustrate the impact of fracture 

length and spacing when interpreting true compound linear flow.  The authors present a 

field study where a producing oil well is analyzed by overlaying type curves.  In this 

case, interpreting compound linear flow where it does not exist overestimates 

permeability by a factor of 50%.  A background discussion on the often misinterpreted 

and seldom seen bilinear flow regime is also presented.  Both a quarter slope on the log-

log and derivate plots are required along with a relatively accurate estimation of flowing 

bottomhole pressure.  Constant bottomhole pressure is not always a valid assumption 

and variable pressure requires accurate flowing bottomhole pressures. 
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2. METHODOLOGY 

One example of a development workflow is presented in the literature and 

includes RTA as a crucial step in the process in Fig. 1 from Clarkson et al. (2011).   

 xv



 

Fig. 1 — Example of an unconventional workflow (Clarkson et al. (2011)). 

The theory of RTA is deeply rooted in pressure-transient analysis, yet there are 

major distinctions.  Pressure-transient analysis is typically conducted in a controlled 

environment (i.e. constant rate) for short time intervals with high-resolution data.  There 

is an associated cost to testing and production may be deferred.  RTA, however, is 

essentially cost free and uses the data that is already collected on a daily basis.  The 

analysis may be performed at any time in the life of the well.  The downside is the noisy 

data quality and lower resolution. 

The basic steps in RTA used in this study are listed below: 
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1. Raw data diagnostics 

2. Log-log type curve interpretation:  flow regime identification 

3. Specialized linear flow analysis:  flow regime and bulk parameters 

4. Building an analytical model 

5. History matching and forecasting 

As the first step in RTA, data diagnostics are critical to ensuring that the data 

imported into the analysis software is correctly representative of the flowing conditions 

of the well and do not mask the reservoir signal.  Ilk et al. (2010) issue guidance on data 

diagnostics summarized below: 

• Frac fluid cleanup:  Rate and pressure during the early cleanup phase 

should be filtered out.  This is indicated by an increasing gas-to-liquid 

ratio and increasing gas rate.  A minimum of 3 months of data is 

recommended. 

• Liquid loading:  Wells that are severely slugging and require daily shut-

ins to maintain flow should have the corresponding rate and pressure 

filtered out to avoid a false reservoir signal. 

• Outliers:  Rates and pressures that appear to spike or are off trend should 

be filtered out.  As will soon be discussed, superposition time is highly 

sensitive to outliers and will make analysis more difficult. 
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• Corresponding rate/pressure relationship:  An increase in bottomhole 

pressure should correspond to a decrease in rate and vice versa.  

Otherwise the source of the pressure reading may be invalid. 

 Al-Ahmadi et al. (2010) also highlight the liquid loading effect and mention 

fracture interference between offsets as a detriment to the analysis. 

 The second step in RTA is flow regime identification.  There is a simple 

dichotomy in flow regimes:  transient flow and boundary-dominated flow.  Transient 

flow represents a pressure distribution that has not yet felt the boundaries of the system.  

With this uncertainty in drainage area during transient flow, the resulting interpretations 

may be non-unique.  Boundary-dominated flow is essentially draining a fixed and known 

volume.  Boundary-dominated flow occurs when the bottomhole pressure at the wellbore 

is constant and the pressure at the boundary is decreasing over time.  There is much 

more certainty in reservoir characterization and EUR from boundary-dominated flow 

than with transient flow.  Unfortunately, most unconventional shale production is some 

form of transient.  Fig. 2 from Clarkson and Beierle (2010) depicts the flow regimes 

from a MFWH on a log-log plot: 
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Fig. 2 — Flow regimes in unconventional MFHW (Clarkson and Beierle 
(2010)). 

 A visual aid for selected flow regimes is provided below for clarity in Fig. 3: 
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Fig. 3 — Selected flow regimes in unconventional MFHW (this work (2013)). 

 The log-log diagnostic plot in Fig. 2 is more illustrative when flipped since it is 

more intuitive to see a declining trend when analyzing production rates. Flow regime 

identification is made by overlaying real data on the type curve.   

 While the type curve shows six possible flow regimes, not all six will be 

observed with real data.  Fracture linear flow (not shown in Fig. 2) is purely drainage of 

the fracture itself and is undetectable with daily resolution.  Bilinear flow occurs when 

the flow rates from the fracture matrix into the fracture (early linear) and from the 

fracture to the wellbore (fracture linear) are on par with each other.  Identified by a 

quarter slope on the log-log diagnostic plot and a straight line on a fourth root of time 

plot, bilinear is short-lived and often masked by skin.  Bilinear flow would only be 

Bilinear ¼ Slope 

Matrix to Fracture 

Fracture to Wellbore

Early Linear ½ Slope 

Matrix to Fracture

Late (Compound) Linear Second ½ Slope 

Outer Region to Inner-SRV

 xx



expected in a well with a finite conductivity fracture or with high matrix permeability.  

Early linear flow from the fracture matrix into the fracture is typically the first 

identifiable flow regime in practice.  For a MFHW this will then transition into 

compound linear flow from the unstimulated matrix into the SRV.  Boundary-dominated 

flow is the last flow regime characterized by a unit slope and will result from inter-well 

spacing or inter-fracture spacing in a well.  Wattenbarger et al. (1998) published the log-

log type curve of rate versus time that is used a screening tool to identify linear flow.  

The plot is essentially a simplified version of Fig 1.  The inverse semi-log pressure 

derivative is also plotted to aid in curve matching and provides further insight about skin 

and flow regime.  Fig. 4 is the simplified single fracture model of the linear flow model.   

 

Fig. 4 — A closed rectangular reservoir with one hydraulic fracture 
(Wattenbarger et al. (1998)). 

The inverse semi-log derivative is provided in Eq. 1: 
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……………………………………………………………(1) 

This simplified model is multiplied by the number of clusters to scale up to from 

a single fracture to a MFHW.  Linear flow is identifiable by a negative half-slope on the 

derivative curve of the log-log diagnostic Wattenbarger plot.  An example is provided in 

Fig. 5: 

d
dlnta

(ppi − ppwf)
q

−1
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 Fig. 5 — Raw data and derivative on the log-log type curve (this work (2013)). 

 Normalized rate (red) that approaches the type curve from below would be an indication 

of skin.   

Step three in RTA is plotting the data on a  to assist with flow regime 

identification and to extract bulk parameters.  Wattenbarger approximated the physics of 

linear flow with the following equations in dimensionless terms based on either constant 

rate or constant pressure with Eq. 2 and Eq. 3, respectively: 

     …………………………………..…………..……………………(2) 

t − plot

pwD = π tDxf
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     ……………………………………………………………….……

(3) 

 Notice there is only a difference of the constant .  Linear flow is indicated by a 

straight line when Eq. 2 or Eq. 3 are plotted versus the square root of time. The slope of 

the line, m, allows calculation of the linear flow parameter , where Ac is the total 

cross-sectional area of the fracture face and k is the permeability of the formation 

directly adjacent to the fracture.  There is no way to separate the two variables unless an 

independent source of data is available.  Fracture face cross sectional area is defined in 

Eq. 4 where nf is the number of fractures in a horizontal wellbore: 

     …………………………………………………………………...…(4) 

If the straight line deviates upwards, this slope change indicates a change in flow regime.   

The effect of skin on the log-log diagnostic can mask the interpretation and in 

some cases lead to an incorrect assessment of the reservoir characterization.  The source 

of the skin may include finite conductivity in the fracture, turbulence, or fracture face 

skin.  Three methods of dealing with skin were provided in the literature.  Bello and 

1
qD

=
π
2

π tDxf

π
2

Ac k

Ac = 4xf nf h
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Wattenbarger (2009) promote an empirical correction to the .  Anderson et al. 

(2010) indicate the qualitative value of the inverse semi-log derivative on the log-log 

diagnostic to qualify the existence of skin.  Nobakht and Mattar (2012) investigated the 

intercept on the , b’, and backed the additional pressure drop out of the data.  

The more positive the intercept (b’) on the  indicates a higher skin.  The 

typical nomenclature is apparent dimensionless fracture conductivity (CfD’) since it 

encompasses all forms of pressure loss as previously listed.  The method for this study is 

a combination of the semi-log derivative characteristic and intercept on the .   

Before proceeding, it is critical to discuss three calculations that are performed 

behind the scenes in the software used for analysis.  The first is the well-known concept 

of pseudo-pressure from Al-Hussainy et al. (1965) as presented in Eq. 5 where  is 

viscosity and z is the compressibility factor:   

     …………………………………………………………….………

(5) 

This is an exact transformation and a requirement to account for changing density and 

viscosity of gas with pressure.  The second calculation is pseudo-time that accounts for 

t − plot

t − plot

t − plot

t − plot

μ

pp = 2∫
p

0

pdp
μZ
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variable compressibility and viscosity with pressure.  Shown in Eq. 6 where ct is total 

compressibility: 

     …………………………………………………………………(6) 

Anderson and Mattar (2005) took this original concept and corrected it for transient flow 

by evaluating the properties at the average pressure in the transient region.  The process 

requires and estimation of OGIP, which is dependent on pressure, thus making the 

process iterative.  The third calculation in the software is the application of a drawdown 

correction to account for the sensitivity on the  at higher drawdowns as 

indicated by Ibrahim and Wattenbarger (2005).   

Much of the proceeding theoretical discussion was based on the assumption of 

either constant rate or constant pressure.  In the pressure transient world, the math 

requires a boundary condition.  In the real world, a well may produce at constant rate for 

a time, constant pressure for a time, or variable pressure and rate for the entire history.  

The solution that bridges theory with reality is a two-fold approach. 

1. Use a superposition time function:  Linear or Material Balance 

2. Normalized rate and pressure 

ta = (μct)i ∫
t

0

dt
μct

t − plot
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First, superposition is a mathematical tool used to make variable rates and 

pressures appear constant.  The two basic forms of superposition are linear superposition 

time and material balance time.  Linear superposition time is a complex summation of 

small stepwise functions and is technically more suitable for transient linear flow.  

Material balance time is simply cumulative production divided by current rate and is 

biased towards boundary-dominated flow.  While Thompson et al. (2010) suggested 

linear superposition time, Liang et al. (2010) showed that material balance time is 

applicable across all flow regimes with only minimal error.  Agnia et al. (2012) caution 

the use of any superposition function without prudent data filtering and outlier removal.   

Second, normalizing the data removes the effect of variable conditions.  The log-

log diagnostic plot is modified by plotting pressure-normalized rate versus material 

balance pseudo-time.  The  is modified by plotting rate-normalized pressure 

versus the square root of material balance time.  In particular on the , 

material balance time will produce a more accurate determination of bulk parameters but 

may mask the flow regime identification seen on a simple .  For this reason, 

both time and material balance time plots should be used iteratively when looking at the 

. 

After normalizing and accounting for skin, Eq. 7 is the modified form of Eq. 3 

and shown below: 

t − plot

t − plot

t − plot

t − plot
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……………………………………………………………………(7)  

The bulk parameters  (slope denoted m) and intercept (b’) are easily 

interpreted from straight line analysis as shown in Fig. 6: 

 

Fig. 6 — Slope and intercept indicate bulk parameters on a square root of time 
plot (this work (2013)). 

After extracting values from the , an analytical model is seeded for 

history matching and predicting future performance.  The analytical model is based on 

the transient solution of the pressure diffusivity equation related to fluid flow in a porous 

∆ Pp

q
=

1

m t + b′  

Ac k

t − plot
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media.  Model selection depends on expected fracture network distribution in the 

reservoir, understanding of flow regime, and bulk parameters previously extracted.   

A low anisotropic formation with a tendency towards stimulated fairways such as 

the Barnett may be best modeled with the tri-linear flow model presented by Ozkan et al. 

(2009) and depicted in Fig. 7: 

 

Fig. 7 — Tri-linear flow model (Ozkan et al. (2009)). 

The three dominant flow regimes are fracture linear, formation linear, and 

compound linear flow.  The SRV in this case is all the area between fracture clusters and 

is enhanced with a higher permeability to simulate natural fractures.  When matching 

historical data with the tri-linear flow model the half-lengths derived may be far lower 
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than expected.  This is a result of the enhanced region being model as everything 

between clusters.  In reality there may be significant area between clusters that is 

unstimulated. 

In a reservoir with higher anisotropy and more planar fractures, the Enhanced 

Fracture Region (EFR) models of Stalgorova and Mattar (2012a) is more appropriate.  

This is depicted in Fig. 8: 

 

Fig. 8 — The Enhanced Fracture Region model (Stalgorova and Mattar 
(2012a)) 

Fractures are modeled as planar with an enhanced fracture face region 

representing microfractures and complexity.  This is done by enhancing the permeability 

value into the fracture face, k1.  The unstimulated zones in between enhanced regions 

maintain matrix permeability, k2, and are not included in the SRV calculation.  

Boundary-dominated flow is expected when the fracture branches interfere with each 

other. 

 The theory described above will be used to filter data, analyze the flow regime, 

extract bulk parameters, create a model, and finally forecast production based on the 
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model.  All the analysis is performed with bottomhole flowing pressure.  To convert 

flowing wellhead pressures to bottomhole pressures, the Gray correlation is chosen in 

the field based on previous flowing pressure surveys.  The workflow is applied on a well 

by well basis. 

The first step is the data diagnostics.  Well cleanup, liquid loading, and outliers 

are filtered out and the remaining colored data points are shown in Fig. 9: 

 

 Fig. 9 — Data filtered for analysis (this work (2013)). 

Next, the log-log diagnostic plot of pseudo-pressure normalized rate versus material 

balance pseudo-time is qualitatively diagnosed for flow regime and skin identification.  

Fig. 5, previously shown, exhibits an early half-slope on both the rate (red) and 
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derivative (blue) curves and a late transition into a second flow regime.  Significant skin 

is not apparent because the rate follows the half slope trend remarkably well.  Neither 

bilinear flow (quarter slope) nor boundary-dominated flow (unit slope) are observed. 

Next, the  is employed for further insight into flow regime and bulk 

parameter extraction.  Fig. 10 clearly displays a change in flow regimes:  an early linear 

component and a second deviated component.   

 

Fig. 10 — Straight-line analysis of the first linear flow (this work (2013)). 

Given the branch like nature expected in the Eagle Ford and the lack of a unit 

slope on the log-log diagnostic, boundary-dominated flow is not suspected.  Minimal 

t − plot
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CfD’ is confirmed by the intersection of b’ at the origin.  The transition period occurs at 

100 days as indicated by the green dashed line.  The interpretation is that the slope 

change is indicative of second linear flow into the SRV from unstimulated matrix 

between frac clusters.  Fig. 11 from Thompson et al. (2012) is a schematic of the fluid 

flow: 

 

Fig. 11 — EFR schematic (Thompson et al. (2012)). 

The effect of variable operating conditions on the  manifests itself in 

the scattered, broken nature of the second linear flow regime.  Matching the second 

linear flow appears difficult but is required for additional information and bulk 

parameters.  The solution is to replace time with superposition time in Fig. 12: 

t − plot
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Fig. 12 — First linear flow on the square root of material balance time (this 
work (2013)). 

Stalgorova and Mattar (2012a) offer a guideline for extracting values from plot 

for seeding the EFR model.  The major assumption is that 60% of clusters in the lateral 

are contributing.  From the slope and telf of the SRV in the first linear flow, the enhanced 

region permeability (k1) and ASRV can be calculated by Eq. 8 and Eq. 9, respectively, 

where T is temperature: 
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…………………………………………...…...………(8) 

     ………………………………………...….…………

(9) 

Then match the second linear flow as in Fig. 13: 

Ac k1 =
200.8T

m 
1

(ϕμct)i

ASRV =
90.4T
mh 

1
(ϕμct)i

telf

 xxxv



 

Fig. 13 — Second linear flow on the square root of material balance time (this 
work (2013)). 

From the slope of this line and assumed km from core analysis, calculate xf with 

Eq. 10: 

     …………………………………………...…………

(10) 

xf km =
200.8T

mh 
1

(ϕμct)i
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Finally, with the ASRV and xf, calculate Xl with Eq. 11: 

     ………………………………………………....………………

(11) 

  

Armed with bulk parameters, the next step is to seed an analytical model with 

initial values and allow the software to minimize the error in the values by history 

matching.  The EFR model is history matched by iterating on k1, km, and CfD.  The final 

match between actual data (light colored dots) and simulated data (bold lines) is shown 

in Fig. 14: 

Xl =
43560ASRV

4nf xf
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Fig. 14 — History match of well performance with the EFR model (this work 
(2013)). 

 The agreement is satisfactory.  Even as the well is drawn into compression the 

model is able to accurately predict the rate.  Model parameters to obtain the match are 

reasonable and listed in Table 2: 
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Table 2—Values required to match EFR model. 

The graphical schematic of the wellbore and single fracture are shown in Fig. 15: 

 

Formation Properties

xf 164 ft

CfD 480

nf 60 Fractures

k1 32 nd

km 3 nd

Xl 10 ft

ASRV 10 acres
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Fig. 15 — Graphical schematic of the EFR model (this work (2013)). 

 The analytical model requires several simplifications and assumptions, namely: 

• Uniform fracture characteristics and spacing 

• Fully-penetrating cased and cemented horizontal wellbore  

• Single layer reservoir with thickness equal to frac height 

• Single-phase flow in the reservoir 

 The process of taking known rates and pressures and implying fracture and 

reservoir characteristics is a reverse modeling process.  While non-unique, the extracted 

characteristics allow a basis of comparison with other sources of data.   

Additional value lies in the physics-based forecast from the model.  A second 

well from the data set is chosen and an example of a deterministic forecast using the 

analytical model is depicted in Fig 16: 
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Fig. 16 — Deterministic forecast based on EFR model (this work (2013)). 
  

 The EUR may lie within the range of possibilities but is by no means a unique 

number.  First, the flow regime has not yet reached boundary-dominated flow so only the 

minimum SRV is known.  Second, this minimum SRV is based on several assumptions 

that may have a huge impact on the EUR if they are even incrementally altered.  To 

understand the impact of EUR sensitivity to input parameters, a sensitivity analysis is 

conducted with the ranges of parameters in Table 3: 
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Table 3—Range of input values for EUR sensitivity. 

 The results are presented in the form of a tornado chart in Fig. 17: 

 

Fig. 17 — Tornado chart with EUR sensitivity to input parameters (this work 
(2013)). 

Minimum Maximum

xf 100 220 ft

CfD 10 1000

nf 15 120 fractures

k1 10 500 nd

km 1 100 nd

h 150 387 ft

pi 6800 7500 psi
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 The top four input parameters in the tornado chart have the greatest impact on 

EUR.  While the sensitivity analysis is a good starting point to learn what matters most 

to EUR, a Monte Carlo simulation of those values ranges will give the best range of 

possible outcomes for EUR while also history matching and tuning the model.   

Anderson and Liang (2011) took a simplified approach to uncertainty modeling by 

assuming a uniform distribution for unknowns.  For this study more definition is given to 

the distributions based on realistic assumptions.  Note, all four parameters are allowed to 

change based on the input distribution profiles. 

 Fig. 18 – Fig 21 are the distribution profiles of the top four parameters that are 

simultaneously input into a Monte Carlo simulation: 
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Fig. 18 —  Equal probability of a short or long fracture half-length shown in the 
uniform distribution from lowest expected value, 100 ft, to maximum 
value determined by well spacing, 220 ft (this work (2013)).  

 

Fig. 19 —  Greater likelihood of 60% cluster contribution shown in the 
triangular distribution above with a minimum value of one fracture 
per stage, 15, and a maximum value of one fracture per cluster, 120, 
(this work (2013)).  
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Fig. 20 —  Log-normal distribution of permeability from core data (this work 
(2013)).  

 

Fig. 21 —  Normal distribution of frac height (this work (2013)).  
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 Additionally, the model is constrained with a soft negative correlation between 

the xf and nf.  The simple constraint is logical, given the fact that a fixed volume of 

proppant and fluid will either create fewer, longer fractures or more, shorter fractures. 

 Finally, a probabilistic forecast based on Monte Carlo simulation is run for 1000 

iterations and shown in Fig. 22 with a histogram of EUR in Fig. 23: 

 

Fig. 22 — Probabilistic forecast based on Monte Carlo simulations and the EFR 
model (this work (2013)). 
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Fig. 23 — Corresponding histogram of EUR (this work (2013)). 

 xlvii



4. DISCUSSION 

The ASRV from the analytical model above is estimated at 10 acres.  The well 

spacing is 146 acres giving a drainage efficiency of under 7%.  The low value of ASRV is 

a characteristic of the EFR model which only assumes that the ASRV is the enhanced 

distance into each fracture face, Xl, in this case only 10 feet.  The inter-fracture spacing 

is not considered in the ASRV calculation.  If the entire inter-fracture spacing from frac tip 

to frac tip were to be considered part of the ASRV (as in the case of the tri-linear flow 

mode) the ASRV is 36 acres with a drainage efficiency of 25%.  Obviously, the choice of 

model is important with regards to nomenclature.  Regardless of the model in this case, 

infill drilling is worth consideration. 

The ASRV is a function of nf, xf, and Xl.  nf is essentially a function lateral length 

and clusters per stage so there is more direct control than the other two variables.  The 

frac treatment design may be able to optimize xf to a degree.  Assuming a fixed nf, the 

same ASRV may be calculated from multiple xf and Xl combinations.  One way to sensitize 

the EUR is to run multiple analytical matches with different combinations of xf and Xl 

while keeping a fixed ASRV.  Then determine the effect on the forecast.  This exercise is 

not performed explicitly in this study because the Monte Carlo simulation presumably 

covered those possibilities. 

 It would stand to reason that maximizing the ASRV is critical to maximizing 

production.  Fig. 24 is the result of analytical modeling of several tight gas Eagle Ford 
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wells and shows that the ASRV contributes to more production, especially later in the life 

of the well: 

 

Fig. 24 — Positive impact of area of stimulated reservoir volume on production 
is greater with time (this work (2013)). 

A follow up to this analysis could include cross-plotting frac treatment variables 

with ASRV and incorporating other types of analysis such as microseismic, production 

logs, and chemical tracers. 
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With regards to flow regimes, Xu et al. (2012) observed bilinear flow, linear 

flow, and boundary-dominated flow when applying RTA to the Eagle Ford shale.  We did 

not see this in our analysis.  However, it does not appear that superposition time was 

used in the specialized plot analysis of Xu et al.  Additionally, linear flow with skin may 

be misinterpreted as bilinear flow especially when assuming constant pressure. 

Boundary-dominated flow, on the other hand, will certainly occur in the form of 

frac cluster interference.  The time to achieve boundary-dominated flow, however, 

maybe outside of the economic life of the well. The literature is rich in detail when 

assuming the tri-linear flow model but the EFR has had less research in terms of type 

curve formulation.  For instance, the compound linear flow type curve put forth by 

Nobakht et al. (2011) assumes that the second linear flow is from the reservoir outside 

the tips of the fracture and not the inter-fracture drainage as in the EFR.  Liang et al. 

(2012) expand on the concept, but again the second linear flow is from the region 

outside of the fracture tips and not between clusters.  They show that the transition time 

from early linear to compound linear may take up to 2 log cycles of time (100s of years). 

 One might point out that the flowing material balance technique was not 

employed in this study.  This is a powerful tool for estimating OGIP with a modified 

form of the static p/z plot.  Nobakht and Clarkson (2011) determined that the flowing 

material balance is biased towards representing data as boundary-dominated flow.  

Specialized plots are more accurate for determining the flow regime.  It was only after 

correcting the pressure that the authors were able to achieve better results from the 
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flowing material balance.  In a conventional reservoir or if boundary-dominated flow has 

been achieved the flowing material balance is absolutely essential. 

Uncertainty has been emphasized in this study.  After the uncertainty in the 

model is understood, it is easier to accept the fact that the future production is a 

probabilistic exercise.  The range of EUR from the Monte Carlo simulation is 4.3 Bcf 

after 1,000 iterations.  The difference between the P90 (highest confidence) and P50 

(most likely) case is 2.4 Bcf while the difference between the P50 and P10 is 1.9 Bcf. 

 This may seem large but the range of EUR may be just as much or larger if 1,000 

engineers curve fitted the data based on traditional decline curves.  The advantage of the 

analytical model is that it is based on physics and takes into account flowing conditions.  

The forecast in the example above was set to decrease flowing pressure over time, but 

could just as easily have been set to flatten at pipeline pressure after a predetermined 

time interval.  Traditional decline curves are oblivious to operating changes and are built 

on the assumption of constant pressure. 

 The additional contribution of absorption on the long-term forecast is neglected.  

Core analysis indicates a relatively low Langmuir volume.  This study also neglects 

slippage (Nobakht et al. (2012)) and stress dependent permeability (Okouma et al. 

(2011)). 

 A limitation of RTA is how it handles frac hits.  It simply may not provide a long-

term forecast with any certainty.  At the time a well gets frac hit, typically the 
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productivity index changes for the worse.  The history match pre-frac hit cannot match 

post-frac hit without a step change in drawdown or a huge skin factor added. 

  

5. SUMMARY 

  

 The purpose of this work is to showcase the utility in RTA in unconventional 

shale development.  The theory was presented to familiarize the reader to the 

foundational concepts in RTA and development over time.  RTA in general is a fairly 

recent advancement as an unconventional reservoir workflow, though the concepts had 

their inception decades ago.  With readily available data and easy importing, the 

opportunity to integrate RTA into a development plan is almost unavoidable.    

 In preparation for this study, the flowing data was imported from a database into 

the commercial software.  Core analysis, flowing bottomhole pressure surveys, and fluid 

sampling were incorporated into building the wellbore and reservoir system.  The data 

was filtered for clarity and a wellbore correlation was used to convert surface pressure to 

wellbore flowing pressure at the sandface.  Gas corrections were performed in the 

software to account for the dependence of gas properties with pressure.  The flow regime 

identification was achieved with the log-log diagnostic and specialized plot.  The effect 
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of operational changes were normalized mathematically and smoothed with 

superposition time.  Bulk parameters were estimated form the slopes and regime changes 

on the specialized plot and imported into an analytical model.  The model was then 

allowed to alter the values within specified ranges to achieve a history match or flowing 

rates and pressures.  The results of the match were estimates of fracture and reservoir 

characteristics.  The match was within the acceptable percentage of error, but not 

necessarily unique since the well was flowing under transient conditions. The input 

parameters were sensitized to EUR to determine which had the greatest effect.  A Monte 

Carlo simulation was performed with distributions for the most critical input variables 

and a probabilistic forecast and histogram was determined. 

 This workflow was applied to a group of dry gas Eagle Ford wells and it was 

shown that better wells had larger stimulated reservoir volumes as indicated in RTA. 

 Recommendations for improvement include cross-plotting frac design parameters 

and coupling the analysis with other measurements from minifracs, microseismic, 

numerical simulators, and production logs. 
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6. CONCLUSIONS 

Conclusions from this work are:  

• The Eagle Ford shale is a prolific unconventional play with multiple sweet spots 

generating the full gambit of hydrocarbon fluids: oil, condensate, and gas. 

• RTA is a workflow comprised of log-log diagnostics plots, specialized plots, 

type curve plots, and analytical models used to understand the flow regime, 

quantify reservoir characteristics, and generate physics based probabilistic 

forecasts.  The data needed to perform RTA is typically already recorded on a 

daily basis as good production practice. 

• Flow regime identification is critical to forecasting with confidence.  In 

transient flow there is more uncertainty than boundary-dominated flow.  

Unfortunately, most unconventional wells will produced in transient linear flow 

for their entire economic life. 
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• The EFR model is the best representation of the Eagle Ford shale based on 

expected values of half-length, high amount of anisotropy, and ductile nature of 

the rock with minimal natural fractures. 

• Reservoir characteristics derived from RTA include xf, CfD, and ASRV. 

• Monte Carlo simulation of input parameters will generate a probabilistic 

forecast of EUR. 

• More production is expected by maximizing the ASRV with more clusters, longer 

half-length, and longer laterals. 

 lv



REFERENCES 

Agnia, A., Alkouh, A., and Wattenbarger, R.A. 2012. Bias in Rate-Transient 

Analysis Methods: Shale Gas Wells. Paper SPE 159710 presented at the SPE 

Annual Technical Conference and Exhibition, San Antonio, Texas, 8-10 October. 

http://dx.doi.org/10.2118/159710-MS. 

Al-Ahmadi, H.A., Almarzooq, A.M., and Wattenbarger, R.A. 2010. Application of 

Linear Flow Analysis to Shale Gas Wells-Field Cases. Paper SPE 130370 

presented at the SPE Unconventional Gas Conference, Pittsburgh, Pennsylvania, 

23-25 February. http://dx.doi.org/10.2118/130370-MS. 

Al-Hussainy, R., Ramey, H.J., and Crawford, P.B. 1965. The Flow of Real Gases 

Through Porous Media.  Paper SPE 1248A presented at the SPE Annual Fall 

Meeting, Denver, Colorado, 3-6 October. http://dx.doi.org/10.2118/1234-A-PA. 

Anderson, D.M. and Liang, P. 2011. Quantifying Uncertainty in Rate Transient 

Analysis for Unconventional Gas Reservoirs. Paper SPE 145088 presented at the 

SPE North American Unconventional Gas Conference and Exhibition, The 

Woodlands, Texas, 14-16 June. http://dx.doi.org/10.2118/145088-MS. 

 lvi



Anderson, D.M. and Mattar, L. 2005. An Improved Pseudo-Time for Gas 

Reservoirs With Significant Transient Flow. Paper CIPC 2005-114 presented at 

the Canadian International Petroleum Conference, Calgary, Alberta, 7-9 June.  

http://dx.doi.org/10.2118/2005-114. 

Anderson, D.M., Nobakht, M., Moghadam, S. et al. 2010. Analysis of Production 

Data from Fractured Shale Gas Wells. Paper SPE 131787 presented at the SPE 

Unconventional Gas Conference, Pittsburgh, Pennsylvania, 23-25 February. 

http://dx.doi.org/10.2118/131787-MS. 

Bello, R.O. and Wattenbarger, R.A. 2009. Modelling and Analysis of Shale Gas 

Production with a Skin Effect. Paper CIPC 2009-082 presented at the Canadian 

International Petroleum Conference, Calgary, Alberta, 16-18 June.  http://

dx.doi.org/10.2118/2009-082 

Clarkson, C.R. and Beierle, J.J. 2010. Integration of Microseismic and Other Post-

Fracture Surveillance With Production Analysis: A Tight Gas Study. Paper SPE 

131786 presented at the SPE Unconventional Gas Conference, Pittsburgh, 

Pennsylvania, 23-25 February. http://dx.doi.org/10.2118/131786-MS. 

 lvii



Clarkson, C.R., Jensen, J.L, and Blasingame, T.A. 2011. Reservoir Engineering for 

Unconventional Gas Reservoirs: What Do We Have to Consider? Paper SPE 

145080 presented at the SPE North American Unconventional Gas Conference 

and Exhibition, The Woodlands, Texas, 14-16 June. http://dx.doi.org/

10.2118/145080-MS. 

Daniels, J., Waters, G., LeCalvez, J., et al. 2007. Contacting More of the Barnett 

Shale Through an Integration of Real-Time Microseismic Monitoring, 

Petrophysics and Hydraulic Fracture Design. Paper SPE 110562 presented at the 

SPE Annual Technical Conference and Exhibition, Anaheim, California, 12-14 

June. http://dx.doi.org/10.2118/110562-MS. 

Ibrahim, M. and Wattenbarger, R.A. 2005. Analysis of Rate Dependence in 

Transient Linear Flow in Tight Gas Wells. Paper CIPC 2005-057 presented at the 

Canadian International Petroleum Conference, Calgary, Alberta, 7-9 June.  http://

dx.doi.org/10.2118/2005-057. 

Ilk, D., Anderson, D.M., Stotts, G.W.J. et al. 2010. Production-Data Analysis-

Challenges, Pitfalls, Diagnostics. SPE Res Eval & Eng 13(3): 538-552. SPE 

102048.  http://dx.doi.org/10.2118/102048-PA. 

 lviii

http://dx.doi.org/10.2118/2005-057
http://dx.doi.org/10.2118/2005-057


Liang, P., Mattar, L., and Moghadam, S. 2011. Analyzing Variable Rate/Pressure 

Data in Transient Linear Flow in Unconventional Gas Reservoirs. Paper SPE 

149472 presented at the Canadian Unconventional Resources Conference, 

Calgary, Alberta, 15-17 November. http://dx.doi.org/10.2118/149472-MS. 

Liang, P., Thompson, J.M., and Mattar, L. 2012. Importance of the Transition 

Period to Compound Linear Flow in Unconventional Reservoirs. Paper SPE 

162646 presented at the SPE Canadian Unconventional Resources Conference, 

Calgary, Alberta, 30 October-1 November. http://dx.doi.org/10.2118/162646-MS. 

Mattar, L., Gault, B., Morad, K. et al. 2008. Production Analysis and Forecasting of 

Shale Gas Reservoirs: Case History-Based Approach. Paper SPE 119897 

presented at the SPE Shale Gas Production Conference, Fort Worth, Texas, 16-18 

November. http://dx.doi.org/10.2118/119897-MS. 

Nobakht, M. and Clarkson, C.R. 2011. Estimation of Contacted and Original Gas-

in-Place for Low Permeability Reservoirs Exhibiting Linear Flow. Paper SPE 

149398 presented at the Canadian Unconventional Resources Conference, 

Calgary, Alberta, 15-17 November. http://dx.doi.org/10.2118/149398-MS. 

 lix



Nobakht, M. and Mattar, L. 2010. Analyzing Production Data From 

Unconventional Gas Reservoirs With Linear Flow and Apparent Skin. Paper SPE 

137454 presented at the Canadian Unconventional Resources & International 

Petroleum Conference, Calgary, Alberta, 19-21 October. http://dx.doi.org/

10.2118/137454-MS. 

Nobakht, M., Clarkson, C.R., and Kaviani, D. 2011. New Type Curves for 

Analyzing Horizontal Well With Multiple Fractures in Shale Gas Reservoirs. 

Paper CSUG/SPE 149397 presented at the Canadian Unconventional Resources 

Conference, Calgary, Alberta, 15-17 November. http://dx.doi.org/

10.2118/149397-MS. 

Nobakht, M., Clarkson, C.R., and Kaviani, D. 2012. New and Improved Methods 

for Performing Rate-Transient Analysis of Shale Gas Reservoirs. Paper SPE 

147869 presented at the SPE Asia Pacific Oil and Gas Conference and 

Exhibition, Jakarta, Indonesia, 20-22 September. http://dx.doi.org/

10.2118/147869-MS. 

Okouma, V., Guillot, F., Sarfare, M. et al. 2011. Estimated Ultimate Recovery 

(EUR) as a Function of Production Practices in the Haynesville Shale. Paper SPE 

147623 presented at the SPE Annual Technical Conference and Exhibition, 

 lx



Denver, Colorado, 30 October-2 November. http://dx.doi.org/10.2118/147623-

MS. 

Ozkan, E., Brown, M., Raghavan, R. et al. 2009. Comparison of Fractured 

Horizontal-Well Performance in Conventional and Unconventional Reservoirs. 

Paper SPE 121290 presented at the SPE Western Regional Meeting, San Jose, 

California, 24-26 March. http://dx.doi.org/10.2118/121290-MS. 

Sondhi, N. 2011. Petrophysical Characterization of Eagle Ford Shale. MS thesis, 

University of Oklahoma, Norman, Oklahoma (2011). 

Stalgorova, E. and Mattar, L. 2012. Analytical Model for History Matching and 

Forecasting Production in Multifrac Composite Systems. Paper SPE 162516 

presented at the SPE Canadian Unconventional Resources Conference, Calgary, 

Alberta, 30 October-1 November. http://dx.doi.org/10.2118/162516-MS. 

Stalgorova, E. and Mattar, L. 2012. Practical Analytical Model to Simulate 

Production of Horizontal Wells with Branch Fractures. Paper SPE 162515 

presented at the SPE Canadian Unconventional Resources Conference, Calgary, 

Alberta, 30 October-1 November. http://dx.doi.org/10.2118/162515-MS. 

 lxi



Stegent, N.A., Wagner, A.L., Mullen, J., et al. 2010. Engineering a Successful 

Fracture-Stimulation Treatment in the Eagle Ford Shale. Paper SPE 136183 

presented at the SPE Tight Gas Completions Conference, San Antonio, Texas, 

2-3 November. http://dx.doi.org/10.2118/136183-MS. 

Thompson, J.M., Nobakht, M., and Anderson, D.M. 2010. Modeling Well 

Performance From Overpressured Shale Gas Reservoirs. Paper CSUG/SPE 

137755 presented at the Canadian Unconventional Resources & International 

Petroleum Conference, Calgary, Alberta, 19-21 October. http://dx.doi.org/

10.2118/137755-MS. 

Thompson, J.M., Lian, P., and Mattar, L. 2012. What’s Positive about Negative 

Intercepts. Paper SPE 162647 presented at the SPE Canadian Unconventional 

Resources Conference, Calgary, Alberta, 30 October-1 November. http://

dx.doi.org/10.2118/162647-MS. 

Wattenbarger, R.A., El-Banbi, A.H., Villegas, M.E. et al. 1998. Production Analysis 

of Linear Flow Into Fractured Tight Gas Wells. Paper SPE 39931 presented at the 

SPE Rocky Mountain Regional/Low-Permeability Reservoirs Symposium and 

Exhibition, Denver, Colorado, 5-8 April. http://dx.doi.org/10.2118/39931-MS. 

 lxii



Xu, B., Haghighi, M., Cooke, D., and Li, X. 2012. Production Data Analysis in 

Eagle Ford Shale Gas Reservoir. Paper SPE 153072 presented at the SPE/EAGE 

European Unconventional Resources Conference and Exhibition, Vienna, 

Austria, 20-22 March. http://dx.doi.org/10.2118/153072-MS.

 lxiii


